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ABSTRACT 

This body of work investigates the structural, chemical, and electrochemical effects of 

substitutional doping on three distinct materials systems: phosphorus-doped graphitic carbon, 

aluminum-doped graphitic carbon, and phosphorus-doped silicon. Success of doping is found to 

depend on the synthetic route employed (bottom-up or top-down) as well as the selection of dopant 

with respect to the host material. Al- and P-doped graphitic carbons were prepared by bottom-up 

pyrolysis of liquid precursors at low to modest temperatures (800-1100 ℃). In both cases, doping 

was found to be challenging to achieve without the formation of byproducts and phase segregation. 

Efforts to synthesize phosphorus-doped graphitic carbons led to an interesting discovery that the 

phosphorus allotrope side-product could be controlled by altering the precursor. This work 

quantifies the relative phosphorus allotropes present (white, red, or a combination thereof) in each 

composite using a combination of materials characterization techniques. Such materials are 

interesting lithium-ion anode materials that exhibit the first evidence of the reversible lithiation of 

white phosphorus, enabled by stabilization of P4 domains between graphitic sheets. Aluminum-

doped graphitic carbon, on the other hand, was found to be extremely difficult to obtain without 

forming mullite (3Al2O3∙2SiO2) as a byproduct. Nevertheless, we report the first signature of 

trigonal planar or puckered AlC3 type doping sites. Lastly, we explored phosphorus-doped silicon 

materials prepared via top-down solid-state synthesis strategies. Homogenously and 

heterogeneously doped silicon nanoparticles were obtained by exploring a wide range of synthetic 

parameters and successful doping was confirmed by X-ray diffraction. Phosphorus doping in dilute 

quantities (1000 ppm) is found to unambiguously and positively impact the electrochemical 

performance of silicon as a lithium-ion anode. Ultimately, the work presented in this thesis 

illuminates the challenges associated with doping by both bottom-up and top-down synthesis 

strategies while also exploring the electrochemical relevance of chemically-modified graphitic and 

silicon-based materials.  

 



1 

 

 

CHAPTER ONE 

INTRODUCTION AND MOTIVATION 

Applications of Batteries 

The electrification of transportation is acknowledged as one of the most substantial 

opportunities for mitigating the social and environmental challenges that stem from global 

warming.1, 2 The push towards electrification is prompted by advances made within battery 

technology: notably the rechargeable lithium-ion battery (LIB). Total life cycle emissions 

(including product manufacturing, production, existence, use and disposal) of internal combustion 

engine vehicles and electric vehicles (EVs) are respectively 55 and 39 metric tons of CO2 

equivalent.3 Replacing internal combustion engine vehicles with electric vehicles can reduce CO2 

emissions by ~30%.  For this reason,  the adoption of EVs is highly incentivized; for example, in 

the United States over a dozen states plan to ban the manufacturing and sales of internal 

combustion engine vehicles by 2035.4 Further, the Bipartisan Infrastructure Law under the Biden 

Administration has invested $7.5 billion to build 500,000 EV chargers making it more accessible 

and reliable, more than $7 billion for critical minerals and necessary battery components to make 

batteries and over $10 billion for clean public transportation.5 At present, EV batteries 

predominately utilize lithium-ion technology due to its high energy density (250 Wh kg-1, 600 Wh 

L-1)6 and long cycle life. Nevertheless, there exist opportunities for technological development 

aimed at rapid fast charging (80% state of charge in under 15 minutes)7 and increased mileage 

range comparable to current internal combustion engine vehicles. This thesis will delve into the 

advancements and intricacies of lithium-ion battery chemistry pertaining to the anode. 



2 

 

 

State-of-the-Art Lithium-Ion Battery 

The development of the first rechargeable LIB is rich in history, involving numerous 

scientific contributions, each addressing not only individual cell components but also the eventual 

chemical compatibility at each component interface. Key components include the anode, cathode, 

electrolyte, and separator, as shown in Figure 1.1.8 In a fully charged cell, lithium atoms reside in 

the anode material. Upon discharging, lithium ions flow through a liquid or solid electrolyte 

towards the cathode whilst electrons flow in the same direction through an external circuit. The 

electrolyte facilitates the movement of lithium ions between the electrodes; meanwhile, the 

separator, typically a thin and porous material, serves to prevent contact between the anode and 

cathode while still enabling the flow of lithium ions.6, 8 
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Figure 1.1. Conventional lithium-ion battery containing an anode, cathode, electrolyte, and 

separator. Upon discharge, lithium-ions flow from the anode to the cathode upon discharge and 

the electrons flow through the external circuit in the same direction.  

 The harmonious operation of the rechargeable LIB arose from three major contributions 

made by Stanley Whittingham, John B. Goodenough and Akiro Yoshino who were eventually 

awarded the Nobel Prize in Chemistry in 2019 for their finding in the 1970s and 1980s.6, 8 

Whittingham first identified an innovative cathode material, titanium disulfide (TiS2), capable of 

housing lithium ions, which in its lithiated state is LiTiS2.
9 This was a crucial development towards 

rechargeable LIB technology, but at the time was incompatible with the current lithium metal 

anode and carbonate liquid electrolyte being used in non-rechargeable LIBs.9 The spirit of 

Whittingham’s work was carried forward by Goodenough who discovered lithium cobalt oxide 
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(LiCoO2), a layered oxide capable of housing lithium ions while also enabling a higher voltage 

than previous cathode materials.8 Shortly after, Yoshino paired the LiCoO2 cathode with a 

petroleum coke anode, a less graphitized carbon, to make the very first rechargeable LIB.10 This  

general technology was commercialized in 1991 by Sony and has since revolutionized our world.6, 

8, 11  

Rocking Chair Battery 

Early designs of LIBs utilized pure Li metal (Li(m)) as the anode material owing to its high 

energy density and low potential.6, 12, 13 It was quickly realized, however, that the intrinsic 

instability and passivation of pure Li(m) at the anode interface when it reacts with liquid electrolytes 

leads to a series of safety hazards: most notably dendritic formation, short-circuiting, and the 

subsequent thermal runoff, which can result in explosions and fire.12-14 Nonmetal compounds  

(e.g., LixMnYm) which can instead store and exchange lithium ions were adopted to avoid stripping 

and plating of the Li(m).
14 The most commonly used cathode materials of this form today are lithium 

cobalt oxide (LiCoO2), lithium manganese oxide (LiMn2O2), Lithium iron phosphorus (LiFePO4, 

LFP)  ̧and lithium nickel manganese cobalt oxide (LiNiMnCoO2, NMC).15 A cyclical transfer and 

storage of lithium ions can be achieved when another Li-accepting compound, AzBw, is used as 

the anode. Equation 1.1 shows the charge and discharge of compounds LixMnYm and AzBw. The 

“rocking” of lithium ions between electrodes during (dis)charging has been coined as the “rocking 

chair” battery.14  

(1.1) LiyMnYm + AzBw ↔ Li(y−x)MnYm + LixAzBw 
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Energy Storage Mechanisms  

Li+
 storage is dominated by three mechanisms: intercalation, alloying, and conversion, as 

depicted in Figure 1.2. Intercalation facilitates the transport of lithium ions in one-, two- or three-

dimensional channels with minimal disruption to the electrode structure.9 Perhaps the most 

prominent example of an intercalation-based material is graphite whereby lithium ions are stored 

in the interlayer galleries.16 17Alloying occurs when lithium ions insert into the host material “M” 

(where M can be either a compound or element) forming new bonds: Li-M.18 Anode materials that 

undergo alloying reactions are promising owing to their relatively high energy densities, however, 

are associated with severe volume expansion during the (de)alloying/(de)lithiation process.19, 20 

Lastly, the conversion mechanism involves binary compounds, MaXb, where M and X are metal 

cations and non-metal anions, respectively (e.g., a metal oxide).21, 22 Li+ insertion along with 

electrons results in complete reduction of the M+ state to a M0 state and the subsequent formation 

of Li-X bonds21, 23. The above three mechanisms are highly dependent on the host material 

structure, morphology, and chemistry and can result in vastly different lithiation capacities. The 

work presented herein will focus on intercalation and alloying mechanisms in the context of 

graphitic carbon and silicon-based anode materials, respectively.  
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Figure 1.2. Lithium-ion charge storage mechanism; a) intercalation, b) alloying and c) conversion.  

Charging Conventions 

The meaning and convention of the words, (dis)charging, (de)alloying, and 

(de)intercalation are relative to the system of discussion. When charging in a full-cell, lithium-

ions migrate from the cathode to the anode where intercalation occurs. Upon discharging of the 

anode de-intercalation occurs.24 It is important to note that in a lithium half-cell configuration, Lim 

serves as the anode acting as both the counter and reference electrode and the material of interest 
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serves as the cathode or working electrode. In this work the above conventions will always be used 

with respect to the anode material. 

The Graphite Anode 

Graphite is the conventional LIB anode material owing to its environmental benignity, 

abundance, strong cycling stability, low intercalation potential (0.01 V vs. Li/Li+) and its modest 

theoretical capacity of 372 mAh g-1
 (upon lithiation to LiC6).

11 The structure of graphite, which 

consists of sp2 hybridized graphene layers stacked via van der Waals forces in an ABAB stacking 

sequence, play an important role in the intercalation of lithium.17, 25 Figure 1.3 shows the structure 

of graphite and stoichiometric positioning of lithium atoms in graphite.  

 

Figure 1.3. Structure of a) crystalline graphite and b) fully intercalated graphite (LiC6) where 

carbon and lithium atoms are respectively black and purple. (c-d) show graphite and LiC6 from a 

bird’s eye view. Note, when fully lithiated, the graphite structure shifts from an ABAB stacking 

sequence to AAAA.    
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Lithium intercalation was known to exist as early as 1975 through molten lithium26 or 

compressed lithium powder25 techniques. Electrochemically reversible lithiation of LiC6, however, 

remained a challenge owing to decomposition and co-intercalation of carbonate based liquid 

electrolytes (i.e., propylene carbonate (PC)) and exfoliation of the graphite sheets.27 Yazami and 

Touzain were the first to reversibly intercalate graphite in 1983 with use of a solid polymer 

electrolyte. Successful reversible intercalation using liquid electrolyte was eventually also 

demonstrated 1990 with the use of co-solvent ethylene carbonate (EC).27 

To achieve a maximum stoichiometry of LiC6, a staging phenomenon occurs whereby 

lithium ions intercalate into graphite sheets at every nth layer (where n equals an integer number 

≥ 1). As the concentration of lithium increases eventually n =1 where every layer is occupied by 

lithium. This model was first proposed by Rüdorff and Hofmann in 1938 and is illustrated in Figure 

1.4.28 It does not however explain how a material goes from stage 4 to 3 per se and assumes the 

complete de-intercalation of state 4 and then re-intercalation at stage 3 in order to fill empty 

graphite sheets. Albert Hérold and N. Daumas attempt to correct for this model suggesting that for 

stages where n > 1, graphite sheets behave in a flexible manner, in which they can deform and 

form intercalant islands for lithium ions to move from one layer to another (See Figure 1.4).17, 29 

Still, it remains a matter of question as to how exactly this staging mechanism works.  
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Figure 1.4. Schematic of proposed intercalant staging mechanisms. a) Rüdorff and Hofmann 

model28 and b) Daumas-Hérold model.17, 29 

 Limitations and Modifications of the Graphite Anode While graphite has remained the 

state-of-the-art LIB anode material since its commercialization in the 1990’s owing to its structural 

and electrochemical stability it is limited by relatively low theoretical capacity and rapid charging 

capabilities when considering the rising energy demand.11 This is especially true within the electric 

vehicle (EV) market where desired charging times are <15 minutes.7  Currently, such necessary 

rapid charging in the graphite anode is limited by the de-solvation of lithium ions out of solution 

at the electrolyte-anode interface despite strong diffusion between graphitic sheets (10-7–10-6 cm2 

s-1)30, therefore, careful selection of the lithium containing salt and organic based solvents in liquid 

electrolytes is important. For example, ethylene carbonate (EC) is often paired with LiPF6 salt 

because of its high solvation ability and more so its formation of stable solid electrolyte interphase 
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(SEI) at the electrolyte-anode interface.31, 32 The SEI plays an important role in preventing 

cointercalation of lithium salt-solvent pairs into graphite which can consequently results in 

exfoliation of the graphite structure and unstable cycling. 27, 33 

Well known solvents such as propylene carbonate (PC), 1,2 dimethoxyethane (DME) and 

tetrahydrofuran (THF), can dissolve Li+
 in high concentrations and are suitable for the lithium 

metal anode but unfortunately are incompatible with the graphite anode due to cointercalation.33 

To overcome undesired cointercalation effects, the use of gylme solvents have been explored to 

help dissociate and dissolve lithium ions.34 Another challenge of the graphite anode intimately 

related to the formation of SEI is irreversible capacity loss on the first cycle and therefore low 

initial coulombic efficiency. This is a result of reductive electrolyte decomposition and irreversible 

consumption of Li+ by SEI formation. Surface modification of graphite particles and careful 

electrolyte selection attempt to target the issues mentioned above.35-38  

Many of the above issues associated with the graphite electrode relate to electrolyte 

selection which affect the formation and behavior of the SEI and thereon overall cell performance. 

A much more intrinsic limitation of the graphite anode, however, is its limited theoretical capacity 

of 372 mAh g-1 (upon lithiation to LiC6). Simply replacing the graphite anode with a high-capacity 

alloying based material, such as silicon, is an option that is being heavily explored but requires 

new selection and compatibility of the electrolyte, cathode and operating cell voltage.20, 39, 40 Main 

focus of the graphite anode material in this work aims to increase the theoretical capacity to meet 

rising energy demands. 
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Research Directions Related to the Graphite Anode   

The first project presented in this thesis (chapter 4) details structural and chemical 

modification of turbostratic graphitic carbon by phosphorus doping. Doping under different 

synthetic parameters, mainly phosphorus containing precursors, leads not only to substitutionally 

doped carbon but also composite P/C materials. The inherent high capacity of phosphorus domains 

within the graphitic carbon system was quickly realized with aims to increase the theoretical 

capacity of graphite while also leveraging high surface area and conductivity of turbostratic 

graphitic carbon.  Chapter 5 addresses aluminum-doped graphitic carbon in an attempt to 

understand how n-type and p-type dopants affect the resulting structure and chemistry of graphitic 

carbon. This proved to be much more synthetically challenging and has not yet been studied 

electrochemically but remains a material of interest for future work.  

Pushing the Frontier of the Lithium-Ion Battery 

The graphite LIB anode has remained state-of-the-art since its commercialization in the 

early 1990’s beyond those of lead-acid and nickel-metal hydride type batteries; it today exists as 

our primary energy source in all mobile devices (e.g., smart phones and tablets).12 To meet rising 

energy demands graphite is being overlooked in exchange for alternative materials capable of high 

volumetric/gravimetric energy density and fast rate capabilities. This is particularly important in 

the electric vehicle market where long range (>300 miles) and short charging times (<15 min) are 

desired.41 The Department of Energy (DOE) launched the Battery 500 consortium in 2017 to 

develop next generation LIBs capable of delivering 500 Wh kg-1,42 where for reference, current 

graphite-based LIBs are only able to deliver around 220 kW kg-1.43, 44 Future anode materials of 

interest are alloy-based (i.e., primarily phosphorus and silicon) due to their large stoichiometric 
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ratio of lithium they can accommodate compared to intercalation-based materials.45 Lithium metal, 

phosphorus and silicon will be discussed as potential anode materials owing to their high energy 

densities.12 Particular emphasis will be given to silicon, a primary focal point of this dissertation.  

Lithium metal is a long-time contender as an energy dense anode material owing to its high 

theoretical capacity of 3860 mAh g-1 and low standard potential (-3.04 V vs. SHE).13 Stanley 

Whittingham was the first to use lithium metal as the negative electrode in the 1970’s where he 

studied the intercalation mechanisms of the TiS2 positive electrode and founded the concept of 

intercalation-based materials.9, 13 The use of lithium metal has, however, been at a standstill since 

the 1980’s owing to safety concerns. During charging/discharging, lithium metal undergoes 

stripping and platting resulting in dendritic growth.13 The continuous formation of dendrites further 

exposes new surfaces to the electrolyte and leads to the continuous formation of SEI and 

decomposition reactions. Further, dendrites can separate from the active material acting as “dead 

lithium”, contributing to poor coulombic efficiency.13, 46 Issues associated with dendritic growth 

can be catastrophic especially if the cell shorts resulting in a cascade of events; high current 

discharge, rapid heat evolution, fire and/or explosions.13 To curb the effects of dendritic growth, 

many have focused on the formation of stable protective layers at the lithium/electrolyte interface 

that still allows for passivation and diffusion of Li ions.47-49 Similarly, electrolyte engineering has 

been studied.50, 51 Nevertheless, the high reactivity of lithium metal and dendritic formation in 

liquid electrolyte still pose inherent risk especially when considering flammability and leakage of 

electrolytes.12, 13 Replacing standard carbonate liquid electrolyte with solid electrolyte such as 

ceramic Li-ion conductors demonstrates diminished dendritic growth.13, 52 There are, however, 

challenges associated with all solid-state batteries mainly concerning low ionic conductivity of the 
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solid electrolyte and the interface between solid components.12, 52 The implementation of lithium 

metal anodes in either liquid or solid electrolyte batteries still today remains a worthwhile 

challenge.  

 Phosphorus has also warranted attention as a promising anode material in LIBs due to its 

high theoretical capacity of 2596 mAh g-1 (as it lithiates towards Li3P), low redox potential, and 

its elemental abundance within the earth’s crust.12, 53 Furthermore, phosphorus exists in three 

primary allotropic forms; black P (BP), red P (RP), and white P (WP).12, 54 BP is the most stable 

of the allotropes consisting of layered sheets with high in-plane electrical conductivity (~1×102 S 

m-1) and Li+ diffusion channels between the sheets.55 This material however is challenging to 

synthesize requiring high pressures (>1.2 GPa) therefore researchers have devoted attention 

towards RP a more commercially available allotrope but far less conductive (~1×10-12 S m-1).56-58 

The use of RP in conductive carbon composite materials can be used to enhance conductivity.59 

Lastly, WP at this point in time, has little to no electrochemical relevance due to its pyrophoric 

nature.60 An in-depth overview of phosphorus allotropes, respective structures, and applicability 

towards lithiation will be given in Chapter 4. Like many alloy-based materials, phosphorus is 

largely hindered by large volume expansion upon (de)lithiation on the order of 300% resulting in 

pulverization of the electrode.61, 62 Attempts to alleviate severe volume expansion involve size 

engineering, structural hierarchical engineering and most commonly, the formation of composite 

materials (e.g., ball-milling phosphorus and carbon).63-65 

The Silicon Anode 

 As the demand for longer driving range and faster charging times for EV’s intensifies, 

silicon has received increasing attention due to its practical theoretical capacity (3579 mAh g-1
, 
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Li15Si4) at room temperature and low voltage window.12, 20, 66 Like bulk phosphorus, silicon 

undergoes an alloying storage mechanism during lithiation. Figure 1.5 shows the structures of pure 

and fully lithiated silicon (Li15Si4). At elevated temperature (415 ℃) silicon can achieve an even 

higher theoretical capacity of 4200 mAh g-1 as it lithiates to Li22Si5.
66, 67 Discrete voltage plateaus 

at elevated temperatures are observed for Li12Si7, Li14Si6, Li13Si4, and Si22Si5 alloy phases. 

The Si-Li reaction process is shown in equations 1.1-4.40 At room temperature when 

crystalline silicon is lithiated it forms an amorphous LixSi alloy. If further lithiated below 0.05 mV 

(vs Li/Li+) the LixSi alloy transforms to crystalline Li15Si4. Upon delithation of either LixSi or 

Li15Si4 phases, amorphous silicon forms.18 Pure crystalline silicon is never achieved again in this 

process. 

Figure 1.5. crystal structure of a) crystalline silicon and b) Li15Si4. Depiction shows a 2x2x2 unit 

cell. Silicon and lithium atoms are represented in blue and purple, respectively.  
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(1.1)  𝑆𝑖(𝑐) + 𝑥𝐿𝑖+ + 𝑥𝑒− → 𝐿𝑖𝑥𝑆𝑖(𝑎) 

(1.2)  𝐿𝑖𝑥𝑆𝑖(𝑎) + (3.75 − 𝑥)𝐿𝑖+ + (3.75 − 𝑥)𝑒− → 𝐿𝑖15𝑆𝑖4(𝑐) 

(1.3)  𝐿𝑖15𝑆𝑖4(𝑐) → 𝐿𝑖𝑥𝑆𝑖𝑦(𝑎) + 𝑦𝐿𝑖+ + 𝑦𝑒− + 𝐿𝑖15𝑆𝑖4(𝑐,𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙) 

(1.4)  𝐿𝑖𝑥𝑆𝑖(𝑎) → 𝑆𝑖(𝑎) + 𝑥𝐿𝑖+ + 𝑥𝑒− 

Limitations and Modifications of the Silicon Anode Several challenges exist associated 

with silicon as an anode material. Most prohibitive is large volume expansion on the order of 300-

400 % experienced during (de)lithiation, leading to mechanical stress, pulverization of the 

electrode, loss of electrical contact with the current collector, reduced life cycle and even cell 

failure.40 Repeated mechanical stress on the silicon particles during (de)lithiation can lead to 

particle cracking and thereon the formation of unstable SEI on the surface of silicon. The cascading 

events following volume expansion during (de)lithiation of the silicon anode are of serious concern 

when attempting to scale and commercialize the material: perhaps most concerning is the potential 

for thermal runaway, a self-accelerating reaction that occurs due to internal reactions and 

decomposition of the liquid carbonate-based electrolyte which can result in a rapid rise in 

temperature, release of gas, or even fire and explosions.68  

Creative solutions attempting to directly control for volume expansion experienced by 

silicon during (de)lithiation involve size engineering, hierarchical engineering, development of 

core-shell structures, pre- or partial- lithiation strategies and perhaps most simply, the formation 

of composite materials. Limitations of the silicon anode are not only limited to volumetric 

expansion but also the stability between standard carbonate electrolyte, SEI, and silicon surfaces 

that are responsible for decomposition reactions and thermal runaway. Thermal stability of silicon 
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is addressed by considering electrolyte selection, surface modifications, and perhaps most 

interesting and far less explored, stabilization of the silicon lattice through chemical doping.  

Nanoengineering of silicon by particle size reduction and structural engineering (i.e., 

nanowires, nanorods, or porous structures) is advantageous when mitigating volume expansion, 

lithium induced strain and pulverization. This was first determined by Liu et al., who demonstrated 

that crystalline silicon particles below a critical size (<150 nm) do not experience particle fracture 

and cracking.69 It was later shown by McDowell et al., that amorphous silicon spheres up to 870 

nm in diameter do not fracture upon lithiation70; this is much larger than the previously reported 

150 nm critical particle size. Presently, for crystalline silicon, sub 150 nm nanoparticles hail as a 

top performing material without pulverization/cracking.71 Low-dimensional structures such as 

silicon nano-rods, -wires72, -tubes, and porous structures39 can also be used to mitigate radial 

volume expansion while also enhancing overall electrical conductivity in the one-dimensional 

direction72. Chan et al., demonstrated this concept with nanowires, achieving the theoretical 

capacity for silicon (4,200 mAh g-1 for Li4.4Si) on the first cycle with little to no fading within the 

first 10 cycles between 0.01-2.0 V versus Li/Li+.72 This excellent performance can be attributed to 

the core-shell phase distribution of crystalline (core) and amorphous silicon (shell) and enhanced 

electrical conductivity in the one-dimensional direction of the nanowires. 

Nevertheless, from an industry perspective, an important consideration remains regarding 

scalability of the above-mentioned silicon structures in a commercial setting. For this reason, there 

is still strong emphasis on large-grain, low-cost silicon electrode fabrication.73, 74 The use of micro-

particle silicon can be accomplished by partial lithiation strategies, where the full capacity of 

silicon is not fully utilized. For example, macro sized silicon particles (4.5 µm) retain 80% residual 
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capacity over 250 cycles when lithiated 20% whereas <50 cycles when lithiated 70%.74 Partial 

lithiation of silicon results in lower overall capacities but corresponds to smaller volume expansion 

and generally electrochemical longevity.75 

Thermal runaway during cycling is another limiting factor towards the commercialization 

of the silicon anode unless containing very low silicon loadings (<20% silicon in carbon 

composites). Current mitigation practices involve careful battery management systems where cells 

are carefully monitored and deconstructed based on their electrochemical performance and 

physical state (i.e., temperature and/or SOC). Material-based solutions are far less explored. 

