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Abstract 

 

Multi -Layer Graphene Nanoshell Si and Ge Composites and Sustainable Graphite from 

Biomass for Li-ion Anodes 

 

 

 Smokeless pyrolysis of biomass to generate bio-oils is a nascent, albeit largely 

currently uneconomical, sustainable bio-energy technology. Biochar is an amorphous 

carbon-rich waste product of pyrolysis oil production. Turning this carbon waste into 

valuable carbon materials is desirable to make bio-oil economically competitive with 

fossil fuels, enabling market driven reduction of global CO2 emissions. The synthesis and 

characterization of two such value added carbon materials, graphite and multi-wall 

graphene nanoshells (MGNS), is presented in this thesis. Current graphite production is 

highly deleterious to the environment, whether obtained by mining natural deposits or by 

high-temperature heating of petroleum coke. In contrast, the novel photocatalytic 

conversion of biochar to high-purity, highly crystalline graphite is ecologically beneficial 

because it can be powered by a fraction of the net-zero emission electricity produced 

from its bio-oil co-product and graphite is an indefinitely stable carbon sequestration 

sink. Simple modification of the process results in MGNS which is also a net negative 

carbon sequestration material. The graphite and MGNS produced by this method are 

shown to be excellent anode materials for Li-ion batteries; the graphite is an inexpensive 

ñdrop inò replacement for commercial graphite currently used and MGNS is an 

alternative material for rapid charging and sub-ambient batteries, with exceptionally large 

energy density when made into a composite with Si or Ge nanomaterials.   
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Foreword 

 

 This dissertation presents the physical and electrochemical characterization of 

carbonaceous intercalation and alloying metalloid materials for Li-ion battery anodes 

synthetized by novel methods. Chapter 1 reviews Li-ion battery technology and 

terminology along with history and recent progress made to improve Li-ion cells. The 

need for sustainable energy sources is presented and the use of waste products from 

bioenergy energy production to make Li-ion batteries ñgreenerò is proposed. An 

overview of high capacity Li-alloy anodes that can increase the capacity of the Li-ion cell 

is also included. Chapter 2 presents general methodology used in this research, with 

greater detail provided in subsequent chapters where necessary. Chapter 3 details the 

synthesis and characterization of multi-wall graphene nanoshells (MGNS) from cellulose 

biochar and metal salt catalysts. The electrochemical performance is detailed including 

that at high-rate and low-temperature. Chapter 4 demonstrates the use of MGNS as a 

support material for high-capacity Si nanoparticles synthesized by a novel and scalable 

solvothermal method. The electrochemical performance is compared to an analogous 

Si/MGNS composite prepared by mechanical milling. The synthesis of Ge/MGNS 

composite anodes by alkalide reduction is presented in chapter 5. Physical and 

electrochemical characterization is included. The synthesis and physical characterization 

of high-purity graphite photocatalytically produced from lignocellulose biochar and an 

iron catalyst is reported in chapter 6. Chapter 7 contains ideas for future work on these 

projects including some preliminary data. 
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Chapter 1: Introduction  

 

1.1 Electrochemical Energy Storage and Sustainability 

 

Although generally thought of as a ñgreenò technology, the energy supplied by 

batteries is only as clean as the energy source.1 The majority of energy generated today is 

by fossil fuel consumption at power plants and gasoline combustion engines. These 

systems have generated a large amount of CO2 that has contributed to the warming of the 

earthôs climate and acidification of the Earthôs oceans.2, 3 Reducing the current 

atmospheric CO2 levels to pre-industrialization dates was adopted as a worldwide goal 

under the Paris climate agreement.4 Simply reducing fossil fuel consumption will not 

reverse the impact that CO2 has already had on our climate. Capturing CO2 and storing it 

will be necessary to offset and reduce current atmospheric CO2 (410 ppm).5 The largest 

form of carbon capture is plant photosynthesis, transforming CO2, H2O, and solar energy 

into biomass. However, as biomass is consumed through decay and fires, bacteria and 

combustion eventually release most of this carbon back as atmospheric CO2, resulting in 

a carbon cycle.  

Biomass combustion can be utilized to power steam turbines as a CO2-neutral 

energy alternative to fossil fuel power plants.6 Advanced biomass power plants are 

coming online to burn the product of the smokeless pyrolysis of biomass under inert gas, 

bio-oil.7 A co-product of smokeless pyrolysis is a solid form of carbon known as bio-

char.8 This carbonaceous material has limited use and value; it is viewed as a waste 

product of the process. Retaining bio-char as a ñcarbon sinkò has been proposed as a 

method of lowering atmospheric CO2.
9 However, typically it is burned to provide low-
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grade supplemental energy. Transforming this carbon into a valuable product for 

electrochemical energy storage in Li-ion batteries would have a positive effect on the 

economic outlook of CO2-negative bio-oil energy production.  

Presently, graphite is the primary Li -ion anode storage material in Li-ion 

batteries, the battery of choice for portable electronics and electric vehicles, however 

future technology will require inclusion of other high capacity materials, like Si or Ge, to 

improve the energy density of Li-ion batteries.10 To date, no pure Li -alloy anode is 

commercially available. Some graphite based anodes are available with a small amount 

of nano-Si present, however, the cost of wholesale silicon nanoparticles is much greater 

than graphite ($2/Ah vs. $0.04/Ah).11 Germanium, while more expensive than Si it has 

better electrochemical performance and may have a role in applications where cost is not 

an issue.  

The focus of the research presented in this dissertation is the synthesis of stable 

carbon materials from renewable sources, such as biopolymers, analysis of their 

electrochemical performance and the utilization of their structures as hosts to other high-

capacity materials such as Si and Ge as composite electrodes for advanced Li -ion battery 

anodes with much larger capacities than currently available.  

 

1.2  Li  Batteries 

 

1.2.1 Primary Li  Cell  

 

 Lithium metal oxidation (Li Ą Li+ + e-) provides 96,485 Coulombs (C) per mole 

of Li (3.6 C is equal to 1 mAh). The atomic weight of Li  is 6.94 g/mole, therefore the 



 3 

gravimetric capacity of Li  equates to 3862 mAh/g. With a bulk density of 0.534 g/cm3 at 

25 °C the volumetric capacity is 2062 mAh/cm3. The reduction potential of Li (-3.05 vs. 

SHE) results in high electrochemical cell potential with many different cathode materials 

such as SOCl2, (CF)n. While SOCl2 has a higher operating potential than (CF)n vs. Li at 

3.65 and 3.1 V, respectively, Li paired with (CF)n results in a higher energy density of 

2180 vs. 1470 Wh/kg.12  

 4Li + 2 SOCl2 Ą 4LiCl + S + SO2 

 nLi + (CF)n + nLiF  + nC 

These cell chemistries are currently practical only in primary cells, useful for many 

applications today.  

 

1.2.2 Secondary Li cell (Li -ion) 

 

The high energy density of lithium metal makes it a highly desirable anode 

material, however, it is not used in rechargeable batteries due to safety concerns. When 

Li ions shuttle repeatedly to and from a Li metal anode (the charge and discharge 

process), Li atoms heterogeneously plate on the metal film. This leads to the formation of 

dendrites that can grow and eventually penetrate the polymer divider, short circuit the cell 

and ignite the flammable solvents present in the electrolyte.13 The risks associated with Li 

metal forced manufacturers to use other materials to serve as ñhostsò for lithium, utilizing 

Li -ion rather than Li-metal chemistry. The breakthrough that led to the development of 

Li -ion batteries was the discovery of practical Li -ion intercalation materials.14 This 

greatly improved the safety of lithium batteries and in 1991 Sony introduced the first 
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commercial Li-ion battery. Since then, the Li-ion battery has become the fastest growing 

secondary battery technology. 

 

1.3 Li -ion Cell  

 

The modern Li-ion cell cathode Li storage material is a layered lithium transition 

metal oxide (LiMO2, M = Co, Ni, Mn) or lithium metal phosphate (LiMPO4 M= Fe, Mn, 

Co).15 The electrodes are immersed in a solvated Li-ion electrolyte and separated by an 

electrically insulating, ion-permeable polymer membrane that prevents the cell from 

short-circuiting. During the charging process, Li -ions migrate from the cathode, through 

the electrolyte, to the anode. During discharge the ion migration direction is reversed. 

This is commonly known as the ñrocking chair mechanismò and the general 

electrochemical reactions during operation are:16 

 

Cathode:     LiMO 2 D Li 1-xMO2 + xLi+ + xe- 
  Eworking = 4.0 V 

Anode:   C6 + xLi+ + xe- D Li xC6    Eworking= 0.02-0.2 V 

Overall:      LiMO 2 D Li 1-xMO2 + LixC6    Eworking = ~3.7 V 

 

where in this instance M can be Co, Ni, or Mn and C is graphite (Fig. 1.1). The typical 

discharge potential is 3.7 V when using LiCoO2 vs. graphite, but will vary depending on 

the anode and cathode materials used as well as the change in potential associated with 

cell IR drop; Vdischarge = Vcathode - Vanode ï IR, while Vcharge = Vcathode ï Vanode + IR.12 
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1.3.1 Li -ion Cathode Materials  

 

The electrochemical potential of a ñlithiatedò anode is extremely difficult to 

process due to the high reducing potential, therefore Li-ions are generally assembled in a 

discharged state with a lithiated cathode. Viable cathode materials must reversibly 

exchange Li  with minimal structural change to provide long cycle life with high energy 

density. The cathode should lie at a high potential relative to lithium so that the cell 

operates at a high voltage. LiCoO2 remains the most commonly used commercial cathode 

material; the electrochemical energy is stored and generated around the redox of 

Co4+/Co3+. The gravimetric capacity of LiCoO2 is 280 mAh/g, however, only half of the 

Li -ions can be extracted from the compound without structural degradation.14 However, it 

is expensive. Substituting Co with Ni, Mn, and/or Al can reduce the cost. Researchers 

have found that cation substitution can increase the capacity, improve the safety, and 

enhance cycle life by alleviating the structural degradation at potentials higher than  

4.2 V. The most popular compositions are LiNi (0.33)Mn(0.33)Co(0.33)O2, 

LiNi (0.5)Mn(0.3)Co(0.2)O2, and LiNi(0.8)Co(0.15)Al (0.05)O2. Cathode material research 

continues by incorporating less Co, coating cathode surfaces with chemically inert 

compounds, and improving conductivity, although these topics are beyond the scope of 

this dissertation. 

 

 

1.3.2 Li -ion Carbon Anodes  

 

Carbonaceous materials have a long history of use in Li -ion batteries. Soft and 

hard carbons were initially used before a graphite compatible electrolyte was found. Soft 
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carbons are disordered carbons (generally petroleum pitch and coke) that when heated 

enter a mesophase where the carbon atoms can rearrange into a more thermodynamically 

stable state forming extended 2D planes of sp2 carbon. Hard carbons are highly 

disordered and do not enter a mesophase when heated. Their structure remains highly 

cross-linked and cannot be graphitized. When heating mesophase carbon to temperatures 

above 2000 ęC the layers form 3D ordered graphite, consisting of stacks of planes made 

up of six-membered C rings. The individual planes are held together by van der Waals 

force in two variations: hexagonal (ABA) and rhombohedral (ABC) (Fig 1.2).  These 

graphitic structures can co-exist as can turbostratic disorder, the random (non-graphitic) 

stacking of layers.  
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Figure 1.1 ï Li -ion cell showing rocking chair mechanism.
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Figure 1.2 ï The two most common graphite stacking 

configurations are (a) ABC stacking and (b) ABA stacking 

(adapted from reference 12).  
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Graphite (natural or synthetic) is the most common commercial anode material of 

choice due to its moderate energy density, long cycle life and low cost.  Hard carbon and 

soft carbon anodes also store Li-ions however neither have as high of volumetric capacity 

(mAh/mL) as graphite due to their lower density, despite demonstrating higher 

gravimetric capacity (mAh/g).17 18 

Li -ions intercalate between the layers of graphite, 1 Li+ for every 6 carbons and 

arrange the structure from ABA to AAA stacking order.19 Electrochemical intercalation 

of lithium into graphite in nonaqueous solvents occurs by a mechanism commonly 

referred to as ñstagingò in which intercalation does not occur in all layers simultaneously, 

but rather only in a periodic layer arrangement.20 Graphite is classified by the stage 

number (or index) n which is the number of graphite layers separating the two nearest 

intercalated layers. The intercalation of lithium into graphite proceeds upon the formation 

of the following stages: stage 4 (early stage), stage 3 (LiC24), stage 2 (LiC12) and finally 

stage 1 (LiC6), this final stage having a theoretical capacity of 372 mAh/g.21 The stages 

occur at well-defined potentials, creating ñplateausò in the charge/discharge profile (Fig. 

