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ABSTRACT 

 The catalytic effects of light metals (Mg and Li) on the graphitization process 

and the effects of precursors, blending conditions, heating conditions, and additives on 

the graphitization rate and the final graphite morphology were studied using a variety 

of techniques.  Many interesting chemistries were discovered and discussed.  These 

findings could guide to further understanding of the catalytic graphitization process and 

the resulting products.  In general, Mg is a much better graphitization catalyst than Li.  

Both Mg and Li catalysts were easily removed, resulting in highly pure graphite 

products.  Graphite with various morphologies were discovered, including Voronoi 

tessellated graphite and hexagonal platelet graphite made from glucose, spherical 

graphites made from C-Mg-MgCl2 melts, and graphitic dendrites made from cellulose 

and C-Mg-Al melts, etc.  Different morphologies suggested different graphitization 

mechanisms.  The basic mechanism of Mg-catalytic graphite growth might be a 

combination of carbon dissolution-precipitation and carbide formation-decomposition.  

Many catalytic graphites are highly graphitized.  When cycled in Li half-cells, these 

graphites displayed good cycling stability and high reversible capacity.  The 

electrochemical performance of some graphites is comparable to battery grade 

commercial graphites. 
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Chapter 1 Introduction 

1.1 Graphite 

 Graphite is one of carbon's allotropes.  Each carbon allotrope (e.g. diamond, 

fullerene, and amorphous carbon) has unique properties because the way carbon atoms 

form bonds with each other is diverse.  Specifically, graphite is a crystalline form of 

carbon consisting of successive planar graphene layers parallel to each other.  The most 

common structure of graphite is hexagonal, usually labeled as 2H, with a stacking order 

of ABAB.1–5  The 2H structure is shown in Figure 1.1(a).  In Figure 1.1 and subsequent 

figures showing material structures, the circles showing atom positions do not represent 

actual atomic sizes. Here, “2” represents the smallest repeating layer-number, and “H” 

represents hexagonal.  Within a layer, carbon atoms are arranged in a honeycomb lattice 

and each carbon atom connects with three neighboring carbon atoms by strong covalent 

bonds (σ-bonds), while adjacent layers are connected to each other by weak van der 

Waals forces.  This difference in bonding leads to the great anisotropy in mechanical, 

thermal, electrical, and electronic properties of graphite. 1–5  In an ideal graphite lattice, 

the nearest neighbor interatomic distance is 1.418 Å, and the interlayer distance is 3.348 

Å.6  For a 2H graphite unit cell (outlined by red lines in Figure 1.1(a)), the lattice 

constant a is 2.456 Å, and c is 6.696 Å.  Another type of graphite structure is 

rhombohedral (Figure 1.1(b)), usually labeled as 3R, with a stacking order of 

ABCABC.  Here, “3” indicates the smallest repeating layer-number, and “R” indicates 

rhombohedral.  Red lines in Figure 1.1(b) outline a unit cell in 3R graphite. 

 Figure 1.1 shows an ideal structure of graphite with no defects whatsoever.  

However, in real cases, graphite always contains crystalline imperfections such as 

vacancies, stacking faults, layer-disclination, etc.1–5  Pure graphite is very chemically 

stable and is resistant to most base, acids and corrosive gases.  However, impurities 

(such as hydrogen, oxygen, etc.) are always present in graphite to some degree.  These 

impurities often have an important catalytic effect which increases the chemical 

reactivity of graphite.3 
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Figure 1.1 Diagrams of (a) hexagonal (2H) graphite and (b) rhombohedral (3R) 

graphite. 

 There are two sources of graphite: natural graphite and synthetic graphite.  

Natural graphite is found in abundance on earth.  Though it has been known to people 

for centuries, natural graphite was not identified as an allotrope of carbon until 1855.3  

In application, natural graphite only accounts for a minority of graphite products and 

its utilizations are limited because it often does not have the properties required for 

specialty applications where the purity, particle size, shape and crystallinity of graphite 

must be tightly controlled.  More than 120 years ago, people started using synthetic 

graphite.7–9  In the last century, the application scope of synthetic graphite has 

considerably increased.  Most of graphite products are now synthetic and these products 

are constantly being upgraded.1–5,10 

 The word "graphite" originated from the Greek word "graphein", which means 

to write.  Indeed, back to 16th century, pencils had been manufactured by using graphite 

in Europe.3  Nowadays, graphite has become indispensable to our technological society 

due to its unique physical and chemical properties, and is widely applied in Li-ion 

batteries, catalyst supports, specialty lubricants, powder metallurgy, nuclear reactors, 
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friction/braking products, conductive coatings, carbon additives, paints, crucibles, etc.1–

5,10 

1.1.1 Carbonization and conventional graphitization 

 Synthetic graphite materials are derived from organic precursors, such as 

petroleum coke, coal-tar, natural gas, polymers, hydrocarbons, wood, plants, etc.3–5,11  

The transformation of organic precursors into graphite materials includes two steps: 

carbonization and graphitization.  Carbonization can be defined as the procedure in 

which the organic precursor is pyrolyzed or destructively distilled, losing much of its 

non-carbon elements as gases and changing to forms of carbon through complex 

reactions such as condensation, dehydrogenation, and isomerization, etc.12–14  During 

carbonization, the organic precursor is slowly heated in an inert atmosphere over a 

range of temperatures up to 1300 °C, and decomposes into a non-organized carbon with 

volatile substances diffusing out.3–5  The resulting non-organized carbon materials 

contain small groups of 2 - 5 parallel graphite-like layers with limited extent (<25 Å) 

(a "parallel-layer group").14  Graphitization can be defined as the formation of graphite 

from non-organized or less ordered carbon materials. 

 Precursors of carbonization and graphitization can be roughly divided into two 

types: aromatic materials and non-aromatic materials.3–5  Most aromatic materials go 

through an intermediate liquid stage (mesophase) at low temperatures (~300 - 500 °C), 

and transform into graphitizable carbons after carbonization.12–14  Graphitizable 

carbons are usually anisotropic and less porous than non-graphitizable carbons, with a 

graphite-like structure (Figure 1.2(a)).3–5,14,15  On the other hand, most non-aromatic 

materials do not go through the mesophase stage at low temperatures, and transform 

into non-graphitizable carbons after carbonization.3–5,15  Non-graphitizable carbons are 

usually isotropic and more porous than graphitizable carbons (Figure 1.2(b)).14–16  Here, 

graphitizable carbons are defined as non-organized carbon materials that are readily 

converted into well-ordered graphite structure under high temperature heat-treatment, 

and non-graphitizable carbons are defined as non-organized carbon materials that do 
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not graphitize upon heat-treatment to graphitizing temperatures (~2600 - 3300 °C).14,15  

Graphitizable carbon is also called soft carbon, which softens sufficiently for easy 

machineability upon heating to ~2700 °C, while non-graphitizable carbon is also called 

hard carbon, which does not soften sufficiently for easy machineability upon heating to 

~2700 °C.12 

 

Figure 1.2 Diagrams of (a) graphitizable carbon and (b) non-graphitizable carbon.  

Dashed lines show some short-ranged crystallographic order in graphitizable carbon. 

 In the 1950s, R.E. Franklin proposed a 2-dimentional structural model to 

describe graphitizable and non-graphitizable carbons.14  Based on this model, it was 

pointed out that the difference in graphitizability between graphitizable and non-

graphitizable carbons is that they have different types of cross-linking (bonds between 

parallel-layer groups).  Non-graphitizable carbon contains strong cross-linking between 

the parallel-layer groups, which hold crystallites in a random orientation and hinder the 

coalescence of these groups.14  In comparison, graphitizable carbon contains much 

weaker cross-linking, and thus coalescence of parallel-layer groups can easily take 

place.14 

 Conventional graphitization is a process in which high temperature (~3000 °C) 

heat-treatment is applied to a graphitizable precursor under an inert atmosphere.  This 

process occurs in a series of steps.  As the increasing temperature passes the 

carbonization temperature (~1200 - 1300 °C), hydrogen, sulfur, and other non-carbon 

elements, if any, are gradually removed, and virtually none remain at ~2000 °C.3–5,14  

(a) Graphitizable carbon (b) Non-graphitizable carbon
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As the temperature reaches ~1800 - 2000 °C, turbostratic graphite forms after 

continuous coalescence of parallel-layer groups and the growth of crystallites.3–5  

Similar to ordered graphite, turbostratic graphite is composed of stacked graphene 

layers.  However, ordered graphite has an organized stacking structure, while the 

graphene layers of turbostratic graphite may randomly rotate about the normal of 

graphene layers (Figure 1.3).17  As a result, in an ordered graphite structure, a carbon 

atom locates in the center of each hexagonal unit of adjacent layers from the top view 

of the planar graphene layer, while the top view of turbostratic graphite looks less 

ordered (Figure 1.3).  Furthermore, turbostratic graphite usually has smaller crystallites 

compared to ordered graphite.  Above 2000 °C, turbostratic graphite starts to be 

converted into ordered graphite.3–5  In the conversion, crystallite growth is dependent 

on the migration of parallel-layer groups, which involves the breaking of strong C-C  

 

 

Figure 1.3 Diagrams of (a) turbostratic graphite and (b) ordered 2H graphite showing 

perspective views roughly parallel to the basal planes, and views perpendicular to the 

basal planes. 
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bonds.  Higher temperature provides higher energy to overcome activation barriers and 

therefore results in larger crystallites and a higher level of graphitization.14  Most 

graphitizable materials require a temperature of ~3000 °C to reach full graphitization.3–

5  In industry, synthetic graphite is made commercially by electrical resistive heating at 

2600 - 3300 °C for weeks.3–5  The heating process accounts for a significant proportion 

of the total manufacturing cost.15 

 Non-graphitizable carbon, on the other hand, does not graphitize readily in the 

conventional graphitization process.  In other words, non-graphitizable carbon cannot 

be converted into graphite by conventional graphitization methods regardless of the 

duration or the temperature of the heat-treatment process.3–5  The structural change of 

the non-graphitizable carbon in the heat-treatment process can be explained by a 

“Falling Card Model”.16 According to the model, some cross-linking in non-

graphitizable carbon may break when sufficient thermal energy is provided at high 

temperature, allowing some parallel-layer groups to rotate into parallel orientation.  

This action causes a slight increase in the number of organized regions, and an increase 

in the average pore size.  However, significant amounts of cross-linking still exist in 

the material even being heated at 3000 °C.  After high temperature heat-treatment, non-

graphitizable carbon usually transforms into a microporous material and its random 

arrangements of crystallites mostly remain unchanged.  A reduction in interlayer 

spacing is observed in non-graphitizable carbon during high temperature heat-

treatment.  However, the interlayer spacing does not decrease below 3.44 Å for most 

non-graphitizable carbons.3 

1.1.2 Catalytic graphitization 

 Narrowly speaking, catalytic graphitization can be defined as the enhancement 

of the crystallinity of graphitic materials via graphitization processes that involve 

chemical reactions between disordered carbons and catalysts.15,18  That is to say, adding 

catalysts can lower the graphitization temperature, speed up the graphitization process 
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of graphitizable (soft) carbons, and enable the graphitization of non-graphitizable 

(hard) carbons.15,18 

1.1.2.1 Catalytic graphitization by heat-treatment with catalysts 

 In their seminal review, Ōya and Marsh classified catalytic graphitization 

phenomena into three categories: the G-effect, A-effect, and T-effect.15  The G-effect 

results in ordered graphites with a sharp X-ray diffraction (XRD) 002 peak at ~26.5°, 

corresponding to an interlayer spacing close to the theoretical value of the ideal graphite 

structure (Figure 1.4(a)).  The T-effect results in graphites with an XRD 002 peak at 

~26°, corresponding to turbostratic graphites (Figure 1.4(b)).  The A-effect results in a 

broad XRD 002 peak at ~26°, indicating the failure of graphite structure formation, 

though the carbon crystallite size increases compared to the precursor (Figure 1.4 (c)).  

As will be seen in following chapters, it is more exact to classify these catalytic 

phenomena into different stages.  By slightly changing the catalytic graphitization 

conditions (e.g. increasing the temperature by 100 °C, or extending the heating time by 

several hours), the graphitization level of the final graphite might be greatly improved, 

and T-effect graphite may thereby be upgraded to G-effect graphite. 

 

 

Figure 1.4 Different categories of catalytic graphitization as described in Reference 15.  

Dashed and solid lines indicate carbon before and after catalytic graphitization, 

respectively, in XRD patterns of 002 peak regions.  The blue and green lines indicate 

the positions of turbostratic and ordered graphite 002 peaks, respectively. 
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 Three mechanisms have been proposed to explain catalytic graphitization.  The 

first is the well-known dissolution-precipitation mechanism, whereby the carbon 

precursor dissolves into the catalyst, followed by its precipitation as a graphitic carbon.  

This is the most widely accepted mechanism for catalytic graphitization and was first 

proposed by Fitzer and Kegel.19  Group VIII metals (Fe, Co, Ni) usually catalyze the 

graphitization according to this mechanism.20,21  The second mechanism is the 

formation-decomposition of carbide intermediates, whereby the carbon precursor forms 

carbides with the catalyst, which subsequently decomposes, leaving behind a graphitic 

carbon.  For example, Si catalyst follows this mechanism: Si reacts with C, forming 

SiC, which decomposes into Si and graphite.22  The third mechanism is a combination 

of the first and second mechanisms, whereby the dissolution-precipitation sequence 

occurs concurrently with carbide formation.  For example, Ti follows the third 

mechanism: some graphite forms by the dissolution-precipitation mechanism, while 

other graphite forms from the decomposition of TiC.23  Figure 1.5 (adapted from Figure 

5 in Reference 15) illustrates how the dissolution-precipitation mechanism works.  The 

driving force for catalytic graphitization is the excess free energy of the disordered 

carbon structure,19 which leads to a greater affinity for the catalyst in the amorphous 

carbon compared to graphite.  As a result, the catalyst does not react with graphite, but 

preferentially dissolves or reacts with disordered carbon.  Therefore, the maximum 

metal concentration occurs at the reaction front.24  During the precipitation of carbon 

and the decomposition of carbide, graphite is preferentially formed due to its lower free 

enthalpy compared to other carbon forms (e.g. disordered carbon).25 
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Figure 1.5 Diagram of the dissolution-precipitation mechanism for catalytic 

graphitization, adapted from Figure 5 in Reference 15.  The solid arrow indicates the 

moving direction of the catalyst, leaving graphite behind as indicated by the hollow 

arrow.  Reactions at the leading and trailing edges of the catalyst are also given. 

 

1.1.2.2 Improving graphitization efficiency by other methods 

 Besides graphitization with catalysts, many other methods can improve the 

efficiency of graphitization.  For example, increasing pressure is an effective method 

in accelerating graphitization: a greater degree of graphitization can be achieved at a 

given temperature at high pressure (GPa level).26–28  Other methods include using 

chemical vapor deposition (CVD),29,30 applying microwave irradiation31,32 or cathodic 

polarization33 to carbon precursors. 

1.1.2.3 Catalyst types 

 Graphitization catalysts include elements, oxides, and salts.  Elemental 

graphitization catalysts have been intensively studied during the last decades.  Research 

results before 1982 have been summarized by Ōya et al.,15,34 Ishikawa et al.,35 and 

Marsh et al.18  Since these studies, there has been not an updated review of 

Graphite (G)

Non-organized carbon (C)

Catalyst (M)

&

Carbide

xC + M  MCx

MCx + yC  MCx+y

MCx  M + xG

MCx+y  MCx + yG
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graphitization catalysts.  To obtain an overall understanding of the advancements made 

in graphitic catalyzation, an up-to-date summary is necessary.  Table 1.1 is a list of 

some of the advancements made in graphitization catalysts in the last 36 years, shown 

in the form of a periodic table.  In this table, references in yellow correspond to research 

in elemental catalysts and those in blue correspond to research in compound catalysts, 

such as oxides, carbides, acetates, sulfates, etc. 

 Excluding transition metals, most catalysts in Table 1.1 only enhance the 

graphitization process to a small degree, while some of them have no graphitization 

catalysis effect at all.  However, Na metal,36 and compounds of B,37 Si,38 Al,39 and Ca40 

can be categorized as good catalysts which can greatly accelerate the graphitization 

process.  Transition metals (and their compounds) have much better graphitization 

efficiency than other catalysts, especially group VIII elements (i.e. Fe, Co, Ni) and their 

compounds.  As a result, transition metal-based catalysts have been more intensively 

studied.  These studies have shown that Fe, Co and Ni-based catalysts can effectively 

catalyze graphitization at much lower temperatures (800 - 1800 °C) than that of 

conventional methods, resulting in T-effect or G-effect graphites. 
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Table 1.1 An updated summary of graphitization catalysts since 1982, in the form of an incomplete periodic table.  References in yellow correspond research in 

elemental catalysts, and those in blue correspond to research in compound catalysts (oxides, salts, carbides, etc. containing each specific element). 

IA IIA                     IIIA IVA VA VIA 

Li Be           B C N O 

  41            42       

              37,43       

Na Mg           Al Si P S 

36,44 45–47           41 23,48 49 50 

  51 IIIB IVB VB VIB VIIB VIII   IB IIB 39,52 38     

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Sn 

      53 54 55 56 57–63 64–66 66–69 55 70         

  40   71 72 73   74–79 80–82 81–83   84 51        

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te 

      85             86            

      52,87     71,88                     

Cs Ba La-Lu Hf Ta W Re Os Iy Pa Au Hg Tl Pb Bi Po 

                                

          71                      

                

  La Ce Pr            

  89  89   89,90             

  91    21            

 

1
1
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1.1.2.4 Combinations of Catalysts 

 Catalyst combinations (two or more types of elemental and compound catalysts) have been 

intensively studied in graphitization, such as Fe-Ni,92 Fe-NaCl,93 Na-Mn(CH3COO)2,
94 NiCl2-

ZnCl2,
95 Ni-Cu-Al2O3,

96 etc.  One advantage of using a catalyst combination is that the lower 

melting point (eutectic) of alloys contributes to lower graphitization temperatures.15,97  Another 

advantage is that the catalysts may have synergic catalytic functions, showing better catalytic 

effects than using any one alone.92 In some cases, all additives have catalytic effect in 

graphitization:  Zhou  et al. graphitized polyacrylonitrile-based carbon fiber with Fe-Ni alloys, in 

which both Fe and Ni are effective catalysts.92  While in other cases, only one additive works 

effectively:  Tzeng investigated the catalytic graphitization of electroless Ni-P-coated 

polyacrylonitrile-based carbon fibers. In his study, only Ni is responsible for the catalytic 

graphitization.97 

1.1.2.5 Factors influencing catalytic graphitization 

 Catalytic graphitization is a complex process.  Besides catalyst types, catalytic 

graphitization is influenced by various other factors, such as temperature, precursor type, catalyst 

amount, catalyst particle size, the method used to combine precursors and catalysts, ambient 

atmosphere, etc.15  For example: 6 wt.% Mn(CH3COO)2 works better as a graphitization catalyst 

than 1 wt.% under the same conditions;94 and more finely-dispersed Ni catalysts tends to result in 

T-effect rather than G-effect graphite.15  Some of these factors are discussed in following chapters 

regarding their influence on the Mg catalyzed graphitization process. 

1.1.2.6 Applications of catalytic graphitization 

 Although various catalysts have been studied, only some transition metals (i.e. Fe, Co, Ni) 

catalysts have been successfully used to convert disordered carbon precursors into highly 

crystalline graphite at relatively low temperatures (800 – 1800 °C).35,64,66  However, transition 

metal catalysts are difficult to remove after graphitization, resulting in the graphite products 

containing significant amounts of residual catalyst materials, and, therefore, reducing the 

practicality of this method, especially in applications where high purity graphite is desired.15 
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1.2 Li-ion batteries 

 LIBs are widely applied in mobile electronics (cell phones, tablets, and laptops, etc.), 

power tools, wearable devices, and electric vehicles, etc. 98,99  In its conventional format, a LIB 

consists of a negative electrode, a positive electrode, and an electrolyte comprising a solution of a 

lithium salt in a mixed organic solvent.  The electrode coating is a mixture of active materials, a 

binder, and an optional conductive diluent, adhering to metal foil current collectors.  Within a Li-

ion battery, the positive and negative electrodes are electrically isolated by membrane separators. 

 Figure 1.6 shows a brief scheme of a conventional LIB.  During charge/discharge, graphite 

and lithium metal oxide (LiMO2) reversibly intercalate/de-intercalate Li ions.  During charge, Li 

ions are de-intercalated from LiMO2 and intercalated into graphite through the electrolyte, while 

electrons travel from LiMO2 to graphite via the external circuit.  The two half reactions at the 

positive and negative electrodes and the overall reaction are given by: 

 

 

Figure 1.6 Scheme of a Li-ion cell with lithium metal oxide positive electrode (right) and 

graphite negative electrode (left). 
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Negative: C + xLi+ + xe- → LixC   (1.1) 

Positive: LiMO2 → Li1-xMO2 + xLi+
 + xe- (1.2) 

Overall: C + LiMO2 → LixC + Li1-xMO2
 (1.3) 

During discharge, the reactions proceed in the opposite direction spontaneously. 

1.2.1 Graphite negative electrodes 

 Graphite is now the most widely applied LIB negative electrode (anode) material.  It is a 

miraculous material for LIB considering its combination of so many merits: high specific capacity 

(372 mAh g-1), high volumetric capacity (719 Ah L-1), low average voltage (~0.2 V vs. Li/Li+), 

small hysteresis, low irreversible capacity, good thermal stability, good electronic conductivity, 

low volume expansion during lithiation (~10% in full lithiation), good rate capability, good cycle 

life, high Coulombic efficiency (CE), and low price, etc.100 

 As mentioned above, graphite electrodes reversibly intercalate/de-intercalate Li ions 

during charge/discharge.  In this process, graphite undergoes staging phenomena, in which the 

staged phases are characterized by graphite and Li layers periodically arranged depending on the 

content of intercalated Li.3,101,102  Each staged phase is identified with an integer denoting the 

number of graphite layers between adjacent Li layers (Figure 1.7).  The first stage is the most dilute 

stage (or stage 1') having a small amount of intercalated Li (x < 0.04 in LixC6,), in which the 

intercalated Li is randomly distributed throughout the whole graphite host.103  As x in LixC6 

increases past 0.04, the stage 1' phase transforms into a stage 4 phase.  As x increases further, the 

stage 4 phase converts to a stage 3 phase, then to a "liquid-like" stage 2 phase (stage 2L).103  As 

more Li intercalates into graphite, a stage 2 phase forms, which finally converts to a stage 1 phase.  

In stage 1 lithiated graphite, the amount of intercalated Li reaches a maximum and the material 

formed is LiC6.
3,101,102  The theoretical capacity of graphite, 372 mAh g-1, is determined according 

to the formation of LiC6. 
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Figure 1.7 Staging phenomenon of graphite during Li intercalation. 

 The crystallinity level of graphite is essential for its application in LIB because a low 

graphitization level (i.e. containing significant amounts of turbostratic components) leads to a low 

reversible capacity, since Li cannot be intercalated effectively into turbostratic regions of 

graphite.104,105 

1.2.2 Catalytically-derived graphite negative electrodes 

 Among previous studies of catalyzed graphite LIB anodes, most researchers used Fe-based 

catalysts due to their high catalysis efficiency.57–62,74  Fe catalysts are effective at low temperatures 

(900 - 2000 °C), and more importantly, the resulting graphite products can have a high 

graphitization level.57,58  When used in LIBs, Fe-catalyzed graphites perform well, similar to some 

battery grade commercial graphites.57–62  However, Fe catalysts are difficult to remove.  If the Fe 

is included in the specific capacity calculation, the resulting specific capacities are very low. 

1.3 Motivation 

 As mentioned above, although transition metal catalysts (especially Fe) have proven to be 

good in improving graphitization efficiency, it is problematic that they are difficult to remove after 

graphitization, which greatly hinders their application.  Considering the good performance of low 

temperature Fe-catalyzed graphite, it would be desirable to find a catalyst that works equally well, 

but that could be easily removed and even recovered from the graphite product.  Therefore, the 

main motivation of the thesis work is to catalytically synthesize graphites of high crystallinity and 
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of high purity, and, in doing so, to obtain a profound understanding of the catalyzation process and 

the resulting products. 

 After a comprehensive survey of the elements, it was found that Mg could be used as an 

effective graphitization catalyst which could be easily removed or even recovered after 

graphitization.  Attempts to use Mg as a graphitization catalyst have been reported previously; 

however promising results have not been shown.34,45–47,106  For instance, Weiswerler et al. heated 

glass-like carbon in a crucible filled with Mg at 800 °C.106  In this early trial, Mg did not work 

effectively as a graphitization catalyst.  Okamoto et al. heated Mg with cast iron, and they only 

found that Mg could change the morphology of graphite particles.46  Ōya et al. showed that a 

phenol-formaldehyde resin can be effectively graphitized in the presence of 10 wt.% Mg.34  

However, the pyrolysis was conducted at very high temperatures (2600 °C for one hour and 3000 

°C for ten minutes).  At such high temperatures, such a soft carbon precursor can graphitize without 

the use of a catalyst.  In all these previous studies, a detailed analysis of the characteristics of the 

graphite produced with an Mg catalyst was not reported. 

 The main focus of this thesis is to study the use of Mg as a graphitization catalyst in detail.  

Specifically, Chapter 3 and 4 introduce how graphite can be produced from amorphous carbon by 

combining carbon and Mg in different ways.  Chapter 5 discusses how different precursors 

influence Mg catalyzed graphitization.  Chapter 6 introduces the use of Li as a graphitization 

catalyst.  Chapter 7 discusses how additives (MgCl2 and Al) influence the morphology and other 

properties of the graphites produced by Mg catalyzed graphitization.  Chapter 8 proposes some 

future work for the study of Mg catalyzed graphitization. 
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Chapter 2 Experimental Techniques 

2.1 X-ray diffraction (XRD) 

2.1.1 Theory 

 X-ray diffraction (XRD) crystallography is widely used in the field of materials 

characterization to obtain information on the atomic scale structure of various substances in 

various states.107–109 

 In an X-ray diffractometer, X-rays are usually generated from a sealed diode vacuum tube 

by the interaction of a heavy metal target (e.g. Cu) with high-speed electrons.  Specifically, 

electrons are usually generated from a tungsten filament (cathode), and accelerated by a high 

voltage towards the Cu target (anode) with high kinetic energy.  Most of the kinetic energy is 

converted into heat, therefore the Cu target must be constantly cooled by water to prevent its 

melting.107–109 

 When an electron with sufficient kinetic energy strikes a Cu atom, an electron in the K 

shell of the Cu atom may be knocked out, leaving a vacancy behind.  The vacancy can be filled 

immediately by an electron from any of the outer shells, but is commonly filled by electrons from 

the L or M shell.  The transition results in the emission of an X-ray photon with a sharply defined 

energy.  Such X-rays are known as characteristic X-rays with specific wavelength determined by 

Equation 2.1:107–109 

 λ = h c / ΔE,  (2.1) 

where h is the Planck constant, c is the speed of light in vacuum, and ΔE is the energy difference 

between the initial and final energy states of the transition electron.  Main types of characteristic 

X-rays from a Cu target include Kα1, Kα2 (both from L shell) and Kβ (from M shell), corresponding 

to wavelengths of 1.54051 Å, 1.54433 Å, and ~1.39 Å, respectively.107–109  Kβ radiation is usually 

removed by a monochromator or a Ni film filter and the effects from Kα2 radiation is typically 

removed using software. 

 After being emitted, X-ray beams are collimated and sized by various slits, and strike the 

sample.  Then the incident X-rays are scattered and create diffracted X-rays upon striking.  Here, 

the diffraction phenomena of X-rays are attributed to certain phase relations between different 
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waves.  If two waves are completely in phase, constructive interference of X-rays occurs.  The 

constructive interference condition can be quantitatively described by Bragg’s Law: 

 n λ = 2 d sinθ,  (2.2) 

where n is an integer, λ is the X-ray wavelength, d is the interplanar spacing, and θ is the diffraction 

angle.  Figure 2.1 illustrates a constructive condition corresponding to Bragg’s law. 

 

Figure 2.1 Constructive condition corresponding to Bragg’s law. 

 In this thesis work, all XRD patterns were collected using a Rigaku Ultima IV 

diffractometer equipped with a Cu target, a dual position graphite diffracted beam monochromator 

and a scintillation counter detector.  The X-ray generator accelerating voltage was set at 45 kV and 

the filament current was set at 40 mA.  All XRD spectra were collected with a single step angle of 

0.05° and a 3 second dwell time. 

2.1.2 Pseudo-Voigt profile fitting 

 This thesis studies transitions from amorphous carbon to graphitic carbon, and, therefore, 

the final products may contain more than one carbon phases (i.e. amorphous carbon, turbostratic 

graphite, ordered graphite).  To avoid confusion, amorphous carbon refers to non-organized carbon 

with broad XRD peaks, and both turbostratic and ordered graphite refers to graphitic carbons with 

sharp XRD peaks in this thesis.  The XRD peaks of graphites were fit by using pseudo-Voigt 

profiles.  The fit peak position was used to determine its corresponding plane spacing by using 

Bragg’s law, which is an important factor indicating the graphitization level.  The full width at half 
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maximum FWHM of the fit peak was used to determine the extent of the crystallites (Lc and La) 

by applying the Scherrer equation: 

 Lc  = (K λ) / (B002 cosθ002),  (2.3) 

 La  = (K λ) / (B100 cosθ100),  (2.4) 

where K is a scale factor (0.90 for Lc and 1.84 for La), B is FWHM of the 002 or 100 peak, and θ 

is incident angle corresponding to the 002 or the 100 peak.110  Also, the relative area of the graphitic 

carbon 002 peaks or amorphous carbon 002 peak to the area of all fitted 002 peaks was used to 

determine the molar percent graphitic or amorphous carbon with respect to all the elemental carbon 

in the sample. 

 In addition to a polynomial background function, two or three pseudo-Voigt peaks were 

included in each fit depending on the graphitization level of graphite: turbostratic and ordered 

graphite 002 peaks with positions in the range of 26° - 27° and an amorphous carbon peak with a 

position of ~23°. 

