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Abstract 
 

Solid State Nuclear Magnetic Resonance Investigations  
of Advanced Energy Materials 

 
by 

 
George D Bennett 

 
 
Advisor: Professor Steve G Greenbaum 
 
        In order to better understand the physical electrochemical changes that take place in lithium 

ion batteries and asymmetric hybrid supercapacitors solid state nuclear magnetic resonance 

(NMR) spectroscopy has been useful to probe and identify changes on the atomic and molecular 

level. NMR is used to characterize the local environment and investigate the dynamical 

properties of materials used in electrochemical storage devices (ESD). NMR investigations was 

used to better understand the chemical composition of the solid electrolyte interphase which 

form on the negative and positive electrodes of lithium batteries as well as identify the 

breakdown products that occur in the operation of the asymmetric hybrid supercapacitors. The 

use of nano-structured particles in the development of new materials causes changes in the 

electrical, structural and other material properties. NMR was used to investigate the affects of 

fluorinated and non fluorinated single wall nanotubes (SWNT). In this thesis three experiments 

were performed using solid state NMR samples to better characterize them. 

 

 

The electrochemical reactions of a lithium ion battery determine its operational profile. 

Numerous means have been employed to enhance battery cycle life and operating temperature 

range. One primary means is the choice and makeup of the electrolyte. This study focuses on the 
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characteristics of the solid electrolyte interphase (SEI) that is formed on the electrodes surface 

during the charge discharge cycle. The electrolyte in this study was altered with several additives 

in order to determine the influence of the additives on SEI formation as well as the intercalation 

and de-intercalation of lithium ions in the electrodes. 7Li NMR studies where used to 

characterize the SEI and its composition.   

 

Solid state NMR studies of the carbon enriched acetonitrile electrolyte in a nonaqueous 

asymmetric hybrid supercapacitor were performed.  Magic angle spinning (MAS) coupled with 

cross polarization NMR techniques were used to determine what effects 200 ppm of  

intentionally added water would have on the decomposition of the acetonitrile. The resultant 

NMR spectra yielded several prominent peaks which were assigned to acetamide, glycolonitrile, 

formaldehyde and other lithium carbon derivatives. The aforementioned decomposition products 

are a believed to be a result of the acetonitrile being hydrolyzed as well as its interaction with the 

lithium salt. The decomposition products are deposited on electrode surface leading to operation 

changes in the life of the supercapacitors. The information gained from the NMR studies may be 

beneficial understanding the supercapacitor operation and aid in future design.  

 

Carbon nanotubes are used to enhance structural stability and performance. In this experiment 

NMR is used to determine if the addition of nanotubes to two types of polymer matrix changes 

the structural stiffness and motional dynamics. The polymers studied by direct 1H NMR 

observations are Polybutadiene (PB) and Polyisobutylene (PIB). PB and PIB with single walled 

carbon nanotubes (SWNT) as well as functionalized with fluorine (F) produce significantly 

stronger composites as compared to composites without SWNT.  
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Chapter 1 – A General Introduction 

1.1 Introduction 

             The demand for clean, renewable sources of energy has become an issue of paramount 

importance. The escalating cost of fossil fuels as well as their negative impact on the 

environment has made the search for environmentally friendly alternatives all the more critical. 

Electrical energy that is generated by solar, wind, bio-mass, geo-thermal and other renewable 

forms offer many advantages over fossil fuel based sources.   In order to maximize usage of 

these renewable sources more efficient forms of electrical energy storage devices (ESD) are 

needed [1], [2], [3]. ESDs are electrochemical devices, and the two primary types are batteries 

and capacitors. The difference in these two kinds is that batteries store energy in chemical 

reactants capable of generating charge whereas the electrochemical capacitor stores energy 

directly as charge [1]. Even though the ESDs in today’s market show a great deal of promise, 

they are limited. ESDs must possess high energy and high power densities as well as an 

improved charge/discharge profile if they are to continue to be viable options for portable 

devices and hybrid electric vehicles.  