Chemical modification by doping alkaline earth metal and/or p-block heteroatom dopants is a 

proposed method to increase stability of nano-silicon phases. For example, it has been shown that 

the incorporation of small amounts of aluminum into Li15Si4 lead to the formation of Li15-xAlxSi4 

(0.4 <x<0.8) which is stable up to 700 ℃.76 In contrast, Li15Si4, has a limited stability window, 

decomposing at 200 ℃. This prompted further exploration of magnesium and zinc dopants to form 

Li14MgSi4 and Li14.05Zn0.95Si4 phases.76 In both cases incorporation of dopants in low quantities 

(5.2 at% Mg, 4.7 at% Zn) show increased thermal stability and shifted decomposition temperature 

by more than 400 ℃.76 Another study further expanded on the above stable Li-M-Si ternaries and 

demonstrated incorporation of M dopants (M=Mg, Zn, Al, and Ca) via electrochemical 

cointercalation using M(TFSI)x as secondary salts in the electrolyte.77 Significant stabilization in 

these systems was observed leading to improved coulombic efficiencies, longer cyclability and 

improved capacity retention. 
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Research Directions Related to the Silicon Anode 

Herein, we attempt to stabilize the silicon lattice by chemical doping of phosphorus 

(chapter 6) and later explore alternative dopants (chapter 7). The primary goal of the work is to 

identify the role of substitutional doping on the silicon lattice towards electrochemical properties, 

as decoupled from other properties such as particle size and distribution of the dopant. 

Homogenous and heterogenous doped materials are obtained over a wide range of synthetic 

parameters (phosphorus composition (at%), temperature set point (℃), ramp rate (℃ min-1), dwell 

time(h)) through a facile solid-state synthesis. Indeed, improved capacity retention and cycling 

stability is observed when silicon is doped with phosphorus. Questions in this work remain as to 

what mechanism, mechanical stabilization, thermal stabilization, or combination thereof, gives rise 

to increased stability.  
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CHAPTER TWO 

CHEMICAL MODIFICATION OF MATERIALS VIA DOPING 

Structural and Chemical Modification to Materials 

Structure-property relationships of materials are heavily influenced by synthesis and 

processing techniques including but not limited to chemical treatment78-80, electrochemical 

treatment,81-83 surface modification84, 85 and thermal treatment.85-87 Several ingenious discoveries 

based on materials modifications has vastly advanced our technology today, for example allowing 

for the development of optoelectronic,88, 89 photovoltaic90, 91 and semiconductor applications.78, 92 

A common strategy within materials modification efforts is elemental doping, involving the 

addition of impurity elements to a crystalline lattice in small quantities (e.g., in the parts per million 

(ppm) scale).93 Structural changes due to doping of such materials are reflected in gradual changes 

in the lattice parameters, change in level of crystallinity, and in atomic positions and symmetry. 

From a chemical perspective, dopants can alter electric, thermal and optical properties.94 A very 

famous application of doping is in the realm of electronic materials for semiconductor and 

photovoltaic applications. The p-n junction, a crucial building block of electrical circuits, would 

not be possible in our devices today without using doping.  

Herein we investigate doping as a “tuning knob” to chemically modify materials properties 

in silicon- and graphitic carbon-based materials for electrochemical applications. Three primary 

materials systems interconnected by the common theme of doping are presented in this thesis; 

phosphorus-doped silicon, phosphorus-doped graphitic carbon and aluminum-doped graphitic 

carbon (Figure 2.1). This chapter outlines several accepted definitions of doping (and identifies 
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one that is adopted herein), and broadly treats aspects of doping theory as well as synthesis 

strategies to carry out doping in the laboratory.  

Figure 2.1. Venn diagram showing similarities among phosphorus-doped silicon, phosphorus-

doped graphitic carbon, and aluminum-doped graphitic carbon.  

Definitions of Doping  

Doping can widely be defined as the substitution of a host atom with an impurity atom 

within a crystalline lattice. An early example of doping was performed by American physicist John 

Robert Woodyard during his work on radar technology during World War II.95  He discovered that 

the addition of small quantities of phosphorus, antimony, or arsenic into pure germanium improved 

performance of semiconductors.96 Findings from this work were patented in 1950 and laid the 

groundwork for doping in the semiconductor industry first by solid-state diffusion methods and 

later by ion-implantation or a combination thereof.96, 97 Since then, doping has become a 

widespread strategy for the modification of many different types of materials including organic98 
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or inorganic materials,78, 94 2D films,88, 99 nanomaterials,100 biomaterials101 and so on; 

simultaneously, doping strategies have become far more creative beyond traditional substitutional 

doping used in the semiconductor industry and include chemical doping,102 charge-transfer 

doping,103 molecular doping,92, 98 formation of hybrid composites by nanoparticle decoration,104, 

105 and surface functionalization.106, 107 When defining doping of a particular system one must 

consider the physical nature of the dopant as well as quantity and concentration. 

The physical nature of the dopant is varied across different communities and materials; for 

example, from the solid-state perspective, a dopant can be considered a small-sized atom that 

diffuses through a crystalline lattice and occupies either an interstitial or substitutional site. This 

is very different from molecular doping of organic semiconductors where dopants of molecular 

size drive a charge transfer across the difference in energy between the highest occupied molecular 

orbital of the dopants and the lowest unoccupied molecular orbital of the organic semiconductor.98 

Noncovalent interactions in the form of molecular dopants are also applied to physisorption of gas 

molecules and metal ions.108, 109 This is particularly advantageous for thin film materials, such as 

graphene, where structural and electrical integrity of the material is preserved while also producing 

p- or n-type structures. A drawback of surface doping, however, is lack of stability owing to the 

reversible adsorption and desorption processes.99 Another form of doping is defect doping in which 

defects can act as an intrinsic dopant site or serve to attract dopants. Lastly, and perhaps most 

ambiguous, is “doping” by nanoparticle decoration on a materials surface. This is commonly cited 

in the hydrogen storage community, for example, where palladium nanoparticles are dispersed on 

a material’s surface.105, 110, 111 This form of doping often results in large micron sized regions of 
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agglomerated nanoparticles doped on a material’s surface and arguably strays away from 

conventional doping of a single atom or molecule.  

Doping concentration must also be considered; in the semiconductor industry doping 

concentrations on the order of parts per million (ppm) is satisfactory to alter intrinsic charge 

carriers within a material and thereby its electronic structure. For instance, the introduction of just 

one boron atom into 1x105 silicon atoms increased the electrical conductivity by 103.93  Other 

reports of doping, however, dope on the order of 1-25 at%.65, 112-114 At these larger concentrations 

it is important to discern the differences between doping, surface decoration, and formation of 

composites or even new phases altogether. For example, the difference between doping silicon 

with 3 at% and 6 at% phosphorus under identical synthesis conditions leads to in one case a solid 

solution of phosphorus-doped silicon and in another the formation of a silicon phosphide (SiP) 

phase.115 When dealing with a completely miscible binary solution, however, doping at high 

concentrations is possible. The silicon-germanium binary system is a famous example of this 

where up to 50 at% silicon can be doped in germanium at which point silicon becomes the majority 

component and germanium would then act as the dopant.116   

The definition of doping is largely up to interpretation given the various strategies and 

concentrations within different materials systems. We caution overuse of the word doping without 

clear vision of the goal at hand. In this thesis we are focused on substitutional doping which we 

define as the substitution of a host atom with an impurity atom. The electron donating (n-type) and 

withdrawing (p-type) character of the dopant atom with respect to the host material is of interest 

as well as structural modifications to the materials based on the atomic size of the dopant. Dopant 

concentrations are varied based on the materials system; heteroatom doped graphitic carbon 
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materials explore the high end of doping concentrations (~ ≤ 25 at%) to study metastable phases. 

Doping in silicon explores low dopant concentrations (0.1 at%) and are selected based on solubility 

limits of the binary system at hand.  

Substitutional Doping 

Substitutional doping is best understood from a solid-state perspective whereby dopant 

atoms diffuse through a material and occupy lattice sites of host atoms. A counterpart to 

substitutional dopants are interstitial dopants which occupy interstitial sites in a crystalline lattice. 

Both can form solid-solutions whereby the atomic structure of the host material is unchanged and 

the dopant is accommodated non-homogenously. For the purposes of this work, we will focus on 

substitutional solid-solutions. The formation of a substitutional solid-solution is largely guided by 

the Hume-Rothery rules which state that the dopant and host atoms must have similar size, 

electronegativity, crystal structure, and valency.117 The difference in ionic radius of the dopant 

atom and host atom must be less than 15% (equation 2.1). A famous example of a fully miscible 

solid-solution is the silicon-germanium system in which both elements have a diamond cubic 

crystal structure, a valence of 4 and similar atomic radii (111 and 125 pm respectively) and 

electronegativity (1.90, and 2.01, respectively). In many cases, however, the solubility of the 

dopant atom is limited, for example, as in the case of phosphorus-doped silicon (discussed in 

chapter 6). The Hume-Rothery rules best apply to metal and ceramic systems but are generally a 

good rule of thumb when determining the successful addition of dopants to a material system.   

(2.1) 
𝑟𝑑𝑜𝑝𝑎𝑛𝑡−𝑟ℎ𝑜𝑠𝑡

𝑟ℎ𝑜𝑠𝑡
× 100% ≤ 15% 
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Theory of Substitutional Doping  

Diffusion Mechanisms Substitutional doping can be achieved by several different synthetic 

routes (discussed in the Synthesis of Substitutional Doping), however, most simply it is understood 

from the perspective of solid-state diffusion in a crystalline lattice described herein. In a periodic 

crystal, host atoms reside at distinct lattice sites: when provided sufficient thermal energy for 

lattice vibrations, host atoms, interstitial atoms and vacancy sites can swap places allowing for the 

diffusion of dopants.118, 119 Figure 2.2 shows relevant host, substitutional, interstitial and vacancy 

sites within a periodic crystal lattice. The diffusion of dopants occurs by three primary 

mechanisms; the vacancy mechanism, the direct interstitial mechanism, and the interstitialcy 

mechanism.117 In the vacancy mechanism, substitutionally incorporated dopants can diffuse to an 

open vacancy site. To avoid continuous swapping between the same vacancy and substitutional 

sites, the vacancy must move to at least a third-neighbor site away from the dopant.118 It is 

traditionally assumed that for phosphorus-doped silicon, the phosphorus diffusion in silicon obeys 

a vacancy-mediated mechanism,120 however, conflating studies suggest interstitial-mediated 

mechanism to dominate.118, 121 In the direct interstitial mechanism, foreign atoms migrate through 

the lattice by diffusion between interstitial sites. Interstitial mediated impurities typically have 

small ionic radii and are fast diffusers.122 Ultimately, literature on phosphorus-doped silicon agrees 

it is a combination of the vacancy and direct interstitial mechanisms that allow for phosphorus 

doping.123 Lastly, the interstitialcy mechanism combines host atoms, dopant atoms, vacancy sites, 

and interstitial sites; interstitial atoms can replace a substitutionally doped site thereby creating a 

new interstitial in the form of the dopant. The interstitial dopant can now repeat this “kick-out” 

process by creating a new interstitial site and so on. It is harder to assign one of these mechanisms 
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to phosphorus- or aluminum-doped graphitic carbon owing to bottom-up pyrolysis synthesis which 

is not inherently diffusion controlled. 

 

 

 

 

 

 

Figure 2.2. Relevant host, substitutional, interstitial and vacancy sites within a periodic crystal 

lattice. 

Electronic Structure Semiconductor materials in their pure state have a band gap between 

the conduction and valence band. The probability that electrons will occupy either the conduction 

or valence band are equal and defines what is known as the Fermi level.93 At any time, the number 

of electrons and hole carrier concentrations are equal, where the carrier concentration is the 

conduction band’s number or electrons per unit volume or the valence band’s number of holes per 

unit volume.93, 124 The addition of dopants artificially controls for the number of charge carriers 

through the intentional addition of either electron donating (n-type) or electron withdrawing (p-

type) dopants.93, 124 In silicon, for example, the addition of pentavalent (i.e., As, P, Sb) and trivalent 

(i.e., Al, B, Ga) dopants shift the fermi level towards the conduction and valence band respectively. 

In this thesis we explore phosphorus doping in both graphitic carbon and silicon anode systems. 

We expect phosphorus’s electron rich nature with respect to graphite and silicon to attract 
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positively charged lithium ions (or other alkali metals). A third system examined is aluminum-

doped graphitic carbon in attempts to elucidate the effects of n-type and p-type doping on similar 

bulk graphitic systems.  

Synthesis of Substitutional Doping 

Synthesis strategies to achieve substitutional doping fall under two classes: top-down and 

bottom-up synthesis. A top-down synthesis is the modification of already existing bulk material 

whereas bottom-up involves reactions on the atomistic level to build desired materials.125-127 

Classically, top-down and bottom-up refer to the synthetic route to achieve a nanomaterial (1-100 

nm size).125, 128 In this work we refer to bottom-up and top-down simply as the pathway to the final 

material irrespective of resulting size. When incorporating phosphorus or aluminum into graphitic 

carbon (chapter 4 and 5) we rely on bottom-up synthesis whereby chemical precursors are 

pyrolyzed and the resulting structure and incorporation of dopants can be controlled by the 

synthesis reaction, temperature, dwell time, and ramp rate etc. To achieve phosphorus-doped 

silicon (chapter 6) a top-down strategy, solid-state diffusion, is used to incorporate phosphorus 

into already existing silicon powder at elevated temperatures (1100-1200 ℃).  

Bottom-Up Approach Bottom-up synthesis is based on self-assembly at the atomic and 

molecular scale allowing for synthetic control over resulting materials.125, 129 Common bottom-up 

synthesis strategies include pyrolysis,100, 130 chemical vapor deposition (CVD),131, 132 and 

hydrothermal templating (sol-gel).133 Pyrolysis is a common method explored by the Stadie group 

to synthesize turbostratic graphitic carbon material derived by benzene or polyaromatic 

hydrocarbon (PAH) precursors.134-137 Simultaneous incorporation of dopants can be achieved 

through the addition of other chemical precursors. Simply, pyrolysis is the thermal decomposition 
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of chemical precursors at elevated temperatures under inert atmosphere. Successful incorporation 

of dopants into the graphitic-lattice have been shown to be related to the decomposition energies 

of each precursor whereby, when close in decomposition energy it is more likely the dopant is 

incorporated upon formation. This was experimentally demonstrated in boron-doped graphitic 

carbon for a nominal stoichiometry of BC3; materials synthesized with boron tribromide showed 

better boron incorporation compared to diborane and decaborane.135 Findings from this work are 

supported by thermochemical analysis where benzene (the carbon containing precursor) and boron 

tribromide have similar decomposition energies of 9.1 eV per carbon atom and 8.8 eV per boron 

atom, respectivley.135 Pyrolysis is a relatively simple bottom-up synthesis technique that allows 

for careful control of resulting material structure and chemistry by tuning synthetic parameters 

including temperature, ramp rate, dwell time, pressure of reaction and chemical precursors. A more 

intricate technique is chemical vapor deposition (CVD) involving the flow of volatile precursors 

over a wafer at elevated temperatures and under vacuum. Reacted precursors deposit on the wafer 

while any byproducts formed flow though the reaction chamber. CVD is commonly used in the 

semiconductor industry to produce thin films and more recently in the last decade has gained 

traction for controlled synthesis of large-area and high-quality graphene.99, 102, 126, 132 Nitrogen-

doped graphene, for example, is attainable by CVD using a transition metal catalysis wafer (Cu or 

Ni) where a reactive mixture of carbon (CH4, C2H4) and nitrogen (NH3 or N2) precursors are 

introduced at temperatures between 700-1000 ℃.131 In-situ growth of nitrogen-doped graphene 

happens upon dissociation and precipitation of carbon and nitrogen precursors. Typical nitrogen 

incorporation is ~0.2-6.0 at%.131 CVD synthesis of thin films has also been adopted towards three-

dimensional carbon materials such as zeolite template carbon (ZTC) or carbon nanotubes 
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(CNTs).138-140 Other bottom-up strategies include hydrothermal (sol gel) templating or 

solvothermal methods.141-143 For the synthesis of heteroatom doped graphitic carbon materials we 

rely on a co-pyrolysis method owing to its inherent single-step simplicity as well as oxygen-free 

nature.  

Top-Down Approach Top-down synthesis strategies targeting substitutional doping 

include ball-milling, ion-implantation or heat treatment. Generally top-down synthesis techniques 

are affordable, easily controlled, and simple from a scalability perspective.125, 126 Ball-milling is 

carried out by high energy mechanochemical milling of powdered materials. It is often used to 

reduce particle size but can also be used to introduce new chemical bonds in the case of elemental 

doping.144 From a silicon anode manufacturing perspective, this is quite desirable and has proven 

successful at introducing new covalent bonds to silicon systems for enhanced lithiation kinetics 

and overall conductivity.64, 65 Another bottom-up approach is ion-implantation. In this technique 

dopant atoms are charged to behave as ions, accelerated by an electric field (1-3000 keV) and 

directed at a target material (typically a silicon wafer) for implantation.97 Upon entering the target 

material, ions undergo a series of collisions with host atoms until they lose energy and come to 

rest in either interstitial or vacancy sites.119 These collision events lead to lattice disruption and 

implantation-induced crystal damage which can be remedied by high temperature post implant 

annealing under optimal temperatures (900-1100 ℃).97 Penetration depth of dopants can be 

determined by the dopant, substrate material and accelerating voltage. With many tunable 

parameters and the precise and reliable nature of ion-implantation, it has become the primary 

technique used in silicon semiconductor chip manufacturing. One of the simplest bottom-up 

strategies, however, is solid-state synthesis which involves the heating of two solid reactants to 
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high temperatures.121, 145 In this work we rely on solid-state diffusion of phosphorus into silicon 

powder at low to medium temperatures (800-1200 ℃) to achieve substitutionally doped silicon.  
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CHAPTER THREE 

MATERIALS SYNTHESIS AND PRIMARY CHARACTERIZATION TECHNIQUES 

Synthetic Goals and Themes 

Fundamental synthesis goals of this dissertation are to explore how substitutional doping 

affects materials structure and chemistry. A single direct-step ampule synthesis is used for all 

materials presented herein where a wide range of synthetic parameters (e.g., temperature set point, 

ramp rate, dwell time, chemical precursors, reaction pressure, and mols of reactant) can be fine-

tuned, allowing for investigation of systematic trends within material structure and chemistry. To 

solely investigate the role of the dopant it is important to mitigate oxygen impurities and oxygen 

containing functional groups. This principle is best upheld in this work through the selection of 

oxygen-free chemical precursors and performing synthesis under inert conditions.  

Bottom-Up Synthesis Routes to Heteroatom-Doped 

Graphitic Carbon 

Heteroatom-doped graphitic carbon materials are synthesized via a single-step “direct” 

method from liquid or solid precursors, following previously established protocols.134, 136, 137 It 

should be highlighted that this synthesis is completely air-free (including the use of oxygen-free 

containing precursors), as to minimize structural and chemical modifications from oxygen 

impurities and functional groups. Chosen chemical precursors (benzene and a phosphorus or 

aluminum containing halide) are mixed in appropriate molar ratios and charged into quartz 

ampules under inert conditions in an argon filled glovebox (<0.5 ppm O2 and <0.5 ppm H2O). 

Molar ratios of chemical precursors are determined based on maximum synthesis temperature and 
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pressure conditions and relevant reaction schemes (Appendix A). Note that all materials are 

referred to as their nominal composition; for example, aluminum-doped graphitic carbon would 

be referred to as AlCx where x represents the molar ratio of Al:C in the initial reaction mixture, 

whereas, the total measured phosphorus content is how much aluminum is incorporated into AlCx 

after synthesis and workup. A Swagelok ultra-torr adapter will be placed over the open end of the 

ampule which will then be removed from the glovebox and partially submerged in liquid nitrogen 

to solidify the precursor solution. The quartz ampule will then be connected to a stainless steel 

Schlenk line and evacuated to 1×10-3 mbar before being flame sealed under vacuum. Figure 3.1 

shows the Schlenk line set up. The sealed ampule will then be placed on an elevated platform in 

the center of a chamber furnace and heated to low to medium pyrolysis temperatures (800-1100 

℃) via a programmable PID controller. The temperature setpoint will be held for 0-2 hours and 

then the sample will be allowed to cool to below 100 ℃ at which point the furnace can be opened 

and the ampule removed. The sealed ampule will then be carefully opened using a diamond blade 

saw in a fume hood where gaseous byproducts (e.g., H2 or X2 where X= Cl, Br, I) will be released. 

The solid product will be collected in a filter fret and rinsed with deionized water and acetone, and 

finally air dried at 80 ℃ for 24 hours before further analysis. 
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Figure 3.1. Schematic of the Schlenk line setup.  

Top-Down Synthesis Routes to Doped Silicon 

Synthesis of “M” doped silicon (where M = Al, B, Mg, P, or Zn) utilizes the same ampule 

synthesis method as described in Bottom-Up Synthesis Routes to Heteroatom-Doped Graphitic 

Carbon with several modifications; most notably, the use of powder precursors instead of liquid.  

Commercially available silicon powder is mixed with “M” dopants under solid-state 

conditions whereby dopant concentration is determined by maximum solubility and temperature 

setpoint is determined by the eutectic temperature unless retrograde solubility exists. For example, 

the maximum solubility of phosphorus in silicon is 3 at% and can be achieved at 1131 ℃. This 

composition and temperature were selected as initial synthesis parameters. See Appendix B for the 

relevant Si-“M” phase diagrams, eutectic temperatures, and maximum solubility limits.  
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Silicon and “M” powders are prepared by a dilution series (10, 1.0, and 0.1 at% mixtures) 

to ensure homogeneity using a mortar and pestle for 5 minutes under inert conditions in an argon 

filled glovebox (<0.5 ppm O2 and <0.5 ppm H2O). SiMx powder is carefully transferred from the 

mortar and pestle into a quartz ampule using plastic flexible spatulas. Procedures for transferring 

and sealing the ampule are the same as for heteroatom-doped graphitic carbon materials; a Schlenk 

adapter is placed over the top of the ampule, transferred out of the glove box, submerged in liquid 

nitrogen, connected to the Schlenk line and evacuated.  The sealed ampule is placed on an elevated 

platform in the center of the chamber furnace and heated to low-medium temperatures (800-1200 

℃) via a programmable PID controller. The temperature set point will be held for 0-2 hours and 

then the sample will be allowed to cool to below 100 ℃ at which point the furnace can be opened 

and the ampule removed. The sealed ampule will then be carefully opened using a diamond blade 

saw in a fume hood. SiMx powder is collected and stored before further analysis.  

Characterization Techniques 

A host of characterization tools are used to assess structural, chemical, and electrochemical 

modifications to graphitic carbon and silicon materials by doping. This section outlines the most 

routine characterization techniques including powder X-ray diffraction (XRD), Raman 

spectroscopy, elemental dispersive X-ray spectroscopy (EDX), scanning electron microscopy 

(SEM), galvanostatic charge-discharge (GCD) and cyclic voltammetry (CV).  

Structural Characterization  

Powder X-Ray Diffraction Powder XRD is used to assess overall crystallinity, phase 

composition and crystallographic properties (e.g., interlayer spacing and crystallite size). Incident 
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X-rays elastically scatter off atoms within materials. When constructive interference occurs, 

Bragg’s law (shown in Equation 3.1) is satisfied and the relative intensities and scattering angles 

of crystallographic planes are measured by a detector,117 where n is the order of reflection, λ is the 

wavelength of incident energy, dhkl is the d-spacing between crystallographic planes and θ is the 

scattering angle. The interlayer spacing between two adjacent planes with indices (hkl), referred 

to as dhkl, is calculated along a line perpendicular to the planes. The lattice parameter of simple 

cubic materials can then be determined using Equation 3.2 where a is the lattice parameter.117   

(3.1) 𝑛𝜆 = 𝑑ℎ𝑘𝑙2 𝑠𝑖𝑛 𝜃 

 

(3.2) 𝑎 = 𝑑ℎ𝑘𝑙√(ℎ2 + 𝑘2 + 𝑙2) 

 

Graphitic materials exhibit two main features centered at 2θ = ~26° and ~44° (using Cu 

Kα radiation) which represent the (002) and (10l) family of planes in graphite. The full width half 

maximum (FWHM) of these reflections can be used to assess the crystallite size of the graphitic 

carbon via the Scherrer equation (Equation 3.3); in many cases the 101 and 100 are possible to 

individually resolve, allowing for a determination of relative crystallinity along the a/b (in-plane) 

and c (layer-to-layer) axes independently. K is the geometric factor (0.94), λ is the incident 

wavelength, β is the FWHM and θ is the Bragg angle.  