2.1.3 CARBONXS program  

 CARBONXS is a useful program developed by Shi et al. to fit the XRD patterns of 

graphites with different crystallinities.111,112  There are two models integrated in this program: a 

one-layer model for less ordered graphitic carbons and a two-layer model for more graphitic 

carbons.  Both models were used in this study depending on the graphitization level of each 

graphite sample. In this thesis, the model used for each fit is indicated in all figures showing 

CARBONXS fits.  The one-layer model considers each layer as an independent entity.  Starting 

from a layer at the “A” position, the next layer could be stacked in three ways: a random position 

(with a probability of Pr), or a “B” or “C” position (with equal probability of (1-Pr)/2; where A, B, 

and C refer to layer positions in hexagonal close-packed notation).  Here, Pr indicates the fraction 

of random stacking per layer.  The two-layer model considers two adjacent layers in AB stacking 

as the basic structure building block.  AB stacking blocks could be stacked with neighboring blocks 

in three ways: 1), forming orderly ABAB stacking (Hexagonal 2H stacking, with a probability of 

(1-2Pr-2P3R)/2 per layer), 2) forming turbostratic disorder due to a random shift (with a probability 

of 2Pr), or 3) forming ABCA stacking (Rhombohedral 3R stacking, with a probability of 2P3R).  

Here, Pr indicates the fraction of turbostratic disorder per layer and P3R indicates the fraction of 3R 
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stacking per layer.  The fitting results from CARBONXS also contain other important structural 

parameters, such as the in-plane cell constant (a), the lateral extent of graphite layers (La), the in-

plane strain (ζ), and the interlayer distance fluctuation (<δ2>1/2).  CARBONXS only can fit an 

average of the two sharp 002-peaks arising from ordered and turbostratic graphite.  Therefore, the 

values of Lc and d002 obtained by CARBONXS for some graphites having overlapped ordered and 

turbostratic 002 peaks are not reliable.  In this case, Lc and d002 were determined by the pseudo-

Voigt method, as described above. 

 For each CARBONXS fit, a parabolic background polynomial was used, with variable 

scale factor between 20° (or 30°) and 80° 2θ.  The fraction of low-strain regions (0) was fixed 

during fitting (values in parentheses).  Variable parameters were: a, (2.46 Å), d002 (3.35 Å), average 

graphite crystallite layer numbers (M, 40), ζ (0), <δ2>1/2 (0 Å), La (50 Å), Pr (0.5), P3R (0), and 

preferred orientation parameter (0).  Numbers in parentheses are initial values of each parameter.  

For different fitting, initial numbers might change.  Details regarding these parameters and the 

CARBONXS program can be found in Reference 111,112. 

2.2 Scanning electron microscopy (SEM) 

 Scanning electron microscopy is a technique used to investigate surface morphological 

information about a specimen.113,114  SEM magnification can be adjusted from 10× to 300,000×, 

reaching nm level resolution.115  

 During operation, electrons are produced at an electron gun and are accelerated in a 

potential of 0.5 - 30 keV or thereabouts.113  The electron beam is de-magnified by the lens system, 

consisting of condenser lenses and one objective lens, and is focused on the specimen surface.  

This process is conducted under a high vacuum environment.  Among various interactions between 

incident electrons and atoms in the specimen, elastic and inelastic scattering of the impinging 

electrons are the elemental interaction processes.  Elastic scattering of the electron is caused by its 

interaction with the electrical field of the nucleus and results in a deflection of the electron without 

a significant change in its energy, while the inelastic scattering of the electron is caused by its 

interaction with the electrical field of the specimen atoms' electrons.113  After multiple interactions, 

electrons are emitted via a number of different processes, among which secondary electrons (SEs) 

and backscattered electrons (BSEs) are the main types.  SEs are mainly ejected from the K-shell 

of the specimen atoms by inelastic scattering interactions with incident electrons.  The ejection of 
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SEs occurs within several nanometers from the sample surface.  SEs have a probable energy of < 

50 eV, usually between 2 - 5 eV.  BSEs are reflected out of the specimen by elastic scattering 

interactions with specimen atoms.  Heavy elements reflect electrons more strongly than light 

elements and appear brighter in the image.  BSEs have an energy between 50 eV and the primary 

electron energy.114  Usually, SEs are used to describe the morphology of specimens while BSEs 

are used to detect contrast between areas with different chemical compositions. 

 By scanning the sample and collecting emitted SEs, an image displaying the morphology 

of the surface is created.  The fraction of incident electrons transforming into BSEs strongly 

depends on the atomic number of the scattering atom, which directly affects the image brightness.  

Therefore, BSEs can be used to detect contrast between surfaces with different chemical 

compositions.  

 In this thesis work, particle size and morphology of samples were studied with a Phenom 

G2-pro Scanning Electron Microscope (Nanoscience, Arizona) and a Hitachi S-4700 FEG 

Scanning Electron Microscope in an SE mode with a working distance of 12.7 mm.  All tested 

samples were powder samples.  In preparation, a small amount of sample powder was placed on a 

double-sided conductive carbon tape on an aluminum stub.  An air duster was used to remove the 

excess and loose powder on the carbon tape. 

2.3 Energy dispersive X-ray spectroscopy (EDS) 

 Energy dispersive X-ray spectroscopy (EDS) analysis is the most common application of 

X-ray microanalysis.116  As mentioned above, various interactions between incident electrons and 

atoms in specimen take place when high-speed electron beams strike the specimen in an SEM.  

Production of X-rays can take place when the electron beam has enough energy to ionize atoms.116  

For each atom, every shell has a unique energy level, determined by the atomic configuration of 

that element.  Therefore, the emitted X-rays from different atoms are of different wavelength and 

energy.  These characteristic X-rays can be detected and converted into a spectrum, indicating the 

presence of elements qualitatively and quantitatively.  An element map can also be obtained if 

conducting EDS analysis within a chosen specimen area. 

 In this thesis work, EDS analysis was conducted with an Oxford Inca energy dispersive X-

ray spectroscopy (EDS) analysis system equipped in a Hitachi S-4700 FEG SEM. 
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2.4 Focused ion beam (FIB)  

 Focused ion beam (FIB) is a technique that can be used for ablation of materials.  The most 

popular ion source for FIB is a liquid metal ion source (LMIS), especially gallium.  In a LMIS, Ga 

metal is placed in contact with a tungsten needle.  Heated Ga wets the needle and flows to the tip, 

where the opposing forces of surface tension and electric field form the Ga into a cusp shaped tip 

called a Taylor-Gilbert cone.117  Very focused ion beams (~5 nm) can be generated from the apex 

of the cone.  When the Ga ion beams strike the specimen, various interactions take place, such as 

sputtering of ions and atoms, emission of secondary electrons, implantation of Ga ions, 

amorphization, etc.  After sufficient ion impingement, the surface of the specimen can be eroded.  

This is useful for observation of the inner structure of the specimen.  

 In this thesis work, the ablation of graphites was conducted using a Hitachi FB-2000A FIB 

System with a liquid Ga source. 

2.5 Transmission electron microscopy (TEM) 

 Transmission electron microscopy (TEM) is a technique in which a beam of electrons is 

transmitted through a specimen to form an image.  Specifically, an ultrathin specimen is irradiated 

with an electron beam of uniform current density.  After the interactions (elastic and inelastic 

scattering) between electrons and the sample, an electron-intensity distribution is imaged onto a 

fluorescent screen.118  TEMs are capable of imaging at a significantly high resolution (~1 Å), due 

to the small de Broglie wavelength of electrons. 

 Besides imaging, selected area electron diffraction (SAED) is another core strength of 

TEM.  By adjusting the magnetic lenses, a SAED pattern can be generated.  This produces an 

image consisting of dots in the case of a single crystal, or a series of rings in the case of a 

polycrystalline or amorphous material.  In the single crystal case, the SAED pattern is dependent 

on the orientation and the structure of the sample, providing information such as plane spacings 

and the space group symmetries in the crystal.118 

 In this thesis work, TEM images were taken using a Philips CM30 electron microscope.  

TEM samples were prepared by dispersing powders in methanol (ultrasonic for ~5 min) and 

placing a drop of the solution onto a lacey carbon film supported on a copper grid. 
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2.6 Raman spectroscopy 

 When light is scattered from a molecule, most photons are elastically scattered (Rayleigh 

scattering).  The scattered photons have the same energy as the incident photons.  However, a 

small fraction of photons (~ 1 in 107) is scattered at optical frequencies different from the frequency 

of the incident photons.  The process leading to this inelastic scattering is termed Raman scattering, 

or Raman effect scattering.  In quantum mechanics, Raman scattering is described as an excitation 

of molecules to a virtual state transition with nearly coincident de-excitation and a change in 

vibrational energy.  Figure 2.2 shows the energy diagram of Raman scattering.  At room 

temperature, the main initial state is the ground state, and the scattered photon will have lower 

energy than the incident photon.  This is called Stokes scattering (Figure 2.2(a)) that is usually 

observed in Raman spectroscopy.  A small fraction of the molecules is also in vibrationally excited 

states.  Raman scattering from vibrationally excited molecules leaves the molecule in the ground 

state.  This is called anti-Stokes scattering (Figure 2.2(b)).  This anti-Stokes spectrum is always 

weaker than the Stokes spectrum, but both spectra usually contain the same information.119 

 

 

Figure 2.2 Energy level diagram of Raman scattering. 
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 Raman spectroscopy is a powerful characterization tool to study graphite, which is non-

destructive, fast, with high resolution and gives important structural and electronic information.120  

The Raman spectra of all carbon allotropes show only a few prominent features: a couple of very 

intense bands in the 1000 - 3000 cm-1 region and few other second-order modulations.  Their shape, 

intensity and positions allow to distinguish an amorphous carbon from a graphitic carbon, and to 

estimate the content ratio of different carbon phases.120 

 In this thesis work, Raman measurements were performed using a HORIBA T64000 

Raman spectrophotometer with a laser radiation wavelength of 532 nm and a power of 5 mW or 

15 mW. 

2.7 Inductively coupled plasma - optical emission spectrometry (ICP-OES) 

 Inductively coupled plasma optical emission spectroscopy (ICP-OES) is the most 

commonly used technique for determination of trace amounts of elements.121  In an ICP-OES 

system, an inductively coupled plasma (ICP) is used to produce excited atoms and ions that emit 

electromagnetic radiation at wavelengths characteristic of specific elements, giving an optical 

emission spectrum. 

 In an ICP-OES instrument, a load coil surrounds the top end of a torch consisting of three 

concentric tubes, and is connected to a radio frequency (RF) generator.  When RF powder is 

applied to the load coil, an alternation current oscillates within the coil at a rate corresponding to 

the frequency of the generator, causing RF electric and magnetic fields at the top of the torch.  

With Ar gas being directed through the torch, a spark is applied, stripping some electrons from Ar 

atoms.  These electrons are accelerated by the RF electric and magnetic field.  Then, these high-

energy electrons in turn collide with other argon atoms and stripe off more electrons in a chain 

reaction, breaking down the Ar gas into a plasma, a co-existence of the positive ions, electrons, 

and neutral species.122 

 Most samples begin as liquids that are nebulized into an aerosol so as to be introduced into 

the ICP.  The aerosol is carried into the center of the plasma by the inner argon flow.  The high 

temperature (6000 - 10000 K) plasma first removes the solvent from the aerosol (desolvation), 

then decomposes the particles into a gas of individual molecules (vaporization) that are then 

dissociated into atoms (atomization).  These molecules and atoms can be further excited and 



25 

 

ionized.  The light emitted by the excited particles is detected to obtain qualitative and quantitative 

information about the sample.121,122 

 In this thesis work, ICP-OES measurements were performed with a PerkinElmer Optima 

8000.  Each sample was placed in a 10 mL of aqua regia solution which was then diluted using 2 

wt. % HNO3 (prepared from concentrated HNO3 (70 wt. %), Aldrich) prior to measurements. 

2.8 Gas pycnometry 

 Gas pycnometry is a method to obtain accurate, absolute, and apparent volume of solid 

materials based on the Archimedes principle of displacement of an inert gas medium, such as 

nitrogen, argon, or helium.  This method is non-destructive so that the tested samples can be 

retrieved.  For gas pycnometry, a dry solid sample of known mass (ms) is placed in a sample 

chamber (of known volume Vs).  The sample chamber is connected with a reference chamber (of 

known volume Vr) through a valve.  First, the sample chamber is isolated from the reference 

chamber and filled with an inert gas up to a certain pressure.  The pressure decreases and reaches 

equilibrium (Pi) at a certain time as a result of gas penetration into the pore structure of the sample.  

Then the valve connecting the two chambers is opened, and the inert gas flows from the sample 

chamber to the reference chamber.  When equilibrium is reached again, a new pressure is recorded 

(Pf).  The solid volume of the sample VSolid can be determined by: 

 𝑉𝑆𝑜𝑙𝑖𝑑 =  𝑉𝑠 − (
𝑃𝑓

𝑃𝑖−𝑃𝑓
) ×  𝑉𝑟.  (2.5) 

Then the density of the sample can be determined by: 

 ⍴ =  
𝑚𝑠

𝑉𝑆𝑜𝑙𝑖𝑑
.    (2.6) 

 In this thesis work, sample densities were measured using a helium pycnometer (AccuPyc 

II 1340, Micrometritics). 

2.9 Brunauer-Emmett-Teller (BET) method 

 Surface adsorption of gas on solids occurs by two mechanisms: physisorption and 

chemisorption.123  Physisorption involves relatively weak van der Waals forces, and therefore the 

desorption can be induced by simply increasing the temperature.  In contrast, chemisorption 

involves stronger chemical bonding forces and it requires a great deal of energy to remove the 
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adsorbed species.  The Brunauer-Emmett-Teller (BET) method is the most popular method for 

surface area analysis based on the reversible physisorption of gas on a solid surface. 

 At the gas-solid interface, the amount of adsorbate is described by the adsorption isotherm.  

There are six major classifications of adsorption isotherms.123  BET works for type II and IV 

isotherms (between 0.05 – 0.3 of relative pressure), which are applicable to the majority of 

materials.124 

 BET theory was derived by adopting the Langmuir mechanism combining some 

simplifying assumptions for multilayer adsorption.123  In operation of the BET method, the solid 

sample must be cooled down to the boiling point of the gas (usually N2).  An equation is used to 

estimate the volume of the adsorbed monolayer gas molecules, from which surface area can be 

calculated. 

 In this thesis work, specific surface area was determined by the BET method using a 

Micromeritics Flowsorb II2300 surface area analyzer (single point). 

2.10 Electrochemical techniques 

 The voltage (V) of a Li-ion cell is determined by: 

 V = Vpositive – Vnegative,  (2.7) 

where Vpositive and Vnegative are the electric potentials of the positive and negative electrodes, 

respectively.  Capacity is defined as the total amount of electrical charge passed through a cell 

during charge or discharge and is measured in units of coulombs or milliampere-hours (mAh).  

The gravimetric or specific capacity (Q) of a material is the capacity per unit mass of the active 

material in units of mAh g-1, while volumetric capacity is measured in units of Ah L-1.  The C-rate 

indicates the cycling current.  For instance, a C/n rate corresponds to the current required to charge 

or discharge a cell in n hours. 

 When cycling Li half-cells, a constant current, constant voltage (CCCV) method is usually 

used to mimic the cycling protocol of commercial Li-ion cells.  In this procedure, Li half-cells are 

first discharged (lithiation of the working electrode) at a constant current (CC) while the cell 

voltage keeps decreasing to a voltage limit.  Then Li half-cells are discharged at this constant 

voltage (CV) until the current decreases to a current limit.  After the CV step, cells are charged 
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(delithiation of the working electrode) at the same constant current (CC) to a desired upper voltage 

limit.  These form a full cycle. 

 Electrochemical performance of cells can be displayed in various forms.  The main forms 

studied in this thesis work are cycling performance curves (Q vs. cycling number), voltage profiles 

(V vs. Q), and differential capacity curves (dQ/dV vs. V).  From a cycling performance curve, 

researchers can derive information of charge/discharge capacity for each cycle, irreversible 

capacity, coulombic efficiency (CE), and cycling stability.  Figure 2.3 shows a typical voltage 

profile and a differential capacity curve of a Li half-cell with a graphite working electrode.  

Typically, plateaus in a voltage profile and sharp peaks in a differential capacity curve are 

indicative of two-phase regions, while sloping regions in a voltage curve usually indicate single-

phase regions.  The staging phenomenon of graphite introduced in Chapter 1.2.1 can be observed 

in Figure 2.3.  During discharge (lithiation) and charge (delithiation) of a Li half-cell, there are 

three plateaus in the voltage profile, indicating different phase-transitions as labelled, 

corresponding to sharp peaks in the differential capacity curve.  If the crystallinity level of the 

cycled graphite is low (i.e. containing significant amount of turbostratic or amorphous component), 

these features will not be as pronounced or may be missing altogether.  Therefore, these 

electrochemical performance graphs are significant indicators of the graphitization level.  There is  

 

 

Figure 2.3 Voltage profile and differential capacity curve of graphite measured in a Li half-cell. 
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also a difference between the lithiation and delithiation voltages (Figure 2.3(a)), which is named 

hysteresis.  Hysteresis is a significant factor accounting for the energy loss and low battery 

efficiency, and is also an indicator of battery impedance. 

 In this thesis work, Li-ion half-cells used to evaluate active materials were made and tested 

as follows.  Electrode slurries containing active materials (catalyzed graphite, commercial 

graphite, hard carbon, etc.), carbon black (C-NERGY Super-C65, Imerys Graphite and Carbon), 

and polyvinylidene difluoride (PVdF grade 301F, KYNAR) binder in N-methyl-2-pyrrolidinone 

(NMP, Sigma-Aldrich, 99.5%) were mixed for 1 h using a planetary ball mill (Retsch PM 200) 

with four WC balls (11 mm in diameter) at 100 rpm.  The weight ratio of active materials: carbon 

black: binder was 90: 5: 5 or 90: 2: 8.  A thin layer of slurry was coated onto a Cu foil (Furukawa 

Electric, Japan) using a ~0.1 mm coating bar and dried in air at 120 °C for 1 h.  This thesis involves 

different types of active materials and each material may require different electrode preparation 

steps.  Further details regarding preparation will be introduced in following chapters.  Disk 

electrodes (~13 mm in diameter) were punched from the coated foil and were transferred into an 

argon-filled glove box.  Each electrode was assembled in a 2325 coin-type cell with a lithium 

reference/counter electrode and an electrolyte composed of 1 M LiPF6 (BASF) in a solution of 

monofluoroethylene carbonate, ethylene carbonate, and diethyl carbonate (volume ratio 1:3:6, 

battery grade, all from BASF).125  Two layers of separators (Celgard 2300) and two copper spacers 

were used in each Li half-cell.  Figure 2.4 shows the configuration of a typical half-cell used in 

this thesis work.  Li half-cells were cycled at 30.0 ± 0.1 °C using a CCCV method with a MACCOR 

Series 4000 Automated Test System at a C/10 rate and trickled discharged to C/20 for the first 

cycle, and a C/5 rate and trickled discharged to C/10 for all subsequent cycles, in a potential range 

of 0.005 - 0.9 V.  In some chapters, cells were also cycled at different C-rates (e.g. C/5, C/2, 1C, 

2C, 5C) and C-rates are labelled in all cell cycling figures.  C-rates were calculated by assuming a 

theoretical graphite capacity of 372 mAh g-1 and amorphous carbon capacity of 200 mAh g-1. 



29 

 

 

Figure 2.4 Exploded view of the 2325 coin-type cell used in this thesis work.  
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Chapter 3 Voronoi-Tessellated Graphites (VTGs) Grown from Ground C-Mg Mixtures 

3.1 Introduction 

 As introduced in Chapter 1, it is desirable to find catalysts that work equally well as Fe for 

catalytic graphitization (effective for both graphitizable and non-graphitizable carbon at low 

temperature; resulting in high graphitization level), but that could be easily removed and even 

recovered from the graphite product.  After a comprehensive survey, it was found that Mg is a 

promising candidate. 

 This chapter describes a method in which a conventionally non-graphitizable hard carbon 

derived from glucose can be graphitized at low temperatures with a Mg catalyst that can be easily 

removed.  Most graphite products in this chapter are made from a ground carbon-magnesium 

mixture.  The resulting graphite has a unique microstructure containing Voronoi-tessellations.  This 

represents a new type of graphite microstructure.  Hereafter, graphites made from the ground 

carbon-magnesium mixtures are termed as Voronoi-tessellated graphites (VTGs). 

 The majority of this work was adapted from the following peer-reviewed article and patent 

application: 

 L. Zhao, X. Zhao, L.T. Burke, C. Bennett, R.A. Dunlap, M.N. Obrovac, Voronoi‐

Tessellated Graphite Produced by Low‐Temperature Catalytic Graphitization from Renewable 

Resources, ChemSusChem 10 (2017) 1–11. 

 Mark Obrovac, Leyi Zhao, and Xiuyun Zhao, Graphitic Materials and Methods of Making 

Same, U.S Patent Application No. 62/438,591, Filed December 23, 2016. 

 Dr. X. Zhao and M.N. Obrovac first found the graphitization effect of Mg with the help of 

L. T. Burke.  L. Zhao (this report author) conducted most of the work of the present study, including 

preparation and characterization of samples and analysis of data.  Prof. C. Bennett conducted the 

TEM measurements and TEM data analysis. 

 Minor changes have been made.  Electrochemical measurement was re-conducted between 

0.005 – 0.9V because the reactions between 0.9V and 2V are not associated with graphite 

lithiation/delithiation but are mainly associated with electrolyte decomposition and other side 

reactions.  Carbon and Mg powders were also heated in a tube without mixing to test if the gas-

phase Mg is effective in catalyzing graphitization.   
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3.2 Experimental 

3.2.1 Synthesis of Voronoi-tessellated graphites (VTGs) 

 Glucose (96%, Aldrich) was first dewatered by heating in air for 24 h at 180 °C and then 

heated under an Ar flow for 3 h at 1100 °C.  The resulting hard carbon was ground for five minutes 

with Mg powder (HART METALS, INC., -325 mesh) in a 1:1 C: Mg mole ratio using a mortar 

and a pestle in an Ar filled glove box.  Hard carbon/Mg mixtures were heated in sealed stainless-

steel tubes filled with Ar at 800, 900 or 1000 °C for 1 h or 3 h, resulting in the formation of 

VTG/Mg mixtures.  To dissolve the Mg catalyst after heat-treatment, ~2 g of the VTG/Mg mixture 

was placed in a solution of 100 mL of 2 M HCl (prepared from 37 wt. % HCl, Aldrich) and ~2 mL 

of ethanol (98%, Aldrich) for 12 h with stirring.  The ethanol reduces the surface tension of the 

acid solution, increasing its wetting ability.  After reacting with HCl, the products were transferred 

into a Büchner funnel (with a Whatman circle filter paper, qualitative, 44.25 mm in diameter) and 

were washed with 2 M HCl five times and then washed repeatedly with distilled water until the 

pH of the supernatant was about seven.  Finally, the products were dried in air for 3 h at 120 °C. 

3.2.2 Mg vapor graphitization 

 Hard carbon made from glucose was ground for five minutes in an Ar-filled glovebox.  Mg 

and carbon powders were loaded into separate ends of an argon-filled stainless-steel tube (100 mm, 

OD 12.70 mm, ID 9.40 mm, and sealed with Parker-A-lok caps) without mixing.  Then the tube 

was heated at 1000 °C for 3 h.  During the whole process, the tube was kept horizontal, to prevent 

the mixing of Mg and hard carbon. 

3.2.3 Characterization 

 Products were characterized by using many techniques: scanning electron microscopy 

(SEM), energy dispersive X-ray spectroscopy (EDS), focused ion beam (FIB) technique, transition 

electron microscopy (TEM), X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) surface 

analysis, inductively coupled plasma-optical emission spectroscopy (ICP-OES), Raman 

spectroscopy, and pycnometry, with the equipment introduced in Chapter 2.  Pseudo-Voigt profiles 

were used to fit some graphite XRD patterns, details of this fitting procedure have been described 

in Chapter 2.  Electrochemical measurements in Li-half cells were performed to confirm the 

graphitization level of VTGs by observing staging transitions during lithium intercalation.  Details 

of slurry making and cell assembly and cycling have been described in Chapter 2. 



32 

 

3.3 Results 

3.3.1 Morphological Characterization 

 Figure 3.1(a-e) show SEM images of how the hard carbon precursor transforms during 

catalytic graphitization at different temperatures.  The hard carbon precursor is mainly composed 

of carbon particles with smooth and flat surfaces (Figure 3.1(a)).  After heating at 800 °C for 1 h 

(Figure 3.1(b)), spheroidal particles appear on the hard carbon surface. Each spheroid is 

surrounded by a circular region on the carbon surface, indicting a reaction front. These circular 

 

 

Figure 3.1 SEM images of (a) the carbon precursor, (b-e) VTGs (heat methods indicated), (f) a 

junction of Voronoi tessellation regions on the surface of the VTG particle made at 1000 °C for 3 

h.  (g-i) SEM images revealing the interior of the VTG particles made at 1000 °C for 3 h: (g) a 

broken particle edge, (h) a junction of Voronoi tessellation regions in the interior of a particle, 

and (i) a FIB cross section parallel to the particle surface at a depth of ~10 μm. 
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regions comprise sheets that radiate from the spheroidal particles in all directions.  Outside of these 

regions the carbon remains similar to the starting hard carbon precursor.  As the graphitization 

progresses (800 °C, 3 h), these reaction fronts expand in all directions, transforming most of the 

particle into radiating graphite sheets (Figure 3.1(c)).  At higher temperatures, the process proceeds 

more quickly. After processing at 900 °C for 3 h (Figure 3.1(d)) the reaction has progressed to 

completion.  All the reaction fronts meet each other, forming boundaries of a Voronoi-tessellated 

structure.  This type of Voronoi-tessellated structure has not been previously observed during 

graphitization.  At higher temperatures (1000 °C, 3 h, Figure 3.1(e)) the boundaries separating the 

tessellations expand and cracks appear.  Figure 3.1(f) shows more details of the boundaries of 

Voronoi-tessellations, which are composed of irregular sheets aligned perpendicularly to the 

particle surface.  Figure 3.1(g) shows an SEM image of a cross-section formed at a broken edge 

of a VTG particle made at 1000 °C for 3 h.  The image shows that the tessellations extend from 

the centroid of the surface into the bulk of the particle in three dimensions.  The Voronoi-tessellated 

regions are composed of graphite sheets that are small and compact near the particle surface and 

become larger and diffuse as they extend into the particle interior.  All the tessellated regions 

observed from SEM images were nucleated from particle surfaces.  No evidence of Voronoi-

tessellations growing from the interior of particles was observed.  Figure 3.1(h) shows the 

boundary region between two Voronoi-tessellations in the interior of a particle in detail, which is 

composed of irregular sheets.  An FIB cross section of the particle to a depth of about 10 μm was 

imaged in order to understand the nature of the interior of the tessellated regions.  Figure 3.1(i) 

shows the SEM image of the FIB cross section.  The interior of the tessellated regions comprises 

graphite sheets that are terminated by hexagonal graphite platelets at each tessellation boundary. 

 To further understand the growth of the Voronoi-tessellated structure, EDS mapping images 

of Mg and C for the ground C/Mg mixtures (before graphitization) and the VTG/Mg mixtures 

(after graphitization and before reacting with HCl) were collected.  In the ground C/Mg mixture 

(Figure 3.2(a-c), spherical Mg particles (< 30 μm) and platelet-like carbon particles (> ~50 μm) 

are mixed together with clear boundaries.  On the hard carbon surface (Figure 3.2 (d-f)), there are 

randomly distributed small Mg particles (< 2 μm).  Figure 3.2(g-i) show SEM images and EDS 

mapping images of the VTG/Mg mixture made by heating at 800 °C for 3 h.  The reaction fronts 

expanding from the central spheroidal seed particles are Mg rich and C poor, while the tessellated 

regions themselves are composed of carbon and are essentially Mg-free.  The central seed particles 
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themselves also appear to be Mg-rich.  The same Mg distribution is also apparent for the complete 

Voronoi-tessellated structure in the VTG (1000 °C, 3 h) sample (Figure 3.2(j-l)). 

 

Figure 3.2 SEM images of (a, d) the ground C/Mg, (g, j, m) the VTG/Mg mixtures made by 

different heat-treatments as indicated and corresponding EDS mapping images of (b, e, h, k, n) 

magnesium (green) and (c, f, i, l, o) carbon (blue) elements. 
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 Figure 3.3(a-e) show SEM images of spheroidal seed particles located on the surface of 

VTGs made with different heat-treatments.  The VTG (800 °C, 1 h) sample (Figure 3.3(a)) 

comprises many small (<10 µm in diameter) particles, some with what appears to be graphite 

platelets on their surface.  As the graphitization progresses, the spheroidal particles of the VTG 

(800 °C, 3 h) sample grow to be larger than 10 µm in diameter (Figure 3.3(b)).  The surface of the 

spheroidal particles is made up of crystalline hexagonal graphite platelets with their basal plane 

being tangential to the spheroidal particle surface.  After heating at 900 °C for 3 h, some broken 

spheroidal particles were observed (Figure 3.3(c)), and at higher temperature (1000 °C, 3 h) the 

broken spheroidal shells become larger (Figure 3.3(d-e)).  Attached to the inner surface of the 

spheroidal shells are hexagonal graphite platelets arranged perpendicularly to the shell surface, but 

with otherwise random orientations with respect to each other (Figure 3.3(c-e)).  The spheroidal 

shells are most common on the surface of the VTGs heat-treated at temperatures of 900 °C 

and1000 °C for 3 h, especially in the VTG (1000 °C, 3 h) sample.  Some of these hexagonal 

platelets contain rotational stacking faults (Figure 3.3(f), the VTG (1000 °C, 3 h)), which is 

common for graphite platelets, as observed by Double et al.126  Some of the platelets are perfect 

hexagons with no observable stacking faults. 

 

 

Figure 3.3 SEM images (a-e) showing the growth of spheroids found on the VTG particles made 

by different heat-treatments as indicated, and (f) showing the hexagonal platelets inside of 

spheroids found on the VTG (1000 °C, 3 h) particles. 
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Table 3.1 Mg content (by ICP-OES), BET specific surface areas, and pseudo-Voigt fitting results 

of VTGs.  The error of the fitting results are calculated based on multiple measurements of the 

1000 °C, 3 h sample. 