             To improve the characteristics of ESDs, there must be further advancement in the 

scientific understanding underlying the physics and chemistry of these devices at the atomic and 

molecular levels. Such understanding can shed light into processes occurring during extreme 

temperature variation, the causes for reduced performance over time, and the materials required 

for better ESD design and operation. Limitations in the performance of ESDs can often be 

attributed to a breakdown at the interface of the electrolyte and the electrode. Much research has 

been centered on the choice of electrode material and its performance over the cycle life of the 
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ESD as well as the solvents used in the electrolyte [4], [5], [6]. The choice of new materials is 

highly dependent upon how well they increase energy capacity and control volume and structural 

changes under charge and discharge cycling. Nanostructured materials in ESDs have shown 

great potential in allowing for a high energy capacity and high power density. Unfortunately, 

nanoscale science and research in reference to ESD development is not yet well understood [1], 

[7], [8]. One type of ESD that has emerged as the primary choice for rechargeable batteries is the 

lithium ion (Li-Ion) cell. Capacitors, the other type of ESDs, have been evolving. They have 

moved from simple dielectric devices to electrochemical double layer cells and presently to 

asymmetric hybrid supercapacitors. These two devices will be further discussed in this 

document. 

 

1.2 Lithium-Ion Battery 

             Lithium-Ion (Li-ion) batteries have become an essential part of today’s emerging 

technology. Without a sufficient source of portable power many of today’s technologies would 

not be as readily embraced by the general public [1], [4], [9]. Electronic devices such as laptops, 

media players, calculators and cellular telephones now function primarily on lithium ion 

batteries. These types of batteries have an advantage over nickel cadmium (Ni-Cd) batteries 

because they do not suffer from the same charging memory effects. Li-Ion batteries do not need 

to be fully discharged before they are recharged, therefore a higher energy density and a better 

environmental toxicity profile can be achieved. In addition, Li-Ion batteries are slow to self-

discharge. The self-discharge rate is approximately five percent per month and in contrast it is 

twenty percent for Ni-Cd and thirty percent for nickel hydride batteries. 
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             Li-Ion batteries are made with a liquid electrolyte between the anode and the cathode. 

The Li-Ions flow from the anode to the cathode via the liquid lithium salt electrolyte. This type 

of design led to limitations in physical design, leakage and volatility concerns. A solid electrolyte 

may eliminate some of these issues. There is an acute need for a solid electrolyte that allows 

adequate ion diffusion while preventing potential short circuit effects. The advancement of 

battery and fuel cell technology depends on the creation of new materials. These new materials 

need to allow for the better ion mobility, transport and greater mechanical stability. The 

aforementioned properties should be effective over a wide range of operational temperatures as 

to be useful in a wide range of applications. These new solid electrolyte materials will allow for 

greater charge capacity for a smaller total volume and more flexible battery design [9]. 

             Battery development is contingent on engineering and selecting the best materials for the 

anode, cathode, and the separator electrolyte. A lithium transition metal oxide is generally 

chosen for the cathode and a graphitic carbon material for the anode. The cathode and the anode 

should allow for good ion and electron exchange, good chemical and mechanical stability during 

battery operation. Characterization for these materials is performed by using Nuclear Magnetic 

Resonance (NMR) and the various techniques associated with this investigative methodology.  

             NMR analysis allows for structure and dynamic characterization of material properties. 

This form of spectroscopy aids the investigator in determining ion mobility, chemical structure, 

and reaction dynamics. In addition NMR spectroscopy enables one to examine individual ions 

within the context of their chemical environment. This ability to isolate by ion gives more 

specific information than electrical conductivity and X- ray diffraction. The type of NMR 

spectroscopy used on polymer electrolytes and various membranes for Li-Ion batteries is solid 

state NMR. There are several pulse sequence techniques that probe the local environment of the 
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nucleus. These testing formats will reveal information, and give initial characterization that aid 

in the defining of a spectrum and its time dependence. 

 

1.3 Li-Ion Battery Operation 

             There are a wide variety of batteries and the basis of their operation is by reduction and 

oxidation reactions. The batteries consist of a cathode, an anode, and a medium for the 

reduction/oxidation to take place. The Silver Zinc cell, Carbon Zinc, Alkaline, Zinc Air Button 

cell, Lead Acid, Edison, NaCd, NiMH, and Lithium Ion are all batteries that employ various 

means to execute the reduction/oxidation scheme. The aforementioned batteries fall into two 

important categories. They are rechargeable and non-rechargeable batteries. Other important 

criteria to compare battery and battery types are efficiency and by specific energy. The specific 

energy of a battery format gives the storage capacity as a function of its mass. Lithium-Ion has 

one of the highest specific energy profiles of any battery.  Below in figure 1.1 we can see the 

anatomy of a lithium based battery. 
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Figure 1.1 A lithium-ion based battery with anode, cathode, electrolyte and the current collectors [1]. 