1.3). When fully ñlithiatedò, the graphite interlayer spacing 11% larger than pure 

graphite.  

Li -ion storage capacity of the anode limits the overall energy density of Li -

batteries. The theoretical volumetric capacity of graphite (812 mAh/mL) is lower than 

that of LiCoO2 (1383 mAh/mL). As a result, thicker anodes must be prepared to balance 

a cell. It also does not perform well in inexpensive low-melting-point solvents that would 

be ideal for electric vehicles located in colder regions of the world. Additionally, the long 

Li -ion diffusion pathways in commercial graphite results in charge rate capability that is  
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Figure 1.3 - The effect of Li-ion 

intercalation/deintercalation on the charge and discharge 

potentials of a Li-ion cell.  The differential of the data is 

presented in the inset; each stage creates a peak in this 

curve. 
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much less than the rates at which cathode materials can be discharged. A typical full 

charge takes 4 h while commercially available cathodes can be reversibly discharged in 

1 h. To some extent this is caused by the large graphite crystals typically used in 

commercial batteries (10 - 15 µm in diameter); smaller size graphite is available but 

suffers from increased capacity fade. Despite all these issues, graphite remains the anode 

of choice among manufacturers.  

 

1.4 Conductive Additives 

 

Conductive additives are used to lower cell impedance. Typically, 2 to 3% of carbon 

black added to electrodes significantly enhances cell performance.22 Other carbon 

allotropes have been shown to be effective conductive additives including carbon 

nanotubes,23 carbon fibers,24 reduced graphene oxide,25 and fullerene soot,26 but carbon 

black is inexpensive and remains the most popular conductive additive. 

1.5 Electrolytes 

 

The movement of the Li-ions between the anode and the cathode occurs in the 

electrolyte. Salts such as LiPF6, LiBF4, and LiAsF6 are dissolved in organic solvent to 

provide ionic conductivity. LiPF6 is most commonly used and is soluble in many 

solvents.27 Li -ion battery electrolytes must have high ionic conductivity, low electrical 

conductivity, a large electrochemical stability window, low melting points, and the ability 

to generate a stable solid-electrolyte interphase (SEI) on a graphite anode, severely 

limiting the choice of solvent.28 A lot of the initial research performed on Li-ion batteries 

was to find a suitable electrolyte for the graphite anode. Carbonate solvents and ethers  
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Figure 1.4 ï Common electrolyte solvents used in Li-ion 

batteries. 
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have wide electrochemical windows and most are liquid at subzero temperatures. 

Propylene carbonate (PC) was widely studied because itôs a liquid over a temperature 

range (-50.2 ï 241.9 ęC).29 Unfortunately, it is unable to form a stable SEI on the surface 

of graphite. Instead, PC co-intercalates into the graphite structure and exfoliates the 

layers causing electrode failure.30 Ethylene carbonate (EC) was found to form a stable 

SEI on graphite, but melts at 39.8 ęC.  Dimethyl carbonate, DMC, added as a co-solvent 

lowers the melting point to -7.6 ęC.31 Other co-solvents include diethyl carbonate (DEC) 

and ethyl methyl carbonate (EMC).32 The co-solvents generally have lower dipole 

moments than EC, and as a consequence, reduce the ionic conductivity of the 

electrolyte.33 There is no perfect solvent system for Li-ion batteries; researchers continue 

to experiment with solvents and additives to improve the performance of Li-ion batteries. 

Small volume additives are common, for instance, a 10% addition of monofluorinated 

ethylene carbonate (FEC) to EC:DMC solvent system dramatically improves the cycle 

life of materials that greatly expand upon alloying with Li.34 

 

1.6 Solid Electrolyte Interphase  

 

Graphite intercalation occurs below 0.2 V vs. Li/Li +, preventing the use of protic 

solvent based electrolytes, as they would be unstable. The stability limit of carbonate 

solvents used in Li-ion cells is between 4.2 and 1.2 V vs. the reduction potential of 

lithium (Li/Li +), which would seemingly rule out its use as well.36 However, upon 

charging the electrolyte undergoes reduction and forms a passivation film or interface 

layer on the surface of graphite, slowing further electrolyte decomposition. The film has 

properties of a solid electrolyte, with high ionic and low electronic conductivity, and is 
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referred to as the solid electrolyte interface (SEI) (Fig. 1.5).37 The elemental composition 

of SEI includes Li, F, P, and O present in various compounds and differs greatly from 

one system to another.38 Typically, high concentrations of LiF and Li2O and Li2CO3 exist 

which are highly insoluble in aprotic solvents.33 Most of the SEI in Li-ion batteries is 

formed during the first cycles of the cell. However, even once formed, protection from 

further reduction reactions is less than perfect as the SEI becomes broken or disrupted 

during the expansion/contraction of the charge/discharge cycle. Thus, Li retrieved upon 

discharge will always be less than the Li that was put in during charge as SEI forms and 

reforms. The irreversible capacity loss from SEI formation is directly proportional to the 

surface area of the anode.39 The ratio of the discharge and charge capacities is known as 

the Coulombic efficiency (CE); an ideal charge/discharge would have a 100% CE, a 

figure that is never achieved in practice. The CE is a very important performance 

measure because there is a finite amount of Li -ions put into a cell upon assembly, 

irreversible losses reduce cell capacity. The cycling improvement by adding FEC to 

EC:DMC is thought to be due to the generation of a more flexible SEI that is able to 

maintain its integrity better during the expansion/contraction of the electrodes, improving 

the long term Coulombic efficiency.34 

An obvious solution to solvent reduction and lithium consumption is to replace 

graphite with an anode material that lies just above 1.2 V, however, few materials exist 

that store Li ions with competitively large capacities at this electrochemical potential. 

One popular material, Li 4Ti5O12, stores Li ions at 1.5 V and has an exceptional cycle life, 

is capable of rapid charge and discharge, and has high first cycle Coulombic efficiency.  

However, it has much lower energy density than graphite, severely limiting its use.  
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Figure 1.5 ï Visual representation of SEI layer on Li-ion 

anode. 

 

 

  



 16 

Li 4Ti5O12 can be paired with LiFePO4 (~2 V cell) to form cells with exceptionally long 

cycle lives because both materials lie within the stability window of the  

electrolytes.40 

 

1.7 Li -alloys as Anode Materials  

 

In 1971, Dey demonstrated that Li  electrochemically alloys with metals and 

semiconductors at room temperature.41 Lithium alloys have much greater gravimetric and 

volumetric capacities than intercalated graphite (Fig. 1.6).42 However, their large storage 

capacity has a significant drawback. Upon lithiation, alloying materials can expand up 

300%.
 
This causes electrode pulverization, and delamination from the current collector. 

This effect lowers the cycle life and causes a large increase in internal resistance. 

Ultimately, cells generally fail rapidly.   

Nano-scale alloy materials have been shown to increase cycle life, but at the cost 

of higher first cycle irreversible capacity loss and the large volume of expansion can still 

harm SEI layer during charge/discharge cycles resulting in poor Coulombic efficiency.10 

Researchers are currently wrestling with these challenges to increase the storage capacity 

of the Li-ion battery.  

The generally accepted strategy is to add a small amount of Li -ion alloy material 

with significantly higher capactiy than graphite to a carbonaceous matrix (usually 

graphite). Among the materials listed in Figure 1.6, Ge or Si can make the largest impact 

on the cell capacity.  
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Figure 1.6 ï Elements that electrochemically alloy with Li 

and their storage capacities. 
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1.7.1 Silicon as a Li-ion anode 

 

 Si is one of the most abundant materials found in the earthôs crust; the 

semiconductor industry generates a significant waste stream that is transformed into Si 

salts, making them available in high purity at reasonable cost. It is nontoxic and has the 

highest gravimetric capacity of all alloying elements making it highly desirable as an 

alternative anode material. The alloying of Si with Li can be written as: 

xLi+ + Si + xe- D Li xSi, Edischarge  ~ 0.4 V 

At x = 3.75 (theoretical stoichiometry of x = 4.4), which can be obtained 

electrochemically, Si has gravimetric and volumetric capacities of 3759 mAh/g and  

8335 mAh/cm3, respectively.43 For comparison, the theoretical capacities of graphite are 

372 mAh/g and 832 mAh/cm3. 

 

1.7.2 Germanium as a Li-ion anode 

 

Germanium is another candidate as an alternative anode material, despite is higher 

cost and lower abundance than Si.  Ge is also nontoxic and its volumetric capacity is 

nearly equal to Si. Germanium is much easier to process than Si because it does not react 

with water and is less oxophilic.  

xLi+ + Ge + xe- D Li xGe, Edischarge ~ 0.45 V 

Like Si, x of up to 3.75 can be obtained electrochemically, yielding capacities of 1385 

mAh/g and 7372 mAh/cm3.44  
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1.8 Research Initiative 

 

 Although alternative anode materials are being investigated, Li -ion battery 

production depends on graphite supply for the foreseeable future. The rapid growth of the 

Li -ion battery market is being driven by the increasing popularity of electric vehicles. 

Tesla plans to produce 500,000 electric vehicles per year by 2018, however that will 

require a 25% increase in worldwide battery grade graphite production.45 Graphite is a 

non-renewable material. Natural graphite is mined from reserves at a high environmental 

cost.46 Synthetic graphite is synthesized from petroleum byproducts at temperatures as 

high as 3000 ęC. Among the sources of carbon available to make graphite, none are as 

inexpensive or widely available than biomass derived carbons. Millions of tons of 

biomass waste are generated every year, much of which is used to generate electricity by 

combustion. Residual carbon waste is an inexpensive source of precursors to new carbon 

materials. This carbon cannot be graphitized by conventional heating methods, though 

some degree of ñgraphitizationò can be achieved by use of NiCl2 as catalyst.47 However, 

the material is not crystalline graphite but rather nested graphene shells with a high 

surface area and hollow morphology, termed ñhollow carbon nanospheresò. Inspired by 

this process we have explored other morphologies that can be prepared and their 

electrochemical properties. 

 As higher capacity cathodes are discovered, the need for higher capacity anodes 

becomes more apparent. Many alternative anodes have been researched and 

demonstrated; yet graphite still remains as the most commercially viable Li-ion anode. 

The cost of graphite and cycling performance are key factors to its commercial 

dominance. Introducing a small amount of nano-Si into a graphite anode is now 
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becoming more common in the formulation of premium Li -ion anodes, however, large 

scale commercial adoption is cost inhibited. A need for simple, scalable and cost efficient 

synthesis of Li-ion battery grade Si is still desirable.  

 Germanium is a costly material but has exceptional electrochemical performance. 

It offers better cycle life than Si and higher charging rates.48 It will likely never meet the 

cost requirements for mass adoption into Li-ion cells, however, there are many niche 

applications where cycle life, higher charging rates, and higher capacity are more 

important than cost. For these reasons, an efficient and scalable synthesis was explored 

and presented in this thesis. 
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Chapter 2: Characterization and Preparation Techniques 

 

2.1 Physical and Electrochemical Characterization Methods 

 

Materials were characterized by powder X-ray diffraction (PXRD), Brunauer-

Emmett-Teller surface area and porosity determination by isothermal N2 adsorption, 

transmission electron microscopy (TEM, STEM), scanning electron microscopy (SEM), 

energy dispersive X-ray spectroscopy (EDX), thermogravimetric analysis (TGA), 

galvanostatic electrochemical cycling, and electrical impedance spectroscopy (EIS).  A 

description of the laser synthesis setup and a general procedure for its use is provided; 

more details are provided in Chapters 3 - 6. Details on synthetic procedures used to 

synthesize Si and Ge are given in their respective chapters. 

 

2.2 Powder X-ray Diffraction (XRD)  

 

A Shimadzu Miniflex+ with Cu-KŬ radiation was used to obtain XRD patterns. 

XRD was used to identify the phases of materials, crystal lattice spacing, and to estimate 

the crystallite size. An oriented quartz crystal was used as a sample holder to minimize 

background. 

Peaks obtained on the diffraction pattern were matched to the PDF2 database to 

determine the crystalline phase or phases present in a sample. In some instances no peaks 

were observed indicating that only amorphous material was present.  

The full width at half max (FWHM) of each peak on a diffraction pattern can be 

used to estimate crystallite size with the Scherrer equation.1 
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B = 0.9 ɚ/tĿcosɗ 

 

Where, t is the crystallite size, B is the full-width at half-maximum (FWHM) of the peak 

in radians, ɚ is the X-ray wavelength and ɗ is the diffraction angle. Instrument 

broadening must be determined beforehand to accurately estimate crystallite size. The 

XRD pattern of large (many µm) and highly crystalline Si particles was obtained and the 

FWHM of the peaks were assumed to be solely from instrument line broadening.  