Synthesis 

Condition 

Surface 

Area 
Mg Content 

Amorphous 

Carbon 
Graphite d002 Lc χ2 

  (m2 g-1) (wt. %) (at. %) (at. %) (Å) (Å)   

800 °C, 1 h 7.2 - 73.7(7) 26.3(7) 3.400(5)[a] 186(3) 
0.5

(1) 

800 °C, 3 h 24.2 0.012(1) 32.6(7) 67.4(7) 3.400(5)[a] 204(3) 
0.6

(1) 

900 °C, 3 h 81.9 0.009(1) 1.4(7) 98.6(7) 3.400(5)[a] 222(3) 
0.9

(1) 

1000 °C, 3 h 87.9 0.019(1) 0.9(7) 99.1(7) 
3.400(5),[a] 

3.339(2)[b] 
222(3) 

0.4

(1) 

[a] Turbostratic graphite. [b] Ordered graphite. 

 

 The numerous sheets in the Voronoi-tessellated structures and the hexagonal platelets 

suggest a high surface area.  Indeed, the BET surface areas of the VTGs prepared at 900 and 

1000 °C for 3 h were found to be above 80 m2 g-1 (Table 3.1), much higher than that of the hard 

carbon precursor (2.5 m2 g-1).  In comparison, the surface areas of VTGs made at 800 °C were 7.2 

m2 g-1 (1 h) and 24.2 m2 g-1 (3 h).  There is a clear increasing trend in surface area from the hard 

carbon to VTG and with higher temperature and longer heating time.  Despite its high surface area, 

the bulk density of the VTG made at 900 °C was measured to be ~2.27 g mL-1, close to a highly 

graphitic carbon. 

 Figure 3.2(m-o) show the SEM image and EDS mapping images of a spheroidal shell on 

the surface of the VTG/Mg (1000 °C, 3 h) sample.  It comprises hexagonal graphite platelets that 

are uniformly covered in Mg, suggesting the shells once contained Mg.  The mechanism involved 

creates a reaction front of Mg that emanates from the spheroidal seed particles and advances into 

ungraphitized carbon, leaving graphite in its wake. The distribution of elements observed by EDS 

suggests a mechanism consistent with that observed by Fitzer et al., in which the carbon becomes 

solvated in the Mg catalyst followed by precipitation of the graphite.19 

 Figure 3.4(a) shows a TEM image of hexagonal platelets found within the spheroidal 

particles of the VTG (1000 °C, 3 h) sample.  The selected area electron diffraction (SAED) patterns 

confirm the graphite structure for these platelets.  In the central, thicker regions of the platelets 

such as the blue circle zone in Figure 3.4(a), complicated SAED patterns are often observed which  
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Figure 3.4 TEM images of the hexagonal platelets from the spheroidal-shell particles of the VTG 

(1000 °C, 3 h), and (b-c, insert) the SAED patterns of the areas indicated by blue circles. 

 

are the result of multiple diffraction from misoriented layers (i.e. turbostratic disorder).  As 

mentioned above, this type of stacking fault is common for graphite platelets.126  In some typically 

thinner regions, the graphite platelets are highly ordered, as shown in Figure 3.4(b).  The pattern 

of parallel fringes in Figure 3.4(b) and the hexagonal spot pattern of the SAED pattern (Figure 

3.4(b, insert)) suggest a highly ordered crystalline graphite structure.  Based on the SAED pattern, 

the lattice constant is determined as a = 2.46 ± 0.10 Å, typical of a highly ordered graphitic 

structure.  The alternately dark-and-bright stripes indicated by an arrow are likely related to a 

Moiré pattern caused by the displacement of multiple diffracting layers or twinning defects.  The 

VTG particles were also found to comprise nanocrystalline graphite.  Figure 3.4(c) shows a region 

of polycrystalline carbon in the VTG (1000 °C, 3 h) sample. The SAED pattern (Figure 3.4(c, 

insert)) has a narrow ring pattern which has been indexed to graphite.  Diffraction spots indicate 

the presence of larger crystallites within the aperture, while the diffuse rings are indicative of 

nanocrystalline graphite (15-20 nm).  Here, the ring indexing is shown in an image that is 

greyscale-inverted for clarity. 

3.3.2 Structural Characterization 

 An XRD pattern of pyrolyzed glucose prior to graphitization is shown in Figure 3.5(a, top 

panel), and is typical of a disordered non-graphitizable carbon (hard carbon).  After the pyrolyzed 

glucose is ground with Mg and prior to heat-treatment, peaks from the Mg catalyst become 

dominant (Figure 3.5(a, bottom panel)).  Figure 3.5(b) shows XRD patterns of the VTG/Mg 

samples after different heat-treatments and prior to Mg removal with HCl.  After heating at 800 °C 

for 1 h, a peak at about 26°, corresponding to the graphite 002 peak, becomes visible.  Apparently, 

the catalytic conversion of hard carbon has already started at this temperature in only one hour.  As 
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the heating time and temperature increase, a stronger graphite 002 peak is visible, suggesting a 

higher level of graphitization.  Also visible in Figure 3.5(b) are peaks from the Mg catalyst.  The 

lattice constant of the Mg phase after heat-treatment remains almost the same for all samples and 

is identical to that of pure Mg.  No Mg-C solid solution or carbide phase was evident in these room 

temperature XRD patterns.  MgO impurity peaks are also visible in some XRD patterns.  MgO 

may arise from reaction of the Mg catalyst with oxygen impurity in the carbon precursor or with 

metal oxide on the inner surface of the stainless-steel reaction tubes. 

 

 

Figure 3.5 XRD patterns of (a) the hard carbon precursor and the unheated hard carbon/Mg 

mixture after grinding, (b) the VTG/Mg mixtures after heat-treatment and before Mg removal, 

(c) the VTGs and (d) 002 peak regions in (c).  The 002 peak positions of turbostratic and ordered 

graphite are indicated by blue and green dashed lines, respectively, in (d). 

 

 Figure 3.5(c) shows XRD patterns of the final VTG products after the Mg was removed 

with HCl.  No Mg or MgO peaks are present, suggesting that all the Mg and MgO impurities have 

been removed.  This was also confirmed by the ICP-OES measurements.  The Mg content in the 

VTGs was found to be 0.009-0.019 wt. % (Table 3.1).  As a comparison, the Mg content in the 

sugar hard carbon precursor was determined to be 0.012 wt. %.  Therefore, the level of residual 

Mg content in the VTGs is negligible.  The XRD pattern of the VTG (800 °C, 1 h) in Figure 3.5(c) 

comprises peaks from graphite, and also a large broad peak between 10°-35°, suggesting that a 
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significant amount of amorphous carbon exists in this sample.  The broad amorphous carbon peak 

becomes smaller as the heat-treatment time increases from 1 h to 3 h.  The XRD patterns of the 

VTGs synthesized above 800 °C are comprised almost completely of crystalline graphite peaks 

and show no other phases.  Figure 3.5(d) shows an enlarged 002-peak region of each VTG XRD 

pattern.  All VTGs have a sharp peak at around 26.25°, which has been ascribed to turbostratic 

graphite.15  The VTG (1000 °C, 3 h) sample also has a clear sharp peak at ~26.7°, arising from an 

ordered graphitic phase.15 

 

 

Figure 3.6 Pseudo-Voigt fitting of VTGs. 

 

 Figure 3.6 shows the XRD patterns of the VTGs fit by using pseudo-Voigt profiles between 

10° - 35°.  Three pseudo-Voigt peaks were included in each fit: two peaks with positions in the 

range of 26°-27° were used to fit the graphite 002 peaks (turbostratic and ordered graphite peaks), 

and one peak with a position of ~22° was used to fit the amorphous carbon peak.  Table 3.1 lists 

quantitative values of the atomic percent of each carbon component, d002, Lc, and the goodness of 

fit (χ2) for each sample.  The VTG (800 °C, 1 h) sample already contains a significant amount of 
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graphitic carbon for a sample made at this temperature and for such a short period of time (26.4 

at. %).  Heating for only 3 h at this low temperature results in the conversion of most of the carbon 

into graphite (67.31 at. %).  The VTG (900 °C, 3 h and 1000 °C, 3 h) samples are almost completely 

composed of graphitic carbon.  These increasing trends of graphitization with heating time and 

temperature are consistent with SEM observations of the growth of the graphitization zones 

(Voronoi-tessellations).  The d002 values corresponding to the turbostratic graphite are the same for 

all VTGs, while the d002 corresponding to the ordered graphite in the VTG (1000 °C, 3 h) is smaller, 

indicating a higher degree of crystallinity, and is consistent with d002 values of highly ordered 

graphites.112  Lc was found to increase with heating time and temperature, indicating an increasing 

graphitization level. However, all values of Lc are small (Lc≈186 - 222 Å) compared to those 

measured by Shi et al. for conventionally made graphites (e.g. Lc≈440 - 670 Å), which reflects the 

thin flake morphology of the graphites made here.112 

 To determine the degree of ordering obtained in the graphitic phase, the XRD patterns of 

VTG samples were also fit using a one-layer model with the CARBONXS software developed by 

Shi et al., as described in Chapter 2.112  VTGs made at 800 °C contain significant amorphous 

carbon, which CARBONXS is unable to fit.  Therefore, only the fitting results of VTGs made at 

900 °C and 1000 °C were analyzed.  Figure 3.7 shows the fit obtained for the VTG (1000 °C, 3 h) 

sample XRD pattern.  Table 3.2 lists the probability of random stacking (Pr), in-plane cell constant 

(a), lateral extent of graphite layers (La), in-plane strain (ζ), interlayer spacing fluctuation (<δ2>1/2), 

and the goodness of fit (χ2) for each fit.  CARBONXS only could fit an average of the two 002 

peaks arising from ordered and turbostratic graphite.  Therefore, Lc and d002 were not determined 

by this method, but were instead determined by fitting the 002 peaks by using pseudo Voigt 

functions, as described above.  The VTG (1000 °C, 3 h) sample has a high degree of graphitization 

with a value of Pr that is close to those reported for conventional artificial graphites prepared with 

soft carbon precursors above 2000 °C.111  For both VTGs made at 900 and 1000 °C, the in-plane 

cell constants are all close to the theoretical value.  In-plane strain and interlayer spacing 

fluctuation of both samples are very low, characteristic of highly graphitic carbons.  Both samples 

have high La values that are consistent with La values of conventionally made artificial graphites.112  

No rhombohedral 3R stacking peaks (e.g. 3R (101) at 43.5°, or 3R (012) at 46.3°) could be detected 

in any of the VTGs. A higher degree of graphite ordering might be achievable at higher 

temperatures or longer heating times. 



41 

 

 

Figure 3.7 XRD pattern of VTG (1000 °C, 3 h) and its fit by CARBONXS. 

 

Table 3.2 CARBONXS fitting results of VTGs. 

Synthesis Condition Pr a La ζ  < 𝛿2>1/2 χ2 

   at. % (Å) (Å)   (Å)   

900 °C, 3 h 60(9)  2.456(1) 219(3) 0.002(7) 0.113(7) 0.76(1) 

1000 °C, 3 h 45(8) 2.457 (1) 235(1) 0.000(6) 0.089(7) 1.92(1) 

 

 The first-order Raman spectra of the hard carbon precursor and the VTGs prepared at 

different temperatures for 3 h are shown in Figure 3.8.  The Raman spectrum of the unheated hard 

carbon precursor is typical of an amorphous carbon, with two broad peaks having about the same 

height.  In contrast, the spectra of the VTGs have two sharp peaks: a D-band at around 1340 cm-1, 

and a G-band at around 1580 cm-1.  The G-band arises from the bond stretching of all pairs of sp2 

atoms (E2g mode vibration) of the ordered graphite structure.127,128  The origin of the D-band has 

often been associated with disordered carbon.  There is also a shoulder (D'-band) at the right side 

of the G-band, which might arise due to the presence of disorder.129  The D: G peak intensity ratio 

(ID: IG) is often used as qualitative measure of the relative amount of amorphous: graphitic carbon. 

The D-band height in all the VTG spectra are less than half of the G-band height.  As the heat-

treatment temperature increases, the ID: IG peak ratio becomes lower, indicating an increasing 

graphite content, which is consistent with the XRD data.  However, the difference in the ID: IG 

ratio amongst the VTGs is only slight, in comparison to the significant changes observed by XRD 

and SEM.  As discussed above, these VTGs comprise numerous irregular graphite sheets within 
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the Voronoi-tessellated regions and hexagonal platelets in the spheroidal particles.  Therefore, the 

proportion of carbon at the edges of flakes is high.  This is consistent with the observations of 

Wang et al., who have pointed out that higher proportions of edge planes and smaller grain sizes 

result in higher D-band intensity, even in highly graphitic samples.128  Therefore, the XRD and 

Raman measurements are consistent with the VTGs (900 °C, 3 h and 1000 °C, 3 h) being highly 

graphitic and containing a large number of edge carbons. 

 

 

Figure 3.8 First-order Raman spectra of the sugar carbon precursor and the VTGs prepared by 3h 

heat-treatment at different temperatures, as indicated. 

 

3.3.3 Electrochemical Characterization 

 The electrochemical characteristics of graphites in Li cells are sensitive to their surface 

area, degree of graphitization, and degree of turbostratic disorder.  Therefore, this method is useful 

to verify the carbon microstructure by a direct measurement and was used to further characterize 

the VTG (1000 °C, 3 h) sample in comparison with the hard carbon precursor.129  The hard carbon 

voltage and differential capacity curves (Figure 3.9(a, b)) show no evidence of voltage plateaus 

characteristic of staging and have a large voltage hysteresis, which is typical of a hydrogen 

containing hard carbon.  In contrast, the voltage curve of the VTG (1000 °C, 3 h) shown in Figure 

3.9(c) comprises staging plateaus, which correspond to peaks in the differential capacity curve 
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(Figure 3.9(d)), in verification of the graphitic structure of the VTG.103  The reversible capacity of 

the VTG (1000 °C, 3 h) sample is about 240 mAh g-1, below the theoretical graphite lithiation 

capacity for LiC6 formation (372 mAh g-1), and is consistent with the turbostratic disorder in this 

carbon, as measured by XRD.104,105  The large irreversible capacity of the VTG (1000 °C, 3 h) 

sample is typical of a carbon with a high surface area.  These measurements provide direct 

verification that a highly crystalline graphite with high surface area was obtained. 

 

 

Figure 3.9 (a) Voltage and (b) differential capacity curves of the hard carbon precursor; and the 

(c) voltage and (d) differential capacity curves of VTG (1000 °C, 3 h). 

 

3.3.4 Mg vapor graphitization 

 The XRD pattern of hard carbon after grinding has broad peaks, characteristic of highly 

disordered carbon (Figure 3.10(a)).  The corresponding product after heating in the presence of 

Mg vapor at 1000 °C for 3 hours is still an amorphous carbon, suggesting the Mg vapor is not an 

effective graphitization catalyst. 
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Figure 3.10 XRD patterns of (a) hard carbon after 5-min hand grinding, and (b) the carbon 

product after heating with Mg separately. 

 

3.4 Discussion 

 Highly graphitic VTGs were successfully made at low temperatures using a Mg catalyst. 

The Mg catalyst could be completely removed after the graphitization process by a solution 

method, resulting in high purity graphites.  This is a major advantage compared to the use of 

transition metal catalysts which can be extremely difficult to remove after graphitization and can 

result in high levels of catalyst impurities in the product graphites. 

 The VTGs themselves show a number of interesting morphological features: such as 

Voronoi-tessellations, and spheroidal shells containing hexagonal graphite platelets arranged 

perpendicularly to the shell surface.  The formation of graphites from metal melts has been well 

studied, especially in cast irons.  A number of the morphologies observed in the VTGs are similar 

to those previously reported in metal melts.  Some of the morphologies have not been reported 

previously.  For instance, the Voronoi-tessellated structure, shown in Figure 3.1(f, h), bears 

similarity to the "type B" (standardized in DIN EN ISO 945) arrangement of graphite sometimes 

observed in cast iron, also called "rosette graphite".130  However, in rosette graphite, the graphite 

sheets emanate outward in all directions from eutectic cells in the bulk of the sample. Here the 

graphite sheets emanate outward from points on the surface of the particles only.  At the centroid 

of each tessellated region on the particle surface resides a spheroidal graphite seed particle.  This 
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suggests the nucleated growth of graphite outward in all directions from spheroidal graphite 

particles, as mentioned earlier.  Therefore, the mechanism for growth of such regions seems to be 

entirely different than that of rosette graphite. 

 The spheroidal graphites observed in the VTGs are also unique.  Their surfaces are made 

up of crystalline hexagonal graphite platelets with their basal plane being tangential to the sphere 

surface.  Within this spheroidal shell crystalline hexagonal graphite platelets are arranged 

perpendicularly to the shell surface, but otherwise have random orientations and often intersect 

each other.  Although graphite spheres have been observed previously in metal melts, in all 

previous reports, the graphite making up such spheres is aligned with its basal plane tangent to the 

sphere surface.59,131–133  No reports of instances of spheres containing graphite platelets that were 

perpendicular to the sphere surface were found as observed here.  This again suggests an alternate 

mechanism for spheroidal graphite formation than has been previously reported. 

 The arrangement of the graphite platelets within the spheres is also interesting.  Typically, 

graphite platelets arrange themselves, such that their basal planes are in alignment.132  However, 

random configurations of hexagonal graphite platelets have been observed to form in cast iron 

melts in the presence of impurities.134  It is thought that such impurities disrupt the crystal growth, 

resulting in the formation of many faceted crystal faces from which further growth can progress.  

A similar mechanism may be occurring here.  In any case, it must be remembered that graphites 

prepared from cast irons represent only a small fraction of the melt composition (typically about 

1.8 - 4 wt. % carbon).  Consequently, the graphite yield from acid etching cast irons is tiny and the 

resulting graphite coexists with slag impurities.  Here these microstructures are formed in high 

purity bulk graphite samples, which, to the author's knowledge, has not been previously reported. 

 In Figure 3.11, a model is proposed to explain the mechanism of the catalytic graphitization 

process in this study and the formation of the unique microstructures observed.  During the initial 

stages of heating, it is speculated that magnesium (melting point 650 °C) segregates from the bulk 

of the hard carbon particles and coalesces into droplets on the particle surface.  At high 

temperatures, these droplets then react with carbon to form a carbide or otherwise dissolve some 

of the carbon.15  During the annealing step, the Mg diffuses into the bulk of the sample.  This 

depletes the droplets of Mg, causing the dissolved carbon to crystallize as a spheroidal graphite 

shell on the droplet surface (seed particles).  The Mg diffusion into the bulk may be driven by the 

excess free energy of the disordered carbon structure, which leads to a greater affinity for Mg in 
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Figure 3.11 A model of how the Voronoi-tessellated structure forms, showing the top view (top 

row) and cross section (bottom row) of a carbon particle during the graphitization process. 

 

the disordered carbon compared to graphite.  As Mg continues to diffuse into the bulk of the 

particle, further Mg depletion occurs in the sphere, causing graphite platelets to crystallize out on 

the inside surface of the spheroidal shells.  As the Mg diffusion front progresses, the Mg depletion 

region gets pulled into the bulk of the particle, causing graphite to crystallize in the depletion 

region behind the diffusion front.  Eventually, expanding Mg diffusion fronts emanating from 

different points on the surface meet, forming fully tessellated structures with the graphite spheres 

located at surface centroids.  It is interesting to note that according to this model, excepting for the 

initial formation of the spheroidal shell, the graphite basal planes are always formed in a direction 

perpendicular to the Mg diffusion front (or parallel to the direction of Mg diffusion). 

3.5 Summary 

 Voronoi-tessellated graphites (VTGs) were made by heat-treatment of renewable hard 

carbon feedstock at 800 - 1000 °C for 1 - 3 h with a Mg catalyst.  The magnesium and carbon 

precursor were combined together by hand grinding.  The temperatures are far below that 

conventionally used for artificial graphites and the graphitization level of the final products is very 

high, suggesting that this method may lead to less energy intensive graphite synthesis methods.   

 A detailed and comprehensive analysis of the characteristics of VTGs was also reported.  

The microstructure of VTGs is quite interesting, indicating the graphite grows as sheets outwards 
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from Mg spheroidal centers to form Voronoi-tessellated regions.  Spheroidal shells comprising 

hexagonal graphite platelets were also observed.  These microstructures result in high surface areas 

(> 80 m2 g-1).  Such properties may be desirable for applications where highly graphitized, but 

high surface area graphites are needed (e.g. catalyst supports).  These unique microstructures have 

not been previously reported. 

 It is also shown that the Mg-vapor is not an effective graphitization catalyst. 
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Chapter 4 Hexagonal Platelet Graphites (HPGs) Grown from Ball Milled C-Mg Alloys 

4.1 Introduction 

 In Chapter 3, it is reported that highly ordered graphite can be made at low temperatures 

(800 - 1000 °C) via magnesium catalyzed graphitization of renewable hard carbon sources.135  

Using this method, the Mg catalyst can easily be removed and even recycled, resulting in a highly 

pure graphite product.  The graphite produced by this method had a unique Voronoi tessellated 

structure made from sheets of graphite emanating from hollow graphite shell seed particles. 

 This chapter shows that by modifying the synthesis conditions of Mg catalyzation, a 

graphite with a completely different microstructure and higher degree of graphitization can be 

produced.  This new graphite product comprises hexagonal platelet graphites (HPGs).  When 

cycled in Li half-cells, HPGs display good cycling stability and high reversible capacity.  After 

coating with a layer of carbon, its coulombic efficiency is further improved.  This work shows that 

by altering the synthesis conditions, new highly ordered and highly pure graphites with 

microstructures and properties not obtainable by other methods may be produced. 

 The majority of this chapter was adapted from the following peer-reviewed article: 

 Leyi Zhao, J.C. Bennett, M.N. Obrovac, Hexagonal Platelet Graphite and its Application 

in Li-Ion Batteries, Carbon, 134 (2018) 507-518. 

 L. Zhao (this report author) conducted most of the work of the present study, including 

preparation and characterization of samples and analysis of data with the help of Prof. M.N. 

Obrovac.  Prof. C. Bennett conducted the TEM measurements and TEM data analysis. 

 Minor changes have been made.  Electrochemical measurement was re-conducted between 

0.005 – 0.9V because the reactions between 0.9V and 2V are not associated with graphite 

lithiation/delithiation but are mainly associated with electrolyte decomposition and other side 

reactions.  An XRD pattern was re-fit by using CARBONXS because it has two 002 peaks which 

could not be accommodated by the program (more details can be found in the Results section).  

The Mg-catalyzed graphitization mechanism was discussed in more details. 

 The melting point and boiling point of Mg are 650 °C and 1091 °C, respectively, at 1 atm.  

The vapor pressure of Mg is high at ~900 °C, being 1 atm.  This makes it possible to remove Mg 
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from graphite-Mg mixtures after graphitization by an evaporation process.  A low-pressure 

environment can further accelerate the evaporation process.  Therefore, an Mg low-pressure 

evaporation method was conducted to test the possibility of Mg recovery aforementioned. 

4.2 Experimental 

4.2.1 Synthesis of hexagonal platelet graphites (HPGs) 

 Glucose (96%, Aldrich) was dewatered by heating in air for 24 h at 180 °C and then heated 

under an argon flow for 3 h at 1100 °C to form hard carbon.  The hard carbon was combined with 

magnesium powder (HART METALS, INC., -325 mesh) (C:Mg = 1:1 by mole) in a 65 mL 

hardened steel vial containing 115 g stainless-steel balls (4.76 mm in diameter) under an argon 

atmosphere for 2 h in a high-energy ball mill (SPEX Model 8000-D, SPEX CertiPrep, Metuchen, 

NJ).  The resulting hard carbon/Mg mixture was heated in an argon-filled stainless-steel tube (~200 

mm, OD 12.70 mm, ID 9.40 mm, sealed with Parker-A-lok caps) at 800, 900 or 1000 °C for 3 h 

or 20 h, resulting the formation of an HPG/Mg mixture.  To remove the Mg catalyst after heat-

treatment, two methods were used.  Some HPG/Mg were heated under low pressure (< 20 Pa) at 

900 °C for 5 h, while for other HPG/Mg, an acid wash procedure was used.  For this study ~2 g of 

the HPG/Mg mixture was first placed in a solution of 100 mL of 2 M HCl (prepared from 37 wt. 

% HCl, Aldrich) and 2 mL of ethanol (98%, Aldrich) for 12 h with stirring.  Here, the ethanol can 

reduce the surface tension of the acid solution, increasing its wetting ability.  After reacting with 

HCl, the product was transferred to a Büchner funnel (Whatman filter paper, qualitative) and was 

washed with 2 M HCl five times and then washed with distilled water repeatedly until the pH of 

the supernatant was about 7.  Finally, the products were dried in air at 120 °C for 3 h.  In this 

chapter, the heat-treatment conditions of each HPG are indicated in parentheses. 

4.2.2 Coating HPG (1000 °C) with carbon 

 Carbon was coated on HPGs (1000 °C) to reduce their surface area based on carbonization 

method 2 introduced previously.136  In summary, 0.5 g of the HPG (1000 °C) sample was mixed 

with 0.7 g poly(vinyl chloride) (PVC, Sigma-Aldrich, low molecular weight, 1.4 g mL-1) in a 

planetary ball mill (Retsch PM200) with three 11.25 mm tungsten carbide balls for 1 h at 100 rpm.  

The resulting graphite/PVC mixture was then heated under an argon flow at 280 °C for 0.5 h, 450 

°C for 0.5 h, 900 °C for 1 h and then cooled to room temperature before exposing to air.  The 
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heating rate for all steps was 10 °C per minute.  The final carbon coated HPG products are hereafter 

termed as CCHPG (1000 °C, 3 h) and CCHPG (1000 °C, 20 h). 

4.2.3 Materials characterization 

 HPGs were characterized by using many techniques: scanning electron microscopy (SEM), 

energy dispersive X-ray spectroscopy (EDS), focused ion beam (FIB) technique, transition 

electron microscopy (TEM), X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) surface 

analysis, inductively coupled plasma-optical emission spectroscopy (ICP-OES), Raman 

spectroscopy, and pycnometry, with the equipment introduced in Chapter 2.  Electrochemical 

measurements of HPGs and CCHPGs as working electrodes in Li-half cells were performed.  

Details of slurry making, cell assembling, and cycling have been described in Chapter 2. 

The CARBONXS program developed by Shi et al. was used to fit the XRD patterns of 

HPGs and two battery-grade commercial graphites (KS 6L (Imerys Graphite and Carbon) and 

MAG-E (Hitachi)) to gain details about their structural order.112  Details regarding the fitting 

process can be found in Chapter 2.  Pseudo-Voigt profiles were also applied to fit some graphite 

XRD patterns, details of which have been described in Chapter 2. 

4.3 Results 

4.3.1 Structural and morphological characterization of HPGs 

 Figure 4.1 compares the morphology of the hard carbon precursor and HPGs.  The hard 

carbon precursor prepared from glucose is mainly composed of smooth carbon particles with flat 

sides (Figure 4.1(a)).  After heat-treatment at 800 °C for 3 h with the Mg catalyst, the particles 

become porous with a minor number of irregular graphite sheets that are small in size (< 1 µm) 

(Figure 4.1(b)).  When the heat-treatment temperature increases to 900 °C or 1000 °C, the particles 

are composed of regions of small irregularly shaped secondary particles and regions of large 

hexagonal graphite platelets (up to 10 µm) (Figure 4.1(c, d)).  The hexagonal platelets comprise 

multiple layers with well-defined edges (Figure 4.1(e)).  Some of these hexagonal particles contain 

rotational stacking faults which is common for graphite.126  The HPG (1000 °C, 20 h) sample, 

which was prepared using a longer heating time, is almost completely composed of thin hexagonal-

platelets that are about 5 - 20 μm in extent (Figure 4.1(g)), while some regions of the sample  
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Figure 4.1 SEM images of (a) the hard carbon precursor, and (b-i) HPGs prepared under different 

conditions as indicated. 

 

comprise smaller hexagonal graphite prisms (~3 - 10 μm) with substantial thickness c-direction 

(~1 - 7 μm) (Figure 4.1(h, i)).  Based on the SEM observation, the majority of the crystal growth 

occurs in the basal plane, with a minority of the sample having crystal growth both in and out of 

the basal plane. 

 Similar hexagonal platelets of graphite have been observed in iron or nickel eutectic 

melts.132,137  However, in such melts the carbon is a minority phase and is difficult to separate from 

the parent metal.  In contrast, the HPG sample shown here is produced in bulk, is easily separated 

from the Mg catalyst and, as will be shown below, is of high purity.  The special microstructure of 

HPGs results in a high specific surface area (55 - 82 m2 g-1, Table 4.1), which is not proportional  

 



52 

 

Table 4.1 Mg contents, specific surface areas, densities and structural parameters determined by 

pseudo-Voigt fitting of the XRD patterns of HPGs, commercial graphites, and a graphite made at 

2850 °C without using Mg catalysts reported by Reference 112. 

Conditions Mg content Surface Area Density 002 peak d002 Lc 

 wt. % m2 g-1 g mL-1   Å 

800 °C, 3 h 0.095(3) 64 2.23 turbostratic 3.403(5) 190(5) 

900 °C, 3 h  0.031(2) 55 2.26 turbostratic 3.391(4) 187(4) 

    ordered 3.348(5) 302(6) 

1000 °C, 3 h 0.032(2) 82 2.29 ordered 3.343(6) 357(8) 

1000 °C, 20 h 0.068(3) 61 2.29 ordered 3.345(4) 508(7) 

KS6L - 20 2.24 ordered 3.346(4) 389(5) 

MAGE - 2.6 2.23 ordered 3.344(2) 511(4) 

2850 °C, no Mg - - - - 3.382 250 

 

to heating temperature or time.  This is much higher than that of natural graphites (~0.6 m2 g-1) 

and conventional artificial graphites used in Li-ion batteries (1 - 20 m2 g-1).138–140  Despite their 

high surface area, the bulk densities of the HPGs made at 900 °C and 1000 °C were measured to 

be 2.26 - 2.29 g mL-1 (Table 4.1), close to that of a highly graphitic carbon. 