(3.3) 𝐿 =
𝐾𝜆

𝛽 cos 𝜃
 

In the silicon system the (111) reflection, centered around ~28° (using Cu Kα radiation), is 

of most interest owing to its high symmetry. Successful doping of silicon is determined by shifts 

in the (111) reflection corresponding to either an expansion or contraction of the lattice. Change 
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in FWHM of the (111) reflection is examined as a function of doping concentration (e.g., 

crystallization of the silicon lattice) and synthesis temperature.  

Figure 3.2 shows typical XRD patterns for crystalline graphite and silicon presented in this 

work. When comparing pure crystalline graphite to turbostratic graphite, broadening of the (002) 

peak and a shift to lower 2θ is observed corresponding to decreased crystallite size and increased 

d-spacing, respectively. These metrics will be used in assessing structure and relative crystallinity 

in both graphite and silicon systems presented herein.  

Figure 3.2. Standard XRD patterns of pure graphite (black trace), turbostratic graphitic carbon 

(gray trace) synthesized by pyrolyzing benzene at 800 ℃ with a 1 ℃ min-1 ramp rate and 1 hour 

dwell time, and b) crystalline silicon. 

Raman Spectroscopy Raman spectroscopy will be used as a complementary technique to 

further elucidate the detailed structural characteristics of the graphitic and silicon lattice. Raman 



36 

 

 

spectroscopy relies on inelastic scattering of a monochromatic light source in the visible to ultra-

violet range on a materials surface. The change in energy between incident photons and scattered 

photons is a Raman shift. When the energy of the scattered photon is less than that of the incident 

photon the Raman shift is called Stokes scattering; whereas, when the energy of the scattered 

photon is greater than that of the incident photon the Raman shift is called anti-Stokes scattering. 

For a material or molecule to be Raman active it must undergo a change in polarizability during 

vibration. 

Raman spectra of graphitic materials exhibit two prominent features in the 800-2000 cm-1 

range: the D peak (~1350 cm-1) and the G peak (~1580 cm-1).146 The D peak is present in sp2 

hybridized carbon domains containing defects and arises from the “breathing” mode of 6 

membered rings. The G peak arises from the concerted motion of C-C bonds in any graphitic lattice 

and is always present (with or without defects). The peak positions, peak FWHM, and the I(D)/I(G) 

ratio will be used to determine how graphitic structure changes as a function of substitutional 

doping, the precursors used, synthesis temperature, and overall material composition. Key features 

of a graphitic Raman spectra are highlighted in Figure 3.3. Graphitic materials at the most 

disordered end of the graphitization trajectory exhibit distinct Raman features and combinations 

of features that allow much more detailed characterization than permissible by XRD alone.  

The Raman spectrum of silicon shows one distinct feature between 480 and 520 cm-1 

depending on crystallinity: highly crystalline silicon materials have a sharp band at 520 cm-1, 

whereas, the band for amorphous silicon is broad and centered around 480 cm-1. Raman spectra is 

complementary to XRD patterns in assessing crystallinity of commercially available silicon 

powders. Successful doping of the silicon lattice can be corroborated with Raman spectroscopy 
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based on a shift in the Silicon band. The shift in band position can be related to Hooke’s law which 

states that the frequency of the vibration of a spring is related to the mass and the force constant 

of the spring. Therefore, the difference in vibration between Si-Si bonds a Si-P bonds within a Si 

lattice should results in shift towards lower wavenumbers. Figure 3.3 shows a standard Raman 

spectrum for crystalline silicon.  

Figure 3.3. Raman spectroscopy and main features of a) graphitic carbon and b) crystalline 

silicon. 

Chemical and Morphological Characterization 

SEM coupled with EDX will be used to assess the morphology and composition of 

materials obtained in this work. A high energy electron beam is applied to the sample which 

generates secondary electrons, backscattered electrons, and characteristic X-rays. Secondary 

electrons and backscattered electrons are detected to produce contrast in the generation of SEM 
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images. An EDX detector will be used to resolve the emitted X-ray energies, providing the 

quantitative chemical composition of materials and especially, individual morphological features 

such as flakes, spheres, crystalline surface impurities, etc. These two techniques combined provide 

both qualitative and quantitative information on material morphology, elemental composition and 

elemental mapping. 

Energy Dispersive X-Ray Spectroscopy Elemental composition of materials can be 

determined via EDX spectroscopy. In this technique an incident beam is generated using high 

voltage (10-20 kV) and accelerated onto the sample surface under vacuum (10-5
 mbar). The 

incident beam probes the bulk material and with sufficient energy from the incident beam electrons 

in the core shell or inner shell of an atom are excited and ejected from the inner shell creating a 

hole. Electrons from an outer shell fill the hole and the difference in energy between the high 

energy and low energy shell is released in the form of an X-ray. The discrete energy of X-rays 

released and detected are specific to each individual element and can be used to identify and 

quantify relative atomic compositions.   

Scanning Electron Microscopy SEM is used in a similar fashion to EDX except with a 

lower accelerating voltage (1-2 kV) to produce an electron beam that interacts with the material 

surface. Secondary and backscattered electrons are emitted by atoms excited by the electron beam 
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and are detected using a secondary electron detector. Image resolution can be on the order of 

several nanometers.147  

Electrochemical Characterization  

Electrochemical techniques are adopted not only to access material performance in 

secondary lithium-ion batteries but also as a characterization tool to understand subtle differences 

in material chemistry. 

Galvanostatic Charge-Discharge Galvanostatic charge-discharge (GCD) is useful in 

assessing long term cycling, stability, and coulombic efficiency. A current at a constant rate (i.e., 

1 A g-1) is applied between a predetermined voltage window, where the total charge stored at each 

voltage is then measured. GCD data can be displayed in numerous ways, the two most common in 

this work are to look at voltage profiles and cycling stability as shown in Figure 3.4. Voltage 

profiles containing distinct plateaus are representative of a distinct (de)lithiation chemistry. For 

example, graphite exhibits three distinct voltage plateau’s corresponding to different staging 

mechanisms of lithium in interlayer galleries.148 
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Figure 3.4. a) GCD voltage profile of a single charge-discharge cycle and b) GCD cycling 

stability over 500 cycles of disordered graphitic carbon in a lithium-ion half-cell.  

Cyclic Voltammetry Cyclic voltammetry (CV) is used to study unique redox pair 

chemistries upon (de)lithiation. It uses a sweeping scan rate (typically 0.1 mV s-1) across a 

predetermined voltage window. Potential is swept negatively from a starting potential, Ei, to a 

switching potential, Ef, which is called a cathodic trace. The scan is then reversed positively and 

is referred to as the anodic trace. During (de)intercalation or (de)alloying reactions between the 

ion (Li+) and the active material a rapid increase, or decrease in current, is measured and highlights 

electrochemically relevant reactions in the system. The shape of cyclic voltammograms are useful 

in determining faradaic, capacitive and pseudocapacitive storage mechanisms as shown in Figure 

3.5. Faradic storage is represented by a duck shaped cyclic voltammogram where peaks represent 

distinctive redox chemistries. In contrast, capacitive materials are more box-like in nature 

indicating charge can rapidly be stored on the surface of material where no intercalation or alloying 

reactions occurs.149 This technique is used to determine reversible (de)lithiation of phosphorus (Li 



41 

 

 

→ Li3P) within graphitic/phosphorus composite systems. Scan rate is also examined to assess 

kinetic limitations.  

Figure 3.5. cyclic voltammogram shapes (a) faradic, (b), pseudocapacitive, and (c) capacitive.  
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CHAPTER FOUR 

CONTROL OF PHOSPHORUS ALLOTROPES IN PHOSPHORUS-DOPED GRAPHITIC CARBON 

Introduction 

Graphite is the current state-of-the-art LIB anode due to its low voltage of lithium 

intercalation, abundance, and safety; however, its storage capacity is limited to 372 mAh g-1 as 

LiC6.
11 Several significant advantages can be expected by replacing graphite with a heteroatom-

doped graphitic carbon112, 133, 150 or composite material.12, 40, 151-153 This class of anode material has 

been demonstrated to have higher capacity and rate capability owing to structural and electronic 

modifications of the graphitic lattice, making such materials very promising next-generation 

battery anodes. In this body of work, we initially focus on a strategy at the far end of the simplicity 

spectrum: heteroatom-doping of the graphite anode. Phosphorus has been selected as the 

heteroatom dopant of choice due to its electron-rich substitutional environment within the graphitic 

lattice which should serve to attract cation intercalants such as lithium and thereby increase energy 

storage capacity. Notably, we discover an intimate synthetic relationship between heteroatom 

doping and phosphorus/carbon (P/C) composite formation which can be structurally and 

compositionally tuned by the modification of synthetic parameters. The inadvertent discovery of 

P/C composite materials leads to unique and exciting electrochemical performance. This work will 

shed insight into the mechanism of charge storage in P/C composite anodes of varying composition 

and disorder to guide future understanding of electrochemical energy storage across wide-ranging 

applications.  
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Phosphorus Incorporation into Graphitic Carbon 

Our past work, aimed at substitutional phosphorus-doping of graphitic carbon, revealed that 

the co-pyrolysis of benzene and PCl3 at temperatures between 800-1050 °C was only partially 

successful at achieving graphitic lattice substitution; in addition, partial phase segregation led to 

the formation of P/PCx composites (here, PCx refers to the solid-solution, turbostratic graphitic 

phase) with a significant content of phosphorus in the form of white phosphorus (WP) (See Figure 

4.1).134 In general, phase segregation in such reactions occurs due to poorly compatible thermal 

decomposition profiles of the co-pyrolysis precursors.135 An initial goal of the work presented 

herein is to control for substitutionally incorporated phosphorus in graphitic carbon by exploring 

the role of thermal decomposition profiles of the phosphorus precursor. Previous efforts using PCl3 

were extended herein to include the higher halide precursors with lower cracking temperatures: 

PBr3 and PI3 (see Figure 4.2 and Table 4.1). We hypothesize phosphorus halide precursors 

containing better leaving groups (e.g., iodine > bromide > chloride) drive the reaction forward and 

allow for phosphorus incorporation into graphitic carbon during co-pyrolysis; this effect is also 

observed by inspecting the trend in enthalpy of formation of the phosphorus trihalides, as shown 

in Equations 4.1-4.3.  
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Figure 4.1. Bulk phosphorus-doped graphitic carbon synthesized from liquid precursors (benzene 

and phosphorus trichloride) at low to medium pyrolysis temperatures (800-1050 ℃).134  

 

 

 

 

 

 

 

 

 

Figure 4.2. Theoretical decomposition energies and experimental decomposition temperatures of 

several phosphorus and carbon precursors. Note: the decomposition energies (ΔESFC) are 

normalized per atom of relevance (P or C). The expected correlation (dashed line) is adapted 

from previous work.135 
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Table 4.1. Decomposition energies (ΔESFC), experimental decomposition temperature (Td), and 

corresponding references for small molecules of interest in co-pyrolysis reactions to produce 

phosphorus- and carbon-containing products. 

 

 

 

 

 

 

 

 

 

 

*Note: the decomposition energy (ΔESFC) is normalized per heteroatom of relevance (C or P) 

 

 

(4.1)  PCl3 → P +
3

2
Cl2                ∆Hrxn

° =  287.0 kJ mol−1 

(4.2)   PBr3 → P +
3

2
Br2              ∆Hrxn

° =  146.02  kJ mol−1   

(4.3)   PI3 → P +
3

2
I2                     ∆Hrxn

° =  24.7 kJ mol−1 

 

 

Decomposition 

Reaction 

ΔESFC* 

(eV atom-1) 

Experimental 

Td (K) 

Experimental 

SI Reference 

CF4 → C + 2F2 13.8 1073 135 

C6F6 → 6C + 3F2 11 1123 135 

CH4 → C + 2H2 10.2 1123 135 

C2H6 → 2C + 3H2 9.9 853 135 

C6Cl6 → 6C + 3 Cl2 9.2 1073 135 

C3H6 → 3C + 3H2 9.2 973 135 

2PCl5 → 2P + 5Cl2 9.2 383 154 

C6H6 → 6C + 3H2 9.1 1023 135 

C2H4 → 2C + 2H2 9.0 1003 135 

C10H10 → 10C + 5H2 9.0 673 135 

C24H12 → 24C + 6H2 9.0 973 135 

C6Br6 → 6C + 3Br2 8.8 853 135 

C6I6 → 6C + 3I2 8.3 643 135 

2PCl3 → 2P + 3Cl2 8.2 512 155 

C2H2 → 2C + H2 7.9 673 135 

2PBr3 → 2P + 3Br2 6.9 673 156 

C10H8 → 10C + 4 H2 5.9 973 135 

2PI3 → 2P + 3I2 5.6 340.5 157 

P2I4 → 2P + 2I2 5.6 403 157 

2PH3 → 2P + 3H2 5.3 673 158 

CCl4 → C + 2Cl2 4.8 773 135 

CBr4 → C + 2Br2 3.5 473 135 
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Control over Phosphorus Allotropes 

We discover that controlling for substitutional phosphorus doping is challenging: by altering 

the phosphorus containing precursor a diversity of P/C products with the phosphorus component 

ranging from exclusively WP inclusions to phase segregated red phosphorus (RP), and linear 

combinations thereof are obtained. Herein materials are referred to as P/C-1:x-PX3 were 1:x 

denotes the molar ratio of P:C and PX3 represents the halide (PCl3, PBr3, and PI3). Bottom up co-

pyrolysis between benzene and PCl3 leads to solid solutions of phosphorus-doped graphitic carbon 

and significant WP content determined by X-ray photoelectron spectroscopy (XPS) and 31P solid-

state nuclear magnetic resonance (ssNMR).134 WP content was found to be stabilized within the 

graphitic domains, protected from oxidation in air.134 It remains unknown whether that P4 content 

exists as isolated intercalant-type molecular species or whether larger P4 nanodomains exist that 

warrant labelling such materials as WP/carbon composites. By altering the halide precursor to PBr3 

and keeping all other synthetic parameters the same, a new material (P/C-1:x-PBr3) was discovered 

which contains both WP and RP. Lastly, materials synthesized by PI3 precursor leads to the 

formation of RP but in much lower quantities. The work presented herein attempts to understand 

why changing the phosphorus containing precursor drastically alters the structure and chemistry 

of resulting P/C composite materials. 

Types of Phosphorus Allotropes Phosphorus exists in over a dozen allotropic forms;54, 159 

paradoxically, the most common form, white phosphorus (WP), is also the least 

thermodynamically stable. Upon heating to 300 °C, WP is slowly converted to amorphous RP, 

which is both denser and less reactive. Under pressures of >1.2 GPa and with modest heating to 

200 °C, RP is converted to the densest and most thermodynamically stable allotrope: black 
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phosphorus (BP).54 Figure 4.3 shows the various phosphorus allotropes and synthetic pathways. 

Owing to phosphorus’s high theoretical capacity (2596 mAh g-1, Li3P) upon lithiation it is of high 

interest as an anode material. Further, unique electrochemical benefits arise from each allotropic 

structure (shown in Figure 4.4), particularly BP and RP. Herein the three most common allotropes 

of phosphorus (RP, BP, and WP) will be discussed from a structural and electrochemical 

perspective.



 

 

4
8
 

 

Figure 4.3. Synthetic diagram of phosphorus allotropes. Figure adapted from elsewhere.54
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Figure 4.4. Structure of the three primary allotropes of phosphorus; a) orthorhombic black, b) 

red, and c) white phosphorus. 
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Orthorhombic BP is well suited as a neat phosphorus allotrope for electrode applications. 

Similar to graphite, BP is a semiconducting, layered solid that exhibits a modest electrical 

conductivity (~1×102 S m-1).160 Hence, electrochemical studies have revealed well-defined 

lithiation/sodiation pathways for BP involving anisotropic volumetric changes.55 While BP has 

classically been prepared via high pressure routes (1.2 GPa),161 recent progress has shown high-

quality crystals to be accessible at low pressures by heating RP to 600 °C in the presence of gold, 

tin, and tin(IV) iodide.162 Owing to its higher crystalline density than RP, the large volumetric 

expansion of BP inevitably remains an important challenge in the use of BP as a neat electrode 

material and therefore attention has been primarily directed towards RP-carbon composites to 

realize the large capacity of phosphorus for energy storage applications. 

Many past investigations of phosphorus as an alkali metal ion storage material have focused 

on RP owing to its stability and ease of handling in air. While several crystalline forms of RP exist, 

it is most commonly obtained as an amorphous solid; all forms comprise a polymeric network of 

chains and/or tubes of five-and six-membered rings with low electrical conductivity (~1×10-12 S 

m-1 57, 163). Hence, pure RP exhibits relatively slow electrochemical lithiation and sodiation 

reactions and is therefore studied primarily in the context of composites with more electrically 

conductive matrices.164, 165 Other challenges in the use of RP as a neat electrochemical energy 

storage material include large volume expansion upon lithiation/sodiation (243 and 384%, 

respectively, see Appendix C) and unstable SEI formation.53, 58 Numerous researchers have instead 

focused on synthesizing RP-graphite and other carbon-containing composites which benefit from 

the conductivity of graphitic carbon and the high capacity of phosphorus,59, 151-153, 166, 167 in a similar 

strategy as for silicon. Top-down synthesis approaches such as ball-milling are the most common 
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route to obtaining RP-carbon composites.151, 165, 168, 169 In summary, representative such composites 

containing ~70-80 wt% P have been reported to acheive 960-1890 mAh g-1 of capacity (normalized 

to the entire active mass of the composite) within the first 10 to 300 cycles, 57, 151, 165, 168, 169 along 

with a reduction in volume expansion and higher conductivity compared to that pure RP.  

Far less or no attention has been paid to WP as an electrochemical lithium- or sodium-ion 

storage material. The molecular allotrope of phosphorus, WP is typically an off-white, waxy solid 

whose structure consists of isolated P4 tetrahedra, most commonly crystallized in cubic symmetry 

at room temperature (denoted as α-P4).
170 Due to high angular strain within the tetrahedral bonding 

arrangement and the strong thermodynamic driving force associated with the formation of P–O 

bonds, WP is highly pyrophoric, though it can be stored in liquid water upon forming a robust 

passivating oxide layer. WP has been shown to have been stabilized within self-assembled 

tetrahedral capsules60 and carbon nanotubes171. Nevertheless, its high reactivity in addition to its 

significant toxicity54 typically preclude WP from consideration as a standalone electrode material. 

To date, no studies of the lithiation of neat WP have been reported.  

Utilizing Phosphorus in Lithiation 

The unique and interesting structural P/C composites have not yet been explored in terms 

of reactivity towards lithium. Bulk elemental phosphorus is known to have a high theoretical 

capacity of 2596 mAh g-1 upon lithiation to Li3P.12 We predict that WP and RP domains may be 

utilized as an additional medium for lithiation (in addition to the graphitic carbon itself), capable 

of charge storage far exceeding that of phosphorus-free graphitic materials. For example, P/C-1:5-

PCl3 (assuming 50% phosphorus is substitutional and 50% forms as a stabilized P4) can be 

expected to have a theoretical capacity of 699 mAh g-1 as shown in Equations 4.4 and 4.5. It is not 
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understood whether substitutionally incorporated phosphorus undergoes alloying similar to bulk 

elemental phosphorus to achieve a theoretical capacity of 2596 mAh g -1 (Li3P). It is suspected that 

perhaps only one or two lithium ions alloy with the incorporated P.  

 

(4.4) P4C20 + 4(PC5) + 18Li+ + 18e− → 4(Li3P) +  Li3C20 + Li4(PC5)4 

(4.5)  𝑄𝑐 =
𝑛∙𝐹

𝑀𝑤
 = ~ 699 mAh g-1 

Primary Aims 

In our own past efforts to synthesize phosphorus-substituted graphitic carbon via bottom-

up reactions between benzene and PCl3, we discovered that such solid-solutions could not be 

prepared without also forming a significant content of P4 as an impurity.134 The first aim of this 

work is to control for substitutional doping (in the absence of P4) by altering the  phosphorus 

containing precursor (-PCl3, -PBr3 and -PI3). Unsuccessful in our attempt we instead discover 

control over the formation of WP and RP. Two questions arise from this finding; first, what are 

the relative quantities of WP and RP in resulting P/C composite materials and secondly, can P/C 

composites be utilized electrochemically. The observed intimate connectivity between RP/WP and 

the electrically conductive graphitic matrix led to the hypothesis that reversible electrochemical 

lithiation of phosphorus content in such composites may be feasible. Using a combination of 

materials characterization and electrochemical techniques we are able to quantify the relative 

amounts of WP and RP and total lithiable P content.  
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Synthesis and Characterization of Phosphorus-Doped Graphitic 

Carbon/Composites 

Materials Synthesis  

A series of phosphorus-carbon composite materials (P/C) was synthesized via the direct 

pyrolysis of benzene in the presence of a phosphorus trihalide precursor (either PCl3, PBr3, or PI3) 

in a closed system at 1050 °C, based on a previously described approach.134 A quartz ampule (inner 

⌀ 0.8 mm, length ~20 cm) was charged with a mixture of benzene (anhydrous 99.8 %, Sigma 

Aldrich) and PX3 (where X = Cl (99.999%), Br (99.0%), or I (99.0 %), Sigma Aldrich) inside a 

glovebox under inert argon conditions (< 0.5 ppm H2O, < 0.5 ppm O2). Each mixture consisted of 

~0.09mL of benzene and a corresponding amount of PX3 to achieve a desired overall P:C atomic 

ratio, while limiting the maximum pressure to < 20 bar. A Swagelok ultra-torr adapter was then 

placed over the open end of the ampule and the closed ampule was removed from the glovebox. 

After partial submersion in liquid nitrogen to solidify the benzene/PX3 mixture, the ampule was 

connected to a stainless steel Schlenk line, evacuated to 10-3 mbar, and flame sealed under dynamic 

vacuum with a hydrogen-oxygen torch. 

The sealed ampule was then placed on an elevated rack in the center of a chamber furnace 

(Carbolite CWF 12/13) and heated to the setpoint (1050 °C) via a programmable PID controller 

(Eurotherm 3216) at 1 °C min-1. The temperature setpoint was held for 1 h and then the furnace 

was naturally cooled to below 100 °C, at which point the furnace was opened and the ampule was 

removed. The sealed ampule was scored using a diamond-bladed saw and carefully opened in a 

fume hood, typically resulting in a forceful release of gaseous byproducts (likely H2, HX, and X2 

where X = Cl, Br, or I) and sometimes a flame. Note: the formation of surface and/or bulk white 

phosphorus is expectable under all conditions explored herein and caution should be exercised in 
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handling and opening all post-pyrolysis (pressurized) ampules. The final product was collected 

after washing with copious deionized water and acetone on a fritted glass funnel and drying at 

80 °C under air for 24 h. 

All final materials are referenced herein according to their nominal composition, “PCx”, or by 

the name “P/C-1:x-PX3” where x refers to the molar ratio of C:P in the initial reaction mixture and 

X refers to the halide in the precursor used (X = Cl, Br, or I). For example, when 0.75 mmol of 

benzene was combined with 1.5 mmol of PBr3, the resulting material was referred to as P/C-1:3-

PBr3. 

Electrode Materials and Preparation  

The following materials were used to prepare the electrochemical cells: LP58 (1.2 M LiPF6 in 

EC/EMC (3:7) wt% battery grade, Gotion Inc.), fluoroethylene carbonate (FEC, battery grade, 

Gotion Inc.), lithium metal (chips, 99.9%, MTI Corp.), glass microfiber discs (0.67×257 mm, 

GF/D grade, catalogue number 1823-257, Whatman), carbon black (Super P, Timcal Ltd.), 

polyvinylidene fluoride (PVDF, 99.5%, MTI Corp.), N-methyl-2-pyrrolidone (NMP, 99.0%, 

Sigma-Aldrich), and copper foil (thickness: 9 μm, MTI Corp.). A pure carbon control material, 

referred to elsewhere as Ben800, was synthesized via the pyrolysis of neat benzene at 800 °C 

according to a previous report.136  

P/C electrode slurries were prepared mixing active P/C material (80 wt%) with carbon black 

(10 wt%) and PVDF (10 wt%) in NMP. After grinding by hand for 15 min, the slurry was cast 

onto Cu foil using a doctor blade (16.5 μm height) then underwent a three-stage drying process: 

under air at room temperature for 8 h, under air at 80 °C for a further 8 h, and then under rough 

vacuum (Welch Chemstar Dry 2071B) at 100 °C for a further 10 h. Individual electrode disks were 
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cut using a benchtop punch (⌀ 10 mm), and then stored under inert argon atmosphere in a glovebox 

(< 0.1 ppm H2O, < 0.1 ppm O2) until further use. 