 

             Figure 1.1 is an illustration of the charge and discharge cycle of a Li-Ion battery. 

The cathode is a lithium transition metal oxide. In the above illustrative case the transition metal 

is manganese. It could be cobalt, another transition metal or combination of transitional metals. 

The anode is a graphite-based material, which can intercalate or release lithium. When discharge 

begins the lithiated carbon releases a Li+ ion and a free electron. The electrolyte, which should 

readily facilitate ion transport, contains a lithium salt that is dissolved in an organic solvent 

[1],[17]. The Li+ ion, which moves towards the electrolyte, replaces another Li+ ion from the 

electrolyte, which moves towards the cathode. At the cathode/electrolyte interface, Li+ ions then 

become intercalated into the cathode and the associated electron is used by the external device. 

When charging takes place, the lithium metal oxide is delithiated and the reverse process ensues.      
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             The size of the lithium ion facilitates the charging and discharging of the battery because 

it can move easily within the cathode, anode, and polymer electrolyte. In addition to its size, 

lithium is chosen because it is light and has a very high electrochemical potential.  The primary 

purpose of choosing materials for the cathode and anode is to maximize cell voltage. The 

transition metal chosen should also have a large capacity for oxidation. Cathode material should 

facilitate insertion and depletion of lithium ions in large quantity. This process should be 

reversible and should lead to minimal structural changes in the cathode. Another feature of 

cathode material design is that the cathode should be chemically stable and not react with the 

selected electrolyte over the entire voltage range.  

1.4 Supercapacitors 

             Supercapacitors are electrochemical devices that have high surface area as compared to 

conventional capacitors, and the charged electrodes are separated by a thin electrolytic dielectric 

to enhance capacitance. The separation of charge at the interface is measured on the order of a 

fraction of a nanometer as opposed to micrometers, which is the case for most polymer film 

capacitors [10]. The energy in the supercapacitor is stored as static charge at the electrode- 

electrolyte interface as opposed to a battery where the energy is due to an electro-chemical 

process. Electrochemical double layer capacitors (EDLC)  (supercapacitors) can be described as  

having a double-layer construction consisting of porous carbon-based electrodes with an 

electrolyte separator [11], [12], [13]. A more detailed discussion will be given in chapter 7. 

Attempts to increase the energy and power density have led to a new category called hybrid 

supercapacitors. Hybrid supercapacitors are identified by their electrode configuration. Hybrids 

are listed as composite, asymmetric and battery types. A composite hybrid has carbon based 
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electrodes with a conducting polymer. The asymmetric hybrid has an activated carbon negative 

electrode with a conducting polymer positive electrode. The battery type hybrid uses a porous 

carbon electrode with a high density battery electrode.  Researchers are now experimenting with 

a variety of materials, including carbon nanotubes, for electrodes because they may improve ion 

transport and capacity [14], [15],[16]. The non-aqueous organic electrolytes usually use 

acetonitrile and allow a nominal voltage of up to 

 3 V [1]. 

 

[1] Annual Energy Review 2007 “www.eia.doe.gov/aer/pdf/aer.pdf” 

[2] Coalition for Affordable and Reliable Energy, Energy and America’s Economy,                     

“www.careerenergy.com/energy/energy-americas-economy.asp,” 2003.     

[3] Status of Electrical Energy Storage Systems “www.berr.gov.uk/files/file15189.pdf,” 2004. 

