
Abstract 

LOEBL, ANDREW JAMES. Surface Chemistry and Precursor Material Effects on the 
Performance of Pyrolyzed Nanofibers as Anodes for Lithium-ion Batteries. (Under the 
direction of Dr. Peter S. Fedkiw). 
 

Next-generation lithium-ion batteries to meet consumer demands and new 

applications require the development of new electrode materials.  Electrospinning of 

polymers is a simple and effective method to create one-dimensional, self-supporting 

materials, with no inactive components after pyrolysis.  Composites of these nanofibers and 

high-capacity lithium materials have been demonstrated to possess superior reversible 

capacity than state-of-the-art commercial anodes. 

 Despite impressive reversible discharge capacities polyacrylonitrile-based composites 

are not ready for adoption in commercial applications.  These materials suffer from 

irreversible losses of Li to formation on the electrode of the solid electrolyte interphase 

during the first charge of the cell.  This thesis work has taken two approaches to engineer 

high-performing nanofiber-based electrodes. 

First, the chemistry at the interface of the electrode and the electrolyte has been 

changed by depositing new surfaces.  Attempts to create a graphitic fiber surface via plasma 

enhanced chemical vapor deposition did not result in an improvement of the irreversible 

losses.  However, the experiments did demonstrate the growth of large surface area carbon 

nanowalls on the pyrolyzed electrospun fibers, creating a material which could serve as a 

substrate in catalysis or as an electrode for composite ultra-capacitors.  Additionally, 

passivation surfaces were deposited by atomic layer deposition and molecular layer 

deposition.  These new surfaces were employed to reduce the irreversible consumption of 



lithium by moving the charge transfer reaction to the interface of the carbon and the new 

material.  The removal the lithium from the solvent prior to charge transfer limits the 

irreversible reduction of solvent by metallic lithium. 

Alumina films grown by atomic layer deposition reduced lithium losses to the solid 

electrolyte interphase by up to 42% for twenty deposition cycles.  This large improvement in 

irreversible capacity resulted in a nearly 50% reduction in reversible lithium storage.  

Thinner coatings of alumina had a less dramatic effect on both the irreversible capacity losses 

and the reversible discharge capacity.  A coating of ten cycles of alumina at a temperature of 

150 °C resulted in a 17% reduction in irreversible capacity with negligible impact on the 

reversible capacity. 

Hybrid aluminum-organic films grown by molecular layer deposition also reduced 

irreversible lithium losses.  The largest reduction was 23% for electrodes coated with 40 

cycles of the alucone material.  For all thicknesses studied these hybrid films delivered less 

improvement than the alumina grown by atomic layer deposition, with poor reversible 

lithium storage capacity available at high charging and discharging currents. 

Second, polyacrylonitrile has served as the precursor for electrospun composite 

electrodes because of its ease of processing and well-known carbonization process.  

Polyimides represent a family of polymers for which the material properties can be tailored 

by careful monomer selection.  These polymers were used as the non-woven matrix to create 

materials capable of delivering a larger percentage of their maximum reversible capacities at 

high currents when compared to polyacrylonitrile-based electrodes.  These materials had a 

more graphitic structure based on Raman spectroscopy, and resulted in lower irreversible 



capacity losses than polyacrylonitrile-based fibers for fibers based on pyromellitic 

dianhydride and p-phenylene diamine. 
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Since their development in 1991, lithium-ion (Li-ion) secondary batteries have 

become the dominant power supply for high-value portable communication and computing 

devices1.  Forecasts predict continued market growth as Li-ion batteries find use in power 

tools, hybrid-electric cars, and fully electric vehicles2, 3. These new devices and applications 

require higher power batteries than are currently available.  In mobile computing and 

communication applications, consumer preference requires batteries that last longer.  

Engineering these more valuable lithium-ion batteries depends on creating new and better 

materials. 

Engineering composite materials of carbon and lithium alloying metals is a way to 

boost energy density4.  Composites have been made using pyrolyzed carbon coatings4-7, ball 

milling8, sol-gel chemistry9, 10, carbon nanotubes11-13, and graphene14-19 with materials such 

as silicon, tin and titanium dioxide.  Recently, electrospinning has been used to create 

pyrolyzed polyacrylonitrile nanofibers containing metallic nanoparticles20.  When used as 

anodes in Li-ion batteries, these fibers have reversible capacities more than twice that of 

commercial Li-ion materials21,22-24. 

The irreversible capacity loss of pyrolyzed nanofibers, significantly larger than state-

of-art materials, is a barrier to commercialization25.  Every mAh lost at the anode during the 

first charge of the battery creates dead weight in the cathode where the lithium originated, 

lowering the energy and power density of the cell.  To date there have been no attempts to 

reduce these losses in electrospun composites.  Coating the surface of pyrolyzed hard carbons 

such as sugar and viscose with furnace deposited soft carbon has reduced the capacity losses 

in micron-sized materials26,27.  Atomic layer deposition, a process widely used in the semi-
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conductor industry, has been employed to create conformal coatings on electrospun 

nanofibers28, 29 and to stabilize traditional micron-scale electrode materials30-32.  Molecular 

layer deposition builds on the principles of atomic layer deposition to deposit well-controlled 

thicknesses of polymers and metal-organic hybrid molecules33-37.  Using these techniques to 

modify pyrolyzed nanofiber materials and characterizing benefits of changes in surface 

chemistry can improve the commercial value of pyrolyzed nanofibers as Li-ion anodes. 

Polyacrylonitrile is not the only polymer that can be both pyrolyzed and electrospun38, 

39.  Polyimides are a family of aromatic polymers whose material properties can be 

specifically tailored to an application based on the monomers chosen40-42.  When pyrolyzed 

the electronic conductivity of the material can vary based on the monomer composition43-45.  

One polyimide, commercially known as Kapton, has been electrospun46 from solution as a 

poly(amic acid).  No reports have yet documented the use of pyrolyzed polyimides as battery 

materials.  Moreover, the solvents used to create polyimide (PI) nanofibers are the same 

solvents used to create composite polyacrylonitrile fibers containing tin24, manganese22, and 

cobalt21.  This is an opportunity to investigate the impact on the precursor material choice on 

the performance of pyrolyzed nanofiber anodes. 

This dissertation opens by presenting a review of the peer reviewed literature relevant 

to the use and modification of pyrolyzed nanofibers as composite anodes.  The topics 

covered include lithium-ion battery electrode materials and electrolytes, the solid electrolyte 

interphase layer, the polymers employed throughout the course of research, surface 

deposition techniques, and material characterization methods.  Four chapters presenting 

results follow.  Three of these contain material describing attempts to use chemical vapor 
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deposition, atomic layer deposition, and molecular layer deposition to change the electrode 

surface chemistry and improve electrode performance.  The following chapter reports the 

processing required to create polyimide derived pyrolyzed nanofibers and the resulting 

electrochemical performance.  The next chapter summarizes the results and presents 

important conclusions.  The document closes with a series of recommendations for future 

work that builds upon the results of this dissertation.  
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2.1 Lithium-ion Battery Technology 
 
 Lithium-ion (Li-ion) secondary (rechargeable) batteries currently power the majority 

of personal portable electronic devices.  Their advantages over previous technologies include 

the low mass of Li, high and flat discharge voltage, lack of a memory effect, and low rate of 

self discharge1.  Only batteries that use metallic Li as anodes have a higher volumetric and 

gravimetric capacity although Li cells are not widely used due to safety concerns47. 

Lithium-ion cells, first commercialized by Sony in 19911, rely on the intercalation of 

Li atoms into insertion compounds for both the anode and cathode.  The most commonly 

used material for the anode is graphite.  Lithium-ion secondary cells are significantly safer 

and more durable than lithium secondary cells because the insertion compounds replace the 

lithium electrode.  Lithium ions undergo the charge transfer reaction at the electrode surface 

and then intercalate into the insertion material avoiding the deposition of metallic Li onto the 

anode surface.  Without proper voltage control during charging it is possible to drive the 

potential of the anode sufficiently negative and plate lithium unto the surface to create an 

unsafe condition. 

The active cathode materials for both Li and Li-ion cells are typically lithiated 

transition metal oxides such as LiCoO2
48, spinels as in LiMn2O4

49, or the recently 

commercialized LiFePO4
50.  The high mass of the metal and oxygen means commercial 

cathodes have theoretical gravimetric capacities less than 200 mAh/g.  Some cathode 

materials cannot be fully de-lithiated or they will be irreversibly damaged51, a further 

limitation of their capacity.   
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Current state-of-art anodes are based on graphitic or mesosphere carbons, naturally 

occurring52, but often synthetic53.  The lithium inserts between the layers of graphite up to a 

maximum stoichiometry of LiC6, which correlates to a theoretical capacity of 372 mAh/g.  

Shown below are examples of the half-cell reactions occurring during cell charging, as well 

as the overall reaction.  

6 6C Li e Li Cxx x+ -+ + ®    Equation 1 

4 1 4LiFePO Li FePO Li ex x x+ -
-® + +   Equation 2 

 6 4 4 6C LiFePO Li FePO Li Cx x+ ® +   Equation 3 

Both the anode and cathode have some common design features.  The materials are 

typically prepared as slurries of micron-sized particles of active material in solution with 

polymeric and conductive additives, cast onto an appropriate current collector53.  The 

conductive additives both ensure continuous electrical contact between active particles and 

the current collector and raise electrical conductivity52, 54, 55.  The polymeric binder, often 

polyvinylidine fluoride, holds the mixture together and to the collector56. 

The final components of a Li-ion cell are electrolyte to conduct Li+ ions and a thin 

porous polymer separator to prevent shorts57.  Lithium hexafluorophosphate (LiPF6) is the 

most commonly used salt today, although it represents a compromise between performance, 

safety, and the environment57.  The most common solvent is ethylene carbonate (EC) because 

of its high dielectric constant58, 59.  Ethylene carbonate is solid at room temperature, and is 

commonly dissolved in dimethyl carbonate, ethylmethyl carbonate or diethyl carbonate60, 61.  
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A subset of Li-ion batteries is polymer Li-ion batteries using an ionically conductive polymer 

layer as both the electrolyte and spacer62, which simplifies processing and improves safety. 

2.2 Graphitic Anodes 

 The development of graphite-based anodes was the key to the commercialization of 

Li-ion batteries1.  Developments since have focused on the properties of different types of 

graphite.  Studies have covered both natural and synthetic graphite – manufactured by 

heating a carbon source above 2800 °C63.  Different morphologies produced include fibers64, 

flakes, and beads65.  The maximum theoretical reversible capacity of graphite is 372 mAh/g 

corresponding to a value of 1 for x in Equation 1, but manufactured anodes have less 

capacity63, 64. 

Graphitic carbon, such as mesosphere pitch66, shows clear voltage plateaus during 

charging and discharging.  The charge plateaus correspond to the formation of different 

phases of LiCx with x taking the value of 36, 12, and 6 as the battery charges.  The different 

compounds can also be clearly seen as anodic and cathodic peaks in a cyclic voltamagram64.  

Another benefit of graphite is its small hysteresis or polarization, i.e., Li insertion and 

removal occur at similar voltages for low currents.  Limiting polarization is important to 

improving the energy efficiency of a cell67. 

Electrical conductivity of graphite anodes is also important.  For example, by 

segregating graphitized coke particles into three categories, Sato et al. investigated how the 

ratio between particle size and the relative fraction of particles affected anode capacity68.  

When the difference between particle sizes (25.8 vs. 4.2 µm) was largest the capacity of the 

cell was largest, usually peaking around a large particle weight fraction of 0.7.  More 
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important is the demonstration that the electrical resistance of the electrode was minimized 

when the ratio of large particles was at that same 0.7 wt%, indicating the importance of 

conductive paths to maximize capacity.  Taking the concept a bit further, Ahn, et al. added 

30 � m stainless steel needles to an anode based on mesocarbon microbeads (MCMB)69.  The 

resulting anodes showed higher capacities at all currents, but significantly (1.5x) higher 

capacity at charging rates of 1 or 2C.  A rate of 1C represents a current of sufficient 

magnitude to exhaust the theoretical capacity in one hour and higher values of C represent a 

higher multiple of current.  

2.3 Non-Graphitic Carbon Anodes 

Exceeding 372 mAh/g requires higher capacity materials than graphite.  One option is 

the use of non-graphitic carbons.  These are materials created by methods similar to synthetic 

graphite – pyrolysis under inert gas – but at temperatures well below the graphitization 

point70.  Typically, these materials are small crystallites of graphite arranged in a highly 

disordered way71.  Some disordered carbons are capable of graphitization with further 

heating these are classified as soft carbons.  Those carbons which cannot be graphitized at 

any temperature are known as hard carbons70.  The source of carbon can vary widely and 

examples include simple table sugar72, condensed aromatic molecules73, biomass74, and 

petroleum pitch75.  Some reversible capacities exceed 600 mAh/g25. 

The use of materials like common sugar as a carbon source has the additional 

advantage of low material costs.  Its carbonization has been well documented and a wide 

range of processing conditions is available by changing process gas and/or process 

temperature25, 70, 72.  The reversible capacity of a pyrolyzed sugar decreases with increasing 
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temperature.  Unfortunately, the high capacity at lower temperatures comes with two 

penalties.  First, there is a large increase in the irreversible capacity.  Additionally the 

hysteresis of the materials is larger for lower temperature carbonization.  Processing with 

high argon flow rate and slow heating rates reduced the amount of CO2 liberated during 

carbonization and reduced irreversible capacity losses and hysteresis.  Condensed aromatics 

pyrolyzed under nitrogen showed lower reversible capacities than the sugars discussed above 

at similar carbonization temperatures73,75-77.  The materials also showed a reduction in 

capacity as the carbonization temperature increased. 

Waste biomass represents another inexpensive source of carbon for use in Li-ion 

batteries.  In one study banana fibers pyrolyzed at 800 °C under nitrogen were made into 

anodes74.  Some of the samples were treated with ZnCl2 and KOH, known porogens, to 

enhance the surface area.  The samples treated with either porogen had higher reversible 

capacities (~500 mAh/g) than the untreated fibers, but this again came at the cost of much 

greater irreversible capacity – nearly 2500 mAh/g. 

The reasons for the higher reversible and irreversible capacities, as well as the 

hysteresis observed with pyrolyzed carbon, are related to the structure of the material.  The 

size of graphitic crystallites has been investigated in pyrolyzed pitch77.  A linear correlation 

existed between the reversible discharge capacity and the surface area of the crystallites.  

This result indicates that the additional capacity beyond the theoretical capacity of graphite is 

due to the insertion of Li in excess of LiC6 at the surfaces or interfaces between crystallites.  

The use of 7Li-NMR (nuclear magnetic resonance) on pyrolyzed pitch has also shown that 

there exists some Li with a different binding state than typically associated with graphite75. 
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2.4 Non-Carbon Anodes 

 Many materials exist that possess capacities equal to or greater than disordered 

carbons1.  These materials can be divided into three classifications: lithium alloying 

materials78-80, lithium insertion materials81, and lithium converting materials82.  Historically 

lithium alloying materials have received the most research attention.  Most of these materials 

are in Group 14 of the periodic table, the carbon group, and these include silicon83, 

germanium, tin, and even lead80.  Outside of Group 14, intermetallics of some transition 

metals can deliver large reversible capacities by reversible alloying of Li84, 85.  The most 

commonly studied non-carbon insertion material for Li-ion batteries are the various 

morphologies of titanium dioxide and lithium titanate86.  There are many non-carbon anode 

materials that undergo a conversion reaction during charging.  Most of these are based on 

transition metal phosphides87-89 or oxides90-92 which form a Li3P or Li2O phase in 

combination with nanocrystals of the pure metal during charging.  The possibility of using 

hydrides has been demonstrated recently67.  During discharge the Li is removed and the 

original phosphide or oxide is recovered.  Thus far only the insertion compound Li4Ti5O12 

has found any commercial use, and all of these non-carbon materials, including TiO2, have 

significant deficits when compared to graphite which will require creative engineering 

solutions to effectively implement.  Deficits include low material conductivity, low operating 

voltages, and poor mechanical durability. 

The material with the largest theoretical capacity to store Li is silicon, which can 

alloy with lithium up to a stoichiometry of Li22Si5
83 corresponding to a capacity in excess of 

4200 mAh/g.  Making use of this high capacity material has proven very difficult.  The 
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volume of a Si particle changes by 300% when alloying and de-alloying with Li79, 93 to the 

maximum stoichiometry.  The mechanical stress on the particle leads to pulverization and 

portions of the active material become electrically isolated and no longer participate in the 

electrochemistry79, 93.  Attempts to overcome these and other problems usually rely on at least 

one of the following four concepts: conductive additives and coatings5, 12, 94, mechanical 

buffers95, 96, voltage limits, and nanoscale materials8, 97-99, though it is very common to see 

several of these approaches used simultaneously.  Voltage limits prevent full lithiation of the 

silicon, limiting the volume expansion, but also limiting the energy density of the resulting 

battery.  Conductive materials like carbon additives or coatings are used to maintain 

electrical contact between active materials.  Mechanical buffers are used to restrain the 

movement of active materials and maintain electrical contact even after pulverization.  

Finally nanoscale materials are typically more resilient to mechanical stress. 

 Pyrolyzed carbons are a common theme in Si coating100.  Simple mixing of nanosized 

Si particles with carbon black was shown to improve cyclability when compared to micron 

sized silicon particles with a capacity > 1500 mAh/g after 20 cycles, although capacity was 

continuously decreasing101.  By limiting either the capacity or the anode voltage, good 

cyclability has been seen102, 103.  A very common method of combining Si and carbon is 

through high-energy mechanical milling4, 8, 104-106.  Composites made in this manner routinely 

exhibit initial capacities near or exceeding 1000 mAh/g, but rarely maintain a level above 

500 mAh/g for more than 20 cycles4.  One notable exception was with the inclusion of multi-

walled carbon nanotube (MWCN) in the ball mill.  At a ratio of 1:1 Si:MWCN (w:w) the 

capacity was still > 1200 mAh/g after 50 cycles13.  Some groups have grown carbon 
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nanotubes on the surface of silicon particles to maintain conductivity between active particles 

or between the particles and surrounding conductive matrix11, 12. 

 Carbon nanotubes on the surface of silicon are also good examples of a mechanical 

buffer.  Another technique used is to surround small silicon particles with inactive matrix via 

sol-gel chemistry10, 107, 108, which produces composite structures with capacities in excess of 

1000 mAh/g after 50 cycles.  Mechanical milling is another way to create buffers109-111.  This 

technique creates very fine active particles uniformly dispersed in a non-active material, 

though these results have yielded lower capacities than the sol-gel techniques.  With the 

recent development of cost efficient graphene production this carbon nanomaterial has also 

found use as a mechanical buffer and conductive additive in combination with silicon and 

other materials. 

 Shrinking the active material to nanoscale dimensions is a third technique used to 

engineer silicon anodes.  Some of the examples already cited have created nanosized 

materials or nanocrystaline structures96, 111.  Several studies have adapted techniques from the 

microelectronics industry to control the structure of silicon on a collector making pillars95, 

thin films112, and nanowires99.  The example of Si clearly illustrates the value that can be 

added by using nanomaterials:  The wires are an efficient 1D electrical path, have a high 

surface area for contact with the electrolyte, and have room to expand when lithiated99.  The 

reversible capacity of the first cells assembled from this kind of material is ~3000 mAh/g  at 

C/20 and remained ~2000 mAh/g for a 1C charging rate.  The chemical vapor deposition 

(CVD) of polycrystalline silicon onto commercially available carbon fibers was able to create 

materials with nearly 2000 mAh/g at low currents113.  Similarly CVD deposition of Si has 
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been used on high surface area annealed carbon black particles, with subsequent CVD of 

carbon to bind individual particles into larger spherical particles suitable for standard slurry 

casting anode production methods114.  These hierarchical structures again delivered 

reversible performance in the neighborhood of 1500 mAh/g. 

Silicon nanowires made via novel solution chemistry were evaluated by researchers 

recognizing the importance of the cost of processing conditions on the commercial utility of a 

material115.  These materials mixed with multiwall carbon nanotubes were still able to deliver 

reversible capacities of approximately 1500 mAh/g.  Similar high surface to volume silicon 

nanotubes were created via solution templating upon alumina or silica97.  This was followed 

by substrate removal and subsequent carbon coating to improve interfacial properties and the 

resulting material delivered over 3000 mAh/g after 80 cycles at 1C and nearly 2500 mAh/g at 

a discharge current of 5C.  A significant challenge remaining in all of these high-surface area 

alloying materials is poor first cycle coulombic efficiency from well-known interfacial side 

reactions at insertion anode materials. 
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Table 2.1 – Examples of recent structures and composites utilizing silicon and the 
resulting performance as Li-ion anodes. 
 

Silicon Structure Other Materials 

Reversible 
Capacity 
(mAh/g) C-rate 

Year 
Published 

Nanoparticles 
In pyrolyzed 
PAN nanofibers 700 3C 201294 

Coated on nanotubes Porous TiO2 1600 0.5C 2010116 

Silicon nanowires 
Carbon 
nanotubes 1500 

Variable 
current 2010115 

CVD silicon 
Deposited on 
carbon black 1400 1C 2010114 

Nanoparticles 
Mixed with 
graphene 1200 C/12 201018 

CVD silicon 
On commercial 
nanofibers 800 1C 2009113 

Nanoparticles In pyrolyzed 
PAN nanofibers 

800 C/8 2009117 

Nanotubes Carbon coating 3000 5C 200997 
Nanowires N/A 200 1C 200899 
Porous particles Carbon coating 2800 1C 2008118 

 
 

While silicon is capable of storing large quantities of Li, other Group 14 metals such 

as germanium and tin are also viable alloying materials, though they have lower theoretical 

maximum capacities than silicon80.  When considering tin, it is common for the tin to be 

oxidized as SnO or SnO2 during electrode processing119-121.  Subsequent reduction of the 

SnO2 to pure Sn is accomplished chemically122, electrochemically6, 17 or thermally24, 123 

before lithium can actively alloy with the material.  When fully alloyed as Li4.4Sn the specific 

capacity of the material approaches 1000 mAh/g80.  As with silicon, tin undergoes significant 

volume expansion upon alloying with lithium.  While the expansion is less than with Si the 

materials still experience capacity fade without properly engineered structures79.  Thus 

similar techniques and structures to silicon based anodes are seen in studies of tin-based 
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anodes with a recent focus on nanoscale composites124.  Examples of the structures explored 

to improve cycle life and power density for tin oxide based anodes include carbon coated 

nanoparticles6, 123, tin decorated carbon nanotubes125 or graphene16, 17, tin oxide 

nanosheets126, tin oxide nanorods121, 127, and carbon/tin oxide composite nanofibers24, 128, and 

calcined tin oxide nanofibers.  Each of the nanoscale morphologies have delivered reduced 

capacity fade when compared to micron scale tin materials and, when reported, capacity 

retention of up to 50% for charging rates as high as 10C24.  The first-cycle efficiency of these 

materials is quite low, as a significant quantity of Li is consumed in the reduction of SnO2 to 

Sn prior to alloying, as seen in Equations 4 and 5. 

 
 2 2SnO 4Li 4e Li O+Sn+ -+ + ®    Equation 4 

 Sn Li e Li Sn (0 4.4)xx x x+ -+ + ® £ £   Equation 5 
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Table 2.2 – Examples of recent structures and composites utilizing tin and the resulting 
performance as Li-ion anodes. 
 

Tin Structure Other Materials 

Reversible 
Capacity 
(mAh/g) C-rate 

Year 
Published 

SnO2 nanocrystals 
On pyrrole 
derived fibers 600 ~C/8 2011129 

Sn nanoparticles 
In PAN derived 
fibers 750 C/10 2011130 

SnO2 nanoparticles 
Supported on 
graphene 900 C/15 201116 

SnO2 nanoparticles 
Supported on 
reduced graphene 
oxide 

600 C/20 201117 

Porous SnO2 nanotubes N/A 700 C/ 2010131 

SnO2 nanosheets 
Carbon black, 
PVDF binder <400 C/10 2010126 

SnO2 nanoparticles Carbon coated 800 C/2 20096 

Sn nanoparticles In PAN derived 
fibers 

600/400 2C/10C 200924 

 
 

Safety concerns associated with the development of large Li-ion battery systems for 

transportation applications, not energy density, are the major factor behind interest in anodes 

based upon lithium titanates and polymorphs of titanium dioxide (TiO2)
86 .  These materials 

operate at a voltage between 1.5 and 2.0 V vs. Li/Li+, sufficiently positive to prevent 

electrodeposition of lithium onto the electrode surface, and thus avoid the safety hazards 

associated with this condition.  The different structures of TiO2, and the related, already 

commercialized lithium titanate (Li4Ti5O12) each store slightly different amounts of Li132-135, 

but all are less than the theoretical capacity of graphite.  The insertion of Li does very little to 

change the volume or structure of the material, leading to low capacity fade and long cell life 

even at high currents.  The anatase phase of TiO2 has been the most widely studied, but the 
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polymorph known as bronze (TiO2-B) possesses the highest theoretical capacity (355 

mAh/g).  The implementation of the TiO2 polymorphs in commercial cells requires 

improvements in electronic conductivity and lithium diffusion, and as with previously 

discussed materials nanotechnology has found a role86, 136-138.  Some of the most promising 

methods used solution chemistry to create self-assembled TiO2 nanoparticles (<10nm 

diameter) on graphene sheets139.  The anatase version of this material delivered an initial 

reversible capacity of 200 mAh/g at low current rates (C/5), ~160 mAh/g at 1C, and more 

than 100 mAh/g at 30C.  But these materials also have superior capacity retention at high 

currents when compared to carbonaceous or alloying materials, with a report of 50% capacity 

retention at charging rates as high as 60C for a mesoporous form of TiO2-B
140.  The high 

potential of Li intercalation/deintercalation paired with cathodes that operate around 4 V 

results in cells with lower power density for a given current, and is the primary limitation to 

the widespread commercial adoption of these materials. 

The final category of non-carbon anode materials is those which undergo a reversible 

conversion reaction when storing Li.  A wide range of materials have been studied, including 

various sulfides141, oxides90, 142-144, and phosphides87, 145, 146 of iron, cobalt, nickel, and 

copper.  These materials can show very high specific capacities as they convert to a 

nanocrystaline metal phase embedded in a lithium rich amorphous matrix.  For example, nine 

lithium ions are required in the conversion reaction: 

 
  3 3NiP 9Li 9e Ni 3Li P+ -+ + ® +   Equation 6 
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and this material could theoretically store 1475 mAh per g of NiP3
147.  Similar very large 

capacities are possible for other members of this class of material.  The large theoretical 

capacities are insufficient to result in commercialization though, as these conversion 

electrodes commonly suffer from the following barriers: low operating voltages91, 142, poor 

capacity retention due to pulverization and incomplete re-converstion147, 148, large 

polarization resulting in low energy efficiency67, and unstable interfaces with the 

electrolyte141.  Similar strategies of carbon coating7, 149, graphene15, 150-152 or carbon nanotube 

composites15, 142, 150, 151, 153, and nanoscale material production90, 149, 154-156, are being used to 

address the issues with pulverization, re-conversion efficiency, and interfacial stability.  

Possible resolution of the large polarization may be possible by using metal hydrides as the 

conversion material, as these have shown the lowest polarization differential between charge 

and discharge67. 

2.5 Electrolytes and the Solid Electrolyte Interphase 

 Electrochemistry is an interfacial science, which is to say charge transfer reactions 

occur at the interface between two distinct phases.  In the case of Li-ion batteries the 

interfaces are where the solid phase electrodes come into contact with the liquid electrolyte 

phase.  In the early days of Li-ion battery development it was recognized the developments 

for Li cells, themselves impractical due to safety issues, were very applicable to electrolytes 

in Li-ion cells58, 59.  This has led to the widespread use of salts such as LiPF6 and LiBF4 in Li-

ion research and commercialization157, as well as the less safe or environmentally friendly 

LiClO4 and LiAsF6
61. 
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The majority of cells sold today use the mixtures of linear and cyclic carbonates as 

the solvent.  The most common solvent component is ethylene carbonate (EC) for it has a 

high dielectric constant and a potential window wider than that of the functioning cell.  

Unfortunately, EC cannot be used alone as the solvent because it is a solid at room 

temperature with a melting point of 36.4°C, and thus unsuitable for any application where the 

cell will be used or stored below this temperature158.  To compensate EC is mixed in 

approximately equal parts with one or more linear carbonates such as dimethylcarbonate 

(DMC), diethylcarbonate (DEC), and most commonly ethylmethylcarbonate (EMC)59-61, 64.  

While these components have dielectric constants and order of magnitude lower than EC, 

they are low viscosity liquids over the full range of operating temperatures under with Li-ion 

batteries are expected to function and result in an ionic conductivity approaching 10 mS/cm.  