Electrochemical Cell Fabrication  

Half-cells were assembled under argon (< 0.1 ppm H2O, < 0.1 ppm O2) in coin cell format 

(316 stainless steel, size 2032, Xiamen AOT Electronics Technology Co.). A P/PCx electrode 

served as the working electrode, a glass microfiber disk (⌀ 16 mm) served as the separator, and a 

lithium metal chip (⌀ 16 mm) served as the counter electrode; the cell was flooded with 125 μl of 

LP58 modified with an additional 2 wt% of FEC as the electrolyte, and fitted with a conical spring 

and spacer (1.0 mm thick) prior to crimping closed. 

Materials Characterization  

Structural Characterization Powder X-ray diffraction (XRD) measurements were 

performed using a Bruker D8 ADVANCE diffractometer using Cu Kα1,2 radiation (λ = 1.54 Å) in 

reflection geometry. Samples were prepared for XRD by sonication in acetone for 5 min and then 

air drying at 80 °C for 24 h. 

Raman spectroscopy was performed using a benchtop spectrometer (HR Evolution, Horiba 

Scientific Ltd.) equipped with a confocal microscope using a 532 nm (2.33 eV) frequency-doubled 

Nd:YAG laser with an incident power of 45 mW. 

Chemical Environments  Scanning electron microscopy (SEM) and energy dispersive X-

ray (EDX) spectroscopy were measured using a Zeiss Supra 55VP microscope with the field 
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emission source operated at 10 nA and 10 kV. Samples were prepared for SEM and EDX by 

pressing the as-collected flakes onto carbon tape on an aluminum sample holder. 

31P MAS NMR spectroscopy was performed using a 400 MHz spectrometer (9.4 T, Bruker 

Corp.) equipped with an Avance III HD console and a 3.2 mm three-channel low-temperature 

MAS probe. Samples were packed into 3.2 mm zirconia rotors, which were weighed before and 

after packing. Sample spinning speeds were set to 20 kHz for the reference measurement 

(NH4H2PO4) and 10 kHz for the P/C samples (due to their conductive behavior). Samples were 

handled and measured in air at room temperature. A simple one-pulse sequence was used with a 

τ90 = 4.4 μs. The number of transients collected was 4 for the reference measurement and 512 for 

the P/C samples. Recycle delays were chosen to be at least 5×T1 whenever T1 was known. In the 

case of the absence of signal, a maximal T1 of 5 s was assumed. All experimental parameters 

(except the spinning speed and number of transients) were kept the same for all the samples, 

including the reference. 

NMR spectral fitting was performed using the dmfit package.172 The spectrum for NH4H2PO4 

was fit with a CSA MAS model combined with a Voigt lineshape. The signals corresponding to 

P4 in the P/C samples were fitted with Gaussian lineshapes. The baseline was corrected using a 

linear function and/or a broad Gaussian lineshape. The quantification of P4 content was assessed 

by integration of the peak fit minus the baseline, assuming a linear dependency of the peak area to 

the number of 31P nuclei in the sample using NH4H2PO4 as the external standard. 

Electrochemical Characterization  

Galvanostatic charge/discharge (GCD) cycling was performed in a temperature-controlled 

incubator (KB 53, Binder GmbH) at 25.0 °C using a battery cycler (CT30001A, Landt 
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Instruments). Charge and discharge were performed using a constant current (CC) protocol at 

either 1 or 0.02 A g-1 within the voltage range 0.01-2.00 V vs. Li/Li+. Cyclic voltammetry (CV) 

was performed using a potentiostat (VMP-3e, BioLogic SAS). Cells were cycled at 0.1 mV s-1 

between either 0.01-2.00 V or 0.25-2.00 V vs. Li/Li+, as indicated. 

Theoretical Calculations 

All calculations were performed using a density functional theory (DFT) method with the 

MN15 functional173 and the def2-QZVPP basis set174, for both geometry optimization and 

determination of single point energy. The change in self-consistent field (SCF) energy of a given 

reaction was determined by: 

∆𝐸𝑆𝐶𝐹 = ∑ 𝐸𝑖
𝑆𝐶𝐹

𝑖

− ∑ 𝐸𝑗
𝑆𝐶𝐹

𝑗

 

where ∆𝐸𝑆𝐶𝐹 is the decomposition energy of a given precursor molecule, 𝐸𝑆𝐶𝐹  is the SCF energy 

of a given species, 𝑖 is the index over decomposition reaction products, and 𝑗 is the index over 

decomposition reactants. The decomposition energy was typically normalized per P or C atom for 

intercomparison.  

Results  

Synthesis 

P/C composite materials were synthesized via the direct pyrolysis of benzene together with a 

phosphorus trihalide precursor in a closed reactor at 800-1050 °C. A striking visual difference 

between the reaction products occurred, strongly delineated by the identity of the P precursor, as 

shown in Figure 4.5. In order to elucidate the structural and compositional trends within this series, 

all further analysis reported herein is focused only on the reaction products obtained after pyrolysis 
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at the highest temperature explored: 1050 °C. Upon opening materials with a diamond saw blade 

there is a release of gaseous byproducts (likely a mixture of H2, HX, and X2 where X = Cl, Br, or 

I). Any phosphorus residing on the graphitic carbon material is readily oxidized and is visibly seen 

be a white/yellowish color: this is most extreme in P/C-1:3-PCl3, which is believed to initially 

contain the most white phosphorus before exposure to air. Visible red phosphorus is present in 

P/C-1:x-PBr3 materials (see Figure 4.5), indicative of bulk RP. Finally, the PI3-derived materials 

contain two distinct environments one in which polyiodide ions are deposited on the quartz ampule 

resulting in an orange/yellowish color and regions where red phosphorus (or a sub allotrope of 

phosphorus such as Hittorf’s) is visible. Importantly, graphitic flakes collected in PI3 materials 

most closely resemble pure graphitic carbon synthesized by the same synthetic method with pure 

benzene as a precursor. All resulting materials after work-up are metallic and lustrous in nature. 

 

 

 

 

 

 

 

Figure 4.5. Representative photographs of the reaction products (referred to as P/C-1:x-PX3) of 

the co-pyrolysis of benzene and PX3 (X = Cl, Br, or I) after exposure to air and prior to washing: 

(a) P/C-1:3-PCl3 showing off-white oxidized P4/POx side products, (b) P/C-1:3-PBr3 showing RP 

as a dominant P product, (c) P/C-1:3-PI3 showing polyiodide impurities, and (d) P/C-1:3-PI3 

showing RP as a side product. 
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Structure 

The structure of the directly-synthesized P/C composites was determined by XRD and 

Raman spectroscopy (Figure 4.6). All of the XRD patterns show a broad reflection centered at 2θ 

= 23-26° which corresponds to the (002) reflection in graphite. The broadness of this feature 

(FWHM = 5-10°) indicates the existence of small crystallites and significant long-range disorder 

in the graphite structure. An additional peak at 2θ = 44-46° represents the (10l) family of planes 

in graphite. An abrupt structural transition of the (002) peak is observed as a function of increasing 

nominal phosphorus content (between 1:3 and 1:1) for both -PCl3 and -PBr3 derived materials, 

from a d-spacing of 3.55-3.77 and 3.56-3.88 Å, respectively (see Table 4.2). A similar but 

diminished trend is observed for the PI3-derived materials. This is indicative of extremely 

disrupted graphitic ordering at high P contents, and hence further studies herein were focused on 

P/C materials of composition 1:3 and 1:5 only. Two additional reflections at 2θ = 15.5° and ~34° 

are present in P/C-1:x-PBr3 materials (x<5), corresponding to amorphous red phosphorus (a-RP) 

and consistent with the visual observations described above. It is important to note that the white 

phosphorus, previously confirmed to exist in P/C-1:x-PCl3 via 31P ssNMR is amorphous and does 

not contribute to the measured XRD pattern.134 
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Figure 4.6. XRD patterns and Raman spectra of P/C composite materials synthesized using PCl3 

(yellow), PBr3 (red), or PI3 (purple) as the P precursor. The XRD patterns (a-c) for nominal 

compositions between 1 ≤ x ≤ 8 are shown. Grey regions indicate reflections associated with RP. 

Crystalline graphite (black) is also shown for comparison. Representative Raman spectra (d-f) 

for nominal compositions between 3 ≤ x ≤ 8 are shown, under irradiation at 532 nm. 

Table 4.2. Nominal composition and d-spacing of P/C materials. 

 d(002) (Å) 

Nominal 

Composition 
P/C-1:x-PCl3 P/C-1:x-PBr3 P/C-1:x-PI3 

1:1 3.77 3.88 3.59 

1:3 3.55 3.56 3.50 

1:5 3.47 3.51 3.47 

1:8 3.47 3.47 3.44 

 

Raman spectra of all P/C materials are shown in Figure 4.6. The D and G peaks, representative 

of graphitic material, exist in the higher wavenumber range (800-2000 cm-1).  The D peak (~1350 

cm-1) is present in sp2 hybridized carbon domains containing defects and arises from the 
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“breathing” mode of 6 membered carbon rings. The G peak (~1580 cm-1) arises from the concerted 

motion of C-C bonds in a graphitic lattice, and is always present (with or without defects).146 Figure 

4.7 show the D peak position as a function of nominal phosphorus content. P/C-1:x-PCl3 and -

PBr3 materials undergo a D peak position maximum with increasing phosphorus content. Low 

phosphorus content (x≥5) materials behave as undoped turbostratic graphitic carbon where the D 

peak is centered at ~1350 cm-1. Moderate phosphorus content (2≤ x ≤4) leads to an upshift in the 

D peak position to ~1360 cm-1 suggesting phosphorus incorporation into the graphitic lattice. At 

very high phosphorus contents (x≤2) the D peak position decreases back to ~1350 cm-1 indicating 

phase separation of white and red phosphorus allotropes in P/C-1:x-PCl3 and -PBr3 materials. 

Interestingly, P/C-1:x-PI3 materials do not exhibit a peak maximum at the D peak as a function of 

increasing P content. P/C-1:x-PI3 materials instead exhibit a narrower FWHM of the D and G peak 

and a well-defined 2D region compared to -PCl3 and -PBr3 materials (See Table 4.3). It is suspected 

that the structural ordering of P/C-1:x-PI3 materials is a result of polyiodide species acting as a 

catalyst during reaction.175, 176 
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Figure 4.7. D peak position as a function of nominal composition of -PCl3 (yellow trace), -PBr3 

(red trace) and -PI3 (purple trace) derived materials. Dashed line at 1350 cm-1 shows the standard 

D peak position for graphite. 
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Table 4.3. Raman spectroscopic properties of P/C materials. 

  D Peak G Peak  

Precursor 
Nominal 

Composition 
D(pos) FWHM G(pos) FWHM I(D)/I(G) 

 

PCl3 

1:3 1357 98 1587 99 1.02 

1:5 1336 32 1574 62 0.90 

1:8 1344 23 1579 50 1.14 

PBr3 

1:3 1361 97 1591 117 0.89 

1:5 1349 43 1582 73 0.87 

1:8 1348 39 1591 68 1.45 

 

PI3 

1:3 1350 49 1584 82 0.94 

1:5 1345 24 1579 49 0.82 

1:8 1348 23 1582 46 0.78 

 

A cluster of peaks, consistent with the intertubular bending and stretching modes of RP, 

appears in the low frequency range (200-600 cm-1) in both -PBr3 and -PI3 materials (Figure 4.6). 

The RP peaks generally increase in intensity as a function of increasing nominal phosphorus 

content, but are most clearly observable in the P/C-1:3-PBr3 material. On average, the intensity of 

red phosphorus peaks increase as a function of increasing nominal phosphorus content. Select 

Raman spectra of P/C-1:8-PBr3 show an absence of red phosphorus vibrational modes, which 

suggests sample heterogeneity (see Figure 4.8). The Raman spectra of P/C-1:3-PI3, magnified 5×, 

also confirms the existence of red phosphorus, however, in much lower quantities compared to 

P/C-1:3-PBr3 (Figure 4.9). It is significant that red phosphorus vibrational modes are observable 

over the resonant enhanced graphitic D and G modes, thereby suggesting that red phosphorus 

exists largely as a composite material for P/C-1:x-PBr3. XRD and Raman spectroscopy both reveal 

that PBr3 and PI3 significantly select for the formation of RP in the synthesis products of co-

pyrolysis with benzene, as opposed to PCl3 which does not.  
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Figure 4.8. Raman spectra collected at two distinct regions of P/C-1:8-PBr3. The inset shows the 

presence of RP in the low wavenumber region for region 1 (red trace). 
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Figure 4.9. Low-frequency Raman spectra of P/C-1:3-PCl3, -PBr3, and -PI3. The dashed lines 

indicate vibrational modes associated with RP.177  

Composition 

EDX analysis of P/C-1:x-PCl3, -PBr3 and -PI3 materials is shown in Table 4.4. The total 

remaining P content after workup greatly depends on the identity of the precursor, and in some 

cases the nominal composition. The PBr3-derived material of nominal composition x = 3 (P/C-1:3-

PBr3) contains the highest P content (~28 at%, ~48 wt%). In specific regions of the graphitic flakes, 

P/C-1:3-PBr3 materials contain upwards of 45 at% P. This is consistent with the high intensity 

contributions from bulk RP revealed by XRD and Raman spectroscopy, and the composite nature 

of this material is further confirmed by SEM (as shown in Figure 4.10). Despite also showing some 

evidence of bulk RP, the PI3-derived materials contain the lowest amount of phosphorus (~4-5 
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at%). Residual halide content in PI3 derived materials is quite high (~2.0 at%) compared to PCl3 

and PBr3 derived materials. This is likely due to the heavy mass of iodine and trapping of iodide 

species between graphitic sheets. Evidence and discussion of halide trapping in P/C materials is 

presented in Appendix D.   

Table 4.4. Chemical composition of P/C-1:x-PX3 materials as determined by EDX analysis. 

P 

Precursor 

Nominal 

Composition 

P Content 

(at%) 

C Content 

(at%) 

X Content 

(at%) 

O Content 

(at%) 

Si Content 

(at%) 

PCl3 
1:3 10.1 ± 4.9 85.4 ± 5.2 0.1 ± 0.0 4.4 ± 4.3 0.1 ± 0.0 

1:5 6.3 ± 2.0 90.1 ± 2.0 0.1 ± 0.0 3.6 ± 2.8 0.0 ± 0.0 

PBr3 
1:3 28.1 ± 17.5 64.3 ± 17.5 0.5 ± 0.1 6.9 ± 2.5 0.2 ± 0.2 

1:5 6.1 ± 3.7 88.5 ± 3.5 0.2 ± 0.2 5.3 ± 2.0 0.1 ± 0.0 

PI3 
1:3 4.5 ± 2.0 84.2 ± 3.9 1.6 ± 0.9 9.6 ± 2.6 0.0 ± 0.0 

1:5 4.7 ± 2.7 84.9 ± 5.4 2.3 ± 1.4 7.9 ± 2.1 0.1 ± 0.1 
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Figure 4.10. SEM/EDX analysis of P/C-1:3-PBr3 synthesized at 1050 ℃. Region 1 shows a 

phosphorus rich region. Region 2 is indicative of a graphitic flake.  

Phosphorus Chemical Environment 

White phosphorus inclusions within a graphitic scaffold may not be easily detected by XRD 

owing to their molecular nature; compared to RP, WP is highly likely to exhibit rotational disorder 

or be amorphous. Likewise, resonance enhancement of the Raman-active modes of graphite when 

using standard visible irradiation sources can overwhelm any features from WP. Therefore. 31P 

ssNMR was used to distinguish and quantify WP environments in the P/C composites investigated 

herein, as shown in Figure 4.11. Experimental conditions were optimized for the analysis of WP 

and therefore quantification of RP content was not pursued by NMR (a far more difficult 

endeavor). The presence of a feature at ~-530 ppm is direct evidence of tetrahedral P4 molecules 

in all PCl3- and PBr3-derived materials. This WP contribution explains the relatively high P content 
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in P/C-1:x-PCl3 materials (~6-10 at%, Table 1) which do not show any evidence for RP inclusions. 

Interestingly, the WP signal in P/C-1:3-PBr3 is observed at -460 ppm, ~70 ppm downfield from 

the WP feature seen in the other P/C materials; the cause of this unusual shift remains unknown 

but could be due to spatial distribution of nearby P atoms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11. 31P NMR spectra of P/C composite materials showing two primary P environments: 

P4 (WP, between -400- and 600 ppm) and phosphorus (0 ppm). Minor contributions from RP are 

detectable as a broad feature at ~0 ppm.  
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Electrochemistry 

Two methods were employed to investigate the reversible electrochemical lithiation of the 

P/C composite materials: CV and GCD cycling. Slow-rate CV profiles of the six materials of 

highest interest are shown in Figure 4.12. Two broad redox pairs occurring at ~0.3-1.0 and 0-0.1 

V are revealed for all materials: in both the first cycle and subsequent cycles. The latter redox 

couple corresponds to the well-known (de)lithiation of graphitic carbon.136 The other redox couple 

centered at ~0.3-0.8 V upon reduction (lithiation), exhibits a large overpotential shifting to  ~1.0 

V upon oxidation (delithiation). Only in P/C-1:3-PBr3 do additional and well-defined anodic peaks 

exist (1.04, 1.20, and 1.27 V), representing the stepwise delithiation of phosphorus (LixP → P 

where x=1-3). 63, 178 The high content of bulk RP in that composite gives rise to this distinct redox.  

To investigate the electrochemical lithiation of solely the P content of each P/C composite 

(i.e., in the absence of any graphitic contribution), a lower voltage cut-off of 0.25 V was employed. 

In this range (0.25-2.00 V vs. Li/Li+), only the irreversible formation of SEI and the 

lithiation/delithiation of the phosphorus network is permitted. Slow-rate CV cycling in this range 

showed almost identical profiles as observed in the wider voltage window; the lithiable P content 

could be determined by integrating the second cycle oxidative (delithiation) current (Table 4.5). 

The total lithitaed phosphorus (14 wt%) in P/C-1:5-PCl3 nearly matches the total measured 

phosphorus content by EDX (15 wt%). Generally, however, all other materials demonstrate lower 

total lithiable phosphorus than total measured phosphorus indicating there is inaccessible 

phosphorus within the active material. This is most noticeable in P/C-1:3-PBr3 which acts the most 

like a composite. In order to assess error associated with total lithiable phosphorus, a pure graphitic 

carbon control material was also examined by cyclic voltammetry (0.25-2.00 V vs. Li/Li+, 0.1 mV 

s-1) to determine the error associated with this method of lithiable P content (see Figure 4.13). The 
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carbon control material is pyrolozed benzene at 800 ℃ and is representative of the turbostratic 

nature and structural ordering of P/C mateirals.  

Figure 4.12. Electrochemical lithiation/delithiation of P/C composite materials synthesized using 

PCl3 (yellow), PBr3 (red), or PI3 (purple) as the P precursor. CV profiles for nominal 

compositions (a-c) x = 3 and (d-f) x = 5 are shown at 0.1 mV s-1; the first cycles are shown in 

black and the second cycles are shown in color. Two voltage ranges are shown: 0.01-2.00 V 

(solid lines) and 0.25-2.00 V (dashed lines) vs. Li/Li+. 
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Figure 4.13. Second cycle voltage cutoff (0.25-2.0 V) cyclic voltammetry. (a-c) PC3 and (d-f) 

PC5 materials synthesized with -PCl3 (yellow), -PBr3 (red), and -PI3 (purple) overlayed with 

pyrolyzed benzene (800 ℃) control (black).  

 

Voltage profiles (Figure 4.14 and 4.15) are shown at 1 A g-1 and 0.02 A g-1 to examine 

chemistry at different rates. Voltage plateaus remain nearly identicle suggesting these materials 

are not rate limited. In both sets of voltage plateus there is obvious capacity loss after the first cycle 

observed for all PCx materials suggesting irreversible lithiation of phosphorus and formation of 

SEI. Figure 4.16 shows GCD cycling at 1 A g-1 for all P/C materials as compared to the carbon 

control. Interestingly, the first cycle capacities of P/C materials are fairly representative of the 

predicted capacities with the expection of -PBr3 derived materials (Appendix F). For example, the 

calculated theoertical capacity of P/C-1:x-PCl3 is ~634 mAh g-1 and the measured first cycle 

capcity is 604 mAh g-1. With regard to performance, P/C-1:5-PCl3 demonstrates the highest 
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capacity and stability over 1000 cycles at ~ 300 mAh g-1. The optimal performance of P/C-1:5-

PCl3 can likely be attributed to stabilized P4 molecules between graphitic sheets.  

 

Figure 4.14. Voltage profiles from 0.01-2.00 V vs. Li/Li+ cycled at 1 A g-1. (a) P/C-1:3-PCl3, (b) 

P/C-1:3-PBr3, (c) P/C-1:3-PI3, (d) P/C-1:5-PCl3, P/C-1:5-PBr3, and (f) P/C-1:5-PI3 at cycles 1 

(black), 5 (red), 50 (yellow), 100 (green), and 500 (blue). 
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Figure 4.15. Voltage profiles from 0.01-2.00 V vs. Li/Li+ cycled at 0.02 A g-1. (a) P/C-1:3-PCl3, 

(b) P/C-1:3-PBr3, (c) P/C-1:3-PI3, (d) P/C-1:5-PCl3, P/C-1:5-PBr3, and (f) P/C-1:5-PI3 at cycles 1 

(black), 5 (red), 10 (yellow), and 20 (green). 

Figure 4.16. Cycling stability and coulombic efficiency from 0.01-2.00 V vs Li/Li+ cycled at 1 A 

g-1 for P/C materials derived from (a) PCl3, (b), PBr3, and (c) PI3. All graphs show 1:3 and 1:5 

nominal compositions compared to a carbon control (C6H6 pyrolyzed at 800 ℃) (gray trace). 
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Quantification of Phosphorus Allotropes  

An aim of this work was to discern relative contributions of red and white phosphorus 

allotropes within P/C materials, especially in the P/C-1:x-PBr3 materials which is known to contain 

both RP and WP evidenced by XRD, Raman spectroscopy, and 31P ssNMR. To tabulate the total 

relative allotropic contributions in each sample we rely on information from 31P ssNMR to infer 

how much WP is present. The total integrated area from the P4 signal was normalized to the total 

amount of phosphorus determined by EDX for P/C-1:5-PCl3, a model material believed to contain 

solely P4 environments (see prior study 134). The total RP content can then be determined by taking 

the difference in total measured P content determined by EDX and the WP content determined by 

31P ssNMR. Table 4.5 shows tabulated WP and RP (wt%) content for all P/C materials.  



 

 

7
5
 

Table 4.5. Weight distribution of phosphorus allotropes in P/C composite materials, as determined by a combination of 31P NMR 

spectroscopy and EDX analysis (in at%). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

aDetermined by the ratio of benzene to PX3 in the original reaction 
bDetermined by EDX spectroscopy 
cDetermined by 31P NMR spectroscopy 
dDetermined by the difference between EDXb and NMRc P contents 
eDetermined by CV along the anodic (oxidation) branch between 0.25-2.00 V vs. Li/Li+ at 0.1 mV s-1

P Precursor 

Nominal 

Composition 

(1:x) 

Nominal P 

Contenta 

(wt%) 

Actual P 

Contentb 

(wt%) 

P4  

Contentc 

(wt%) 

Red P 

Contentd 

(wt%) 

Lithiable P 

Contente 

(wt%) 

PCl
3
 

1:3 46% 22% 15% 7% 9% 

1:5 34% 15% 15% 0% 10% 

PBr
3
 

1:3 46% 48% 17% 31% 8% 

1:5 34% 14% 8% 6% 6% 

PI
3
 

1:3 46% 9% - 9% 3% 

1:5 34% 9% - 9% 4% 
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 Figure 4.17 visually shows total measured phosphorus, lithiable phosphorus within error, 

and the relative quantities of red and white phosphorus for P/C materials. The samples with almost 

exclusively WP (P/C-1:x-PCl3) show a strong correlation between the WP content and the 

(reversible) lithiable P content; this indicates that, whether or not the P content is returned to the 

WP phase after first delithiation, the stabilized WP in these P/C composites is highly robust toward 

lithiation/delithiation cycling. Materials containing WP contain 8-17 at% P4 which is likely related 

to a structural packing limit of WP in graphitic carbon (see Appendix H). 

 

Figure 4.17. Total measured phosphorus and relative quantities of red and white phosphorus 

shown for P/C-1:3 and P/C-1:5 materials synthesized with PCl3, PBr3, or PI3 as the precursor. 