 

B2 crystallite = B2 measured ï B2 instrument 

 

2.3 BET Surface Area and Porosity 

 

Surface area measurements were determined from nitrogen adsorption isotherms 

obtained with a Micrometrics Tri-Star 3000. Samples were degassed by heating under 

vacuum. For low surface area materials, degassing was typically achieved at 150 ęC; for 

high surface area materials, temperatures as high as 400 ęC were used. One of the three 

sample measurement ports of the Tri-Star was equipped with an empty sample tube with 

which the saturation vapor pressure (P0) of N2 was measured concurrently with each 

measurement of the equilibrium vapor pressure (P) over the sample.  For BET surface 

area measurements, isotherm adsorption data was recorded from 0.05 to 0.3 P0/P. For 

porosity measurements, isotherm data was recorded up to saturation pressure. 
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2.4 Electron microscopy 

 

2.4.1 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy    

(EDX) 

 

A FEI Teneo VS with a field-emission source was used to obtain SEM 

micrographs. Samples were prepared by placing a small amount of powder onto an 

aluminum stub coated with carbon tape. The tape acts as an adhesive and provides a 

conductive pathway to ground for electrons interacting with the sample, preventing a 

build-up of charge. Accelerating voltages were typically 1 to 2 kV, however, when 

elemental information (EDX) was required a higher voltage (20kV) was used to ensure 

proper ionization of heavy metal analytes. Two detectors were used, detecting 

backscattered (T1) and secondary electrons (ETD). The majority of images collected with 

the T1 detector. 

  

2.4.2 Transmission Electron Microscopy (TEM and STEM) and EDX 

 

A FEI Talos 200 kV with a field-emission source was used to obtain TEM 

micrographs. The microscope provided particle and crystallite size information, lattice 

spacing, elemental analysis, and electron diffraction patterns.  Samples were prepared by 

dispersing a small amount of material into absolute ethanol assisted by sonic agitation. A 

2 µL aliquot of the mixture was dispersed on a carbon coated 400 mesh copper grid and 

allowed to dry for 24 h before inserting into the TEM. 
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 Data collected in TEM mode included TEM imaging and electron diffraction. 

Data collected in STEM mode included HAADF images and EDX HyperMaps using FEI 

SuperX detector.  

 

2.5 Thermogravimetric Analysis 

 

 Thermo gravimetric analysis was performed on a Perkin-Elmer PYRIS 1 TGA. 

The sample to be analyzed was placed in a platinum crucible, filling the sample pan to 

about half its maximum volume, and then heated in air at a ramp rate of 20 ęC/min.  

 

2.6 Biomass Pellet Charring and Laser Irradiation 

 

Biomass and metal catalyst were loaded into a hardened steel cup (80 mL, Fritsch 

GmbH) with six balls (hardened steel, 1 cm diameter, 10:1 ball to powder mass ratio) and 

milled at 300 rpm for 30 min using a planetary mill (Pulverisette 6, Fritsch GmbH). The 

resulting powder was pressed (10.89 t, Carver 3851 benchtop laboratory press) to form 

20 mm diameter pellets.  A 21/64ò hole was then drilled in the center of each pellet with 

a drill press and they were heated under N2 gas (30 mL/min) from room temperature to 

temperatures ranging from 375 to 600 C̄ at a 30 ̄C/min ramp rate and held for a total 

heating time of 30 min. The heating under inert atmosphere resulted in the evolution of 

bio-oil and gas and transformed the biomass to biochar. After cooling, the pellets were 

skewered on a ıò diameter stainless steel rod which was then placed vertically into a 

stainless steel 4-way cross, feed through the top flange equipped with an Ultra-TorrTM 

vacuum fitting (Swagelok) and secured to a stepper motor (STM-23, Applied Motion 
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Products). The chamber was evacuated chamber to 10-3 torr and then maintained at 0.5 

torr with flowing He (Fig. 2.1).  Each pellet was then irradiated through an anti-reflective 

coated ZnSe window (Design Research Optics) by a 2 mm diameter 10.4 mm wavelength 

laser beam (Firestar t60, Synrad Inc., 95 % power) while rotating at a linear velocity of 

1.63 mm/s (1.2 rev/min) for one full rotation.  

 

2.7 Electrodes and Cell Preparation 

 

 Electrodes were formulated by mixing the active material with polymer binder 

and a small amount of conductive additive. The active material used depended on the 

material to be studied. The conductive additive was carbon black (Super C45, Imerys 

TIMCAL America Inc.) and the polymer binder was a Li-polyacrylate binder solution 

prepared by dissolving poly(acrylic acid) (1000 kDa, Polysciences) in deionized water 

and neutralizing with LiOH (95%, Strem). Mixing was performed with a Fritsch 

Pulverisette 23 MiniMill using a stainless steel cup (10 mL) and four stainless steel balls 

(5 mm diameter) at 30 Hz for 15 min to form a slurry. The slurry was cast onto copper 

foil (0.127 mm, 99.9%, Alfa Aesar) and dried under vacuum at 150 °C for 2 h. Typical 

electrode masses ranged from 0.5 to 1.5 mg/cm2. Round electrodes (16 mm diameter) 

were cut from the resulting sheet using a die cutting press (MSK-T-07 Precision Disc 

Cutter, MTI Inc.).  
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Figure 2.1 - Laser reaction table and chamber. 
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Coin cells (CR2016, MTI Inc.) containing the active anode and Li metal (99.9%, 

MTI Inc.) electrodes separated by a polypropylene porous membrane (CelgardÈ 3401) 

were assembled in an Ar filled dry box (<0.1 ppm O2 and H2O).  

The electrolytes used were 1 M LiPF6 in an EC:DMC (1:1 v/v) mixture (battery 

grade, < 15 ppm H2O content, Sigma Aldrich) with 10% FEC (> 99%, Solvay) by volume 

or 1 M LiPF6 in PC (battery grade, < 15 ppm H2O content, Sigma Aldrich).  

 

2.8 Graphite Ashing Procedure 

 

Porcelain crucibles and lids (23 mL, Fisher) were heated in air at 900 ęC for 5 h, 

rinsed with deionized water and dried at 120ęC for 1 hour, then stored in a desiccator too 

cool to room temperature prior to performing any experiments.  All weight measurements 

were performed on an Ohaus Analytical Plus 250D (rated precision of 0.02 mg, and 

linearity of 0.03 mg). Measurement precision was determined to be 0.03 mg by 

calculating the standard deviation of the mass of a 20 mg standard measured 10 times in a 

room temperature, dry tared crucible, allowing for the balance to return to 0.00000 g 

following each measurement. Mass reproducibility was determined to be within the 

measured precision by recording the mass of empty crucibles before and after heating at a 

ramp rate of 10ę/min to 900 ęC, holding at that temperature for 5h, removing from the 

furnace and cooling to room temperature in a desiccator. 
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2.9 Electrochemical Analysis 

 

Electrochemical cycling was performed using an Arbin Instruments BT2000 

Battery Test System or a Maccor MC-4. Typically cells were left to rest for an hour then 

discharged (Li-loaded) at constant current from the initial open circuit voltage to a cutoff 

potential of 10 or 20 mV Li/Li+ and then charged (Li-unloaded) at the same current to 1.5 

V vs. Li/Li+. The cells were rested for 15 min between discharge and charge cycles. 

Current density are given in A/g and/or as C-rates. A C-rate is the inverse of the time in h 

that is required to charge or discharge a cell at a given current density. Thus, a C-rate of 

C/2 indicates that a current sufficient to achieve a full charge (or discharge) in 2 h was 

supplied, while 2C indicates a current (or discharge) that would achieve a 30 min charge. 

Electrical impedance spectroscopy was carried out with a Solartron 1260 

frequency response analyzer equipped with a Solartron 1287 electrochemical interface. 

Scans were performed at given potentials and open circuit cell voltage using a 5 mV 

perturbation voltage in the frequency range of 100 KHz to 0.1 Hz.   
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Chapter 3: Multilayer Graphene Nanoshells from Biomass for Long-cycle life and 

Low-Temperature Li-ion Anodes 

 

 

 This chapter is presented as a manuscript to be published in a peer-reviewed 

journal, the co-authors are Jonathon Cox, Kevin R. McKenzie Jr., Dustin T. Abele, Keith 

Gneshin, Kevin A. Hays, J. Thomas McKinnon, and Michael J. Wagner. 

 

3.1 Introduction 

 

Most scenarios that meet the Paris Agreement goal of limiting global warming to 

2 ęC rely on sustainable bioenergy. Pyrolysis oil is the least expensive liquid biofuel 

appropriate for transportation and electricity production but is more expensive than fossil 

fuels. Reliance on carbon valuation for economic viability would be unnecessary if 

market competitive solutions are found, however, this is extremely challenging.1 While 

advances in bio-oil upgrading could improve its economic outlook,2-4 so too could adding 

value to its co-product, biochar, 10 ï 35 % of the yield by mass, currently used as solid 

fuel or for soil amendment.5-9
 Here we present a simple, inexpensive, environmentally 

friendly photocataytic transformation of biochar into multilayer graphene nanoshells 

(MGNS), a carbon negative material with excellent performance as the active material in 

Li -ion battery anodes.  

Todayôs market for batteries to power electric vehicles (EVôs) is dominated by 

lithium ion (Li-ion) technologies.  Li-ion batteries employ a ñrocking chairò mechanism 

in which Li+ is shuttled between intercalation materials that comprise the anode and 

cathode.  The use of intercalation materials, as anode active material rather than lithium 

metal is necessitated by safety concerns but decreases the specific capacity significantly, 
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372 mAh/g for graphite which is used in the vast majority of commercial cells. However, 

graphite has additional disadvantages including low rate capability and inability to 

reversibly cycle in inexpensive low temperature electrolyte solvents including propylene 

carbonate (PC).10-12 The inabilities of Li-ion cells to charge rapidly and perform at sub-

zero temperature are severe limitations for EVôs; vehicles powered by internal 

combustion engines have far greater driving ranges, can be refueled in a fraction of the 

time (minutes vs hours) and perform well in northern climates.  Here we show that 

MGNS can be charged (loaded with Li) much faster than graphite and cycles stably at 

temperatures as low as - 35 ęC in PC. 

 

3.2 Experimental   

 

3.2.1 MGNS Synthesis 

 

Salts of NiCl2¶6H2O (ReagentPlus, Sigma Aldrich) and CoCl2¶6H2O (99.9 %, 

Alfa Aesar) were dehydrated by heating at 150 ęC for 2 h under dynamic vacuum, while 

FeCl2 (Anhydrous 99.5 %, Alfa Aesar) was used as received. Typically, a 4:1 mass ratio 

of cellulose (Avicel PH-105 NF, FMC BioPolymer) and metal chloride salt were loaded 

into a hardened steel cup (80 mL, Fritsch GmbH) with six balls (hardened steel, 1 cm 

diameter, 10:1 ball to powder mass ratio) and milled at 300 rpm for 30 min using a 

planetary mill (Pulverisette 6, Fritsch GmbH). The resulting powder was pressed (10.89 t, 

Carver 3851 benchtop laboratory press) to form 20 mm diameter pellets.  A 21/64ò hole 

was then drilled in the center of each pellet with a drill press and they were heated under 

N2 gas (30 mL/min) from room temperature to 375 ̄C at a 10 ̄C/min ramp rate and held 
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for a total heating time of 30 min. The heating under inert atmosphere resulted in the 

evolution of bio-oil and gas and transformed the remainder of the biomass pellet to 

biochar. After cooling, the biochar pellets were skewered on a ıò diameter stainless steel 

rod which was then placed vertically into a stainless steel 4-way cross, feed through the 

top flange equipped with an Ultra-TorrTM vacuum fitting (Swagelok) and secured to a 

stepper motor (STM-23, Applied Motion Products). The chamber was evacuated chamber 

to 10-3 torr and then maintained at 0.5 torr with flowing He.  Each pellet was then 

irradiated through an anti-reflective coated ZnSe window (Design Research Optics) by a 

2 mm diameter 10.4 mm wavelength laser beam (Firestar t60, Synrad Inc., 95 % power) 

while rotating at a linear velocity of 1.63 mm/s (1.2 rev/min) for one full rotation. 