 To gain an understanding of how the graphite formed during synthesis, SEM images and 

EDS mapping images were taken of the milled C/Mg before heating and the HPG/Mg mixtures 

after heating and prior to the removal of Mg by acid.  The milled C/Mg mixture contains big 

secondary particles composed of primary particles (Figure 4.2(a)).  The Mg and C are almost 

evenly distributed (Figure 4.2(b-c) without obvious boundaries.  Figure 4.2(d-f) show SEM images 

and EDS mapping images of an HPG/Mg (1000 °C, 20 h) mixture.  In this sample, the hexagonal 

platelets are uniformly covered by Mg.  The distribution of Mg and the absence of any carbide 

phases (confirmed by XRD below) suggests a dissolution-precipitation mechanism consistent with 

that observed by Fitzer et al., in which the carbon becomes solvated in the catalyst, with concurrent 

graphite precipitation.19  In addition, there are Mg single crystals (based on the EDS data and its 

hexagonal structure) that are 5 - 20 μm in extent distributed throughout the sample.  Such a single 

Mg crystal is shown in detail in Figure 4.2(g-h).  These crystals presumably grow from Mg 

liquid/vapor as the sample is cooled after heating. 
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Figure 4.2 SEM images of (a) the milled C/Mg, (d, g) the HPG/Mg mixtures and corresponding 

EDS (b, e, h) carbon mapping images and (c, f, i) magnesium mapping images.  Heat-treatment 

conditions are indicated in each figure. 

 

Figure 4.3 (a-e) TEM images of HPG (1000 °C, 3 h).  The selected area electron diffraction 

patterns are taken around the blue circled areas in each figure. 
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 TEM images were taken of the pure HPG (1000 °C, 3 h) sample to gain a better 

understanding of the HPG structure.  Figure 4.3(a) shows a TEM image of a multilayer hexagonal 

platelet from this sample.  The selected area electron diffraction (SAED) pattern of the near-center 

region confirms the graphite structure for these platelets.  However, the SAED pattern is clearly 

more complicated, with numerous closely spaced spots around each basic spot position.  This 

suggests slight layer stacking variants, which is common for graphite platelets.126  In some thinner 

regions (e.g. edges), the hexagonal platelets are highly ordered (Figure 4.3(b)).  The fine scale 

hexagonal symmetry Moiré pattern (Figure 4.3(b)) and the hexagonal spot pattern of the SAED 

pattern (Figure 4.3b(insert)) both suggest a high graphitization level of HPG (1000 °C, 3 h).  Based 

on the SAED pattern, the lattice constant was determined as a = 2.46 Å, which is typical of a highly 

ordered graphitic structure.  HPGs also contain other types of particles (e.g. graphene, 

nanocrystalline particles).  The particle in Figure 4.3(c) is characteristic of thin graphite/multilayer 

graphene with stacking disorder consisting of AB layers rotated by ~15 degrees (indexing for 

graphite layer a = 2.46 Å).  The SAED pattern in Figure 4.3(d) is consistent with graphene bilayer 

with 18 degrees rotation between layers.  The region at the edges of these graphene crystallites in 

Figure 4.3(e) (labelled by the arrow) is composed of nano-sized parallel graphene layers (~20 

layers, ~8 nm in vertical extent and ~30 nm in lateral extent).  The nano-polycrystallinity of this 

region is consistent with the narrow rings in the SAED pattern shown in Figure 4.3(e, insert).  The 

occasional weak diffraction spots are likely associated with the presence of the larger graphite 

nanoplatelets. 

 Figure 4.4(a) shows the XRD pattern of the hard carbon precursor prepared from glucose.  

It has two broad peaks near 25° and 45°, which is typical of a disordered hard carbon.  After ball 

milling with the Mg catalyst, Mg peaks become dominant while the carbon peaks are hardly 

observed in comparison (Figure 4.4(b)).  Figure 4.4(c) shows the XRD pattern of the HPG/Mg 

mixture after heat-treatment at 1000 °C for 3 h.  The XRD pattern contains sharp peaks 

characteristic of a highly-graphitized carbon, and peaks from Mg and MgO.  The MgO may have 

formed due to an oxygen impurity in the carbon precursor or introduced as oxides on the inner 

surfaces of the stainless-steel reaction tube.  The Mg peaks now have different intensity ratios, 

which is characteristics of preferred orientation.  This is consistent with the observation above of 

Mg single crystals in Figure 4.2(g, i).  Such crystals likely become oriented during XRD sample 

preparation. 
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Figure 4.4 XRD patterns of (a) the hard carbon precursor, (b) the hard carbon/Mg mixture before 

heat-treatment, and (c) the HPG (1000 °C, 3 h)/Mg mixture before HCl treatment. 

 

 Figure 4.5(a) shows the XRD patterns of the HPG final products after washing with acid 

and those of two commercial graphites.  No Mg or MgO peaks are present, suggesting that all the 

Mg and MgO impurities have been removed.  This was confirmed by ICP-OES measurements.  

The Mg content in HPG samples was found to be negligible (0.03 - 0.09 wt. % (Table 4.1)).  All 

XRD patterns of HPGs are characteristic of highly crystalline graphite.  However, a closer look at 

the 002 peak of each XRD pattern suggests that HPGs prepared under different conditions have 

different graphitization levels (Figure 4.5(b)).  The HPG (800 °C, 3 h) XRD pattern contains a 002 

peak at ~26.2°, which has been ascribed to turbostratic graphite.15  The HPG (900 °C, 3 h) XRD 

pattern contains two 002 peaks at ~26.2° and ~26.6°, corresponding to turbostratic graphite and 

ordered graphite, respectively.  The ordered graphite 002 peak becomes dominant for HPG (1000 

°C, 3 h) and HPG (1000 °C, 20 h).  Specifically, HPG (1000 °C, 20 h) has a sharper 002 peak, 

similar to that of the commercial graphites, corresponding to a more ordered structure. 
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Figure 4.5 (a) XRD patterns of HPGs and commercial graphites, (b) enlarged 002 peak regions 

of XRD patterns with pseudo-Voigt fits, and (c) CARBONXS fits of each XRD pattern. 

 

 The 002 peaks in Figure 4.5(b) were fit using the pseudo-Voigt functions between the 

angles of 23° and 29°, with a combination of two pseudo-Voigt peaks with positions in the range 

of 26° - 27°: one for turbostratic graphite and one for ordered graphite.  Based on the fitting results, 

the interlayer spacing (d002) and the inter-plane coherent length (Lc) of HPGs and commercial 

graphites were determined and are shown in Table 4.1 and Figure 4.6(a, b).  Lc and d002 values of 

a graphite made at 2850 °C without Mg catalysts are also given for comparison.112  As the heat-

treatment temperature and time increase, a higher graphitization level of HPGs is achieved: d002 

decreases from 3.4019 to 3.3450 Å, and Lc increases from less than 200 Å to almost 500 Å.  The  
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Figure 4.6 (a) The average interlayer spacing (d002) and (b) the inter-plane coherent length (Lc) of 

HPGs and commercial graphites obtained from the pseudo-Voigt fitting of 002 peaks.  (c) The in-

plane coherent length (La), (d) the probability of random stacking per layer (Pr), and (e) the 

probability of 3R stacking per layer (P3R) of HPGs and commercial graphites obtained from the 

CARBONXS fitting.  The lines are guides to the eye.  The data of graphite made at 2850 °C 

without using Mg catalysts is from a previous study.112 

 

d002 and Lc of HPGs (1000 °C) are comparable to the commercial graphites shown in Figure 4.6.  

In addition, the d002 values of HPGs (1000 °C) are close to the theoretical value and are smaller 

than that of the graphite made at high temperature (2850 °C) without using an Mg catalyst. 
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 XRD patterns were also fit using the CARBONXS program as described in Chapter 2 

(Figure 4.5(c)).  The fitting model used (one-layer or two-layer) is indicated in each fit.  Table 4.2 

lists the probability of random stacking per layer (Pr), probability of 3R stacking per layer (P3R), 

in-plane cell constant (a), in-plane coherent length (La), interlayer spacing fluctuation (<δ2>1/2), 

and the goodness of fit (χ2) for each fit.  All XRD patterns were fit well with low χ2 values. Most 

XRD patterns were fit from 20° to 80°.  However, patterns with two 002 peaks (e.g. HPG (900 °C, 

3 h)) could not be accommodated by the program and thus were fit from 30° to 80°.  For all HPGs, 

the in-plane cell constants are close to the theoretical value.  In-plane strain and interlayer spacing 

fluctuation of all HPGs are very low, characteristic of highly graphitic carbons.  Figure 4.6(c-e) 

compare the La, Pr, and P3R of all HPGs, commercial graphites, and the graphite made at 2850 °C 

without using Mg catalysts, based on CARBONXS fitting results.112  As the heating temperature 

and time increase, La of HPGs increases from 150 Å to 450 Å.  With increasing heating 

temperature, Pr decreases from over 60% to about 10%, indicating an increasing graphitization 

level.  The high La and low Pr values of HPGs (1000 °C) are characteristic of an extremely high 

degree of graphitization and are comparable to that of commercial graphites.  The probability of 

3R stacking per layer was determined to be ~10% for HPGs (1000 °C), also comparable to that of 

commercial graphites.  These values from the pseudo-Voigt and CARBONXS fitting are  

 

Table 4.2 CARBONXS fitting results of HPGs, commercial graphites, and a graphite made at 

2850 °C without using Mg catalysts reported by Reference 112. 

Conditions Pr  P3R a La <δ2>1/2 χ2 

 at. % at. % Å Å Å  

800 °C, 3 h 63(4) - 2.454(0) 155(2) 0.133(7) 0.59(1) 

900 °C, 3 h  36(5) - 2.455(0) 260(2) 0.050(7) 0.69(1) 

1000 °C, 3 h 14(2) 12(1) 2.457(1) 357(3) 0.056(1) 2.91(1) 

1000 °C, 20 h 9(3) 7(1) 2.457(1) 452(3) 0.039(1) 1.16(1) 

KS6L 12(3) 10(1) 2.457(1) 450(4) 0.059(1) 1.40(1) 

MAGE 8(1) 2(0) 2.454(1) 504(2) 0.028(8) 4.09(1) 

2850 °C, no Mg 13 6.4 2.461(1) 196(2) 0.091(5) - 
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remarkable, as they indicate that a higher graphitization level is achieved here at 1000 °C than 

those reported for conventional artificial graphites prepared at temperatures as high as 2800 °C, 

and a similar graphitization level as battery grade commercial graphites.141  It is worth noticing 

that the La value of each HPG obtained by CARBONXS fitting is similar or smaller than its Lc 

value obtained by the pseudo-Voigt fitting.  This is contradictory to the SEM (Figure 4.1) and 

TEM (Figure 4.3) observation of HPG particles, which have larger horizontal extent than their 

vertical extent.  This is because the sample also contains a number of small irregularly shaped 

particles.  The Lc and La values are averages of crystallite sizes from large platelets and smaller 

irregularly shaped particles.  Although large platelets have a higher La/Lc ratio, smaller irregularly 

shaped particles will have much smaller values of La.  In addition, the existence of turbostratic 

components in graphite crystallites also contributes to the reduction of La values. 

 

Figure 4.7 First-order Raman spectra of the hard carbon precursor, HPGs, and KS6L commercial 

graphite. 
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 The first-order Raman spectra of the hard carbon precursor, HPGs, and KS 6L are shown 

in Figure 4.7.  The hard carbon Raman spectrum has two broad peaks, consistent with its 

disordered composition.142  There are two distinct main bands in the HPG and KS 6L spectra: the 

G-band near 1580 cm-1 and the D-band near 1340 cm-1.  The G-band arises from the bond stretching 

of all pairs of sp2 atoms in the graphite structure.128,129  The origin of the D-band has often been 

associated with disordered carbon.  The Raman spectra of HPGs have much smaller D-bands and 

much sharper G-bands compared to that of the hard carbon precursor, indicating more ordered 

structures.  There is also a very small shoulder peak at the right of the G-band in the Raman spectra 

of HPGs, which might arise due to the presence of structural disorder.127  The D:G peak area ratio 

(ID:IG) is often used as a qualitative indicator for the degree of disorder in graphite.  In Figure 4.7, 

higher temperatures and longer heating times result in lower ID:IG ratios, indicating decreasing 

disorder. This is consistent with the pseudo-Voigt and CARBONXS fitting results.  HPG (1000 

°C 20 h) has the lowest ID:IG value (0.33) among all HPGs, which is close to the value of KS 6L 

commercial graphite (0.24).  It should be noted that the higher ID:IG value for HPG (1000 °C 20 h) 

may arise because of a large number of edge carbons in this sample, as opposed to a less degree 

of graphitization.128 

4.3.2 Carbon-coated HPG 

 A carbon layer was coated on HPGs (1000 °C) to reduce their surface area and improve 

electrochemical performance.  Coating with carbon greatly reduced the surface area from 82 m2 g-

1 to 25 m2 g-1 for HPG (1000 °C, 3 h), and from 61 m2 g-1 to 13 m2 g-1 for HPG (1000 °C, 20 h).  

Figure 4.8(a, b) show SEM images of CCHPG (1000 °C, 3 h).  For comparison, SEM images of 

HPG (1000 °C, 3 h) are also shown at the same scales in Figure 4.8(c, d).  The CCHPG (1000 °C, 

3 h) particles are uniformly covered with a coarse layer of carbon, making the hexagonal platelets 

more difficult to observe.  Figure 4.9 shows XRD patterns of HPG (1000 °C, 3 h) before and after 

carbon coating.  The XRD pattern of CCHPG (1000 °C, 3 h) has an additional broad peak near 22° 

compared to that of the uncoated sample, indicating more amorphous carbon content, as expected 

from the carbon coating process.  Other than the additional broad peak, the XRD pattern of CCHPG 

(1000 °C, 3 h) is otherwise the same as that of HPG (1000 °C, 3 h). 
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Figure 4.8 SEM images of (a, b) CCHPG (1000 °C, 3 h), and (c, d) HPG (1000 °C, 3 h). 

 

 

Figure 4.9 XRD patterns comparison of HPG (1000 °C, 3 h) and CCHPG (1000 °C, 3 h). 
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4.3.3 Electrochemical characterization 

 Figure 4.10 shows the voltage profiles and differential capacity curves of the hard carbon 

precursor, HPGs, and CCHPGs.  The hard carbon voltage and differential capacity curves (Figure  

 

 

Figure 4.10 (a, c, e, g, i, k) Voltage profiles and (b, d, f, h, j, l) differential capacity curves of the 

hard carbon precursor, HPGs, and CCHPGs. 
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4.10(a, b)) show no evidence of voltage plateaus characteristic of staging, and also show large 

voltage hysteresis.  These characteristics are typical of hydrogen containing hard carbon.143,144  The 

HPG (800 °C, 3 h) sample has a reduced hysteresis (Figure 4.10(c)), and more distinguishable 

differential capacity peaks (Figure 4.10(d)), suggesting a more ordered structure.  In contrast, the 

voltage curve of HPG (1000 °C, 3 h) comprises distinct staging plateaus (Figure 4.10(e)), which 

correspond to sharp peaks in the differential capacity curve (Figure 4.10(f)), in verification of its 

highly ordered graphitic structure.103  However, the irreversible capacity (IC) of HPG (1000 °C, 3 

h) is much higher than conventional graphites used in Li-ion batteries, leading to a low initial 

coulombic efficiency (CE) of 47%.  The high IC likely results from the large specific surface area 

of HPG (1000 °C, 3 h) (82 m2 g-1), since IC is proportional to the specific surface area of graphite, 

as shown in previous studies.138–140  Coating with carbon greatly reduces the IC of HPG (1000 °C, 

3 h), resulting in an increased initial CE of ~70% (Figure 4.10(g)), presumably due to surface area 

reduction (to 25 m2 g-1), while the staging features remain unchanged (Figure 4.10(h)). 

 It is worth mentioning that the initial CE of HPG (1000 °C, 20 h) is comparable to CCHPG 

(1000 °C, 3 h) (Figure 4.10(i, j)).  Both HPGs made at 1000 °C have high surface area (Table 4.1), 

but the one with a longer heating time has a much-improved initial CE.  This is not fully understood 

yet.  In following chapters, it will be shown that less-ordered tiny graphite particles exist on 

catalytic graphite surfaces, which are thought to reduce the initial CE.  A longer heating time might 

reduce the content of these tiny particles and thus improve the initial CE.  Carbon coating the HPG 

(1000 °C, 20 h) sample resulted in a surface area of 13 m2 g-1, even lower than for the HPG (1000 

°C, 3 h) sample and drastic improvements in CE were observed (Figure 4.10(k, l)).  However, only 

slight improvements in electrochemical performance were observed between CCHPG (1000 °C, 3 

h) and CCHPG (1000 °C, 20 h).  There seems to be a limitation in the ability of carbon coating to 

increase the initial CE.  This may be due to the still relatively large surface area of CCHPG (1000 

°C, 20 h).  In addition, the carbon coating layer may contain non-negligible amounts of hydrogen, 

which consumes extra Li during the initial lithiation.  Increasing heat-treatment temperature when 

coating carbon on HPGs may reduce hydrogen content and further improve initial CE. 
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Figure 4.11(a) Cycling performance and (b) coulombic efficiency (CE) of HPGs and CCHPGs. 

 

 Figure 4.11 shows the cycling performance and CE of HPGs and CCHPGs.  All samples 

display good cycling stability over the 70 cycles tested.  As the heat-treatment temperature and 

time increase, the reversible capacity of HPGs increases greatly from 200 mAh g-1 to 370 mAh g-

1.  This high cycling capacity is indicative of a high degree of graphitization and low turbostratic 

disorder,145,146 consistent with the XRD results discussed precedingly.  The initial CE of HPGs 

also increases with heating temperature and time, from ~30% to ~60%, while the CE of 70th cycle 

increases from 99.29% to 99.75%.  Coating with carbon further increases 70th cycle CE to 99.99%. 

However, the cycling capacities of the CCHPGs are slightly lower than that of uncoated HPGs 

because they contain more amorphous carbon.  It is remarkable that the voltage profiles and cycling 

performance of HPGs synthesized at only 1000 °C from a non-graphitizable precursor have 

characteristics comparable to that of commercial artificial graphites made at much higher 

temperatures (> 2800 °C)141. 

4.3.4 Mg recovery by low-pressure evaporation 

 After graphitization, the product is a mixture of graphite and impurities, including Mg and 

MgO (Figure 4.12(a)).  After further heating under low pressure, Mg was completely removed 

(Figure 4.12(b)) while MgO remains.  This is because Mg easily evaporates at 900 °C under low 

pressure while MgO does not. 
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Figure 4.12 XRD patterns of an HPG/Mg sample (a) after graphitization and (b) the 

corresponding product after low-pressure evaporation. 

 

4.4 Discussion 

 In Chapter 3, a similar method is reported to produce graphite, except the Mg and hard 

carbon were combined by grinding by hand.135  After heating and removing the Mg catalyst, this 

resulted in a graphite comprising a Voronoi tessellated arrangement of graphite sheets emanating 

from central hollow graphite spheroidal seed particles.  In this chapter, ball milling the precursors 

resulted in a completely different sample morphology, comprising mainly hexagonal graphite 

platelets.  This change may have arisen from an improved Mg/hard carbon mixture that is dispersed 

on a much smaller length scale than hand grinding: most Mg particles (~5 – 30 μm) and carbon 

particles are separately distributed in the ground C/Mg mixtures (Figure 3.2(a-f)), while a more 

homogenous C-Mg distribution is observed in the milled C/Mg mixtures with much smaller Mg 

particles (Figure 4.2(a-c)).  In addition, ball milling may have changed the precursor structure 
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considerably, which might have also contributed to differences in the resulting graphite 

morphology.  In any case, it is clear that modifications of the magnesium graphitization conditions 

can significantly change the final products.  Further investigation into these processes may allow 

further morphologies to be produced or even designed with foresight. 

 In addition to sample morphology, the level of graphitization achieved by ball milling the 

precursors was much greater than when they were simply hand ground together.  As shown in 

Chapter 3, hand grinding Mg and hard carbon prior to heating resulted in Pr values of about 45% 

being achieved at 1000 °C.  By using ball milling to combine the precursors an astonishingly low 

value of Pr of < 10% was obtained at the same temperature (1000 °C).  This value is similar to that 

of battery grade commercial graphites, and is higher than that reported previously for conventional 

artificial graphites made at 2800 °C.141  To the author’s knowledge, there is no previous report of 

such a highly crystalline and highly pure graphite made at such a low temperature.  In addition, it 

is believed that this is the first report of the bulk synthesis of HPG crystals.  HPG crystals reported 

in the past were found in iron or nickel eutectic melts where the carbon is a small minority phase 

that is difficult to separate from the parent metals.62,132,137 

 

 

Figure 4.13 “Angular” graphite crystals found by Osetzky.  Reproduced with permission from 

147. 
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 As suggested above, Mg catalyzed graphitization might follow the dissolution-

precipitation mechanism proposed by Fitzer et al,19 even though the solubility of carbon in 

magnesium is small.148  There is no direct evidence proving the formation of magnesium carbide 

during graphitization.  However, Osetzky found “angular” graphite crystals (Figure 4.13), which 

are similar to hexagonal platelets observed in this study.147  The angular graphite crystal was 

obtained from the decomposition of magnesium carbide.  This suggests the hexagonal platelets in 

HPG might also form due to the decomposition of magnesium carbide, indicating the mechanism 

of Mg catalyzed graphitization might be a combination of carbon dissolution-graphite precipitation 

and the formation-decomposition of carbides.  However, it is also suggested that magnesium 

carbide cannot be directly made from the elements, carbon and magnesium.149,150  Further work 

should be done to understand the mechanism of Mg catalyzed graphitization. 

 Ōya et al. classified catalytic graphitization into three types (G-effect, A-effect, and T-

effect) as introduced in Chapter 1.1.2.1.  Based on the results in Chapter 3 and 4, it is more exact 

to classify those catalytic phenomena into different stages in the case of using a Mg catalyst.  For 

example, HPG (800 °C, 3 h) and VTG (900 °C, 3 h) belong to the T-effect stage while HPG (1000 

°C, 3 h) and HPG (1000 °C, 20 h) belong to the G-effect stage.  This maybe also true for all other 

catalysts. 

 The electrochemical properties of HPGs are exceptional for a carbon produced at this 

temperature.  The observed high reversible capacity and staging transitions are indicative of low 

turbostratic disorder, consistent with XRD results.  The reversible capacity of HPGs made at 1000 

°C are competitive with graphites for commercial Li-ion batteries.  The high degree of 

graphitization and high reversible capacity achieved by HPGs suggest that high performance 

graphites for Li-ion batteries may be made by catalyzation at temperatures as low as 1000 °C.  To 

the author’s knowledge, there is no graphite made at such low temperatures that have performance 

characteristics that approach those observed here.  Although only Li-ion battery performance was 

demonstrated, considering the low temperature of the synthesis, the use of renewable organic 

feedstocks, the ability to form unique microstructures, and the high crystallinity and purity of the 

graphite produced, it is believed that this method can have enormous impact on the production of 

unique and specialized graphites. 
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 The low-pressure evaporation is an effective method to remove Mg.  However, the MgO 

impurity cannot be removed by this method.  Unlike reacting with HCl, low-pressure evaporation 

only changes the physical state of Mg and avoids the formation of Mg compounds.  It is also 

possible to recycle the Mg catalyst with a proper design of the heating equipment.  For example, a 

long vacuum tube can be used in the low-pressure heating step.  When the Mg vapor transits from 

the hot part to the cool part of the tube, Mg vapor can rapidly deposit and be recovered for 

subsequent use.  By this means a scalable commercial process might be realized. 

4.5 Summary 

 Hexagonal platelet graphite (HPG) crystals were grown from the milled hard carbon/Mg 

mixtures in 3 h at only 800 - 1000 °C.  The HPGs made at 1000 °C have a high level of 

graphitization that is similar to battery grade commercial graphites, and higher than artificial 

graphites made at 2850 °C.  HPGs also have an interesting microstructure, containing hexagonal 

platelets and some graphene particles.  This results in a high specific surface area (55 - 82 m2 g-1).  

Mg catalyzation may be a convenient route to synthesizing high purity bulk graphite with unique 

microstructures.  Such highly graphitized, but high surface area carbons in this study are desirable 

in applications such as supports for catalysts used in chemical synthesis or in fuel cells. 

 When cycled in Li half-cells the graphites have the best performance reported thus far for 

graphites made at such low temperatures, with characteristics similar to that of commercial 

artificial graphites made at much higher temperatures (> 2800 °C).  However, the irreversible 

capacity of some HPGs is high, due to their high surface area.  Carbon coating greatly reduced the 

irreversible capacity and increased the coulombic efficiency of HPGs up to 99.99% after 50 cycles.  

This study shows that high performance Li-ion battery graphite may be made at temperatures as 

low as 1000 °C from renewable materials. 

 By comparing this chapter to Chapter 3, it is proved that the catalytic graphitization level 

is greatly influenced by catalyzing conditions.  The morphology of the graphite is also dependent 

on preparation conditions, and therefore it is believed that many other forms of graphite might be 

made using this method by variation of the reaction conditions. 
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 The low-pressure evaporation method was proved to be an effective way to remove Mg, 

although MgO impurities remain in the product.  By a proper design of the furnace and tubes, it is 

possible to recover the Mg catalyst. 

 Because of its use of renewable feedstocks, low temperature synthesis, ease of catalyst 

recovery, and the high purity and highly ordered graphite produced, magnesium catalyzed 

graphitization may have enormous impact on the production of unique and specialized carbons. 
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Chapter 5 Various Precursors for Mg Catalyzed Graphitization 

5.1 Introduction 

 In Chapter 3 and 4, only glucose was used as the precursor for catalytic graphitization.  

However, carbon has a huge family and abundant sources can be used as graphitization precursors.  

In this chapter, more materials have been used as precursors for catalytic graphitization, including 

materials that are essentially all composed of carbon (coke and activated carbon), carbohydrates 

(cellulose and glucose), polymers (polyvinyl chloride (PVC), phenolic resin (PR)/phenol 

formaldehyde resin (PFR), polyvinyl alcohol (PVA), polyacrylic acid (PAA), and polyacrylonitrile 

(PAN)), and the carbon composites (tire).  Among these precursors there are conventionally 

graphitizable materials, like coke, and non-graphitizable materials, like activated carbon; there are 

small molecules, like glucose, and large molecules, like polymers.  There are no previous reports 

in the literature comparing graphites made with various precursors with one catalyst.  By 

comparing the graphitization process and products from different precursors, the Mg-catalyzed 

graphitization process could be better understood. 

 The process of converting carbon precursors to graphites includes two main steps: 

carbonization and graphitization.  For organic precursors and carbon composites, volatile materials 

and most non-carbon elements can be removed during carbonization, leaving a product that is 

essentially pure carbon.  However, precursors have different thermal degradation properties.  

Specific carbonization methods should be applied accordingly.  Coke and activated carbon have 

already been carbonized.  Therefore, only degassing is required to remove adsorbed gases on 

material surfaces for these precursors.   

 One of the most commonly used graphitizable carbon precursors in industry is petroleum 

coke.151  Although the process details for making artificial graphite are usually trade secrets, all 

conventional industry graphitization methods apply ultra-high temperature (~3000°C) heat-

treatment.  Coke has also been used as a precursor in catalytic graphitization.152,153  Engle found 

that aluminum has a catalytic effect for coke graphitization at 2300°C.152  Parker et al. also found 

that needle coke has a higher graphitization level by adding a Fe2O3 catalyst.153 

 Glucose has been intensively introduced in Chapter 3 and 4.  As a non-graphitizable 

material, glucose precursors have been used in many catalytic graphitization studies,154,155 besides 
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the work done in our group.58,135,156,157  However, in other groups’ studies, the crystallinity level 

of the product graphite was usually not very high.154,155 

 Tires are highly complex assemblages of various components.158  The main component of 

tires is rubber (e.g. natural rubber and styrene butadiene rubber (SBR)).  Besides rubber, tires also 

contain different additives/fillers, such as carbon black, silica, and alumina.158,159  In 2001 

approximately 800 million tires were discarded around the globe annually.160  This number was 

estimated to increase by 2% every year.  Dealing with waste tires is a big issue.  Most waste tires 

are burnt, buried, or discarded.158  Huge efforts also have been made to recycle waste tires, 

including the graphitization of waste tires.  Gnanaraj et al. tried to graphitize waste tires at 1100 

°C.161  However, the crystallinity level of the product graphite was not very high, with a huge 

interlayer spacing of 4.5 Å.  When cycled in Li cells, the graphite electrode had a very huge 

irreversible capacity. The graphite electrode must also have had a huge hysteresis (low energy 

conversion efficiency) considering its low graphitization level.   

 Activated carbons are porous materials with high specific area (> 1000 m2/g).  Porous 

activated carbon based materials are widely applied in supercapacitors, lithium batteries, gas 

storage, catalytic supports, air filters, and adsorbents.20,162  Porous graphitic carbons with a high 

crystallinity level are much superior in some applications due to their additional merits such as 

high electrical conductivity and good chemical stability.20  Liu et al. converted activated carbon 

into a graphitic material by using a nickel nitrate catalyst at ~1000 °C.20  However, the 

graphitization level of the graphite product was not very high and comprises more turbostratic 

graphite rather than ordered graphite, according to its XRD pattern (Fig. 2 in the Reference 20). 

The surface area of the product graphite was also very high (~1600 m2/g).   

 Cellulose is one of the cheapest, most abundant naturally occurring renewable organic 

polymers.  In general, cellulose belongs to the non-graphitizable carbon class.163  Researchers have 

tried to use cellulose as a precursor in catalytic graphitization in limited studies.164–166  Sevilla et 

al. obtained a highly graphitic product by using a cellulose precursor and a Ni salt catalyst at only 

900 °C.166  However, the graphite product had a d002 (interlayer spacing) of 3.41 Å, characteristic 

of a turbostratic graphite.  PVC is one of the world’s most widely produced synthetic plastic 

polymers.  Unlike most polymers, PVC is conventionally graphitizable.  Inagaki et al. reported 

that graphite with a high graphitization level can be made from PVC at ~1000°C by adding metal 
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oxide catalysts,167  although the graphite yield is very low (< 5 wt.%).  PVA is also a graphitizable 

polymer, with a similar structure to that of PVC.  Highly ordered graphite has been made by 

Inagaki et al. from PVA with a Fe3O4 catalyst at 1200 °C.81 

 PAA is a conventionally non-graphitizable precursor.  Inagaki et al. successfully converted 

PAA into highly ordered graphite with 50 wt. % Fe3O4 at 1200 °C for 5h.78  PR is also a 

conventionally non-graphitizable carbon precursor.168  Zhao et al. showed that highly order 

graphite can be made at only 1000 °C by adding a ferric nitrate catalyst.169,170  However, the 

catalyst was not easily removed, with Fe3C peaks in the graphite product XRD patterns.  Ōya et 

al. also tried graphitizing PR with a tetrakis-(hydroxymethyl)-phosphonium sulfate catalyst.49  

However, a highly graphitic product was not obtained until a very high temperature was used 

(~3000 °C). 