Total lithiable phosphorus (determined electrochemically between 0.25-2.00 V vs Li/Li+) is also 

shown.  
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Formation of Phosphorus Allotropes 

In order to explain the systematically varied phase-segregated components of the novel P/C 

composite materials, thermochemical calculations were performed to quantify the difference in 

energy of decomposition of each precursor. The relevant decomposition energies, normalized per 

P or C atom generated by complete dissociation of the molecule, are shown in table 4.6. The 

precursors decrease in thermochemical stability from PCl3 to PI3, as expected. Importantly, all 

three PX3 precursors explored herein exhibit a lower stability than benzene, though PCl3 is the 

most similar (8.2 compared to 9.1 eV atom-1 for PCl3 and C6H6, respectively). Thus, in the reaction 

mixture initially containing PCl3 and benzene, the P–Cl bonds likely break and begin to form a P–

P bonded network at the same time as the benzene is undergoing pyrolysis to form graphitic 

nanocrystals; rapidly formed WP become trapped and well-dispersed within the growing graphitic 

carbon scaffold. This is in contrast to the case for the less stable PBr3 and PI3 mixtures (6.9 and 

5.6 eV atom-1, respectively) where the P–X bonds break and begin to form a P–P bonded network 

significantly prior to benzene decomposition. In these systems, the originally formed WP likely 

polymerizes to form large RP networks prior to the formation of the first graphitic nanocrystals. 

Hence, the RP becomes covered in graphitic carbon but the two phases remain well segregated; 

some WP remains in the case of PBr3-derived composites owing to the shorter time spent above 

the decomposition threshold. Finally, in the case of the PI3 derived composites, extreme phase 

separation results in poor contact between the RP and the graphitic scaffold, allowing the RP phase 

to be completely washed away during workup, thus explaining the relatively low total P content 

and complete absence of WP. Figure 4.18 shows a schematic of model materials for the three 

different halide precursors and their resulting allotropes according to precursor decomposition 

energies.  
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Table 4.6. Estimated decomposition energies of phosphorus and carbon precursors. Calculations 

carried out using MN15 functional and Def2-QZPP basis. 

 

 

 

 

 

 

 

 

Figure 4.18. Predicted material models based on chemical precursor decomposition energies for 

(a) P/C-1:x-PCl3, (b) P/C-1:x-PBr3, and (c) P/C-1:x-PI3.   

Conclusions and Future Work 

Careful control of phosphorus allotropes (e.g., red or white) formed within P/C materials is 

demonstrated by altering the tri-halide precursor used in a direct and single-step synthesis. The 

P Precursor Reaction 
ΔESCF 

(eV) 

Energy 

(eV/P) 

PF3 2PF3 → 2P + 3F2 30.8 15.4 

PCl3 2PCl3 → 2P + 3Cl2 16.3 8.2 

PBr3 2PBr3 → 2P + 3Br2 13.9 6.9 

PI3 2PI3 → 2P + 3I2 11.2 5.6 

C Precursor Reaction 
ΔESCF 

(eV) 

Energy 

(eV/C) 

C6H6 C6H6 → C6 + 3H2 54.5 9.1 
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initial goal of altering the tri-halide precursor was to optimize for the substitutional doping, an 

extension of past work that methodologically investigated synthesis temperature and nominal 

composition.134 We instead discover the formation of WP and RP allotropes in which the type and 

relative quantity of each allotropes depends on the tri-halide precursor selected. Materials are 

explored as lithium-ion electrode materials in attempts to leverage the high capacity of phosphorus 

(e.g., theoretical capacity 2596 mAh g-1, expected for pure phosphorus) and the structural 

stabilization offered by the graphitic scaffold.  

 PBr3 derived materials were initially thought to be a strong candidate as a LIB anode 

material owing to its composite like nature of red phosphorus and graphitic scaffolding whereby 

red phosphorus would greatly enhance overall capacity and graphitic carbon would act as a 

scaffold mitigating volume expansion of phosphorus during (de)lithiation. Surprisingly this 

material did not exhibit enhanced capacity relative to pure graphitic carbon despite containing the 

most phosphorus. Rather, PCl3-derived materials demonstrate enhanced capacity compared to 

graphitic carbon, and more so, remarkable stability at 1 A g-1 for over 1000 cycles at~300 mAh g-

1. The structural positioning and dispersion of P4 molecules within P/C-1:5-PCl3 lends to superior 

electrochemical performance relative to other P/C composite materials. A question remains as to 

whether P4 molecules maintain intact during (de)lithiation, suggesting full reversible lithiation of 

the P4 molecule itself, or undergo a structural polymerization within the graphitic sheets. Future 

work will focus on determining the stability and reversibility of P4 domains after the first cycle. 

Broad impacts are expected of stabilized P4 include storage of P4 as well as controlled release of 

P4 for other applications.  
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CHAPTER FIVE 

SYNTHESIS AND CHARACTERIZATION OF ALUMINUM-DOPED GRAPHITIC CARBON 

Introduction 

Substitutional heteroatom doping and co-doping of carbon-based (and other group IV) 

solids by elements such as boron, nitrogen, phosphorous, and sulfur has been extensively explored 

to tune the structural and chemical/electrochemical properties for a variety of applications.112, 133, 

179 Notable examples of this strategy are boron incorporation into graphite for nuclear shielding 

applications,180 modification of the electronic structure of fullerenes and nanotubes by B (p-type) 

and N (n-type) doping,181 and nitrogen incorporation into templated carbon to enhance CO2 uptake 

for direct air capture applications182, 183 and methane absorption.184 In general, this body of research 

is wide-ranging in its findings, and recently many long-prevailing trends in the results are coming 

under higher scrutiny.185, 186 Phosphorous incorporation is relatively common as a strategy to 

enhance the electron donating character of sp2-hybridized carbon surfaces 134, 187-190; on the other 

hand, few experimental reports exist that describe the successful substitutional incorporation of 

aluminum into a graphitic lattice.191 Hence, there is fundamental importance in this endeavor given 

the complementarity of the electron withdrawing/donating properties of Al and P with respect to 

carbon. 

Aluminum and carbon are typically explored together as metal matrix composite (MMC) 

materials,192, 193 or in other composite applications (e.g., aluminium nanoparticles on porous 

carbon supports).194, 195 Graphite and aluminium metal face wettability issues when forming 

composites; the binary phase, aluminum carbide (Al4C3) is readily formed at high temperatures.196-
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198 Few existing studies directly target substitutional doping. A representative such study, perhaps 

the first to explicitly report substitutional incorporation of aluminum into an sp2-hybridized carbon 

system, is focused solely on graphene and not a free-standing, bulk material.191 On the contrary, 

numerous computational studies investigate aluminum doping in carbon materials (e.g., CNTs,199, 

200 graphite,201, 202 and graphene203-205) and many predict applications towards hydrogen storage,201, 

205 gas sensing,200, 204, 206-208 and catalysis209, 210 that would require free-standing, bulk AlCx 

materials. The aluminum-carbon binary phase diagram reported by Gokcen and Oden211 (Figure 

5.1) seems to remain the state of knowledge today as to the equilibrium aluminum solubility in 

crystalline graphite. The precise solubility limit is unknown but is often reported as negligible 

(which we assign as <0.01 at%). We hypothesized that further investigation via bottom-up 

synthesis techniques could lead to a variety of ordered or disordered and stable or metastable bulk 

graphitic materials with higher aluminum content than 0.01 at%, similar to those prepared for other 

heteroatoms (e.g., boron212, 213 and phosphorus134). 

In this work, we explore a variety of direct (bottom-up from molecular precursors) 

synthesis approaches targeting high aluminum-content graphitic carbon materials where aluminum 

is exclusively substituted within the graphitic lattice. Under optimal conditions and after 

appropriate post-synthesis processing, samples containing up to ≤ 0.5 at% Al could be synthesized 

and were subsequently characterized. These materials are generally highly disordered, but 

evidence is presented that the aluminum is likely bound in trigonal planar environments within the 

graphitic lattice. 
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Figure 5.1. Aluminum-Carbon phase diagram adapted from Gokcen and Oden.211  
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Primary Aims 

Incorporation of aluminum into free-standing bulk carbon materials is not well reported at this 

time. This work aims to substitutionally incorporate aluminum in turbostratic graphitic carbon.  

Fundamental interest lays within understanding how p-type doping alters structural and chemical 

properties of graphitic carbon. The same bottom-up co-pyrolysis method used for phosphorus 

doping (chapter 4) is adopted in this work for a best side-by-side comparison of p-type and n-type 

doping. We find it challenging to achieve substitutional doping without the formation of an 

undesired byproduct, mullite. Large efforts of this work focus on the prevention and elimination 

of the aluminosilicate byproduct through systematic control of synthetic parameters and post work-

up procedures. Resulting materials are characterized by X-ray absorption spectroscopy (XAS) to 

identify the presence of Al-C bonding environments. It is our hope that this work lends insight into 

synthesis routes and conditions that allow for metastable aluminum-doped graphitic carbon. 

Synthesis and Characterization of Aluminum-Doped Graphitic 

Carbon 

Materials Synthesis 

Aluminum-doped graphitic materials, hereinafter referred to as AlCx, were synthesized via 

a direct synthesis route analogous to previous strategies employed for boron 212 and phosphorus 

134. In each case, a quartz ampule (15 cm length, 1.0 cm inner diameter) was charged with either a 

mixture of benzene (anhydrous 99.8%, Sigma Aldrich) and aluminum trichloride (AlCl3, 

anhydrous, Acros Organics), a solution of trimethylaluminum in toluene (TMA/toluene, 2.0 M, 

Sigma Aldrich), or neat trimethylaluminum (TMA, 97.0%, Sigma Aldrich) inside a glovebox 

under inert argon conditions (≤0.5 ppm O2, ≤0.5 ppm H2O). In certain cases, the ampule was 
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pretreated by carbon passivation (neat benzene pyrolysis inside a double-necked ampule) or the 

precursors were wrapped in a molybdenum foil (≥99.9%, 25 μm thick, Sigma) pouch prior to 

sealing for the final reaction; such efforts were not found to be more successful than direct 

pyrolysis within a standard quartz ampule. The total amount of precursors sealed was determined 

by setting the final pressure of the reaction at 20 bar, based on the inner volume of the ampule 

(~12 mL) and the assumption that pyrolysis would be stoichiometric and all products would be 

diatomic gases (H2, HCl, or Cl2). A Swagelok ultra-torr adaptor was placed over the open end of 

the ampule; the capped ampule was removed from the glovebox and partially submerged in liquid 

nitrogen to solidify the precursor solution. The ampule was connected to a Schlenk line, evacuated 

to 10-3 mbar, and then flame sealed under vacuum. 

Sealed ampules were placed on an elevated platform at the center of a chamber furnace 

(Carbolite CWF 12/13) and heated to a final set temperature between 800-1100 °C via a 

programmable PID controller (Eurotherm 3216). The temperature set point was held for 1 h and 

then cooled to below 100 °C at which point the furnace was opened and the sealed ampules were 

removed. Sealed ampules were carefully opened using a diamond blade saw in a fume hood where 

gaseous byproducts (e.g., HCl) could be safely released. The solid product was collected and rinsed 

with deionized water and acetone. All samples were air dried at 80 °C for 24 h before further 

analysis. To dissolve aluminosilicate impurities, some samples were subjected to HF washing as 

follows: 20% aqueous HF for 48 h, followed by copious DI rinse and collection of material. 

Materials Characterization 

Structural Characterization XRD measurements were performed using a Bruker D8 

Advanced diffractometer using Cu Kα1,2 radiation (λ = 1.54 Å) in reflection geometry. Samples 
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were prepared for XRD by ultrasonication in acetone for 5 minutes and then dried at 80 °C for 24 

h. Raman spectroscopy was performed using a Horiba LabRAM HR Evolution spectrometer 

equipped with a confocal microscope and a frequency-doubled Nd:YAG laser (532 nm) with an 

incident power of 10 mW. 

Composition and Morphology SEM and EDX spectroscopy were measured using a 

Physical Electronics PHI 710 microscope with a field emission source operated at 1 and 10 kV, 

respectively. Samples were prepared for SEM and EDX by pressing the as-collected material into 

indium foil which was then secured to an aluminum mount.  

X-Ray Absorption Spectroscopy Aluminum and carbon chemical environments were 

analyzed by XAS, measured at the Spherical Grating Monochromator (SGM) beamline at the 

Canadian Light Source (CLS). An XAS spectrum is generated by tuning incident photon energy; 

incident photons are absorbed by electrons occupying the core-shell (K-edge for a 1s orbital) which 

are then promoted to an unoccupied state above the Fermi level. High energy electrons then fill 

the core-hole emitting a detectable X-ray at discrete energy. This is reflected in a spectrum by an 

“edge feature” which is the transition to lowest unoccupied states and corresponds to unique 

bonding environments and coordination.214  

As-synthesized flakes were mounted on carbon tape and measured under ultra-high 

vacuum (10-9 mbar). Total fluorescence yield (TFY) was measured for each sample by averaging 

over four silicon drift detectors (SDDs). Several standard materials were mounted for comparison 

to AlCx: aluminum foil (0.25 mm thick, 99.999%, Sigma-Aldrich), aluminum carbide (Al4C3, 98%, 

Goodfellow Corp.), mullite (3Al2O3·2SiO2, 98%, Alfa Aesar), montmorillonite (K10, Clay 

Mineral Society), and aluminum phosphate (AlPO4, 99.99%, Sigma Aldrich). 
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Results 

Synthesis 

Several synthetic approaches were explored in an effort to achieve phase-pure samples of 

aluminum-substituted graphitic carbon. The temperature range of interest in this work, informed 

by previous work in the direct synthesis of boron- 212 and phosphorus-doped 134 graphitic materials, 

was 800-1100 °C. Hence, while the graphitic ordering of such products was expected to be modest 

(especially in the stacking direction), the range of heteroatom content was expected to be as high 

as possible, the major target of this work. Closed-reactor synthesis in this temperature range 

typically requires the use of quartz ampules when refractory metal ampules are not available (such 

as in this laboratory). Hence, all experiments described herein involve the selection of precursors 

followed by charging into a quartz ampule under inert argon atmosphere, and subsequent heating 

to a set temperature between 800-1100 °C. 

At all temperatures explored in this work, an undesired byproduct, the aluminosilicate 

mineral known as mullite (3Al2O3·2SiO2), was formed during synthesis. This byproduct is 

attributable to a reaction between the quartz ampule and the Al-containing precursor (e.g., AlCl3 

or TMA). This byproduct could be easily removed by dissolution in aqueous HF. Figure 5.2 shows 

mullite present in AlCx before HF and mullite-free AlCx post EDX.  

Numerous attempts were made to prevent the formation of mullite altogether, including 

passivation of the quartz ampule with pre-synthesis carbon deposition, the use of a molybdenum 

packet to isolate the precursors from the quartz, and simply the exploration of dilute Al-doping 

content to prevent leaching; nevertheless, none of these strategies were successful in preventing 
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the formation of mullite (see appendix I). Therefore, the remainder of this study focuses on the 

post-HF treatment of either AlCl3-derived AlCx or TMA-derived AlCx. 

 

 

 

 

 

 

Figure 5.2. Needle-like crystals exist in pre-HF washed AlCx materials. The morphology and 

relative composition of rod-like crystal match mullite and are in good agreement with 

literature.215 216 

Structure 

The crystalline structure of directly synthesized AlCx was investigated by powder XRD, as 

shown in Figure 5.3. All of the XRD patterns for the pre- and post-HF washed AlCx materials 

show a broad reflection centered at 2θ = 23-26°, corresponding to the (002) reflection in graphite. 

The broadness of this feature indicates the existence of small crystallites and significant long-range 

disorder in the stacking structure (turbostratic ordering). Additional well-defined peaks in the pre-

HF treated samples are indicative of mullite.215 Under otherwise identical conditions, the mullite 

reflections increase in intensity with increasing Al:C ratio (decreasing x) and with increasing 

temperature. Mullite formation is likely attributable to side reactions between the aluminum 

precursor and the quartz ampule, sequestering a portion of the available aluminum from 
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incorporation within the graphitic lattice. The mullite reflections completely disappear following 

HF treatment, indicating that HF dissolution is a viable route to obtain mullite-free AlCx. 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. XRD patterns of pre- (light trace) and post-HF treated (dark trace) AlCl3-derived 

AlCx (of nominal composition x = 3, 6, 10) compared to a crystalline mullite standard. 

The in-plane structure of as-synthesized AlCx was further investigated by Raman 

spectroscopy (Figure 5.4.). Spatial scanning across the surfaces of the AlCl3-derived AlCx 

materials revealed two distinct structural environments: more-ordered and more-disordered 

graphitic carbon, independent of the nominal composition. In regions where the AlCx is more 

ordered, the full-width at half-maximum (FWHM) of the D and G peaks are narrow and the 2D 

region is defined by four well-resolved peaks. In more disordered regions, the D and G peaks are 

wider, the 2D region is a broad, modulated hump, and the I(D):I(G) ratio is > 1. These spectral 
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features are quantitatively tabulated in Table 5.1. The more ordered regions may be a result of 

carbon pyrolysis in the presence of aluminum as a catalyst. The interlayer spacing as determined 

by XRD is narrower in all AlCx materials (e.g., 3.48-3.50 Å at 1100 °C) than in pure carbon 

materials derived under equivalent conditions (e.g., 3.51-3.54 Å for benzene derived carbon 

synthesized at 800-1100 °C) (Figure 5.5.). Lower aluminum content (e.g., AlC10) correlates with 

narrower interlayer spacing; hence, the least amount of aluminum in the initial reaction leads to 

the strongest catalytic effect, likely owing to the formation of mullite in higher Al content reaction 

mixtures. 
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Figure 5.4. Raman spectra of post-HF treated AlCl3- and TMA-derived AlCx materials under 

irradiation at 532 nm, showing two distinct types of regions in each sample: higher and lower 

ordered nanocrystalline graphite. 
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Table 5.1. Raman spectral features of AlCl3- and TMA-derived AlCx samples post-HF wash. 

Material Pos(D) 

(cm⁻¹) 

FWHM(D) 

(cm⁻¹) 

Pos(G) 

(cm⁻¹) 

FWHM(G) 

(cm⁻¹) 

I(D) I(G) I(D)/I(G) 

Ordered 

AlC200 1333 22 1571 47 19562 16286 1.20 

AlC333 1342 25 1580 52 18952 15391 1.23 

AlC500 1334 38 1567 60 6934 7974 0.87 

AlC10 1339 27 1575 53 12582 13541 0.93 

AlC6 1327 24 1563 47 10446 11416 0.92 

AlC3 1337 32 1573 58 10935 12003 0.92 

AlC3-TMA -- -- -- -- -- -- -- 

Disordered 

AlC200 1344 52 1584 71 10075 7780 1.30 

AlC333 1348 52 1590 73 9962 7284 1.37 

AlC500 1343 53 1585 79 12513 9237 1.35 

AlC10 1342 66 1579 86 13367 11619 1.16 

AlC6 1345 58 1584 85 8390 6514 1.28 

AlC3 1335 57 1575 74 6830 5474 1.25 

AlC3 TMA 1338 91 1584 84 3517 3180 1.11 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. d-spacing for AlCx-AlCl3 and C-C6H6 materials 
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Composition and Morphology 

The elemental composition of directly synthesized (post-HF treated) AlCx was investigated 

herein by EDX spectroscopy (Figure 5.6). Materials derived from AlCl3 were determined to have 

Al contents of 0.1-0.5 at% Al, generally increasing with the nominal composition (e.g., the initial 

concentration of Al in the reaction mixture). On the other hand, materials derived from TMA had 

almost negligible Al content. These results indicate that there is a larger dependence of the eventual 

Al content on the identity of the precursor than on the nominal composition of the reaction.  

Small traces of chlorine (<1.2 at%) are found to exist within post-HF washed AlCx; this 

residual Cl content scales directly with nominal Cl content provided by the AlCl3 precursor. EDX 

mapping confirms that Cl is not preferentially located within the Al-rich regions (Figure 5.7). 

Rather, the Cl is likely trapped between graphitic sheets, as an intercalant, or covalently bonded to 

the graphitic network. We frequently observe this via the direct synthesis of turbostratic graphitic 

materials using halide containing precursors (Appendix D).134, 137 No regions of stoichiometric 

composition consistent with mullite are found to exist within post-HF washed AlCx materials. 
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Figure 5.6. a) Aluminum, b) chlorine, c) oxygen and d) silicon content of post-HF treated AlCl3- 

and TMA- derived AlCx materials as determined by EDX spectroscopy. AlCl3 (1100 °C) and 

TMA (800 °C) derived materials are shown in magenta and blue, respectively. 
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Figure 5.7. EDX mapping of AlC3-AlCl3 synthesized at 1100 ℃ 

Aluminum Bonding Environments 

The chemical environment of aluminum within the highest Al content materials was further 

investigated by XAS. The XAS spectra at the Al K-edge of both pre- and post-HF treated AlCl3-

derived AlCx (of nominal composition x = 3, 6, and 10) are shown in Figure 5.8. The pre-HF 

treated samples, included herein for control purposes (since they are known to contain 

predominately mullite-type Al), all exhibit an edge and two post-edge features at 1567.4, 1568.7, 

and 1572.7 eV, respectively, that are consistent with mullite. 217, 218  After HF treatment, a 

prominent edge feature at 1566.8 eV and post-edge feature at 1571.7 eV (referred to as E* and E^, 

respectively) arise in all AlCx materials with >0.2 at% actual Al content (AlC10, AlC6, and AlC3). 

A slight third feature is evident at 1569.0 eV in AlC6. These primary new environments, E* and 

E^, are not consistent with tetrahedral (Td) AlO4 or octahedral (Oh) AlO6 environments found in 

mullite, K10, and AlPO4, nor are they consistent with Td AlC4 environments in Al4C3. The novel 
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environments are rather lower in energy, suggesting a lower aluminum coordination 

environments,219 such as trigonal planar or pyramidal. In general, both E* and E^ increase in 

intensity at higher synthesis temperatures (Figure 5.8b).  

Figure 5.8. XAS spectra near the Al K-edge of (a) pre- and (b) post-HF treated AlCl3-derived 

AlCx (where x = 3, 6, and 10) AlCx materials synthesized at 1100 °C (solid line) are compared to 

800 °C (dashed line).(c) XAS Al K-edge spectra of halide- and TMA-derived AlCx (where x = 3, 

6, and 10) synthesized at 800 °C (dark orange) and 1100 °C (light orange). Standards include 

AlPO4, K10, mullite, Al4C3 and Al foil. 

The TMA-derived AlCx plays an important role in this study owing to the inherent presence 

of Al-C bonds derived from TMA itself, some of which would likely remain intact in the AlCx 

product.  Indeed, the XAS spectrum of the neat TMA-derived materials pyrolyzed at 800 °C does 

in fact exhibit the same E* and E^ features present in the AlC3-derived AlCx materials (Figure 

5.8c), albeit in lower overall concentration of Al. Interestingly, the TMA-derived samples also 



96 

 

 

contain an Al environment at 1561.3 eV that may be attributed to Al-Al bonding.220 This would 

be consistent with TMA decomposition mechanisms where TMA decomposes to monomethyl 

aluminum  (MMA) and bulk Al metal phase segregation occurs.221, 222 While we are unable to 

assign an unambiguous Al bonding environment to E* and E^, the existence of these features in 

AlCx from both precursors after HF treatment is likely indicative of Al-C bonding in both 

materials.  

Conclusions and Future Work 

Two aluminum-bearing precursors and a wide range of synthetic conditions were explored 

in an effort to synthesize carbon-rich graphitic materials incorporating Al within the sp2-hybridized 

lattice via a single-step, direct synthesis approach. The use of a quartz ampule as the closed reaction 

vessel led to the formation of mullite as an impurity in all reactions studied; this impurity could be 

effectively removed by post-synthetic dissolution in aqueous HF. The resulting materials were 

thoroughly characterized, showing that a small content of Al was likely incorporated within the 

lattice. The presence of Al precursors in the reaction mixture gave rise to a catalytic graphitization 

resulting in interlayer spacings closer to that in crystalline graphite. Using AlCl3 as the aluminum 

precursor, up to ~0.5 at% was evidenced across a wide range of initial conditions, indicating that 

factors such as the temperature and vessel wall chemistry played a larger role than the composition 

of the initial reaction. Analysis of the XAS spectra obtained for all AlCx materials with appreciable 

Al content showed that a pair of new features, referred to as E* and E^, are a unique signature of 

such materials and are consistent with the presence of trigonal planar AlC3-type environments. 