Finally, the material exposed to the laser was removed by gentle abrasion and the 

resulting powder was lightly ground by hand in an agate mortar and pestle. The raw 

product was purified by microwave digestion, heating from room temperature to 210 °C 

in 10 min and held for an additional 30 min in HNO3 solution (ACS Grade, 68-70% 

HNO3) using a XP-1500+ Teflon vessel and MARS 5 Digestion Microwave System 

(CEM Corp.). After cooling to room temperature, the mixture was diluted with of 

deionized water and the solid product collected by vacuum filtration (1 µm polyster, GVS 

LifeSciences).  The product was then washed with additional deionized water until a 

neutral pH was obtained, rinsed with 1 M NaOH (>97% Fisher Scientific) followed by 

deionized water neutralization, rinsed with a 10 v/v% HCl solution followed by deionized 

water neutralization and finally dried under vacuum. The mass yield after drying was 

32%, 29%, and 40% of the C present in the char using Ni, Fe and Co chloride, 

respectively, as the catalyst. 
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3.2.2 Electrode Preparation 

 

Anode materials were formulated by combining 80 mg of MGNS composite 

material, 10 mg of carbon black (Super C45, TIMCAL America Inc.), 200 mL of 5% Li-

polyacrylate binder solution prepared by dissolving poly(acrylic acid) (1000 kDa, 

Polysciences) in deionized water and neutralizing with LiOH (95%, Strem), and 20 mL of 

ethanol (200 proof, Pharmco-Aaper). Mixing was performed with a Fritsch Pulverisette 

23 MiniMill using a stainless steel cup (10 mL) and six balls (5 mm diameter) at 50 Hz 

for 15 min to form a slurry. The slurry was cast onto copper foil (0.127mm, 99.9%, Alfa 

Aesar) and dried under vacuum at 150 ÁC for 2 h. Round electrodes (16 mm diameter) 

were cut from the resulting sheet using a die cutting press (MSK-T-07 Precision Disc 

Cutter, MTI Inc.).  

Coin cells (CR2016, MTI Inc.) containing MGNS and Li metal (99.9%, MTI Inc.) 

electrodes separated by a polypropylene porous membrane (Celgard 3401) were 

assembled in an Ar filled dry box (<0.1 ppm O2 and H2O). The electrolyte used were 1 M 

LiPF6 in EC:DMC (1:1 v/v) mixture (battery grade, < 15 ppm H2O content, Sigma 

Aldrich) with 10% FEC (> 99%, Solvay) by volume and 1M LiPF6 in propylene 

carbonate (PC, battery grade, < 15 ppm H2O content, Sigma Aldrich).  

 

3.2.3 Electrochemical Analysis 

 

All electrochemical cycling was performed with an Arbin BT2000 except for high 

rate cycling, which was performed with a Maccor MC-4. Unless otherwise stated, cells 
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were cycled between open circuit voltage and 0.02 V then under reverse current to 1.5 V, 

at a C/4 rate.  Cells were rested for 15 min between load and unload. 

 

3.3 Results and Discussion 

 

 

3.3.1 Biochar  

 

During the charring process, bio-oils and gas are evolved from cellulose leaving 

biochar as a hard black material. Numerous peaks were detected by XRD in each sample, 

all of which can be attributed to the metal salts, consistent with the cellulose 

decomposing into amorphous polycyclic aromatic hydrocarbons as expected from 

previous literature reports.13, 14 

 

3.3.2 Unpurified Product  

 

Powder X-ray diffraction patterns show no evidence of metal salts after laser 

irradiation, instead the patterns of metallic Ni, Fe, and Co are present (Fig. 3.1). Cubic 

and hexagonal Co is evident, while Ni and Fe are present in single, cubic phases  

(Fig. 3.1). In addition, a peak at 26ę 2-theta appears in each sample very close to the d-

spacing expected for the graphite 2H (002) reflection. Apparently, laser pyrolysis 

carbothermally reduced the metal chloride salt to metal while catalyzing the conversion 

of amorphous carbon into a material with considerable graphitic character.  
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Figure 3.1 ï XRD patterns of post-irradiated raw products 

prepared from (a) NiCl2 (Ni labeled with triangles, JCPDS  

#04-0850), (b) FeCl2 (Fe labeled with diamond, JCPDS 

#06-0696), and (c) CoCl2 (FCC Co labeled with squares, 

JCPDS #15-0806, and HCP Co labeled with crosses, 

JCPDS #01-1278). Graphite 2H is labeled with circles, 

JCPDS #41-1487. 
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Elemental maps (EDS) recorded for samples synthesized from NiCl2 revealed Ni 

nanoparticles ranging from 10 to 30 nm embedded in a carbon matrix (Fig. 3.2). At 

higher magnification the Ni nanoparticles can be seen as fully encapsulated in a ~ 10 nm 

shell of graphene layers. The spacing between the graphene layers was found to be 3.4 ¡, 

consistent within the precision of the measurement with the d002 spacing expected for 

graphite (Fig. 3.3). The low oxygen signal in the EDS indicates that the nickel is well 

protected by the graphene shell from atmospheric oxidation. 

EDS maps of samples from CoCl2 consist of Co particles ranging from 130 to 400 

nm with an average size of 250 +/- 80 nm as well as some smaller particles ranging from 

30 to 80 nm in diameter (Fig. 3.4). Closer analysis of encapsulated Co particles show that 

the graphene layer shell thickness is ~ 55 nm (Fig. 3.5). The Co is also fully encapsulated 

in the graphene shell as evidenced by the lack of correspondence of the location of Co 

with O on EDS maps.  

 EDS maps of samples produced from FeCl2 show Fe particles ranging from 100 ï 

250 nm and what appears to be numerous agglomerated multilayer graphene sheets 5 to 

20 nm thick (Fig. 3.6). Some Fe particles appear to be wrapped in graphene, but large 

amount of surface oxide present on the metal evident in EDS maps indicate that they are 

only partially encapsulated and many heavily oxidized, uncoated iron particles are 

present as well (Fig. 3.7).  
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Figure 3.2 ï Raw product from NiCl2 HAADF image and 

EDS HyperMap of (C), (Ni), and (O). 

 



 41 

 

 

 

 

 

 

 

Figure 3.3 ï TEM micrograph of Ni particle in raw product 

encapsulated by multilayer graphene shell. Inset shows 

graphene layer spacing (scale bar is 2 nm). 
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Figure 3.4 ï Raw product from CoCl2 HAADF image and 

EDS HyperMap of (C), (Co), and (O). 
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Figure 3.5 ï TEM micrograph of Co particle in raw product 

encapsulated by multilayer graphene shell. Inset shows 

graphene layer spacing (scale bar is 5 nm). 
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Figure 3.6 ï TEM micrograph of Fe particles in raw 

product encapsulated by multilayer graphene shells. 
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Figure 3.7 ï Raw product from FeCl2 HAADF image and 

EDS HyperMap of (C), (Fe), and (O). 
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3.2.3 Purified Product 

 

Powder X-ray diffraction patterns of purified MGNS from each metal salt in 

Figure 3.8 have broad peaks at ~26, 43, 44.5 and 54ę that match graphitic (002), (100), 

(101), and (004) planes, respectively. Crystallite sizes were determined by the Scherrer 

equation using shape factors (K) of 0.9 and 1.84 to determine c-axis (Lc) and a-axis (La) 

crystallite sizes, from the (002) and (100) peak full-width-at-half-maximums (FWHM), 

respectively. 

For the purified sample prepared from NiCl2, denoted as MGNS-Ni, crystallite 

sizes were 9.4 nm (Lc) and 23.4 nm (La). The (002) peak position is centered at 26.0ę 2-

theta which corresponds to a d-spacing of 3.42 Å, significantly larger than expected for 3-

D crystalline graphite, 3.354 Å (Fig. 3.8a). TEM micrographs show agglomerations of 30 

to 50 nm diameter spheroidal shells (Fig. 3.9).  HR-TEM images reveal the multilayer 

graphene structure of these shells with interlayer spacing of 3.4 Å, in good agreement 

with XRD results (Fig 3.10).  

The large d-spacing indicates a high degree of turbostratic disorder or 

equivalently a low degree of 3D graphitic order, which can be estimated to be 23% using 

the formula.15  

  

Where g is the degree of graphitization and d002 is the average interlayer spacing. 

Given the curvature of the shells, a high amount of turbostratic disorder is not surprising; 

graphene layers are displaced in crystalline graphite, allowing ñnestingò of the layers and 

closer spacing, which is not possible for nanoshells because, assuming that the graphene  

g= 3.44- d002( ) / 3.44- 3.354( )
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Figure 3.8 ï XRD patterns of MGNS from (a) NiCl2 with 

Ni impurities (triangle), (b)  FeCl2, (c) CoCl2. 

 

  



 48 

carbon-carbon bond length remains the same, every shell must have a different number of 

atoms, necessitating some degree of lattice mismatch.  

The high oxidizing environment during purification extracted most of the Ni 

leaving behind the multi-layer graphene nanoshell. Particles have noticeable extrusions, 

presumably where the metal was extracted.  A small number of encapsulated Ni particles 

were observed on the TEM grid and minor Ni impurities can also be observed in the 

XRD pattern. The residual Ni was determined to be 1 % wt. by TGA, which equates to 

one encapsulated nickel per ~110 empty MGNS, in good agreement with TEM 

observations, calculated by using 50 nm as the MGNS diameter, 10 nm as the graphene 

wall thickness, and the bulk densities of Ni and graphite.  

The (002) peak for MGNS made with FeCl2 appears at 26.2ę 2-theta, yielding an 

interlayer spacing of 3.39 Å, with crystallite sizes of 16.1 nm (Lc) and 26.0 nm (La) (Fig. 

3.8b). Unlike MGNS-Ni the majority of sample were agglomerates of multilayer 

graphene sheets (Fig. 3.11). Cavities in the agglomerates can be seen that are consistent 

with the Fe particle occupation sites observed prior to removal with acid. Graphitic lattice 

fringes are observable at high resolution, with interlayer spacings (3.38 Å) that are 

consistent with XRD data (Fig. 3.12). It appears that the graphene growth occurs 

perpendicular to the iron particle surface instead of the templated shells observed with Ni 

and Co.  
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Figure 3.9 ï TEM micrograph of a typical agglomerate of 

MGNS-Ni showing spheroidal structure. 
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Figure 3.10 - HR-TEM micrograph of MGNS-Ni showing 

the layered graphene structure. 
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Figure 3.11 ï TEM micrograph of MGNS-Fe showing co-

existence of multilayer graphene sheets and shells. 
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Figure 3.12ï HR-TEM micrograph of MGNS-Fe showing 

the layered graphene structure. 
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Synthesis with CoCl2 (MGNS-Co) results in large hollow shells, 300 to 1 µm in 

diameter (Fig. 3.13). The shells, with the metal centers removed, appear to be able to 

flatten or distort like pillows. Many of the shellôs walls had kinks rather than a continuous 

curve, with many of the walls having very little curvature. MGNS-Co appears much like 

MGNS-Ni, however, an order of magnitude larger. The layers are highly ordered, 

resembling a graphitic structure when observed at high magnification (Fig. 3.14). The 

larger shell size allows the graphene shells to more closely nest; the interlayer spacing, 

determined from the (002) XRD peak position (26.5ę 2-theta), is 3.36 Å, indicating low 

turbostratic disorder (93% 3D graphitic order), much lower than found for either MGNS-

Ni or MGNS-Fe (Fig. 3.8). The crystallite sizes were determined to be 32 nm (Lc) and 31 

nm (La) from XRD data, much larger than those of MGNS-Ni or MGNS-Fe. 

 

3.2.4 Surface Area and Porosity 

 

 

The BET surface area was measured by N2 adsorption and found to be 155, 70 

and 60 m2/g for MGNS-Ni, MGNS-Fe, and MGNS-Co, respectively (Fig. 3.15). The 

surface area decreases as the average shell size of each material increases, as one might 

expect. Hysteresis between N2 adsorption and desorption is notably present in the 

isotherm curve for MGNS-Ni indicating capillary condensation. A small degree of 

hysteresis is observed in MGNS-Fe indicating some shells are present, but the presence 

of multi-layer graphene also contributes to the adsorption/desorption behavior. The 

MGNS-Co has no notable hysteresis; its macroporous morphology (> 100 nm) is too 

large for N2 adsorption/desorption to accurately quantify. 
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Figure 3.13- TEM micrograph of MGNS-Co agglomerate 

after purification. 
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Figure 3.14 ï HR-TEM micrograph of MGNS-Co showing 

the layered graphene structure. 
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3.2.5 Raman spectroscopy  

 

 

 Raman spectra show D (1340 cm-1) and G (1587 cm-1) bands due to sp3 and sp2 

bonded carbon, respectively, and a Dô band as a shoulder on the G band. MGNS-Ni 

displays the highest degree of sp3 bonding of the three materials with an ID/IG ratio of 

1.53 (Fig. 3.16). The relatively small size of the MGNS-Ni shells give them a much 

higher curvature than the other MGNS, only possible in graphene sheets by additional sp3 

character.  The ID/IG ratio of MGNS-Fe (0.49, Fig 3.16) is much lower as expected, with 

a significant fraction of the sample composed of multilayer graphene sheets, while 

MGNS-Co has an intermediate ID/IG ratio (0.73, Fig. 3.16) due to the large size (lower 

curvature) of its nested shells. 
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Figure 3.15 ï Nitrogen isotherm data for purified graphitic 

carbons from CoCl2 (red crosses), FeCl2 (black squares), 

NiCl2 (blue circles). 
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Figure 3.16ïRaman spectra of MGNS from (a) NiCl2, (b) 

FeCl2 and (c) CoCl2.  Data (blue dots), peak fits (solid 

green lines), sum of fits (solid blue line), baseline (solid 

black line) and residual (red line, above) shown. 
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3.2.6 Electrochemical  

 

The onset of initial loading (lithiation) of MGNS-Ni in half-cells occurred near 

1.0 V vs. Li/Li+ with a gradual decrease in electrochemical potential to the cutoff 

potential of 20 mV (Fig. 3.17). A differential plot of the galvanostatic curve shows 

loading peaks at 185, 95, and 65 mV and unloading peaks 110, 155 and ~240 mV, similar 

to the staging potentials of graphite intercalation (Fig. 3.17 inset).  