Propylene carbonate (PC) would be the most desirable solvent; it is a liquid between -48.8 

and 242 °C and possesses a dielectric constant only slightly below EC, and as such less 

solvent mixing would be required158.  Though the use of PC in commercial cells is 

problematic as during charging PC will intercalate between the graphite layers in most 

anodes, decompose, and exfoliate the layers.  In some extreme cases the cell never completes 

the initial charge before the active anode material is completely destroyed159.  Even in cases 

where the cell does complete the first cycle, capacity retention is poor over the life of the 

battery, but there is a constant stream of research aimed at making PC based electrolytes a 

reality and thus improving the low temperature performance of Li-ion batteries. 

This behavior of PC electrolytes primarily indicates they do not form a proper solid 

electrolyte interphase (SEI).  The formation of the SEI is an important part of the first charge 
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of a Li-ion cell, and this is another benefit of using solvent mixtures of EC, DMC, DEC, and 

EMC160.  When stable, the SEI layer “coats” the anode and prevents the interaction of 

metallic Li with the components of the electrolyte in subsequent cycles.  It is important that 

the SEI permits diffusion of Li to the active electrode surface where the charge transfer 

occurs.  The SEI film has been studied by spectroscopic techniques such as Fourier transform 

infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS)160-162.  Those 

results show the SEI is composed of decomposition products of Li0, the organic solvents, and 

the electrolyte salt.  This consumption of Li atoms which have already participated in the 

charge transfer process at the anode results in an irreversible loss of capacity during the first 

charge.  The specific salt used in the electrolyte is also a factor, with the most commonly 

used electrolyte LiPF6 being more reactive to the solvents than other potentials salts, and 

forming a somewhat thicker and more resistive SEI.  Additionally the formation of HF from 

LiPF6 and solvent decomposition or water contaminants plays a role in reducing cell life by 

promoting dissolution of the cathode. 

Researchers have demonstrated that the formation of the SEI occurs in two phases on 

graphite163.  The first at high voltages, before the intercalation of Li, is more inorganic in 

nature, and more resistive.  The second phase occurs simultaneous to Li intercalation and 

tends to be composed of more organic products, and is a better ionic conductor.  After the 

first full cycle of the cell a good SEI is predominantly composed of the later products, and it 

will have a negligible resistive impact on future cycles, though the specific resistance of the 

SEI changes throughout the charging and discharging processes as the anode swells and 

shrinks with intercalation and deintercalation of Li164. 
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The relationship between the SEI layer and first cycle irreversible capacity (Cirr) has 

been studied on many forms of carbon162, 165-168.  The general trend is that carbons with a 

greater disorder, such has hard carbons resulting from the pyrolysis of natural or synthetic 

organic species, show larger capacity losses than natural and synthetic graphite.  The 

capacity loss due to SEI is a surface effect and studies often compare it to the surface area of 

the active material as determined by methods such as BET and results have shown linear 

correlations between Cirr and BET surface area on graphite166.  When considering graphite 

and its layered structure, there are two surfaces to consider, the basal surface of the graphene 

sheets and the edge faces corresponding to the c-axis of the unit cell.  In the case of graphite 

or nearly graphitic carbons, the SEI formation is most critical on the edge surfaces where 

possible solvent intercalation and exfoliation occurs.  Reactions to protect the basal surfaces 

are less critical, but this surface still irreversibly consumes lithium.  The contribution of each 

to Cirr was tested by Chung et al. by mixing propylene carbonate (PC) into EC-based 

electrolyte.  The PC made it possible to separate the capacity losses from both edge and basal 

surfaces and showed the edge sites have a Cirr that is seven times larger than the basal 

surfaces165.  When non-graphitic carbons are studied, the Cirr for the material is typically a 

factor of 2 to 5 larger than graphite (~400 mAh/g) and is attributed to the greater disorder of 

exposed surface21, 167. 

Since the formation of the SEI is so critical but the irreversible losses of Li are 

undesirable, many researchers have worked to maximize good SEI formation while 

minimizing the Cirr losses and improve the overall energy density of the cell.  For example, 

reduction of the first-cycle Cirr from 500 to 350 mAh in an 18650-type cell with a 2.2 Ah 
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capacity would save approximately 1 g of LiCoO2 cathode material.  One gram saves 6% of 

the cathode from becoming dead weight after the first cycle.  Table 2.3 presents the mass of 

additional cathode needed for the recently commercialized LiFePO4 in addition to the more 

common LiCoO2. 

 
Table 2.3 – Mass of cathode material required to compensate for Cirr .  The capacity of 
LiCoO 2 and LiFePO4 are assumed to be 140 mAh/g50 and 170 mAh/g169, respectively. 
 

First Cycle Cirr  (mAh) 
Additional LiCoO 2 

Required (g) 
Additional LiFePO 4 

Required (g) 
100 0.714 0.588 
200 1.429 1.176 
300 2.143 1.765 
400 2.857 2.353 
500 3.571 2.941 
600 4.286 3.529 

 
 

One method used to improve SEI formation and reduce Li consumption has been the 

direct modification of the anode surface.  Examples include a mild oxidation of the edge sites 

of graphite, which was proposed to produce an improved chemical adhesion of the SEI at 

these locations170.  The resulting cells demonstrated an improved degree of lithiation and an 

up to 20% reduction in Cirr with a complex mixed solvent of EC, DEC, DMC, and dioxolane. 

Other researchers have transferred polymers in solution to graphite, similar to the binder in 

conventional electrodes, and created encapsulated graphite.  Polydimethylsiloxane improved 

the first cycle coulombic efficiency – the ratio of discharged amps to charged amps – of 

natural graphite cells by 40% in an 1 M LiPF6 EC:DMC electrolyte171.  The resulting cells 

showed equivalent reversible capacities in the first few cycles, and improved capacity 

retention over the limited number of cycles studied.  Similarly when 
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poly{[oligo(oxyethylene) methaylacrylate]-co-(methylacrylic acid lithium)} was 

polymerized in a suspension of natural graphite in methanol the encapsulated graphite 

suffered over 50% less Cirr and again showed improved reversible capacity and capacity 

retention in a EC:DEC:PC mixed solvent52.  The polymer coatings are acting as an artificial 

SEI that separates the active material from the electrolyte while permitting Li diffusion.  This 

work did show that there was an ideal of approximately 1% polymer mass to graphite mass 

that resulted in the best performance. 

Alternatively, the surface of a non-graphitic carbon can be pre-coated with a layer of 

soft graphitic carbon to reduce Cirr
172, 173.  Pyrolysis of ethylene onto carbonized sucrose 

decreased the irreversible capacity from 149 mAh/g to 60 mAh/g27.  The irreversible capacity 

of carbonized viscose felt was reduced from 264 mAh/g to 97 mAh/g with a carbon coating 

formed by vapor decomposition of propylene174 without negatively impacting the reversible 

capacity.  In the same paper Begiun, et al. showed a linear correlation between the active 

surface area (ASA) and the irreversible capacity in milled graphite.  The ASA of carbon was 

measured by di-oxygen adsorption and is a function of surface impurities, basal surface 

defects, crystallite size and crystallite orientation175.  Finally sputter deposited LiPON – a 

known solid electrolyte – reduced irreversible capacity on mesosphere artificial graphitic 

carbon from 120 mAh/g to 90 mAh/g176. 

 A second technique to improve SEI formation and reduce Li consumption is selective 

use of additives in the electrolyte phase which will help to form a stable SEI177.  The 

additives commonly fall into two camps: organic molecules which will undergo a selective 

polymerization on the electrode surface and inorganic compounds which promote or enhance 
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the natural process.  Some examples of the organic molecules studied are vinylene 

carbonate178, 179, vinyl acetate159, divinyl adipate159, allyl alkyl carbonates180, and acrylic acid 

nitrile181.  Results with vinylene carbonate are mixed, with some studies showing Cirr 

reduction, while others have shown a negative effect, but in both of those cases the presence 

of the VC additive improved capacity retention of the graphitic material under study.  In a 

study of several additives with PC based electrolytes used to test their ability to protect the 

graphite surface, 1% of vinyl acetate was the best at stabilizing the performance of one 

natural and two synthetic forms of graphite for which the first cycle failed to complete 

without the additive159.  In a similar situation 1% of acrylic acid nitrile also permitted the 

successful use of PC based electrolytes with synthetic graphite active materials181.  And 

finally another small unsaturated molecule, allyl ethyl carbonate, as 2% of a PC:DEC based 

electrolyte allowed for the successful formation of an SEI layer and subsequent cycling of the 

cell, when none was possible without the additive180. 

The organic molecules acted by inducing a cathodic radial polymerization upon the 

surface of the electrodes, inorganic additives tend to simply promote or improve the 

formation of the natural SEI film.  The incorporation of small molecules such as CO2, N2O, 

CO and some small polysulfides in a LiClO4 and PC electrolyte did improve the initial 

cyclability and reduce total irreversible of pitch-based carbon fibers, but still resulted in 

significant capacity decay and subsequent irreversible solvent decomposition with less than 

50% of the reversible capacity remaining after 60 cycles182.  Lithium carbonate (Li2CO3) and 

derivative compounds have been shown to be the basis of many naturally formed SEI films, 

and as such the addition of Li2CO3 in various electrolytes has been widely studied.  This 
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additive has been shown to significantly reduce the amount of volatile flammable gasses 

formed during the cycling of full Li-ion cells with EC based electrolyte mixtures, which 

improves battery safety183.  Lithium carbonate added to an electrolyte based on a mixture of 

EC and DEC also reduced Cirr on mesosphere pitch carbon fibers from 80 mAh/g to 50 

mAh/g 184.  Similar studies have introduced limited quantities of other alkali salts into the 

electrolyte.  Small quantities of sodium perchlorate (NaClO4) in electrolytes based on 

LiClO4, EC, and DEC created a 60% reduction in Cirr and showed significant capacity 

improvement and retention at low (C/20) and high (1C) charge rates for natural graphite185.  

And three different potassium based salts also demonstrated Cirr reductions of 50 to 75% 

while delivering larger reversible capacities186.  Additionally, the US Army Research Lab has 

demonstrated that salts such as lithium bis(oxalate) borate (LiBOB) and the related  lithium 

oxalyldifluoroborate (LiODFB) promote SEI formation and allow for the use of PC in 

electrolytes with common commercial electrode materials187, 188. 

Other reasons for introducing additives into Li-ion electrolytes are performance 

improvement and overcharge safety.  Anion receptors have been added to electrolytes to 

improve the dissolution of the Li salts, the ionic conductivity of the electrolyte, and the Li 

transference number – a measure of the amount of ionic transport due to Li in the electrolyte.  

For example, small amounts of boron based fluorophenyl additives have boosted the power a 

Li-ion cell delivered without interfering with the chemistry of a carbon anode, delivered 33% 

better capacity, and excellent capacity retention in a full cell using a mixed Ni/Co based 

cathode188, and improved the high temperature performance of LiMn 2O4 based cathodes49. 
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Finally a significant means of improving the safety of Li-ion batteries is the inclusion 

of redox shuttles into the electrolyte189.  In an overcharge state the cell can exist at potentials 

capable of oxidizing the solvents, creating dangerous pressure increases in the cell.  At high 

temperatures these overcharged cells can catastrophically fail and burn.  At potentials 

reached during the overcharge, but before a dangerous condition exists, small molecules used 

as redox couples undergo an oxidation at the cathode, with subsequent reduction of the new 

species to back to the original molecule at the anode: 

  
Cathodic reaction:  R O en -® +    Equation 7 
     

 Anodic reaction: O e Rn -+ ®   Equation 8 
 
 

The continual diffusion of these redox couples between the electrodes prevents other 

electrochemical processes from altering the steady-state condition of the active materials in 

the Li-ion cell.  A wide range of aromatic compounds have been studied as potential redox 

shuttles in standard Li-ion electrolyte systems190, 191.  And in one particularly interesting case 

lithium fluorododecaborates (Li2B12FxH12-x) were used as both the electrolyte salt and the 

redox couple, and demonstrated the ability to serve as a stable redox shuttle at up to 4.5 V for 

over 100 hours and some overcharge protection at up to 2C192. 

2.6 Electrospinning 

The first patents for electrospinning date back to 1902193.  Recently, the technique has 

been revived because it is a simple and inexpensive method to create one-dimensional (1D) 

nanoscale materials.  A wide variety of polymers have been electrospun from polymer 

solutions or polymer melts194-196. A complex interplay of experimental factors, such as 
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polymer molecular weight (MW), solvent, solution viscosity, flow rate, electric field 

strength, and collector geometry, determines the precise morphology and arrangement of the 

fibers197-202. 

 
Table 2.4 – Hypothetical surface area of a smooth fiber of density 1 g/cm3 for various 
diameters 
 

Fiber Diameter 
(nm) 

Surface Area 
(m2/g) 

100,000 0.04 
10,000 0.4 
1,000 4 
100 40 
10 400 

  
 
Because surface area is inversely related to the diameter of a fiber, electrospun 

nanofibers have very high surface-to-volume (or -mass) ratios (Table 2.4).  The nonwoven 

mats also have void fractions of 65 to 75%, resulting in an easily accessed large interfacial 

area.  Groups have been electrospinning fibers for application to tissue engineering203, 204, 

drug delivery205, 206, membrane creation207, 208, and energy storage21, 209.   

A typical set-up for creating electrospun fibers is shown in Figure 2.1.  A viscous 

polymer solution is pumped through a small conductive needle that is fixed several 

centimeters from a grounded conductive collector.  The needle is connected to a high-voltage 

power supply and an electric field exists between the needle and collector. 



 

29 
 

 
Figure 2.1 – Diagram depicting the typical experimental setup for electrospinning 
polymer solutions. 

 
Electrospinning occurs because of the physics of electrostatic repulsion and surface tension 

in a droplet formed at the end of the needle193.  Charge builds in the droplet driving an 

increase in the surface area.  Under the extensional force of the electric field, a conical 

distortion forms of the surface of the droplet known as a Taylor cone210.  When the charge 

density on the surface exceeds a maximum for the given solution, known as the Rayleigh 

limit, a spray of very small droplets or a jet of solution is released at the tip of the Taylor 

cone.  The charged droplets or jet travel towards the grounded collector because of the 

electric field.   The transition from electrospraying211 to electrospinning in polymer systems 

occurs when the amount of polymer in solution is in the dilute entanglement regime.  At this 
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point the concentration of polymer molecules is sufficient that individual molecules begin to 

interact (entangle) with each other, rather than exist as distinct elements in solution.  The 

entanglements prevent the droplet from exploding into a spray of smaller droplets when in 

excess of the Rayleigh limit.  In the case of electrospinning small deviations in the jet are 

unstable.  The electrostatic force acting upon these instabilities begins to stretch the fiber.  

This is commonly referred to as the whipping instability, because when viewed by the eye it 

appears the fiber is whipping back and forth.  When viewed by a high speed camera it can be 

seen that all the points along the fiber are being continually stretched away from each other, 

and this stretching thins the fiber210.  Depending on the experimental conditions the fiber 

diameter can range from tens of nanometers to microns39.  Reduction of fiber diameter can 

typically be accomplished by using less concentrated solutions, lower MW polymer, 

increased electric field strength, decreased flow rate, and a smaller needle diameter.  The 

intermediate case between electrospinning and electrospraying of beads strung along fibers is 

also possible202. 

Changing the geometry of the current collector is a simple modification of the 

electrospinning process.  In efforts to create anisotropic fiber mats, groups have used rotating 

drums212 and separated magnetic bars201 to produce fibers aligned in one direction.  

Additionally composite materials of nanoparticles in nanofibers have been made using 

electrospinning.  Two methods exist to accomplish this, ex situ and in situ.  The ex situ 

process relies on solution mixing of pre-made particles117, 213.  If the particles are stable in 

solution, they should be in the fiber after electrospinning214 though sometimes the particles 

form aggregates215.  The in situ technique relies on creating the nanoparticles from metallic 
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salts or organometallic complexes added to the solution that later coalesce into nanoparticles 

in a different processing step216, 217,24, 218-220. 

One area where electrospun fibers have been studied for a direct application in Li-ion 

batteries is the formation of a polymer electrolyte to act as both the transport medium of the 

Li ions and as the separator.  The most commonly published polymers for this use are 

polyvinylidene fluoride (PVDF)221-224 and polyacrylonitrile (PAN)225, 226.  The electrospun 

materials are more attractive than cast polymer films because of the micro porous nature 

inherent to the non-woven structure.  The pore volume, when wetted by an electrolyte can 

provide a diffusion pathway for Li ions, resulting in an ionic conductivity significantly higher 

than possible for Li diffusion through a solid polymer.  Additional Li conducting solid 

particles can be included in the polymer matrix to boost ion transport225. 

2.7 Polyacrylonitrile 
 
 Polyacrylonitrile is the preferred polymer when producing high-strength carbon 

fiber130.  The production of carbon fiber is a two-step process.  First the PAN is drawn or 

spun into a fiber.  This is followed by the carbonization process itself composed of two steps: 

stabilization and carbonization (Figure 2.2)227.  During stabilization the polymer fibers are 

heated to temperatures between 250 and 300 °C in air for a few hours.  This step partially 

oxidizes the fibers and then initiates cyclization with outgassing of hydrogen and nitrogen 

compounds228.  The second half occurs under inert  or reducing atmosphere (N2, Ar, or 

forming gas) with typical heating to between 700 and 1000 °C.  During this step the 

remaining hydrogen and nitrogen are driven off and large aromatic structures remain. 
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Figure 2.2 – Chemical structure of a) the acrylonitrile monomer and b) 
polyacrylonitrile. 
 
 
 There are many studies of electrospun PAN209, 229-231.  A particularly comprehensive 

look at the electrospinning of 100,000 MW poly(acrylonitrile-co-methyl acrylate) (4% 

PMMA) was published in 2005202.  Wang and Kumar explored the impact of electric field 

(1.3 to 2.7 kV/cm), flow rate from the syringe pump (0.5 to 6 mL/h), solution concentration 

(5.1 to 20.3 wt%) and MW on the resulting PAN nanofibers.  Fibers ranging from 50 nm to 2 

� m were spun, although when fiber diameter was below 300 nm the solution formed mixes 

of beads and fibers.  A 2007 paper by Borhani et al. reinforces the sensitivity of the 

electrospinning process to experimental setup232.  Using the same molecular weight, but pure 

PAN at a much lower flow rate (0.17 mL/h), different needle diameter (0.7 vs. 0.84 mm) and 

a lower electric field (0.667 kV/cm), they found fiber diameters of ~400 nm for a 14 wt%, 

compared to <200 nm for all cases of a 13.8 wt% solution in the previous paper. 

 PAN fiber surface area has been increased by electrospinning a solution containing 

both PAN and polyethylene oxide (PEO).  Washing away the PEO left irregular PAN fibers 

with an enhanced surface area233.  Hollow PAN nanofibers were created by vapor 
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polymerization onto a polystyrene electrospun scaffold.  Removal of the polystyrene after 

carbonization created tubes with 100 nm outer diameters and a 14 nm wall thickness234. 

 The in situ nanoparticle technique has successfully produced Ag nanoparticles in 

small diameter (50 nm) PAN fibers216.  Yang et al. used 80,000 MW PAN and silver nitrate 

as the salt and the nanoparticles were visible under TEM.  An ex situ technique has been 

demonstrated for electrospinning carbon nanotubes into PAN nanofibers209, 220, 235, 236.  The 

carbon nanotubes were functionalized with either carboxylic groups209, 220, 235, 236 or Triton X-

10055 so they would be stable in DMF.  The nanotubes are predominantly aligned in the axial 

direction of the resulting fibers. 

 There are already several examples of carbonized PAN nanofibers used in 

electrochemical energy storage.  In situ addition of cobalt acetate created metallic Co0 

nanoparticles21.  Nanoparticles were not imaged, but X-ray diffraction (XRD) indicated the 

presence of Co0 in the nanofibers.  The cycle performance of the composite fibers was 

impressive, maintaining 800 mAh/g (71%) of initial capacity after 50 cycles at 100 mA/g and 

retaining 600 mAh/g of capacity at 1C charging rate.  Reduced cobalt is not an active anode 

material so the authors theorize this improvement is directly attributable to the conductivity 

improvement of the fibers, though effective conductivity was not directly measured.  Ji et al. 

investigated the effect of enhanced nanofiber surface area on anode performance195.  

Relatively large pores were created by the ex situ spinning of aggregated SiO2 nanoparticles 

later removed by hydrofluoric acid.  Much smaller pores were created by electrospinning 

PAN with in solution ZnCl2 followed by a thermal activation step.  The ZnCl2 technique 

created a higher portion of pores smaller than 2 nm and showed better high-rate capacity 
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retention and slightly smaller irreversible capacity losses than standard PAN fibers.  Kim and 

Yang have also investigated the utility of activated carbon nanofibers as supercapacitor 

electrodes231.  Ji et al have also used in situ techniques to create MnOx particles, a conversion 

material, from manganese acetate218.  The resulting fibers showed capacities of ~600 mAh/g 

upon conversion to Mn, larger than PAN alone, and excellent capacity retention at high rates.  

The most impressive result used a single nozzle electrospinning setup to create fibers with a 

PAN core and a PMMA/tin octoate core from an emulsion in DMF.  During the stabilization 

step in air tin oxide nanoparticles were formed.  Then pyrolysis was conducted in a Ar/H2 

atmosphere to produce carbon fibers and reduce the tin oxide nanoparticles to metallic tin.  

The resulting electrodes produced a stable reversible capacity of around 700 mAh/g over 140 

cycles at 0.5C, and capacity retention of nearly 400 mAh/g at 10C24.  There are significant 

first-cycle irreversible capacity losses for of all these electrospun carbonized fibers owing to 

the formation of the SEI layer over such a significant surface area. 

2.8 Polyimide (PI) 

 Polyimides are class of chemically and thermally resistant, flexible, strong, low 

dielectric polymers42, 238-240.  These polymers find uses in adhesives, thermal resistant 

coatings, composites, moldings, membranes, and films41, 241, 242.  They are commonly formed 

from the reaction of an aromatic dianhydride with an aromatic diamine to produce poly(amic 

acid) (PAA)243, 244, with each reaction resulting in a carboxylic acid group, making PAA a 

polyelectrolyte245, 246 (Figure 2.3). 
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Figure 2.3 – The reactions to form poly(amic acid) and subsequent thermal imidization 
by dehydration between a) pyromellitic dianhydride and 4,4’-oxydianiline and b) 
pyromellitic dianhydride and p-phenylene diamine. 
 
 
This is a reversible reaction, and some equilibrium quantity of unreacted amine and 

dianhydride groups will always exist in solution247, 248.  The step-growth polymerization is 

commonly carried out in aprotic solvents such as DMF246, DMAc243, NMP45, and 

THF:MeOH solutions249 and in a controlled inert atmosphere to prevent reactions with 

water244.  The molecular weight of the polymer obtained varies widely based on the order of 

addition of the components, with higher molecular weight products resulting from the 

addition of the dianhydride to diamine already dissolved in solution250.  That process would 

be considered a heterogeneous polymerization.  One monomer is already dissolved into the 

liquid phase, and when added the other exists as a solid.  The polymerization proceeds at the 

interface between these two phases.  The impact of polymerization condition on the resulting 

product is best understood by two mechanisms.  First there is a competition between the 
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desired aminolysis reaction resulting in poly(amic acid), and an undesired hydrolysis reaction 

opening the anhydride ring and producing two carboxylic groups.  The aminolysis reaction is 

kinetically favored by a factor of 5 over the hydrolysis, and excess diamine will drive the 

process down that pathway251.  Second, in the case of a heterogeneous reaction particles of 

dianhydride added to the solution will undergo reactions at their surface faster than 

dissolution occurs251.  Thus the polymerization is occurring at a solid liquid interface where 

the local concentration of reactive sites is significantly greater than would be present in bulk 

solution, resulting in weight average molecular weights (Mw) in excess of predictions based 

on the stoichiometric equilibrium.   Differing reactivity’s of diamine monomers can also have 

an impact on the molecular weight distribution and the resin viscosity244. 

 The stability of various PAA resins also varies based on the constituent monomers, 

and the equilibrium of poly(amic acid) forming reaction.  The viscosity of a resin produced 

from the combination of pyromellitic dianhydride (PMDA) and oxydianiline (4,4’-

aminophenyl ether, ODA) will often decrease over a period of days or weeks in a degradation 

process that is highly temperature and environment dependent252.  This process results from 

equilibration of the length of the polymer chains away from the very high MW formed under 

heterogeneous polymerization, as well as some irreversible hydrolysis of anhydride groups.  

Alternatively the combinations of PMDA and p-phenylene diamine (PPD) or m-phenylene 

diamine are known to gel over time246.  When two resins formed from different monomer 

combinations are mixed, the equilibrium of the amic acid bond will lead to the formation of 

random co-polymers, which can be observed by a gradual change in the miscibility of the 
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respective resins, or from the elimination of phase-separation in solid films of the condensed 

poly(amic acids)247, 253. 

 Much of the work in understanding the solution behavior and properties of the 

poly(amic acid) resins comes from size exclusion chromatography (SEC), also referred to as 

gel permeation chromatography (GPC)254, 255.  The technique became a powerful analytical 

tool with the development of highly stable and well controlled pumps and in-line detectors 

for light scattering and refractive index measurements245, 252, 256, 257.  Size exclusion 

chromatography separates the constituent molecules of a solution based on their residence 

time within a highly porous media, known as the stationary phase258, 259.  It is important that 

the residence time of the components be based on purely steric factors rather than any 

chemical affinity between the stationary phase and the analyte.  Polystyrene is the most 

commonly used material for the stationary phase.  A very dilute solution of the sample is 

injected into the system and is then carried by a very precisely controlled flow of the mobile 

phase through a series of columns containing packed beads of the stationary phase with a 

well-known porosity and pore size distribution260.  Any components in the solution larger 

than the largest pores will be unable to access the pore volume, and thus will be carried elute 

from the system first.  As the size of components decreases, a greater fraction of the pore 

volume will be accessible, and the analyte will take longer to elute from the column.  Upon 

elution the solution passes through the in-line analytical tools and results in a change in the 

refractive index or light scattering behavior when compared to a reference sample of the 

mobile phase alone, and this difference is recorded as a function of the residence time of the 

solution.  Calibration of a given column with the residence time of known standards of 
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narrow molecular weight is necessary to then convert the data into a molecular weight 

distribution261. 

 The use of SEC on poly(amic acids) is more complicated than for simple polymers 

like polyethylene oxide or polystyrene because the PAA is a polyelectrolyte245.  As a result in 

dilute solution the equilibrium dissociation of the carboxylic acid groups will cause the 

polymer to interact with itself and with the stationary phase.  Most studies of the molecular 

weight of PAA by SEC then use additives to the mobile phase to suppress these interactions.  

A typical mobile phase thus will consist of less than 0.1 M each of LiBr and H3PO4 in a good 

solvent for PAA such as DMF, DMAc, THF, or NMP259, 260, 262. 

The high chemical resistance of PI means resins are often cast as PAA then and then 

imidized241, 263, 263, though there is a continual stream of publications based upon the 

formation of polyimides that can be processed in the imidized state.  In either case the 

imidization is accomplished by chemical or thermal cyclodehydration to form PI238. 

Similar to PAN, polyimides are carbonized at temperatures between 600 and 1100 °C 

under inert atmosphere264-266.  TGA, TVA, 13C NMR, and XPS have been used to examine 

the process and the products released during carbonization for rigid, semi-flexible, and 

flexible PI from various monomers.  Benzimide decomposition between 500 and 550 °C 

releases CO, CO2, H2O, HCN, and H2 
267.  The main loss of mass is typically completed by 

650 °C, with final carbonization between 800 and 900 °C.  The yield of the process at 800 °C 

was dependent on sample morphology with films yielding 75 to 80% and fibers yielding 60 

to 65%.  Conductivity of a carbonized polyimide film increases with increasing temperature 

and varies over an order of magnitude for different combinations of monomers45.  For the 
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purposes of pyrolysis polyimides are considered soft carbons, and will go through a 

mesosphere and graphitize when heated above 2500 °C.  This approach has been used to 

convert polyimide coatings into high quality graphite films43, 44, 268.  Finally changes in inert 

carbonization atmosphere were studied for Kapton, a commercially available PI formed by 

polymerization of pyromellitic dianhydride (PMDA) and 4,4’-oxydianiline (ODA).  The use 

of He resulted in the highest porosity under BET analysis266, compared to N2 and Ar. 

Electrospinning of PI is also done from the PAA precursor followed by imidization 

treatment39, 46, 269.  Published fiber diameters of pure PI have been as small as 120 nm270.  

Those fibers were subsequently carbonized and the conductivity was shown to increase with 

decreasing diameter as measured by four-point probe when carbonization was carried out 

under high mechanical pressure (22 kPa).   Additionally PAA has been blended with PAN 

and then electrospun and turned into carbon fibers218.  The subsequent imidization of PI and 

stabilization of PAN occur at the same time.  Kim et al. showed a similar relationship 

between decreasing diameter and increasing conductivity measured via four-point probe. 