 PAN is another conventionally non-graphitizable carbon precursor.  Even when PAN was 

heated at 2800 °C, its 002 peak in XRD pattern is still a broad hump.92  As an important industrial 

precursor for carbon fibers fabrication, PAN was intensely studied in the field of catalytic 

graphitization.43,92,97,171  Highly ordered graphites were obtained at ~1000 °C from PAN by using 

various catalysts (Fe-Cr2O3,
171 Ni-P,97 and Ni-Fe92).  The industrial PAN-carbon fiber conversion 

process includes three steps: electrospinning, stabilization, and carbonization.172,173  In the 

oxidative stabilization process (usually between 200 - 300°C), PAN is heated in an oxygen-

containing atmosphere, cyclization and dehydrogenation occurring as shown in Figure 5.1.  In this 

chapter, it will be shown how stabilization influences the graphitization effect. 

 

Figure 5.1 Stabilization process of PAN. 
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 In this chapter, the effects of using various carbon materials as precursors and of using 

different carbonization methods on the magnesium catalyzed graphitization process are compared. 

5.2 Experimental 

5.2.1 Synthesis of catalytic graphites 

 Various precursors were pre-heated by different methods as shown in Table 5.1.  Coke and 

activated carbon were degassed under Ar before graphitization.  Carbohydrates (glucose and 

cellulose) were de-watered in air at low temperature (< 200°C), then carbonized at high 

temperature (up to 1100°C).  Polymers and a carbon/polymer composite (tire powder) were 

carbonized using different methods based on their thermal degradation analysis.  Polyacrylonitrile 

(PAN) was also stabilized first in air and then carbonized under Ar.  Most precursors were in a 

solid powder state before degassing/carbonization, except phenolic resin, which was in the form 

of a solution (3M RPR1, resole phenol-formaldehyde resin, having phenol to formaldehyde ratio 

of 1.5-2.1:1, catalyzed with 2.5 percent potassium hydroxide, ∼75% solution in water, 3M Co.).  

Tire powder was made from waste tire scrap recovered using a bench grinder. 

 After carbonization/degassing, the resulting carbons were combined with magnesium 

powder (HART METALS, INC., -325 mesh) (C:Mg = 1:1 by mole) in a 65 mL hardened steel vial 

containing 115 g stainless-steel balls (4.76 mm in diameter) under an argon atmosphere and milled 

for 2 h in a high-energy ball mill (SPEX Model 8000-D, SPEX CertiPrep, Metuchen, NJ).  The 

resulting amorphous carbon/Mg mixture was heated in an argon-filled stainless-steel tube (~200 

mm, OD 12.70 mm, ID 9.40 mm, sealed with Parker-A-lok caps) at 1000 °C for 3 h, resulting the 

formation of a graphite/Mg mixture.  To remove the Mg catalyst after graphitization, two methods 

were used.  Some graphite-Mg samples were heated under low pressure (< 20 Pa) at 900 °C for 5 

h.  For most samples, an acid wash procedure was used: ~2 g of the graphite/Mg mixture was first 

placed in a solution of 50 mL of 2 M HCl (prepared from 37 wt. % HCl, Aldrich) and 2 mL of 

ethanol (98%, Aldrich) for 12 h with stirring.  Here, ethanol was used reduce the surface tension 

of the acid solution, increasing its wetting ability.  After reacting with HCl, the product was 

transferred to a Büchner funnel (Whatman filter paper, qualitative) and was washed with 2 M HCl 

five times and then washed with distilled water repeatedly until the pH of the supernatant was 

about 7.  Finally, the products were dried in air at 120 °C for 3 h. 
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Table 5.1 Sources and carbonization/degassing methods for each precursor. 

Precursors Sources Carbonization/Degassing Methods References 

Coke Asbury, Needle coke, Grade 4491 Ar, 600°C 5h  

Activated carbon Nuchar WV-B 10*25 mesh Ar, 600°C 5h  

Glucose Sigma-Aldrich, α-D-Glucose, 96% Air, 180°C 24h  

  Ar, 1100°C 3h  

Tire Goodyear Excellence Ar, 250°C 0.5h, 380°C 0.5h, 440°C 0.5h, 1100°C 3h 174 

Cellulose Sigma-Aldrich, α-Cellulose Air, 190°C 24h    

  Ar, 370°C 1h, 1100°C 3h  

Polyvinyl chloride (PVC)  Sigma-Aldrich, ~48,000 Ar, 280°C 0.5h, 450°C 0.5h, 1100°C 3h 136 

Phenolic resin (PR) 3M R23155 Ar, 460°C 0.5h, 550°C 0.5h, 660°C 0.5h, 1100°C 3h 175 

Polyvinyl alcohol (PVA) Sigma-Aldrich, 89,000~98,000 Ar, 425°C 0.5h, 525°C 0.5h, 1100°C 3h 176 

Polyacrylic acid (PAA) Sigma-Aldrich, ~450,000 Ar, 300°C 0.5h, 425°C 0.5h, 1100°C 3h 177 

Polyacrylonitrile (PAN_1) Sigma-Aldrich, ~150,000 Ar, 300°C 1h, 1100°C 3h 178 

Polyacrylonitrile (PAN_2) Sigma-Aldrich, ~150,000 Air, 200°C, 5h, 240°C 5h, 280°C 5h 172 

  Ar, 500°C 3h, 700°C 3h, 1100°C 3h  

Polyacrylonitrile (PAN_3) Sigma-Aldrich, ~150,000 Air, 200°C, 5h, 240°C 5h, 280°C 5h 172 

    Ar, 500°C 3h, 700°C 3h   

 

 

 

7
4
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5.2.2 Materials characterization 

 Catalytic graphites were characterized by using many techniques: scanning electron 

microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), transition electron microscopy 

(TEM), X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) surface analysis, inductively 

coupled plasma-optical emission spectroscopy (ICP-OES), and pycnometry, with the equipment 

introduced in Chapter 2.  Electrochemical measurements of catalytic graphites as working 

electrodes in Li-half cells were performed.  Details of slurry making, cell assembling and cycling 

are described in Chapter 2. 

 The CARBONXS program developed by Shi et al. was used to fit the XRD patterns of 

some catalytic graphites to study their structural order.112  Details regarding the fitting process can 

be found in Chapter 2.  Pseudo-Voigt peak shape functions were also used to fit the 002-peak 

region of each XRD pattern of catalytic graphites to learn about their structural details.  A 

description of the fitting procedure can be found in Chapter 2.  The XRD pattern of MAGE 

commercial graphite (Hitachi) was also fit by CARBONXS and the pseudo-Voigt method for 

comparison. 

5.3 Results 

5.3.1 Structural and morphological characterization  

 Figure 5.2 shows SEM images of non-polymer carbon precursors after carbonization or 

degassing, and their corresponding graphite products.  The coke precursor after degassing is 

composed of large needle-shaped particles (> 50 µm, Figure 5.2(a)).  After graphitization (1000°C, 

3h), the graphite product is mainly composed of irregular platelets (1-8 µm, Figure 5.2(b1-3)).  

Compared to glucose graphite shown in Figure 5.2(f1) and in Chapter 4, coke graphite platelets 

are more compact.  The specific surface area of coke graphite is only 8.57 m2/g, close to that of 

some battery grade commercial graphites, and much smaller than glucose graphite (> 80 m2/g).  

The activated carbon precursor after degassing is composed of porous and much larger particles 

(> 300 µm, Figure 5.2(c)).  After graphitization, the graphite product is composed of many dense 

particles (Figure 5.2(d1)), some small platelets particles (1-2 µm, Figure 5.2(d2)), and a small 

amount of large hexagonal platelets (up to 30 µm, Figure 5.2(d3)).  Those large hexagonal platelets 

are very similar to those found in glucose graphite, comprising multiple layers with well-defined 
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edges.  Glucose carbon and its graphite product have been introduced in Chapter 4.  In summary, 

most glucose graphite particles are composed of regions of small irregularly shaped secondary 

particles and regions of large hexagonal graphite platelets (up to 10 µm).  Tire carbon after 

carbonization is composed of large chunks (> 75 µm).  After graphitization, tire graphite is also 

mainly composed of irregularly shaped platelets (Figure 5.2(h1-3)), which are similar to those of 

coke graphite.  However, the platelet size of tire graphite (1-6 µm) appears smaller than coke 

graphite.  In addition, tire graphite comprises more tiny particles (< ~0.2 µm) on the platelet  

 

 

Figure 5.2 SEM images of (a, c, e, g) non-polymer and composite precursors after carbonization, 

and (b1-b3 ,d1-d3 ,f1-f3 ,h1-h3) corresponding catalytic graphites. (i1-i3) SEM images of 

MAGE. 
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surfaces (Figure 5.2(h2-3)), while coke graphite is essentially all composed of platelets.  Tiny 

particles were also found in glucose graphite (Figure 5.2(f1-2)) and activated carbon graphite 

(Figure 5.2(d2-3)).  The existence of the tiny particles might be due to incomplete graphitization. 

 Figure 5.3 shows SEM images of polymer precursors after carbonization, and their 

corresponding graphite products.  Cellulose carbon has a fiber structure, composed of long threads 

(3-5 µm thickness, 10-20 µm width, hundreds µm length) after carbonization.  Cellulose graphite 

is composed of relatively compact irregularly shaped platelets, similar to that of coke graphite and 

tire graphite.  Most polymer particles after carbonization are composed of big chunks (usually > 

30 µm): PVC carbon (Figure 5.3(c)), PR carbon (Figure 5.3(e)), PAA carbon (Figure 5.3(i)), and 

PAN_1 carbon (Figure 5.3(k)); while PVA carbon (Figure 5.3(g)) and PAN_2 carbon (Figure 

5.3(m)) are composed of big secondary particles that are composed of smaller primary particles (< 

2 µm for PVA carbon and < 1 µm for PAN_2 carbon).  After graphitization, the graphite product 

made from PR is mainly composed of porous potato-shaped particles, with almost no platelets.  

Graphite products made from PVC and PAN_2 are essentially all composed of platelets, while 

graphite products made from PVA, PAA, and PAN_1 are compose of both dense particles and 

small platelets.  The morphology of the graphite product particles is related to the graphitization 

level.  This will be discussed later in this chapter.  It is worth mentioning that the morphology of 

amorphous carbon and graphite made from PAN by using different pre-heating methods is very 

different.  PAN_1 carbon is made by carbonization under Ar, while PAN_2 carbon is produced by 

stabilization in air and carbonization under Ar.  The PAN_2 carbon particle morphology is distinct 

from that of PAN_1 carbon, indicating that these two amorphous carbon precursors have different 

structures.  In addition, PAN_2 graphite is essentially all composed of platelets (graphitic 

structure) and PAN_1 graphite contains both dense particles (less ordered structure) and small 

platelets (graphitic structure). 
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Figure 5.3 SEM images of (a, c, e, g, I, k, m) polymer precursors after carbonization, and (b1-b3, 

d1-d3, f1-f3, h1-h3, j1-j3, l1-l3, n1-n3) corresponding catalytic graphites. 
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 For a better understanding of the graphitization mechanism, SEM and EDS measurements 

were conducted on the milled and heated carbon/Mg samples.  Figure 5.4 shows SEM images of 

amorphous carbon/Mg materials after high energy mechanical milling.  All carbon/Mg particles 

are composed of secondary particles comprising smaller primary particles.  There is little 

difference among different carbon/Mg materials after milling, excepting the primary particle size.  

For example, activated carbon/Mg comprises the largest primary particles.  The morphology of 

PAN_1 carbon/Mg and PAN_2 carbon/Mg look similar at this magnification (dozens of 

micrometers), though their corresponding graphites have very different graphitization levels. 

 

Figure 5.4 SEM images and corresponding carbon and magnesium elemental mappings of (a) 

SPEX milled glucose carbon/Mg and (b) SPEX milled coke carbon/Mg.  SEM images of (c) 

SPEX milled activated carbon/Mg, (d) SPEX milled PAN_1 carbon/Mg, and (e) SPEX milled 

PAN_2 carbon/Mg. 
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 After graphitization of the amorphous carbon/Mg materials, platelet graphite structures can 

be observed (Figure 5.5(a,b)).  According to the elemental mapping images, there is more 

magnesium than carbon on milled carbon/Mg particles (Figure 5.4(a,b)), indicating magnesium 

might be covering carbon.  However, magnesium and carbon are nearly evenly distributed on 

heated carbon/Mg particles (Figure 5.5(a,b)), indicating magnesium and carbon have re-distributed 

during graphitization.  During the re-distribution process, carbon might become solvated in the 

catalyst, with concurrent graphite precipitation.19  Carbon and magnesium elemental mapping 

images were also taken for other milled and heated carbon/Mg samples.  They all show similar 

phenomenon and thus are not displayed here. 

 

 

Figure 5.5 SEM images and corresponding carbon and magnesium elemental mappings of (a) 

glucose graphite/Mg and (b) coke graphite/Mg after graphitization and before reacting with HCl. 

 

 Figure 5.6(a) shows XRD patterns of non-polymer carbon precursors after carbonization 

or degassing.  The XRD patterns of coke carbon and tire carbon have relatively narrow 002 peaks, 

indicating bigger carbon unit groups and a more anisotropic structure.  In comparison, activated 

carbon and glucose carbon have much wider 002 peaks, indicating smaller carbon unit groups and  
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Figure 5.6 XRD patterns of (a) amorphous carbon made from composite or non-polymer 

precursors after carbonization/degassing.  XRD patterns of (b) catalytic graphites, (c) enlarged 

002 peak region, and (d) CARBONXS fits of each graphite XRD pattern. 

 

a more isotropic structure.  The tire carbon XRD pattern also contains some sharp peaks.  Some 

peaks are consistent with CaS, which may have been formed during heating from a reaction 

between CaCO3 (a filler commonly used in tires) and sulfur (i.e. from vulcanization). Other peaks 

could not be identified. 

 Figure 5.6(b) shows XRD patterns of the graphite products made from non-polymer 

precursors.  All XRD patterns contain sharp and well-defined graphite peaks, indicating all non-

polymer precursors were successfully graphitized.  There are no Mg or MgO peaks detected, 

suggesting all Mg and MgO have been removed.  This was also confirmed by ICP-OES 

measurements (Table 5.2).  The Mg content in non-polymer graphites was found to be negligible 

(0.02 - 0.12 wt. %).  However, the tire graphite XRD pattern still has the same unknown peaks as 

shown in the tire amorphous carbon XRD pattern.  The intensity of these peaks is quite weak, 

suggesting this unknown impurity is of low quantity.  To identify the unknown impurity, EDS 

spectroscopy and elemental mapping images were conducted, as shown in Figure 5.7(a).  In the 

EDS spectrum, there is a tiny Si peak, which is almost negligible, beside carbon and oxygen peaks.  

In some tire graphite particles (not all), coexisting Si-rich and O-rich regions can be found (Figure 

5.7(a) mapping images), suggesting that the unknown impurity might be a silicon oxide.  This 
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makes sense because silica is a common filler in tire manufacturing.179  However, matching peaks 

were not found in the ICDD PDF-2 database. An oxygen peak is also obvious in the EDS spectrum 

because the SEM-EDS tape also contains oxygen, and there must be some oxygen containing 

adsorbates on the sample surface.  As can be seen in the oxygen mapping image, the tire graphite 

particle also contains oxygen, especially in the Si rich region. 

 

Figure 5.7 SEM-EDS of (a) tire graphite and (b) PAA graphite. 

Table 5.2 Mg content, density, surface area, morphology of catalytic graphites made from different 

precursors. 

Precursor Mg Content Density Surface Area Morphology 

  wt. % g/mL m2/g   

Coke - 2.2448 8.57 compact platelets 

Activated 

carbon 

- 2.2756 142.80 porous platelets & dense particles 

Glucose 0.023(1) 2.2941 82.50 porous platelets 

Tire 0.120(6) 2.2318 11.90 compact platelets 

Cellulose 0.019(0) 2.1946 30.00 compact platelets 

PVC 0.051(2) 2.2166 13.55 compact platelets 

PR 0.038(2) 2.157 87.62 porous potato-shaped particles 

PVA 0.065(3) 2.1532 46.79 platelets & dense particles 

PAA 0.146(8) 2.2738 28.80 platelets & dense particles 

PAN_1 - 2.2217 - platelets & dense particles 

PAN_2 0.020(2) 2.1416 27.27 compact platelets 
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Table 5.3 Structural parameters of catalytic graphites determined by pseudo-Voigt fitting and 

CARBONXS.  Here, “O” represents ordered graphite and “T” represents turbostratic graphite. 

Precursor pseudo-Voigt   CARBONXS 

 002 d002 Lc at. %  Pr P3R a La <δ2>1/2 

  Å Å   % % Å Å Å 

Coke  O 3.345(4) 400(5) 95.9(7)   8.1(0) 11.8(1) 2.456(1) 455(6) 0.04(2) 

Activated 

carbon 

O 3.350(4) 345(5) 47.4(7)  35.1(5) 1.2(0) 2.458(1) 340(6) 0.06(3) 

T 3.397(5) 157(5)        

Glucose O 3.343(4) 357(5) 83.1(7)  13.7(3) 12.1(1) 2.456(1) 357(6) 0.06(2) 

Tire  O 3.349(4) 374(5) 80.6(7)  16.0(5) 9.3(3) 2.458(1) 306(9) 0.04(2) 

Cellulose O 3.343(4) 393(5) 86.4(7)  13.2(4) 8.0(1) 2.456(1) 431(6) 0.04(2) 

PVC  O 3.349(4) 393(5) 86.4(7)  11.4(2) 12.0(2) 2.457(1) 362(7) 0.05(2) 

PR  O 3.347(4) - 17.2(7)  62.8(8) - 2.452(1) 101(3) 0.10(4) 

 T 3.408(5) 161(5)        

PVA  O 3.350(4) 342(5) 52.7(7)  35.0(3) 1.0(0) 2.455(1) 201(4) 0.07(3) 

 T 3.396(5) 192(5)        

PAA  O 3.345(4) 357(5) 66.5(7)  28.6(2) 4.1(2) 2.456(1) 281(7) 0.06(2) 

 T 3.387(5) 225(5)        

PAN_1  O 3.347(4) 323(5) 45.5(7)  37.6(4) 1.1(0) 2.456(1) 210(7) 0.09(2) 

 T 3.398(5) 254(5)        

PAN_2  O 3.348(4) 407(5) 87.0(7)  12.6(1) 10.6(2) 2.457(1) 422(4) 0.05(1) 

PAN_3  O 3.350(4) - 22.5(7)  45.2(5) 0.1(0) 2.457(1) 195(9) 0.07(3) 

  T 3.393(5) 208(5)                

 

 To quantitatively characterize the structure of the graphites made from different non-

polymer precursors, 002 peaks of each graphite XRD pattern were fit by using pseudo-Voigt peak 

shape functions.  Fitting results are shown in Figure 5.6(c) and data are listed in Table 5.3.  

According to the fitting results, coke graphite is essentially all composed of ordered graphite (95.9 

at. %,), indicating a very high graphitization level.  For comparison, the MAGE graphite is 

composed of 95.4 at. % ordered graphite.  Both glucose graphite (83.1 at. %) and tire graphite 

(80.6 at. %) are mainly composed of ordered graphite. However, their graphitization levels are less 

than coke graphite.  This suggests that the tiny particles observed in Figure 5.2(f1-2, h2-3)) might 
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be less ordered graphite.  Activated carbon graphite, on the other hand, only contains 45.3 at. % 

ordered graphite, consistent with the high turbostratic graphite peak in its XRD pattern.  The 

interlayer spacing (d002) and the inter-plane coherent length (Lc) were also determined by fitting 

002 peaks (Table 5.3).  These data are discussed later in the text. 

 The CARBONXS program was also used to fit non-polymer graphites with a two-layer 

model, as shown in Figure 5.6(d).  For graphite XRD patterns with only one pronounced 002 peak, 

the CARBONXS fitting ranges were from 20° to 80°.  For graphite XRD patterns with two 002 

peaks (e.g. activated carbon graphite XRD), the fitting ranges were from 30° to 80° to avoid the 

002-peak region.  This is because CARBONXS cannot fit patterns with two 002 peaks and usually 

yields an untrustworthy fit as a result.  Table 5.3 lists the probability of random stacking per layer 

(Pr), probability of 3R stacking per layer (P3R), in-plane cell constant (a), in-plane coherent length 

(La), in-plane strain (ζ), interlayer spacing fluctuation (<δ2>1/2), and the goodness of fit (χ2) for 

each fit.  Most XRD patterns were fit well with low χ2 values (< 4).  The relatively high χ2 value 

of tire graphite (6.56) is probably due to the impurity peaks.  For all non-polymer graphites, the 

in-plane cell constants (a) are close to the theoretical value for pristine graphite, indicating highly 

graphitic structures.  The CARBONXS fitting results agree well with the fits using pseudo-Voigt 

fitting functions: the Pr value (indicating turbostratic content) by CARBONXS fitting and the 

atomic percent of ordered graphite by pseudo-Voigt fitting sum to nearly 100% for all graphites.  

Other CARBONXS fitting results of non-polymer graphites are compared with polymer graphites 

and are discussed later in the text.  

 Figure 5.8(a) shows XRD patterns of polymer carbon precursors after carbonization.  The 

XRD patterns of carbon made from PVC and PAN have relatively narrow 002 peaks, indicating 

bigger carbon unit groups and a more anisotropic structure, while XRD patterns of carbon made 

from PVA, PAA, and especially cellulose have much wider 002 peaks, indicating smaller carbon 

unit groups and a more isotropic structure.   

 Figure 5.8(b) shows XRD patterns of graphite products made from polymer precursors.  

Similarly, all XRD patterns contain sharp and well-defined graphite peaks, indicating all polymer  
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Figure 5.8 XRD patterns of (a) amorphous carbon from polymer precursors after 

carbonization/degassing.  XRD patterns of (b) catalytic graphites, (c) enlarged 002 peak region, 

and (d) CARBONXS fits of each graphite XRD pattern. 

 

precursors were successfully graphitized.  Also, the Mg content in all polymer graphite products 

was negligible, as confirmed by ICP-OES measurements (0.02 - 0.15 wt. %, Table 5.2).  However, 

the XRD patterns of cellulose graphite and PAA graphite also contain tiny impurity peaks.  These 

peaks are so small that can only be observed by changing the vertical axis scale from linear to log 

(Figure 5.8(d)).  The intensity of these peaks is so tiny that the amount of impurity must be very 

low.  To identify the impurity, EDS spectroscopy and elemental mapping were conducted for PAA 

graphite, as shown in Figure 5.7(b).  In the EDS spectrum, tiny iron and chromium peaks appear 

along with carbon and oxygen peaks.  From the elemental mapping images, Fe-rich and Cr-rich 



86 

 

regions can be observed.  Usually, iron and chromium signals co-exist (Fe-rich spots are also Cr-

rich spots), indicating the contamination probably comes from the high energy milling process.  

Stainless steel balls and hardened steel vials were used in this step, which contain both Fe and Cr.  

Fe/Cr contamination is inevitable as long as high energy milling with Fe/Cr containing balls are 

used.180  The difference is that some graphite samples were more severely contaminated than 

others.  Based on the contamination sources, Fe7C3 was identified as the impurity.  Fe7C3 peaks 

were also detected by XRD in cellulose graphite/Mg and PAA graphite/Mg after graphitization 

and before reacting with HCl.  This suggests that Fe contamination was probably induced by high 

energy ball milling, and then Fe reacted with carbon during heating, forming Fe7C3.  However, no 

matching peaks of Cr-containing materials were found in the XRD patterns of cellulose graphite 

or PAA graphite.  It is likely that the Cr is incorporated in the iron carbide as (Fe,Cr)7C3 carbides 

are well known in cast irons.181 

 All 002 peaks of polymer graphite XRD patterns were fit by using the pseudo-Voigt peak 

functions.  Fitting results are shown in Figure 5.8(c) and fitting data are listed in Table 5.3.  Both 

PVC graphite and cellulose graphite are composed of 86.4 at. % ordered graphite, close to that of 

a high-crystallinity commercial graphite.  The XRD patterns of PAA graphite and PVA graphite 

have obvious turbostratic peaks, indicating a 66.5 at. % and 52.7 at. % content of ordered graphite, 

respectively.  PR graphite contains only 17.2 at. % ordered graphite, with a huge turbostratic 002 

peak in its XRD pattern.  By applying different pre-heating methods, graphites with very different 

crystallinity levels were made from PAN.  If PAN was simply carbonized under Ar (PAN_1), the 

graphite product only contains 45.5 at. % ordered graphite.  If PAN was stabilized in air and then 

carbonized under Ar (PAN_2), the graphite product contains a high percent of ordered graphite 

(87.0 at. %).  PAN_3 carbon was also stabilized and carbonized.  However, the final carbonization 

temperature was 700 °C (lower than 1100°C for PAN_2 carbon).  Its corresponding graphite 

product merely contains 22.5 at. % ordered graphite.   

 The CARBONXS program was also used to fit graphite products made from polymers as 

shown in Figure 5.8(d).  Fitting data are listed in Table 5.3.  For all polymer graphites, the in-plane 

cell constants (a) are close to the theoretical value, indicating highly graphitic structures.  Most 

XRD patterns were fit well with low χ2 values (≤ 4).  The relatively high χ2 values of the XRD 
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fittings of cellulose graphite and PAA graphite are probably due to Fe7C3 impurity peaks.  Some 

Fe7C3 peaks overlap with graphite 100 and 101 peaks, which must influence the fitting accuracy.    

 Structural data of all catalytic graphites and MAGE are compared in Figure 5.9.  The 

samples are ordered according to their percent ordered graphite from left to right along the 

horizontal axes.  Most non-polymer graphites are mainly composed of ordered graphite (>80 at. 

%), especially coke graphite, which is essentially all composed of ordered graphite (95.9 at. %) 

and is comparable to MAGE (95.4 at. %).  However, activated carbon graphite, as an exceptional 

non-polymer graphite, is composed of a lower content of ordered graphite (47.4 at. %).  Compared 

to non-polymer graphites, most polymer graphites are composed of a relatively lower amount of 

ordered graphite.  Graphites made from PAA, PVA, and PAN_1 are composed of ~50 at. % 

ordered graphite.  PR graphite has the lowest graphitization level, only containing 17.2 at. % 

ordered graphite.  Some polymers can also be converted into highly ordered graphites, like PVC 

(86.4 at. % ordered graphite).  It is also shown how the pre-heating step influences the 

graphitization result in Figure 5.9(a).  PAN_1 (with only carbonization under Ar) was converted 

to a typical polymer-type graphite (~50 at. % ordered graphite).  PAN_2 (with both stabilization 

and carbonization) was converted to a highly ordered graphite, with 87.0 at. % ordered graphite, 

which is the 2nd highest ordered graphite content among all the catalytic graphites in this study.  

PAN_3 (with only carbonization, and lower carbonization temperature) was converted to a 

turbostratic graphite. 

 Figure 5.9(b) shows the d002 (interlayer spacing) for both turbostratic and ordered graphite 

of all catalytic graphites.  The ordered graphite d002 agrees well to the theoretical value, suggesting 

a highly graphitic structure.  The turbostratic graphite d002 generally decreases as the graphitization 

level increases, with an exception of PAN_3 graphite. 

 Figure 5.9(c) shows the Lc (inter-plane coherent length) for both turbostratic and ordered 

graphite of all catalytic graphites.  The ordered graphite Lc increases from ~320 Å to ~ 400 Å as 

the graphitization level increases.  However, even the catalytic graphite of the highest 

graphitization level (coke graphite) has a much smaller Lc (400.3 Å) than MAGE (511 Å). In 

addition, the presence of tiny poorly graphitized particles in the sample might lower the Lc value.  

It is possible that the Lc could be higher if longer heating time was applied.  As shown in Chapter 

4, heating glucose carbon at 1000°C for 20 hours results in an ordered graphite with a large Lc (> 
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500 Å).  The turbostratic graphite Lc ranges between ~150 Å and ~250 Å.  There is not an obvious 

trend in turbostratic graphite Lc as the graphitization level increases. 

 

Figure 5.9 (a-f) Fitting results of all catalytic graphites and MAGE.  Ordered graphite at. %, d002, 

and Lc are obtained by using the pseudo-Voigt method.  La, Pr, and P3R are obtained by using 

CARBONXS.  The horizontal axis is labelled by precursors: polymer precursors are in purple 

while non-polymer and composite precursors are in black.  AC stands for activated carbon. (g) 

Surface area and (h) density of different graphites as labelled. 
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 Figure 5.9(d) shows the La (in-plane coherent length) of all catalytic graphites.  There is a 

rising trend in La as the graphitization level increases, growing from ~100 Å to ~460 Å.  As a 

comparison, the La of MAGE is 504 Å.  There are two outliers: La values of activated carbon 

graphite and cellulose graphite.  Activated carbon graphite contains many large hexagonal platelets 

as shown in Figure 5.2(d3), which might increase the average La.  In comparison, tire graphite, 

which contains more ordered graphite but has a lower La, comprises relatively small irregular-

shaped platelets.  Cellulose graphite also contains many wide platelets (Figure 5.3(b2)), while 

PAN_2 graphite contains relatively smaller platelets (Figure 5.3(g2-3)) although it is of higher 

graphitization level.  The inconsistent changing trends between La and the graphitization level 

might be due to the different graphitization pathways of these precursors.   

 Figure 5.9(e-f) show the Pr (probability of random stacking per layer) and P3R (probability 

of 3R stacking per layer) of all catalytic graphites.  The changing trend in Pr is roughly mirror-

symmetric to that of at. % ordered graphite.  This means the two fitting methods (pseudo-Voigt 

and CARBONXS) yield the same or similar results in terms of graphitization level. Catalytic 

graphites with low crystallinity levels contain a small amount of 3R structure (~1%), while those 

with high crystallinity levels contain more 3R structure (8% - 13%).  MAGE does not have a high 

P3R value.  The catalytic graphitization process might be more 3R-structure-formation preferred 

than conventional graphitization processes. 

 Figure 5.9(g) compares the specific surface area of catalytic graphites based on data listed 

in Table 5.2.  There is not an obvious pattern between the surface area and graphitization level.  

However, the two graphites containing large hexagonal platelets (activated carbon graphite and 

glucose graphite) both have high surface area.  This suggests that surface area is greatly influenced 

by graphite morphology.  Specially, the surface area of activated graphite is as high as 142.8 m2/g, 

presumably because the active carbon precursor has a high surface area (1760.6 m2/g). 