Further studies are warranted to examine these features in detail and determine their origin. One 

desired technique in the future is FTIR to detect the presence of Al-C bonding.191 Lastly, AlCx 



97 

 

 

materials were not examined electrochemically but remains an important aspect of future work to 

fully elucidate effects of p-type doping on graphitic carbon and to draw further conclusions about 

the differences between phosphorus (chapter 4) and aluminum incorporation.  
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CHAPTER SIX 

STABILIZED SILICON ANODES VIA PHOSPHORUS DOPING  

Introduction 

Chemically Doped Silicon 

Proposed strategies to stabilize silicon anodes upon (de)lithiation include nanosizing71, 73, 

223 employing unique morphologies (e.g., Si needles72, 224) as well as embedding the silicon phase 

within a buffering matrix (e.g., Si-C composites)65, 225 In all cases, however, the reactivity of pure 

silicon with carbonate-based electrolytes commonly used in LIBs remains an important safety 

issue. Many attempts have been made to tailor the electrolyte for increased stability during cycling 

(e.g., solid-state electrolytes).226-228 An alternative strategy towards stabilizing the silicon electrode 

interface is chemical doping by p-block elements such as boron66, 229, 230, nitrogen231, phosphorus65, 

113, 232-235, and sulfur236 or by metals such as magnesium, aluminum, calcium, and zinc.76, 77 

Presently, it remains unclear whether elemental doping is the primary cause of any electrochemical 

or thermal stabilization effects. Herein we attempt to determine the role of substitutional doping 

on the materials and electrochemical properties of silicon. 

Elements with high equilibrium solubility in silicon are arsenic (up to ~3.6 at%), 

phosphorus (up to ~3.0 at%), and boron (up to ~1.2 at%).237 Phosphorus and boron are well-known 

dopants of silicon in the semiconductor industry owing to their electron donating and withdrawing 

(n- and p-type doping) character, respectively, and both significantly increase its electrical 

conductivity.238, 239 Arsenic is not a likely candidate for technological applications; hence, to 

achieve the widest range of substitutional doping possible, phosphorus is the most suitable 
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candidate for determining the role of substitutional doping on the materials and electrochemical 

properties of silicon.  

Many past investigations of phosphorus-doped silicon electrodes have focused on doping 

by imprecise ball-milling techniques65, 240 or by as-deposited films232. Use of composite structures 

combined with heteroatom doping have been used to combat many of the issues associated with 

silicon during electrochemical cycling which include volume expansion, pulverization of the 

anode, and loss of electrical contact.65, 233, 234 For example, ball-milling of phosphorus-doped 

silicon and graphite resulting in a composite material with low charge transfer resistance and long 

cyclability and stability was explored.65 Similarly, the ball-milling of silicon, black phosphorus, 

and MWCNTs shows high reversible capacity (>2000 mAh g-1) and reduced volume expansion 

during cycling.240 Synergistic effects of heteroatom doping and the composite-like material make 

it hard to decouple the effects due exclusively to chemical doping.  

Domi et al., investigated the role of phosphorus doping in pure silicon electrodes prepared 

via gas-deposition.232 Thick-film electrodes were prepared in the absence of binder to fully 

understand the effects of phosphorus alone. Findings from this work show that trace amounts of 

phosphorus (124 ppm) significantly enhance electrochemical performance compared to pure 

silicon electrodes. Our work is modeled after Domi’s systematic approach in determining the role 

of phosphorus doping on electrochemical stability. We utilize a facile synthesis method via solid-

state diffusion making our work industrially scalable. The work presented in Chapter 6 attempts 

to investigate the sole effect of phosphorus doping without use of Si-P/C composites towards the 

stabilization of silicon anodes. 



100 

 

 

Silicon-Phosphorus Binary Phase Diagram  

The silicon-phosphorus binary phase diagram was constructed in the late 1950’s by 

Giessen and Vogel through microstructural and thermal analysis of silicon/phosphorus melts and 

is shown in Figure 6.1.241 Two primary phases are observed in this phase diagram: the SiP 

compound and the solid solution of P in Si. Solubility of P in Si occurs at the eutectic temperature 

1131 ± 2 ℃.115, 241 The maximum reported solubility limit of P in Si is reported to be ~3.0 at%, 

however, this value has been extensively challenging to identify amongst several groups due to 

the presence of oxygen and other impurities. Solubility limits of P in Si have been determined 

several ways; one of the most reliable studies, performed by E. Kooi, examined the diffusion of 

phosphorus into silicon and a silicon dioxide film using neutron activation analysis.242 Utilizing a 

two-zone furnace, the phosphorus source, P2O5, and silicon source resided in low (200-300 ℃) 

and hot (920-1310 ℃) temperature zones. The maximum solubility of phosphorus in silicon was 

reported when SiP was found to form between the SiO2 film and silicon substrate. These results 

match those of Mackintosh et al. which were measured using resistivity measurements.243, 244 
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Figure 6.1. Silicon-Phosphorus binary phase diagram adapted by reference 115. 

 Solid-State Diffusion 

Prior to accelerating voltage technology and the subsequent advent of ion implantation 

technology in 1954, solid-state diffusion reigned as the primary doping method and importantly 

today still remains an important pillar.97 Solid-state diffusion is the movement of atoms in a solid 

whereby a concentration gradient between chemical specials exists and the use of temperature can 

be employed to accelerate the rate of diffusion. It is traditionally assumed that phosphorus 

diffusion in silicon obeys a vacancy-mediated mechanism120, however, conflating studies suggest 

interstitial-mediated mechanism to dominate.118, 121 The aforementioned mechanisms are detailed 

in Chapter 2. In this work we rely on solid-state diffusion of phosphorus into silicon powder at low 

to medium temperatures (800-1200 ℃).  

Figure 6.2a shows diffusivity of phosphorus at three different phosphorus concentrations (0.1, 

1.0 and 10 at%) as a function of temperature. The diffusion depth of phosphorus into silicon at 

specific temperatures and times can be calculated using equation 6.1 to ensure homogenous doping 
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and is shown in Figure 6.2b. Work presented herein largely targets phosphorus concentrations 1019
 

and 1020
 respectively, 0.1 and 1.0 at% at 1131 ℃. Temperature selection (1131 ℃) is based upon 

the silicon-phosphorus eutectic temperature. Expected diffusion depths for the above conditions 

are ~97 and 234 nm. 

(6.1)  𝑥 = √𝐷 ∙ 𝑡 

Figure 6.2. a) Diffusivity coefficients (D) of silicon adapted from reference 119 and b) diffusion 

depth versus phosphorus concentration as a function of temperature. Diffusion depth (x) is 

tabulated based on equation 6.1 where t = 3600 seconds. 

Determining Successful Phosphorus Doping in the Silicon 

Lattice  

Successful substitutional doping is best determined by XRD where a shift of reflection to 

larger or smaller 2θ respectively corresponds to the contraction or expansion of the lattice. 

Typically, changes in lattice parameter can be determined by differences in ionic radii between the 

dopant and host material. Phosphorus-doped silicon leads to a contraction of the lattice on the order 
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of 0.0001 nm per 0.5 at% P as reported by Olensinski and others.115, 245, 246 This contraction is 

linearly observed until ~3.0 at% solubility is achieved at which point SiP phase forms. Figure 6.3 

shows the silicon lattice parameter as a function of phosphorus concentration.  

 

 

 

 

 

 

 

Figure 6.3. Silicon lattice parameter as a function of nominal phosphorus.115 

Primary Aims 

The primary goal of this work is to assess the role of phosphorus doping on the materials 

and electrochemical properties of silicon. This work first examines phosphorus as a dopant to 

establish a baseline understanding of doping in a silicon system and later explores alternative 

dopants including aluminum, boron, magnesium and zinc (Appendix L) in hopes of establishing 

selection rules based on dopant size, electronegativity and valence. A top-down solid-state 

synthesis method is adopted whereby solid precursors (silicon and phosphorus powders) are heated 

to their eutectic temperature to achieve the maximum solubility of phosphorus in silicon. The first 

goal of this work is to confirm successful doping in the silicon lattice; this is best accomplished by 

examining shifts of the Si(111) reflection by XRD. Phosphorus is selected as the primary dopant 
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of investigation owing to its large solubility in silicon at 1131 ℃ (~3.0 at%) and therefore 

detectable shift of the Si(111) reflection as a function of dopant concentration. A wide range of 

synthetic parameters including nominal composition, synthesis temperature (℃), dwell time (h) 

and ramp rate (℃ min-1) are explored to achieve homogenously and heterogeneously P-doped 

silicon nanoparticles. Homogenous and heterogenous doping models are guided by calculated 

diffusion depths based on synthetic parameters and are further supported by electrochemical 

characterization. Importantly, this work aims to decouple the effects of phosphorus doping and 

particle size on electrochemical behavior of silicon anodes.  

Synthesis and Characterization of Phosphorus-Doped Silicon 

Preparation of Solid-Solutions (SiPx) 

The solid precursors, silicon powder and stabilized red phosphorus powder (8.07270, 

Sigma Aldrich), were mixed together by mortar and pestle under Ar atmosphere inside a glove box 

(< 0.5 ppm H2O/O2). Three silicon powders were explored in this work as the silicon precursor: 

100 nm Si NPs (98%, 633097, lot# MKCM0616, Sigma Aldrich), 500 nm Si NPs (99.995%, 

US5011, U.S. Research Nanomaterials Inc.), and 44 μm Si microparticles (MPs, 99%, 215619, 

lot# MKCK6629, Sigma Aldrich). Multiple dilutions were performed at no higher than 10:1 in any 

given step to ensure homogeneity of mixing; mixing was performed for 5 min per step. The powder 

mixture was then transferred into a custom-made quartz ampule (0.8 cm inner diameter, 20 cm 

length) and a Swagelok ultra-torr adaptor was placed over the opening. The ampule was flame 

sealed at the pre-formed neck under rough vacuum. The ampule was then placed on an elevated 

rack at the center of a chamber furnace (CWF12/13, Carbolite-Gero) and heated to a final hold 

temperature via a PID controller (Eurotherm 3216) for a specified hold time via a specified ramp 
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rate. Temperature set point (800 or 1131 ℃, L or H, respectively), hold time (0, 1, 6, 12 h), and 

ramp rate (5, 10, 20, 30, 50 ℃ min-1) were varied accordingly. Finally, the samples were cooled 

by natural convection to below 100 ℃ and then opened using a diamond-bladed rotary saw under 

air. The so-obtained materials were analyzed or further used as collected (without washing). They 

are referred to herein by their nominal concentration (e.g., 0.1 at% SiPx = 0.1P), temperature set 

point (e.g., 1131℃ = H), hold time (e.g., 1 h = 1h), and ramp rate (e.g., 10 ℃ min-1 = 10R), as 

shown in Table 6.1. 
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Table 6.1. Naming convention for SiPx materials based on synthesis protocol employed. 

Materials Characterization 

XRD measurements were performed using a Bruker D8 Advance diffractometer with Cu 

Kα1,2 radiation (λ=1.54 Å) in Bragg-Brentano geometry. Samples were prepared by physically 

mixing with a corundum (Al2O3) internal standard and mounted on an oriented silicon crystal (low 

background) holder.  

Raman spectroscopy was performed using a HR Evolution spectrometer (Horiba Scientific 

Ltd.) equipped with a confocal microscope using a 532 nm (2.33 eV) frequency doubled Nd:YAG 

laser with an incident power of 45 mW. Two types of Raman measurements, referred to as 

Synthetic 

Parameter 

Varied 

Nominal P 

Content 

(at%) 

Ramp Rate 

(°C min-1) 

Temperature 

Setpoint 

(°C) 

Hold Time 

(h) 
Material 

Control Si 

0 (none) (none) (none) Si (100 nm) 

0 (none) (none) (none) Si (500 nm) 

0 (none) (none) (none) Si (44 μm) 

0 5 1131 1 0.0P-5R-H-1h 

P Content 

0.05 5 1131 1 0.05P-5R-H-1h 

0.1 5 1131 1 0.1P-5R-H-1h 

0.2 5 1131 1 0.2P-5R-H-1h 

1.0 5 1131 1 1.0P-5R-H-1h 

3.0 5 1131 1 3.0P-5R-H-1h 

Ramp Rate 

0.1 5 1131 0 0.1P-5R-H-0h 

0.1 10 1131 0 0.1P-10R-H-0h 

0.1 20 1131 0 0.1P-20R-H-0h 

0.1 30 1131 0 0.1P-30R-H-0h 

0.1 50 1131 0 0.1P-50R-H-0h 

Temperature  

0.1 5 1131 1 0.1P-5R-H-1h 

0.1 5 800 1 0.1P-5R-L-1h 

0.1 5 800 0 0.1P-5R-L-0h 

Hold Time  

0.1 5 1131 0 0.1P-5R-H-0h 

0.1 5 1131 1 0.1P-5R-H-1h 

0.1 5 1131 6 0.1P-5R-H-6h 

0.1 5 1131 12 0.1P-5R-H-12h 
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“surface” and “bulk,” were collected by adjusting the focal point to ±10 µm from the plane of focus 

with maximum intensity.  

SEM was performed using a Zeiss Supra 55VP microscope, operated at 1 kV. Samples 

were prepared for SEM by spreading a small quantity of powder onto conductive carbon tape. 

Electrical conductivity was measured under compression within a custom guard electrode setup 

using a Keithley 2450 sourcemeter as described elsewhere.247 

Electrode Materials 

The following materials were used in the preparation of electrochemical cells: lithium 

hexafluorophosphate (LiPF6, battery grade, Gotion Inc.), ethylene carbonate (EC, battery grade, 

Gotion Inc.), dimethyl carbonate (DMC, battery grade, Gotion Inc.), fluoroethylene carbonate 

(FEC, battery grade, Gotion Inc.), lithium metal (chips, 99.9%, MTI Corp.), glass microfiber discs 

(0.67 × 257 mm, GF/D grade, catalogue number 1823–257, Whatman), carbon black (Super P, 

Timcal Ltd), carboxymethyl cellulose (CMC, batch #0011912, MTI), and copper foil (thickness: 

9 μm, MTI Corp.). 

Electrode Fabrication 

Slurries were prepared by mixing SiPx active material (80 wt%), conductive additive 

(Super P, 10 wt%) and binder (CMC, 10 wt%) in deionized water using an automatic mixer 

(Thinky AR-100). The slurry was cast onto Cu foil using a doctor blade and then subjected to a 

three-stage drying protocol: under air at room temperature for 8 h, under air at 80 °C for a further 

8 h, and then lastly under rough vacuum (Welch Chemstar Dry 2071B) at 100 °C for a further 10 

h. Electrodes were punched into disks with a diameter of 10 mm, and then stored under argon in a 
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glove box (<0.1 ppm H2O/O2) until further use. Homogenous loadings of 0.75-1.00 mg cm-2 were 

achieved across all electrodes reported herein. 

Electrochemical Cell Fabrication 

Half-cells were assembled under argon atmosphere in a glovebox (<0.1 ppm H2O/O2) in 

coin-cell format (316 stainless steel, size 2032, Xiamen AOT Electronics Technology Co.). An 

above described SiPx electrode served as the working electrode, a glass microfiber disk as the 

separator (16 mm diameter), and a Li chip as the counter electrode; the cell was flooded with 125 

μL of 1.0 M LiPF6 in EC/DMC (1:1 by weight) with 2 wt% FEC as the electrolyte and then closed. 

Electrochemical Measurements 

Galvanostatic charge/discharge cycling was performed in a temperature-controlled 

incubator (KB 53, Binder GmbH) at 25.0 °C using a battery cycler (CT30001A, Landt 

Instruments). Charge and discharge were performed using a constant current (CC) protocol at 1 A 

g-1 within the voltage range of 0.05-1.5 V vs. Li/Li+.  

Results 

Homogenously Doped Silicon Nanoparticles 

Homogeneously doped solid solutions of phosphorus in silicon (SiPx between 0.05-3.0 at% 

P) were first prepared via solid-state chemical reaction between large silicon NPs (of nominal size 

500 nm) and red phosphorus in a closed ampule under vacuum. The hold temperature of dissolution 

(1131 °C) was initially held constant between all samples, and chosen based on the eutectic 

temperature between the Si solid solution and binary SiP, the equilibrium point of maximum 

solubility in Si. 115 A ramp rate of 5 °C min-1 and a hold time of 1 h were found to be sufficient 
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(the latter originally estimated based on diffusion rates119, 248 of P in Si). Upon opening the ampule 

in air, no further reaction of the product occurred, indicating that the formation of white 

phosphorus was prevented. The initial dark-brown color of the precursor changed to dark gray as 

doping content increased (Figure 6.4), as consistent with previous reports for nanowires.249, 250  
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Figure 6.4. Photographs of (a) as-received pure Si, (b) 0.1 at% SiPx, and (c) 3.0 at% SiPx, all 

obtained from the same precursor: 500 nm Si NPs. 

The systematic contraction of the Si lattice upon phosphorus substitution was verified by 

XRD measurements using an internal corundum standard (Figure 6.5); the change in lattice 

constant closely followed the previously reported trend by Olesinski which states that for 0.5 at% 
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P a 0.0001 nm contraction of the Si lattice can be expected .115, 245, 246 Together, this is strong 

evidence of complete or near-complete incorporation of the phosphorus precursor within the 

silicon phase. Further analysis of the XRD patterns of the homogeneously doped SiPx materials 

reveal larger average crystallite size (as calculated by the Scherrer equation) with increasing P 

content, compared to that of pure 500 nm Si NPs (even when subjected to the same heat-treatment 

at 1131 °C). This effect is corroborated by SEM analysis, showing obvious signs of grain 

coarsening and faceting of the SiPx products, especially at high P-content (Figure 6.6).  

The increase in phosphorus content is further confirmed by measuring the electrical 

conductivity using a two-probe technique. The properties of SiPx materials based on 500 nm Si 

NPs are summarized in Table 6.2. Electrical conductivity of pure 500 nm Si NPs increases several 

orders of magnitude upon the addition of 0.1 at% P under homogenous doping conditions from 

8.99 x 10-7 to 2.06 x 10-2 S cm-1, a strong indication of successful P incorporation.  
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Figure 6.5. (a) XRD patterns of SiPx (from 500 nm Si NPs precursor) with nominal P content 

between 0.1-3.0 at% physically mixed with an internal corundum standard. (b) Detail of the 

Si(111) XRD peak. (c) Lattice parameter as a function of nominal P content across all three Si 

precursors investigated: 100 nm NPs, 500 nm NPs, and 44 μm MPs. The experimental line for 

crystalline P-doped Si obtained in previous studies245, 246 is shown in black. All materials in (a-c) 

were obtained under heating at 5 °C min-1, holding at 1131 °C, and holding for 1 h, except open 

symbols which represent as-received pure Si precursors. 
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Figure 6.6. SEM micrographs of (a) as-received pure Si, (b) 0.1 at% SiPx, and (c) 3.0 at% SiPx, 

all obtained from the same precursor: 500 nm Si NPs. Materials in (b-c) were obtained under 

heating at 5 °C min-1, and holding at 1131 °C for 1 h. 
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Table 6.2. Materials properties of SiPx derived from 500 nm Si NPs, grouped by the synthetic 

parameter varied. 

Raman spectroscopy of the homogeneously doped SiPx materials reveals a slight decrease 

in frequency of the Raman-active mode for Si NPs centered at ~510 cm-1 (down to ~507 cm-1) 

indicating that the introduction of phosphorus into silicon causes slight amorphization of the 

crystal structure in the dilute P regime (Figure 6.7a).232, 251 With increasing P content, however, 

the peak center shifts back to higher frequency (516 cm-1) indicating higher crystallinity of the 

resulting materials, as consistent with the XRD analysis. It is important to note that the Raman 

spectrum varies significantly depending on whether the focus is placed at or below the powder 

surface; measurements made at the surface (+10 μm from focus of highest intensity) show a 

Synthetic 

Parameter 

Varied 

Material 

Si(111) 

2θ 

(degree) 

Si(111) 

FWHM 

(degree) 

Lattice 

Parameter 

(Å) 

Crystallite 

Size, La 

(nm) 

Electrical 

Conductivity 

(S cm-1) 

Control Si 
Si (500 nm) 28.443 0.184 5.4309 8 8.99×10-7 

0.0P-5R-H-1h 28.430 0.112 5.4332 13 4.33×10-4 

P Content 

0.05P-5R-H-1h 28.430 0.110 5.4333 14 NM 

0.1P-5R-H-1h 28.440 0.105 5.4313 14 2.06×10-2 

0.2P-5R-H-1h 28.441 0.107 5.4312 14 1.33×10-3 

1.0P-5R-H-1h 28.454 0.064 5.4288 23 1.38×10-2 

3.0P-5R-H-1h 28.481 0.060 5.4237 25 3.85×101 

Ramp Rate 

0.1P-5R-H-0h 28.437 0.124 5.4319 12 3.87×10-4 

0.1P-10R-H-0h 28.436 0.139 5.4321 11 2.19×10-4 

0.1P-20R-H-0h 28.435 0.137 5.4324 11 1.03×100 

0.1P-30R-H-0h 28.435 0.164 5.4323 9 4.99×10-2 

0.1P-50R-H-0h 28.440 0.152 5.4314 10 2.21×10-1 

Temperature  

0.1P-5R-H-1h 28.440 0.105 5.4313 14 NM 

0.1P-5R-L-1h 28.440 0.190 5.4314 8 NM 

0.1P-5R-L-0h 28.431 0.198 5.4330 8 3.30×10-7 

Hold Time  

0.1P-5R-H-0h 28.437 0.120 5.4319 12 3.87×10-4 

0.1P-5R-H-1h 28.440 0.105 5.4313 14 3.42×100 

0.1P-5R-H-6h 28.444 0.110 5.4307 14 1.03×101 

0.1P-5R-H-12h 28.434 0.110 5.4326 14 7.51×101 

Optimal  0.1P-50R-L-0h 28.436 0.182 5.4319 8 2.80×10-7 
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monotonic increase in position from 512 to 516 cm-1 with increasing P content, as shown in Figure 

6.7b. This surface/bulk variability decreases significantly in SiPx samples doped beyond 1.0 at%, 

indicative of a more homogenously crystalline structure. Lastly, a significant increase in 

conductivity was observed in SiPx NPs as a function of P content (e.g., in the series xxP-5R-H-1h, 

Table 6.2) as expected for homogeneously P-doped silicon. 

Figure 6.7. Raman spectroscopy of SiPx NPs measured (a) within the powder bulk and (b) 

directly at the powder surface, using 532 nm incident radiation. All materials were obtained from 

the same precursor (500 nm Si NPs) under heating at 5 °C min-1, holding at 1131 °C for 1 h. 

While homogeneous solid solutions of SiPx across the entire solubility range could be 

achieved by facile solid-state reaction between Si NPs and red phosphorus, P content and 

crystallite/particle size were found to be convoluted within this series. To control for these effects 

separately, two additional Si precursors of different nominal particle sizes (100 nm and 44 μm) 

were also investigated. Similar changes in lattice constant, color, and Raman spectral features were 

observed, as summarized in Table 6.3 and Figure 6.8. Hence, these materials were subsequently 

used to decouple the effects of particle size and P content on the electrochemical behavior of 
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anodes based on silicon NPs and MPs. Additionally, pure 500 nm Si NPs were heat-treated under 

inert atmosphere (in identical conditions as for P-doping, except without any phosphorus) to 

attempt to control for the role of the heat treatment itself on crystallinity and grain size. Indeed, a 

slight increase in crystallite size (from 8 to 13 nm) was observed for heat-treated Si NPs (0.0P-5R-

H-1h). However, this effect is much smaller than that observed for heat treatment in the presence 

of the phosphorus (see Figure 6.8), indicating that the red phosphorus itself catalyzed the growth 

of crystallites and associated particle size and morphology changes. 

Table 6.3. Materials properties of SiPx derived from 100 nm Si NPs (-n) and 44 μm Si MPs (-μ), 

grouped by the synthetic parameter varied. 

Synthetic 

Parameter 

Varied 

Material 

Si(111) 

2θ 

(degree) 

Si(111) 

FWHM 

(degree) 

Lattice 

Parameter 

(Å) 

Crystallite 

Size, La 

(nm) 

P Content 

(100 nm) 

Si (100 nm) 28.445 0.290 5.4303 5 

0.0P-5R-H-1h-n 28.450 0.154 5.4294 10 

0.1P-5R-H-1h-n 28.455 0.163 5.4284 9 

2.0P-5R-H-1h-n 28.473 0.060 5.4251 24 

3.0P-5R-H-1h-n 28.484 0.070 5.4230 21 

P Content 

(44 μm) 

Si (44 μm) 28.425 0.065 5.4343 23 

0.0P-5R-H-1h-µ 28.428 0.062 5.4336 24 

0.05P-5R-H-1h-µ 28.435 0.074 5.4324 20 

0.1P-5R-H-1h-µ 28.435 0.062 5.4323 24 

0.2P-5R-H-1h-µ 28.433 0.081 5.4326 18 

2.0P-5R-H-1h-µ 28.456 0.068 5.4285 22 

3.0P-5R-H-1h-µ 28.468 0.067 5.4262 22 
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Figure 6.8. Crystallite size as a function of phosphorus doping shown for three different sized Si 

precursors (100 nm, 500 nm, and 44 µm). Si and SiPx materials were treated under the following 

conditions: xxP-5R-H-1h. 