The smallest PI fibers reported in the literature are 60 nm and contain ~15 nm silver 

nanoparticles prepared via the in situ method271.  These were produced from pyromellitic 

dianhydride (PMDA) and 4,4’-oxydianiline (ODA) polymerized in DMF with silver acetate 

as the salt and cured to 300 °C.  The inclusion of silver salt in the solution raised the 

conductivity during the electrospinning process produces finer fibers which are stretched 

more in the electric field.  These fibers were not subjected to pyrolysis.  Carbon fibers of 2 to 

3 � m have been produced from electrospinning of 12% PAA in THF:MeOH (80:20)39.  
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Despite the large fiber diameters, the paper is interesting because it showed PAA can be 

directly carbonized without imidization, though a lower yield of carbon results. 

2.9 Chemical Vapor Deposition 

The continuous growth of solid materials onto solid substrates through the reaction of 

precursor gasses is known as chemical vapor deposition (CVD)272, 273.  The technique is most 

widely used in the semiconductor industry where it is valued because of the capability of 

producing conformal, high purity films meeting the stringent performance requirements of 

ultra large scale integrated devices of the 21st century272, 274-276.  During the CVD process one 

or more precursor gasses are continually flowed into a reaction chamber where they react 

with each other and the surface to leave behind a solid material.  One means of driving the 

reaction is to heat the substrate to temperatures many hundred degrees above ambient275.  In 

the process gaseous by-products are often produced and these are purged out of the reaction 

chamber by the continuous flow of feed and waste gas.  The most common examples of CVD 

products in microelectronics are silicon dioxide277-279, doped silicon dioxide275, and silicon 

nitride280; but the CVD process has been demonstrated for a wide range of products272, 281-283.  

Many different reaction schemes exist for the most common films and the specific precursors 

chosen depend on the thermal constraints of the substrate and the desired purity and 

properties of the resulting material. 

 There are many classifications of CVD processes, most made distinct by the reaction 

conditions within the process chamber.  Variation in the pressure within the chamber during 

deposition results in either atmospheric pressure chemical vapor deposition (APCVD)273, 282, 

low-pressure chemical vapor deposition (LPCVD)276, 284, or ultrahigh vacuum chemical vapor 
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deposition (UHVCVD)283, 285.  Variation of the pressure is ones means of controlling the 

reaction rate, since lower pressure chambers will have fewer collisions between precursor 

gasses at the surface286.  Additional benefits of lower operating pressures inside the chamber 

include improved control of material properties, uniformity, and conformity of the film275, 276. 

 An additional variation of the typical CVD process is the introduction of a radio 

frequency coiled power supply to produce plasma.  The plasma will enhance the rate of 

reactions when there are kinetic limits and allow for processing at lower temperatures275, 279, 

280, thus protecting the substrate from exceeding a thermal budget and preventing mechanical 

or device failure or chemical decomposition.  In some applications the presence of the 

plasma also helps to ensure a more uniform conformal coating is applied to high aspect ratio 

structures by performing a simultaneous reactive-ion etch. 

 When considering the growth of carbon materials via CVD, a wide range of processes 

have produced a wide range of products287-290.  The variation in carbon materials grown by 

CVD methods can be explained by factors such as the precursor species, reactor pressure, 

process temperature, substrate material, and the presence of catalysts.  While the most 

common precursor used when producing carbon materials is methane291, many different 

hydrocarbons have been employed successfully288, 292-295.  Experimental results indicate the 

formation of acetylene and benzene in the vapor phase are important steps in the reaction 

pathway leading to carbon deposition296, 297, and for methane to deposit it must first undergo 

a homogeneous gas phase reaction to yield unsaturated hydrocarbons with two or more 

carbon atoms291. 
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Pyrolytic carbon is carbon formed by the thermal decomposition of hydrocarbons in 

atmospheric or low pressure CVD.  Pyrocarbon is nearly graphitic in nature but with some 

disorder and covalent bonding between graphite layers, and has been created from a wide 

range of precursor materials typically at temperatures exceeding 1000 °C297, 298.  Some 

researchers have used evaporation or sublimation of a typically solid-phase organic molecule 

in one region of a tubular furnace.  The sublimated material is then transported by a carrier 

gas to the desired substrate in a different region of the furnace.  It is common for the 

sublimation region and deposition region to exist at different temperatures299.  In other 

systems, large, but still volatile molecules are introduced into the CVD chamber or tube 

along with carrier gases, typical of standard CVD processing, where they decompose on the 

heated substrate295. 

A variant of CVD known as chemical vapor infiltration (CVI) is associated with the 

production of macro-scale composites, with carbon/carbon composites being one common 

variation300-302.  This is a process in which the precursors flow through a porous substrate and 

then react on the surfaces throughout the volume of the substrate with the goal of completely 

filling the pores with graphitic pyrocarbon to produce a composite block reinforced by the 

substrate material303, 304.  Graphitic and/or pyrolytic carbons are very commonly produced 

during CVI.  These depositions typically occur at standard pressure or at pressures on the 

order of 10 kPa to ensure full densification of the composite305, 306.  The competition between 

homogeneous gas phase reactions and the heterogeneous surface depositions dictates that 

operating at too low of a pressure will result in pore blocking and incomplete densification.  

Additionally the presence of small quantities of hydrogen in the feed gas results in greater 
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inhibition of rapid deposition pyrocarbon at the interface between the substrate and the bulk 

processing gas than within pore volumes307. 

The controlled production of thin layers of carbons with greater order, and thus more 

graphitic, commonly requires the use of smaller hydrocarbon molecules and the introduction 

of plasma processing308 or other modifications such as laser-assisted CVD309.  Introduction of 

various catalyst materials upon the substrate is another means of producing highly ordered 

graphitic carbons, such as vapor-grown carbon fibers around a small diameter iron wire 

core310. 

Silicon is typically used as a model substrate when growing various carbon films, but 

depositions are possible on various forms of carbon and many other solid surfaces.  When 

highly ordered forms of carbon are desired, a catalyst metal is commonly introduced upon 

the substrate, and nickel is often chosen as this catalyst.  And the production of the diamond 

phase of carbon is often performed in a modified CVD process, most commonly the hot-

filament287, 311 method but PECVD and microwave assisted CVD have also been 

demonstrated to produce highly ordered sp3 carbon312.  Diamond formation is commonly 

carried out at low pressures with low methane to hydrogen ratio.  The ideal operating range 

for the production of diamond is a substrate temperature near 900 °C, but not exceeding 1100 

°C where graphitic carbon formation is preferred. 

 Carbon nanotubes, highly regarded because of their mechanical strength313 and 

potential electronic properties314 can be produced by a variety of methods: chemical vapor 

deposition313, arc discharge315, and laser ablation316, but catalyzed CVD growth shows the 

most promise for the production of nanotubes in commercial scale313.  In this method the 
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nanotubes grow at catalyst sites, such as nanoparticles of Ni317 or Fe318, located on a 

substrate, typically silicon.  Root-growth nanotubes are formed when the catalyst remains on 

the substrate surface.  Tip-growth nanotubes form when the catalyst is pushed away from the 

surface by the nanotubes growing in-between.  Additionally, nanotubes produced via CVD 

can be purified in one step with removal of the metal catalyst and other defects via high 

temperature graphitization319.  Carbon nanotubes have featured prominently in research on 

Li-ion battery electrodes. 

 The most recent variant of carbon to be produced via chemical vapor deposition is 

graphene: a two-dimensional material of a single layer of carbon atoms bonded in a sp2 

structure320.  The theoretical room temperature electronic resistivity of this material is the 

lowest known, leading to widespread interest in using it in electronic and electrochemical 

applications.  One means of producing graphene has been made chemical exfoliation of 

graphite but there is little control of the process and a low percentage of the material is true 

single layer graphene321.  Low pressure plasma enhanced chemical vapor deposition has been 

shown to produce 1 to 2 � m wide sheets of graphite of only a few layers thick using a 

mixture of methane and hydrogen upon a Ni substrate322.  The use of copper as a substrate  in 

LPCVD, without the need for plasma processing, has led to an impressive result of 

predominantly single layer graphene on substrates up to 30 inches in the diagonal rolled up 

within an 8-inch diameter tube furnace289.  The resulting films had superior conductivity to 

the indium-tin-oxide films currently used as transparent electrodes in solar cells and touch 

screens, and were easily transferred unto new substrates and used in functional touch screens. 

 



 

45 
 

2.10 Raman Spectroscopy 
 
 Raman spectroscopy is a useful tool for studying the myriad forms of carbon323-327.  

The process is quick, non-destructive, and can be carried out at ambient conditions328.  It can 

be used to determine the degree of disorder in a near graphite material329, the chirality of 

carbon nanotubes330, and the number of layers in “graphene”331.   A Raman measurement 

relies on the shift in frequency of single wavelength light that undergoes inelastic scattering 

(energy of the photon is changed) upon interacting with matter.  The incident wavelength is 

selected so the photons possess only enough energy to transition to atoms of the sample to a 

virtual energy state.  Most photons undergo elastic (Rayleigh) scattering and their energy is 

unchanged.  The less than 1 in 105 photons that are inelastically scattered lose an amount of 

energy equal to an allowed transition between energy levels below the virtual state.  The 

Raman shift reported is the difference between energy of the incident light and the scattered 

photons, and like many forms of spectroscopy are most commonly plotted as wavenumber  

with units of cm-1. 

 When investigating a solid crystalline material the lattice structure has certain 

allowed vibrational modes, referred to as phonons, and these vibrational states restrict the 

possible transitions which are allowed under Raman selection rules328.  For example, perfect 

crystalline graphite has a 4 atom unit cell, and a degree of freedom analysis provides for six 

possible vibrational modes.  Of these, two are Raman active332, 333, one at 42 cm-1 and another 

at 1582 cm-1.  In the idealized case of a perfect sample of graphite, the Raman spectra will be 

a very simple plot with two main peaks and subsequent overtones.  The peak at 1582 cm-1 
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was assigned a designation of G, for graphite334 during the initial characterization of graphitic 

carbon. 

In non-idealized, real samples of graphitic carbon, there exist defects, impurities, and 

edges, and these deviations from the 4-atom sp2 bonded structure allow for additional 

phonons and scattering events, producing a more complex spectra.  The most common 

second peak used when characterizing carbons is known as the D peak, for disorder334.  The 

location of this peak is variable, with its position dictated by the wavelength of light used to 

probe the sample332, 333, 335.  It has been recently demonstrated that the variation in the 

location of the D peak occurs because the relaxation process is doubly resonant336, 337. 

Simple characterization of the degree of disorder in a carbon sample is possible with 

the information from just these two peaks.  The spectra are fit by two Gaussian-Lorentzian 

curves, at which point the peak location can be identified, and the curves can be integrated to 

get the intensity of both the G and D peak, respectively denoted IG and ID.  The degree of 

amorphization, or sp2 versus sp3 bonding, can be determined using the location of the G peak 

and the intensity ratio ID/ IG
338.  Additional information about the sp3 content can be seen in a 

peak at 1100 cm-1 when carbon is probed with a ultra-violet (UV) source326, 339.   A study of 

the Raman spectra of 29 different forms of carbon, including highly ordered natural and 

synthetic graphite, carbonized fibers, carbon blacks, cokes, activated carbons, and coal, 

found good correlation between the ratio ID/( IG+ ID) and many parameters including the 

width and location of the D and G peaks71.  The results of Cuesta et al. demonstrated that the 

family of carbons could be grouped into populations based on these parameters, where the 

slope of regression lines would change at key transitions of peak locations and the intensity 
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ratios of the D and G peaks.  The ratio (IG/ ID) can be correlated to the average in-plane 

crystallite size of the graphitic regions of various carbons using the following equation, valid 

for any wavelength of light used to probe the sample340: 
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where La is the crystallite size in the basal plane (in nm), ID and IG are the measured 

intensities of the D and G peaks, and Elaser is the energy or � laser is the wavelength of the 

incident photons. 

 Additional signals are present in carbons that are more disordered, and these are often 

studied to determine the bonding structure of the carbons under probe.  Near the G peak there 

are often found D’ and D” peaks.  The D’ is only able to be distinctly observed in highly 

ordered graphite and is located around 1620 cm-1.  The D” peak located around 1500 cm-1 is 

important in fitting carbons of greater disorder, such as pyrolyzed solids, where the region 

between the G and D peaks has a greater signal than can be fit by only two peaks71, 324. 

 Finally some additional information is available by moving to the second-order 

spectra between 2200 and 4000  cm-1.  A peak originally labeled as G’ around 2700 cm-1 

because it was found in highly ordered graphite is actually the first overtone of the D peak, 

and is now better labeled as D* or 2D.  This peak occurs because of phonon-phonon 

scattering, not defect scattering, and therefore it is most pronounced in highly ordered 

graphites333.  In the most ordered graphite this peak will actually split based on the distinction 
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between stokes and anti-stokes scattering, and like the D peak, this peak is doubly resonant 

and will shift with the intensity of the laser wavelength. 

2.11 Atomic Layer Deposition 

Atomic layer deposition (ALD) is a material deposition technique which provides 

greater control of thickness and chemistry than chemical vapor deposition341, 342.  A typical 

ALD process consists of alternating, self-limiting reactions of vapor-phase precursors 

(commonly referred to as chemicals A and B) with functional groups on the surface of a 

substrate.  Precursor A reacts with a particular functionality on the surface of the substrate.  

The result is the deposition of one monolayer of material upon the surface (reaction A), and a 

new surface functionality.  The reaction self-limits because chemical A cannot react with the 

new functionality created during its reaction with the previous surface chemistry.  After the 

reaction has completed, precursor A, and any by-products of the reaction, must be purged 

from the system prior to the introduction of precursor B.  The subsequent step (reaction B) 

uses precursor B, which will readily react with the current surface functionality, deposit 

another monolayer of material, and leave behind the surface functionality favored in reaction 

A.  This step is again followed by a purge to remove precursor B from the system.  Through 

repetition of the A-B reaction sequence these alternating and self-limiting steps can be used 

to precisely control the number of layers of a given material deposited onto the surface.  And 

while binary reactions are the most commonly published examples of ALD, it is possible to 

employ more elaborate ternary343 (A-B-C). 

 Atomic layer deposition is capable of producing highly conformal coatings of a well-

controlled thickness.  This unique combination has led to widespread use in the semi-
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conductor industry as part of the fabrication of microelectronics344, 345.  Careful selection of 

the precursor chemicals and the reaction conditions has resulted in the creation of ALD 

schemes to deposit insulators346, doped semi-conductors347, and metals344.  Depositing a film 

composed of a single element commonly requires that the second self-limiting reaction be 

one which removes certain functional groups, such has the use of hydrogen plasma to remove 

chlorine atoms in the deposition of tantalum from tantalum pentachloride344.  The ALD 

process has also been demonstrated on polymeric, fiber substrates28, 348 to affect surface 

properties such as wetability349. 

 There are some recent examples of the application of ALD to electrode materials for 

Li-ion batteries.  For example aluminum oxide grown from trimethylaluminum (TMA) and 

water (H2O) has been used to stabilize the interface between conventional electrolyte 

solvents and both natural graphite31, 32 and metal oxide cathodes30, resulting in improved 

cyclability.  Those depositions were performed after the slurry of active material had been 

cast onto the current collector to avoid placing an insulating barrier between the active 

material and the current collector.  A group based in Finland initially demonstrated the ability 

to create lithium-containing films via atomic layer deposition350.  The George group has built 

on this with the goal of creating lithium carbonate films, in an effort to mimic the natural SEI 

formed on Li-ion anodes343.  Thus far only results for the deposition of the carbonate film are 

available, while the electrochemical properties remain under study. 

2.12 Molecular Layer Deposition 

The concept of molecular layer deposition (MLD) is an extension of atomic layer 

deposition351.  While ALD builds a film though the net addition of single atoms, MLD 



 

50 
 

replaces one, or both, precursors with a larger molecule in which the functional groups are 

separated by several atoms33, 352.  These atoms located between the functional groups are thus 

added to the surface during one of the self-limiting steps, resulting in the addition of a small 

molecule to the surface of the film. 

The technique was initially used to grow thin conformal polymer layers using 

traditional organic monomers from step growth polymerization353, 354.  Polymers grown via 

MLD include polyamides37, polyimides355, and polyurea35.  The versatility of MLD has 

enabled successful polymer film growth on a variety of substrates356. 

More recently the MLD technique has be used to produce a class of metal-organic 

hybrid coatings commonly referred to as “metal-cones”, named as such because of their 

structural similarity to various silicones34, 357.  Aluminum metal-organic hybrid molecules, 

referred to as alucone polymers at the time, were first reported in the late 1950s.    In 1999 a 

version of alucone was synthesized utilizing a sol-gel technique in which ethylene glycol and 

tert-butyl aluminum (Al(t-Bu3)) were reacted in hexane357.  The first report of alucone 

formed by MLD occurs almost a decade later when the water commonly used as the oxidant 

in alumina ALD was replaced with ethylene glycol33.  The substitution of ethylene glycol for 

water in another well-known ALD chemistry has produced films of zincone34. 

In many cases the observed growth rates for these films are lower than what is 

observed for the pure ALD deposition.  Using ethylene glycol and TMA as an example, the 

length of the glycol molecule (> 5 A) is sufficient that both alcohols could react with 

functional groups, leading to a reduction in the number of available functionalities in 

subsequent steps33.  The use of trinary reaction schemes with hetero-bifunctional precursors 
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can eliminate the possibility of the double reaction352.  Secondly, it is possible that the size of 

the MLD precursors produce steric hindrance, preventing access to the reactive sites by 

available precursors351. 

Another significant difference between similar ALD and MLD films is the 

thermodynamic stability of the hybrid film.  When considering the reaction of ethylene 

glycol and diethyl zinc, the resulting films are unstable in ambient (i.e., humid) air, or under 

an annealing treatment.  In either case, the film, studied by infra-red spectroscopy, tended to 

revert towards the composition of the comparable ALD process of diethyl zinc and water34.  

But when the films were maintained in cool, dry air the deposited films were unchanged after 

3 days.  Alucone polymers produced with ethylene glycol are also known to be moisture 

sensitive as probed by FTIR, though these films are more stable than the zincone films, and 

do not revert to a simple alumina structure33.  The use of an ABC reaction scheme with 

TMA, ethanolamine, and maleic anhydride, produced a film in which unquenched aluminum 

methyl functionalities reacted with ambient moisture within ten minutes of exposure, but did 

not suffer any longer term degradation when left at ambient conditions352  A film created 

from TMA and glycidol showed similar stability at ambient conditions358. 

There are few reports of applications of these metal-organic hybrid films.  Some 

preliminary studies of alucone polymers have demonstrated that the hybrid films possess 

mechanical and thermal properties more typical of polymer films rather than ceramic ones359, 

360. One demonstrated application took advantage of the susceptibility of an alucone film to 

hydrochloric acid etch to create a sacrificial layer in a nano-electrical mechanical system 

(NEMS).  The removal of the alucone layer produced an air gap beneath a tungsten bridge 
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spanning two electrodes361.  Alucone via MLD has also been proposed as a means to both 

passivate the photocatalytic properties of titanium dioxide to prevent the pigment from 

degrading the polymer in which it is suspended, and also to prevent agglomeration/improve 

dispersion of the particles in the polymer matrix362, 363.  Finally a unique arrangement of 

copper oxide nanoparticles on the exterior of an alumina fiber support was formed by 

creating core-shell fibers of copper surrounded by alucone.  The subsequent annealing of the 

alucone resulted in an alumina film with angstrom sized pores, which allowed the out-

diffusion of copper atoms, but not the in-diffusion of oxygen364. 
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Chapter 3 

Plasma Enhanced Chemical Vapor Deposition of Graphitic Carbon on 
Pyrolyzed Nanofiber Li-ion Anodes 
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3.1 Introduction 
 
 Lithium-ion batteries are the dominant power supply in 21st century portable 

communications and computing devices.  Li-ion secondary cells have high energy densities 

and high operating voltages resulting in higher power densities when compared to other 

mature rechargeable battery technologies1.  Additionally Li-ion cells have low rates of self-

discharge and do not suffer from the memory effect present in nickel-cadmium cells.  While 

the adoption of Li-ion technology is widespread, further improvements in battery capacity, 

life, and safety are required to meet the increasing demands in mobile technologies and to 

deliver affordable performance in transportation applications365-367. 

 The majority of commercial cells are based on micron sized particles of a metal oxide 

cathode, such as LiCO2
48, and a graphitic anode163.  Both electrodes are typically made of at 

least 85% active material, with the remainder made up of polymer binder and electronically 

conductive additives.  Graphite is used as the active material in the anode because of its low, 

flat potential when compared to Li/Li+ and its long term capacity retention66.  The theoretical 

maximum Li intercalation into graphite is one Li ion for every six carbon atoms, yielding a 

potential specific capacity of 372 mAh/g.  Many materials are known to possess larger 

potential reversible capacities24, 72, 99.   

For example, there are extensive literature reports concerning the electrochemical 

properties of hard-carbon materials70, 75, 77, defined as organic material which cannot form 

graphite under any pyrolysis conditions227.  These materials are known to suffer from 

significantly larger irreversible capacity losses during the first cycle of the cell72-74.  These 

losses are predominantly caused by the formation of the solid electrolyte interphase (SEI) 
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upon the electrode surface160, 368.  The SEI formation occurs during the reduction of 

electrolyte salts and solvents in the presence of lithium at the electrode/electrolyte interface.  

Each Li atom consumed in this process has undergone an electrochemically irreversible 

process and is lost to further cycling. The irreversible losses of graphitic carbons is known to 

be lower than hard carbons, and as a result there have been attempts to create a graphitic 

surface upon hard carbons via chemical vapor deposition27, 172, 173.  While these techniques 

have been successful in lowering the irreversible losses, some of the other properties of hard 

carbons, such as cycle hysteresis, have prevented their adoption as commercial electrode 

materials. 

Some additional potential replacements for graphite anodes include titanium 

dioxide86, Li-alloying metals such as Sn and Si80; and conversion materials based on 

transition metal oxides87, 92 or phosphides.  Each of these potential replacements for the 

negative electrode material has properties which make them unsuitable to supplant graphitic 

carbon as the anode of choice in commercial cells.  In many cases insertion of Li is a 

reversible process, but repeated transformation of materials between lithiated and de-lithiated 

states produces enough mechanical stress to cause particles to fracture.  As a result a large 

amount of research and development activities have focused on creating composite materials 

of carbon and non-carbon lithium storing compounds, which when used together will 

outperform graphite4, 6, 16, 101, 114, 123, 152, 153. 

One possible avenue towards this goal is the use of electrospinning to create novel 

nanoscale one dimensional composites20.  The electrospinning process creates a continuous 

polymer fiber with a non-woven structure196.  The process has been used to create composites 
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of nanoparticles embedded within the matrix of the polymer fibers.  If the polymer used as 

the matrix can be pyrolyzed, such as polyacrylonitrile (PAN)39, 218, and the nanoparticles are 

capable of storing Li, a free-standing electrode can be produced with long term reversible 

capacities well in excess of graphite23, 24, 128.  The high aspect-ratio fibers produced also yield 

excellent capacity retention at high currents, owing to the large surface area for charge 

transfer24. 

The polymer most commonly chosen as the precursor to the carbon fiber matrix is 

PAN.  It is pyrolyzed at temperatures below graphitization, and when combined with the very 

large surface area produced in the electrospinning process, the irreversible losses incurred 

during SEI formation can be in excess of 500 mAh/g as seen in Figure 3.1.  Irreversible 

losses of this magnitude are larger than the reversible capacities of all common cathode 

materials, making the commercialization of the 1D nanomaterials unrealistic. 
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Figure 3.1 - First-cycle irreversible capacity for electrodes made from PAN fibers 
pyrolyzed at the indicated temperatures throughout the work leading to this 
dissertation.  The electrolyte was 1 M LiPF6 in EC:EMC (1:1). 
 
 

The significant void fraction present in non-woven, electrospun materials presents a 

means to overcome this undesirable level of irreversible Li losses.  Vapor phase reactions 

have been used to deposit new material on the surface of electrospun fibers234.  Previous 

attempts to use CVD carbon to change the surface layer have operated at either atmospheric 

pressure or under moderate vacuum.  In these cases the particles were on the order of tens of 

microns or more.  Tight control of the deposition process was not necessary, with a micron or 

more of graphitic carbon grown quickly being the desired outcome27, 173.  Given the desirable 

aspect ratio of non-woven electrospun mats, a significantly thinner film is required to 

maintain the sub-micron critical dimension, and care must be taken not to obstruct the voids.  
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To achieve this goal low pressure plasma enhanced chemical vapor deposition is proposed to 

produce a highly graphitic carbon coating upon the surface of these carbon nanofibers mats 

and potentially reduce the irreversible losses of lithium. 

3.2 Materials and Methods 

The precursor polymer chosen for the nanofibers was polyacrylonitrile (PAN) (Sigma 

Aldrich MW 150,000).  The polymer was dissolved in anhydrous dimethylformamide (Sigma 

Aldrich), heated to 40 °C and stirred for 24 hours to dissolve the polymer.  The vials 

containing the final 11% PAN solution were then sealed and stored at room temperature.  

The viscosity for this weight fraction of 150,000 MW PAN in DMF is located near the upper 

end of the dilute entanglement regime (Figure 3.2), ideal for continuous electrospinning of 

nanofibers193. 
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Figure 3.2 - Shear viscosity of 150,000 g/mol weight average molecular weight (MW) 
PAN dissolved in DMF between 0.125 and 20 wt% polymer. 
 
 
 The electrospinning setup was arranged horizontally with a 30-cm, flat, metallic, 

circular disk serving as the collector.  The PAN solution was pumped through a 22-gauge 

stainless-steel needle at a rate of 1 mL/h.     The distance from the tip of the needle to the 

collector plate was 15 cm.  To maintain a stable Taylor cone the electric field was varied 

between 0.75 and 1 kV/cm, as needed.  Three to four hours of electrospinning produced a 

non-woven mat of about 15-cm diameter and a total mass of between 0.3 and 0.4 g.  The 

central, thickest portion of the mat was cut out, and divided into swatches measuring 

approximately 3-cm wide by 12-cm length.  These samples were removed from the 

aluminum foil prior to thermal treatment. 
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Pyrolysis of the fibers was conducted within a 45-mm inner diameter quartz tube 

mounted in a single zone Lindberg Blue tube furnace (model 55322-3).  The swatches were 

loaded unto boats consisting of flat quartz shelves so the processing gasses flowed over the 

samples and down the length of the tube.  The pyrolysis process of PAN proceeds in two 

steps 227, stabilization and carbonization.  The stabilization step was conducted at 250 °C 

with a 5 °C/min ramp rate from room temperature and a soak of 2 hours at 250 °C followed 

by uncontrolled cooling to ambient conditions.  For stabilization a flow of dry air (National 

Welders) was maintained through the tube furnace.  The carbonization step was done under a 

flow of high-purity nitrogen (National Welders) at 700, 900, or 1100 °C with a 5 °C/min 

ramp rate from room temperature and a soak of 2 hours followed by uncontrolled cooling to 

ambient conditions.  Care was taken to ensure the samples remained flat and smooth during 

the thermal processing to attempt to ensure more uniform processing during the CVD 

process. 

The subsequent deposition of carbon was performed using a radio frequency 

inductively coupled PECVD process.  Pyrocarbon deposition of graphite is typically 

performed at temperature over 1000 °C, which would exceed the desired thermal budget for 

these materials, so the plasma processing is used to provide the necessary reactivity.  A three-

turn planar coil inductively couples 13.56 MHz power through a quartz window into a 

vacuum chamber.  The sample stage consists of a temperature controlled resistive heater 

located 10 cm below the quartz window (Figure 3.3). 
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Figure 3.3 - Schematic of the PECVD chamber used to deposit carbon369. 
 
 
The non-woven swatch of material was clipped to the heating element.  Despite the care 

taken to ensure the swatches remained flat after pyrolysis, only a small portion of each 

sample was in direct contact with heater.  The carbon source was methane diluted in 

hydrogen and/or argon.  The pressure in the discharge chamber varied between 50 and 350 

mTorr and the plasma power was set between 600 and 1200 kW for the various treatments.  

Before igniting the plasma, the temperature of the substrate was allowed to equilibrate in H2 

gas.  The deposition temperatures were 860, 730, or 650 °C.  The reaction conditions for the 

various experiments are summarized in Table 3.1.  The change in mass of the non-woven 

was measured on a balance accurate to ±0.1 mg for Experiments 2, 3, and 4.  For each 
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experiment one untreated swatch from the same electrospinning and carbonization batch was 

reserved as a reference.  Imaging of the samples was performed by scanning electron 

microscopy at 5 kV using a secondary electron detector (JEOL 6400). 