[4]  M. Wakihara, 0. Yamamoto, Lithium Ion Batteries Fundamentals and Performance, Wiley-    

VCH, 1998 

[5]  P. Poizot, S. Laruelle, S. Grugeon, L. Dupont, and J. M. Tarascon, Nature, 407, 2000 

[6]  J. M. Tarascon and M. Armand, Nature, 414, 2001 

[7]  C.Wanga, Z. X. Guob, S. Fua, W. Wub, and  D. Zhub, Progress in Polymer Science, 29           

       2004 

[8]  M. L. Shofner, V. N. Khabashesku, and  E.V. Barrera, Chemical Material, 18, 2006 

[9]  I. Hadjipaschalis, A. Poullikkas and V. Efthimiou, Renewable and Sustainable Energy                 
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Reviews, 2008 

[10]  M. S. Halper and J. C. Ellenbogen, Supercapacitors: A Brief Overview, Mitre, 2006 

[11]  E. Frackowiak, and F. Beguin , Carbon, 39(6), 2001 

[12]  J. Gamby, P. L. Taberna, et al., Journal of Power Sources, 101(1), 2001 

[13]  D.Y. Qu, and H. Shi , Journal of Power Sources, 74(1), 1998 

[14]  K.H. An, W. S. Kim, et al.,  Advanced Materials, 13(7), 2001 

[15]  K.H  An, W. S. Kim, et al, Advanced Functional Materials, 11(5), 2001 

[16]  C.S. Du, J. Yeh, et al., Nanotechnology, 16 (4), 2005 

[17]  P.V. Wright, Materials Research Society, Bulletin, (8), 2002 
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Chapter 2 – Perspectives of NMR 

 
2.1 Quantum Mechanical View 
              

Nuclear Magnetic Resonance, NMR, is a type of spectroscopy that uses electromagnetic 

radiation to drive transition between energy levels of nuclear spins. The type of radiation that is 

used is in the radio frequency range.  

Modern NMR relies on a quantum mechanical description of the relationship between the 

nuclear spin and the magnetic field [1], [2], [3]. As previously stated, NMR exploits the intrinsic 

spin of the nucleus. The spin of the nucleus (or spin of the nucleons) gives rise to the magnetic 

moment, µ. If the total spin of the protons and neutrons is not zero, the overall spin of the 

nucleus generates a magnetic dipole moment along the spin axis. The intrinsic magnitude of this 

dipole is a fundamental nuclear property. The quantum mechanical description of the magnetic 

dipole moment is given by the equation 

 μሬԦ ൌ  Ԧܫߛ

form of the expression is given by 

ߛ  ൌ
݁
2݉

(2.1) 

where I is the spin angular momentum and γ is the gyromagnetic ratio. The ratio is normally 

described in terms the mass of the proton and its charge, ݁, (neutrons are included). A simple 

݃ (2.2) 

where g is called the nuclear g-factor and  is specific to each atomic nucleus. The nuclear 

gyromagnetic ratio is extremely important in in that NMR spectroscopy relies on the precession 
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of nuclear spin in a magnetic field. The rate of precession is called the Larmor frequency, ω

This rate is  the product of the gyromagnetic ratio and the magnetic field strength, ω0 = γB0. 

Angular momentum I is quantized along the z direction. The range of its quantized component 

governed by the magnetic quantum number m which denotes orientation. The values of m ran

from –I, -I+1, …,...,I-1, I and I is the spin quantum number. The relationship between m and the 

quantized I component along z is given by 

0. 

is 

ge 

௭ܫ  ൌ ݉ħ (2.3) 

In systems with I =1/2 the range of ml is from -1/2 to +1/2 and for spins of I=1 the range of m is 

three lues of -1, 0, 1[4]. Below, in figure 2.1, is a vector representation of spin systems  

 

Figure 2.1. Quantized angular momentum of spin 1/2 with ml ranging from -1/2 to 1/2 and for spin 1 with ml ranges  
from -1, 0, to1. 

 

             The energy and the orientation of the nuclear spin can be changed by the absorption of a 

quantum of electromagnetic radiation. The associated Zeemna energy is generally given by the 

equation 

va  of I=

1/2 and I= 1. 
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ܧ  ൌ െμሬԦ ൉  ሬԦ (2.4)ܤ

where E is the energy. The above equation illustrates that the vector dot product depends on 

orientation. When the sample of nuclei is immersed in an external magnetic field a distribution of 

spins occurs based on their population orientation. The associated energy difference for the two 

states is given by the Zeeman relation  

 

m is in the low energy state and when they are 

antiparallel to one another, the system is in the higher energy state [5]. Figures 2.2 and 2.3 show 

the parallel and anti-parallel conditions as well as the energy separation due to an external 

Figure 2.2 Magnetic dipole moments and the associated energy that are aligned with the external magnetic field and 
anti-parallel to the B0 field with a spin 1/2 [5].  