After electrochemically loading an equivalent MGNS-Ni cell with Li, the cell was 

disassembled and examined by TEM. The loaded MGNS-Ni shows an average layer 

spacing of 3.55 Å, much larger than unloaded MGNS-Ni at 3.4 Å. The layer spacing is 

consistent with stage-2 (LiC12) formation, while any stage-1 loading could have been de-

intercalated due to the necessity of brief exposure of the electrode to air or the instability 

in the electron beam of the TEM (Fig. 3.18).16 It is clear from the TEM images and the 

differential capacity curves that MGNS stores Li ion by intercalation between its 

graphene layers.  

The reversible capacity was found to be 212 mAh/g with a first cycle Coulombic 

efficiency (CE) of 28.9%. The high irreversible capacity can be explained the formation 

of SEI to passivate the large surface area of the MGNS-Ni.  

The initial charge transfer to MGNS-Fe occurred around 1.2 V, which is 

characteristic of carbonate solvent reduction to form the SEI (Fig. 3.19). The potential 

progressively decreased until forming a plateau between 200 mV and the 20 mV cutoff 

voltage. The differential capacity plot of the galvanostatic loading shows peaks at 180, 
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Figure 3.17 - Galvanostatic first cycle MGNS-Ni capacity 

and differential capacity (inset) plots. 
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Figure 3.18 ï TEM micrograph of MGNS-Ni removed 

from a cell that was loaded to 0.02 V with (inset) HR-TEM 

of the lattice. 
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120, 90 and 60 mV. Two distinct charge transfer peaks at 100 mV and 120 mV and two 

smaller peaks at 180 mV and 240 mV are evident during unloading. The reversible 

capacity was found to be 250 mAh/g with a first cycle CE of 46.3%.  

The onset of MGNS-Co 1st cycle loading occurs at ~ 1 V and gradually decreases 

during the SEI formation process. Li intercalation peaks in the differential capacity plot 

can be observed at 180, 120, 95 and 60 mV and de-intercalated at 105, 150, 180 and 240 

mV (Fig. 3.20). Reversible capacity was found to be 287 mAh/g with a 1st cycle CE of 

66.7%.  

The increase in reversible capacity with the change of the metal catalyst from Ni 

to Fe and Co could in part be due to the change in layer spacing observed, or 

equivalently, the decrease in turbostratic disorder.  Reversible capacity of graphitic 

materials is strongly influenced by the crystallinity, decreasing as the degree of 

turbostratic disorder increases. An identical trend is seen in the MGNS materials. 

It is interesting to note that the initial CE of the MGNS materials improves as the  

surface area declines, but not in a proportional fashion. Decreasing the surface area from 

155 m2/g (MGNS-Ni) to 70 m2/g (MGNS-Fe) increases the CE from 28.9 to 46.3%, 

decreasing the irreversible capacity from 521 to 290 mAh/g.  A much smaller further 

decrease to 60 m2/g (MGNS-Co) results in a proportionally much larger increase in CE, 

from 46.3 to 66.7%, and a decrease in irreversible capacity from 290 to 143 mAh/g. One 

possible explanation is that the interior of the MGNS-Co might be more effectively 

blocked from electrolyte access.  It has been proposed that the removal of the metal 

catalyst from the interior of the graphene shells occurs though a hole in the shell.  These 
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Figure 3.19 - Galvanostatic first cycle MGNS-Fe capacity 

and differential capacity (inset) plots. 
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Figure 3.20 ï Galvanostatic first cycle MGNS-Co capacity 

and differential capacity (inset) plots. 
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holes are likely to be blocked by SEI formation, limiting access to the interior. MGNS-Co 

are by far the larger of the materials, and thus may have a much larger shell area to hole 

area ratio, and thus a much smaller fraction of their interior space could be accessible to 

the electrolyte for SEI formation. 

No capacity fade was observed in any MGNS during 100 cycles.  The reversible 

capacity of MGNS-Fe and MGNS-Co the capacity increased to 260 and 305 mAh/g after 

10 cycles, respectively, while MGNS-Ni remained stable at 206 mAh/g for 100 cycles 

(Fig. 3.21).  

 

3.2.7 Electrochemical Cycling in Propylene Carbonate 

 

 

 Cells of each MGNS material were assembled and tested in fresh PC with 1 M 

LiPF6 supporting electrolyte. Galvanostatic load curves of MGNS-Fe electrodes 

displayed a plateau at 800 mV, PC decomposition and active material destruction in 

graphite (Fig 3.22).12 The reversible capacity was found to be 25 mAh/g, far less than 

obtained in in EC:DMC (260 mAh/g). The low reversible capacity in PC is consistent 

with TEM observations that the material is primarily composed of multilayer graphene 

sheets with only a small fraction of closed shells, the former of which would be expected 

to exfoliate, like graphite, in PC.  It is tempting to estimate the fraction of closed shells to 

be ~10% from the ratio of the reversible capacities observed in PC and EC:DMC, 

however, the fraction of closed shells may be significantly higher as some may be 

electrically isolated by the physical disruption of the electrode caused by exfoliation.    

 A plateau at 800 mV was also observed during the 1st load of MGNS-Ni in PC, 

however, it was followed by another plateau ~770 mV and eventually reached the cut off  
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Figure 3.21 ï Plot of reversible capacity over 100 

load/unload cycles for MGNS-Ni (red/circles), MGNS-Fe 

(blue/crosses) and MGNS-Co (black/squares). 
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Figure 3.22 ï Galvanostatic load and unload of MGNS-Fe 

cycled in PC for (black) First cycle and (red) second cycle 

with (right inset) their respective differential capacity plots. 
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potential (Fig. 3.23). Intercalation and de-intercalation peaks can be seen in the 

differential capacity, however they are much less well defined that those that occur in 

EC:DMC. The reversible capacity was found to be 150 mAh/g which is much larger than 

the MGNS-Fe sample, but significantly lower than 200 mAh/g obtained in the ethylene 

carbonate based solvent. The nested graphene shells of MGNS-Ni should be difficult to 

exfoliate. However, while multilayer graphene sheets such as those of MGNS-Fe were 

not observed in TEM, some portion of the material may have been incomplete shells that 

would allow exfoliation, thus decreasing the reversible capacity in PC. 

In contrast to the other materials, only a small plateau occurs at 770 mV during 

the 1st load of MGNS-Co. Sharp insertion and removal peaks indicative of lithium staging 

are readily observed in the galvanostatic differential (Fig. 3.24). The initial reversible 

capacity was 292 mAh/g, slightly, but not significantly, larger than obtained in the 

EC:DMC. A slight decrease in capacity was observed over the first few cycles (288 

mAh/g after 20 cycles), however the cell remained exceptionally stable for 510 cycles, 

having lost only 2.6 % of its initial capacity when it was removed for low temperature 

testing (Fig. 3.25).  

Constant current (C/5) cycling at low-temperatures was performed by 25 ęC 

loading and subsequent unloading at -5 ęC, -15 ęC, -25 ęC, and -35 ęC for a total of 4 

cycles (Fig. 3.26). The RT galvanostatic loading plots are essentially identical, as one 

might expect since they were all performed at RT, and cell cycling at -5 ęC was very 

similar to that at RT, but with a modest 15 to 20 mV increase in unload potential (Fig. 

3.24 and 3.26). The unload potential progressively increased as unload temperature was 

decreased (Fig. 3.26 and 3.27). It should be noted that the load potential increased 
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Figure 3.23 ï Galvanostatic load and unload of MGNS-Ni 

cycled in PC for (black) First cycle and (red) second cycle 

with (inset) their respective differential capacity plots. 
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Figure 3.24 ï Galvanostatic load and unload of MGNS-Co 

cycled in PC for (black/solid) first cycle and (red/dash) 

second cycle with (inset) their respective differential 

capacity plots. 
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Figure 3.25 ï Cycle life of MGNS-Co in 1 M LiPF6 

propylene carbonate solvent. The dashed void represents 

cycles performed at low temperatures. 
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Figure 3.26 ï Galvanostatic plots of MGNS-Co unload 

curves at -5 °C (solid black), ï15 °C (red dashes), ï25 °C 

(blue dots), and ï35 °C (green dots and dashes) after 

loading at 25 °C. 
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Figure 3.27 - Differential capacity plots of the MGNS-Co 

unload curves in shown Fig. 28 at -5, -15, -25, and -35 ęC 

(from left to right). 
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exponentially, as would be expected given the functional form of the solvent viscosity 

temperature dependence (Fig. 3.28).17 However, the cell was able to obtain 95% of the 

RT reversible capacity at -35 ęC, limiting the overall decrease in energy density to less 

than ~15 %. 

A constant current followed by constant voltage (CC/CV) cycling regime was 

used to test Li-insertion capabilities at low temperature. This eliminates premature load 

cutoff caused by overpotential and better exemplifies real world Li-ion battery charging. 

A CC load (C/5) was performed with a 0.02 V cutoff and then a CV (0.02V) was applied 

until 12% of the original current was obtained. The subsequent CC (C/5) unload was 

performed at the same temperature as loading. The total insertion times, in the absence on 

external heating, at -35, -25, -15, and -5 ęC were 12.8, 9.3, 6.4, and 5.7 h, respectively, 

which are acceptable for ñovernightò charging times in most northern regions. The 

percent of the total loading time spent at CC for each temperature was 5.9, 18.8, 62.5, and 

85.5 %, respectively. At -5 ęC, the cell obtained the same reversible capacity as at RT, 

while at -15, -25, and -35 ęC it obtained 98, 93, and 66 % of the RT capacity (Fig. 3.29).  

 After testing at low-temperatures, the cell was returned to the cycling regime at 

RT. No capacity fade was observed after the LT tests and the cell continued to maintain 

its stability with a total capacity lost of 3.8% over 900 cycles. 

 

3.2.8 High Rate Loading/Unloading 

 

Commercial graphite is incapable of rapid loading due to long solid state diffusion 

distances, typically 5 - 15 microns, required for complete Li-ion intercalation. The total 

intercalation distance of MGNS-Ni is less than 100 nm, the outer circumference of the  
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Figure 3.28ï Stage 1 (black squares) and Stage 2 (red 

circles) de-intercalation unload potentials as function of 

temperatures. Solid line is fit to an exponential function. 
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Figure 3.29 ï Capacity of MGNS-Co when loaded and 

unloaded with a CC/CV and CC (C/5) regime, respectively, 

at the indicated temperatures.   The RT reversible capacity 

is indicated by the dotted line. 
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shells, three orders of magnitude shorter than graphite potentially allowing much more 

rapid Li-ion loading and unloading. Cells of SFG-15 (commercial synthetic graphite) and 

MGNS-Ni were prepared and cycled using a constant current regime, with identical load 

and unload rates, at progressively higher rates. SFG-15 cells were unable to intercalate 

meaningful capacities of lithium beyond a 2 C rate (Fig. 3.30). In comparison, MGNS-Ni 

is able to load more than 55 % of its full (C/4) capacity at 20 C rate; even at rates as high 

as 136 C it was still able to load 15% of its capacity. At a 100 C rate, MGNS-Ni can load 

and unload 47 mAh/g in < 8 s, a power density of ~ 60 kW/kg (3.7 V cell, materials 

basis), similar to electrochemical capacitors but with much higher energy density.  These 

charging rates demonstrate that MGNS-Ni can withstand the current densities required 

for high performance Li-ion capacitors and hybrid battery/capacitors, batcaps. 