 
Table 3.1 - Processing conditions during PECVD. 
 

Experiment Sample 
Temperature 

(°C) 

Gas Ratio 
CH4:H 2:Ar  

(mTorr) 

Plasma 
Power 
(W) 

Processing 
Time 
(min) 

Mass 
change 

measured 
1 1 650 50:0:300 600 1 No 
2 2 650 10:35:5 600 10 Yes 
2 3 730 10:35:5 600 10 Yes 
3 4 860 50:100:0 1200 10 Yes 
3 5 860 50:100:0 1200 10 Yes 
4 6 730 50:100:0 1200 10 Yes 
4 7 730 50:100:0 800 10 Yes 
4 8 730 50:50:0 1200 10 Yes 
4 9 730 50:50:0 800 10 Yes 

 
 
 In later work small pieces of samples from Experiments #3 and #4 were subjected to 

Raman spectroscopy.  The instrument was a Horiba-Jobin Yvon LabRAM HS VIS high-

resolution confocal Raman microscope using a 632.8 nm laser as the excitation source.  The 

laser was focused normal to the substrate through a 50X objective lens resulting in an 

approximately 1 � m spot size.  The instrument was calibrated using the 520.7 cm-1 line of a 

silicon wafer.  LabSpec software (Horiba Scientific, Ltd.) was used to process all spectra. 

After the deposition was completed, 1.3 cm diameter disks were die-cut from the non-

woven samples to use as electrodes in 2032 size coin cells.  The electrodes were dried 

overnight in a vacuum oven at 80 °C prior to introduction to a high-purity argon filled glove 

box (Labconco Protector) for coin-cell assembly.  Each anode had a mass between  1 and 4 
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mg.  A similarly sized copper disc was used at the current collector with contact maintained 

by the mechanical force of a disc spring.  The counter electrode was lithium metal (Sigma 

Aldrich) and the separator was polypropylene (Celgard).  The electrolyte was 1M LiPF6 in a 

1:1 (w:w) solvent mixture of ethylene carbonate (EC) and ethylmethylcarbonate (EMC).  All 

electrochemical data was collected in galvanostatic mode with an Arbin Instruments (BT-

2000) battery tester.  The currents were set on a gravimetric basis between 25 and 200 mA/g.  

The cutoff voltages used were 0.025 V on charge and 2.0 V on discharge. 

3.3 Results and Discussion 

3.3.1 CVD Experiments #1 and #2 - The goal of this work was to produce highly graphitic, 

conformal carbon that enveloped the PAN fibers to create a surface which would suffer less 

irreversible loss of Li during the first charging cycle.  The material used for Experiment #1 

was carbonized at 700 °C prior to deposition in the PECVD reactor.  Under SEM the material 

resulting from this deposition experiment was not conformal to the fibers, but instead had 

nucleated and grown a fluffy, amorphous carbon distributed randomly throughout the non-

woven structure (Figure 3.4).  Magnification to 50,000x on one particularly large fiber does 

show the growth of small ridges of material perpendicular to the fiber surface (Figure 3.5). 
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Figure 3.4 – Scanning electron micrographs of (a) fibers after coating during CVD 
Experiment #1 and (b) uncoated reference fibers. 
 
 
 

 
 
Figure 3.5 – Scanning electron micrograph at 50,000x magnification of a single large 
fiber showing small platelet growth perpendicular to the fiber surface 
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 For Experiment #2 the gas mixture was modified.  The methane content was 

substantially reduced to lower the growth rate.  Operating at a lower overall pressure would 

also lower the growth rate of the material.  Hydrogen gas was added to potentially scavenge 

sp3 bonded carbon.  The deposition time was extended to 10 minutes to compensate for these 

changes.  Imaging of the samples (Figure 3.6) indicated no noticeable change in the treated 

fibers compared to the reference sample, and the new process conditions have eliminated the 

fluffy, amorphous carbon seen in CVD Experiment #1.  Given the inherent conductivity of 

the fibers, and the desire for a thin, conformal, and conductive coating; if this goal were 

accomplished it would be unlikely to be visible under these conditions.  The observed mass 

of the samples did not change in any significant amount as shown in Table 3.2.   

 
Table 3.2 - Change in mass of samples treated in CVD Experiment #2. 
 

Sample 
Mass 

Before (mg) 
Mass After 

(mg) 
2 17.8 17.9 
3 14.7 14.9 

untreated reference 21.1 21.0 
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Figure 3.6 - Scanning electron micrographs of fibers from CVD Experiment #2 (a) 
Sample 2, (b) Sample 3, and (c) untreated reference. 
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  All of these materials were cycled at a low charge and discharge rate of 25 mA/g.  

Figure 3.7 shows that the irreversible capacity losses of the PECVD electrodes were still 

very large and not distinguishable from the reference samples.  Over the course of ten 

charge/discharge cycles the plasma treatment did not have a noticeable impact the reversible 

discharge capacity shown in Figure 3.8. 
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Figure 3.7 – First-cycle irreversible capacity of a) untreated reference samples, b) 
PECVD sample 2, and c) PECVD sample 3. 
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Figure 3.8 – Reversible discharge capacity of a) untreated reference samples, b) cells 
from PECVD sample 2, and c) cells from PECVD sample 3 cycled at a specific current 
of 25 mA/g. 
 
 
3.3.2 CVD Experiment #3 - The results of Experiment #2 suggest that no appreciable 

deposition took place at the conditions under study.  The deposition conditions chosen for the 

third phase of this work have shown growth rates approaching 150 nm per minute of highly 

graphitic carbon nanowalls on glassy carbon electrodes, even accounting for a significant low 

growth nucleation period370.  At such high growth rates the amount of material was expected 

to be significant.  Surprisingly the mass of the samples after CVD processing decreased 

(Table 3.3).  The untreated sample is included to demonstrate day-to-day variability in these 

measurements likely due to changes in the ambient humidity.  The magnitude of the mass 

loss suggests that at these conditions the 1200 W plasma is etching away the fibers. 

 

 



 

69 
 

Table 3.3 - Change in mass of samples treated in CVD Experiment #3. 

Sample 
Mass 

Before (mg) 
Mass After 

(mg) 
Percent 

Remaining 
4 20.0 10.9 54.5% 
5 29.3 11.7 39.9% 

untreated reference 34.5 33.8 97.9% 
 
 
 When viewed under SEM there was significant variation in the appearance of the 

fibers within a single sample.  The first pair of images (Figure 3.9) are from the front (a) and 

back (b) of the untreated reference fibers.  The fiber diameters range between 225 and 400 

nm as observed in several regions and show a reasonably smooth texture. 

 

 
 
Figure 3.9 - Scanning electron micrograph of untreated nanofibers used as a reference 
in CVD Experiment #3 magnified (a) 2,000x and (b) 10,000x 
 
 
The fibers shown in Figure 3.10 are from the side of the sample that was facing away from 

the heater and towards the plasma coils in the PECVD reactor.  These fibers have a 

measureable decrease in diameter, ranging between 150 and 315 nm and have greater visible 

surface texture.  This surface texture might arise from more crystalline (sp2) regions of the 
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fiber showing greater resistance to the etching process.  Alternatively, it could be a small 

region of deposited carbon. 

 

 
 
Figure 3.10 -- Scanning electron micrograph of fibers from Sample 5 on the surface 
facing towards the plasma coil and away from the heater magnified (a) 2,000x and (b) 
10,000x. 
 
 

Finally, the images in Figure 3.11 and Figure 3.12 are from the side of the sample 

which was in contact with the heater.  The fibers closest to the surface have been almost 

completely replaced by thin ribbons of what is likely a highly graphitic material.  Looking at 

fibers deeper into the mat the formation of the aforementioned carbon nanowalls on the 

surface of the fibers is clear.  At a different location on the same sample (Figure 3.12) there 

exist structures which appear to be rolled up sheets of just a few layers of graphite that may 

have once covered the surface of the fiber.  Taken as a whole, these images suggest the 

fastest growth of carbon nanowalls occurs on the hottest surface of the fibers – that which is 

facing or in contact with the heater.  This deposition exists in competition with the etching 

process that is acting on the mat as a whole.  So there is deposition advancing into the fiber 
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mat while the surface of the mat is receding in the same direction.  Simultaneously the fibers 

on the top surface facing the plasma are also being etched away. 

 

 
 
Figure 3.11 - Scanning electron micrograph at one location on fibers Sample 5 for the 
surface facing towards the heater and away from the plasma coil, displaying ribbons of 
carbon nanowalls in place of fibers magnified (a) 2,000x and (b) 10,000x 
 
 

 
 
 
Figure 3.12 - Scanning electron micrograph at a different location on the surface of 
fibers from Sample 5, facing towards the heater and away from the plasma coil 
displaying carbon nanowalls on the fiber surface and possible single rolls of graphene 
which may have formed around the fibers magnified (a) 2,000x and (b) 10,000x 
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 The significant mass and morphology change of the fibers was evident in the 

electrochemical behavior when electrodes were die-cut from the samples and assembled into 

coin cells.  Given the significant mass loss during the PECVD processing, it was theorized 

that the fibers may have become similar to carbons pyrolyzed at higher temperatures.  As a 

test some additional reference material was carbonized at 700 and 1100 °C to allow 

comparison over a wide range of pyrolysis conditions.  Table 3.4 presents the mass of the all 

the reference samples used in this experiment both before and after pyrolysis.  As would be 

expected, increasing pyrolysis temperature increases the mass loss as the non-carbon species 

are lost and the material becomes more graphitic. 

 

Table 3.4 - Change in mass of the reference samples for CVD Experiment #3during 
pyrolysis at the indicated temperature. 

Pyrolysis 
Temp (°C) 

Mass Before 
(mg) 

Mass After 
(mg) 

Percent 
Remaining 

700 29.3 17.0 58.0% 
900 66.3 34.5 52.0% 
1100 43.5 18.6 42.8% 

 
 

There were two functional cells from each experimental condition, and their 

discharge capacity as a function of cycle number is shown in Figure 3.13.  At each step 

shown on the plot the current was doubled, until the final step where it returned to the initial 

25 mA/g.  The two different samples have slightly different reversible capacity, with the 

sample that lost more mass having a higher discharge capacity.  The most interesting part of 

this graph is that all four cells showed very little capacity fade in the first five cycles. 
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Figure 3.13 - Reversible discharge capacity of cells from CVD Experiment #3 at the 
indicated charge/discharge currents. 
 
 

For comparison the reference cells pyrolyzed at 700, 900 and 1100 °C are presented 

in Figure 3.14, and significant capacity fade occurs during the initial cycles for the lower 

carbonization temperatures.  This contrasts with the cells assembled from material pyrolyzed 

at 1100 °C which show almost no early-cycle capacity fade.  For ease of comparison the 

PECVD samples are presented with the 1100 °C cells in Figure 3.15 and all of these 

materials appear to be part of the same population despite the pyrolysis temperature of 900 

°C for the cells subjected to the plasma deposition.  Given the mass loss of the PECVD 

samples during plasma processing, and the thermal energy available during processing it is 

likely the samples became more ordered, as the 1100 °C pyrolysis sample is more ordered 

than the 900 and 700 °C samples. 
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Figure 3.14 - Reversible discharge capacity of reference anodes made of fibers 
pyrolyzed at various temperatures and cycled at the indicated charge/discharge 
currents. 
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Figure 3.15 - Comparision of experimental cells with the reference cells made from 
fibers pyrolyzed at 1100 °C at the indicated charge/discharge currents. 
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If the reduction of disorder in the sample is changing the surface morphology, the 

first-cycle irreversible capacity losses should be reduced, similar to the reductions seen for 

many non-graphitic carbons.  The PECVD samples showed only marginal average 

improvement over the 900 °C reference (Figure 3.16), while the 1100 °C reference is 

noticeably lower than all the other data points.  Thus any potential order created within the 

fiber structure has not dramatically improved the surface reactivity with respect to the 

irreversible loss of Li. 
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Figure 3.16 - Comparison of the first-cycle irreversible capacity losses of the cells made 
for CVD Experiment #3. 
 
 
3.3.3 CVD Experiment #4 – Given the dramatic mass loss seen during the last set of 

experiments an attempt was made to reverse with reduced substrate heating (730 °C), 

reduced plasma power (800 W vs. 1200 W), and a feed gas with lower hydrogen content (1:1 

vs. 1:2).  Compared with the up to 60% mass loss in the hot, hydrogen rich plasma much 
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more mass remained, shown in Table 3.5, especially samples processed at only 800 W (7 and 

9).  The impact of the hydrogen reduction (samples 8 and 9) was a greater reduction in mass.  

It may have been better to increase the CH4 pressure to equalize the ratio, rather than 

reducing the chamber pressure by cutting the H2 pressure in half.  Time and resource 

constraints prevented further experimentation with the feed gas ratios. 

 
Table 3.5 – Change in mass of samples treated in CVD Experiment #4. 
 

Sample 

Plasma 
Power 
(W) 

H2:CH 4 
ratio 

Mass 
Before 
(mg) 

Mass 
After (mg) 

Percent 
Remaining 

6 1200 2:1 45.0 28.8 64.0% 
7 800 2:1 37.2 29.0 78.0% 
8 1200 1:1 31.2 19.3 61.9% 
9 800 1:1 25.4 18.6 73.2% 

 
 
 The loss of mass is evident when comparing the fibers near the surface of the PECVD 

processed non-woven mats to the unprocessed reference samples.  The diameter of the fibers 

again decreases and the overall roughness of these samples increases.  The reference fiber 

diameters for this work had a larger overall diameter than the fibers from CVD Experiment 

#3, with diameters ranging between 350 and 625 nm.  Table 3.6 contains the breakdown by 

processing conditions for fibers on the surface facing the plasma.  Additionally some typical 

SEM results are provided in Figures 3.17 to 3.20 for the reference material and samples 6, 7, 

and 8. 
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Table 3.6 – Fiber diameters of the samples of CVD Experiment #4 measured by SEM 
for the surface facing the plasma coils 
 

Sample 
Average Fiber 
Diameter (nm) 

Fiber Diameter 
Range (nm) 

untreated reference 444 349 to 630 
6 170 97 to 312 
7 187 89 to 330 
8 216 120 to 328 
9 232 86 to 385 

 
 
 

 
 
Figure 3.17 – Scanning electron micrograph of untreated nanofibers used as a reference 
in CVD Experiment #4 magnified (a) 2,000x and (b) 10,000x. 
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Figure 3.18 – Scanning electron micrograph of Sample 6 from CVD Experiment #4 on 
the surface facing towards the plasma coil and away from the heater magnified (a) 
2,000x and (b) 10,000x. 
 
 

 
 
Figure 3.19 – Scanning electron micrograph of Sample 7 from CVD Experiment #4 on 
the surface facing towards the plasma coil and away from the heater magnified (a) 
2,000x and (b) 10,000x. 
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Figure 3.20 – Scanning electron micrograph of Sample 8 from CVD Experiment #4 on 
the surface facing towards the plasma coil and away from the heater magnified (a) 
2,000x and (b) 10,000x. 
 
 

Just as the previous experiment, the most interesting images came from a part of the 

sample that was in closest proximity to the heating element.  During processing a region of 

Sample 3 may have been slightly bent under the rest of the sample and in direct contact with 

the heater.  The structures observed in this area (Figure 3.21) are similar to the “graphene 

ribbons” seen in the previous experiment, but most resemble to the carbon nanowalls grown 

on glassy carbon and studied for fuel cell applications370.  
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Figure 3.21 - Scanning electron micrograph of Sample 8, where the surface facing 
towards the heater, displaying fibers with carbon nanowalls taking the place of the 
fibers, magnified (a) 2,000x and (b) 10,000x. 
 
 

In this area material was clearly added to the fiber structure, as seen in fibers deeper 

in the mat, again with concurrent consumption of the fiber resulting in potentially 

freestanding carbon nanowalls fully replacing the fibers nearest the surface.  This region of 

the mat was thin enough to be seen through, rather than opaque like the rest of the samples.  

So in this region the rate of material consumption was very high, and eventually would 

consume the deposited material, but it also seems to be the only area with confirmed carbon 

deposition. 

Electrochemically these samples were similar to the work of Experiment #3.  The 

cells created from Sample 2 malfunctioned and are not included in the data below.  

Generally, typical anodes showed equivalent or slightly worse reversible discharge capacity 

than the reference electrodes over 15 cycles shown in Figure 3.22.  The first-cycle 

irreversible capacity was also not noticeably improved by these plasma treatments and is 
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presented in Figure 3.23.  Half of the plasma treated electrodes had lower irreversible losses 

than the reference mean, but no two electrodes from the same sample were better than the 

reference mean. 
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Figure 3.22 – Reversible discharge capacity of cells from CVD Experiment #4 cycled at 
25 mA/g. 
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Figure 3.23 – Comparison of the first-cycle irreversible capacity losses of the cells made 
for CVD Experiment #4. 
 
 
3.3.4 Micro Raman Spectroscopy 

 Raman spectroscopy was used to investigate if any structural changes could be 

identified as a result of the plasma processing in Experiments #3 and #4.  The features 

utilized are the locations and intensity ratio of the graphitic (G) and disordered (D) peaks 

(Figure 3.24). 
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Figure 3.24 – Raman spectra collected from a PAN nanofibers pyrolyzed at 700 °C 
containing the dominant features of nano-crystalline carbon: a broad D peak located at 
1320 cm-1 and a broad G peak located at 1582 cm-1. 
 
 
The intensity ratio of the peaks is used to estimate the graphite crystallite sizes within the 

fibers with Equation 9 provided earlier.  The location of the G peak and the intensity ratio 

can be used to estimate degree of amorphization of the samples336.  Table 3.7 presents the 

relevant parameters for all samples from Experiments #3 and #4. 
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Table 3.7 – Raman parameters for the G and D peaks for Experiments #3 and #4, the 
estimated basal plane crystallite size and estimated sp3 carbon content based on 
reference 331. 

Sample 

D Peak 
Location 

(cm-1) 

G Peak 
Location 

(cm-1) (ID/IG) La (nm) 

Estimated 
sp3 

content336 
700 °C Ref 1318.5 1582.0 1.424 27.0 <5% 
900 °C Ref 1324.5 1583.2 1.344 28.6 <5% 
1100 °C Ref 1325.6 1582.6 1.234 31.2 ~0% 

4 1317.6 1583.5 1.266 30.4 <2.5% 
5 1316.2 1584.0 1.564 24.6 <5% 

900 °C Ref 1340.3 1579.4 1.259 30.6 ~5% 
6 1323.4 1579.9 1.361 28.3 ~5% 
7 1327.5 1578.0 1.296 29.7 ~5% 
8 1328.4 1579.5 1.400 27.5 ~5% 
9 1335.6 1575.9 1.406 27.4 ~5% 

 
 
 As would be expected, the reference samples for Experiment 3 show increasing 

internal order as the pyrolysis temperature is increased with both the estimated crystallite size 

increasing (decreasing ID/IG ratio) and the elimination of the sp3 carbon content.  Based on 

the above data, samples 4 and 5 could be considered to have approximately the same disorder 

as the 900 °C reference.  The cells using samples 4 and 5 had very similar discharge capacity 

to the 1100 °C reference but irreversible capacity similar to the 900 °C reference.  This might 

be explained by the potential sp3 bonding, representing similar disorder to the 900 °C 

reference even after plasma treatment based on the movement of the G peak further from the 

perfectly graphitic location of 1582 cm-1. 

 The samples from Experiment 4, and the reference, all indicate more sp3 bonding than 

the previous samples because of the low ID/IG ratios (below 1.5) and the graphitic peak 

shifting to values below the nominal 1582 cm-1.  The plasma treatment has reduced the 
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estimated crystallite size for all 4 samples, and those processed with a lower H2:CH4 ratio 

have changed more, which could correlate to the increased mass loss for these samples 

relative to the H2 rich plasma samples. 

3.4 Conclusions 

 The types of carbon deposited by the PECVD conditions utilized were not the kind of 

graphitic coating that was the objective. This is primarily attributed to the difficulty of 

creating graphitic carbon at temperatures below the optimal conditions for graphitic 

pyrocarbon formation.  The inclusion of plasma processing to increase the reactivity of the 

precursor gasses with the substrate both produced the growth of highly graphitic nanowalls, 

but also resulted in the net loss of material due to etching.  Without hydrogen in the gas 

mixture, a fluffy and amorphous carbon material was found throughout the samples.  When 

hydrogen was added and processing proceeded at low temperature, pressure, and plasma 

power, no morphology changes in the material were evident.  Attempts to generate 

significant deposition rates by increased temperature, plasma power, and source gas pressure 

resulted in a net loss of material, with clear reductions in the fiber diameter for the surface of 

the samples facing the plasma.  The use of micro Raman spectroscopy suggests that the net 

effect of the plasma processing was to slightly increase the overall disorder of the carbon 

substrate.  In select areas on the side of the sample facing away from the plasma and in 

intimate contact with the heating element, the processing conditions produced carbon 

deposition of graphene-like ribbons or nanowalls.  This deposition existed in competition 

with the plasma etch that was consuming the fibers serving as the substrate.  This 
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competition leads to an advancing deposition front with destruction of the deposited material 

once the fiber substrate was eliminated. 

None of the experiments reported here had a noticeable impact on the first-cycle 

irreversible capacity losses attributed to SEI formation during the first charge of the non-

woven nanofiber electrodes.  Generally, the plasma treated samples had subtly reduced 

reversible discharge capacities when compared to the reference samples subjected to the 

same pyrolysis conditions.  The most aggressive plasma treatment resulted in fibers with a 

reduced capacity fade during the initial cycling, similar to references from a higher pyrolysis 

temperature, but without any of the benefit to irreversible capacity losses seen with increase 

heat treatment of hard carbons. 
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Chapter 4 

Atomic Layer Deposition of Alumina onto Lithium-ion Carbon Nanofiber 
Electrodes 
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4.1 Introduction 

Lithium-ion batteries are the power supply of choice for mobile computing and 

communications1.  Most commercial Li-ion cells are comprised of a graphitic anode and a 

lithiated metal oxide cathode, and have been since the initial commercialization by Sony365.  

But developments in mobile communications and computing technology and the needs of 

modern consumers are driving the need for safer batteries with larger energy densities and 

higher power ratings50. 

To meet these needs some research efforts have focused on creating nanoscale 

materials, with the intention of increasing the reactive surface for electron transfer, 

decreasing the diffusion paths for Li-ions, and limiting the scope of mechanical 

deformation99, 109.  An alternative to nano-particulate based composite electrodes are 

composites made of continuous one-dimensional structures24.  A facile method to create one-

dimensional non-woven nanofiber webs is electrospinning193, 199, 203.  In a laboratory setup the 

process only requires a stable flow of polymer solution through a needle, a high voltage 

supply, and a grounded collector to capture the resulting fibers. 

When the fibers are made of pyrolyzeable polymers it is possible to treat the 

electrospun materials thermally and make non-graphitic carbon anodes that require no binder 

materials or conductive additives371-373.  Further, composites of nanoparticles and nanofibers 

can be made using electrospinning.  Techniques exist to create nanoparticles embedded in the 

fibers via ex situ214 and in situ216, 219 methods.  Some researchers have taken this path to 

create composite anodes of nanoparticles of lithium-storing metals or metal oxides embedded 

in a continuous one-dimensional nanofiber web22, 24.  Some of these materials show stable 
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specific reversible capacities over  600 mAh/g, well above the known limits of graphitic 

based anodes24. 

There are, however, some impediments to using the electrospun nano-composites in a 

commercial Li-ion cell.  One of particular concern is the irreversible losses of lithium due to 

the formation of the solid electrolyte interphase (SEI) layer at the anode/electrolyte interface 

during the first charge of the battery160, 162.  The SEI is composed of the decomposition 

products from the reduction of the electrolyte and solvents by lithium present after charge 

transfer at the anode surface160.  The Li participating in those reactions is irreversibly lost and 

is an important consideration in the material balance for commercial cells368.  When 

accounting for SEI formation, the large surface area of electrospun nanofibers, which 

facilitates rapid Li transfer, will irreversibly consume more Li per unit electrode mass than 

traditional micron-scale materials166, 174.  Nevertheless, the creation of a stable SEI which 

permits the diffusion of Li+ is necessary to a functional Li-ion cell159.   

The literature describes efforts to alter the SEI or stabilize electrodes by changing the 

electrode surface or using additives in the electrolyte159, 176, 184.  One recent vein of research 

has been the use of atomic layer deposition (ALD) to place aluminum oxide on the active 

surface prior to battery assembly 374.  The use of ALD is favored because the method uses 

self-limiting reactions to create a highly conformal surface coating of well-controlled 

thickness at processing temperatures low enough to avoid altering the substrate341.  These 

aluminum oxide films have produced improved stability in both graphitic anodes 32 and metal 

oxide cathodes30.  Furthermore, fibers have been coated using atomic layer deposition for a 

variety of applications28, 349, 375. 
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For this work we hypothesized atomic layer deposition would be the best method to 

create a thin uniform layer of alumina on the high-surface area of carbonized nanofibers and 

reduce the amount of lithium lost to the formation of the SEI layer. A combination of 

electron microscopy, X-ray spectroscopy, and mass spectrometry was used to characterize 

the physical and chemical structure of the resulting fibers. The impact of processing 

temperature was considered since temperature can affect the porosity and stoichiometry of 

the resulting alumina films.  The alumina coating is electronically insulating and a potential 

barrier to Li+ diffusion, therefore, the performance of the anode materials was studied at 

various currents to assess the impact of the ALD coating on rate capability. 

4.2 Materials and Methods 

 The precursor polymer nanofibers were made of polyacrylonitrile (PAN) (Sigma 

Aldrich MW 150,000).  The PAN was weighed and dissolved in anhydrous 

dimethylformamide (Sigma Aldrich) to make a solution of 11 weight%.  The mixture was 

heated to 40 °C and stirred for 24 hours to dissolve the polymer, and the final solution was 

sealed and stored at room temperature. 

 For electrospinning the PAN solution was pumped from a syringe pump at 1 mL/h 

through a 22-gauge stainless-steel needle.   The electrospinning setup was arranged 

horizontally.  The collector was a flat metallic circular disk of 30-cm diameter covered in 

aluminum foil.  The distance from the tip of the needle to the collector plate was 15 cm.  The 

electric field was varied between 0.75 and 1 kV/cm, as needed, to maintain a stable Taylor 

cone.  Electrospinning for approximately 3 hours produced a non-woven mat of about 15-cm 

diameter and a total mass of around 0.3 g.  Swatches were cut from the central portion of 
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the mat and measured approximately 3-cm wide by 12-cm length.  These samples were 

removed from the aluminum foil prior to thermal treatment. 

The carbonization process of PAN proceeds in two steps227.  The stabilization step 

was conducted under a flow of dry air (National Welders) at 250 °C with a 5 °C/min ramp 

rate from room temperature and a soak of 2 hours at 250 °C followed by uncontrolled 

cooling to ambient conditions.  The carbonization step was done under a flow of high-purity 

nitrogen (National Welders) at 700 °C with a 5 °C/min ramp rate from room temperature and 

a soak of 2 hours at 700 °C followed by uncontrolled cooling to ambient conditions.  The 

carbonization was conducted in a single zone Lindberg Blue tube furnace (model 55322-3) 

within a 45-mm inner diameter quartz tube.  Swatches were loaded onto flat quartz shelves 

and the processing gasses flowed over them rather than through the mat. 

 All alumina atomic layer deposition was conducted in a reactor previously described 

with samples arranged so the processing gases flowed over the samples 375.  The aluminum 

precursor was trimethylaluminum (TMA, Al(CH3)3, Strem) and the oxidant was deionized 

water (H2O).  The ALD process is a repetition of binary self-limiting A/B reaction cycles.  

The TMA adsorbs and reacts with surface hydroxyl groups (reaction A) to create aluminum-

methyl species bound to the oxygen, with methane as a byproduct that is carried away.  After 

the reactor is purged of residual TMA and methane, the water oxidant is introduced.  Water 

reacts with the Al-methyl groups producing a monolayer of Al2O3 (reaction B) terminated by 

hydroxyl groups.  Again the byproduct of the reaction is methane, and it and residual water 

are purged from the reactor to complete one cycle.  High-purity argon served as both the 

purge gas and the carrier for the ALD precursors.  The samples were subjected to either six, 
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ten, or twenty full A/B cycles at processing temperatures of 45, 90, and 150 °C, with an 

untreated sample serving as reference.  Each purge cycle was 60 seconds.  Precursors were 

pulsed for 5 seconds followed by a 60 second soak time to ensure complete penetration 

throughout the non-woven mat.  All processing was conducted at a pressure of 2 torr 

maintained by a rotary mechanical pump and monitored by a Baratron pressure gauge (MKS 

Instruments Inc.).  For reference a square silicon wafer piece (1 cm by 1 cm) was placed in 

the reactor during processing and the thickness of alumina deposited upon it was measured 

using an Alpha-SE spectroscopic ellipsometer (J.A. Woollam) at an angle of incidence �  = 

70° and a wavelength range of 380�900 nm. 