Heterogeneously Doped Silicon Nanoparticles 

 

A second series of experiments was carried out to obtain a wider variety of SiPx materials 

for electrochemical analysis. Three strategies were employed to obtain materials with a 

heterogeneous distribution of dopant within the silicon lattice: increasing the ramp rate (5-50 °C 

min-1), decreasing the hold temperature (1131-800 °C), and decreasing the hold time during solid-

solution preparation (1-0 h). The properties of the so-obtained materials are summarized in Table 

6.2. This work focuses on dilutely P-doped SiPx materials (0.1 at%) which are of highest interest 

to the subsequent electrochemical analyses. Generally, the results reveal that at a fast ramp rate (> 

30 ℃ min-1), low temperature (800 ℃ heat), and a short time spent at highest temperature (0 h 

hold time), the crystallite size of the resulting material is close to that of pure 500 nm Si NPs. 
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Raman spectroscopy and SEM analysis further confirm that the silicon crystallinity and 

morphology are minimally affected under rapid, short hold, and low temperature dissolution 

conditions. The diffusion of phosphorus within silicon increases from ~2×10-18 to 1×10-15 m2 s-1 

as its concentration increases from 0.1 to 10 at% at 1131 ℃.119, 248 An approximate estimate of 

diffusion depth as a function of time reveals that the homogeneous dissolution of 0.1 at% 

phosphorus in 500 nm Si NPs requires 5 h to complete. Hence, by using ramp rates up to 50 ºC 

min-1 and no hold time, a heterogeneously distributed SiPx solution is expected to result. 

Importantly, all rapidly doped SiPx materials exhibit a similar structure to the original Si NPs 

(Figure 6.9). There is no enhancement of conductivity when phosphorus is heterogeneously doped 

at low temperatures (e.g., for 0.1P-50R-L-0h); rather, a significant decrease in conductivity is 

observed (Table 6.2). At high temperatures, however, an increase in conductivity can be observed 

with increasing ramp rate (e.g., for 0.1P-xxR-H-0h) and is likely attributed to a surface mechanism 

of these heterogeneous structures. The electrochemical properties of such heterogeneously doped 

(e.g., surface modified) SiPx variants are explored and compared to homogeneously doped samples 

in the following section. 
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Figure 6.9. Raman spectroscopy of SiPx NPs synthesized under (a) different ramp rates 

(0.1PxxR-H-0h) and (b) different hold times (0.1P-5R-H-xxh), using 532 nm incident radiation. 

All materials were obtained from the same precursor (500 nm Si NPs). 

Electrochemical Studies 

Galvanostatic charge discharge (GCD) cycling was used as the primary means of assessing 

electrochemical effects related to P-doping (and other concomitant changes to the materials 

properties such as increased crystallite or particle size) of Si NPs. The samples of highest interest 

were obtained from 500 nm Si NPs; when not otherwise indicated, all subsequent results relate to 

SiPx obtained from this precursor. Electrodes for each sample were prepared using a standard drop-

casting method to control for effects such as adhesion and in an effort to make the results widely 

generalizable to other electrode fabrication techniques (e.g., to ensure as much as possible that the 

results relate to materials properties and not to electrode properties). An aqueous binder (CMC) 

was used and the electrodes were fabricated under air. Half-cells were assembled under inert argon 

against Li metal as the counter electrode and in flooded electrolyte, in an effort to ensure 

reproducibility of the results. A standard liquid electrolyte was chosen (1 M LiPF6 in EC/DMC) 
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with a modest amount of FEC (2 wt%) to inhibit excessive SEI (re)formation. Lastly, GCD cycling 

at a constant current rate of 1 A g-1 (~C/3) was employed, between 0.05-1.5 V vs. Li/Li+ to prevent 

the formation of crystalline Li15Si4. 

In all cases, a steep loss of capacity of the SiPx NPs was observed in the first cycles; this 

was followed by a less severe decline in most cases until zero capacity remained (at or before the 

200th cycle in all cases herein). In general, cells based on 500 nm NPs were observed to show more 

significant capacity fading than those based on 100 nm NPs, an expectable effect due to particle 

size (See Appendix J).73, 252 Despite that electrochemical performance was not optimized in this 

work, this electrode and half-cell formulation allowed for a facile intercomparison between all of 

the materials investigated and only the relative outcome of each experiment is the focus of 

discussion herein. The decline in capacity during initial GCD cycling (1-25 cycles) is attributable 

to volume expansion and contraction and subsequent loss of electrical contact with a portion of 

the active SiPx material. In most cases, this initial capacity loss diminishes for some cycles 

(showing a seeming approach to a non-zero plateau) and then capacity fade again intensifies until 

zero capacity is reached. The latter effect is attributable to the formation and non-uniform 

dissolution of “mossy lithium”253 which was a well-known failure mechanism in lithium metal 

batteries.254 The use of a stable intercalation compound as the counter electrode instead of Li metal 

(e.g., LiFePO4) would likely resolve the latter issue and will be a focus of future investigations. 

Electrochemical Effects of Homogeneous P-Doping 

The GCD voltage profiles of dilutely-doped SiPx materials obtained under conditions that 

lead to homogenous doping (i.e., high temperature, long hold time, and slow ramp rate) with P 

content varying between 0.05-0.2 at% are shown in Figures 6.10a-c. The corresponding capacity 
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retention and Coulombic efficiency within the first 200 cycles at up to 1.0 at% is shown in Figure 

6.10d. Higher P content samples (>1.0 at%) did not cycle with any capacity at the benchmark 1 A 

g-1 current employed in this study. All lower concentration SiPx NPs show comparable second 

cycle discharge capacities of 2.5-2.9 Ah g-1; materials doped with 1.0 at% P show grievous 

capacity loss upon cycling, reaching effectively zero capacity within the first 10 cycles. This 

cycling instability can likely be attributed to larger crystallite size than the pure Si NPs. This 

explanation is supported by comparison to the cycling instability of pure Si MPs (Appendix J). On 

the other hand, SiPx NPs in the most dilute doping regime (≤ 0.1 at% P) exhibited higher cycling 

stability than the pure Si NPs. It is important to note that this difference in stability cannot be 

attributed to significant lattice contraction or to smaller crystallite size (see Table 6.2) and therefore 

must be owed to the presence of P in the lattice. Slower ramp rates and longer hold times during 

phosphorus dissolution in general give rise to larger crystallites and grain coarsening, and therefore 

to poorer cycling stability. It remains unknown whether, if higher concentration SiPx NPs could 

be prepared at the same particle size as the native Si NPs, they would show longer cycling stability 

yet than the low P content SiPx NPs that exhibit the longest cycling stability in this study. 
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Figure 6.10. (a–c) GCD lithiation voltage profiles and capacity retention of SiPx NPs synthesized 

under homogeneous doping conditions compared to pure Si NPs. Three compositions of highest 

interest are highlighted: (a) 0.05 at%, (b) 0.1 at%, and (c) 0.2 at% P. The cycle number of each 

profile is indicated. (d) GCD lithiation capacity retention and Coulombic efficiency of 

homogeneously doped SiPx NPs. 

Electrochemical Effects of Heterogeneous P-Doping 

SiPx NPs prepared using fast ramp rates, short hold times, and low dissolution temperatures 

generally exhibit improved capacity compared to pristine 500 nm Si NPs. The effect of ramp rate 

(at 5, 10, 20, and 50 ºC min-1) on cycling retention is shown in Figure 6.11a. SiPx NPs obtained at 

fast ramp rates (≥ 20 ºC min-1) maintain crystallite sizes (La = 9-11 nm) comparable to pure Si NPs 

(La = 8 nm) (see Table 6.2) and also exhibit the highest capacity retention. The effect of hold time 
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(for 0, 1, 6, and 12 h) on capacity retention is shown in Figure 6.11b (also shown in Figure 6.12a). 

SiPx NPs with the least amount of hold time (0 and 1 h) exhibit high capacity and stability 

compared to pure Si NPs, whereas longer hold times (6 and 12 h) result in earlier capacity fading, 

worse than that exhibited by pure Si NPs. Interestingly, pure Si NPs held at 0, 1, 6, or 12 h hold 

times (e.g., annealed at 1131 ºC) exhibit no difference in electrochemical behavior (Figure 6.12b) 

nor in crystallite size (Figure 6.13) than pristine Si NPs. This is strong evidence that the addition 

of phosphorus to the Si NPs is the primary cause for grain coarsening via a catalytic 

(crystallization) effect, leading to poor capacity retention when present at high concentrations. 

Lastly, the effect of dissolution temperature (at 800 or 1000 ºC) on capacity retention is shown in 

Figure 6.11c. Based on the equilibrium binary Si-P phase diagram, a temperature of 800 ºC is in 

principle sufficient to achieve a doping of 0.3 at% P.115 Based on GCD cycling analysis, SiPx NPs 

synthesized at lower temperature (800 ℃) with no hold time (0 h) exhibit the highest capacity and 

cycling stability compared to SiPx materials synthesized at higher temperatures and also retain 

extremely small crystallite size (La = 8 nm) equivalent to pure Si NPs. Interestingly, such 

heterogeneously doped SiPx materials in general do not exhibit improved electrical conductivity 

compared to pure Si (Table 6.2). Hence, the role of improved electrical conductivity as the sole 

reason for improved capacity retention can be ruled out by these results. 
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Figure 6.11. (a–c) GCD lithiation capacity retention of SiPx NPs synthesized under 

heterogeneous doping conditions. The effects of (a) ramp rate, (b) hold time, and (c) high 

temperature are shown for comparison to pure Si NPs. (d) GCD lithiation voltage profiles of 

SiPx NPs synthesized under optimal heterogeneous conditions. The cycle number of each profile 

is indicated. 
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Figure 6.12. Capacity retention of a) 0.1 at% doped and b) undoped Si NPs at different hold 

times. All materials in (a-b) were obtained under heating at 5 °C min-1 and holding at 1131 °C. 

 

 

 

 

 

 

 

 

 

Figure 6.13. Crystallite size as a function of hold time (0, 1, 6, and 12 h) for undoped Si NPs 

(open circles) and 0.1 at% P doped Si NPs (closed circles) synthesized under the following 

conditions (0.1P-5R-H-xxh). The closed grey circle is pure Si NP as received. 
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The consequences of P-doping toward thermal stability were preliminarily explored by 

TGA and electrochemical experiments (see Appendix K). In general, P-doping was observed to 

increase the thermal decomposition temperature, though the effects were difficult to decouple from 

grain coarsening (e.g., reduction in surface area) effects. Further analysis of the thermal stabilizing 

effects of P-doping on SiPx anodes will be carried out in future work to further understand the role 

of phosphorus in the silicon lattice.  

Discussion 

This work investigates the sole effects of P-doping on the electrochemical stability of Si, 

independent of the effects due to altering particle morphology/size, in a standard liquid-electrolyte 

cell configuration. Standard electrode fabrication methods using powder active material and liquid 

slurry casting were favored requiring the P-doping of existing Si powder. This is distinct from 

previous investigations of P-doped silicon electrodes prepared by a gas deposition (GD) method.232 

Correspondingly, there is a significant difference in the results. While Domi et al. reported 

monotonically increasing electrochemical stability as a function of P-content, this work reveals a 

trade-off between P-content and silicon particle size/crystallinity that results in a maximum 

electrochemical stability at an intermediate P-content. Remarkably, both studies favor an optimal 

P-content around 0.1 at% (though in the GD-prepared electrodes, this was the highest P-content 

investigated). Further differences are revealed in the effects of P-doping on lithiation capacity. In 

this work, initial capacities within the first several cycles did not vary significantly as a function 

of P-doping; the effects of P-doping (and likewise of crystallite and particle size) were only 

revealed in terms of capacity retention. In other words, P-doping did not restrict the ultimate 

lithiation capacity of silicon. In the results reported by Domi and coworkers, P-doping seemed to 
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decrease the ultimate lithiation capacity of the GD-prepared electrodes, though cycling retention 

was improved. These differences persist despite both studies using the same current rate of 1 A g-

1. Other past studies (theoretical and experimental) of P-doping silicon anodes for LIBs place a 

high emphasis on the effects due to enhanced electrical conductivity over that of pure silicon.255, 

256 Interestingly, while an increase in conductivity as a function of P-doping was measured and 

might help explain electrochemical differences within the homogeneously doped (e.g., xxP-5R-H-

1h) series in this work, only very low conductivities were measured in the heterogeneously doped 

samples which had the highest overall electrochemical stability (e.g., 0.1P-50R-L-0h). Hence, we 

cannot attribute improved electrochemical stability to increased conductivity within the range of 

conditions explored herein, and future work is needed to decouple these properties. 

Within the synthetic conditions explored in this study, low P content (≤ 0.1 at% P), fast 

ramp rate (e.g., 50 ℃ min-1), short hold time (0 h), and low synthesis temperature (800 ℃) together 

give rise to the highest capacity retention of SiPx NPs within the electrochemical conditions of 

interest in this study: ~C/3 cycling between 0.05-1.5 V vs. Li/Li+ in a standard carbonate 

electrolyte. It is very challenging to confirm the homogeneity of doping in Si NPs owing to the 

low phosphorus concentration inherent to the top-performing materials (typically 0.1 at% P). Two 

methods were attempted to be used herein: time-of-flight secondary ion mass spectrometry (TOF-

SIMS) and X-ray photoelectron spectroscopy (XPS). Unfortunately, neither method was reliably 

successful at determining the P content homogeneity as a function of depth below the Si NP 

surface. Nevertheless, there is strong evidence in the overall body of work reported herein that a 

heterogeneous distribution of dilute phosphorus within SiPx NPs (e.g., a core-shell structure) 

enhances the overall capacity retention in LIB anode applications.  
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Conclusions and Future Work 

Homogeneous and heterogeneous doping of phosphorus within silicon NPs was achieved 

by varying a wide range of synthetic parameters. A top-down solid-state synthesis route was 

employed allowing for facile fine tuning of the final SiPx product. An important goal of this work 

was to determine the role for phosphorus doping in silicon towards electrochemical stability. To 

that end, the addition of phosphorus in dilute quantities (0.1-0.5 at%) does in fact improve 

electrochemical performance of LIBs in standard carbonate electrolyte. Further, materials prepared 

under heterogenous doping conditions (low temperature set point (800 ℃), no hold time (0 h), and 

fast ramp rate (50 ℃ min-1)) give rise to even better electrochemical stability compared to 

homogenous SiPx. The exact origin of these effects is not understood at this time; future work 

should explore how P doping influences SEI formation and thermal stability of silicon particles. 

Lastly, a natural extension of this work should investigate alternative dopants (Al, B, Ca, Mg, and 

Zn) to establish doping selection guidelines for future stabilization of silicon anodes.   
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CHAPTER SEVEN 

CONCLUSIONS 

Doping Outlooks 

This body of work investigates three different material systems which are interconnected 

by the common theme of substitutional doping; phosphorus-doped graphitic carbon, aluminum-

doped graphitic carbon, and phosphorus-doped silicon. Initial goals were to explore how 

substitutional doping alters structural and chemical properties of graphitic carbon and silicon 

materials prepared by bottom-up and top-down strategies. Doping success can be evaluated by 

synthesis strategy employed (e.g., bottom-up versus top-down), and importantly dopant selection 

within a given material system. We find that while co-pyrolysis of phosphorus- and aluminum- 

doped graphitic carbon materials offers immense control over synthetic parameters and self-

assembly on the atomic/molecular level a limitation exists in that precursors tend towards their 

most thermodynamically favorable phase. Top-down synthesis of phosphorus-doped silicon, on 

the other hand, was incredibly successful which can be attributed to diffusion controlled and 

vacancy mediated doping. This work sheds light on the challenging nature of doping without 

formation of byproducts, phase segregation, or changes to materials crystallinity and morphology. 

Application Outlooks 

Phosphorus-doped graphitic carbon and silicon materials are studied electrochemically. In 

the latter system we are able to successfully incorporate phosphorus into the silicon lattice and 

show that the addition of phosphorus significantly improves electrochemical performance and 



130 

 

 

stability compared to pure silicon nanoparticles. This is an important contribution to the battery 

community as the use of silicon anodes is becoming widespread. At present pure silicon anodes 

are not commercially viable without the use of carbon composites. This work offers insight 

towards the stabilization of silicon anodes in the absence of composites to leverage silicon’s full 

capacity. Additionally, we introduce a scalable solution for the synthesis of phosphorus-doped 

silicon through a facile solid-state synthesis method. In summary, our work establishes a 

fundamental understanding of the role of phosphorus dopants in silicon anodes.  

In an unsuccessful attempt to dope graphitic carbon with phosphorus, we discover the 

formation and control of phosphorus allotropes by altering the trihalide precursor. Resulting 

phosphorus-carbon composite materials are promising anode materials owing to phosphorus’s 

high theoretical capacity and enhanced electrical conductivity provided by the carbon scaffold.  

Moreso, we identify the reversible lithiation of white phosphorus, stabilized between graphitic 

sheets, representing a novel and previously unreported electrochemical process. Findings from this 

work lend insight towards the development of next-generation phosphorus-based anode materials 

beyond silicon.  

Future Work 

Future work should continue to explore novel synthetic routes towards obtaining 

metastable heteroatom-doped graphitic carbon. A wide range of control over synthesis parameters 

is allowed by the current bottom-up co-pyrolysis technique. Synthesis temperatures and reaction 

pressures beyond 1200 ℃ and 20 bar need exploring. Reaction mixtures of more than one 

heteroatom containing precursor may lead to an interesting new class of material especially in the 

case of phosphorus/carbon composites. In the case of aluminum doping, side reactions of 
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aluminum precursors with the quartz reactor wall necessitate the need for oxygen-free reactor 

vessels such as tantalum to prevent formation of byproducts.  

We learn that for phosphorus doping in graphitic carbon, precursor selection matters; the 

resulting phosphorus allotropes can be related to decomposition energies of the phosphorus and 

carbon containing precursor. All future selections of precursors for heteroatom-doped graphitic 

carbon should undergo a screening process to down select precursors of similar decomposition 

energies and temperatures.  

Phosphorus/carbon composites reveal that carbon-stabilized white phosphorus is a viable 

high-density and rapid-charging lithium storage material despite its reputation for reactivity in the 

bulk. Future work is warranted to determine the ultimate density and dispersion of stabilized white 

phosphorus in phosphorus/carbon composite materials. At present phosphorus/carbon composite 

materials exhibit remarkably similar chemistry at 0.02 A g-1 and 1 A g-1. Further, rate capability 

testing is needed to determine kinetic limitation of these materials. 

Homogenous and heterogeneously doped silicon both show improved electrochemical 

performance compared to pure silicon anodes. From a materials perspective, we successfully 

decouple the effects of phosphorus from crystallite size and silicon particle size. Future work is 

needed to understand how phosphorus influences SEI formation, a potential contributing factor to 

the stabilization of silicon anodes. Lastly, exploration of alternative dopants in silicon to include 

aluminum, boron, calcium, magnesium, and zinc is needed to establish dopant selection guidelines 

for the stabilization of silicon anodes.  
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APPENDIX A 

HETEROATOM-DOPED GRAPHITIC CARBON SYNTHESIS CALCULATION 
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To determine the mols of reagents for pyrolysis of heteroatom-doped graphitic carbon 

materials, the evolution of gaseous products inside a sealed quartz ampule must be considered. For 

safety concerns the chosen maximum pressure is 20 bar. Using the ideal gas law (equation A.1.), 

the total number of mols of benzene and dopant-containing precursor are tabulated based on known 

ampule volume (V), maximum allowed pressure (Pmax) and maximum temperature (Tmax). 

Measurable quantities of benzene and the dopant containing precursor are calculated by 

multiplying the molecular weight (MW = g mol-1) of each precursor by the total number of moles 

allowed in the reaction (0.002182 or 0.004974 moles for small or large ampules, respectively) and 

lastly by a ratio factor that accounts for the total gas evolved. Reactions for desired PCx and AlCx 

nominal compositions (where x = 1-8) and ratio factors are shown in Table A.1. Molecular weight 

and density of all relevant chemical precursors used in the synthesis of phosphorus- or aluminum-

doped graphitic carbon are shown in Table A.2. 

 

(A.1.)  PmaxVmax = NRTmax 
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Table A.1. Phosphorus- and aluminum-doped graphitic carbon reaction schemes. 

Nominal 

Composition 

 

Reaction 
Ratio* 

(C6H6) 

 

Ratio* 

(P or Al 

precursor) 

 

PCx reaction schemes 

Precursor: Phosphorus containing halide PX3 where X = Cl, Br, and I 

PC C6H6 + 6PX3 → 6PC + 9X2 + 3H2 0.08 0.50 

PC2 2C6H6 + 6PX3 → 6PC2 + 9X2 + 6H2 0.13 0.40 

PC3 C6H6 + 2PX3 → 2PC3 + 3X2 + 3H2 0.17 0.33 

PC4 4C6H6 + 6PX3 → 6PC4 + 9X2 + 12H2 0.19 0.29 

PC5 5C6H6 + 6PX3 → 6PC5 + 9X2 + 15H2 0.21 0.25 

PC6 2C6H6 + 2PX3 → 2PC6 + 3X2 + 6H2 0.22 0.22 

PC7 7C6H6 + 6PX3 → 6PC7 + 9X2 + 21H2 0.23 0.20 

PC8 8C6H6 + 6PX3 → 6PC8 + 9X2 + 24H2 0.24 0.18 

 

AlCx reaction schemes  

Precursor: Aluminum Trichloride  

AlC C6H6 + 6AlCl3 → 6AlC + 9Cl2 + 3H2 0.08 0.50 

AlC2 2C6H6 + 6AlCl3 → 6AlC2 + 9Cl2 + 6H2 0.13 0.40 

AlC3 C6H6 + 2 AlCl 3 → 2AlC3 + 3Cl2 + 3H2 0.17 0.33 

AlC4 4C6H6 + 6 AlCl 3 → 6AlC4 + 9Cl2 + 12H2 0.19 0.29 

AlC5 5C6H6 + 6 AlCl 3 → 6AlC5 + 9Cl2 + 15H2 0.21 0.25 

AlC6 2C6H6 + 2 AlCl 3 → 2AlC6 + 3Cl2 + 6H2 0.22 0.22 

AlC7 7C6H6 + 6 AlCl 3 → 6AlC7 + 9Cl2 + 21H2 0.23 0.20 

AlC8 8C6H6 + 6P AlCl 3 → 6AlC8 + 9Cl2 + 24H2 0.24 0.18 

Precursor: Trimethyl Aluminum 

AlC3 2Al(CH3)3 → 2AlC3 + 9H2 -- 0.22 

 

*Ratio is based on desired moles of reactant dived by total moles gas products evolved. 

 

 

 

 

 

 

 

 

 

 

 



157 

 

 

Table A.2. Molecular weight and density of relevant chemical precursors used in the synthesis of 

heteroatom-doped graphitic carbon materials.  