 Figure 5.9(h) shows the density of some catalytic graphites and MAGE measured by 

pycnometer.  The densities of most catalytic graphites are close to the theoretical value (2.266 

g/mL); the largest difference being only ~5.5%, indicating highly graphitic structures. 
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5.3.2 Electrochemical characterization 

 Figure 5.10 shows the voltage profiles and differential capacity curves of the catalytic 

graphites with the highest ordered graphite content compared to MAGE.  Voltage profiles of all 

catalytic graphites comprise distinct staging plateaus (Figure 5.10(a,c,e,g,I,k)), corresponding to 

sharp peaks in the differential capacity curves (Figure 5.10(b,d,f,h,j,l)), in verification of their 

highly ordered graphitic structure.  For comparison, the voltage profile and differential capacity 

curve of MAGE are shown in Figure 5.10(m,n).  All the materials also have excellent capacity 

retention during cycling, as shown in Figure 5.11(a).  However, their reversible and irreversible 

capacities differ significantly as will be discussed in detail below. 

 Figure 5.11(b) shows the percent IC of the catalytic graphites and MAGE.  All catalytic 

graphites have higher IC than conventional battery graphites.  Glucose graphite has the highest IC 

(> 50%), and most other catalytic graphites have IC between 30% and 40%.  Coke graphite has 

the lowest IC (< 30%), but still much higher than MAGE (~10%).  In general, IC (in %) and IC 

loss (in mAh/g) of catalytic graphites decrease as specific surface area (SA) decreases (Figure 

5.11(c)).  As analyzed in Chapter 4, glucose graphite has a high surface area (>80 m2/g), which is 

likely the main reason leading to its high IC (> 50%) and high IC loss (> 370 mAh/g.  Compared 

to glucose graphite, cellulose graphite and PAN_2 graphite have lower surface areas (both ~ 30 

m2/g, Table 5.2), corresponding to their reduced IC (35% - 40%) and IC loss (180 – 210 mAh/g).  

Coke graphite, tire graphite and PVC graphite all have relatively small surface areas (all ~10 m2/g, 

Table 5.2).  However, their IC (30% - 37%) and IC loss (155 – 185 mAh/g) are only slightly 

reduced compared to cellulose graphite and PAN_2 graphite.  According to previous studies, the 

IC of graphite almost linearly increases with surface area,138–140 which is different from the 

observation in this study (Figure 5.11(c)).  It is possible that a high surface area is not the only 

reason for the high ICs of catalytic graphites.  Another reason may be that the tiny particles on big 

graphite particle surfaces (Figure 5.2 and Figure 5.3) also increase IC.  These tiny particles are less 

ordered graphite and may also contain non-negligible amounts of hydrogen, which consumes extra 

Li during the initial lithiation. 
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Figure 5.10 (a, c, e, g, i, k, m) Voltage profiles and (b, d, f, h, j, l, n) differential capacity curves 

of MAGE and catalytic graphites made from different precursors.  In all figures, red lines 

represent 1st cycle and black lines represent 2nd cycle. 
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Figure 5.11 Electrochemical performance of MAGE and highly ordered catalytic graphites: (a) 

cycling performance at C/5, (b) irreversible capacity, (c) irreversible capacity (IC) and IC loss vs. 

surface area (SA), (d) reversible capacity and retention after 100 cycles, (e) comparison of 

ordered graphite content determined by reversible capacity and pseudo-Voigt fitting, (f) 

coulombic efficiency (CE), (g) CE at 20th, 50th, and 70th cycles vs. SA, (h) cycling performance 

at different C-rates, and (i) lithiation capacity at 2C and 5C vs. SA. 

 

 Figure 5.11(d) shows the reversible capacity of catalytic graphites and MAGE.  Coke 

graphite has superior reversible capacity, close to MAGE and the theoretical value of graphite.  

Most other graphites have capacities between 330 and 340 mAh/g.  The reversible capacity is 

proportional to ordered graphite content, since only ordered graphite is active for Li 
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intercalation/deintercalation, according to previous research.146  Therefore, the ordered graphite 

content can be calculated by: at. % ordered graphite = reversible capacity/(372 mAh/g).  The 

calculation results agree well with the data determined by pseudo Voigt fitting, as shown in Figure 

5.11(e). 

 Figure 5.11(f) shows the coulombic efficiency (CE) of catalytic graphites and MAGE.  The 

CE values of all catalytic graphites keep increasing and reach 99.65% - 99.75% at 100th cycle, but 

are less than MAGE in general.  This is likely due to the higher surface area of catalytic graphites 

compared to MAGE, which would result in greater Li loss during cycling due to surface reactions 

with electrolyte.  Glucose graphite has the highest surface area among all measured catalytic 

graphites in Figure 5.11(f).  Its CE also increases by the slowest rate.  Figure 5.11(g) shows the 

relationship between SA and CE at 20, 50, and 70 cycles for catalytic graphites and MAGE.  In 

general, a high SA corresponds to a lower CE at these cycles.   

 Figure 5.11(h) compares the capacities of catalytic graphites and MAGE at different C-

rates.  Catalytic graphites have much higher capacities than MAGE at high C-rates (1C, 2C, 5C).  

Therefore, high-C-rate capacity is not determined by graphite crystallinity.  Among all catalytic 

graphites, coke graphite and PVC graphite are outstanding, and their capacities still have high 

retention when C-rate increases from C/5 to 2C.  There is no relationship between surface area and 

high-C-rate capacity, as shown in Figure 5.11(i).  However, high C-rate capacity may be greatly 

influenced by graphite particle sizes.  MAGE has the largest particle size (> 10 µm, Figure 5.2(i1-

i3)) among all tested graphites, corresponding to its worst high-C-rate performance (Figure 

5.11(h)).  Glucose graphite and cellulose graphite also have large platelet particles (≥ 5 µm, Figure 

5.2(f2) and ~ 5 µm, Figure 5.3(b2), respectively), corresponding to their relatively low high-C-rate 

capacity.  In comparison, coke graphite, tire graphite, PVC graphite and PAN_2 graphite all 

comprise small particles (< 2 µm, Figure 5.2 and Figure 5.3), corresponding to better high-C-rate 

performance. 
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5.4 Discussion 

5.4.1 Morphologies of Catalytic Graphites 

 Catalytic graphites with various morphologies were made by using different carbon 

precursors.  Generally, graphites with high graphitization levels (coke graphite, PAN_2 graphite, 

PVC graphite, cellulose graphite, and tire graphite) are essentially all composed of compact 

platelets.  Glucose graphite is an exception, it has a high graphitization level but is composed of 

porous hexagonal platelets.  As the most crystalline product (95.9 at. %), coke graphite contains 

pristine platelets with tiny particles (< 0.2 µm) on platelet surfaces.  Other graphites all contain 

tiny particles, which are probably composed of less ordered graphites.  The tiny particles might 

also be one of the reasons that cause high surface area.  In comparison, graphites with medium 

graphitization levels (PAA graphite, PVA graphite, activated carbon graphite, and PAN_1 graphite) 

are composed of both platelets and dense particles.  Their platelets are usually in small size (1-3 

µm).  Activated carbon graphite also contains a small amount of large hexagonal platelets (up to 

10 µm), although its main content is still dense particles and small platelets.  More and larger 

hexagonal platelets (up to 30 µm) were observed in activated carbon graphite if the graphitization 

time is extended from 3h to 20h.  As the lowest crystalline product (17.2 at. % ordered graphite), 

PR graphite is composed of only dense particles with no observable platelets.  To sum up, there is 

a general trend of morphology change as the graphitization level increases: from dense particles, 

to mixtures of dense particles and small platelets, to platelets as the main content with increasing 

sizes, and to much pure platelets with little/no less-ordered tiny particles.  Two precursors are 

special: glucose and activated carbon.  Large hexagonal platelets were only observed in their 

products. 

 Catalytic graphites with platelet structures (or lamellar structures, flaky structures) have 

been observed in previous studies by using different precursors and catalysts: such as coke and 

Pr6O11 (2800 °C) 21, and coke/pitch and La2O3 (2800 °C) 91.  In both cases, the graphitization 

temperatures are very high.  In this study, graphites with many large platelets were made at only 

1000 °C.  A lamellar structure is also a characteristic of graphites obtained from carbon-rich iron 

melts.62,182  For example, highly graphitic flaky graphite was observed from a melt of cast iron at 

1600 °C by Lee et al.62   
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 Irregularly-shaped platelets in some catalytic graphites shown in Figure 5.2 and 5.3 are 

better described as “dendrites” or “foliated dendrites”,132 especially in coke graphite (Figure 

5.2(b2)), tire graphite (Figure 5.2(h2)), PVC graphite (Figure 5.3(d1)), PVA graphite (Figure 

5.3(h2)), PAA graphite (Figure 5.3(j2)), PAN_1 graphite (Figure 5.3(l2)), and PAN_2 graphite 

(Figure 5.3(n2)).  Graphite dendrites have been observed in previous catalytic graphitization 

studies.  Zhai et al. found graphite dendrites grown from mesophase pitch by adding ZnCl2, FeCl3, 

and NiCl3 at below 1000 °C.95  However, the graphitization level of the graphite product was quite 

low.  The product was more like a mixture of turbostratic graphite and amorphous carbon.  Konno 

et al. observed a dendrite-like graphite made by catalytic graphitization of polyvinyl pyrrolidone 

(PVP) with a Fe3O4 catalyst at 1000 °C.78  Graphite dendrites were more often observed in cast 

iron melts.78,132,183–185  Figure 5.12(a-c) show some examples of dendrite-graphite grown from cast 

iron (a184, b132, c185).  The foliated dendrites schematic model has been proposed by Saratovkin 

(Figure 5.12 (e-f)).186  Stefanescu et al. found that adding Mg can change the morphology of 

graphite dendrites in cast iron, as shown in Figure 5.12(d), building clusters along c-axis.132  

Graphite clusters grown along c-axis were also observed here in Mg-catalyzed graphite (Figure 

5.3(b3)).  Stefanescu et al. also pointed out that Mg favors the formation of more compact graphite 

and spheroidal graphite.132  This is consistent with the finding in this study that Mg-catalytic 

graphites with higher crystallinity level are composed of more compact platelets.  This is also 

consistent with the spheroidal graphite structure reported in Chapter 3 and 4.  Although graphite 

dendrites or lamellar graphite were observed in cast iron, one should be aware that graphites found 

in cast iron are present in small amounts because carbon is a minor component in cast irons.  In 

addition, graphites grown in cast iron are very difficult to isolate.  In this study, catalytic graphites 

with special morphology were made in bulk and easily isolated from non-carbon components. 
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Figure 5.12 (a-d) SEM images of dendrite graphites from other studies.  Models of (e-f) 

dendrites, (g) block-like particles, and (h) protuberances.  Corresponding references are shown in 

text.  Reproduced with permission from Reference 132,184–186. 

 

 Glucose graphite is composed of special large hexagonal platelets with random orientations 

with respect to each other.  This has been introduced in Chapter 3 and 4.  Activated carbon derived 

graphite also contains large hexagonal platelets.  Big graphite platelets were observed in some cast 

irons.137  However, well-defined hexagonal platelets in such large amounts and in such large sizes 

(up to 30 µm) were never reported before in catalytic graphites to the author’s knowledge. 

 In short, catalytic graphites shown in this study contain various morphologies.  Main types 

include platelets and spheroids.  Platelets also include degenerate forms, like dendrites composed 

of irregularly-shaped platelets, and hexagonal platelets with random orientations.  Less graphitized 

particles usually contain dense particles.  Some of these dense particles are composed of very small 

platelets. 

5.4.2 Crystallinity Levels of Catalytic Graphites 

 It must be clarified that even the least crystalline PR graphite in this study is of higher 

graphitization level than most other catalytic graphites reported in previous studies.15  Although 
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PR graphite contains large amounts of turbostratic graphite, it is a highly graphitic material which 

is essentially all composed of graphitic components. 

 Generally, non-polymers precursors tend to form highly ordered graphites (higher ordered 

graphite at. %, higher La and Lc, lower Pr as shown in Figure 5.9), while polymer precursors tend 

to form less ordered graphites.  On the other hand, highly ordered catalytic graphites contains more 

3R graphite content, much more than MAGE. 

 By using different pre-heating methods, the same precursor can be made into graphites 

with different crystallinity levels.  PAN_1 was only carbonized under Ar (Table 5.1) before 

graphitization.  PAN_1 graphite contains a significant amount (54.5 at. %) of turbostratic graphite.  

PAN_2 was stabilized in air first, and then carbonized under Ar before graphitization.  PAN_2 

graphite is essentially all composed of ordered graphite (87.0 at. %).  The stabilization process has 

been briefly described in the Introduction.  After stabilization at lower temperatures (200 – 300 

°C) in an oxygen containing atmosphere, PAN chain structures transform into ladder structures, as 

shown in Figure 5.1, corresponding to the formation of black orlon.172  During carbonization at 

higher temperatures (500 – 1100 °C) under Ar, ladder structures combine with each other, forming 

larger aromatic structures through denitrogenating and dehydrogenization processes.  The aromatic 

structures are more easily graphitized and thus PAN_2 has a higher graphitization level.  On the 

other hand, PAN_3 was also stabilized and carbonized.  However, PAN_3 graphite only contains 

~20 at. % ordered graphite.  This is because the final carbonization temperature of PAN_3 carbon 

is only 700 °C, much lower than 1100 °C.  Higher temperature can improve the size of carbon unit 

groups, and a large carbon unit group is more easily graphitized.14 

 In short, catalytic graphites made in this study all have high crystallinity levels.  For those 

containing significant amounts of turbostratic components, the graphitization level can be 

increased by modifying pre-heating methods or increasing the graphitization temperature from 

1000 °C just slightly to 1100 °C or 1200 °C.  As shown in Chapter 3 and 4, a slight increase in 

heating temperature can greatly improve the graphitization level of graphite products.  This has 

also been confirmed in previous studies.78,81 
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5.4.3 Mechanism of Catalytic Graphitization 

 Three main catalytic graphitization mechanisms have been proposed, as introduced in 

Chapter 1.  As discussed in Chapter 4, Mg catalyzed graphitization of glucose carbon might follow 

the third type of mechanism: carbon dissolution-precipitation and carbide formation-

decomposition.  Based on the three main catalytic graphitization mechanisms, many modified 

mechanisms have been proposed to explain the formation of various graphite morphologies 

(spheres, platelets, dendrites, etc.).  Many researchers believe that a higher surface energy 

promotes the formation of spheroidal morphology as the system attempts to decrease its energy. 

132,187  Sadocha et al. assumed a large number of growth steps on the spheroid surface along the a-

direction, and the spheroidal structures formed due to repeated bending of the graphite sheets.188  

They suggested that the spheroidal morphology is the natural growth form of graphite in liquid 

metals, while flake graphite is a modified morphology.  Sadocha et al. and Muhmond et al. also 

mentioned that trace elements can affect the growth of graphite.188,189  Depending on the type of 

element, pentagonal, hexagonal and other C-rings can be present as defects in the basal plane.189  

For example, the presence of surface-active oxygen impurity might reduce the bending ability by 

decreasing the surface tension, so that the spherical shape is deteriorated into a platelet structure,188  

which was confirmed by Double et al.190  This might explain why some graphites contain wide 

and thin hexagonal platelets in this study. 

 Based on the experimental data in this study and previous studies, a suggested mechanism 

for Mg-catalytic graphite growth and its modified morphologies is summarized as follows: 

 (1) The basic mechanism of Mg-catalytic graphite growth may be a combination of carbon 

dissolution-precipitation and carbide formation-decomposition (as discussed in Chapter 4): 

magnesium carbide forms during graphitization and decomposes into graphite; some amorphous 

carbon dissolves into Mg liquid, then precipitates into graphite,19 and the precipitation/growth of 

graphite usually follows a lateral direction (a-direction) in the absence of impurities (Figure 4.1).184 

 (2) During the growth of Mg-catalytic graphite, various defects might appear.  These 

defects might influence the growth rate and modify the morphologies of graphite 184 (details are 

described from (3) to (7) below. 
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 (3) As graphite crystallites grow laterally, spheroidal structures (Figure 5.3) may form due 

to repeated bending of graphite sheets 188,191 (Figure 3.1(b,c), Figure 3.3(a,b)), probably because 

the system attempts to decrease its energy 132,187.  More examples of spheroidal graphite particles 

are introduced in Chapter 7. 

 (4) Rotation boundaries are a common defect in flaky type graphite 191,192 (Figure 5.2(f2)) 

because quasi two-dimensional crystals preferentially grow in the both 110 and 100 along the basal 

plane.184  

 (5) Screw-dislocations are also a common type of defect in flaky type graphite, permitting 

the preferential growth along the c-direction and forming block-like graphite crystals (Figure 

5.3(b3) and Figure 5.12(g)), probably because the mobility in a-directions is reduced by foreign 

elements (impurities) 184,185. 

 (6) Stacking of block-like particles forms protuberances 132 (Figure 5.12(h)), and branching 

of protuberances forms dendrites 132,184 (Figure 5.12(e-f)). 

 (7) Another type of branching dendrite (Figure 5.12(c)) forms because the change of lateral 

growth directions rather than stacking of block-like particles or forming foliated dendrites. 

5.4.4 Electrochemical Performance in Li Cells and Improvements 

 Catalytic graphites display good electrochemical properties in Li cells.  Specially, coke 

graphite has excellent cycling performance and a high reversible capacity, comparable to 

commercial battery graphites.  To the author’s knowledge, few catalytic graphites made at such 

low temperatures have performance characteristics in Li cells that approach those observed here.  

Our group has previously reported a catalytic graphite made from a glucose carbon by adding a Fe 

catalyst, which has a high reversible capacity (~360 mAh/g).58  However, the measured capacity 

corresponds to a voltage range between 0.005 – 2V.  If the voltage upper limit changes to 0.9V 

(that used in this study), its reversible capacity is only ~340 mAh/g.  Lee et al. made flake graphite 

from cast iron melts at 1600 °C.62  The catalytic graphite has a capacity of ~ 305 mAh/g when 

cycled between 0.005 – 3V.   Gnanaraj et al. synthesized carbon material from tire.161  When used 

in Li cells, the tire-derived carbon display high capacity (up to 450 mAh/g at C/50).  However, 

this carbon material has a low graphitization level, and thus a huge hysteresis and low density, 

similar to the first-generation Li-ion battery anode: coke, which graphite has made obsolete.  Chen 
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et al. also synthesized a catalytic graphitic-nano-fiber material with a high capacity in Li cells.193  

However, the graphite product had a huge hysteresis and a huge irreversible capacity.  Although 

the reversible capacity is high (~1500 mAh/g), its low energy efficiency is an insurmountable 

obstacle for application as a Li-ion anode.  Kakunuri et al. also used catalytic graphite in Li cells, 

but its reversible capacity was only ~200 mAh/g.74  Therefore, it is an important advancement to 

synthesize catalytic graphites at such low temperatures (~1000 °C) with high reversible capacities 

and low hysteresis. 

 Although some catalytic graphites made in this study have good electrochemical 

performance in Li cells, they also have disadvantages.  This includes huge irreversible capacities 

and relatively low coulombic efficiencies compared to commercial battery graphites (e.g. MAGE). 

Both are likely caused by the high surface areas and/or the less-ordered tiny particles on the 

graphite surfaces.  As shown in Chapter 4, the high-surface-area problem can be solved by coating 

another layer of carbon, which greatly reduces the surface area and the irreversible capacity.  

However, this method cannot reduce the irreversible capacity to a commercial-battery-graphite 

level (<10%).  Another direction is removing the less-ordered tiny particles, for instance by heating 

the catalytic graphites in air to remove these particles (since the smaller particles have a higher 

surface area and are less ordered, they will likely react with O2 at lower temperatures than ordered 

graphite particles).  Then the resulting catalytic graphites can be re-heated under inert atmosphere 

to reduce their oxygen content. This method will be attempted in future studies. 

5.5 Summary 

 Mg-catalyzed graphites were made from various polymer and non-polymer precursors.  All 

precursors were effectively converted from amorphous carbon to highly graphitic carbon after a 

low temperature (1000 °C) graphitization for a short time (3 h).  The graphitization level of the 

graphite products was influenced by the precursor type.  Most non-polymer precursors can be 

converted into highly ordered graphite, while most polymer precursors can be converted into a 

mixture of ordered graphite and turbostratic graphite. 

 Catalytic graphites are composed of particles with various morphologies.  Generally, as the 

graphitization level increases, graphite composition changes from dense particles, to small 

platelets, to large platelets with tiny particles, to pure large platelets.  By comparing the 
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morphologies of Mg-catalytic graphite, it was found that they were more like graphite made from 

cast iron melts. 

 Changing the pre-heating process (carbonization) can greatly influence the final 

graphitization level.  PAN precursors with different pre-heating methods result in quite different 

graphite products.  This is probably because different pre-heating processes yield amorphous 

carbon with different unit groups (some of them are more easily graphitized and others are not), 

and with different types or amounts of non-carbon elements. 

 Some highly ordered catalytic graphites were cycled in Li cells.  Most of them have 

excellent cycling stability and high reversible capacity.  However, these catalytic graphites also 

have high irreversible capacity, probably due to their high surface area and the existence of less 

ordered particles on graphite surfaces.  Possible methods to solve this problem are briefly discussed 

in Chapter 8. 
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Chapter 6 Lithium as a Graphitization Catalyst 

6.1 Introduction 

 Compared to magnesium, lithium’s melting point is lower (180.5 °C < 650 °C), and lithium 

can also form carbides (e.g. Li2C2).  Lithium has not been previously reported as an effective 

graphitization catalyst.  This chapter introduces a method for using lithium as a graphitization 

catalyst.  The experimental method in this chapter is similar to that described in Chapter 4, except 

that lithium is used in the place of magnesium.  The influence of the Li:C ratio and heat-treatment 

conditions were studied and analyzed.  Osetzky found that LiCl might enhance the graphitization 

process in an earlier study.194  Therefore, LiCl was also used as an additive here. 

6.2 Experimental 

6.2.1 Synthesis of lithium catalyzed graphites (LCGs) 

 Activated carbon (Nuchar activated carbon, 1526-R-05) was first heated under an Ar flow 

at 120 °C for 5 h and 600 °C for 5 h to remove impurities (H2O, O2, etc.).  The heated carbon was 

then combined with small pieces of lithium ribbon (99.9% Aldrich) and optionally LiCl (powder, 

≥99.99%, Sigma-Aldrich) in different Li:C or Li:C:LiCl molar ratios in a 65 mL hardened steel 

vial containing 115 g stainless-steel balls (4.76 mm in diameter) under an Ar atmosphere for 2 h 

by high-energy mechanical milling (HEMM) with a SPEX mill (Model 8000-D, SPEX CertiPrep, 

Metuchen, NJ).  The resulting carbon-Li alloys were heated in sealed stainless-steel tubes filled 

with Ar at 900/1000/1100 °C for 3/20 h.  To remove the Li catalyst after heat-treatment, ~2 g of 

the graphite-Li product was placed in a solution of 100 mL of 2 M HCl (prepared from 

concentrated HCl, Aldrich) and ~2 mL of ethanol (98%, Aldrich) for 12 h with stirring.  After 

reacting with HCl, the products were transferred into a Büchner funnel (with a Whatman circle 

filter paper, qualitative, 44.25 mm in diameter) and were washed with 2 M HCl five times and then 

washed repeatedly with distilled water until the pH of the supernatant was about seven.  Finally, 

the products were dried in air for 3 h at 120 °C.  Hereafter, the lithium catalyzed graphite is termed 

as LCG.  The Li:C ratio of the heated hard carbon/Li alloy and its heat-treatment conditions are 

labeled in parentheses.  For example: LCG (Li1C6, 900 °C, 3 h) indicates LCG made by heating at 

900 °C for 3 h from a carbon/Li alloy in a molar ratio of Li:C = 1:6. 



103 

 

6.2.2 Characterization 

 LCGs were characterized by using many techniques: scanning electron microscopy (SEM), 

X-ray diffraction (XRD), and pycnometry (details are introduced in Chapter 2).  Electrochemical 

measurements in Li half-cells were performed.  Details of slurry making, cell assembly, and 

cycling are described in Chapter 2. 

 To determine the graphitic and amorphous carbon contents, XRD patterns of graphite 

products were fit with pseudo-Voigt functions between 20° - 30°.  Three pseudo-Voigt peaks were 

included in each fit, representing amorphous carbon, turbostratic graphite, and ordered graphite.  

More details regarding the pseudo-Voigt fitting procedure are described in Chapter 2.  The 

CARBONXS program (one-layer model) was also used to fit the XRD pattern of LCG (Li1C6, 900 

°C, 3 h) (details of the fitting procedure are in Chapter 2). 

6.3 Results and Discussion 

 Figure 6.1 shows SEM images of the carbon precursor and LCGs.  As with activated 

carbon, the carbon precursor is very porous (Figure 6.1(a)).  LCG particles range from 5 µm to 20 

µm (Figure 6.1(b)).  Most particles are aggregated particles composed of primary particles (Figure 

6.1(c)).  LCGs made from high Li:C-ratio precursors also contain a very small fraction of particles 

with different structures (Figure 6.1(d-f)), e.g. small-sized compact platelets (<5 µm). 

 

Figure 6.1 SEM images of (a) the carbon precursor, (b-c) LCG (Li1C6 900 °C, 3 h), and (d-f) 

LCG (Li2C6 900 °C, 3 h). 
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 The XRD pattern of the carbon precursor is typical of a disordered hard carbon with two 

broad peaks (Figure 6.2(a)).  After combining C with Li by HEMM, the XRD pattern of the C-Li 

alloy does not change (Figure 6.2(b)).  All C-Li alloys had similar XRD patterns regardless of their 

Li:C ratios. 

 

Figure 6.2 XRD patterns of (a) the carbon precursor and (b) C-Li (Li:C = 1:1) after HEMM. 

 Figure 6.3(a) shows XRD patterns of LCG-Li made from Li1C6 after different heat-

treatments and prior to Li removal with HCl.  All XRD patterns have sharp 002 peaks, indicating 

that Li is an effective graphitization catalyst at low temperatures.  Li2O peaks are also visible, 

which presumably arise because of the reaction between Li and metal oxide on the inner surface 

of the stainless-steel reaction tubes. 

 

Figure 6.3 XRD patterns of (a) LCG-Li after heating, (b) LCGs and (c) the 002-peak region of 

(b). 
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 The main component of LCGs (Li1C6) is graphite (Figure 6.3(b)).  Li2O is not completely 

removed after reacting with HCl (Figure 6.3(b)), possibly because some Li2O particles are trapped 

in porous structures.  Based on the fitting results, the primary component is turbostratic graphite 

(Figure 6.3(c)).  Table 6.1 lists the content of different carbon components of LCGs.  Increasing 

the heating temperature only slightly improves the graphitization level and extending the heating 

time also has little effect the graphitization level. 

 

Table 6.1 Properties of LCGs made in different conditions. 

Li:C (:LiCl) Synthesis  Amorphous 

Carbon 

Ordered 

Graphite 

Turbostratic 

Graphite molar ratio  °C hour at.% at.% at.% 

1: 6 900  3  10.0(7) 0.0(0) 89.9(7) 

1: 6 900   20  17.0(7) 2.1(7) 80.8(7) 

1: 6 1000  3  11.3(7) 9.0(7) 79.5(7) 

1: 6 1100   3  9.4(7) 10.0(7) 80.5(7) 

1.5: 6 900   3  13.3(7) 5.6(7) 81.1(7) 

2: 6 900   3  12.8(7) 9.2(7) 78.0(7) 

1: 6 (: 0.2) 1000   3  0.0 0 100 

 

 XRD patterns of LCGs made from Li-C with different Li:C ratios are compared in Figure 

6.4(a).  Li does not work effectively as a graphitization catalyst if its fraction is low (e.g. Li:C = 

0.5:6).  When the Li fraction is high (Li:C = 2:6), a Li2C2 impurity appears after heating, which is 

completely removed after reacting with HCl.  Increasing the Li fraction slightly improves the 

ordered graphite content.  However, when a high fraction of Li is added, the product is very sticky 

after ball milling, making it difficult to separate the product from the milling balls. 
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Figure 6.4 XRD patterns of (a) the LCG/Li mixtures after a heat-treatment of 900°C, 3h from Li-

C in different ratios, (b) LCGs and (c) the 002-peak region in (b).  The pseudo-Voigt fitting 

results of the 002 regions are also shown in (c). 

 A Li2C2 impurity is present after heating if LiCl is added (Figure 6.5(a)), indicating LiCl 

accelerates the formation of Li2C2.  In the final product, LiCl cannot be completely removed after 

reacting with HCl (Figure 6.5(b)).  Based on the XRD fitting data, adding LiCl facilitates the 

transition from amorphous carbon to graphitic carbon; however, it hinders the transition from the 

turbostratic graphite phase to the ordered graphite phase. 

 Figure 6.6 shows the voltage profiles and differential capacity curves of LCGs.  LCG 

(Li1C6, 900 °C 3 h) exhibits no staging phenomena (Figure 6.6(a-b)), consistent with a highly 

turbostratic graphite,105 as indicated from the XRD data.  LCG (Li2C6, 900 °C 3 h) shows clear 

staging phenomena (plateaus in Figure 6.6(c) and sharp peaks in Figure 6.6(d)), consistent with its 

higher ordered graphite content. 



107 

 

 

Figure 6.5 XRD patterns of (a) LCG/Li and LCG/Li/LiCl mixtures from Li1C6 and Li1C6(LiCl)0.2 

after being heated at 1000 °C for 3 h, (b) LCGs and (c) the 002-peak region in (b).  The pseudo-

Voigt fitting results of the 002 regions are also shown in (c). 

 

 

Figure 6.6 (a, c) Voltage profile and (b, d) differential capacity curve of LCG (Li1C6, 900 °C, 3 h) 

and LCG (Li2C6, 900 °C, 3 h), respectively. 