 The morphology and composition the final samples were analyzed in three ways.  

Fiber size and mat structure pre- and post-carbonization was imaged by scanning electron 

microscopy at 5 kV using a secondary electron detector (JEOL 6400).  A relative comparison 

of the atomic composition of the fibers, not calibrated against a standard, was conducted via 

energy dispersive X-ray spectroscopy (EDX) at an accelerating voltage of 10 kV (Hitachi 

S3200).  Absolute aluminum content was determined using inductively coupled plasma mass 

spectrometry (ICP-MS) with samples digested by ashing.  Approximately 0.03 g of sample 

dried overnight at 500 °C was weighed to an accuracy of ±10 � g.  Each sample was placed in 

approximately 2 mL of deionized H2O and 4 mL of 6 N HCL and heated for 45 minutes at 95 

°C.  Samples were finally filtered through a #41 Whatman paper filter prior to introduction to 

the ICP-MS. 

 For electrochemical testing, 1.3-cm circular disks were die-cut from each swatch to 

be used as anodes.  The samples were dried overnight in a vacuum oven at 80 °C prior to 
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introduction to a high-purity argon filled glove box (Labconco Protector) for coin-cell 

assembly.  Each anode had a mass of approximately 3 mg fiber.  A similarly sized copper 

disc was used at the current collector with contact maintained by the mechanical force of a 

disc spring.  The counter electrode was lithium metal (Sigma Aldrich) and the separator was 

polypropylene (Celgard).  The electrolyte was 1M LiPF6 in a 1:1 (w:w) solvent mixture of 

ethylene carbonate (EC) and ethylmethylcarbonate (EMC).  All electrochemical data was 

collected in galvanostatic mode with an Arbin Instruments (BT-2000) battery tester.  Cells 

were cycled at currents of 25, 50, 100, and 200 mA/g.  The cut-off voltages used were 25 mV 

on charge and 2.5 V on discharge. 

4.3 Results and Discussion 

4.3.1 Fiber Morphology and Composition – The two scanning electron micrographs shown 

in Figure 4.1 are typical representations of the fibers used in this work.  Prior to 

carbonization the fibers’ diameters ranged between 350 and 550-nm.  After carbonization the 

fibers’ diameters had decreased to between 300 and 450-nm.  The carbonization process does 

not create noticeable damage to the non-woven structure or to most individual fibers (Figure 

4.1b). 
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Figure 4.1 – Scanning electron micrographs of nanofibers used for atomic layer 
deposition as electrospun, (b) and after pyrolysis at 700 °C. 

 
 

 A comparison of the relative atomic composition as measured by EDX of the samples 

is provided in Table 4.1.  It is important to note that a calibration standard was not used so 

the results should be viewed as a relative comparison.  As expected the samples subjected to 

twenty ALD cycles have approximately twice the relative aluminum content when compared 

to the ten ALD samples.  Table 4.1 also contains the results for the absolute aluminum 

weight fraction as measured by ICP-MS of samples processed at 90 °C.  As expected the 

sample processed for 20 ALD cycles contains approximately twice the aluminum as one 

processed for 10 cycles.  The ellipsometry results from the silicon reference chips are 

additional data provided in Table 4.1.  Of note is the effect of the soak step on the material 

deposition at 45 °C.  There is a significantly higher growth rate of alumina on the silicon 

reference chips observed at this lowest processing temperature which is attributed to 

incomplete desorption of adsorbed precursor after the chemical surface reaction has 
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completed.  With the soak step not used in the low temperature process, the amount of 

alumina deposited at 45 °C became consistent with the other trials. 

 
Table 4.1 – Relative elemental composition by EDX of samples to nearest 0.5%, 
absolute aluminum mass content as measured by ICP-MS, and thickness of alumina 
film on silicon measured by ellipsometry. 
 

Sample Element Atomic % Aluminum 
Wt%  

Thickness 
(Å) 

0 ALD 
Carbon 98.0   

Aluminum 0.0 N/A N/A 
Oxygen 2.0   

90 °C 10 ALD 
Carbon 95.0   

Aluminum 3.0 1.4 24 
Oxygen 2.0   

90 °C 20 ALD 
Carbon 90.0   

Aluminum 7.5 2.9 44 
Oxygen 2.5   

 Carbon 90.5   
45 °C 10 ALD Aluminum 5.0 7.1 42 

 Oxygen 4.5   
 Carbon 86.0   

45 °C 20 ALD Aluminum 8.0 5.5 72 
 Oxygen 6.0   
 Carbon 96.0   

45 °C 6 ALD Aluminum 2.0 1.3 18 
(no soak) Oxygen 2.0   

 Carbon 94.0   
45 °C 10 ALD Aluminum 3.0 0.9 14 

(no soak) Oxygen 3.0   
 Carbon 94   

150 °C 10 ALD Aluminum 4.0 1.6 18 
 Oxygen 2.0   

 

Assessing the uniformity of the deposition throughout the non-woven mat was 

accomplished by manually separating a portion of the sample processed for 10 ALD cycles at 

90 °C into four layers (Figure 4.2).  Then the relative atomic breakdown of each section was 



 

96 
 

analyzed by EDX and is reported in Table 4.2.  The aluminum content is consistent for the 

top three most layers, but very low for the lowest one.  It is likely that this layer was thin 

enough that additional carbon signal was detected from the carbon tape used to affix the 

samples upon the SEM sample holder. 

 
Figure 4.2 – Illustration of the layer-by-layer sectioning of the nanofiber mat used to 
assess the uniformity of the deposition alumina throughout the non-woven mat. 
 
 
 
Table 4.2 – Relative layer-by-layer elemental composition measured by EDX of 
pyrolyzed fibers coated for 10 alumina ALD cycles at  90 °C from top (1) to bottom (4) 
as seen in Figure 4.2. 
 

Layer Element Atomic % 

1 
Carbon 95 
Oxygen 2.5 

Aluminum 2.5 

2 
Carbon 94 
Oxygen 2.5 

Aluminum 3.5 

3 
Carbon 93.5 
Oxygen 3 

Aluminum 3.5 

4 
Carbon 95.5 
Oxygen 3.5 

Aluminum 1 
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4.3.2 Electrochemical Performance – The goal of this work was to reduce the irreversible 

losses of lithium to SEI formation.  Results of the first-cycle irreversible capacity of the cells 

processed at 90 °C are provided in Figure 4.3.  The data shows an average reduction of 

irreversible losses of 24% when comparing cells using mats treated with 10 ALD cycles to 

the uncoated control materials.  For cells assembled from the sample processed for 20 ALD 

cycles the improvement in irreversible losses is an even better 42% relative to the control 

material. 
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Figure 4.3 – First-cycle irreversible capacity loss of cells using carbon fibers coated with 
alumina at 90 °C compared to uncoated reference samples. 
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The deposition of aluminum oxide via ALD proceeds over a wide range of 

temperatures and additional samples were processed at lower (45 °C) and higher (150 °C) 

temperatures to investigate the impact of ALD processing temperature on the electrochemical 

performance.  The irreversible capacity losses for these materials are shown in Figure 4.4.  

The cells made from materials processed for ten cycles at a lower temperature with a 60 

second soak show a more modest improvement (10%) than the samples processed at 90 °C.  

Oddly, for 20 cycles of deposition at this low temperature no improvement in the irreversible 

losses is observed.  With the soak step removed the first-cycle irreversible losses were 

reduced by 17%, but fewer alumina cycles resulted in no average benefit to irreversible 

capacity loss.  Lastly anodes processed for ten cycles at 150 °C also show a 17% 

improvement in the irreversible losses.  This data suggests that any coating which sufficiently 

covers the surface will show some reduction in irreversible losses, but going beyond that 

point is not necessarily better. 
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Figure 4.4 – First-cycle irreversible capacity loss of cells using carbon fibers coated with 
alumina by ALD at 45 °C, both with and without the 60 second soak, and at 150 °C, 
compared to untreated reference samples. 
 
 
 A comparison of typical charge and discharge curves for electrodes made of carbon 

fibers processed at 90 °C is provided in Figure 4.5 and contains features common to hard-

carbon materials.  Formation of the SEI during the first charge of the untreated controls 

begins around 0.8 V (Figure 4.5a) and closer to 0.7 V for the cell from 10 ALD (Figure 

4.5b) and the voltage plateau is less distinct.  In subsequent cycles the reversible capacity of 

both cells decreases before stabilizing between cycle 15 and 20.  The results from 20 ALD 

(Figure 4.5c) are quite different.  No clear plateau representing SEI formation is seen, 

though the slope of the voltage decrease during the first charge is flatter when compared to 
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the second charge.  Additionally, the reversible capacity of the material is significantly lower 

than that of the reference or cells made of fibers coated for 10 cycles.  The capacity then 

increases with subsequent cycles before stabilizing around cycle number 5. 

 

 
 
Figure 4.5 – Typical results for cell voltage as a function of capacity at 25 mA/g C/D 
current for (a) 0 ALD cycles, (b) 10 ALD cycles, (c) 20 ALD cycles. 
 
 
 The data presented in Figure 4.6 better illustrates the reversible capacity of the 

materials under study.  At low charge and discharge currents, cells coated for 10 cycles have 

stable reversible specific capacities of just under 400 mAh/g, very similar to the uncoated 

materials, and greater than the theoretical maximum of graphite.  At higher currents the 

coating on the cell begins to affect the reversible capacity, leaving only 35% capacity 
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retention at a charge and discharge rate of 200 mA/g compared to 43% retention for the 

uncoated reference material.  Upon returning to the lowest charge and discharge rates the 

materials recover to the same specific capacities observed at cycle number 20. 
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Figure 4.6 – Typical charge and discharge capacities for electrodes coated by ALD at 90 
°C over 60 cell cycles with symmetric charge and discharge currents as indicated on the 
figure. 
 
 

While the amount of alumina present on electrodes processed for 20 ALD cycles 

significantly reduces the irreversible capacity losses, the cell performance in Figure 4.6 

shows that this quantity of alumina has a significant detrimental impact on the reversible 

capacity of the electrode.  The cell exhibits only 66% of the reversible capacity of the 

uncoated materials.  Additionally, at all currents the thicker 20 ALD cycle coating results in 

cells possessing worse capacity retention than both the uncoated reference and 10 ALD cycle 

material, with only 21% of the cell capacity available at 200 mA/g. 

When considering the deposition of alumina at 45 °C, a similar picture emerges.  The 

additional insulating material deposited when the soak was used at low temperatures has a 

clear negative impact (Figure 4.7) on the both the initial capacity and capacity retention of 



 

102 
 

these electrodes.  Only 17% of the reversible capacity remains at a current of 200 mA/g for 

the sample made from fibers coated for 10 cycles, and virtually none remains for the cells 

made from the thicker 20 cycle sample.  When the soak step was not used the capacity 

retention for electrodes made from fibers processed for 10 ALD cycles improves to 44% at 

200 mA/g (Figure 4.8).  A coating of only 6 ALD cycles delivers no significant change in 

performance here, just as it showed no impact on irreversible losses.  The reduced capacity 

retention, regardless of alumina thickness, might be improved if these materials were 

fabricated in a manner that did not place an insulating layer between the active material and 

the current collector.  The arrangement of a coating upon an already fabricated electrode 

rather than upon the constituent particles has been superior when applied to more 

conventional anodes and cathodes 31. 
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Figure 4.7 – Typical charge and discharge capacities for electrodes coated by ALD- at 
45 °C with a soak step during the ALD process.  The charge and discharge currents 
indicated on the figure were symmetric.  The 0 ALD reference cell was deliberately 
stopped after cycle 24 to free up test equipment for other experiments. 
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Figure 4.8 – Typical charge and discharge capacities for electrodes coated by ALD at 45 
°C without a soak step during the ALD process.  The charge and discharge currents 
indicated on the figure were symmetric. 
 
 

Samples prepared at the highest ALD processing temperature showed superior 

capacity retention than all other processing conditions.  A typical cell, as seen in Figure 4.9, 

shows capacity retention of 61% at the highest current, and this performance is virtually 

identical to a typical reference cell.  It should be noted that the reference cell used here also 

shows superior capacity retention to all previous reference materials.  While all samples in 

this study were electrospun and carbonized in a similar manner, day-to-day process variation 

is clearly evident in the electrochemical data.  For that reason each experimental treatment 

required its own untreated carbon nanofibers reference sample, each labeled as 0 ALD in the 

preceding graphs. 
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Figure 4.9 – Typical charge and discharge capacities for electrodes coated by ALD at 
150 °C.  The charge and discharge currents indicated on the figure were symmetric. 
 
 

The coulombic efficiency at higher currents is affected by the alumina in an 

unexpected manner as seen in Figure 4.10.  At low currents the data indicates a thin layer of 

alumina can improve the efficiency of the cell, with the 10 ALD cell reaching and 

maintaining better coulombic efficiency than the untreated cell.  Upon the first increase of 

the current, the coulombic efficiency of all cells lowers, with more alumina corresponding to 

a greater efficiency reduction.  But curiously, as the current increases, the gap in coulombic 

efficiency between cells with and without alumina shrinks.   None of the data available 

suggests a mechanism for this result, which was seen for every cell assembled.  For example, 

a comparison of the charge or discharge curves before and after a current change reveal no 

clearly identifiable voltage plateaus corresponding to a new reaction occurring. 
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Figure 4.10 – Typical coulombic efficiency over 60 cycles for 90 °C ALD-treated 
electrodes with symmetric charge and discharge currents indicated on the figure. 
 
 

Some electrodes were subjected to higher discharge current relative to charge current 

to demonstrate how utilizing the full charge capacity could improve the reversible capacity 

retention at higher currents.  The resulting data is presented in Figure 4.11 with the discharge 

current for each section indicated.  As expected all cells show improved capacity retention at 

all discharge currents.  The reversible capacity for the cell containing fibers coated for 10 

ALD cycles has improved to 60% from 35% at a specific discharge current of 200 mA/g, and 

to 84% from 55% at100 mA/g. 
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Figure 4.11 – Typical charge and discharge capacities for ALD-treated electrodes 
processed at 90 °C over 60 cycles with asymmetric current.  The charge was conducted 
at 25 mA/g with discharge current indicated on the figure. 
 
 
4.4 Conclusion 

Thin coatings of alumina were deposited on carbonized nanofibers employed as 

anodes for potential use in Li-ion batteries.  The use of atomic layer deposition to create 

those alumina films has effected a uniform deposition throughout the entirety of the non-

woven structure.  The ALD alumina coatings noticeably reduced the first-cycle irreversible 

capacity of these high-surface area carbon materials.  There was an improvement of up to 

24% in first-cycle irreversible losses for electrodes undergoing ten deposition cycles at 90 °C 

when compared to untreated material.  These cells also reached coulombic efficiencies 

exceeding 99% in less cycles the cells based on bare nanofibers.  Further, at low currents 

alumina coating created by 10 ALD cycles did not dramatically affect the reversible capacity.  

As the current during charge and discharge increased the alumina resulted in lower capacity 

retention, but under slow-charge with fast-discharge conditions the capacity retention 

improved.  A thicker coating of alumina showed greater irreversible capacity improvement 
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but demonstrated poor overall reversible performance at all currents.  These findings indicate 

that it may be possible to improve the value of these high-surface area fiber materials via 

ALD.  
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Chapter 5 

Molecular Layer Deposition of Alucone onto Lithium-ion Carbon Nanofiber 
Electrodes 
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5.1 Introduction 

 Lithium-ion (Li-ion) battery technology has found widespread adoption in the 21st 

century365.  These secondary batteries are now used in applications ranging from mobile 

phones and computers, to power tools, and recently, electric and hybrid-electric vehicles367.  

The large energy and power densities of Li-ion cells, double that of previous generation Ni 

based cells, are the primary reason for the dominant position of this technology1.  Additional 

benefits often cited include low rates of self-discharge, high operating voltages, and the lack 

of a memory effect.  Despite their prevalence, the cost of Li-ion cells remains high for 

widespread use in transportation applications.  Additionally the cells will need to deliver 

even higher energy densities to meet future demand across the listed applications365. 

 Most commercial Li-ion cells are based on the movement of the Li between a metal 

oxide cathode and a graphitic anode within a mixed organic electrolyte48, 376.  There are many 

potential anode materials known to reversibly store more Li than the theoretical limit of 

graphitic carbon67, 99, 377.  Many of these materials suffer from a critical defect, such as low 

electronic conductivity142 or poor mechanical durability79 that prevents their adoption as the 

next anode of choice.  A large body of research has been focused on producing composite 

materials which when considered as a whole will have the right performance and cost to 

serve as next generation anodes106.  The use of composite nanoscale materials, such as 

pyrolyzed electrospun nanofibers24, 219, has garnered significant research to create improved 

battery performance at high loads.  At this time commercialization of these one-dimensional 

composites remains impossible, partly due to irreversible losses of Li during the formation of 

the solid electrolyte interphase (SEI) layer during the first charge of the battery24. 
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 The formation of the SEI is a well-known and necessary process in stable Li-ion cells.  

The process is dependent on both surface chemistry165, 168 and surface area166.  For example, 

graphitic electrodes suffer less Li consumption than non-graphitic electrodes during SEI 

formation25.  The hard carbon, high surface-area nanofibers yield particularly large 

irreversible losses.  The SEI layer is composed of the decomposition products of the 

reduction of the electrolyte salts and organic solvents by lithium at the electrode surface at 

potentials near 0.8 V vs. Li/Li+163.  These lithium atoms have been irreversibly lost to future 

electrochemical processes, and accounting for their loss is an important part of producing 

commercial cells.  Investigations of the SEI composition have found a complex mix of 

organic-inorganic materials160.  Once the SEI has fully passivated the surface, Li ions will 

continue to diffuse through it, undergo charge transfer at the anode surface, and intercalate 

into the bulk of the electrode material.   

Many approaches have been taken to limit the irreversible loses of Li during SEI 

formation.  Organic molecules used as additives in the electrolyte have been used to 

polymerize on the electrode surface and form a precursor to the SEI layer179, 181.  Some 

inorganic additives have suppressed the consumption of Li during SEI formation182, 183.  

Other work has deposited soft graphitic pyrocarbon on hard carbon electrodes to change the 

chemistry of the electrode surface and make one which suffers less Li consumption during 

SEI formation27, 172, 173. 

 One significant advantage of the non-woven structure which results from 

electrospinning is a large, easily accessible surface.  This has led to surface modification by 

established vapor phase deposition reactions28, 234.  When highly conformal, well-controlled, 
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thin, uniform coatings are desired, either atomic layer deposition341, 348 (ALD) or molecular 

layer deposition (MLD) are employed351.  These processes commonly rely on a binary self-

limiting reaction sequence (A-B), which by repetition builds up a coating layer-by-layer.  In 

some cases trinary sequences are employed352.  The key is that each partial-step be a self-

limiting reaction, so that the quantity of material deposited depends solely on the number of 

process cycles. 

The primary difference between ALD and MLD is the size of the precursor molecules 

used, and thus the size of the products left on the surface.  Atomic layer deposition is used 

throughout the microelectronics industry to create thin layers of metals344 and 

dielectrics346,378.  Molecular layer deposition has been used to grow a wide range of polymer 

materials35-37,355 and, more recently, metal-organic hybrid materials containing aluminum33 

and zinc34; commonly referred to as “metal-cones” (e.g. alucone).  These hybrid materials are 

created through similar chemistries as ALD.  The deposition of alumina proceeds from 

trimethylaluminum (TMA) and water, versus the deposition of alucone from TMA and 

ethylene glycol or glycidol358.  The resulting alucone material is less dense than ALD 

alumina, and possesses material properties such as hardness, elastic modulus, and thermal 

expansion more akin to polymers than to ceramics359. 

Both atomic layer deposition and molecular layer deposition have been used to grow 

coatings on fibers and change the surface properties of those materials348,349,375.  Several 

publications have applied atomic layer deposition to Li-ion electrodes made of traditional 

micron-sized active materials30-32.  Thin coatings of aluminum oxide were shown to reduce 

capacity fade for LiCoO2 cathodes.  Aluminum oxide coatings have also reduced the capacity 
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fade in both graphite and MoO3 anodes.  To date there are no published reports of MLD 

alucone or zincone applied to Li-ion cells.  These hybrid metal-organic compounds may 

serve as an artificial SEI layer when applied to non-woven carbonized nanofibers.  This work 

hypothesizes the deposition of the lower density hybrid alucone film will be a better 

approximation of the natural SEI layer than alumina formed by ALD.  The alucone will 

present less of a diffusion barrier to Li atoms and while still reducing the Li losses during 

SEI formation. 

5.2 Materials and Methods 

 The polymer nanofibers used as the electrode precursor were made from 

polyacrylonitrile (PAN) (Sigma Aldrich MW 150,000).  The PAN was weighed and 

dissolved in anhydrous dimethylformamide (Sigma Aldrich) to make a solution of 11 wt% 

polymer.  The mixture was heated to 40 °C and stirred for 24 hours to dissolve the polymer.  

The final solution was then sealed and stored at room temperature. 

 For electrospinning the PAN solution was pumped through a 22-gauge stainless-steel 

needle by a syringe pump at 1 mL/h.  The collector was a flat metallic circular disk of 30-cm 

diameter covered in aluminum foil.  The distance from the tip of the needle to the collector 

plate was 15 cm.  The electric field was varied between 0.75 and 1 kV/cm, as needed, to 

maintain a stable Taylor cone.  Electrospinning for approximately 3 hours produced a non-

woven mat of about 15-cm diameter and a total mass of around 0.3 g.  Swatches were 

cut from the central portion of the mat and measured approximately 3-cm wide by 12-cm 

long.  These samples were removed from the aluminum foil prior to thermal treatment. 
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The two-step carbonization process of PAN227 was performed in a single zone 

Lindberg Blue tube furnace (model 55322-3) within a 45-mm inner diameter quartz tube.  

Swatches were loaded upon flat quartz shelves and the processing gasses flowed over the 

samples down the length of the tube.  The stabilization step was conducted under a flow of 

dry air (National Welders) at 250 °C with a 5 °C/min ramp rate from room temperature and a 

soak of 2 hours at 250 °C followed by uncontrolled cooling to ambient conditions.  The 

pyrolysis step was performed under a flow of high-purity nitrogen (National Welders) at 700 

°C with a 5 °C/min ramp rate from room temperature and a soak of 2 hours at 700 °C 

followed by uncontrolled cooling to ambient conditions.  The carbonization was conducted in  

 All alucone MLD was conducted in a hot wall reactor described elsewhere375 with 

samples arranged so the processing gases flowed over the samples and down the length of the 

tube.  The aluminum precursor was trimethylaluminum (TMA, Al(CH3)3, Strem) and the 

oxidant was ethylene glycol (C2H6O2, Sigma-Aldrich).  The ethylene glycol source is heated 

to 80 °C to increase the vapor pressure of the precursor.  The MLD process is a repetition of 

binary self-limiting A/B reaction cycles.  The TMA adsorbs and reacts with surface hydroxyl 

groups (reaction A) to create aluminum-methyl species bound to the oxygen, with methane as 

a byproduct that is carried away.  After the reactor is purged of residual TMA and methane 

byproducts, the ethylene glycol oxidant is introduced.  The ethylene glycol then reacts with 

the Al-methyl groups producing a monolayer of Al2(C2H4O2)3 (reaction B) terminated by 

hydroxyl groups.  Again the byproduct of the reaction is methane, and it and residual water 

are purged from the reactor to complete one cycle.  High-purity nitrogen served as both the 

purge gas and the carrier for the MLD precursors.  The samples were processed between 6 



 

114 
 

and 40 full A/B cycles at a processing temperature of 100 °C, with untreated samples serving 

as reference.  Each purge cycle was 120 seconds.  The TMA precursors was pulsed for 5 

seconds while the ethylene glycol pulses lasted 10 seconds.  All processing was conducted at 

a base pressure of 0.8 Torr, with maximum observed pressure of 1 Torr during the TMA 

doses. 

The mass of the non-woven mat was measured before and after deposition on a 5 

digit analytical balance to track the mass gained during the deposition process.  For reference 

a small piece of silicon  (1 cm by 1 cm) was also placed in the reactor and the thickness of 

alucone deposited upon it was measured using an Alpha-SE spectroscopic ellipsometer (J.A. 

Woollam) at an angle of incidence �  = 70° and a wavelength range of 380�900 nm.  The 

morphology of the fibers with and without coating was imaged by scanning electron 

microscopy at 5 kV using a secondary electron detector (JEOL 6400). 

 For electrochemical testing, 1.3-cm circular disks were die-cut from each fiber swatch 

to be used as anodes.  The samples were introduced to a high-purity argon filled glove box 

(Labconco Protector) for coin-cell assembly.  Each anode had a mass of approximately 4 mg 

fiber and coating.  A similarly sized copper disc was used at the current collector with 

contact maintained by the mechanical force of a disc spring.  The counter electrode was 

lithium metal (Sigma Aldrich) and the separator was polypropylene (Celgard).  The 

electrolyte was 1M LiPF6 in a 1:1 (w:w) solvent mixture of ethylene carbonate (EC) and 

ethylmethylcarbonate (EMC).  All electrochemical data were collected in galvanostatic mode 

with an Arbin Instruments (BT-2000) battery tester.  Cells were cycled at symmetric currents 
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of either 25 or 200 mA/g.  The cut-off voltages used were 25 mV on charge and 2 V on 

discharge. 

5.3 Results and Discussion 

5.3.1 Fiber Morphology – For each deposition there was a measureable increase in the 

mass of the sample (Table 5.1).  There is an approximately linear relationship between 

coating thickness and the number of cycles for between 20 and 40 cycles (Figure 5.1).  The 

samples given only 10 and 6 cycles had much lower growth, suggesting incomplete 

nucleation of the film, and a coating that may not be uniformly conformal. 
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Figure 5.1 – Percentage of mass gain of the pyrolyzed fiber mat as a function of the 
number of MLD cycles.  The trend line is fit to the data for 20 or more cycles. 
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Using an estimate for the surface area of 150 m2/g based on a BET measurement performed 

at a previous time and an alucone density set at the average of PEO and alumina (2.5 g/cm3), 

the deposited thickness on the fibers has been estimated and included in Table 5.1. 

 
Table 5.1 – Mass gain during MLD on pyrolyzed PAN nanofibers, estimated thickness 
of the film, and the film thickness on Si when available. 
 

Number of 
MLD Cycles 

Mass before 
deposition 

(mg) 

Mass after 
deposition 

(mg) 
Percent 

Mass Gain 

Estimated 
thickness 

(nm) 

Ellipsometry 
Thickness 
on Si (nm) 

40 41.94 49.98 19.2% 51 N/A 
30 48.57 55.23 13.7% 37 N/A 
20 60.85 66.40 9.1% 24 N/A 
10 77.06 78.15 1.4% 4 3.9 
6 73.65 74.25 0.8% 2 2.5 

 
 

The untreated fibers used for this work measured between 390 and 600 nm after pyrolysis 

with an average of around 430 nm (Figure 5.2), and some visible defects were present in the 

fibers (Figure 5.2b).  These areas are not bead defects caused when a region of the 

electrospun fiber has higher surface tension, but may represent a region where the solubility 

of the polymer was impacted by a contaminant. 
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Figure 5.2 – Scanning electron micrograph of untreated fibers, pyrolyzed at 700 °C, 
used as reference material for comparison to fibers coated with alucone by molecular 
layer deposition at a) 2,000 x and b) 10,000x. 
 
 
The fibers coated with 40 MLD cycles are larger in diameter by about 50 nm as measured 

over several micrographs and have some visible surface texture not present in the untreated 

or thinner MLD coatings (Figure 5.3).  The 50 nm diameter increase is less than the 

estimated thickness of the film, but still a significant addition of material.  It is not possible to 

distinguish changes in fiber diameter for less deposition cycles and those fibers are not 

shown.  The surface of fibers coated for 20 MLD cycles does contain some additional surface 

texture, but it is less prevalent than for the thicker coatings. 
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Figure 5.3 – Scanning electron micrograph of fibers coated for 40-cycles with alucone 
by molecular layer deposition at a) 2,000 x and b) 10,000x. 
 