 

3.3 Conclusion 

 

 

 In summary, multi-wall graphene nanoshells were prepared from cellulose, a 

sustainable biopolymer. Different sizes/morphologies were obtained by simply changing 

the metal catalyst salt in the synthesis. The MGNS were shown to reversibly cycle Li-

ions by an intercalation mechanism similar to graphite. The reversible capacity of each 

MGNS prepared from different metal salts correlates well to its degree of 3-D graphitic 

order. The unique spherical structure limits the amount of exfoliation that can occur when 

cycling in propylene carbonate. This enables cycling in a PC only solvent based 

electrolyte, with stable cycling and high capacities at temperatures as low as -35 ęC. At 

this very low temperature, 95 % of the RT reversible capacity is retained, with only a 

modest charge potential increase due to the increase in viscosity of the solvent. Finally,  
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Figure 3.30 - High rate testing of MGNS-Ni (black circles) 

and SFG-15 graphite (red squares). Capacities at each rate 

are an average of 3 cycles with respective standard 

deviations shown by error bars. 
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MGNS is a carbon negative material produced from inexpensive biomass that obtains 

long-cycle life in low cost electrolyte solvents, potentially reducing the cost of Li-ion 

cells. 
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Chapter 4: A High-yield, Room-Temperature Solution Synthesis of Ge 

Nanoparticles by Alkalide Reduction for High Performance Li-ion Anodes 

  

 

 This chapter is presented as a manuscript to be submitted to a peer-reviewed 

journal, the co-authors are Kevin A. Hays and Michael J. Wagner. 

 

4.1 Introduction  

Li -ion batteries have become ubiquitous for powering portable electronics and 

more recently, electric vehicles.  However, the low capacity of the graphite anode (372 

mAh/g and 818 mAh/cm3) is limits the capabilities of commercial Li-ion cells. Much 

research has been devoted the development of Si anodes because they have the highest 

theoretical gravimetric and volumetric capacities (3579 mAh/g and 8000 mAh/mL) of 

any Li alloying material.  In contrast, much less effort has been expended investigating 

Ge as an anode material despite its nearly equal volumetric capacity (7366 mAh/ml), an 

extremely important performance metric due to size constraints in practical cells, and its 

very high gravimetric capacity (1385 mAh/g). This relative neglect may in part be due to 

the high cost of Ge compared to Si, however, potentially relegating it to niche 

applications that are less cost sensitive.  Ge has a number of advantages over Si as Li-ion 

battery anode materials including 102 greater electrical conductivity, 4x102 greater Li-ion 

diffusivity, and isotropic Li alloying/dealloying expansion/contraction, properties that 

promise better cycling stability and faster charging rates.1-3 While bulk Ge does not cycle 

well, it performance can be significantly improved by reducing its physical dimension to 

the nanoscale.4-8 Anchoring Ge onto porous carbon supports has been reported to 

minimize the impact that alloying expansion has on electrode integrity and 
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 performance.9-13 However, the synthesis methods to date generally result in poor product 

yield of pure Ge (when reported),4-7, 9, 14-19 a critically important parameter for Ge anode 

adoption, and many rely on inert atmosphere reduction of GeO2 to Ge.11, 12, 14, 20 While 

GeO2 is slightly less expensive than some Ge halides (per g of Ge), this methods can 

significantly impede reaction scalability, increasing costs, and produces global warming 

gases as byproducts.  Here we report the synthesis of very small (~ 2 - 5 nm) Ge 

nanoparticles by scalable ñone-potò solution synthesis at room temperature with greater 

than 90% yield, free of surfactants or templates, with high product yield directly 

deposited on high surface area conductive carbon supports and excellent Li-ion cycling 

performance. In addition, it is shown that sustainable biomass can be used as a net 

negative carbon source for the conductive support and solvents and other reagents can be 

recovered and re-used to greatly reduce the environmental impact and offset the costs of 

Li -ion battery materials. Specifically, herein is the detailed electrochemical 

characterization of Ge nanoparticles synthesized by alkalide reduction of Ge halides on 

cellulose derived graphitic carbon material (multilayer graphene nanoshells, MGNS) by 

the following scheme:  

2 K+(15-crown-5) 2Na- + GeX4 + MGNS Ą Ge/MGNS + 2 K+(15-crown-5)2X
- + 2 NaX  

X = Cl, Br, I 

followed by purified by a simple water wash. 

Li -ion anodes prepared with the Ge/MGNS composite demonstrate exceptionally 

good cycle life maintaining 85% of the original capacity after 600 cycles. The charge rate 

capability of the composite is also excellent, exceeding the theoretical capacity of 
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graphite even at 4C charging rate. To our knowledge this is the fist time a room-

temperature solution synthesis of Ge nanoparticles has been reported with such 

outstanding performance as a Li-ion battery anode. 

4.2 Experimental 

 

 

MGNS were synthesized as previously reported.21 Ge/MGNS (50 wt. % Ge) 

composite was prepared by alkalide reduction of a germanium halide in the presence of 

MGNS. GeI4 was used because it is a solid at room temperature and thus more 

convenient for laboratory handling.  Reactions were carried out in a N2 dry box with less 

than 1 ppm H2O and O2 content. All materials were used without further purification 

unless otherwise noted. Alkalide solution was prepared by mixing 70.0 mg (1.13 mmol) 

NaK alloy with 466 mg (2.12 mmol) 15-crown-5 crown ether (98% Acros Organic) in 30 

mL of Tetrahydrofuran (99.9+ % HPLC grade, inhibitor free, Fisher Scientific, 

previously stirred over NaK alloy at ambient temperature until a persistent blue color 

appeared and then vacuum distilled). The solution turned dark blue immediately and was 

vigorously stirred for 30 min to ensure completion of the complexation to form the 

alkalide, K+(15-crown-5)2Na-. A 30 mL solution containing 0.279 g (0.48 mmol) of GeI4 

(99.99% anhydrous, Sigma Aldrich) and 0.035 g of MGNS was prepared by ultrasonic 

agitation for 5 min. The alkalide solution was filtered through glass wool to remove 

excess NaK then poured into the stirring GeI4/MGNS suspension where a dark brown 

precipitate immediately formed. After stirring for 5 additional min the products were 

transferred to a vacuum tight vessel and the THF was removed by vacuum distillation. 

The salt by-products were removed in a nitrogen-filled dry-bag by washing with 



 85 

deoxygenated water followed by centrifugation then dried overnight under vacuum. The 

product yield by mass recovered was 97%. 

 

4.2.1 Electrochemical Studies 

 

 

Electrodes were prepared by mixing 160 mg of the Ge/HCNS powder with 20 mg of 

Super C45 carbon black, 400 microliters of 5% Li-poly(acrylic acid) aqueous solution 

and 40 microliters of ethanol (200 proof) in a Fritsch Pulverisette 23 for 15 min.  The 

slurry was cast onto a copper sheet and dried under dynamic vacuum at 150 C for two 

hours. Electrodes were punched out as 2 cm2 discs and assembled as a 2016 coin cells 

with polypropylene separator (Celgard 3401) and Li metal as the counter electrode. The 

areal mass of the electrode was 1.38 mg/cm2. Cells were tested with 1M LiPF6 (Sigma 

Aldrich) in both 1:1 w/w monofluorinated ethylene carbonate (Solvay) and diethyl 

carbonate (Ferrocorp) and 1:1 w/w ethylene carbonate and dimethyl carbonate with 

(Sigma Aldrich, battery grade). The cells were loaded and unloaded at constant current, 

C/5, from 0.02 to 1.5 V vs. Li. For rate performance testing, the cell was first cycled 10 

times at C/4, then 3 times at C/2 1C, 2C, and 4C. The areal mass of the electrode for rate 

performance testing was 1.1 mg/cm2. 

 

4.3 Results and discussion 

 

The dried product was a free flowing black powder. The reaction is stoichiometric 

due to the powerful alkalide reducing agent, however, a small amount of the products are 

lost while washing resulting in a slightly less than 100% yield. It is important to note that 
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15-crown-5 and tetrahydrofuran ethers are not consumed in the reaction process and can 

be reused after distillation. Powder X-ray diffraction patterns for Ge and Ge/MGNS 

composite were collected in a dry box under N2 without ever exposing the sample to air 

(Fig. 4.1). The MGNS have ~50 nm graphene walls with a shell-like morphology, 400 to 

500 nm in diameter (Fig. 4.1). The hollow core is the result of the synthesis of the 

multilayer graphene around a nanoparticulate metal catalyst which is removed during 

subsequent purification. The XRD pattern of MGNS shows peaks at 25.6, 43.4, 44.5, and 

54.5ę 2-theta that closely match graphite (002), (100), (101), and (004) reflections, 

respectively (Fig. 4.2a). Two broad peaks, at 27.4 degrees and 49.7ę 2-theta, indicative of 

an amorphous material or extremely small nanocrystallites, are present in the XRD 

pattern of Ge synthesized in the absence of MGNS. The Ge sample was sealed in a 

borosilicate tube equipped with two valves and annealed under flowing N2 gas (100 

mL/min) at 400 ęC for 30 min. The XRD pattern for the annealed Ge sample has peaks at 

27.2, 45.3, and 53.7ę 2-theta, matching cubic Ge (111), (220), and (311) reflections, 

respectively, with no other observable phases, demonstrating that the Ge sample had little 

or no oxide content prior to annealing (Fig 4.3). 

Assembly of commercial Li-ion batteries is preformed in a dry-room, thereby 

exposing the materials to oxygen. The Ge/MGNS composite was exposed to ambient 

atmosphere for 10 min and then tested with TGA in air to measure the degree of Ge 

oxidation that takes place upon air exposure. A sample was loaded into the TGA pan and 

heated at 20 °C/min to 800 °C and then held at that temperature under flowing air (20 

mL/min) (Fig. 4.4). The onset of Ge oxidation occurred at ~ 370 ęC, demonstrating 

remarkably stable surface passivation. The mass of the sample increased by 12% due to  
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Figure 4.1ï TEM micrograph of MGNS. 
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the oxidation of Ge as the temperature approached 600 °C, after which the mass 

decreases with the oxidation of MGNS to CO2. The final relative mass after oxidation 

was 68.7 %, shown by XRD to be present as GeO2 (Fig. 4.5), and thus the amount of Ge 

in the composite was 47.7%.  Examination of the thermogram makes it clear that Ge and  

MGNS oxidation overlap, however, even if all of the elemental Ge was oxidized at prior 

to the onset of MGNS oxidation and its consequent mass loss (masking the mass gain due 

to Ge oxidation), the oxide content prior to heating is less than 8.5% of the Ge.  Thus, the 

relative mass fraction of Ge and MGNS in the Ge/MGNS composite was 47.7% Ge and 

49.7 ï 52.3 % MGNS, in good agreement with the synthesis stoichiometry.   

TEM images of the Ge/MGNS composite reveal MGNS, 400 ï 600 nm in 

diameter, and agglomerates of small Ge particles (Fig. 4.6). Elemental maps reveals that 

the MGNS are evenly coated with Ge nanoparticles, and very little O is present (Fig. 4.7). 

Higher magnification of the composite shows that the Ge agglomerates are composed of 

2 - 5 nm nanoparticles in close contact with MGNS (Fig. 4.8). The MGNS lattice fringes 

were easily observed at this magnification; however, no observable lattice spacings are 

present on the Ge, indicating that it is amorphous in agreement with the XRD data.  

 

4.3.1 Electrochemical 

 

 Electrochemical cells of Ge and MGNS were prepared so that the materials could 

be cycled separately to differentiate the electrochemical performance of Ge from that of 

MGNS, which is also electrochemically active. The first cycle galvanostatic load 

(lithiation) of MGNS is shown in Figure 4.9a. The charge transfer potential gradually  
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Figure 4.2 ï XRD patterns of (a) MGNS (b) Ge by alkalide 

reduction and (c) Ge/MGNS. 

  



 90 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 - XRD patterns of (a) as prepared Ge and (b) 

after annealing at 400 ęC for 30 min under nitrogen gas 

flow (top). 

  



 91 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 - TGA thermograms showing the oxidation of 

(a) MGNS and (b) Ge/HCNS composite.  Sample 

temperature (top axis) was held at 800 ęC for all data to the 

right of the scale.  
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Figure 4.5 - XRD pattern of product after TGA matching 

GeO2 (JCPDS PDF#36-1463). 
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Figure 4.6 ï TEM micrograph of Ge/MGNS composite. 
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Figure 4.7 ï HAADF image of Ge/MGNS and EDS 

HyperMap of (Ge), (C), and (O). 
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Figure 4.8 ï HR-TEM micrograph of Ge/MGNS. 
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Figure 4.9 - First cycle galvanostatic (a) load and unload 

profiles for MGNS and (b) a differential capacity plot of 

the data. 
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decreased from the open circuit voltage to a plateau from ~ 0.2 V to 0.02 V. The 

differential capacity plot has charge transfer with peaks that are very similar to those 

associated with Li-ion staging in graphitic materials (Fig. 4.9b). The unload capacity of 

this MGNS cell was 270 mAh/g, while the load capacity was 560 mAh/g for an initial 

Coulombic efficiency (CE) of 48.5 %. The majority of the irreversible charge transfer 

occurred above 0.2 V; this is commonly associated with SEI formation due to carbonate 

solvent instability at potentials close to Li/Li+.  