 

6.4 Summary 

 Li is an effective graphitization catalyst.  However, Li has a lower graphitization catalysis 

efficiency compared to Mg, even though its melting point is lower.  For example, amorphous 

carbon is not completely converted into graphitic carbon in most LCGs, and the ordered graphite 
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content of LCGs is very low.  Increasing the graphitization temperature or increasing the Li 

fraction only slightly improves the graphitization efficiency.  Adding LiCl facilitates the transition 

from amorphous carbon to graphitic carbon, but it hinders the transition from turbostratic graphite 

to ordered graphite. The resulting low level of graphitization of LCGs result in poor 

electrochemical performance in Li-ion cells. For these reasons this project was not pursued further. 
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Chapter 7 Additives for Mg Catalyzed Graphitization 

7.1 Introduction 

 A number of studies have investigated the use of chlorides in catalytic 

graphitization.33,52,195–197  Otani and Ōya showed that FeCl3 and AlCl3 had catalytic effects on the 

graphitization of coal tar pitch.195,196  Zhang et al. showed that AlCl3 and ZrCl4 had catalytic effects 

on the graphitization of anthracene at high temperatures (~2800 °C).52  Hatori et al. added NiCl2 

during carbonization/graphitization of polyamic acid.197  However, adding NiCl2 did not improve 

the carbonization/graphitization efficiency.  Peng et al. synthesized graphitic carbon from carbon 

black at ~800 °C by using cathodic polarization in molten CaCl2.
33 

 Osetzky studied the carbon formed from the decomposition of magnesium carbide, and 

found the carbon product was highly graphitic.147  This work might be one of the earliest studies 

showing that highly graphitic platelets (up to 10 µm) can be made from the decomposition of 

magnesium carbide at ~1000 °C.  Osetzky also suggested that MgCl2 might be a good carbide 

carrier, which “provides a favorable environment for the formation and unhindered growth of the 

carbon units”.147  However, there is no direct evidence for this.  MgCl2 has also been evaluated as 

a graphitization catalyst by itself, but it was found to have no catalytic effect.198 

 NaCl has often been used as a catalyst support in making nanocarbon materials.93,199  Yang 

et al. synthesized graphitic nanocarbon materials with an iron catalyst supported on NaCl.  They 

found that iron nanoparticles had a high mobility on the surface of NaCl.93  Shi et al. used NaCl 

as a template in catalytic graphitization.199  They also found NaCl improved catalytic efficiency.   

 Kamali and Fray produced graphitic carbon nanomaterials by the electrochemical erosion 

of graphite cathodes in molten LiCl.200  The graphitic structure of the cathodes was greatly 

modified, and the following mechanism was suggested: LiCl reacts with graphite, forming Li2C2, 

which subsequently decomposes into graphite.200  Osetzky also found LiCl additions during 

graphitization modified graphite morphology.147 

 As shown in previous studies, aluminum also influences the graphitization process.41,185,201  

Murty et al. found aluminum is an effective graphitization catalyst at ~2000 °C.41  However, 

Sherby et al. used aluminum to stabilize iron carbide against graphitization in steel production.201  

Lux et al. found aluminum modified graphite growth routes, probably because Al blocked the 
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growth of graphite parallel to the basal plane, and forced the spiral growth of graphite 

perpendicular to the basal plane, resulting in the formation of thicker particles.185 

 Many graphites made by the Mg catalyzed graphitization method have high specific 

surface area (Table 5.2), especially those made from glucose and activated carbon.  Graphites with 

high surface areas usually have a high irreversible capacity in Li cells.  Carbon-coating proved to 

be an effective method to reduce the surface area of graphite (Chapter 5).  Another method used 

here to lower surface area is to use morphology modifying additives, like Al.185 

 In this chapter, MgCl2, LiCl, NaCl, and Al were evaluated as additives for Mg catalyzed 

graphitization.  Their influence on graphitization level, particle morphology, and electrochemistry 

was examined. 

7.2 Experimental 

7.2.1 Synthesis of catalytic graphites 

 Three carbon precursors were used: glucose (96%, Aldrich), coke (Asbury, Needle coke, 

Grade 4491) and activated carbon (Nuchar WV-B 10*25 mesh).  Carbonization and degassing 

details are described in the experimental section of Chapter 5.  The as-prepared amorphous carbons 

were combined with magnesium powder (HART METALS, INC., -325 mesh) and, optionally, 

MgCl2 powder (anhydrous, >98%, Sigma Aldrich) or LiCl powder (>99.98%, Sigma Aldrich) or 

NaCl powder (>99.5%, Sigma Aldrich) or Al powder (99.97%, -325 mesh, Alfa) by high energy 

mechanical milling (HEMM, with SPEX Model 8000-D, SPEX CertiPrep, Metuchen, NJ) or 

planetary milling (Retsch PM 200).  For HEMM samples, precursors were added to a 65 mL 

hardened steel vial and milled for 2 h with ~115 g of 4.76 mm stainless steel balls or 0.5 h with 

~45 g of 1.11 mm stainless steel balls under an argon atmosphere.  For samples prepared by 

planetary milling, precursors were combined at 100 rpm for 1 h with four WC balls (11 mm in 

diameter) under an argon atmosphere.  Table 7.1 summarizes the different materials prepared in 

this study and the corresponding methods used for combining their precursors.  Here, SC refers to 

sugar carbon, indicating amorphous carbon made from glucose, and AC refers to activated carbon.  

Some C-Mg-chloride materials were combined in one step, while others were combined in two 

steps, as indicated.   
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Table 7.1 Blending methods used for different C-Mg or C-Mg-chloride materials.  *SC = sugar 

(glucose) carbon, AC = activated carbon, subscripts indicate the stoichiometric ratios.  The suffix 

“S” indicates a one-step milling process by HEMM using a SPEX mill, while the suffixes “S+S” 

and “S+P” indicate a two-step combining process by HEMM or planetary milling. 

Symbol* 2-Step    1-Step  

  C + Mg C-Mg + chloride   C + Mg + chloride 

SC50Mg50 SPEX 115g 2h    

SC50Mg50(MgCl2)5_S    SPEX 115g 2h 

SC50Mg50(MgCl2)10_S    SPEX 115g 2h 

SC50Mg50(MgCl2)5_S+P SPEX 115g 2h Planetary 1h   

SC50Mg50(MgCl2)10_S+S SPEX 115g 2h SPEX 45g 0.5h   

SC50Mg50Al2.5_S    SPEX 115g 2h 

SC50Mg50Al10_S+S SPEX 115g 2h SPEX 45g 0.5h   

SC70Mg30 SPEX 115g 2h    

SC70Mg30(MgCl2)10_S    SPEX 115g 2h 

SC70Mg30(MgCl2)10_S+P SPEX 115g 2h Planetary 1h   

SC70Mg30(MgCl2)10_S+S SPEX 115g 2h SPEX 45g 0.5h   

SC70Mg30Al10_S+S SPEX 115g 2h SPEX 45g 0.5h   

SC70Mg30(MgCl2)10Al10_S+S SPEX 115g 2h SPEX 45g 0.5h   

SC90Mg10 SPEX 115g 2h    

SC90Mg10(MgCl2)10_S+S SPEX 115g 2h SPEX 45g 0.5h   

SC90Mg10(MgCl2)20_S+S SPEX 115g 2h SPEX 45g 0.5h   

Coke50Mg50 SPEX 115g 2h    

Coke50Mg50Al2.5_S+S SPEX 115g 2h SPEX 45g 0.5h   

Coke70Mg30 SPEX 115g 2h    

Coke70Mg30(MgCl2)10_S    SPEX 115g 2h 

Coke70Mg30(MgCl2)10_S+S SPEX 115g 2h SPEX 45g 0.5h   

Coke90Mg10 SPEX 115g 2h    

Coke90Mg10(MgCl2)5_S    SPEX 115g 2h 

Coke90Mg10(MgCl2)20_S SPEX 115g 2h SPEX 45g 0.5h   

AC50Mg50 SPEX 115g 2h    

AC50Mg50(MgCl2)10_S+S SPEX 115g 2h SPEX 45g 0.5h   SPEX 115g 2h 

SC70Mg30(LiCl)10_S+S SPEX 115g 2h SPEX 45g 0.5h   
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Symbol* 2-Step    1-Step  

  C + Mg C-Mg + chloride   C + Mg + chloride 

SC70Mg30(NaCl)10_S+S SPEX 115g 2h SPEX 45g 0.5h   

SC90Mg10(NaCl)10(MgCl2)10_S+S SPEX 115g 2h SPEX 45g 0.5h   

SC90Mg10(NaCl)10(MgCl2)10_S+S SPEX 115g 2h SPEX 45g 0.5h     

 

 After milling, C-Mg, C-Mg-Al or C-Mg-chloride(s) were heated in an argon-filled 

stainless-steel tube (100-200 mm, OD 12.70 mm, ID 9.40 mm, sealed with Parker-A-lok caps) at 

1000 °C for 3 h (unless specified otherwise), resulting in the formation of graphite-Mg, graphite-

Al or graphite-Mg-chloride.  Then ~2 g of the graphite-Mg, graphite-Al or graphite-Mg-chloride 

materials were placed in a solution of 100 mL of 2 M HCl (prepared from 37 wt. % HCl, Aldrich) 

and 2 mL of ethanol (98%, Aldrich) for 12 h with stirring.  The products were transferred to a 

Büchner funnel (Whatman filter paper, qualitative) and were washed with 2 M HCl five times and 

then washed with distilled water repeatedly until the pH of the supernatant was about 7.  Finally, 

the products were dried in air at 120 °C for 3 h.  Some C-Mg or C-Mg-MgCl2 samples were heated 

under low pressure (< 20 Pa) at 900 °C for 5 h to remove impurities. 

 Degassed coke and MgCl2 powders (Coke: MgCl2 = 80: 20 by mole) were ground for 5 

minutes by hand in an Ar-filled glove box.  The coke-MgCl2 mixture was graphitized using the 

same method described above to test if MgCl2 is an effective catalyst alone. 

7.2.2 Materials characterization 

 Graphite products were characterized by using many techniques: scanning electron 

microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), transition electron microscopy 

(TEM), X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) surface analysis, and 

pycnometry.  Some MgCl2 containing graphites were milled by HEMM (SPEX Model 8000-D, 

SPEX CertiPrep, Metuchen, NJ) in a 65 mL hardened steel vial under an argon atmosphere 

containing stainless-steel balls (~115 g of 4.76 mm balls) for 1 h.  The MgCl2 contents of milled 

graphites were determined by inductively coupled plasma-optical emission spectroscopy (ICP-

OES).  Details of these techniques and characterization methods are described in Chapter 2.  

Electrochemical measurements of catalytic graphites as working electrodes in Li-half cells were 

performed.  Details of slurry making, cell assembling and cycling are described in Chapter 2.  
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Pseudo-Voigt profiles were used to fit the 002-peak region (between 24° - 28°) of each catalytic 

graphite XRD pattern.  Depending on the graphitization level, a combination of a turbostratic 002 

peak and an ordered graphite 002 peak (both between 26° - 27°) or a combination of an amorphous 

carbon peak (~22°) and a turbostratic peak (between 26° - 27°) were applied for each fit.  The 

detailed fitting procedure can be found in Chapter 2. 

 

Figure 7.1 SEM images of graphites made from (a,b) SC50Mg50, (c,d) SC50Mg50(MgCl2)5_S, and 

(e-h) SC50Mg50(MgCl2)5_S+P. 
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7.3 Results 

7.3.1 MgCl2 additive: structural and morphological characterization 

 Figure 7.1 compares the morphology of the graphites made from SC50Mg50 without and 

with 5 at. % MgCl2.  The graphite made without adding MgCl2 is mainly composed of hexagonal 

platelets (Figure 7.1(a,b)).  Its structure has been discussed in Chapters 4 and 5.  Adding MgCl2 

greatly changes the particle and crystallite morphology (Figure 7.1 (c-h)). These samples contain 

particles which are mainly composed of spheroidal structures.  Most of the spheroidal structures 

are hollow, while some contain platelets inside.  There are also many tiny particles on the surface 

of the spheroidal structures, which are probably less-ordered graphite.  The SC50Mg50(MgCl2)5_S 

derived graphite particles are composed of thinner spheroidal shells (< 0.5 µm, Figure 7.1(d)), 

while the SC50Mg50(MgCl2)5_S+P derived graphite contains particles with thicker shells (up to 3 

µm thick, Figure 7.1(f,g)), which are composed of multiplayer-platelets.  These morphological 

changes greatly reduce the specific surface area from 82.5 m2 g-1 (SC50Mg50 derived) to 22.2 m2 g-

1 (SC50Mg50(MgCl2)5_S derived). 

 

 

Figure 7.2 (a) XRD patterns of graphites made from glucose.  Molar ratios and combination 

methods indicated in each figure.  (b) 002 peak regions and (c) enlarged version of each XRD 

pattern. 
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Table 7.2 Structural data of catalytic graphites obtained by pseudo-Voigt fitting. 

Symbols Temperature/°C 002 d002/Å Lc/Å at. %* 

SC50Mg50 1000 O 3.343(4) 357(5) 83.1 

SC50Mg50(MgCl2)5_S 1000 O 3.341(4) 371(5) 92.4 

SC50Mg50(MgCl2)5_S+P 1000 O 3.345(4) 427(5) 83.6 

  T 3.408(4) -  

SC70Mg30 1000 O 3.345(4) 335(5) 12.7 

  T 3.386(4) 150(5)  

SC70Mg30(MgCl2)10_S 1000 O 3.340(4) 328(5) 51.6 

  T 3.399(4) 186(5)  

SC70Mg30(MgCl2)10_S+P 1000 O 3.346(4) 393(5) 65.0 

SC70Mg30(MgCl2)10_S+S 1000 O 3.345(4) 380(5) 91.9 

SC90Mg10 1000 T 3.401(4) 75(5) - 

SC90Mg10(MgCl2)10_S+S 1000 O 3.343(4) 263(5) 20.4 

  T 3.400(4) 177(5)  

SC90Mg10(MgCl2)20_S+S 1000 O 3.348(4) 242(5) 35.3 

  T 3.400(4) 165(5)  

SC50Mg50 900 O 3.348(4) 288(5) 32.9 

  T 3.392(4) 178(5)  

SC50Mg50(MgCl2)10_S 900 O 3.363(4) 291(5) 68.8 

SC50Mg50(MgCl2)10_S+S 900 O 3.347(4) 322(5) 80.9 

SC50Mg50 800 T 3.401(4) 179(5) - 

SC50Mg50(MgCl2)10_S 800 O 3.370(4) 185(5) 11.7 

  T 3.427(4) 79(5)  

SC50Mg50(MgCl2)10_S+S 800 O 3.351(4) 196(5) 18.7 

  T 3.401(4) 86(5)  

Coke70Mg30 1000 O 3.350(4) 368(5) 17.1 

  T 3.396(4) 144(5)  

Coke70Mg30(MgCl2)10_S 1000 O 3.341(4) 382(5) 34.1 

  T 3.401(4) 210(5)  

Coke70Mg30(MgCl2)10_S+S 1000 O 3.344(4) 331(5) 80.0 

  T 3.399(4) 157(5)  

Coke90Mg10 1000 T 3.424(4) 57(5) - 

Coke90Mg10(MgCl2)5_S 1000 O 3.350(4) 207(5) 13.4 

  T 3.410(4) 202(5)  
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Symbols Temperature/°C 002 d002/Å Lc/Å at. %* 

Coke90Mg10(MgCl2)20_S 1000 O 3.351(4) 277(5) 35.9 

  T 3.401(4) 198(5)  

SC70Mg30(LiCl)10_S+S  1000 O 3.342(4) 373(5) 33.6 

  T 3.400(4) 137(5)  

SC70Mg30(NaCl)10_S+S 1000 O 3.346(4) 374(5) 26.3 

  T 3.414(4) 164(5)  

SC90Mg10(LiCl)10(MgCl2)10_S+S  1000 O 3.348(4) 303(5) 15.9 

  T 3.403(4) 207(5)  

SC90Mg10(NaCl)10(MgCl2)10_S+S 1000 O 3.347(4) 342(5) 26.2 

    T 3.408(4) 218(5)   

 * at. % indicates ordered graphite atomic percent. 

 Figure 7.2 compares the XRD patterns of the graphites made from SC50Mg50 without and 

with 5 at. % MgCl2.  All graphites are highly graphitic (Figure 7.2 (a)).  The SC50Mg50 derived 

product is composed of 83.1 at. % ordered graphite.  Adding MgCl2 further improves the 

graphitization level to 92.4 at. % (Table 7.2).  However, the SC50Mg50(MgCl2)5_S derived graphite 

also contains MgCl2 and Fe7C3 peaks (Figure 7.2(c)).  MgCl2 has a high water-solubility.  

However, MgCl2 was not completely removed even after reacting with water for an additional 12 

hours (stirring) and repeated washings with water.  In addition, no magnesium chloride hydrates 

were detected by XRD from these graphites.  Since MgCl2 is highly hygroscopic and absorbs water 

quickly to form magnesium chloride hydrates in air, this suggests that the MgCl2 detected by XRD 

is neither accessible by air or water, which might be trapped in voids within graphite particles.  

The Fe7C3 is likely a consequence of Fe contamination during HEMM. Similar Fe7C3 peaks were 

found for some of the graphites mentioned in Chapter 5. This contamination might be avoided if 

HEMM is conducted with ceramic vessels/milling media. When using the one-step combination 

method (carbon + Mg + MgCl2, 2h HEMM), Fe7C3 XRD peaks were always detected in the 

products.  The Fe7C3 is problematic, since the Fe7C3 XRD peaks influence CARBONXS fitting 

because some Fe7C3 peaks overlap with graphite peaks (100 and 101).  If the Fe7C3 peaks are 

strong, CARBONXS fitting results are not trustworthy.  Therefore, CARBONXS fitting was not 

used in this chapter.  In addition, if there are Fe7C3 XRD peaks, the contribution of Fe to the 

catalytic graphitization may not be insignificant.  The two-step combination method, in 

comparison, effectively suppresses Fe contamination (Figure 7.2(c)).  In this method, carbon and 
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magnesium were first milled by 2h HEMM, and then MgCl2 was added by a low-energy method, 

such as planetary milling or 0.5h HEMM.  No Fe7C3 XRD peaks were detected for the graphites 

made by using the two-step combination method. 

 Figure 7.3 compares the morphology of the graphites made from SC70Mg30 without and 

with 10 at. % MgCl2.  Reducing the Mg content from 50 at. % to 30 at. % greatly influences the 

particle morphology and the graphitization efficiency.  As shown in Figure 7.3 (a,b), the SC70Mg30 

derived graphite is mainly composed of densely packed fine particles, with some aggregated 

hexagonal platelets.  Densely packed fine particles indicate a lower graphitization level, as 

demonstrated in Chapter 5.  After adding MgCl2, the graphite products mainly contain spheroidal 

structures (5 - 20 µm, Figure 7.3 (c-h)), which are composed of bent polygonal platelets (Figure 

7.3(d,e,g,h).  The surface area of the graphite products decreases from 87.7 m2 g-1 (SC70Mg30 

derived) to 29.6 m2 g-1 (SC70Mg30(MgCl2)10_S+S derived) due to these morphological changes.  

Graphites made from SC70Mg30(MgCl2)10_S+P and SC70Mg30(MgCl2)10_S+S also contain many 

tiny particles on the spheroid surfaces, which are probably composed of less ordered graphite. 

 

Figure 7.3 SEM images of graphites made from (a,b) SC70Mg30, (c,d,e) SC70Mg30(MgCl2)10_S+P, 

and (f,g,h) SC70Mg30(MgCl2)10_S+S. 
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 Figure 7.4(a) shows XRD patterns of SC-Mg and SC-Mg-MgCl2 after milling.  All the 

XRD patterns contain sharp Mg peaks, indicating a crystalline Mg structure.  The 

SC70Mg30(MgCl2)10_S XRD pattern has no MgCl2 peaks, probably because the grain size of MgCl2 

is too small to be detected after 2h HEMM.  In comparison, the XRD patterns of 

SC70Mg30(MgCl2)10_S+P and SC70Mg30(MgCl2)10_S+S have MgCl2 peaks, because the crystalline 

structure of MgCl2 was not destroyed in the low-energy combination step.  An Fe peak was also 

detected for SC70Mg30(MgCl2)10_S, confirming that Fe contaminant is more easily induced by 

using the one-step combination method than the two-step method. 

 

 

Figure 7.4 XRD of (a) combined C-Mg or C-Mg-MgCl2 materials before heating, and (b) 

corresponding heated graphite-Mg or graphite-Mg-MgCl2 materials. 
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Figure 7.5 SEM images of graphites made from glucose with different precursor stoichiometries 

and different combination methods as indicated, and their corresponding EDS elemental 

mapping images and spectra. 

 Figure 7.5(a) shows an SEM image and corresponding elemental mapping images of 

SC70Mg30(MgCl2)10_S after milling.  The particle in Figure 7.5(a) is an aggregate of primary 

particles.  Carbon signals from this particle are weak while Mg signals are strong, indicating the 
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particle is covered by Mg.  Cl signals are evenly distributed, indicating a homogeneous distribution 

of MgCl2.  The SEM and EDS results for SC70Mg30(MgCl2)10_S+P and SC70Mg30(MgCl2)10_S+S  

after milling are similar (not shown). 

 Figure 7.4(b) shows XRD patterns of SC-Mg and SC-Mg-MgCl2 after heating.  The MgCl2-

free sample has sharp graphite peaks, Mg peaks, and MgO peaks.  MgO may have formed due to 

an oxygen impurity in the carbon precursor or introduced as oxides on the inner surfaces of the 

stainless-steel reaction tube.  Graphite70Mg30(MgCl2)10_S also has MgCl2·6H2O and Fe7C3 peaks.  

MgCl2·6H2O formed because this sample was accidentally exposed to air after heating and the 

MgCl2 immediately reacted with water.  In comparison, Graphite70Mg30(MgCl2)10_S+P and 

Graphite70Mg30(MgCl2)10_S+S do not have Fe or Fe7C3 peaks. 

 Figure 7.5(b) shows an SEM image and corresponding elemental mapping images of 

SC70Mg30(MgCl2)10_S+S after heating.  The aggregate contains spherical structures, on which C 

signals are strong while Mg/Cl signals are weak.  This suggests C, Mg and MgCl2 have re-

distributed after graphitization.  SC70Mg30(MgCl2)10_S+P and SC70Mg30(MgCl2)10_S have similar 

particle morphologies and elemental distributions after heating (not shown). 

 Figure 7.6 shows XRD patterns of the graphites made from SC70Mg30 with optional MgCl2.  

Although the graphite made from SC70Mg30 is essentially all composed of graphitic carbon, is 

highly turbostratically disordered, with an ordered graphite content of only 12.7 at. %.  Adding 

MgCl2 greatly increases the ordered graphite content to 51.6 at. % (SC70Mg30(MgCl2)5_S derived), 

65.0 at. % (SC70Mg30(MgCl2)10_S+P derived) and 91.9 at. % (SC70Mg30(MgCl2)10_S+S derived) 

(Table 7.2).  However, adding MgCl2 results in an MgCl2 residue, which is not accessible by water 

or air, as discussed above.  The graphite made by the one-step combination method also contains 

Fe7C3, which is not detected for the graphite made by the two-step combination method. 
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Figure 7.6 (a) XRD patterns of graphites made from SC70Mg30 with and without MgCl2 and (b) 

their corresponding 002 peak regions. 

 Figure 7.5(c,d) show SEM images, corresponding elemental mapping images, and EDS 

spectra of the graphites made from SC70Mg30(MgCl2)5_S and SC70Mg30(MgCl2)10_S+S.  All Mg 

signals should come from MgCl2 because the atomic ratio of detected Mg and Cl is very close to 

1:2.  Strong and evenly distributed Mg and Cl signals were detected from the SC70Mg30(MgCl2)5_S 

derived graphite, while weak and sporadic Mg and Cl signals were detected from the 

SC70Mg30(MgCl2)10_S+S graphite during the same data collecting time, probably because the latter 

contains less MgCl2 residues.  Fe was identified from the SC70Mg30(MgCl2)5_S derived graphite 

by EDS, but not detected for the SC70Mg30(MgCl2)10_S+S derived graphite, consistent with XRD 

data. 
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Figure 7.7 SEM images of graphites made from (a,b) SC90Mg10, (c,d,e) 

SC90Mg10(MgCl2)10_S+S, and (f,g,h) SC90Mg10(MgCl2)20_S+S. 

 

 Figure 7.7 and 7.8 show SEM images and XRD patterns of the graphites made from 

SC90Mg10 without and with 10 or 20 at. % extra MgCl2.  The SC90Mg10 derived graphite is 

essentially all composed of densely packed fine particles, without any platelet structures (Figure 

7.7 (a,b)), and is composed of turbostratic graphite and amorphous carbon (Figure 7.8).  In 

comparison, the SC90Mg10-MgCl2 derived graphites are composed of tiny platelets (< 0.5 µm, 

Figure 7.7 (h)), with a few spheroidal structures (Figure 7.7 (d,g,h)).  Adding MgCl2 improves the 

graphitization efficiency, and more MgCl2 results in higher graphitization levels (Figure 7.8 and 

Table 7.2). 
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Figure 7.8 (a) XRD patterns of graphites made from SC90Mg10 without and with MgCl2.  

Precursor stoichiometries and blending methods are indicated.  (b) 002 peak regions of each 

XRD pattern. 

 

 By comparing Figure 7.2(a), Figure 7.6(a) and Figure 7.8(a), it is noteworthy that the 

graphites made from SC50Mg50(MgCl2)10_S and SC70Mg30(MgCl2)10_S+S, which have a high 

graphitization level, have weaker MgCl2 peaks than the graphite made from 

SC90Mg10(MgCl2)10_S+S, which has a low graphitization efficiency.  The MgCl2 contents of these 

graphites were determined to be 0.52 wt. %, 1.94 wt. %, and 6.88 wt. %, respectively, by ICP-

OES.  In other words, a higher graphitization level corresponds to a lower MgCl2 content in the 

final graphite. This may indicate that the more highly graphitized samples have fewer void spaces 

in which MgCl2 can become trapped and inaccessible to washing. 
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Figure 7.9 SEM images of graphites made from (a,b) SC50Mg50, (c,d) SC50Mg50(MgCl2)10_S+S 

at 900 °C, and (e,f) SC50Mg50, (g,h) SC50Mg50(MgCl2)10_S+S at 800 °C. 

 Figure 7.9 shows SEM images of the graphites made at lower temperatures (900 and 800 

°C) from SC50Mg50 without and with MgCl2.  The graphite made from SC50Mg50 at 900 °C is 

essentially all composed of small platelets (<5 µm, Figure 7.9 (a,b)), while the graphite made at 

800 °C is mainly composed of densely packed fine particles, with a small amount of tiny platelets 

(<0.5 µm, Figure 7.9 (c,d)).  After adding MgCl2, the SC50Mg50-MgCl2 derived graphite (900 °C) 

is mainly composed of spheroidal particles with tiny particles on surface (Figure 7.9 (c,d)), while 

the SC50Mg50-MgCl2 derived graphite (800 °C) is composed of dense particles (major component) 

and spheroidal particles.  Figure 7.10 shows XRD patterns of the graphites made at lower 
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temperatures from SC50Mg50 without and with MgCl2.  Similar phenomenon can also be observed 

here: (1) adding MgCl2 greatly increases the graphitization level at 900 and 800 °C (Table 7.2); 

(2) combining C, Mg and MgCl2 together by 2h HEMM increases the graphitization level, but also 

induces Fe7C3 contaminants (3) combining C-Mg with MgCl2 by a milder method prevents 

inducing Fe7C3 contaminants and further increases the graphitization level; (4) graphites of higher 

crystallinity contain less amounts of MgCl2 residue. 

 

Figure 7.10 XRD patterns of graphites made from SC50Mg50, SC50Mg50(MgCl2)10_S, and 

SC50Mg50(MgCl2)10_S+S (a) at 900 °C and (c) at 800 °C, and (b,d) corresponding 002 peak 

regions. 
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Figure 7.11 SEM images of graphites made from Coke-Mg without and with MgCl2.  Precursors 

are labelled on the left. 
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 The Coke70Mg30 derived graphite is composed of platelets and densely packed fine 

particles (Figure 7.11(a,b)).  Adding MgCl2 changes the particle morphology from platelets to 

spheroidal structures (Figure 7.11(c-f)) and improves the graphitization efficiency (Figure 

7.12(a,b)).  This suggests adding MgCl2 changes the graphite morphology and improves the 

graphitization efficiency regardless of the precursor type.  The Coke90Mg10 derived graphite is 

essentially all composed of dense particles (Figure 7.11(g,h)).  In comparison, the Coke90Mg10-

MgCl2 derived graphite contains small platelets (Figure 7.11(i,j)), indicating an improvement in 

graphitization level (Figure 7.12(c,d)). 

 

Figure 7.12 (a-d) XRD patterns of graphite made from Coke-Mg without and with MgCl2.  XRD 

patterns of (e) graphite-impurity mixtures after graphitization and (f) corresponding graphite 

products after low-pressure heating (900 °C, 5h). 
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 The low-pressure evaporation method (introduced in Chapter 4) was also used here.  After 

graphitization, the products are mixtures of graphite, Mg, MgO and MgCl2 (Figure 7.12(e)).  After 

heating under low-pressure, Mg was completely removed (Figure 7.12(f)) while MgO remains.  

As explained in Chapter 4, this is because Mg easily evaporates at 900 °C under low pressure while 

MgO does not.  For the MgCl2-containing sample, MgCl2 was not completely removed after low-

pressure heating.  But the MgCl2 peaks become much weaker, indicating some MgCl2 has been 

removed. 

 To test if MgCl2 is an effective graphitization catalyst by itself, MgCl2 was combined with 

coke without Mg.  Figure 7.13 compares the XRD patterns of heated coke-MgCl2 (1000 °C, 3h) 

and coke.  The carbon structure almost does not change before and after heating, suggesting MgCl2 

is not an effective catalyst.  This is consistent with previous studies.198 

 

Figure 7.13 XRD patterns comparing coke with heated coke-MgCl2. 

7.3.2 MgCl2 additive: electrochemical characterization 

 Figure 7.14 shows the electrochemical performance of the graphites made from SC-Mg 

without and with MgCl2.  The graphites made from SC70Mg30(MgCl2)10_S+S (1000 °C) and 

SC50Mg50(MgCl2)10_S+S (900 °C) have well defined staging phenomena (Figure 7.14(a-d)), 

corresponding to their highly graphitic structures.  The reversible capacity and columbic efficiency 

of these graphites were greatly improved compared to the graphites made without adding MgCl2 

(Figure 7.14(e-f)).  However, the irreversible capacities of these graphites were still very high 

(~50%), similar to that of graphites made without adding MgCl2, although their surface areas were 
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much smaller (~ 30 m2 g-1 vs. ~ 80 m2 g-1).  It has been shown that the irreversible capacity of 

graphite increased proportionally to its specific surface area.202,203  However, the irreversible 

capacity is not only determined by the surface area of graphite, but also by many other factors, 

such as particle size and morphology. 204,205  For the graphites made from C-Mg-MgCl2, there are 

not insignificant amounts of voids within graphite particles, as shown indirectly by the trapped 

MgCl2.  Li species may become trapped in these voids , contributing to the irreversible capacity.206  

In addition, there are many tiny particles on the graphite surfaces, which may significantly 

contribute to the irreversible capacity.  Removal of these tiny particles, for example by mild 

oxidation, may improve performance further. 