 
5.3.2 Electrochemical Performance of MLD Coated Nanofiber Electrodes – The initial 

cells were fabricated from samples coated with alucone for 40 or 20 MLD cycles.  With one 

exception these cells stored significantly less Li than the uncoated reference materials at low 

rates (25 mA/g) of charge and discharge (Figure 5.4).  This lower capacity at low currents is 

similar to results for 20 cycles of alumina deposited by ALD in Chapter 5 (Figures 4.6 and 

4.7), where there was a significant barrier to either electron transport or Li diffusion that 

resulted in the electrodes not reaching the maximum Li storage.  At high currents the 

electrodes coated with 40 cycles of alucone were incapable of charging or discharging any 

significant quantity Li prior to reaching the cutoff voltages, an even more dramatic drop off 

than observed for 20 cycles of alumina.  The 20-cycle alucone materials have more 

variability at all currents, with one cell outperforming the reference material, while the others 

were worse than the reference and better than the 40-cycle cells.  It should be noted that the 

storage of Li in the reference cells is markedly lower than reference samples used in 
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Chapters 3 and 4, but the experimental cells from MLD-treated fibers are performing yet 

more poorly.  This reduced capacity is likely due to the combination of a smaller voltage 

window and the larger diameter fibers not reaching full lithiation before reaching the cutoff 

voltage. 
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Figure 5.4 – Reversible discharge capacity of materials coated with 40 and 20 alucone 
MLD cycles, and untreated reference materials, at the indicated symmetric charge and 
discharge currents. 
 
 
Both coating thicknesses provided a reduction in first-cycle irreversible capacity losses 

(Figure 5.5).  The improvement relative to the reference materials was 23% for 40 cycles 

and 20% for 20 cycles of alucone.  These quantities of alucone on the samples produce a 

similar reduction in irreversible capacity as 10 cycles of alumina via ALD (Chapter 4 

Figures 4.3 and 4.4), but the capacity retention is noticeably worse. 
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Figure 5.5 – Average reduction in irreversible capacity of 23% for 40 cycles of alucone 
and 20% for 20 cycles of alucone on electrodes made of pyrolyzed PAN fibers. 
 
 
 To reduce the impact of the coating on reversible capacity, thinner films were 

deposited, using 10 or 6 MLD cycles.  At the low 25mA/g charge and discharge current cells 

made from these fibers with thinner coatings (Figure 5.6) reversibly store almost as much Li 

as the population of uncoated reference materials.  All the cells suffer a large reduction in 

reversible capacity when the current increases to the higher 200 mA/g charge and discharge.  

The capacity loss of the cells made of MLD-treated fibers is more variable than the uncoated 

reference material, but the performance of some cells from the coated material is comparable 

to the uncoated reference samples. 
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Figure 5.6 – Reversible discharge capacity of materials coated with 10 and 6 alucone 
cycles, and untreated reference materials, at the indicated symmetric charge and 
discharge currents. 
 
 
 The cells made from fibers with less alucone deposited realize smaller irreversible 

capacity improvements than the cells coated with more alucone (Figure 5.7).  There is a 12% 

average reduction of the irreversible Li losses with 6 cycles and only a 9% average reduction 

for 10 cycles.  This reversal is a possible indication that the low number of coatings has not 

completely covered the active surface.  There is a significant spread between samples  
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Figure 5.7 –Average reduction in irreversible capacity  of 9.4% for 10 cycles of alucone 
and 12.5% for 6 cycles of alucone on electrodes made of pyrolyzed PAN fibers. 
 
 
Table 5.2 - Summary of average irreversible capacity improvements produced by MLD 
of alucone onto pyrolyzed PAN electrodes. 
 

Number of 
MLD 
Cycles 

Average Reduction in 
First-cycle Irreversible 

Capacity 
40 22.7% 
20 19.9% 
10 9.4% 
6 12.5% 

 
 
5.4 Conclusion 

 Molecular layer deposition successfully deposited between 6 and 40 layers of alucone 

onto pyrolyzed PAN fiber from TMA and glycerol.  The films grown for between 20 and 40 
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cycles show an approximately linear mass gain.  A separate deposition experiment for 6 or 10 

cycles had a lower rate of mass gain on the pyrolyzed fiber substrates, suggesting incomplete 

coverage of the fibers.  Silicon reference samples which were present during the 6 and 10 

cycle depositions were consistent with the growth of approximately 4 Å per cycle. 

The alucone materials successfully served as a partial artificial SEI layer.  All coating 

thicknesses resulted in an average decrease in the first-cycle irreversible capacity losses of 

the electrodes.  The thicker deposits resulted in larger improvements with the maximum 

benefit being a reduction of 23% for 40 deposition cycles.  A greater reduction was found for 

6 deposition cycles than for 10, consistent with the assumption of coating non-uniformity 

below a certain threshold of deposition cycles. 

The reversible discharge capacity of the materials trended opposite to the irreversible 

capacity improvements, with better performance observed for fewer layers of alucone.  Cells 

with 40 layers of alucone had about half the capacity of untreated reference materials at low 

current rates, and capacity retention of less than 5% at high current rates.  The materials 

processed for 6 or 10 alucone cycles had reversible capacities only slightly reduced from the 

untreated reference materials at low charge/discharge rates.  These alucone coatings show 

similar performance to alumina coatings by ALD and represent a potential means of 

improving the value of large surface area anode materials. 
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Chapter 6 

Pyrolyzed Polyimide/Tin Composite Nanofibers as Anodes in Li-ion Batteries 
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6.1 Introduction 

Lithium-ion batteries are the power supply of choice for mobile computing and 

communications because of high operating voltages, low rates of capacity fade, and large 

energy densities1.  Most commercialized Li-ion cells are comprised of a graphitic anode and 

a lithiated metal oxide cathode, and have been since the initial commercialization by Sony50, 

365.  The commercially available cells have electrodes which contain a significant fraction of 

inactive materials, added to improve electronic conductivity and to bind the mixture of 

micron-scale particles together on the current collector48, 56.  Continual developments in 

mobile communications and computing technology, the needs of modern consumers, and the 

electrification of personal transportation2, 3 are driving the need for safer batteries with larger 

energy densities and higher power ratings.  Meeting these needs will require electrodes with 

a greater lithium loading capacity and a reduction in the inactive materials. 

There are many potential anode materials capable of storing more energy than 

commercialized graphite: pyrolyzed carbons70, 172, alloying materials like tin or silicon78, 80, 

and conversion materials including iron and cobalt oxides91, 379.  Many of these materials 

suffer from poor mechanical durability in the cycling process79, 102, leading to incomplete 

utilization of the active material, and a degradation of cell performance.  Thus 

implementation of these alternative anode materials requires engineering solutions to create 

novel structures or composites16, 24, 125, 380.  Efforts have been focused on creating nanoscale 

materials with the intention of: increasing the reactive surface for electron transfer381, 

limiting the scope of mechanical deformation109, decreasing the diffusion paths for Li-ions121, 

and engineering composite structures from simple building blocks to assemble easy to 
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implement materials114.  An alternative to nano-particulate based composite electrodes are 

composites made of continuous one-dimensional structures22, 24, 115, 382. 

A facile method to create one-dimensional non-woven nanofiber webs is 

electrospinning196.  The process requires a stable flow of polymer solution through a needle, 

a high-voltage power supply, and a grounded collector to capture the resulting fibers.  When 

the fibers are made of polymers able to be pyrolyzed, it is possible to thermally treat them 

into carbon anodes that require no binding materials or conductive additives38, 371. 

Additionally, it is possible to produce nanoscale composites via electrospinning.  

Techniques exist to create nanoparticles embedded in the fibers via ex situ23, 213 and in situ24, 

271 methods23, 213RW.ERROR23, 213.  Electrospinning solutions of PAN dissolved in 

dimethylformamide is a straight forward process, and the pyrolysis of PAN is well 

documented.  A wide range of salts have been dissolved into the solution and resulted in 

nanoparticle condensation during the pyrolysis step24, 216, 383.  Some researchers have taken 

this path to create composite anodes of nanoparticles of lithium storing metals or metal 

oxides embedded in a continuous one-dimensional nanofiber web.  For example, tin oxide 

nanoparticles have been incorporated into electrospun polyacrylonitrile (PAN), successfully 

reduced during pyrolysis, and delivered in reversible capacities over 600 mAh/g24. 

One barrier to the implementation of these composites as commercial electrodes is the 

irreversible losses of Li to solid electrolyte interphase formation at the electrode surface 

during the first charge162, 163, 174.  The large surface area of the electrospun fibers increases 

these losses.  It is well known that non-graphitic carbons have larger losses than conventional 
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graphite-based electrode368.  The magnitude of these losses typically decreases with 

increasing pyrolysis temperature, as the material becomes more ordered27. 

Polyacrylonitrile has served as the precursor matrix to make composite-fiber based 

anodes, but other materials can be used as precursors for a carbonized nanofiber web38, 270.  

Polyimides are an important family of macromolecules because of their mechanical 

durability, dielectric properties, and chemical resistance40, 238, 244.  They are most commonly 

formed from the reaction of an aromatic diamine with an aromatic dianhydride in an organic 

solvent to produce a solution of poly(amic acid) (Figure 6.1).  The poly(amic acid) precursor 

is processable and subjected to thermal or chemical dehydration yielding the final 

polyimide384, which is a thermoset resin.   

 

Figure 6.1 – The reactions to form poly(amic acid) and subsequent thermal imidization 
by dehydration between a) pyromellitic dianhydride and 4,4’-oxydianiline and b) 
pyromellitic dianhydride and p-phenylene diamine. 
 
 
The polymerization procedure is known to impact the molecular weight (MW) distribution of 

the resulting polymers, with larger molecules resulting from heterogeneous polymerization 
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when the dianhydride is added as a solid to a solution already containing a fully dissolved 

diamine243, 244.  The reaction of the diamine and dianhydride is reversible prior to imidization, 

and studies of mixtures of different poly(amic acids) have shown a redistribution to a random 

copolymer247, 248, 253.  Additionally the reversibility of the reaction often leads to a 

redistribution of the MW as the resin ages. 

By carefully selecting the two monomers used in the reaction it is possible to tailor 

the final material properties to suit the intended application.  The resulting electronic 

conductivity of pyrolyzed polyimide film can be varied by monomer selection43-45.  Further, 

the production of polyimide-based, electrospun, carbonized nanofibers based on pyromellitic 

dianhydride and 4,4’-oxydianinline has been demonstrated by electrospinning the poly(amic 

acid) form followed by thermal imidization of the non-woven mat46, 385.  The in situ 

technique has been used to create composites of ultra-fine polyimide fibers of less than 100 

nm in diameter containing silver nanoparticles271. 

The ability to control the properties of the pyrolyzed material by monomer selection 

presents an opportunity to engineer improved composite electrodes.  It is hypothesized 

poly(amic acids) will produce more conductive fibers.  At high discharge rates this will 

improve the capacity retention of these composite nanofiber electrodes with high aspect 

ratios between fiber junctions.  Additionally, the more conductive fibers should be more 

graphitic and the first-cycle irreversible capacity losses should be lower than similar PAN-

based fibers. 
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6.2 Materials and Methods 

Pyromellitic dianhydride (PMDA, Evonik), phthalic anhydride (PA, Sigma-Aldrich), 

4,4’-Oxydianiline (ODA, Sigma-Aldrich) and p-phenylene diamine (PPD, Sigma-Aldrich) 

were used as provided.  Polyethylene oxide of weight average molecular weight (Mw) of 2 

Mg/mol was obtained from Dow (Sentry PolyOX).  All of the above were stored in a 

desiccator to minimize moisture adsorption.  The source of tin was either tin acetate (Sigma 

Aldrich), tin(II) acetylacetonate (Sigma Aldrich) or dimethyldineodecanoate tin (DMDND-

tin) (Gelest). 

The precursor poly(amic acid) (PAA) was polymerized in between 8 and 15 mL of 

anhydrous dimethylformamide (DMF) (Sigma Aldrich) to yield solutions between 10 and 30 

wt% polymer by one of three procedures.  All monomers were used in a 1:1 stoichiometric 

ratio to maximize molecular weight.  The sample vials were heated to approximately 40 °C 

with moderate stirring.  The first method was homogeneous solution polymerization where 

the monomers were each dissolved in separate vials of DMF and then mixed to yield the final 

solution.  The other two methods were heterogeneous polymerizations, in which one of the 

two monomers was completely dissolved followed by the addition of the other solid 

monomer into the solution.  If needed, the high molecular weight PEO was dissolved in the 

DMF overnight with moderate stirring prior to addition of monomer.  Unless otherwise noted 

the tin compound was also added prior to monomer.  Solutions were gently mixed during 

polymerization and usually reacted for 1 hour prior to further use. 

The molecular weight distribution for the poly(amic acid) solutions was determined 

using a Waters 2695 chromatography system.  Three Waters Styragel HR4 columns were 
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used to perform the separation arranged in the following order: WAT045900, WAT045810, 

and last WAT045885.  The columns were maintained at 30 °C.  The mobile phase used was a 

solution of 0.3 M LiBr and 0.3 M H3PO4 in HPLC grade DMF (all from Sigma-Aldrich) and 

the flow rate was 0.5 mL/min.  Samples were diluted to 1 mg/mL and 100 � L of sample was 

injected for each measurement.  Differential refractive index (RI) was measured on a Wyatt 

Optilab rEX at 633 nm.  Additional low-angle light scattering data at 690 nm was available 

from a Wyatt miniDawn.  The six calibration standards used were polyethylene oxide with 

Mw between 660 and 378,000 g/mol.  The calibration curve was constructed based upon the 

differential RI data and was based on a third-order polynomial of the logarithm of the 

arithmetic mean of the number average (Mn) and weight average (Mw) molecular weights 

plotted against the elution time at maximum differential refractive index response.  After 

baseline correction of the experimental results the equivalent PEO Mn and Mw of the 

polyimide samples were calculated from the following equations259: 
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where Mi is the calibrated equivalent PEO MW at a given elution time i and DRI,i is the 

baseline corrected differential RI response at the elution of Mi. 

All cone and plate shear viscosity data were collected on a TA Instruments AR2000 

rheometer operating in flow mode.  The analysis cone was 40 mm in diameter with 2° slope. 
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The sample was held at 25 °C.  The applied shear stress varied between 0.01 and 500 Pa as 

needed for a given sample, with typical experiments spanning a three decade range in applied 

stress.  A one minute pre-shear below the midpoint of the stress range was used and the 

samples were given three minutes to equilibrate. 

 For electrospinning the resulting PAA solution flowed through a 22-gauge stainless-

steel needle – unless otherwise noted – from a syringe pump at 1 mL/h.  The electrospinning 

setup was oriented horizontally.  The fibers were collected on aluminum foil spread over a 

flat metallic circular disk of 30-cm diameter.  The distance from the tip of the needle to the 

collector plate was 15 cm.  The electric field was varied between 0.5 and 1.67 kV/cm, as 

needed based on solution properties, to maintain a stable Taylor cone.  The length of time for 

the electrospinning varied, with the end goal being a non-woven mat of about 15-cm 

diameter and a total mass greater than 0.3 g.  Swatches were cut from the central portion of 

the mat and measured approximately 3-cm wide by 12-cm length. 

The poly(amic acid) was thermally converted to polyimide in a single zone Lindberg 

Blue tube furnace (model 55322-3) within a 45-mm diameter quartz tube.  Swatches were on 

loaded flat quartz shelves and the processing gasses flowed over them down the length of the 

tube.  Imidization occurred under a flow of dry air (National Welders) at 250 °C with a 5 

°C/min ramp rate from room temperature and a soak of 2 hours at 250 °C followed by 

uncontrolled cooling to ambient conditions.  After imidization the free-standing non-woven 

mat was peeled off the aluminum support. The pyrolysis step was done under a flow of high-

purity nitrogen (National Welders) at 700 or 900 °C with a 5 °C/min ramp rate from room 

temperature and a soak of 2 hours followed by uncontrolled cooling to ambient conditions. 
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 Fiber size and mat structure was imaged by scanning electron microscopy at 5 kV 

using a secondary electron detector (JEOL 6400).  The non-pyrolyzed fibers were sputter 

coated by a palladium and gold alloy to improve conductivity.  Absolute tin content was 

determined using inductively coupled plasma mass spectrometry (ICP-MS) with samples 

digested by microwave heating.  Approximately 0.03 g of sample was weighed to an 

accuracy of ±10 � g.  Each sample was placed in approximately 4 mL of aqua regia (3:1 

HCl:HNO3) and covered for 16 hours.  Samples were heated in a closed vessel to 175 °C for 

5 minutes.  After cooling the samples were filtered through a #41 Whatman paper filter prior 

to introduction to the ICP-MS. 

 Some were subjected to Raman spectroscopy to compare the disorder of the 

pyrolyzed carbon nanofibers.  The instrument was a Horiba-Jobin Yvon LabRAM HS VIS 

high-resolution confocal Raman microscope using a 632.8 nm laser as the excitation source.  

The laser was focused normal to the substrate through a 50X objective lens resulting in an 

approximately 1 � m spot size.  The instrument was calibrated using the 520.7 cm-1 line of a 

silicon wafer.  LabSpec software (Horiba Scientific, Ltd.) was used to process all spectra. 

 For electrochemical testing, 1.3-cm circular disks were cut from each swatch to be 

used as anodes.  The samples were dried overnight in a vacuum oven at 80 °C prior to 

introduction to a high-purity argon filled glove box (Labconco Protector) for coin-cell 

assembly.  Each anode had a mass of approximately 3 mg fiber.  A similarly sized copper 

disc was used at the current collector with contact maintained by the mechanical force of a 

disc spring.  The counter electrode was lithium metal (Sigma Aldrich) and the separator was 

polypropylene (Celgard).  The electrolyte was 1M LiPF6 in a 1:1 (w:w) solvent mixture of 
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ethylene carbonate (EC) and ethylmethylcarbonate (EMC).  All electrochemical data was 

collected in galvanostatic mode with an Arbin Instruments (BT-2000) battery tester.  Cells 

were cycled at currents of 25, 50, 100, 200, and 400 mA/g.  The cut-off voltages used were 

25 mV on charge and 2 V on discharge. 

6.3 Results and Discussion 
 
6.3.1 Impact of Polymerization Methods on Solution Properties and Electrospinning 

Initially polymer solutions of PMDA and ODA were prepared via homogeneous 

solution polymerization, whereby both monomers were heated and dissolved in separate vials 

of DMF.  The separate solutions were then combined and stirred to complete the 

polymerization forming the poly(amic acid), a polyelectrolyte with weakly acidic carboxylic 

groups.  Some of the initial solutions produced and the relevant electrospinning parameters 

and resulting morphologies are contained in Table 6.1 with images collected via scanning 

electron microscopy in Figure 6.2. 

 
Table 6.1 – Range of morphologies produced from PMDA-ODA solutions during 
electrospinning. 
 

Wt % 
poly(amic 

acid) 
Electrospinning 

voltage (kV) Resulting morphology Observed diameters 
22.0 20 kV Beads 100 nm to 2.5 � m 
24.0 20 kV Beads 200 nm to 4 � m 
26.0 20 kV small fibers and beads 100 and 1 to 2 � m 
28.0 25 kV Fibers 100 to 750 nm 
30.2 20 kV Fibers 1 to 3 � m 

 
 
The lower two concentration solutions were below the entanglement threshold required for 

electrospinning and resulted electrosprayed beads.  At 26 wt% some of the polymer chains 
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were just entangled and small fibers are formed between large beads.  By 28 wt% continuous 

fibers are formed and a further increase in the amount of polymer in solution widened the 

fiber diameter. 
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Figure 6.2 – Scanning electron micrograph illustrating the range of morphologies 
produced from PMDA-ODA solutions during electrospinning, a) 22, b) 24, c) 26, d)28, 
and e) 30.2 wt% total polymer in DMF. 
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 In contrast, homogeneous polymerization for PAA made from PMDA and PPD was 

unable to produce continuous fibers at any polymer concentration between 5 and 25 wt%, 

which is caused by insufficient entanglements.  The lack of entanglements is indicated by the 

very low shear viscosity for solutions as polymerized (Figure 6.3, white objects).  The shear 

viscosity of these solutions changed over the over the course of hours for concentrated 

solutions and days for less concentrated ones (Figure 6.3).  All solutions developed into gels 

with noticeable shear thinning behavior.  The least concentrated solution (7.5%) shows shear 

thinning at 24 hours, but by that time the most concentrated solution has gelled and no longer 

flows at accessible shear rates. 
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Figure 6.3 - Change in shear viscosity for solutions of PMDA-PPD for 7.5, 10 and 12.5 
wt%  total polymer measured every 12 hours for up to 48 hours after polymerization. 
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Around 15 wt% it was possible to produce a mixture of fibers and beads within the 

first hour (Figure 6.4).  As the solution aged and the shear viscosity increased the syringe 

pump became unable to deliver the desired flow rate.  When this condition was first noticed 

the pump was unsuccessfully reset in an attempt to re-establish flow, while unnoticed the 

pump would reach a safety-error stalled condition.  Anytime throughout this chapter where 

similar behavior occurred will be referred to as a stall, even if it was noticed prior to the 

pump reaching the stalled condition.  More concentrated solutions only resulted in a shorter 

operating window before the pump stalled.  A reduction in the polymer content of the 

solution would extend the time for which the solution could be pumped, but the solutions 

would not have sufficient entanglements to electrospin. 

 

 
 
Figure 6.4 – Scanning electron micrograph containing a mixture of fibers and beads 
produced from a PMDA-PPD solution of 15 wt% total polymer in the first hour after 
polymerization. 
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 The PMDA-ODA type polyimides did not increase in viscosity like the PPD ones 

during the time after polymerization and while electrospinning, so random co-polymers were 

created using some of the ODA monomer in place of PPD.  The objectives were to retard the 

viscosity changes and add additional chain flexibility.  For this experiment three solutions 

were made, all were 10 wt% PAA in DMF.  One used entirely PPD as the diamine.  The 

second had a diamine ratio of 85:15 (PPD:ODA) and the final solution used a 70:30 ratio.  

The rate at which the viscosity changed was dramatically reduced by the inclusion of 15% 

ODA (Figure 6.5).  Not shown is the solution with 30% ODA which had no increase in 

viscosity after a month.  The initial viscosity of the solutions was unchanged from the PPD 

only reference case, and thus the solution was still unable to be electrospun. 
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Figure 6.5 - Observed change in shear viscosity for co-polymer of PMDA-PPD/ODA 
with an 85:15 PPD:ODA ratio for a 15 wt% total polymer solution. 
 
 

Phthalic anhydride (PA) can serve as a terminating agent to control the Mw of 

poly(amic acids).  When 1% of the dianhydride was replaced with PA in a 15% PPD 

solution, the viscosity of the solution (Figure 6.6) responded with the same gelling and shear 

thinning behavior, ruling out continued linear chain growth as the potential source of 

viscosity changes.  Used with a 25 wt% solution of ODA based polyimide, the inclusion of 

4% phthalic anhydride reduced the solution viscosity by almost one order of magnitude 

(Figure 6.7). 
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Figure 6.6 - The addition of 1% phthalic anhydride to shorten chain length did not 
eliminate the gelling and shear thinning for a PMDA-PPD solution with 15 wt% total 
polymer. 
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Figure 6.7 - The use of phthalic anhydride with PMDA-ODA solution of 25 wt% total 
polymer resulted in lower shear viscosity. 
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 The proposed mechanism for the gelling of the PMDA-PPD solutions is cross-linking 

when a second PPD molecule reacts with the carboxylic group formed during the original 

amic acid reaction (Figure 6.8).  Unlike the amic acid formation (Figure 6.1), which 

involves the reversible exchange of a proton, this “double reaction” is a dehydration.  After 

the double reaction the second PPD molecule is then free to react with a different 

dianhydride group and the chain will have more than two growing ends, creating a networked 

gel over time.  This reaction would be favored in conditions where the diamine is in excess, 

such as heterogeneous polymerization when the dianhydride is dissolved first, and the 

interfacial concentration of PPD is high at the solid/solution interface.  It would also be 

favored in the case of very short oligomers, when there are many unreacted groups available.  

Heterogeneous polymerization performed with the addition of the solid diamine to the 

already dissolved dianhydride creates a local excess of the dianhydride, making the double 

reaction less likely. 

 

Figure 6.8 – Proposed double reaction mechanism, creating irreversible chemically 
cross-linked chains in PMDA-PPD solutions. 
 
 

Successful electrospinning of PMDA-PPD fibers resulted from the addition of a small 

amount of very high MW PEO (2 Mg/mol).  The shear viscosity change for a 15 wt% PAA 
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solution with 0.25% and 0.5% PEO was small, (Figure 6.9), but the solution produced 

continuous nanofibers when electrospun (Figure 6.10).  The chains of PEO created 

entanglements with each other and the PAA molecules, preventing bead formation.  In 

Figure 6.10b individual fibers have melded together where they intersect indicating that 

there was solvent present in the fiber when it deposited unto the collector.  The fibers 

stretched more with greater electric field strength, shrinking the diameter (6.10d and 6.10f) 

and the DMF remaining upon arrival at the collector was insufficient for the fibers to meld 

together. 

The inclusion of the PEO did not prevent the viscosity changes of the PMDA-PPD 

solutions.  Thus, while continuous fiber formation occurred, it was not possible to spin for a 

sufficient length of time to create enough material for subsequent processing and use as an 

electrode. 
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Figure 6.9 – The addition of 2 Mg/mol PEO to PMDA-PPD solutions containing 15 wt% 
total polymer increased sheer viscosity slightly. 
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Figure 6.10 – Scanning electron micrographs of fibers electrospun from 15 wt% 
PMDA-PPD polymer containing an additional 0.25% PEO (a,c,e), 0.5% PEO (d,e,f).  
The electric field strength was (a,b) 1 kV/cm, (c,d) 1.33 kV/cm, and (e,f) 1.67 kV/cm. 
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Use of heterogeneous polymerization methods, recommended by books and historical 

literature, changed the solution properties and impacted the electrospinning of the resulting 

solutions.  Pyromellitic dianhydride takes longer to dissolve in DMF and was added first, 

followed by addition of the solid diamine.  For polyimides using the ODA monomer, there 

was an increase in the shear viscosity when the heterogeneous method was used (Figure 

6.11), and electrospinning became possible for less concentrated solutions. 
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Figure 6.11 - Comparison of the shear viscosity of PMDA-ODA solutions with 24 wt% 
or 25 wt% total polymer polymerized by homogeneous and heterogeneous methods.  
Heterogeneous methods began with complete dissolution of one monomer then followed 
by addition of the second solid monomer to the resulting solution. 
 
 

For PMDA-PPD solutions the switch to heterogeneous polymerization with the 

dianhydride dissolved first did not eliminate the gelling or development of a shear-thinning 

solution (Figure 6.11).  Similar to the homogeneous polymerization there is an excess of 

dianhydride molecules in solution so the rapidly dissolving diamine can react to make lots of 
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small oligomers.  Then as with the homogeneous solution, the double reactions described 

previously can occur and begin the formation of cross-linked gels.   

When the order of addition was reversed with PPD dissolved first, followed by the 

addition of solid PMDA, there was a marked increase in viscosity.  No thickening or 

conversion to shear thinning behavior was observed over the first 24 hours (Figure 6.12).  In 

this reaction scheme the diamine is in excess and will immediately react with the slower 

dissolving dianhydride.  This creates a higher effective concentration of dianhydride where 

the reaction occurs and drives the reaction to larger MW polymers.  With less small 

molecules the likelihood of the double reaction is reduced and the solution viscosity is stable 

enough to work with for several hours to days.  This order of addition was adopted for a 

majority of subsequent polymerizations.  It should be noted that over the course of weeks the 

samples did gel, but at a much slower rate than the samples polymerized by the other 

methods. 
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Figure 6.12 - Comparison of the shear viscosity of 15 wt% total polymer PMDA-PPD 
solutions polymerized by homogeneous and heterogeneous methods.  Heterogeneous 
methods began with complete dissolution of one monomer then followed by addition of 
the second solid monomer to the resulting solution. 
 
 

When 2 Mg/mol PEO was included in the heterogeneous polymerization of PMDA-

PPD the resulting 15 wt% solution had shear viscosity an order of magnitude lower than a 

comparable solution without PEO (Figure 6.13).  This could have been the result of the PEO 

chains inhibiting mobility of the growing amic acid chains during polymerization.  This 

reduced viscosity was similar to that observed for the addition of PEO to homogeneous 

polymerization shown earlier (Figure 6.9), and resulted in successful electrospinning of 
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fibers.  Electrospinning solutions prepared by the heterogeneous polymerization method 

required less added PEO than the homogeneous method. 
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Figure 6.13 - Inclusion of 2 Mg/mol PEO resulted in a lower viscosity solution for the 
heterogeneous polymerization technique applied to PMDA-PPD solutions of 15 wt% 
total polymer. 
 
 
6.3.2 Impact of Tin Complexes on Solution Properties and Electrospinning 

 Tin salts were introduced to the electrospinning solution to create composite 

nanofibers capable of storing lithium by the alloying of tin.  Given reported success with 

silver acetate in PMDA-ODA fibers, and other metal acetates in DMF based electrospinning, 

tin acetate was added to solutions of PMDA-ODA.  When the tin acetate (Sn(C2H2O2)2), 12.5 
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to 25 wt% with respect to polymer, was dissolved in the DMF prior to polymerization, the 

final addition of ODA resulted in a phase separation into a clear low viscosity liquid and a 

yellow-grey high viscosity phase.  Continued mixing was unable to recombine these phases.  