Precursor  State 

Molecular 

Weight 

(g mol-1) 

Density 

(g mL-1) 

C6H6 Liquid 78.11 0.876 

PCl3 Liquid 137.33 1.57 

PBr3 Liquid 279.69 2.88 

PI3 Solid 411.69 4.18 

AlCl3 Solid 133.34 2.40 

Al2(CH3)6 Liquid 72.09 0.75 
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APPENDIX B 

BINARY SILICON PHASE DIAGRAMS 
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Table B.1. Eutectic temperature, retrograde temperature, and maximum solubility of dopants in 

silicon  

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1. Aluminum-silicon binary phase diagram. Adapted from reference 257 

 

Dopant 

Eutectic 

Temperature  

°C 

Retrograde Solubility 

Temperature 

°C 

Maximum 

Solubility 

(at%) 

Ref 

Al 577 ~1190 0.016 +/- 0.003 257 

B 1385 -- 3.00 258 

Mg 947 ~1200 0.03 145 

P 1131 +/-2 1180 2.4 115 

Zn 419.58 ~1350 0.00015 259 



160 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.2. Boron-Silicon Phase Diagram. Adapted from reference 258 

 

 

Figure B.3. Magnesium-Silicon Phase Diagram. Adapted from reference 145 
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Figure B.4. Phosphorus-Silicon Phase Diagram. Adapted from reference 115 

 

Figure B.5. Zinc-Silicon Phase Diagram. Adapted from reference 259 
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APPENDIX C 

EXPECTED PHOSPHORUS VOLUME EXPANSION UNDER LITHIATION/SODIATION 
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The total unit cell volume (𝑉) and number of P atoms per unit cell (𝑁) were determined 

for each crystal, according to the references shown in Table C.1. The volume per P atom (�̃�) was 

then determined by: 

(C. 1. )      �̃� =
𝑉

𝑁
 

Table C.1. Tabulated volume expansion for phosphorus allotropes when lithiated/sodiated 

Phase Composition 
Space 

Group 

Volume 

per P atom 

[Å3 P-1] 

Volume 

Expansion  

upon 

Lithiation  

(%) 

Volume 

Expansion  

upon 

Sodiation  

(%) 

Ref* 

-- 

 
Li3P P63/mmc 59 -- -- 

ICSD  

240861 

-- 

 
Na3P P63/mmc 93 -- -- 

ICSD 

1771177 

RP 

(Hittorf’s) 
P P2/c 23 254 405 

MP  

568348 

RP 

(Violet) 
P P2/c 22 269 428 

ICSD  

29273 

RP 

(Fibrous) 
P P-1 22 270 430 

ICSD 

1771177 

BP 

 
P Cmca 19 308 491 

ICSD  

23836 

WP 

 
P P-1 26 225 359 

ICSD 

406793 

*MP and ICSD are abbreviations for Materials Project Open Data Base260 and the Inorganic 

Crystal Structure Database, respectively.   
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APPENDIX D 

HALIDE TRAPPING IN GRAPHITIC CARBON 
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Residual halide content in P/C materials is determined by EDX. Figure D.1 shows the X/P 

(where X = Br, or I) ratio for -PBr3 and -PI3 materials over a range of nominal compositions (P:C, 

1:1-1:8). On average, -PI3 materials contain more residual halide than -PBr3 materials, likely owing 

to the heavier mass of iodine than bromine.  At nominal composition P/C-1:1-PI3 the X/P ratio is 

~0.8; meaning that for every 1 phosphorus atom incorporated in the P/C structure, nearly 1 iodine 

atom remains.  

To drive off residual iodine a material of high nominal P composition, P/C-1:1-PI3, was 

subjected to a heat treatment at 150 ℃ for 2 hours under vacuum (6.5 x 10-3 mbar) in an oven 

(Büchi glass oven B-585). Iodine content was measured before and after heat treatment. Upon 

introduction into the oven the vacuum initially pumped down to 6.5 x 10-3 mbar, at 15 minutes the 

pressure spiked to (1.1 x 10-2 mbar) and then at 25 minutes returned to 6.5 x 10-3 mbar. The pressure 

spike is likely related to the off-gassing of iodine at slightly elevated temperature. The iodine 

content before and after the heat treatment was 4.26 ± 0.15 at% and 0.35 26 ± 0.11 at%. This 

experiment demonstrates that halide is likely trapped between graphitic sheets or at the very least 

a residual surface contaminant. While initially thought to be an undesired byproduct, iodine 

incorporation into graphitic carbon has merit towards dual ion-intercalation and iodine redox 

battery chemistries261, 262, remaining an avenue of future work. 
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Figure D.1. Residual halide content for PBr3 (red) and PI3 (blue) derived P/C materials over a 

range of nominal phosphorus compositions. Halide is normalized per phosphorus content.  
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APPENDIX E 

TABULATING TOTAL LITHIABLE PHOSPHORUS FROM CYCLIC VOLTAMMETRY 
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To determine the total lithiable P content in a P/C material, the assumption is made that 

most of the capacity measured within the limited voltage window (0.25-2.00 V vs. Li/Li+) is 

attributable to the lithiation of P (as opposed to the graphitic carbon, which primarily lithiates at < 

0.25 V). To verify this assumption, a pure carbon control (via the direct pyrolysis of benzene at 

800 °C without any P-precursor), with similar underlying graphitic structure as that found in the 

P/C composite materials, was tested within the same potential window to determine its 

contribution to the overall capacity in that range. Capacity was determined in each case by 

integration of the slow-rate (1 mV s-1) cyclic voltammogram (CV) along the anodic branch. The 

“lithiable P content” (shaded region, Figure E.1) was determined by subtraction of the pure carbon 

capacity from the P/C capacity. This reflects a minimum estimate of the lithiable P, and hence a 

positive error bar was assigned by considering the entire capacity of the P/C composite material 

alone as the maximum estimate of lithiable P.  
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Figure E.1. Schematic depiction of the calculation of total lithiable capacity in P/C composite 

materials using cyclic voltammetry (CV). The region of interest (attributed to solely to 

phosphorus capacity) is shaded.  
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APPENDIX F 

EXPECTED THEOERTICAL CAPACITY OF P/C MATERIALS 
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Between the first and second GCD cycle, P/C materials experience significant capacity 

fading on the order of several hundred mAh g-1. The question remains whether or not capacity loss 

is due to SEI formation or irreversible lithiation of phosphorus. Insight can be gained by comparing 

the tabulated theoretical capacity of P/C materials to the actual measured capacity on the first 

cycle.  In doing so, two assumptions are made; i) the total measured phosphorus content, 

determined by EDX, is accessible to lithiation (either in the form of WP or RP), and ii) any 

graphitic carbon within the P/C system undergoes intercalation of lithium (LiC6 stoichiometry). 

 Theoretical capacity can be determined by equation F.1. which requires knowledge of the 

number of electrons stored during lithiation (n), Faraday’s constant (F = 96,485 C mol-1) and the 

molecular weight (MW) of respective P/C materials. The corresponding nominal and measured 

P/C composition, determined by EDX, are shown in Table F.1. Using the measured P/C 

composition a MW can be determined (neglecting impurities).  Expected lithiation reactions and 

tabulated theoretical capacities are shown in Table 4.4.1.  

(F.1.) 𝑄 =
𝑛∙𝐹

𝑀𝑊
 

PCl3 and PI3 derived P/C materials have remarkably similar expected theoretical capacities 

relative to measured capacities on the first cycle (1 A g-1) a strong indication that capacity loss 

between the first and second cycle is due to irreversible lithiation at phosphorus sites. PBr3 derived 

materials, however, tell a more complicated story. In the case of P/C-1:3-PBr3 the expected and 

measured capacities are ~1199 and ~286 mAh g-1. This discrepancy can be attributed to the 

composite-like nature of this material where bulk RP resides between and around graphitic sheets, 

potentially blocking lithiation channels. 



 

 

1
7
2
 

Table F.1. Expected theoretical capacity and measured capacity of PCx materials on first cycle at 1 A g-1 

 

P  

Precursor 

Nominal 
Composition 

PC
x
 

P  

Content 

(at%) 

 Measured 
Composition 

PC
x
 

MW of 

Measured 

PC
x
 

Lithiation Reaction  
Expected 

Q 

mAh g
-1 

Actual  

Q 
mAh g

-1 

PCl
3
 

(1:3) PC
3
 10.1 ± 4.9 PC

9.9
 139.07 PC

9.9
 + 4Li

+
 + 4e

-

 
→ Li

3
P + LiC

9.9
 770 771 

(1:5) PC
5
 6.3 ± 2.0 PC

15.9
 211.13 PC

15.9
 + 5Li

+
 + 5e

-
 → Li

3
P + Li

2
C

15.9
 634 604 

PBr
3
 

(1:3) PC
3
 28.1 ± 17.5 PC

3.5
 67.01 PC

3.5 
+ 3Li

+
 + 3e

-
 → Li

3
P + C

3.5
 1199 286 

(1:5) PC
5
 6.1 ± 3.7 PC

16.4
 223.15 PC

16.4
 + 5Li

+ 
+ 5e

-
 → Li

3
P + Li

2
C

16.5
 360 552 

PI
3
 

(1:3) PC
3
 4.5 ± 2.0 PC

22.2
 295.21 PC

22.2
 + 6Li

+ 
+ 6e

-
 → Li

3
P + Li

3
C

22.2
 544 461 

(1:5) PC
5
 4.7 ± 2.7 PC

21.3
 283.20 PC

21.3
 + 6Li

+ 
+ 6e

-
 → Li

3
P + Li

3
C

21.3
 567 594 
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APPENDIX G 

DETERMINING REVERSIBLE LITHIATION OF STABILIZED WHITE PHOSPHORUS 
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P/C-1:5-PCl3 is subjected to CS2 treatment for 24 hours followed by a heat treatment (80 

℃) to dissolve out P4 molecules. P/C-1:5-PCl3 was electrochemically tested before and after CS2 

treatment and show nearly identical CV and GCD performance (Figure G.1). This implies that 

either WP stabilized between graphitic sheets is inaccessible to CS2 and not properly dissolved 

out, or that WP domains are destroyed after the first lithiation cycle yet remain of electrochemical 

importance.  

Differential scanning calorimetry (DSC) is used to determine the presence of WP in P/C-

1:5-PCl3 materials pre and post CS2 treatment (Figure G.2). P/C-1:5-PCl3 materials dried at 35 ℃ 

and 80 ℃ both contain an exothermic peak at ~86 and ~77 ℃ respectively. P/C-1:5-PCl3 dried at 

elevated temperature (80 ℃) has a slightly lower exothermic peak, suggesting P4 is susceptible to 

degradation/decomposition. DSC of P/C-1:5-PCl3 treated with CS2 and dried at 40 ℃ shows no 

presence of a WP exothermic peak, verifying the dissolution of P4 molecules. These findings 

preliminarily suggest the polymerization of P4 molecules after first cycle lithiation. Future work is 

needed to determine so.  
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Figure G.1. Electrochemical performance of P/C-1:5-PCl3 before (a-b) and after (c-d) CS2 

treatment. CV and GCD are carried out at 0.1 mV s-1 and 1 A g-1 respectively between 0.01-2.0 

V. 
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Figure G.2. DSC of CS2 treated P/C-1:5-PCl3 (red) and untreated P/C-1:5-PCl3 dried at 35 ℃ 

(yellow) and 80 ℃ (orange). 
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APPENDIX H 

STRUCTURAL PACKING LIMIT OF WHITE PHOSPHORUS IN GRAPHITE 
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The relative amount of WP in both P/C-1:3-PCl3 and P/C-1:5-PCl3 is ~15 wt%. It is no 

coincidence that both materials contain the same amount of WP and can likely be related to a 

structural packing limit within graphitic sheets. To demonstrate this, two scenarios ae examined; 

i) maximum possible packing of WP molecules between graphitic sheets and ii) the “true” packing 

of WP based on PC5-PCl3. We examine this from a purely geometric lens, neglecting repulsive 

/electronic forces. WP molecules are treated as perfect spheres where the radius is equal to its 

centroid (1.338 Å). We assume that all measured P is in the form of WP and that WP is stabilized 

between graphitic sheets.  

The diameter of a WP sphere (2.676 Å) is marginally less than the diameter of a 6 

membered carbon ring (2.848 Å). In an extreme packing scenario let’s assume a WP sphere 

occupies the space above a 6 membered ring; this gives a stoichiometry of P4C6, or PC1.5. We can 

compare this to P/C-1:5-PCl3 which based on EDX data, has an “measured” composition of PC15.9, 

meaning for every stabilized P4 group, a total of ~64 carbon atoms are occupied. WP molecules 

do not reach near to the expected maximum structural packing limit within graphitic carbon as 

initially expected. Future work of this work should consider the repulsive forces and energetics of 

the system.    
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APPENDIX I 

STRATAGIES TO PREVENT FORMATION OF MULLITE 
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 Two approaches to eliminate the formation of mullite byproduct were attempted; i) 

passivation of quartz ampules, and ii) use of molybdenum packets to isolate chemical precursors 

from quartz ampule. Above approaches were unsuccessful in preventing the formation of mullite 

during synthesis. 

Quartz ampules were first passivated using a dilute nitric acid (HNO3) in deionized water. 3.79 

mL of 15.8 M HNO3 was added to 26.7 mL of deionized water. Prepared ampules were filled with 

dilute HNO3 for 24 hours. Ampules were rinsed with deionized water and dried at 120 ℃. AlCx 

was synthesized using the passivated ampules at 1100 ℃ with a 1 ℃ min-1 ramp rate and 1 hour 

dwell time. Powder XRD patterns were collected and are shown in Figure I.1. The resulting 

materials all contain peaks representative of mullite. 

 

 

 

 

 

 

 

Figure I.1. XRD patterns of AlCx synthesized in HNO3 passivated ampules at 1100 ℃ with a 1 

℃ min-1 ramp rate and 1 hour dwell.  

In another attempt to prevent the formation of mullite, synthesis was carried out by placing 

chemical precursors within a sealed molybdenum packet to minimize aluminum’s contact with the 

quartz ampule (Figure I.2). 1/8-inch diameter cylindrical packets of at least 2 inches in length were 
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constructed with 0.025 mm thick Mo foil (Sigma Aldrich). Chemical precursors were carefully 

sealed within the Mo packets under inert conditions. The Mo packet was placed inside of a quartz 

ampule and sealed according to methods described in chapter 5. Upon opening the ampule, all of 

the pyrolyzed material was contained inside of the Mo packet. Unexpectedly peaks indicative of 

mullite intensify for AlCx materials synthesized in a Mo packet (Figure I.2). The experiment was 

repeated again with the presence of a Mo strip instead of a packet and again a slight increase in 

mullite was observed (Figure I.2), indicating that molybdenum acts as a catalyst.  

Figure I.2. XRD patterns of a) AlC3 synthesized with and without Mo packet at 800 ℃ with 1 ℃ 

min-1 ramp rate and b) AlC10 synthesized with and without a Mo strip at 1100 ℃ with 1 ℃ min-1 

ramp rate. 
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APPENDIX J 

COMMERCIALLY AVAILABLE SILICON POWDERS 
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Ten different commercially available silicon powders ranging in particle size and purity 

were characterized to best determine a model material for silicon anodes whereby modest capacity 

(>500 mAh g-1) is retained over 200 cycles. Silicon powders, respective suppliers, purities, and 

nominal particle size are shown in Table J.1. XRD patterns and crystallite size of commercially 

available silicon powders are shown in Figure J.1. The Si(111) reflection for various Si powders 

is between 28.35 and 28.45 2θ. The Si(111) peak broadness increases relatively as a function of 

nominal particle size. Using the Scherrer equation the FWHM of the Si(111) reflection is related 

to crystallite size and is shown in Table J.2. 

Three commercial silicon powders of varying size (44 µm, 500 nm and 100 nm) were 

selected and studied electrochemically to elucidate the effects of particle size on cycling stability 

(Figure J.2). Small nominal particle size in the case of NP-SA-100 (100 nm nominal particle size) 

lends to at best modest cycling stability. In contrast MP-SA-44000 (44 µm nominal particle size) 

suffers severe capacity loss within the first ten cycles. Relative cycling performance can be related 

to crystallite size (See Table J.2.) where NP-SA-100 and NP-US-500 and MP-SA-44000 have 

average crystallite sizes of 5, 7, and 22 nm respectively. Large crystallites in MP-SA-44000 likely 

slows lithium kinetics during (de)lithiation73, 263 and leads to catastrophic degradation within the 

first 20 cycles.  
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Table J.1. Commercially available silicon powders. NPs, MPs, and NWs correspond to 

nanoparticles, microparticles, and nanowires.  

Material ID 
 

Si 

 

Supplier 

 

Purity 

Nominal Particle 

Size (nm) 

NP-AA-50 NPs Alfa Aesar 98% 50 

NP-SA-100 NPs Sigma Aldrich 98% 100 

NP-MTI-100 NPs MTI Corp. 97% 100 

NW-US-100 NWs US Nano 99% 100 

NP-US-500 NPs US Nano 99.99% 500 

MP-US-1000 MPs US Nano 99.99 1000 

MP-US-1000/3000 MPs US Nano 99.9% 1000-3000 

MP-Elk-1000/10000 MPs Elkem -- 1000-10000 

MP-SA-44000 MPs Sigma Aldrich 99% 44000 

NREL-macro Beads NREL 99.999% macro 

 

Figure J.1. (a) XRD pattern of the Si(111) reflection and (b) crystallite sizes of commercially 

available silicon. 
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Table J.2. Commercial Silicon Powder Structural Properties  

Material ID  

Si(111) 

2θ 

(degree) 

Lattice 

Parameter 

(Å) 

Si(111) 

FWHM 

(degree) 

Crystallite Size 

La 

(nm) 

MP-US-1000/3000 28.35326 5.44555 0.08 20 

MP-SA-44000 28.42472 5.43214 0.07 22 

MP-Elk-1000/10000 28.42799 5.43152 0.07 22 

NREL-macro 28.43386 5.43043 0.09 17 

NP-US-500 28.43507 5.43020 0.22 7 

NW-US-100 28.44489 5.42836 0.10 15 

NP-SA-100 28.44648 5.42807 0.30 5 

NP-AA-50 28.45092 5.42724 0.29 5 

NP-US-500 28.45502 5.42647 0.21 7 

 

 

 

 

 

 

 

 

Figure J.2. GCD capacity retention of pure as-received 100 nm, 500 nm, and 44 μm Si NPs and 

MPs. 

NP-SA-100 powder initially reigned as the model silicon material in this work owing to its 

cycling stability, uniform particle size (evidenced by SEM), and reproducibility in electrode 

casting relative to other commercial powders. Significant early work was done to vet phosphorus 
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doping and optimize electrochemical performance (exploring new electrolytes and additives) using 

this model material. Unfortunately, however, unforeseen batch to batch variability of the NP-SA-

100 Si powder due to supply shortages during the Covid-19 pandemic ultimately led us to instead 

explore NP-US-500 as a model material and is the primary material studied in chapter 6. 
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APPENDIX K 

THERMAL STABILITY OF PHOSPHORUS-DOPED SILICON ANODES 
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Figure K.1. Differential TGA profiles for three series of SiPx samples, based on three silicon precursors: (left) 100 nm NPs, (middle) 

500 nm NPs, and (right) 44 μm MPs. The compositions of the samples are 0 at%, 0.1 at%, and 3.0 at% P in Si, from lightest to 

darkest. 
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Electrochemical isothermal micro-calorimetry data (Figure K.2) was collected by the Army 

Research Laboratory (ARL) under the ARL-MSU collaborative effort. 500 nm pure Si and 

heterogeneously doped SiPx (0.1P-L-50R-0h) electrodes were fabricated in coin cells with Li 

metal acting as the counter and reference electrode. 2 wt% VC + 5 wt% FEC in LP57 electrolyte 

(100 μL) was used. Cells were tested at 35 ℃. Over the course of 11 cycles SiPx samples 

demonstrate higher stability compared to pure Si NP. 

 

Figure K.2. Lithiation (a-b) and delithiation (c-d) potential curves for pure silicon and 

heterogeneously doped SiPx anodes at 500 μA at 35 ℃. Data was generated at Army Research 

Laboratory (ARL) under ARL-MSU collaborative effort. 
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APPENDIX L 

EXPLORTION OF ALTERNATIVE DOPANTS IN SILICON 
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A natural extension of phosphorus-doped silicon presented in chapter 6 is to explore 

alternative dopants to include aluminum, boron, magnesium, and zinc. Goals of this work are to 

establish doping selection guidelines for silicon anodes based on dopant atomic size, 

electronegativity, valence and so on. Synthesis methods of SiMx materials follow the same 

procedures as SiPx (chapter 6). Both homogenously and heterogeneously doped SiMx materials 

(where “M” = Al, B, Mg, P or Zn) containing 0.1 at% “M” were prepared. Commercial supplier, 

purity, and nominal composition of “M” dopants are listed in Table L.1 Homogenously doped 

materials are prepared at 1200 ℃ with a 5 ℃ min-1 ramp rate and 1 hr dwell time. Heterogeneously 

doped materials are prepared at 1200 ℃ with a 50 ℃ min-1 ramp rate and no dwell time. All 

characterization and cell assembly are performed as described in chapter 6 with the exception of 

10 wt% FEC electrolyte additive instead of 2 wt%. 

Table L.1. Alternative dopant’s suppliers, purity, and nominal particle size 

   

Relevant phase diagrams of “M” dopants are shown in appendix B.  Table L.2 shows the 

eutectic temperatures, retrograde temperatures and maximum solubility of “M” dopants in silicon.  

 

 

 

Dopant Supplier 
Purity 

% 

Nominal Particle Size 

(µm) 

Al Sigma Aldrich 99.95 <75 

B Alfa Aesar 98.00 44 

Mg Sigma Aldrich 99.00 100 

P Sigma Aldrich 99.99 ‘powder/chunks’ 

Zn Goodfellow 99.00 1-5 
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Table L.2. Eutectic temperature, retrograde temperature, and maximum solubility of dopants in 

silicon  

Based on computational calculations (Figure L.1) a contraction of the silicon lattice can be 

expected upon the addition of boron and phosphorus, whereas an expansion of the lattice is 

expected with the addition of magnesium, zinc, and aluminum. Figure L.2 shows powder X-ray 

diffraction data and lattice parameters of homogeneously doped SiMx materials. Boron and 

phosphorus-doped silicon both show a contraction of the lattice parameter relative to pure silicon 

due to larger solubility limit within silicon (~1.2 and 3.0 at%). Magnesium, zinc, and aluminum, 

however, show negligible shift in lattice parameters relative to silicon owing to low solubility 

limits within silicon.  

 

 

 

 

 

Dopant 
Eutectic 

Temperature (°C) 

Retrograde Solubility 

Temperature (°C) 

Maximum 

Solubility (at%) 
Ref 

Al 577 ~1190 0.016  257 

B 1385 -- 3.00 258 

Mg 947 ~1200 0.03 145 

P 1131 1180 2.4 115 

Zn 419.58 ~1350 0.00015 259 
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Figure L.1. Expected lattice shifts of p-type and n-type dopants with respect to silicon. 

Calculations were performed by Juan M. Marmolejo-Tejad. 

Figure L.2. Homogenously doped SiMx synthesized at 1200 °C at 5 °C min-1 with a one-hour 

hold time. (a) Powder XRD of SiMx and (b) lattice parameters. Error bars indicate instrument 

resolution error.  
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Bulk and surface Raman measurements of homogenously and heterogeneously doped SiMx 

materials are shown in Figure L.3. It is important to note that measurements made at the surface 

and in the bulk were recorded respectively +10 and -10 µm from the detectors most intense point 

of focus. Almost all homogenously doped materials with the exception of SiAlx exhibit almost 

identical peak position for both bulk and surface measurements centered around ~513 cm-1. 

Heterogenous SiMx materials, on the other hand, have different peak centers for bulk and surface 

measurements. Consistently, peak centers of bulk measurements (503-506 cm-1) are shifted to 

lower wavenumbers than surface measurements (506-510 cm-1) confirming that doping under 

heterogenous conditions does in fact lead to different structural environments at the surface of 

silicon nanoparticles.   

Peak broadness of heterogeneous SiMx materials is larger than homogenous SiMx 

materials. Pure silicon in the absence of any dopants was heat treated under homogenous 

conditions (1200 ℃, 5 ℃ min-1, 1 hour dwell) and also exhibit peak broadness similar to 

heterogenous SiMx suggesting that narrowing of the Si peak FWHM is not dependent on the 

temperature heating profile but rather homogeneous distribution of dopants.   



 

 

1
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Figure L.3. Raman spectroscopy of (a-d) homogenously doped SiMx materials synthesized at 5 ℃ min-1 at 1200 ℃ for 1 hour and (e-

h) heterogeneously doped SiMx materials synthesized at 50 ℃ min-1 at 1200 ℃ for 0 hours. Dashed and solid lines respectively 

represent bulk and surface measurements.
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GCD lithiation of homogeneous and heterogeneously doped SiMx materials are shown in 

Figure L.4. Homogenous doping by Al, B, Mg, and P inhibit cycling performance as compared to 

the pure Si electrode. Homogenous doping by Zn does not positively or negatively affect cycling 

performance of Si NPs which can be attributed to its nearly negligible solubility limit (0.00015 

at%). In chapter 6 homogenously doped SiPx materials demonstrated higher capacity and stability 

compared to pure Si NPs. The opposite is true in the work presented herein and can be attributed 

to the use of 10 wt% FEC additive instead of 2 wt%. All heterogeneously doped SiMx materials 

improve cycling capacity and stability. Figure L.5. Shows overlays of homogenously and 

heterogeneously doped SiMx materials. A divergence in capacity is observed after the first ~10 

cycles.  

 

Figure L.4. GCD lithiation capacity retention of a) homogenously (0.1P-H-5R-1h) and b) 

heterogeneously (0.1P-L-50R-0h) doped silicon NPs.   
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Figure L.5. GCD lithiation of a) boron-doped silicon, b) zinc-doped silicon, c) magnesium-doped 

silicon and d) aluminum-doped silicon. Homogenously (0.1P-H-5R-1h) and heterogeneously 

(0.1P-L-50R-0h) doped materials are shown by ○ and + symbols. 
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