The Ge/MGNS cell displayed a similar gradual potential decrease on the first 

cycle load but with two additional broad charge transfer plateaus between 0.6 V and 0.02 

V due to the lithiation of Ge and Li2O formation from the Ge surface oxide (Fig 4.10a). 

The differential capacity plot (Fig 4.10b) in the low potential region is essentially 

identical to that of MGNS in cells prepared without Ge, showing that it is associated with 

Li -ion intercalation into MGNS. MGNS and LixGe de-lithiation occurs from 0.1 to 0.3 V 

and 0.3 V to 0.6 V, respectively.  In addition, there are broad features in the differential 

capacity plot above 0.6 V that is the result of the some of the Li2O reacting with Ge to 

reform GeO2.
16

 The lower potential portion features a peak that broadened during 

subsequent cycles, becoming undetectable in the differential capacity after 10 cycles  

(Fig. 4.11). However, the capacity at potentials lower (0.6 V) and higher (1.0 V) than this 

feature are invariant over 100 cycles, clear evidence that of its reversibility.  In fact, 

nearly all of the capacity fade observed over the first 50 cycles occurs at potentials 

greater than 1.0 V, typical of the fade reported for GeO2.
22 It is important to note that the 

low potential capacity is far more important to the energy density than the high potential 

capacity.  
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Figure 4.10 ï First cycle galvanostatic (a) load and unload 

plots for Ge/MGNS and (b) a differential capacity plot of 

the data. 
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Figure 4.11- Galvanostatic load/unload plots for Ge/MGNS 

for 1st (solid black lines), 10th (red dashes), 50th (dotted 

blue line), and 100th cycle (green dots and dashes) showing 

a gradual increase in the plateau potential to 0.5 V. 
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Figure 4.12 ï Differential plots of the galvanostatic unload 

profiles for Ge/MGNS at (a) 1st cycle, (b) 10th cycle, (c) 

50th cycle, and (d) 100th cycle. 
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The unload profiles of subsequent to the 10th cycle are characteristic the voltage 

profile of Li15Ge4 de-lithation, gradually increasing in potential to form a plateau at 0.5 V 

(Fig 4.12).23 This gradual shift in the unload potential of Ge nanomaterials was 

previously reported by other investigators.7 

The reversible capacity, 779 mAh/g after 10 cycles, is a combination of Li storage 

in MGNS (270 mAh/g) and Ge (1385 mAh/g theoretical), comprising 49.7 ï 52.3 % and 

47.7 % of the composite mass, respectively.  Subtracting the MGNS contribution (134 ï 

141 mAh/g) yields a capacity of 1338 - 1352 mAh/g Ge, or 96.6 ï 97.6 % of its 

theoretical capacity. The extremely high reversible capacity of the Ge indicates it has 

good electrical contact throughout the cell.   

No difference in capacity fade was observed over the first 45 cycles in either 

FEC:DEC to EC:DMC, after which the cell cycled in EC:DMC began fade more rapidly 

(Fig 4.13). The FEC solvent has been shown previously to improve long term cycling by 

building a more stable SEI, and while the performance in both solvent systems was 

identical for 45 cycles, this data shows that it improves SEI integrity even with these very 

small nanoparticles.24  

The reversible capacity of Ge/MGNS is remarkably stable even after 600 cycles 

of galvanostatic cycling in FEC:DEC (Fig 4.14). After an initial decline to 750 mAh/g 

after 25 cycles, the average capacity fade was only 0.014% per cycle. The first cycle CE 

of the cell was 66%, which is a result of the carbonate solvent reduction on the high 

surface area materials in the cell, long term Coulombic efficiency was 99.9% 

demonstrating the high efficiency of the composite anode (Fig 4.15). Long-term 

efficiency is arguably more important for a Ge based anode, where cost is a critical issue;  
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Figure 4.13 ï Cycle life comparison of Ge/MGNS in 

FEC:DEC (black circles) and EC:DMC (red crosses) 

electrolyte solvents. 
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Figure 4.14 ï Plot of reversible capacity of Ge/MGNS 

cycled at C/5 rate. 
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Figure 4.15 - Coulombic efficiency of Ge/MGNS as a 

function of cycle number. Data is rescaled for better clarity 

in the inset. 
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first cycle efficiency can be improved by using pre-lithiation agents. The combination of 

small nanoparticles homogenously precipitated on MGNS, a flexible porous carbon, 

appears to have a positive influence on the long-term cycling stability.  

Ge/MGNS electrodes were cycled at increased current densities to measure their 

rate capability. The load and unload potentials decreased and increased, respectively, as 

the rate was increased (Fig 4.16). However, the capacity of Ge/MGNS at as high as 4C 

still exceeds the theoretical capacity of graphite. 

The galvanostatic charge profiles at cycle 100 and 600 appear similar, thus their 

difference in capacities was used to determine which material in the composite 

contributed most to capacity fade (Fig 4.17). At 0.3 V, prior to LixGe delithiation, a 

difference of 20 mAh/g in capacity is observed between cycles 100 and 600. There is a 

50 mAh/g total loss in capacity at 1.5 V cutoff potential between the two cycles, therefore 

30 mAh/g loss could be assigned to Ge. Using this ratio we conclude 60% (0.0084 % per 

cycle) of the fade is coming from Ge, while 40% (0.0056 % per cycle) of the fade is from 

MGNS well after the cycling became stable. 

 

4.4 Conclusion 

 

Ge/MGNS composites prepared by alkalide reduction perform exceptionally well 

as active materials in Li-ion anodes. The preparation method is a simple and performed at 

room temperature in solution and results in extremely small, well dispersed Ge 

nanoparticles without using surfactants. The as-prepared material can be purified by H2O 

wash and requires no additional heating steps. The rapid precipitation of Ge on the 

MGNS results in individual Ge nanoparticles that are small enough to form a stable SEI 
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layer and when cycled in FEC:DEC. The uniform dispersion of Ge among the flexible 

MGNS results in very high Ge utilization and excellent reversible capacity retention over 

600 cycles.21 
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Figure 4.16 ï Rate comparison of Ge/MGNS at C/2(solid 

black), 1C (red dashes), 2C(blue dots), 4C, (green dashes 

and dot) 
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Figure 4.17 ï (a) Galvanostatic load/unload plots of 

Ge/MGNS at cycle 100 (black dots) and cycle 600 (solid 

red line) with (b) the unload differential for cycle 100 

(black dots) and cycle 600 (solid red line). 
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Chapter 5: High Capacity Silicon/Multiwall Graphene Nanoshell Li-ion Battery 

Anodes from a Low-Temperature, High-Yield and Scalable Green Synthesis. 

 

 

 

 This chapter is presented as a manuscript published in the Journal of 

Electrochemical Society with co-authors Kevin A Hays and Michael J. Wagner. 

 

5.1. Introduction 

 

Silicon nanomaterials are of great interest due to their potential in a wide variety 

of applications including size-dependent photoluminescence,1 photovoltaics,2-3 field-

effect transistors,3 photocatalysts,4 hydrogen storage and generation,5-6 and Li-ion battery 

anodes.  Si is an attractive active material in Li-ion battery anodes due to its low cost, 

high abundance, non-toxicity, and high gravimetric and volumetric capacity, theoretically 

as much as 3579 mAh/g and 8335 mAh/cm3
, respectively.

7 Although Si offers significant 

energy storage improvement over graphite (372 mAh/g and 830 mAh/mL, theoretical), 

bulk silicon cycles poorly; large volume of expansion (270%) occurs during 

electrochemical lithiation leading to mechanical degradation and rapid anode failure.8 

The use of nanoscale Si with conductive carbons (Si/C) has been shown to alleviate the 

strain caused by repeated cycling, significantly increasing cycle life.  

A number of synthetic methods have been reported to result in Si/C composite 

nanomaterials, including chemical vapor deposition,9-10 synthesis in the presence of a 

template,11-12 and chemical etching.13-14 However, all of these methods are lacking in one 

or more aspects, with disadvantages ranging from poor scalability, the use of materials 

with lower earth abundance or high carbon impact, high cost, high temperature, low 
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yield, requiring use of highly toxic agent for synthesis (e.g. SiH4) or product etching (e.g. 

HF) and post-synthetic carbon coating.15-27 In addition, there have been a few reports of 

nanostructures of silicon produced by solvothermal synthesis, however, these reactions 

were either performed or annealed at high temperatures, had low or no reported yields, 

used expensive surfactants and solvents, or produced material that had rapid capacity 

fade when tested as a Li-ion anode.11, 28-31 Here we report a simple, scalable, low 

temperature (up to 155 ęC lower than any other report), high-yield solvothermal synthetic 

method resulting in high-capacity nano Si that uses only non-toxic earth abundant 

materials and does not require the use of expensive equipment, templates or highly toxic 

substances.  Additionally, the Si prepared by this method contains ~ 2 wt % Al.  Similar 

Al levels in Si nanoparticles have been shown to provide a more stable surface oxide, 

increasing cycling performance.32-36 In summary, this one-step, one-pot synthesis results 

in a high performance Si/C composite anode material, utilizing a CO2 negative carbon 

material, and eliminating the need for high temperature carbonization common to other 

methods. 

The method reported here uses Mg2Si as the source for Si nanoparticle synthesis 

because it is readily available in high purity, is low-cost and both Mg and Si are earth 

abundant. When using Mg2Si as a Si source for Li-ion battery anodes, high product yield 

is desirable not only for economic reasons, but also because unreacted Mg2Si dissolution 

during purification can cause silane oxidation that leads to silica formation. Silica is non-

conductive and as such, should be minimized so that sufficiently low impedance anodes 

can be realized. In addition, surface passivation of silicon nanoparticles with silica results 

in an increase in irreversible capacity, an effect that becomes increasingly important as 
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particle size is reduced.37 Etching Si nanomaterials with HF can mitigate the deleterious 

effects of silica formation to some extent, however, our method completely eliminates the 

need for this extremely hazardous agent. Here we show that nanoscale Si synthesized by 

Mg2Si oxidation in organic solvents can be worked up without concern for air or water 

oxidation, nor HF use, to produce highly reversible Si anodes.  

Mg2Si has no appreciable solubility in any solvent; therefore, reactivity is limited 

by temperature, particle size, and the oxidizing agent used. Aluminum bromide was 

chosen as the oxidant because itôs highly soluble in hydrocarbons and is unlikely to 

produce an alloy or intermetallic of Al with Si at low-temperatures. In addition, both Al 

and Br are earth abundant; Al is the most abundant metal and the third most abundant 

element in the Earthôs crust and Br is readily extracted from brine reservoirs and ocean 

water, which are estimated to hold 100 trillion tons.38 Finally, AlBr3 can form complexes 

with alkali and alkaline earth metal salts, potentially improving reaction kinetics by 

inhibiting Mg salt precipitation during the reaction.39 The oxidation of Mg2Si with AlBr3 

in hydrocarbons (which can be easily recovered and reused) at low-temperatures 

produces MgBr2, Si, and Al by the following reaction scheme 

3 Mg2Si + 4 AlBr3 Ą 3 Si + 4 Al + 6 MgBr2 

 Following the reaction, Al and MgBr2 can be readily and safely removed by 

washing with HCl, resulting in crystalline silicon (c-Si) in high yield. This method can be 

used to create Si/C composites with high reversible lithium electrochemical storage 

capacity by conducting the synthesis in the presence of multiwall graphene nanoshells 

(MGNS).  MGNS consists of highly graphitic, nested, graphene layers that form the walls 

of ñspheroidalò shells (they can appear ñsquishedò or significantly distorted from 



 114 

spherical), each surrounding a void left by removal of a nanoparticulate metal catalyst 

around which it formed.40 It is a CO2-negative carbon material synthesized from biomass 

char, the waste product of pyrolytic bio-oil synthesis.41-42 The Si/C composite reported 

here is an environmentally friendly anode material with very high capacity for 

electrochemical energy storage. 