If the polymerization was completed prior to the addition of tin acetate, a similar phase 

separation occurred during mixing.  To reduce the possibility of water contamination the tin 

acetate was vacuum dried for 48 hours prior to use and no improvement was observed.  

These effects required the use of other sources of tin. 

 Alternative tin sources utilized were coordination complexes.  In these molecules the 

metal cation is tightly complexed with one or more organic anions and the species do not 

dissolute in solvents.  These complexes are often completely miscible in organic solvents and 

some are used as catalysts in organic synthesis.  An initial test was conducted adding 0.09 g 

of palladium acetylacetonate (acac) (Pd(C5H8O2)2) (acac) dissolved in DMF to a fully 

polymerized PMDA-ODA solution of 34.2 wt%.  The final solution was 24% polymer in 

DMF and 2% Pd(II) acac, no phase separation occurred, and it was possible to measure the 

increased shear viscosity (Figure 6.14). 
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Figure 6.14 – Addition of 2 wt% Pd(II) acac increased viscosity for a PMDA-ODA 
solution with 24 wt% total polymer. 
 
 

There were several possible explanations for the viscosity increase, first the 

heterogeneous polymerization was conducted at a significantly higher total polymer 

concentration, and in the case of heterogeneous polymerization the MW distribution could 

favor larger chains.  After dilution these longer chains would still yield an increased 

viscosity.  Second, the Pd(II) acac could have catalyzed further polymerization and increased 

the MW, as acac compounds are used in organic synthesis386, 387.  Finally the Pd acac 

complex could be act as a physical cross-linking agent with the carboxylic groups in the amic 

acid, causing an increase in viscosity.  Physical cross-links would likely cause the solution to 
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display shear thinning, where high shear rates sever the association of the metal complex 

with the carboxylic sites on the PAA molecule. 

 

Figure 6.15 – The chemical structure of Sn(II) acetylacetonate. 
 
 

Tin acetylacetonate is available for the Sn(II) oxidation state (Figure 6.15) as a 

yellow liquid fully miscible in DMF.  At least 15 wt% Sn(II) acac with respect to the 

polymer was added to the solutions.  If 50% of the polymer mass remained after pyrolysis, 

the final fibers would contain at least 10% tin by weight, assuming no tin is lost during 

thermal processing.  The shear viscosity of two PMDA-ODA 28 wt% solutions containing 15 

wt% Sn(II) acac relative to the polymer is compared to a reference of 28 wt% without any tin 

in Figure 6.16. 

The lowest viscosity sample contained no tin complex.  Addition of Sn(II) acac to an 

already polymerized solution resulted in two regions within the solution due to incomplete 

mixing, though there was no apparent phase separation, only a viscosity difference.  The 

viscosity was measured for a sample taken from the less viscous region.  Addition of the tin 

complex prior to any monomer created a uniform solution which had the highest shear 

viscosity of the three samples. 
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Figure 6.16 - Addition of 15 wt% Sn(II) acac relative to the polymer mass resulted in 
increased viscosity for PMDA-ODA solutions  of 28 wt% total polymer. 
 
 
 The use of Sn(II) acac with 15 wt% PAA solutions based on the PPD monomer 

resulted in solutions so viscous they were unable to be pumped for electrospinning or 

measured on the rheometer, so an alternative liquid organometallic tin molecule was used, 

dimethyldineodecaneoate tin (DMDND-tin) (Figure 6.17). 
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Figure 6.17 – The chemical structure of dimethyldineodecanoate tin. 
 
 

Dimethyldineodecanoate tin is a more massive molecule per unit Sn than Sn(II) acac, 

so to maintain a similar theoretical tin loading in fibers requires more of the tin complex, 

approximately 23.25% would result in the same theoretical yield of tin.  When added as the 

first step in making 15 wt% PAA solutions, the solutions displayed a marked in viscosity 

(Figure 6.17). There may be evidence of shear thinning behavior for the most viscous 

solution suggesting physical cross-linking rather than a real increase in MW.  Both solutions 

were unable to be electrospun because of a stalled syringe. 
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Figure 6.18 – Increased shear viscosity resulting from the addition of DMDND-tin prior 
to polymerization of PMDA-PPD with 15 wt% total polymer. 
 
 

Reduction of the PAA content to 12 wt% still produced stalled syringe pumps for a 

solution with 16.25% DMDND-tin.  Table 6.2 contains a summary of various combinations 

of polymer, tin complex, and PEO additives and the quantitative and observed results.  Most 

of these solutions show a slight shear-thinning trend for measured shear viscosity, providing 

evidence of potential physical cross-linking impacting the viscosity behavior.  While there 

may exist a condition at which stable electrospinning of this system is possible, the time, 

material, and equipment constraints of this work have failed to identify the appropriate 

conditions. 
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Table 6.2 – Summary of attempts to utilize dimethyldineodecanoate tin with low concentrations of PMDA-PPD 
derived poly(amic acid).  Unless otherwise noted, the flow rate for electrospinning was set at 1 mL/h, tip to collector 
distance was 15 cm, and the needle was 22-gauge. 
 

Sample 
Name 

Wt % 
Polymer 

PEO 
Wt 
% 

Relative 
Wt% 

DMDND-
tin 

Shear 
Viscosity* 

(Pa s) E-spin result Notes 
PPD36 12 0.1 30.25 300 to 250 Fail Shear thinning, stalled pump 
PPD37 10 0.1 30.25 N/A Fail Attempted 12-gauge needle, ended up with 

wet splatter of resin on the collector 
PPD38 12 0.1 23.25 N/A Fail Stalled pump 
PPD39 9 0.05 21 50 to 45 Electrospray Shear thinning 
PPD40 9 0.1 21 27 to 24 Electrospray Shear thinning 
PPD41 9 0.2 21 33.5 to 30 N/A Shear thinning, damaged syringe 
PPD44 9 0.2 21 36 to 31 Spin/spray mix Shear thinning, pump stall 
PPD46 9 0.3 21 54 to 49 Electrospin Shear thinning, pump stalled for 22 gauge 

needle, and a wet splatter was collected for 
12-gauge needle, 20 gauge needle suffered 

pump stall and produced insufficient 
material to make into cells 

*Shear viscosity was highest for low shear stress and slightly decreased as shear stress increased. 
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6.3.3 Results of Size Exclusion Chromatography 

 Size exclusion chromatography (SEC) was employed to determine the average MWs 

of the poly(amic acids) produced for reactions at various polymer and tin compound 

loadings.  Accurate results for poly(amic acid) solutions require the use of buffering 

chemicals to suppressing dissolution of the polyelectrolyte and interaction with the 

polystyrene stationary phase contained within the column260.  The mobile phase chosen for 

all SEC measurements was a solution of 0.03 M LiBr and 0.03 M H3PO4 in HPLC grade 

DMF.  Calibration of the column was conducted using PEO standards (Table 6.3), and all 

MW distributions reported are equivalent MWs to PEO, an established practice when 

standards for the polymer under study are not available.  Universal calibration of a column is 

possible if the Mark-Houwink parameters are known for both the polymer standards and 

experimental polymer in a given solvent259, and has been demonstrated for poly(amic 

acids)255, but was not possible due to constraints on equipment availability.  Additionally, 

unless otherwise noted all samples presented here were polymerized by the heterogeneous 

method with the solid dianhydride added to the diamine in solution, and none contained 2 

Mg/mol PEO. 
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Table 6.3 – Reported number average molecular weight (M n) , weight-average 
molecular weight (Mw), and polydispersity index (PDI) of the PEO standards used to 
calibrate the differential RI detector on the size exclusion chromatography column. 
 

Standard Mn (g/mol) Mw (g/mol) PDI 
PEO1 600 660 1.10 
PEO2 2000 2150 1.08 
PEO3 4000 4160 1.04 
PEO4 10000 10600 1.06 
PEO5 50000 59500 1.19 
PEO6 360000 378000 1.05 

 
 
With narrowly dispersed standards it is common to use the arithmetic or geometric mean of 

Mn and Mw to identify the peak position.  In this work the arithmetic mean was chosen.  A 

plot of the six standards elution time as measured by differential refractive index (RI) is 

provided in Figure 6.19.  Response of the detector beyond 21 minutes is ignored as that 

represents what are commonly referred to as solvent peaks, and are common to every 

injection of the column, including the solvent blank in Figure 6.19.  The chromatogram for 

the four lower MW standards (Mn = 200, 2,000, 4,000 and 10,000 g/mol) are noticeably 

sharper than the last two, caused by a lower polydispersity index (PDI).  The reported PDI 

for the highest MW sample (360 kg/mol) was labeled as the second smallest of the standards, 

but the chromatogram indicates the provided PDI value is likely incorrect, thus the 

calibration at higher molecular weights is less accurate. 
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Figure 6.19 – Elution of PEO standards measured by differential refractive index (RI) 
and used to calibrate the column used for size exclusion chromatography.  The high 
molecular weight standards elute at earlier times than the low molecular weight 
standards. 
 
 
 Based on the results in Figure 6.19 the peak response time was assigned the 

arithmetic mean MW of the standard.  The logarithm of this value was then plotted against 

the response time (Figure 6.20).  The most commonly used fit to construct a calibration 

curve is a third order polynomial259, and that produces the best fit of this data, resulting in the 

calibration equation correlating elution time with log(MW).  This equation is used to convert 

the elution time for a given the differential RI response to an equivalent molecular weight.  
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Figure 6.20 – Calibration curve constructed using PEO standards for measuring the 
equivalent molecular weight of poly(amic acids) based on the differential refractive 
index response. 
 
 

The MW distribution of 20 and 25 wt% poly(amic acid) solutions made from PMDA 

and ODA was measured over the course of 3 days (Figures 6.21 and 6.22), beginning with 

the day of polymerization.  There is little change in either sample over the course of three 

days with calculated values of Mn and Mw displayed in Table 6.4, so any equilibration of 

these solutions is slow.  It is important to point out that the MW distribution of these samples 

exceeds the largest calibration standard (Mn = 360,000 g/mol) and thus at the high end of the 

distribution the results are an extrapolation from the calibration curve.  The impact of 4% of 
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phthalic anhydride terminating agent is also contained in Table 6.4, and illustrated in Figure 

6.23, and the average MW has been significantly lowered. 

 
Table 6.4 – Equivalent number and weight average molecular weight of PMDA-ODA 
samples as measured by SEC over three days beginning on the day of polymerization. 
 

 Mn (kg/mol) Mw (kg/mol) 
Sample Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 
20 wt% 13.7 13.0 14.2 50.3 47.9 59.0 
25 wt% 15.9 16.1 15.8 72.6 73.4 73.3 

25 wt% with 4% PA 8.0 N/A N/A 18.1 N/A N/A 
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Figure 6.21 – MW distribution of a PMDA-ODA solution of 20 wt% total polymer 
measured once a day for three days, beginning on the day of polymerization. 
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Figure 6.22 – MW distribution of a PMDA-ODA solution of 25 wt% total polymer 
measured once a day for three days, beginning on the day of polymerization. 
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Figure 6.23 – MW distribution of a PMDA-ODA solution of 25 wt% total polymer with 
and without 4% PA. 
 
 
 The MW distribution of 15 and 20 wt% poly(amic acid) made from PMDA and PPD 

are presented in Figures 6.24 and 6.25 and Table 6.5.  For these samples over half the signal 
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is located above the highest MW standard, and thus the error from extrapolation is greater 

than for the PMDA-ODA results.  In this case, the less concentrated solution results in the 

larger MW polymer.  It appears that the average MW of the samples is decreasing as the 

resins equilibrate, but there is an appearance of a very small second peak at very high MW, 

not shown for the differential RI measurements.  The data available from a light scattering 

detector clearly shows the signal of this very high MW peak (Figure 6.26).  Thus the long 

term trend of these samples is the slow conversion of the longer chains into smaller chains by 

equilibration, but also further reaction to create cross-linked gels. 

 
 
Table 6.5 – Equivalent number and weight average molecular weight of PMDA-PPD 
samples as measured by SEC over three days beginning on the day of polymerization. 
 

 Mn (kg/mol) Mw (kg/mol) 
Sample Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 
15 wt% 45.1 42.5 33.3 2330 1230 605 
20 wt% 34.4 25.4 26.4 1507 419 331 
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Figure 6.24 - MW distribution of a PMDA-PPD solution 15 wt% total polymer 
measured once a day for three days, beginning on the day of polymerization (NOTE: 
the highest MW standard available was ~400 kg/mol). 
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Figure 6.25 - MW distribution of a PMDA-PPD solution of 20 wt% total polymer 
measured once a day for three days, beginning on the day of polymerization (NOTE: 
the highest MW standard available was ~400 kg/mol). 
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Figure 6.26 – Raw light scattering data shows a strong repsonse to very large molecules, 
which elute at shorter times, forming in a PMDA-PPD solution of 15 wt% total polymer 
measured once a day for three days beginning on the day of polymerization. 
 
 
 The mobile phase used for these measurements is DMF buffered with H3PO4 and 

LiBr because the sample is a polyelectrolyte, and as such the dilution to low concentrations 

in an acidic environment could impacts the equilibrium state of these polymers, as explained 

below.  Each diluted sample was at least 1 mL in volume, and of that only 100 µL was 

injected into the column for a given test.  Thus there was extra sample available for 

measurement on subsequent days (Figure 6.27).  The peak response for re-injection of 20% 

PMDA-ODA is shifted to a lower MW each day as the presence of protons in solution shifts 

the equilibrium of the reaction to more unreacted anhydride and diamine. 
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Figure 6.27 – Reduction of average MW for a PMDA-ODA solution of 20 wt% total 
polymer measured, once each a day for three days by re-injecting the sample diluted in 
the buffered DMF mobile phase on the day of polymerization. 
 
 

Similarly the reinjection of the 15 wt% PMDA-PPD sample is shown in Figure 6.28, 

and compared to the sample prepared on the second day.  Due to an equipment malfunction 

data for the on the third day is unavailable.  The reduction in MW of this sample in the acidic 

environment is greater than the reduction in MW of the equilibrating concentrated resin.  

There is a signal present from the light scattering detector for very large MW molecules 

(Figure 6.29) for both second day samples, but the relative intensity is greater for the sample 

prepared after the original concentrated resin aged a day. 



 

165 
 

equivalent MW (g/mol)

103 104 105 106 107 108

di
ff 

R
I

0.0

5.0e-6

1.0e-5

1.5e-5

2.0e-5

2.5e-5
Day 2 Sample
Re-injection of Day 1 Sample

 

Figure 6.28 – Shift in MW distribution for a PMDA-PPD solution of 15 wt% total 
polymer, measured by re-injecting the sample diluted in the buffered DMF mobile 
phase on the day of polymerization the next day. (NOTE: the highest MW standard 
available was ~400 kg/mol) 
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Figure 6.29 – Comparison of raw light scattering response of a sample measured on the 
second day to a re-injection of the first day sample for a PMDA-PPD solution of 15 
wt%  total polymer. 
 
 The addition of tin complex had a noticeable impact on the MW distribution of both 

polymers.  Figure 6.30 presents the results for the polymerization of PMDA-ODA solutions 

containing 25 wt% total polymer.  The two tin complexes, based on SEC results, had 

opposite effects on the MW of this polymer.  The addition of the Sn(II) acac has lowered the 

average MW with Mw dropping from 72.5 kg/mol to 44.3 kg/mol.  The 

dimethyldineodecanoate tin increased to average MW, with Mw now having a value of 255 

kg/mol. 
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Figure 6.30 – Change in MW distribution for PMDA-ODA solutions of 25 wt% total 
polymer with the inclusion of Sn(II) acac and DMDND-tin. (NOTE: the highest MW 
standard available was ~400 kg/mol) 
 
 
 When tin complexes were added to the PMDA-PPD solutions prior to polymerization 

they both lowered the average MW (Figure 6.31 and Table 6.6).  Not only did both 

complexes lower the MWs of the resin, but increased amounts of tin resulted in even lower 

MWs.  This contrasts with the rheology of these solutions shown in Figure 6.18, where the 

increasing amounts of DMDND-tin increased the solution viscosity by orders of magnitude.  

Though very little shear thinning was observed, the high viscosity of the concentrated 

PMDA-PPD solutions containing tin is significant evidence of physical cross-linking.  The 

cross-links are then not present at the dilute, buffered conditions necessary for size exclusion 

chromatography.  Also of note is the similarity of the MW distribution of the samples 

containing 15% Sn(II) acac and 23.25% DMDND-tin.  Those relative fractions of tin 
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complexes would result in an approximately equivalent amount of tin residing in any 

electrospun fibers after pyrolysis (~10%). 
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Figure 6.31 – Change in in MW distribution for PMDA-PPD solutions of 15 wt% total 
polymer polymerized with the inclusion of Sn(II) acac and DMDND-tin. (NOTE: the 
highest MW standard available was ~400 kg/mol) 
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Table 6.6 – Equivalent number and weight average molecular weight of 15 wt% 
PMDA-PPD samples, polymerized with the indicated amount of tin compounds relative 
to polymer mass, as measured by SEC. 

 
Sample Mn  (kg/mol) Mw (kg/mol) 

15 wt% PMDA-PPD 50.2 1610 
with 15% Sn(II) acac 23.8 220 
with 30% Sn(II) acac 8.3 15.2 

with 11.88% DMDND-tin 22.9 325 
with 23.25% DMDND-tin 17.9 193 

 
 
 The combination of concentrated solution rheology and these MW distributions can 

provides an explanation for the difficulty of producing electrospun fibers from PPD based 

polyimide.  The physical cross-linking occurring in the concentrated solution prevented 

pumping the solutions though the syringe at low shear rates.  The use of larger gauge needles 

made pumping some solutions easier.  The resulting droplets present at the end of the needle 

did not contain sufficient entanglements, and the stress created in the jet released from the 

Taylor cone is sufficient to break the physical cross-links.  Therefore the jet breaks into 

droplets and electrosprays onto the collector.  Finally, the addition of high MW PEO 

produced some success in transitioning from electrospraying to electrospinning (Table 6.2), 

but it contributed to the pump stalling.  When the resulting Taylor cone was drawn into a 

fiber, the result was often fibers arriving at the collector still containing significant solvent, 

and creation of a region in the center of the collector where the polymer is still in solution. 

6.3.4 Electrochemical Performance 

 Continuous nanofiber mats were electrospun from PMDA-ODA samples and PMDA-

PPD samples with a small quantity of high MW PEO additive.  The resulting non-wovens 
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were imidized at 250 °C and pyrolyzed at either 700 or 900 °C.  Similar to the PAN based 

fibers discussed in Chapters 3, 4, and 5 these materials show a significant capacity fade over 

the first 10 cycles (Figure 6.31).  The stable reversible capacity (~300 mAh/g) of the 

materials at low currents is lower than the PAN based fibers (Chapters 3 and 4) by around 

30%, partly explained by the lower cutoff voltage during discharge (2.0 V for PI vs. 2.5 V for 

PAN).  The capacity retention, defined as the percentage of maximum stable reversible 

discharge capacity available at low current realized at increased currents, of these materials is 

significantly improved and is provided in Table 6.7 for comparison to the untreated PAN 

fibers used in Chapter 4.  The greater order present in these fibers, indicated by the lower 

ID/IG ratio from Raman spectroscopy, is contributing to an improved electronic conductivity, 

enabling greater capacity utilization as current increases. 

 
Table 6.7 – Comparison of the capacity retention at the indicated increasing applied 
currents for the various precursor polymers used in this work. 
 

Sample 
Raman 

ID/IG Ratio 50 mA/g 100 mA/g 200 mA/g 400 mA/g 
ODA 700 °C 1.34 86.7% 73.9% 62.9% 53.1% 
ODA 900 °C 1.19 91.0% 79.9% 69.8% 59.9% 
PPD 700 °C 1.22 83.9% 68.7% 54.3% 38.5% 
PPD 900 °C 1.26 86.1% 75.2% 66.0% 56.2% 
PAN 700 °C 1.42 84.3% 64.2% 46.4% N/A 
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Figure 6.32 – Reversible discharge capacity of polyimide-based nanofiber electrodes.  
Fibers were pyrolyzed at two different temperatures and then cycled over a range of 
symmetric currents for charge and discharge. 
 
 
 Equally important to the utility of these polyimide-based electrodes is the first-cycle 

irreversible capacity (Figure 6.33).  Electrodes made from both polyimides pyrolyzed at 700 

°C would fall in the high range (>400 mAh/g) for irreversible capacity of PAN pyrolyzed at 

700 °C, but the PPD-based material suffered smaller losses than the ODA-based cells.  At the 

higher pyrolysis temperature the ODA-based cells fall within the middle of the PAN 

distribution shown previously in Figure 3.1.  The PPD-based cells all suffer lower losses 

than any of the PAN cells pyrolyzed at 900 °C.  For PAN electrodes pyrolyzed at either 700 

and 800 °C, only one cell from each population (ntotal = 44 and 34 respectively) showed a 

lower irreversible capacity than the cells made with electrodes of PMDA-PPD fibers 
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pyrolyzed at 900 °C.  This data illustrates the two potential advantages of using pyrolyzed 

PMDA-PPD fibers as the host matrix for high-capacity Li storing nanoparticles.  The 

materials will have better capacity retention and less irreversible losses than PAN derived 

alternatives processed under similar conditions. 
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Figure 6.33 - First-cycle irreversible capacity losses of polyimide-based nanofiber 
electrodes. 
 
 
 Attempts to produce carbon-tin composite nanofibers using the PPD monomer were 

unsuccessful, but electrospinning PMDA-ODA resins with both Sn(II) acac and DMDND-tin 

was accomplished.  There were two solutions electrospun containing Sn(II) acac, 26 and 28 

wt% resin and 15% tin complex with respect to the total polymer mass.  The pyrolysis 

temperature was 700 °C, and 60% of the mass of the mat remained after pyrolysis.  The 

average fiber diameters were approximately 530 and 610 nm (Figure 6.34).  Of note are the 
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SnO2 particles decorating the exterior of the fibers in a few locations, as inferred from EDS 

analysis of other samples described later.  These particles were more prevalent in the 26 wt% 

sample (Figure 6.34a and 6.34c) than in the fibers spun from the 28 wt% solution (Figure 

6.34b and6.34d), though the region featured was the most dramatically decorated area found.  

Based on the initial tin loading in the resin, these fibers should contain approximately 8.7% 

tin, assuming none is lost during thermal processing.  Inductively coupled plasma mass 

spectrometry (ICP-MS) was used to determine the tin content in the fibers after pyrolysis.  

The smaller diameter fibers contained 6.52 wt% tin and the larger fibers contained 7.27 wt% 

tin. The cycling data for these cells is not reported because the battery test stand was out of 

calibration, underestimating the current during charging and overestimating it during 

discharge, resulting in electrodes that were reporting well over 100% coulombic efficiency.  

An inspection of the charge and discharge curves reveals no features between 0.6 and 0.4 V 

that would correspond to alloying of Li with Sn (Figures 6.35 and 6.36). 
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Figure 6.34 – Scanning electron micrograph of PMDA-ODA fibers pyrolyzed at 700 °C, 
with visible tin oxide particles.  Samples were electrospun from a 26 wt% solution (a,c) 
and a 28wt% solution (b,d) containing 15 wt% Sn(II) acac relative to the polymer mass. 
Imaged at 2,000x (a,b) and 10,000x (c,d). 
 



 

175 
 

specific capacity (mAh/g)

0 100 200 300 400 500 600 700 800 900 1000

vo
lta

ge
 v

s 
Li

/L
i+  (

V
)

0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00

Cycle 1
Cycle 2
Cycle 3 
Cycle 4
Cycle 5 

 
 
Figure 6.35 – Voltage profiles during charge and discharge for a typical electrode made 
of fibers spun from a PMDA-ODA solution of 26 wt% polymer, containing 15 wt% 
Sn(II) acac with respect to polymer mass, pyrolyzed at 700 °C and containing tin oxide.  
No feature corresponding to reversible Li alloying with Sn is observed near 0.4 V1, 129. 
 
 

specific capacity (mAh/g)

0 100 200 300 400 500 600 700 800 900

vo
lta

ge
 v

s 
Li

/L
i+  (

V
)

0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00

Cycle 1
Cycle 2
Cycle 3 
Cycle 4
Cycle 5 

 
 
Figure 6.36 – Voltage profiles during charge and discharge for a typical electrode made 
of fibers spun from a PMDA-ODA solution of 28 wt% polymer, containing 15 wt% 
Sn(II) acac with respect to polymer mass, pyrolyzed at 700 °C and containing tin oxide.  
No feature corresponding to reversible Li alloying with Sn is observed near 0.4 V. 
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 Additional fibers were prepared by electrospinning a PMDA-ODA solution 

containing 22 wt% polymer and 23.25% DMDND-tin complex with respect to the total 

polymer mass.  Samples were pyrolyzed at either 700 or 900 °C.  The fibers ranged between 

0.75 and 1 µm for fibers pyrolyzed at 700 °C (Figure 6.37).  The higher carbonization 

temperature reduced the fiber diameters by about 50 nm (Figure 6.38).  Particles of tin oxide, 

confirmed by energy dispersive X-ray spectroscopy (Figure 6.39), are visible dispersed 

throughout the non-woven structure upon the fibers pyrolyzed at 900 °C.  The observed 

particle diameters ranged between 300 nm and 2 µm.  These particles were rare in the fibers 

pyrolyzed at only 700 °C.  Based on ICP-MS the fibers contain 5.95 and 6.14 wt% tin. 

 
 
Figure 6.37 – Scanning electron micrograph of PMDA-ODA fibers produced from a 22 
wt% polymer solution containing 23.25% DMDND-tin pyrolyzed at 700 °C. 
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\  

Figure 6.38 – Scanning electron micrograph of PMDA-ODA fibers produced from a 22 
wt% polymer solution containing 23.25% DMDND-tin pyrolyzed at 900 °C.  A 
significant number of micron-sized tin oxide particles are visible decorating the surface 
of the fibers. 
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Figure 6.39 – Energy dispersive X-ray spectra obtained for a particle similar to the one 
seen in Figure 6.38b.  The elemental ratio of Sn to O (1.28:3.01) confirms the particles 
are made of SnO2. 
 
 

The irreversible capacities are large (Figure 6.40) but similar to the observed losses 

for PI-based electrodes without tin.  This suggests no conversion of tin oxide to metallic tin 

occurred through the consumption of lithium. 
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Figure 6.40 – First-cycle irreversible capacity losses of PMDA-ODA derived nanofiber 
electrodes with and without tin oxide. 
 
 

These electrodes under cycling display behavior typical of carbonized nanofiber 

electrodes (Figure 6.39) with significant capacity fading during the first 5 to 10 cycles.  The 

reversible capacity of the fibers pyrolyzed at 700 °C is approximately 25% larger than similar 

fibers presented in presented in Figure 6.31, however there is no evidence in the voltage 

curves over the first 5 cycles (Figure 6.40) to suggest the alloying of tin and lithium, 

elsewhere observed between 400 mV versus Li/Li+ in pyrolyzed fibers1, 129. 
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Figure 6.41 – Reversible discharge capacity of PMDA-ODA derived nanofiber 
electrodes containing tin oxide.  Fibers were pyrolyzed at two different temperatures 
and cycled over a range of indicated symmetric currents for charge and discharge. 
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Figure 6.42 – Voltage profiles during charge and discharge for a typical PMDA-ODA 
electrode, pyrolyzed at 700 °C and containing tin oxide.  No feature corresponding to 
reversible Li alloying with Sn is observed near 0.4 V. 
 
 
6.4 Conclusion 

 Nanofibers based on two different polyimides were produced by electrospinning of 

poly(amic acids) and were subjected to further processing prior to use as anodes in Li-ion 

cells.  The fibers made of PMDA and ODA resulted from solutions of between 24 and 30 

wt% in DMF depending on the polymerization method.  Successful electrospinning of 

significant quantity of fibers made of PMDA and PPD required heterogeneous 

polymerization, with the solid dianhydride added to a solution already containing the 

diamine, and the addition of small amounts of high Mw PEO.  Other methods resulted in 

solutions whose rheological properties changed over several hours, leading to unsuccessful 

attempts to electrospin non-woven nanofibers. 
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 Incorporation of tin salts, complexes, or organometallics into the solutions of both 

polymers had measureable impacts on the solution properties.  The addition of tin acetate 

caused phase separation in all cases.  The use of both tin(II) acetylacetonate and 

dimethyldineodecanoate tin created highly viscous solutions.  In the case of PMDA-ODA 

these solutions could be electrospun.  Solutions of PMDA-PPD with tin acac were too 

viscous for further processing. The use of dimethyldineodecanoate tin with PMDA-PPD 

made further processing possible, but resulted in an insufficient quantity of non-woven mat 

for further use. 