 

Figure 7.14 (a-b) Voltage profiles and (c-d) differential capacity curves of graphite made from 

SC-Mg-MgCl2.  (e) Cycling performance and (f) coulombic efficiency of graphites made from 

SC-Mg without and with MgCl2 as labelled. 
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7.3.3 LiCl and NaCl additives: structural and morphological characterization 

 Figure 7.15(a-f) show the SEM images of the graphites made from SC70Mg30 with LiCl or 

NaCl.  Adding LiCl/NaCl changes the morphology of graphites, and LiCl and NaCl have similar 

effects.  Both of the graphites made from SC70Mg30(LiCl)10 and SC70Mg30(NaCl)10 are composed 

of two main components: well-defined small spheroids (1-5 µm) and tiny platelets (< 0.5 µm).  

The spheroidal structures are more complete and smoother, compared to those observed in the 

graphites made from SC-Mg-MgCl2.  Similar to MgCl2, LiCl and NaCl residues cannot be 

completely removed from the final products (Figure 7.16(a)), probably again due to NaCl/LiCl 

trapped within voids in the graphite particles that are not accessible by water/air.  NaCl residues 

are evenly distributed on the product surface (Figure 7.15(g)).  Adding LiCl/NaCl also increases 

the graphitization level (Figure 7.16(a)), but not as drastically as adding MgCl2 (Table 7.2).  

Osetzky found that carbon with a higher graphitization level can be made by adding MgCl2 and 

LiCl/NaCl, compared to only adding MgCl2.
147  However, the result in this work is contradictory 

to Osetzky’s study (Figure 7.16(c,d) and Table 7.2).147 

 

 

Figure 7.15 SEM images of graphites made from (a,b,c) SC70Mg30(LiCl)10_S+S and (d,e,f) 

SC70Mg30(NaCl)10_S+S.  (g) An SEM image of graphite made from SC70Mg30(NaCl)10_S+S and 

corresponding elemental mappings. 
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Figure 7.16 XRD patterns of graphites made from (a) SC70Mg30(NaCl)10_S+S and 

SC70Mg30(LiCl)10_S+S, and (b) corresponding 002 peak regions.  XRD patterns of graphites 

made from (c) SC90Mg10(NaCl)10(MgCl2)10_S+S and SC90Mg10(NaCl)10(MgCl2)10_S+S, and (d) 

corresponding 002 peak regions. 



132 

 

7.3.4 Aluminum additive 

 Adding Al as an additive greatly changes the morphology of graphite particles (Figure 

7.17(a-c)), which are essentially all composed of crystalline branches.  These crystal branches do 

not remain planar, but curve quite freely (Figure 7.17(c)). 

 When both Al and MgCl2 were added, another type of particle morphology was observed 

(Figure 7.17(d-i)).  The graphite grown from SC-Mg-Al-MgCl2 is mainly composed of spheroidal 

particles.  Most of the spheroidal particles are filled with bent crystalline platelets (Figure 

7.17(e,g)).  This is different from the graphite particles made from C-Mg-MgCl2 (Figure 7.1(c-f)), 

which are mainly hollow spheroids, or C-Mg-Al (Figure 7.17(a-c)), which are crystalline branches. 

 

Figure 7.17 SEM images of graphites made from SC-Mg with aluminum and optional MgCl2. 

 Graphite specific surface areas (SSA) were also greatly reduced after adding Al due to the 

change in morphology.  For example, SSA of the graphites made from SC50Mg50Al10 and 

SC70Mg30Al10(MgCl2)10 are only ~40 m2 g-1 and ~20 m2 g-1, respectively.  In comparison, SSA of 

the graphites made from SC50Mg50 and SC70Mg30 are ~80 m2 g-1. 
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 Figure 7.18(a-b) show XRD patterns of the graphites made from SC50Mg50 and 

SC50Mg50Al.  All products are highly ordered graphites.  Adding Al does not change the 

graphitization level greatly.  However, an impurity (Al0.4Fe0.6) was induced to the final product 

when SC, Mg and Al were combined together by a one-step 2h HEMM.  The induction of Al0.4Fe0.6 

can be avoided by combining SC with Mg first, then combining SC-Mg with Al by 0.5h HEMM.  

Figure 7.18(c-d) show XRD patterns of the graphites made from SC70Mg30, SC70Mg30Al10 and 

SC70Mg30Al10(MgCl2)10.  As above, adding the Al additive does not change the graphitization 

level.  However, adding MgCl2 greatly improved the graphitization efficiency. 

 

Figure 7.18 (a, c) XRD patterns of graphites made from SC-Mg with optional Al and optional 

MgCl2 as additives, and (b, d) corresponding enlarged 002-regions. 
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 Adding Al also changes the graphite morphology when using coke as the precursor.  The 

graphite made from Coke50Mg50Al2.5 is composed of small curly platelets and large block-like 

particles, as shown in Figure 7.19.  However, adding Al reduces the catalytic graphitization 

efficiency and adding more Al results in a lower graphitization level (Figure 7.20).  This is very 

different from using a glucose precursor. 

 

 

Figure 7.19 SEM images of the graphite made from Coke50Mg50Al2.5_S+S. 

 

 

Figure 7.20 XRD patterns of graphites made from coke-Mg with optional Al. 
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7.4 Discussions 

7.4.1 MgCl2: morphology modification, graphitization efficiency and mechanism 

 The graphites made from C-Mg without MgCl2 are mainly composed of platelets and 

dendrites, and very small amounts of spheroidal structures are also found in the graphite made 

from ground SC-Mg (Chapter 3).  Adding MgCl2 greatly modifies the particle morphology.  The 

SC-Mg-MgCl2 derived graphites are essentially all composed of spheroidal particles (Figure 

7.1(c), Figure 7.3(f), Figure 7.9(c), Figure 7.11(c-f)), regardless of the precursor type. 

 The growth of spheroidal graphite from metal melts have been intensively studied and 

various models have been proposed.137,207–209  It was suggested that an increase in cooling rate 

favors a graphite morphology change from flakes to spheres in metal-carbon melt systems.137,209–

211  But the cooling rates of C-Mg and C-Mg-MgCl2 are almost the same in this study, and therefore 

should not be a factor influencing the formation of the spheroidal morphology.  Amini et al. 

pointed out that the cooling rate of metal-carbon melts influenced the growth rate of graphite, and 

further influenced graphite morphology.137  In other words, graphite morphology is kinetically 

dependent, and is affected by the crystal growth rate.  In this study, the MgCl2 additive may be a 

good carrier for carbides, as suggested by Osetzky, and may kinetically improve the catalytic 

graphitization process somehow.147 However, Boehm disagreed with Osetzky’s assumption and 

pointed out that alkaline earth metals are soluble in the corresponding molten metal chlorides,212 

and are highly reactive in this form.150  Therefore, the Mg dissolved in MgCl2 are more reactive 

during catalytic graphitization and thus cause graphite crystals to grow faster compared to that 

without MgCl2.  At low growth rates, graphite crystals grow normal to basal planes (e.g. 002) and 

prismatic planes (e.g. 101), following a continuous growth mechanism.137,213–215  At intermediate 

growth rates, solid-liquid interfaces between graphite prismatic planes (e.g. 101) and liquid 

become rough and prismatic planes grow faster than basal planes, and thus the formation of flakes 

is favored, following a lateral growth mechanism, such as the growth of graphitic platelets from 

C-Mg.137,213–215  At high growth rates, interfaces of both basal planes and prismatic planes become 

rough and grow faster; and particle bending appears, resulting in bulky spheroidal morphology, 

such as the growth of graphite from C-Mg-MgCl2.
137,188,213–215  This also explains why some 

spheroidal particles have thick shells (Figure 7.1(f,g), Figure 7.3(h)).  Because of repeated bending 
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of graphite platelets, spheroidal particles usually contain a higher amount of structural defects, 

such as rotation defects (Figure 7.3(e,h)) and vacancies.188 

 The formation of spheroidal structures might also be explained by other reasons.  Sadocha 

et al. and Muhmond et al. suggested that foreign elements can affect the growth of graphite 

crystals.188,189  For example, the presence a surface oxygen impurity might reduce the bending 

ability of platelets by decreasing their surface tension, so that the spherical shape deteriorates into 

a platelet structure.188  In this study, MgCl2 may affect the growth of graphite in an opposite way: 

it may improve the bending ability possibly by increasing the platelet surface tension and surface 

energy, so that the system attempts to decrease its energy by forming spheroidal structures.132,187  

Muhmond et al. also demonstrated that some foreign elements (e.g. H, F) might favor the 

formation of pentagonal rings of C atoms instead of hexagonal rings, by forming chemical bonds 

between foreign elements and pentagonal rings.  Pentagonal C rings create curvature in the basal 

plane and cause spheroidal growth of graphite.189  It is possible that Cl forms chemical bonds with 

pentagonal C rings, or MgCl2 may favor the formation of chemical bonds between pentagonal C 

rings and other foreign elements.  Similar phenomena were found in cast irons where some 

elements indirectly assisted sphere growth.137 

 Adding MgCl2 also improves the catalytic graphitization efficiency, even at lower 

temperatures (900 and 800 °C) or when using a lower amount of Mg catalyst (30 at. % and 10 at. 

%), regardless of precursor types.  This is likely because MgCl2 is a good carrier for carbides or 

Mg is more reactive in the Mg-MgCl2 system, as explained above, and thus the catalytic 

graphitization process is accelerated.147,150  However, MgCl2 alone is not an effective catalyst 

(Figure 7.13).  

7.4.2 MgCl2: combination methods and impurities 

 Fe contamination is an inherent drawback of HEMM with stainless steel vials and balls.180  

MgCl2 further enhances the possibility of Fe contamination during HEMM.180  A proper 

combination method is crucial in this study, which greatly influences the purity and graphitization 

level of the final products: if the energy is too high (2h HEMM with ~115g balls) when adding 

MgCl2, significant amounts of Fe contaminant is induced, while if the energy is too low (1h 

planetary milling), the graphitization efficiency is limited.  Only a proper combination method 
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(0.5h HEMM with ~45g balls) can avoid the formation of Fe-C compounds and lead to a high 

graphitization level. 

 The graphites made from C-Mg-MgCl2 contain MgCl2 residues, which are not water or air 

accessible.  As explained above, spheroidal graphite particles contain many defects such as voids, 

where MgCl2 may be trapped.188  These voids are within the graphite particles and thus are not 

accessible by water or air, unless the graphite structure is destroyed.  Therefore, some MgCl2-

containing graphites were ball milled by HEMM to destroy their graphite structures, so that MgCl2 

could be dissolved in acid for ICP-OES measurements.  The ICP-OES results prove that a higher 

graphitization level corresponds to a lower MgCl2 content, probably because the more ordered 

graphites contain less voids and thus less amounts of trapped MgCl2. 

7.4.3 LiCl and NaCl  

 Adding LiCl or NaCl also greatly modifies graphite morphology, resulting in a mixture of 

spheroidal particles and tiny platelets (< 0.5 µm).  The spheroidal structures are more complete, 

smoother, and smaller compared to those found in the graphite made from C-Mg-MgCl2.  

Spheroidal particles form probably also because LiCl and NaCl make magnesium carbon 

formation and decompositions kinetically favorable.147  However, the graphitization enhancement 

resulting from LiCl or NaCl is much less dramatic than MgCl2, and therefore a significant amount 

of small platelets (probably of low-graphitization level) exist in these samples. 

7.4.4 Al 

 Adding Al greatly changes the morphology of graphite particles (Figure 7.17(a-c)), which 

are essentially all composed of crystalline branches.  This type of crystal growth is usually called 

“dendric branching growth”, which occurs when a solute impurity is present in a carbon-catalyst 

solution.185  Similar crystal branches were observed in graphite grown from a C-Ni-B solution 

(Figure 7.21(a)) 185.  In comparison, the way hexagonal graphitic platelets (Figure 4.1(e-h)) grow 

from C-Mg melts is usually called “single crystal growth”, which is common for graphite grown 

from carbon-catalyst solutions with little impurities.185 
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Figure 7.21 A graphite particle formed due to the existence of Al during graphitization of Ni-C.  

Reproduced from 185 with permission. 

 Block-like graphite crystals were observed in graphite made from C-Mg-Al (Figure 

7.17(f)), which formed probably because Al particles blocked the original growth routes of 

graphite, forcing the crystal to grow along the 001 direction.  A similar phenomenon was observed 

in the graphite grown from a C-Ni-Al solution, (Figure 7.21(b)) 185. 

 The graphite made from C-Mg-MgCl2-Al has a modified morphology and an improved 

graphitization level.  Al and MgCl2 apparently work independently: MgCl2 improves the 

graphitization efficiency, while Al alters crystal growth routes and modifies particle morphologies 

in the way explained above. 

 Adding Al also modifies the morphology of graphite made from coke (Figure 7.19), which 

is, however, quite different from the morphology of graphite made from SC.  Moreover, adding 

Al greatly reduces the graphitization efficiency of coke, while it is not the case when using SC as 

the precursor.  The reason is not fully understood yet. 

7.5 Summary 

 Adding chlorides (MgCl2, LiCl, and NaCl) greatly changes the morphology of graphite 

particles during the Mg-catalyzed graphitization process regardless of the precursor type.  

Spheroidal particles rather than platelets dominate the graphite products.  This is probably because 

these chlorides increase the growth rate of graphite particles and thus particle bending appears.  

Adding chlorides greatly improves the Mg catalyzed graphitization efficiency.  Among all three 
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chlorides, MgCl2 works the best. It effectively improves the graphitization level even at relatively 

low temperatures (800 and 900 °C) or when less Mg catalyst (10 and 30 at. %) is used.  The 

chloride residues cannot be completely removed by reacting with acid/water.  These chlorides are 

not accessible by neither air nor water, probably because they are trapped in voids within graphite 

particles.  The voids may be formed during the formation of the spheroidal structures.  A higher 

graphitization level leads to a lower MgCl2 content, due to a lower void content. 

 Adding Al also changes the morphology of graphite particles.  However, for different 

precursors, different graphite morphologies were observed.  It was expected that Al blocked the 

original growth routes parallel to the basal plane, forcing the crystal to grow perpendicularly in a 

spiral way.  Interestingly, the graphitization efficiency for a coke precursor is significantly 

suppressed after adding Al, while it is almost not influenced when using a SC precursor. This is 

not fully understood yet.  When both Al and MgCl2 are added, the graphite product has a modified 

morphology and an improved graphitization level, probably in a way that Al and MgCl2 work 

independently. 

 The method used to combine precursors played an important role in this study, as it greatly 

influences the product purity and the graphitization efficiency.  If C, Mg and additives are 

combined with one-step HEMM, Fe contaminants are induced.  If C and Mg are combined first by 

HEMM and then additives are added using a low energy process (1h planetary milling), the 

graphitization efficiency is limited.  Only a proper combination method can avoid the formation 

of iron carbides and meanwhile lead to a high graphitization level.  Switching to ceramic milling 

containers and media may eliminate this source of contamination. 
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Chapter 8 Conclusion 

8.1 Summary  

 In this thesis, the catalytic effects of Mg and Li on the graphitization process and the effects 

of precursors, mixing/heating conditions, and additives on the graphitization rate and the final 

graphite morphology were studied using a variety of techniques.  Many interesting chemistries 

were discovered and discussed.  These findings could guide to further understanding of the 

catalytic graphitization process and the resulting products.   

 In Chapter 3, Voronoi-tessellated graphites (VTGs) were made by heat-treatment of hard 

carbon at 800 - 1000 °C for 1 - 3 h with a Mg catalyst.  The magnesium and carbon precursors 

were combined together by hand grinding.  The temperatures at which graphitization was achieved 

(≤ 1000 °C) were far below that conventionally used for artificial graphites (~3000 °C) and the 

graphitization level of some the resulting graphites was high (~99 at. % graphitic carbon), 

suggesting that this method may lead to less energy intensive graphite synthesis methods.  To the 

authors’ knowledge, this is the first time that Mg has been shown to be an effective and efficient 

graphitization catalyst that works at ~1000 °C.  The microstructure of VTGs is quite interesting, 

indicating that the graphite grows as sheets outward from Mg spheroidal centers to form Voronoi-

tessellated regions.  Unlike transition metal catalysts (Fe, Co, Ni), Mg was easily removed by 

reacting with acid.  The purity of the VTGs were very high, as confirmed by using ICP-OES, 

fulfilling an initial goal of achieving effective graphitization using a catalyst that can be easily 

removed from the graphite products.  However, VTGs made by the grinding method comprise 

significant amounts of turbostratic graphite.  It was also shown that the Mg vapor is not an effective 

graphitization catalyst. 

 In Chapter 4, hexagonal platelet graphite (HPG) crystals were grown from milled hard 

carbon/Mg alloys at 800 - 1000 °C in 3 - 20 h.  Compared to the grinding method introduced in 

Chapter 3, the milling method worked much more efficiently at the same graphitization conditions.  

Some HPGs are highly crystalline, and are more ordered than some artificial graphites made at 

2850 °C.  When cycled in Li half-cells, the HPGs made at 1000 °C have the best performance 

reported thus far for graphites made at such low temperatures, with characteristics similar to that 

of commercial artificial graphites made at much higher temperatures (~ 3000 °C).  However, HPGs 

contain hexagonal platelets and some graphene particles.  The special microstructure results in 
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high specific surface area (~80 m2 g-1), leading to high irreversible capacity in Li half-cells.  Carbon 

coating greatly reduced the irreversible capacity and increased the coulombic efficiency (CE) of 

HPGs during cycling.  However, the reversible capacity of carbon-coated HPGs was slightly 

reduced due to the added amorphous carbon content.  Mg catalyzed graphitization may be a 

convenient route to synthesizing high purity bulk graphite with unique microstructures.  Such 

highly graphitized, but high surface area carbons in this study may be desirable in applications 

such as supports for catalysts used in chemical synthesis or in fuel cells.  The low-pressure 

evaporation method was shown to be an effective way to remove Mg, although MgO impurities 

remain in the product.  By a proper design of the furnace and tubes, it is possible to recover the 

Mg catalyst. 

 In Chapter 5, Mg catalyzed graphites were made from various precursors, including 

polymer, composite and carbohydrate precursors.  All precursors were effectively converted from 

amorphous carbon to highly graphitic carbon after a low temperature (1000 °C) and a short 

duration (3 h) graphitization process.  The graphitization level of the graphite products was greatly 

influenced by the precursor types.  Most non-polymer precursors can be converted into highly 

ordered graphite, while most polymer precursors can be converted into a mixture of ordered 

graphite and turbostratic graphite.  Catalytic graphites are composed of particles with various 

morphologies.  Generally, as the graphitization level increases, the graphite morphology changes 

from dense particles, to small platelets, to large platelets with tiny particles, to pure large platelets.  

The graphitization level is also greatly affected by the pre-heating process (carbonization).  This 

is probably because different pre-heating processes yield amorphous carbons with different 

structures (e.g. cross-linking, aromatic structure, parallel-layer groups), and with different types or 

amounts of non-carbon elements.  Some highly ordered catalytic graphites have excellent cycling 

stability and high reversible capacity in Li half-cells.  However, most of the catalytic graphites 

have high irreversible capacity, probably due to their high surface areas and the existence of less 

ordered particles on the graphite particle surfaces. 

 In Chapter 6, Li was shown to be an effective graphitization catalyst.  However, Li has a 

lower catalysis efficiency compared to Mg.  Most of the lithium catalyzed graphites (LCGs) 

comprise amorphous carbon, and only comprise small amounts of ordered graphite. 
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 In Chapter 7, chlorides (MgCl2, LiCl, and NaCl) were used as additives in Mg catalyzed 

graphitization, which greatly changed the morphology of graphite particles regardless of the 

precursor type.  After adding these chloride additives, spheroidal particles dominated in graphite 

products rather than platelets.  This is probably because chlorides increase the growth rate of 

graphite, resulting in particle bending.  Adding chlorides also improved the graphitization 

efficiency, among which MgCl2 worked the best.  Although MgCl2 is not an effective catalyst by 

itself, adding MgCl2 improved the graphitization efficiency at relatively low temperatures (800 

and 900 °C) or when using a lower amount of Mg catalyst (10 and 30 at. %).  However, chloride 

residues in graphite products cannot be completely removed by reacting with acid/water, and are 

not accessible by air, probably because they are trapped in voids within the graphite particles.  A 

higher graphitization level leads to a lower MgCl2 residue content, perhaps due to a higher 

structural order and a lower void content.  The method in which the precursors, catalyst and 

additives are combined plays an important role.  A proper combination method can avoid inducing 

impurities and improve graphitization efficiency.  The low-pressure evaporation method was 

effective in removing MgCl2, though it was less efficient compared to reacting with acid.  Al was 

also used as an additive in Mg catalyzed graphitization, which changed the graphite morphology 

and reduced the graphite surface area. 

8.2 Future Work 

8.2.1 Surface treatment and refining of catalytic graphite particles 

 Most catalytic graphites in this study have high specific surface area (> 30 m2 g-1), leading 

to high irreversible capacity and relatively low CE during Li cell cycling, as shown in Chapter 4 

and 5.  Some relatively-low-surface-area graphites (e.g. coke graphite and tire graphite, ~ 10 m2 g-

1) also have higher irreversible capacity than battery-grade commercial graphites (e.g. MAGE).  

The carbon-coating method introduced in Chapter 4 is an effective method to reduce the graphite 

surface area and improve initial CE.  However, the resulting initial CE is still not high enough 

(should be > 90% or even > 95%), perhaps because the surface area of the carbon-coated graphite 

is still high (~20 m2 g-1).  A better particle refinement or surface treatment method is required to 

reduce the irreversible capacity and improve the CE of catalytic graphites in Li cells. 

 Particle refinement and surface treatment processes are always required in battery-grade 

anode graphite production in industry.  For synthetic anode graphite made by the Acheson process, 
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particle refinement is conducted by grinding, classifying and coating to optimize graphite particle 

design.216  Natural graphite flakes are treated by sophisticated mechanical milling techniques (via 

micronization and spheroidization) to obtain spherical particles for better cycling 

performance.216,217  A wet-chemical and/or a thermal purification process is also conducted to 

decrease the impurity content in natural graphite.216  Although it is difficult to get detailed 

information of these processes from manufacturers, many inspiring methods have been described 

in publications, such as mechanical milling,216,218 carbon coating,218–221 and oxidization.205  For 

different graphite products made from various precursors, different methods should be applied due 

to their difference in particle morphology and impurity types and contents. 

8.2.1.1 Graphite particle morphology 

 Changing particle morphology is an effective way to reduce the surface area of graphite.216  

The reduced surface area results in a low irreversible capacity and high CE.  Yoshio et al. described 

a method of making spherical graphite from flaky graphite by impact milling, which greatly 

changes the particle morphology and reduces the surface area.218  A proper method is required to 

convert catalytic graphite platelets into low-surface area particles (e.g. spheres).222,223  This is 

important in future work if catalytic graphites were to be applied in Li batteries. 

8.2.1.2 Carbon coating 

 Carbon coating is a vital step to ensure the good electrochemical performance of 

graphite,216 probably because: (1) the SEI film formed on carbon-coated graphite is more compact 

and much thinner than that on bare graphite;219–221 (2) the coated carbon layer suppresses many 

side reactions such as graphite exfoliation, electrolyte decomposition, and reduction of functional 

groups on graphite surface.219  Therefore, it is important to apply a proper carbon-coating process 

to improve the electrochemical characteristics of catalytic graphites.  For example, chemical and 

thermal vapor decomposition (CVD and TVD) may be promising methods as they have been the 

most widely used methods for carbon-coating on graphite.218,220 

8.2.1.3 Mild oxidation 

 Catalytic graphites in this study were made at ~ 1000 °C.  Carbon materials heated at ~ 

1000 °C usually comprise non-negligible amounts of hydrogen.224  During the lithiation process, 

Li can bind with H in an activated process, which causes hysteresis during cycling.146  These Li-



144 

 

H bonds are quasi-reversible and some of the bonds would not reform during the delithiation 

process, resulting in low CE.146,224  A mild oxidation (e.g. burning in air) of graphite was found to 

reduce the irreversible capacity of graphite in Li cells.205  During the mild oxidation process, C-H 

can be converted into COOH, C=O or C-OH, which irreversibly form COOLi or C-OLi during the 

lithiation process, becoming part of the solid electrolyte interphase (SEI) layer.205  In this way, 

electrolyte decomposition is inhibited to some degree and the irreversible capacity is reduced.205  

In addition, some catalytic graphites comprise tiny particles on the graphite surface, which are less 

graphitic carbon.  These tiny particles may significantly contribute to the irreversible capacity and 

reduce the reversible capacity in Li cell cycling.  The less graphitic components have a lower 

burning point in air than the ordered graphite as been confirmed by the thermal gravimetric 

analysis.  Therefore, a mild oxidation process may be a promising method to reduce irreversible 

capacity of catalytic graphites in future work.  In the oxidation process, a proper temperature 

should be applied, or the irreversible capacity would be increased 204. 

8.2.2 Reducing Mg amount 

 To make highly ordered graphite products, 50 at. % Mg was used in graphitization as 

introduced in Chapter 3 – 5.  After adding a proper additive (e.g. MgCl2), highly ordered graphite 

products were made with 30 at. % Mg.  However, 30 at. % Mg is still too much.  It is desirable to 

use less Mg (e.g. < 10 at. % or even < 5 at. %) in catalytic graphitization.  This is a kinetic problem 

considering that highly ordered graphite can be made at 1000 °C, rather than a thermodynamic 

problem.  Therefore, one should find a way to increase the reaction rate of the catalytic 

graphitization.  Possible solutions include increasing the heating temperature (from 1000 °C to 

1100 °C, 1200 °C or even higher) and extending heating duration (from 3 h to 5h, 10h or even 

longer).  This has been shown to be effective in improving the graphitization level in Chapter 3 

and 4.  In addition, proper additives (e.g. MgCl2) should also be used. 

8.2.3 Other additives for Mg-catalyzed graphitization 

 Additives play an important role in influencing the catalytic graphitization mechanism, 

improving/reducing catalytic graphitization efficiency and modifying graphite particle 

morphology.  Besides MgCl2, LiCl, NaCl, and Al introduced in Chapter 7 and 8, other additives 

may also be useful.  For example, Fitzer et al. found that natural graphite as an additive has a 

catalyzing effect on the crystalline ordering of the glasslike disordered carbon.225  Stefanescu et 
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al. found that Ca, Y and Lanthanides (Ce, La) favored the formation of spherical graphite 

particles.132 

8.2.4 Materials recycling by catalytic graphitization 

 Human society produces a lot of carbon-containing solid waste.  For example, millions of 

tires are discarded around the globe every year.160  It is desirable to find a good way to recycle 

these materials, such as converting them into graphite.  Various materials have been used as 

precursors in Mg catalyzed graphitization as described in Chapter 5, and many of them have been 

made into highly ordered graphite.  However, there are many problems to overcome in order to 

make the catalytic graphitization applicable to the recycling process.  Here only chemical 

processing will be considered.  The first problem, as mentioned above, is that too much Mg was 

used in catalytic graphitization.  A lower amount of Mg should be used to make the process 

scalable.  The second problem is the low graphitization efficiency of some precursors.  A better 

carbonization process is a possible solution to increase the graphitization efficiency of some 

precursors, as discussed in Chapter 5.  For example, polyvinyl alcohol (PVA) is a graphitizable 

polymer.  Highly ordered graphite has been made from a PVA/metal oxide mixture at 1200 °C.81  

It is possible that highly ordered graphite can be made from PVA by applying the Mg-catalyzed 

graphitization process with a modified carbonization method.  A good carbonization method for 

PVA (or other precursors) is to convert it into a carbon comprising a high fraction of aromatic 

structures and parallel-layer groups.  Methods that have been used to improve the carbonization 

process include using mixed precursors.  For instance, in the industrial graphite synthesis process, 

coal tar pitch is used as a filler for petroleum coke during the carbonization process to densify the 

graphite product.151  Sugii et al. also found that adding PVA to a carbonaceous gel improved the 

graphitization efficiency of the latter material.226 

8.2.5 Mechanism of Mg catalyzed graphitization 

 In this work, it is believed that the mechanism of the Mg catalyzed graphitization is a 

combination of the dissolution-precipitation of carbon and the formation-decomposition of 

carbide.  However, there is no direct evidence confirming the formation of magnesium carbide.  

Further work should be done to confirm the mechanism, for example, using in-situ XRD. 
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8.2.6 Oxygen content in carbon precursors 

 MgO impurities have been observed in many graphite/Mg mixtures after graphitization.  

There are two assumptions for the source of oxygen: oxygen impurity in carbon precursors and 

metal oxides in the inner surface of the heating tubes.  Further work should be done to confirm the 

oxygen content in carbon precursors.  This is very important because if carbon precursors still 

contain significant amounts of oxygen, Mg may preferentially react with the oxygen impurity, 

forming MgO and reducing the amount of effective Mg catalyst, leading to the reduction of 

graphitization efficiency. 

8.2.7 Fe contamination 

 As is shown in Chapter 5, iron contaminants were detected by XRD in some catalytic 

graphites.  Because iron is also an effective catalyst for graphitization, it is important to determine 

the Fe contamination content in the milled C/Mg before graphitization to estimate how much Fe 

contributes to the catalyzed graphitization process.  It is also important to determine the Fe amount 

in the final graphite products. 

8.2.8 Other Catalysts 

 Many other alkali metal and alkali earth metal elements were previously thought to be 

ineffective or inefficient graphitization catalysts.  Using the Mg-catalyzed graphitization method 

introduced in this thesis, these elements (e.g. Na, Ca, Al) were found to be effective or highly-

efficient graphitization catalysts. 

8.3 Concluding remarks 

 Mg-catalyzed graphitization is a new method to make graphites from a variety of 

precursors.  Many more graphites are likely to be discovered than shown in this thesis.  Many more 

applications other than Li-ion batteries may be possible.  This is a highly promising field for future 

work. 
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