 

5.2. Experimental 

 

 

5.2.1 MGNS Synthesis 

 

 

 MGNS was prepared by mixing 10 g of microcrystalline cellulose (Avicel PH-

105 NF, FMC BioPolymer) and 4.5 g of CoCl2¶6H2O (99.9%, Alfa Aesar) in a hardened 

steel cup (80 mL) with six hardened steel balls (1 cm diameter, 10:1 ball to powder mass 

ratio) at 300 rpm for 30 min using a Fritsch Pulverisette 6. The resulting powder was 

pressed at 10,000 psi (Carver 3851 benchtop laboratory press) into a 25.4 mm diameter 

pellet and heated under N2 gas from room temperature at a 75 C̄ min-1 ramp rate to 375 

C̄ and held for a total heating time of 30 min. After cooling, the charred pellet was 

placed in a chamber with a 0.5 torr He atmosphere and irradiated by a 2 mm diameter 

10.4 mm laser beam (Firestar t60, Synrad Inc.) while rotating at a linear velocity of 1.63 

mm s-1 (1.2 rev min-1) for one full rotation. The surface of the pellet exposed to the laser 

was removed by gentle abrasion and purified by reflux in HNO3 for 4 h then washed with 

deionized water and collected by vacuum filtration (P8 cellulose fiber, Fisher Scientific).  
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5.2.2 Si and Si/MGNS Synthesis 

 

Mg2Si (99.5 %, Alfa Aesar) was milled with a Fritsch Pulverisette 6 under 

nitrogen atmosphere at 300 rpm for 5 min in an 80 mL WC cup with four 1 cm WC balls 

(10:1 ball to powder mass ratio).  The milled Mg2Si (0.5 g) was then combined with 10 

mL of cyclohexane or toluene (99.8% HPLC grade previously dried over NaK alloy and 

distilled, Acros Organics) and 2.6 g of AlBr3 (13% excess, 99.999% lump form, Alfa) in a 

dry 23 mL Teflon-lined digestion bomb in a N2 filled dry box (<0.1 ppm O2 and H2O). 

The bomb was sealed and placed into a muffle furnace pre-heated to 180 ÁC and 125 ÁC 

for cyclohexane and toluene, respectively. After 24 h, the bomb was allowed to cool to 

room temperature and opened in air. The contents were added to acetone (100 ml, 99.7%, 

Fischer Scientific) and the product was recovered by centrifuge. The raw product was 

dispersed in 50% HCl solution (100 ml, ACS grade 36.5 to 38%, VWR Analytical) by 

sonic agitation and then magnetically stirred overnight. The solid product was isolated by 

vacuum filtration (polyester membrane with 1 mm pore size, Maine Manufacturing LLC) 

and rinsed with deionized water and acetone. A light-brown powder (178 mg Sinano) was 

recovered after drying under vacuum. The product yield was 97% in cyclohexane and 

93% in toluene based on initial mass of Mg2Si, however, this mass also includes any 

surface oxide that may have formed during purification. A Si/MGNS composite was 

prepared in an analogous manner to the reaction in cyclohexane by adding 300 mg of 

MGNS to the reaction vessel prior to heating where 458 mg total mass was recovered 

after purification and drying, a 95% yield.  

Powder X-ray diffraction (XRD) patterns were obtained with a Rigaku Miniflex+ 

diffractometer with Cu KŬ radiation. Electrochemical galvanostatic cycling was 
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performed using an Arbin BT-2000. All mass measurements were recorded with Ohaus 

Analytical Plus balance (AP250D, 0.01 mg resolution). BET surface area was determined 

from nitrogen adsorption isotherms obtained with a Micrometrics Tri-Star 3000. One of 

the three sample measurement ports of the Tri-Star was equipped with an empty sample 

tube with which the saturation vapor pressure (P0) of N2 was measured concurrently with 

each measurement of the equilibrium vapor pressure (P) over the sample.  Isotherm 

adsorption data was recorded from 0.05 to 0.3 P0/P.  Transmission electron microscopy 

(TEM) micrographs were obtained on a FEI Talos 200X and elemental analysis was 

obtained in STEM operational mode with its Super-X Energy Dispersive Spectroscopy 

(EDS) detector.  

  

5.2.3 Electrode Preparation 

 

Anode material was formulated by combining 75 mg of Si/MGNS composite 

material, 5 mg of carbon black (Super C45, TIMCAL America Inc.), 50 mL of ethanol 

(200 proof, Pharmco-Aaper) and 400 mL of 5% Li-polyacrylate binder solution prepared 

by dissolving poly(acrylic acid) (1000 kDa, Polysciences) in deionized water and 

neutralizing with LiOH (95%, Strem).43 Mixing was performed with a Fritsch 

Pulverisette 23 MiniMill using a stainless steel cup (10 mL) and six stainless steel balls 

(5 mm diameter, 30:1 ball to powder mass ratio) at 50 Hz for 15 min to form a slurry. The 

slurry was cast onto copper foil (0.127 mm, 99.9%, Alfa Aesar) and dried under vacuum 

at 150 ÁC for 2 h. Round electrodes (16 mm diameter) were cut from the resulting sheet 

using a die cutting press (MSK-T-07 Precision Disc Cutter, MTI Inc.). Electrodes were 
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made tested at two different mass loadings, 0.7 mg/cm2 (13 ɛm thick) and 1.35 mg/cm2 

(20 ɛm thick). Mechanically mixed Si with MGNS was prepared for comparison by 

milling Sinano with MGNS (40% wt. Si) for 30 min with a Fritsch Pulverisette 23 

MiniMill using a stainless steel cup (10mL) and six stainless steel balls (5 mm diameter) 

at 50 Hz. Electrodes for this active material and the Si/MGNS composite were prepared 

in an identical manner with mass loading of 0.75 mg/cm2.  

 

5.2.4 Electrochemical Testing 

 

Coin cells (CR2016, MTI Inc.) containing Si/MGNS and Li metal (2 cm2 disk, 

0.05 g, 99.9%, MTI Inc.) electrodes separated by a polypropylene porous membrane 

(Celgard 3401) were assembled in an Ar filled dry box (<0.1 ppm O2 and H2O). The 

electrolyte used was 1 M LiPF6 in EC:DMC (1:1 v/v, 40 ɛL) mixture (battery grade, < 15 

ppm H2O content, Sigma Aldrich) with 10% FEC (> 99%, Solvay) by volume. Cells were 

cycled at constant current (C/20) for one cycle between open circuit voltage to a cutoff 

potential then under reverse current to 1.5 V vs. Li/Li+. Subsequent cycling was 

performed at a C/5 or C/2 rate, with cutoff potentials of 10 mV and 20 mV vs. Li/Li+, 

respectively.  A higher potential was chosen for C/2 to reduce the possibility of Li plating 

at high current density. The cells were rested for 15 min between discharge and charge. 

Impedance testing was performed using a Solartron Analytical 1260 impedance/gain-

phase analyzer with 1287A potentiostat/galvanostat using an excitation voltage of 5 mV 

and a logarithmic sweep from 100 kHz to 100 mHz. Spectra were modeled to an 

equivalent circuit using ZViewÈ software (Scribner Associates, Inc.) 
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5.3 Results and Discussion 

 

5.3.1 XRD Characterization 

 

Prior to rinsing with acetone and HCl, the raw product of the reaction to produce 

Sinano in toluene at 125 ÁC was analyzed by powder X-ray diffraction. The highest 

intensity peaks match those expected for MgBr2. A small amount of Mg2Si still remained 

in the product (Fig. 5.1a) as indicated by the presence of one low intensity peak at 40.1 

degrees (220).  However, this minor impurity is easily removed during the HCl washing 

(Fig. 5.1b), and has little impact on the product yield (93%). Attempts to perform the 

reaction at higher temperatures in toluene resulted in an unidentified black tar-like 

substance, although crystalline Si could still be isolated after washing. This reaction also 

works in cyclohexane but required a higher temperature of 180 ÁC for 24 h. The need for 

a higher temperature is somewhat surprising, given the high solubility of AlBr3 in 

cyclohexane.44 It seems likely that at the lower temperatures a decrease in solubility of 

MgBr2 due to complexation with Al2Br6 may increase the MgBr2 present as a 

precipitate,39 reducing the accessibility of Mg2Si to AlBr3 and thus retarding the reaction. 

No peaks for Mg2Si are present indicating that the reaction had proceeded to completion 

(Fig. 5.2a). Other identifiable phases are Al with peaks at 38.4 (111) and 44.7 degrees 

(200).  
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Figure 5.1 - XRD patterns of (a) raw product from reaction 

at 125 ęC in toluene and (b) after HCl wash.  Peaks can be 

assigned to MgBr2 (JCPDS #15-0836), Al (JCPDS #04-

0787) and Si (JCPDS #27-1402) as indicated. 
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Figure 5.2 ï XRD patterns of (a) raw product from reaction 

at 180 ęC in cyclohexane and (b) after HCl wash.  Peaks 

can be assigned to MgBr2 (JCPDS #15-0836), Al (JCPDS 

#04-0787) and Si (JCPDS #27-1402) as indicated.  
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Addition of HCl to the raw product of reaction in cyclohexane at 180 ęC results in 

the slow evolution of H2 gas, presumably from reaction with Al and its dissolution, with 

the solution color changing from black to brown over a period of a few hours.  Note that 

the addition of HCl to raw products containing a significant fraction of residual Mg2Si 

results in a violent reaction, presumably from pyrophoric SiH4 formation and 

combustion. The diffraction pattern for the purified product after vacuum filtration and 

washing is shown in Figure 5.2b. Peaks at 28.4, 47.2, and 56.4 degrees match the Si 

(111), (220), and (311) reflections, respectively. The average crystallite size, estimated 

using Scherrerôs equation, is 35 Ñ 3.5 nm.45 Powder XRD patterns of Si/MGNS material 

are essentially identical to the sum of the patterns of the MGNS and separately 

synthesized Si, indicating that the synthesis was unaffected by the presence of the 

MGNS. The powder XRD pattern for the MGNS material and Si/MGNS composite 

material appear in Figure 5.3. The product yield was 97% based on initial mass of Mg2Si, 

however, this mass also includes any surface oxide that may have formed during 

purification.  

 

5.3.2 BET Surface Area  

The BET surface area was measured by N2 adsorption and found to be 115 m2 g-1, 

60 m2 g-1 and 70 m2 g-1 for the Sinano, the MGNS and the Si/MGNS composite 

respectively.    Each of the materials display type II isotherms (Fig. 5.4).  Hysteresis is 

present in those of MGNS and Si/MGNS, indicating capillary condensation by the hollow 

MGNS, but absent in the solid Sinano alone.  The surface area of the Si/MGNS is 

somewhat less than the summation of the surface areas of the Sinano and MGNS   
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Figure 5.3 - XRD patterns of (a) the Si/MGNS synthesized 

composite and (b) the MGNS material. 
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Figure 5.4 - Nitrogen isotherms for (a) MGNS, (b) 

Si/MGNS and (c) Sinano. 
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multiplied by their mass fractions (82 m2 g-1).  This is consistent with the high surface 

area Sinano being in intimate contact with the MGNS, reducing N2 available surface area. 

 

5.3.3 TEM and EDX Characterization 

 

TEM observations showed that the purified Sinano sample consisted of 

agglomerates of spherical and irregularly shaped particles. The size of the particles 

ranged mostly from 30 to 60 nm in their largest dimension with some larger (~ 100 nm) 

particles present (Fig. 5.5a) Higher magnification reveals that the particles consisted of 

multiple nanocrystallites, 10 to 30 nm in diameter, that appear to be sintered (Fig. 5.6).  

The images show lattice fringes with 0.31 nm spacing matching the (111) planes of Si 

(Fig. 5b). The composition was determined by EDX to be 91% Si, 7.5% O and 1.5% Al. 

The oxygen content found is an upper limit estimate, as it does not include any correction 

for adsorbed species (Fig. 5.7).  In fact, the actual O content of the Si nanocrystals seems 

highly likely to be much less that 7.5%; the lattice fringes of the Si nanocrystals extend 

essentially to, or within a fraction of a nm of, the edge of the nanocrystals with no 

evidence of significant oxidation (Fig. 5.5b). Even so, the lower limit of the c-Sinano 

reaction yield, taking into account EDS oxygen content results, is 90%.   
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Figure 5.5 - (a) TEM micrograph of purified agglomerates 

of Si nanocrystals. (b) HR-TEM micrograph of a 

nanocrystal showing lattice spacing characteristic of 

crystalline Si. Note that the lattice fringes extend 

essentially to the edge of the nanocrystal, with less than 1 

nm of disordered material, presumably due to a very thin 

oxide coating. 
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Figure 5.6 ï HR-TEM micrograph of a Si particle showing 

it to be an agglomerate of sintered nanocrystals. 
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Figure 5.7 - Energy dispersive X-ray HyperMap of Sinano: 

HAADF image (a) Si (b), Al (c), O (d). 

 

  