The combination of shear rheology and size exclusion chromatography was employed 

to better understand impact of the tin sources on the polymer systems.  Size exclusion 

chromatography demonstrated that the use of tin(II) acetylacetonate and 

dimethyldineodecanoate tin generally lowered the Mw of the polymers.  The shear viscosity 

of these same solutions was noticeably higher than those without the tin additives.  The 

solutions containing tin additives are weakly shear thinning.  The combination of low Mw 

measured in dilute conditions and high viscosity in concentrated conditions, and slight shear 

thinning behavior, suggests that the tin additives are acting as physical cross-links through 

association with the carboxylic groups in the amic acid chains. 

 The non-woven mats produced were imidized at 250 °C and pyrolyzed at either 700 

or 900 °C.  The benefits of using polyimide as the basis for the fiber were improved capacity 

retention at current rates up to 400 mA/g when compared to PAN-based electrodes.  Cells 

derived from PMDA-PPD and pyrolyzed at 900 °C suffered lower first cycle irreversible 
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losses than either PAN or PMDA-ODA electrodes.  All PI-based electrodes that did not 

contain tin possessed lower reversible capacities than similar PAN-based fibers. 

 The inclusion of tin resulted in the formation of SnO2 particles distributed upon the 

PMDA-ODA fibers for samples pyrolyzed at 900 °C.  No surface particles of SnO2 were 

observed for the lower pyrolysis temperature.  There is no data to indicate utilization of the 

added tin in the storage of energy.  Electrodes made of pyrolyzed PMDA-ODA fibers 

containing tin possessed irreversible capacities that are not consistent with conversion of the 

SnO2 to metallic tin by the consumption of Li.  The charge and discharge curves for these 

materials possess no features that would correspond to the alloying of Sn with Li. 
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Chapter 7 

Summary and Conclusions 
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 This dissertation was focused on using a multidisciplinary approach to engineering 

pyrolyzed carbon nanofibers employed as anodes in lithium-ion batteries.  The resulting 

work had two major objectives: (1)  The of three vapor-phase deposition schemes to create 

an engineered surface at the interface of PAN-based electrodes and the electrolyte.  These 

new surfaces were hypothesized to reduce the irreversible losses of lithium suffered at the 

anode during the first charging cycle; and (2) the use of polyimide-based nanofibers to study 

the impact of the pyrolyzed fiber precursor on electrochemical performance as an anode in 

Li-ion batteries.  The polyimide derived fibers were hypothesized to be more graphitic than 

fibers based on PAN.  This difference would result in fibers with improved capacity retention 

at high currents and potentially lower irreversible losses. 

 The first surface modification technique used was plasma enhanced chemical vapor 

deposition of carbon onto the surface of PAN fibers pyrolyzed at either 700 or 900 °C.  The 

objective was to create a more graphitic surface than existed after pyrolysis.  At the lowest 

temperatures and plasma power (600 W), and in the absence of H2, the carbon material 

created was highly amorphous and primarily grew in the spaces between the fibers rather 

than upon them.  Reduction of the chamber pressure from 350 mTorr to 50 mTorr and a 

majority H2 (70%) feed gas resulted in no observed material growth or mass change for the 

samples.  The use of higher plasma powers (1200 and 800 W) with hydrogen to methane 

ratios of 2:1 or 1:1, at operating pressures of 150 and 100 mTorr respectively, led to 

significant loss of fiber mass during plasma processing resulting in nanofibers damaged by 

etching.  In regions located nearest the heating element, deposition of carbon nanowalls 

occurred on the fiber surface.  This deposition existed in competition with the plasma etch 



 

186 
 

that was consuming the fibers.  The result was an advancing deposition profile into the mat, 

with concurrent destruction of the outermost fibers and nanowalls.  The plasma processing, 

while having a morphological effect on the fibers, had no impact on the performance of the 

materials as anodes.  Electrochemical testing of the electrodes showed no improvement in 

lowering irreversible Li losses, and no degradation of the reversible capacity.  The interesting 

structures of high-surface carbon nano-walls secured to a continuous nanofiber network 

could find application in other energy storage or conversion materials, such as ultra-

capacitors and fuel cell catalysis. 

 Amorphous aluminum oxide deposited by atomic layer deposition (ALD) from 

trimethylaluminum and water was the second engineered surface employed to reduce 

irreversible losses of Li.  This film was chosen to act as a passivation layer at the pyrolyzed 

PAN surface, helping suppress the irreversible Li losses.  The films were deposited at 

temperatures of 45, 90, and 150 °C for 6, 10 or 20 cycles.  The irreversible capacity losses 

sustained by the electrodes were reduced by up to 24% for 10 alumina deposition cycles at 90 

°C.  Paired with this improvement was a slight reduction in reversible capacity and capacity 

retention as the charge and discharge currents were increased.  The undesired reduction in 

reversible capacity was largest at the lowest deposition temperatures and was barely present 

for electrodes coated with alumina at 150 °C.  The thicker coating for 20 cycles at 90 °C 

coating showed a 42% reduction in first-cycle irreversible capacity, but greatly reduced the 

reversible capacity of the material.  Additionally the capacity retention at increasing currents 

(higher C-rates) was much lower, with the 42 �  alumina coating serving as a transport barrier 

for Li+ ions and an insulating barrier for electron flow.  The thinnest coatings of alumina had 
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no significant impact on either reversible or irreversible capacity, suggesting incomplete 

surface coverage. 

 The final engineered surface was created by molecular layer deposition (MLD) of 

metal-organic hybrid alucone films at 100 °C.  The precursor chemicals used were 

trimethylaluminum and ethylene glycol and films were grown using 6 to 40 cycles.  There 

was an observable mass gain for all depositions attempted, with a linear relationship between 

total cycles and mass gain for 20 or more MLD cycles.  This demonstrates a commonly seen 

period of incomplete coverage for a low number of cycles, followed by steady state growth.  

All deposition thicknesses produced a reduction in irreversible capacity losses, with the 

thickest alucone films – 40 cycles – producing a 23% improvement.  Similar to the work with 

amorphous alumina an increase in the thickness of the deposited film correlated to a 

reduction in the reversible charge capacity of the electrodes, especially at high rates of charge 

and discharge.  The electrodes covered by 40 cycles would store and extract almost no 

lithium before reaching the cutoff voltages in the cell cycling test.  For 10 MLD cycles or 

less the impact on reversible capacity is small at low currents, and similar to alumina 

coatings at high currents.  Based on the tradeoff between irreversible capacity and coating 

thickness the “ideal” number of depositions at this temperature is between 10 and 20 cycles. 

 The impact of fiber precursor was evaluated using nanofibers based on two different 

polyimides produced by electrospinning of poly(amic acids).  The specifics of the 

polymerization procedure had a significant impact on the shear rheology of PMDA-PPD 

solutions and hence their ability to be electrospun.  The best method to obtain PMDA-PPD 

solutions for successful electrospinning was a heterogeneous polymerization, where the solid 
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dianhydride was added to the diamine already completely dissolved in solution with a small 

quantity of high Mw PEO.  Other methods resulted in solutions whose rheological properties 

changed over a period of hours, leading to unsuccessful attempts to electrospin non-woven 

nanofibers.  There was little change in the properties of PMDA-ODA solutions with 

polymerization technique, but for consistency the best-method for PMDA-PPD solutions was 

adopted for this polymer. 

Attempts to incorporate tin into the solutions of both pyrolyzed polyimide fibers via 

various chemicals had measureable impacts on the solution properties.  Composite fibers 

were successfully produced from PMDA-ODA in solution with two tin compounds.  

Electrospinning of dimethyldineodecanoate tin with PMDA-PPD was possible but, before a 

sufficient quantity of nanofibers were collected for further processing; the high viscosity 

solution caused the pump to stall.  The use of size exclusion chromatography demonstrated 

that the Mw of polymers produced with tin in solution was typically lower than similar 

solutions without tin.  This data indicates the tin compounds are serving as physical cross-

links in the concentrated solutions used for electrospinning, increasing the shear viscosity 

leading to stalled pumps. 

 When pyrolyzed and used as electrodes the PI-based electrodes possessed lower 

reversible capacities than similar PAN-based fibers.  One benefit of using polyimide as the 

basis for the fiber were improved capacity retention at current rates of 200 and 400 mA/g 

compared to PAN-based electrodes.  Additionally cells derived from PMDA-PPD and 

pyrolyzed at 900 °C suffered lower first cycle irreversible losses (225 mAh/g) than either 



 

189 
 

PAN (325 mAh/g) or PMDA-ODA (300 mAh/g) electrodes pyrolyzed under similar 

conditions. 
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Chapter 8 

Proposed Future Research 
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8.1 ALD/MLD of Lithium-Organic Films as an Artifici al SEI Layer on Electrospun 
Carbon Nanofiber Anodes 

 
 The use of amorphous alumina and alucone have been demonstrated as a means of 

providing some reduction of the irreversible capacity losses during the first cycle of anodes 

made from both graphite374 and carbonized electrospun fibers.  Additionally, the alumina 

coatings have a stabilizing effect on the performance of these electrodes as seen from 

improved coulombic efficiency and capacity retention.  The controlled deposition of lithium 

containing films has been demonstrated from both lithium 2,2,6,6-tetramethyl-3,5-

heptanedionate (Li thd) and lithium tert-butoxide343, 388.  These films are predominantly 

composed of lithium carbonate (Li2CO3), which has been shown to be one component of the 

solid electrolyte interphase (SEI) responsible for the majority of the first-cycle irreversible 

capacity in carbon-based anodes160.  Additionally the inclusion of Li2CO3 as an electrolyte 

additive has produced safer batteries and reduced losses of Li during SEI formation389.  

Given the large surface area and irreversible capacity losses of electrospun carbonized 

anodes, and the relative success of using alumina ALD and alucone MLD with electrospun 

fibers, the use of lithium containing ALD films on these anodes should produce even better 

results. 

 The lithium ALD films would be deposited on electrospun PAN nanofibers spun from 

an 11 wt% solution in DMF for 3 or 4 hours in the same procedure as used for both the 

PECVD , alumina ALD, and alucone MLD work.  These fibers would then be stabilized at 

250 °C and pyrolyzed at 700 °C.  Each electrospinning and carbonization batch would 
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produce three 30 x 120 mm swatches of carbonized fiber.  One of the swatches from each 

would be reserved as an experimental control during electrochemical testing. 

The initial experimental objective would be the deposition of lithium containing films 

onto the nanofibers substrates at temperatures ranging from 200 to 300 C°.  The lithium 

precursors proposed are Li-thd and cylclopentadienyllithim (Li-cp).  The elevated 

temperature, when compared to the alumina work, is required to properly sublimate the solid 

Li precursors388.  These precursors are very moisture sensitive, so it is advised to transfer 

them into the sample holders for the ALD reactor while in the argon-filled glove box.  Given 

the morphology and chemistry of the substrate, the three-step ALD procedure demonstrated 

for the deposition from Li t-butoxide would be a likely starting point.  As with the alumina 

coated fibers, the mass of the nanofibers mat would be weighed before and after deposition.  

The use of ICP-MS would be the most readily available means to quantify the lithium 

deposition.  Imaging with electron microscopy would also be necessary to verify the 

morphology of the fiber mat was not altered by the deposition or that the deposition was not 

proceeding from nucleation sites to produce non-conformal crystallites. 

After suitable deposition conditions had been identified the optimization of the ALD 

process with respect to electrochemical performance would be the primary objective of this 

work.  Coin cells would be constructed using lithium foil as the counter electrode, LiPF6 as 

the electrolyte in EC:EMC and cycled at currents ranging from 25 to 400 mA/g 

(approximately C/16 to 1C) to investigate the reduction in irreversible losses and the impact 

of the coating on capacity retention and long term stability. 
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A potential variation on this work would be the use of MLD techniques to create 

more complex lithium containing films.  While Li2CO3 is a component of the naturally 

formed SEI, and could serve as an approximation, the natural SEI films tend to have a more 

complex and varied organic structure160.  The use of small molecules such as ethylene glycol 

and glycidol to produce the “metal”-cone MLD33, 358 films might reduce the three-step 

sequence of lithium precursor, CO2, and water to a two-step sequence.  The resulting film, if 

thermodynamically stable during transfer to the glove box for cell assembly, would better 

approximate the natural SEI. 

8.2 Vapor Phase MLD of PMDA-PPD Polyimide on PAN-based Nanofibers 
 

Some of the initial reports of what is now referred to as molecular layer deposition 

used descriptors like “vapor deposition polymerization353” and “alternating vapour deposition 

polymerization354” and were concerned with the heterogeneous polymerization from the 

vapor phase onto a solid substrate.  There are published examples of the MLD of 

polyamides37, polyimides356, and polyureas35.  Of particular interest is the MLD of 

polyimides based on both the PMDA-ODA355 and PMDA-PPD36 chemistries studied in this 

dissertation. 

Carbonized nanofibers based on both of those polyimides presented in this work as 

Chapter 6 showed better capacity retention than PAN-based fibers at the same carbonization 

temperature.  Additionally the PMDA-PPD fibers showed lower irreversible capacity losses 

than similar PAN fibers.  It is hypothesized that the molecular layer deposition of polyimides 

unto PAN fibers will, after carbonization; result in fibers created with the easier PAN-based 
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electrospinning, but with better surface properties (i.e. less Cirr) and greater electronic 

conductivity to help maintain higher reversible capacities at high currents. 

There exist two potential pathways to follow for this experiment.  The simpler 

processing route would be as follows: electrospinning of the PAN-based solution with or 

without metal-complexes, followed by MLD, then the simultaneous thermal 

stabilization/imidization of the fiber.  At this point the carbonization would then be 

conducted as normal and cells would be tested as in previous studies to compare reversible 

and irreversible capacity, and the impact of high current on reversible capacity retention.  

This pathway would be recommended if the sample contraction of the PAN and PI 

components during the thermal processing was similar enough to prevent delamination or 

significant cracking.  Since the MLD deposited polymer will be pyrolyzed, it will not be an 

insulating material as in the alumina or alucone cases (Chapters 4 and 5).  The added 

polymer thus can be thicker to ensuring a uniform coating after sample contraction during 

carbonization.  Given the potential reactivity of the acrylonitrile group the best film 

formation would likely result from the use of the dianhydride monomer as the first precursor, 

followed by the diamine. 

If there were significant difficulties with the PI-based film integrity during 

carbonization the PAN fibers could be completely carbonized, and then placed into the MLD 

reactor for surface coating.  As the surface chemistry of the carbonized PAN will be 

significantly different, it may be necessary to reverse the order the precursors are introduced 

to the reactor.  The deposition of alumina and alucone from trimethylaluminum (TMA), 

reactions which require hydroxyl or unsaturated surface oxygen proceeded without additional 
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surface oxidation for PAN fibers, and thus it would be likely the diamine could react with 

existing surface functionality, followed by the dianhydride.  If greater oxidation of the 

surface is required to initiate the deposition a single ozone exposure could be added before 

any of the polymer precursors were introduced.  After the deposition was completed the 

fibers, would then need to be thermally processed a second time to imidize and pyrolyze the 

surface poly(amic acid).  At this point the material is ready to be cut into electrodes and 

assembled into coin cells for testing. 

8.3 Anodes made by chemical vapor deposition of silicon onto electrospun 
carbonized-nanofibers 

 
 Producing a composite material of silicon and carbon is a well-documented means of 

producing Li-ion anodes with a high specific capacity4, 94, 100, 390.  Of particular success have 

been one-dimensional materials113 with reported reversible capacities in excess of 1500 

mAh/g99, 115.  Carbonized electrospun nanofibers represent a potentially useful material for 

constructing these composites by depositing a layer of Si on the outside of the fiber by low 

pressure chemical vapor deposition to create a carbon-core, silicon-shell material113.  In 

composites of this kind, the carbon fibers will be acting as a material support for the Si and 

conductive pathway, and their lithium insertion capacity will be of negligible importance.  A 

previous study used commercially purchased carbon fibers and dispensed them unto a 

stainless steel current collector from solution prior to silicon deposition113.  The free-standing 

nature of the non-woven structure; the long, continuous electrical pathways of the fibers; and 

the diameter control available in the electrospinning process make these nanofibers an ideal 

substrate for this kind of composite.  The nanofibers would be prepared by electrospinning 
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from both PAN and PMDA-PPD solutions.  Solutions of 7 and 11 weight % PAN would be 

spun to test the impact of fiber diameter on the electrochemical performance and durability.  

Polyacrylonitrile would be chosen for this portion of the experiment because it is an easier, 

more predictable polymer to electrospun; simplifying the process of preparing different 

diameter fibers.  It is recommended that the materials all be carbonized at 1100 °C to 

maximize the conductivity of the carbon core.  The use of two different polymers is proposed 

so it will be possible to investigate the impact of the electronic conductivity of the carbon 

backbone on the rate capability of the composite anodes since carbonized PMDA-PPD type 

polyimide has a demonstrably higher electronic conductivity than other pyrolyzed 

materials45. 

The deposition of the silicon would be conducted in a standard CVD reactor using 

silane (SiH4) diluted in argon (Ar).  Because the fibers will have been carbonized at 1100 °C 

there will no restriction on the deposition conditions used to create the silicon film.  

Obtaining a uniform coating throughout the entirety of the non-woven structure is anticipated 

to be the most difficult part of creating these materials.  The pyrolyzed non-woven mats are 

typically hundreds of microns in depth, and determining the proper reaction conditions to 

ensure full infiltration of the mat will be challenging.  Based on previous studies and other 

available literature, a suitable starting point would be temperatures around 600 °C, a total 

pressure of 100 Pa, and a SiH4:Ar ratio of 1:50391.  If the LPCVD is incapable of producing 

an appropriately uniform coating throughout the non-woven mat, there exist methods to 

produce Si films by atomic layer deposition from SiH4.  These methods are not desirable 

because they greatly increase the complexity of the process by requiring low-temperature 
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adsorption followed by a high temperature decomposition of the silane392.  Thus the reactor 

would have to be repeatedly heated and cooled for each cycle of the process.  Beyond the 

electrochemical testing in coin-cells, the materials would be characterized by SEM and TEM 

to investigate the quality and thickness of the Si coating before and after cycling. 

Once the proper reaction conditions to produce a uniform coating are established, the 

relationship between electrochemical performance and Si thickness can be determined.  If the 

Si coating is too thick the volume expansion will be too large and the film will pulverize or 

delaminate from the substrate79.  If the coating is too thin the lithium storage capacity on a 

gravimetric or volumetric basis will not be maximized.  Good results in the literature would 

indicate that the ideal coating thickness may be between 50 and 100 nm99, 113, 393. 

8.4 Ultra-capacitors made from electrospun fibers coated with carbon nanowalls by 
PECVD and potential role of ALD in further performa nce increases. 

 
 The use of PECVD methods to create graphitic carbon coatings was not successful, 

but the processing conditions with the highest temperatures and plasma powers demonstrated 

an ability to deposit graphene-like ribbons or carbon nanowalls onto the areas with the hottest 

fiber surfaces.  These structures create the possibility to increase the surface area of the non-

woven nanofiber structure given the very high surface area of graphene or graphene-like 

materials394.  A very large increase in surface area would not be ideal for carbon-based Li-ion 

anodes as this would result in a further increase of irreversible capacity losses74. 

Ultra-capacitors represent an electrochemical device in which very-high surface areas 

are desirable to increase the double-layer charging these devices rely on to rapidly store and 

deliver charge395.   Ultra-capacitors also represent a complementary technology to batteries in 
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hybrid and electric vehicle applications2.  Additionally, the freestanding nature of the non-

woven nanofibers substrate presents an ideal platform for these materials, as there is a clearly 

defined high conductivity pathway for the electrons to travel along during charging and 

discharging231.  Further improvement of the energy and power storage of the composite 

graphene/nanofiber materials should be possible with the use of atomic layer deposition to 

create thin metal-oxide layers whose pseudo-capacitance would add to the double-layer 

charging as recently demonstrated for TiO2-graphene composite electrodes.396 

The initial difficulty with this work will be the uniform creation of the 

graphene/carbon nanowalls370 throughout the volume of the non-woven fiber mat.  The 

reaction conditions explored in the work outlined in Chapter 3, which created these 

graphene-on-fiber structures (see Figures 3.11, 3.12, and 3.21) all resulted in a simultaneous 

etch of the fiber substrate.  Optimization of this process will likely require one or more of the 

following recommended modifications. 

First, since the deposition of the graphene ribbons and carbon nanowalls was 

observed on the areas of the mat closest to the heater; it is necessary to ensure uniform 

heating to a high temperature throughout the non-woven mat.  It would be advised to assess 

if a longer heating period prior to initiation of the plasma results in carbon deposition over 

the whole sample.  An alternative would be modification of the chamber to directly connect 

the fibers to the controller for the heating, rather than simply resting upon the heated surface.  

If the sample is uniformly heated to the desired temperature, the ignition of the plasma may 

create growth throughout the mat.  
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Second, the deposition time of ten minutes used in the battery work is clearly far too 

long given the competing deposition and etching of the processing conditions, and might 

result in total consumption of the carbon precursor deep within void space of the non-woven 

structure in the case of completely uniform heating.  Short deposition times of a minute or 

less should be studied, and if growth is occurring, it may be advantageous to use a sequence 

of pulsed plasma deposition followed by an equilibration time to replenish the carbon 

precursor within the mat. 

Additionally to promote greater growth, the partial pressure of the CH4 precursor 

should be increased rather than a decrease of the H2 to study the impact of the gas ratio on 

the deposited materials307.  The effect was subtle, but as seen in Table 7 the lower chamber 

pressure of samples 8 and 9 produced a greater mass loss than the higher chamber pressure 

which contained more H2.  Again the goal will be to find a gas mixture and pressure that 

significantly favors growth of the graphene-like structures over the simultaneous plasma etch 

of the carbon nano-fiber substrate. 

The processing conditions used to create the fiber substrate may require modification 

to produce the best performing material.  Lower pyrolysis temperatures were used for the 

battery work to maximize Li storage of the carbon material.  In an ultra-capacitor application 

the fibers will not be storing any charge within the bulk volume and the fiber size and 

electronic conductivity of the fibers will be the more important parameters.  As such, the use 

of polyimide (PMDA-PPD) based nanofibers as the substrate may be advantageous due to 

the higher electronic conductivity of these materials when pyrolyzed45.  The ideal fiber 

diameter for the application will likely be influenced by on the ratio of growth to etch during 
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plasma processing, with larger fibers taking longer to etch away, but smaller fibers creating a 

higher initial surface area for deposition. 

After the key electrospinning, thermal, and plasma processing conditions have been 

identified to produce the highest practical surface area material, these material could be used 

“as is” to study the specific capacitance over a range of voltage scan rates in typical basic 

media.  The impact of the pseudo-capacitance of ALD TiO2 could then build upon this 

baseline data.  The deposition of thin layers of TiO2 upon graphene and carbonized fiber 

surfaces has been demonstrated using TiCl4 and H2O as the precursors397. 

8.5 Electrospun ALD/MLD coated electrodes with an embedded mesh current 
collector 

 
 A large part of my testing of alumina and alucone treated electrospun anodes focused 

on the impact of the coating on the capacity retention at charging rates near C/2.  In general, 

the fibers coated with ALD or MLD films showed lower capacities than the untreated fibers 

as the current increased.  There are at least two potential causes of this difference: electron 

transfer and lithium diffusion. 

The films represent a region through which Li must diffuse prior to undergoing 

charge transfer at the carbon surface, just like the SEI.  The ability of the anode to intercalate 

Li will be impaired at higher rates of charge and discharge if the rate of Li diffusion in the 

alumina or alucone film is slower than through the natural SEI.  Alternatively, the films are 

electrical insulators which will represent a barrier to transfer from the current collector to the 

electrode.  In this case it is not the Li diffusion that limits the cell capacity, but the fact that 

the voltage required to drive the electrons across the ALD film pushes the overall cell voltage 
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to the cutoff limit prior to full utilization of the material’s capacity.  This kind of behavior 

has already been observed for conventional electrodes made from ALD coated graphite374.  

When the powder was coated before the electrodes were cast, the resulting anodes showed 

rapid loss of capacity attributed to the insulating layer and loss of conductive pathways upon 

repeated expansion and contraction during cycling.  Coating of the anode after the slurry was 

cast produced electrodes that showed between 5% and 7% capacity fade over 200 cycles. 

It is likely that both processes contribute a decrease in utilized capacity of the 

nanofiber anodes as current increases.  Determining if one or the other dominates the 

behavior of the electrospun anodes could lead to better engineering choices when designing 

electrodes.  The nanofiber electrodes do not show the rapid capacity fade like the powder 

coated electrodes, likely because, similar to the anodes coated after casting, the conductive 

pathways of the nanofibers are not interrupted during cycling.  The overall rate of electron 

transfer between the copper current collector and the nanofibers is likely impacted by the 

insulating film, and it can be hypothesized that eliminating this transfer barrier would boost 

capacity at higher currents.  A means of testing this would be to directly electrospin the 

nanofibers onto the current collector prior to carbonization and ALD treatment. 

Simply replacing the aluminum foil used to collect the nanofibers during 

electrospinning with a copper foil might be a simple first step.  The melting point of copper is 

sufficiently high (1084 °C) to permit direct carbonization.  But the resulting contraction of 

the nanofiber mat during stabilization and carbonization would likely de-laminate the 

electrode from the copper.  Instead it is proposed to electrospin the nanofibers onto a mesh 

structure such as expanded metal398.  These materials are available in a range of thickness 
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and open areas and are fabricated from many different metals including copper, nickel, or 

alloys of the two399.  Both copper and nickel meshes have found use as the current collectors 

in traditional cast electrodes pressed into pellets prior to use electrochemical cells. 

Preparation of the bonded structure would begin by securing a sheet of expanded 

metal to the collector prior to electrospinning.  It may be advisable to spray a fine mist of the 

electrospinning solvent, DMF, prior to beginning the electrospinning, in that way some of the 

initial fibers that reach the collector would be slightly wetted and “melt” unto the mesh 

structure.  Half-way through the electrospinning process the expanded metal sheet could be 

flipped over to bond fibers to both sides.  It should be noted that this approach of 

electrospinning onto a mesh electrode could also be applicable in the case of TiO2 coated 

ultra-capacitor materials, should electron transfer to the electrode be sufficiently impaired by 

the coating. 

The resulting bonded mats would then be cut into swatches and thermally processed 

through the stabilization and carbonization steps together.  There would likely be some 

contraction of the fiber structure as it lost between 40 and 50% of its mass through the 

thermal treatment up to 900 °C for copper mesh, but given the improved flexibility of the 

expanded metal sheets when compared to metal foils the degree of de-lamination should be 

significantly less.  At this point some of the swatches could be loaded into the ALD reactor 

and coated with a fine layer of alumina, alucone, or potentially a lithium containing film.  

Finally discs could be die-cut from the final products, weighed, and assembled into Li-ion 

coin cells for testing at low (C/16) and high (1C or C/2) currents for a number of cycles.  

Cutting the discs last would ensure that at the exposed copper mesh surface was not covered 
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with the ALD or MLD film and thus would not have this electronic barrier.  The capacity 

retention could then be studied on a normalized basis, or the cells could be broken open after 

testing the active material removed from the metal mesh, and the mass of the mesh could be 

subtracted from the initial mass to get a specific capacity of the materials. 

8.6 Thermochemical Reduction of SnO2 Nanoparticles in Nanofibers via a Hydrogen 
Containing Atmosphere 

 
 All of the attempts to incorporate Sn into the nanofibers attempted as part of this 

work failed to result in any utilization of the alloying properties of Sn.  In the case of tin 

acetate added to PAN solutions the resulting fibers were clearly decorated by SnO2 

nanoparticles but no additional features were visible in the voltage curves to indicate the 

reduction of Equation 12, nor was there a dramatic increase in the irreversible capacity that 

would correspond to this consumption of Li. 

 

2 2SnO 4Li 4e Sn 2Li O+ -+ + ® +   Equation 12 
 
 

Similarly the inclusion of tin in the polyimide based nanofibers did not show any 

increase in the reversible capacity or irreversible capacity due to the SnO2 conversion 

reaction.  Though there are reports indicating that the pyrolysis of Sn/C composite fibers 

results in both SnO2 and Sn phases, the best published result for the use of Sn in porous 

pyrolyzed nanofibers was accomplished when the pyrolysis was conducted in an Ar and H2 

mixture24, rather than the inert N2.  During the stabilization process of that work the tin 

octanoate was converted to SnO2 and the PMMA phase in which the tin complex was 

included thermally decomposed to create a porous internal structure.  Adopting an Ar/H2 
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mixture to improve the reducing potential of the atmosphere within the tube furnace is 

expected to have a similar impact on the SnO2 present in fibers produced from the polyimide 

precursors.  Use of an Ar/H2 or forming gas mixture would also be marginally safer than the 

use of a pure H2 process flow. 
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