 

ܧ߂  ൌ ħ߱ (2.5) 

where ħ߱ is due to the difference from the α to the β state and Bz is equal to B0. When the spin is

aligned with the magnetic field the syste

magnetic.  
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Figure 2.3 Energy level diagram of two spin states. 

 

As seen in the figure 2.3, the two energy states are not equally populated. At thermodynamic 

 this population can be described by the Boltzmann distribution. The ratio of 

ఈ

equilibrium

distributed spin states can be expressed as  

 
ܰ
ܰ

ൌ ݁௞்
∆ா

ఉ
 (2.6) 

where N is the number of spins in either the up state, α, or down state, β. The above analysis was 

done for a single nuclear spin I=1/2 but can be generally extended to include systems containing 

ܯ 

large quantities of moments. The relationship between the individual spin and bulk spins is given 

by the equation 

ሬሬԦ ൌ ෍ߤԦ௜
௜

 (2.7) 

 

here ܯሬሬԦw  is the bulk magnetization [6], [7],[8], [9]. 

           The strength of this magnetization M0 (ܯሬሬԦ  ൌ ଴ܯ ෠݇) is determined by the very small size 

a ifference between the of the m gnetic moments of the nuclei in question as well as by the net d
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number of nuclear spins aligned with and agains  fractional ratio of population 

difference is known as the polarization, P.  When the spins are at thermal equilibrium with their 

surroundings the population difference, again, is described by the Boltzmann distribution

gives the polarization as [10] 

 

t B0.  The

 and it 

 ܲ ൌ   ఉܰ െ ఈܰ

ఉܰ ൅ ఈܰ
ൌ ݄݊ܽݐ ൬

ܧ߂
݇஻ܶ

൰ ൌ ݄݊ܽݐ ൬
଴ܤħߛ
݇஻ܶ

൰ (2.8) 
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Chapter 3  - Nuclear Magnetic Resonace Interactions 

.1 Basic NMR Hamiltonian

 

3  

t take place in NMR. They can be divided into two 

d, 

 

ortant 

 thus 

to the 

ܪ 

             There are several interactions tha

basic types. The two types are external interactions and internal interactions. A partial list of 

theses interactions is provided in Table 3.1. The external interactions are, as previously implie

that of the external magnetic field B0 and B1 the rf-pulse. They are external parameters that affect

the target nucleus being investigated. The internal interactions contain all the fundamental 

information characterizing the nuclear spin system in the solid state. Some of the more imp

internal processes that affect solid state NMR results are the chemical shift, dipole-dipole 

interactions, and quadrupolar interactions. These interactions change or perturb the system

causing the point of resonance to change. We can formulate the problem by using the 

Hamiltonian to express the total energy of the system [1], [2].  The energy E is related 

Hamiltonian operator by the following equation: 

 

෡߰ ൌ  (3.1) ߰ܧ

                                                   

  is the eigenvalue and  ߰ describes the wave 

two parts, the external and internal components. Thus ෡ is equivalent to ෡ ෡  where 

where ܪ෡ is the Hamiltonian operator and  ܧ

function associated with the system. In solid state NMR the above operator can be broken into 

ܪ ௘௫௧ܪ ൅ ܪ௜௡௧
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ሻݐ෡௘௫௧ሺܪ  ൌ ෡௓ܪ ൅  ሻ ሺ3.2ሻݐ෡௥௙ሺܪ
 
and 

෡௜௡௧ܪ  ൌ ෡௖௦ܪ ൅ ෡ௗܪ ൅  ෡ொܪ

                         
             The first Hamiltonian operator, ܪ෡௓, is as previously introduced the Zeeman inter  

eeman Hamiltonian  is 

 

(3.3) 

action

effect [2].  Thus the Z

෡ܪ  ൌ െħܤߛ଴ܫመ௓ ሺ3.4ሻ 
 

௠ܧ ൌ െ݉ħܤߛ଴ 

                 

he value of m 

                                              
The Zeeman energy levels are 
 

 (3.5) 
 

T can vary depending on the spin value. For system where the spin is 1/2,  m
rom -1/2 to 1/2. 

 varies 
f

Hamiltonian Interaction Magnitude ~ 

H  Zeeman 108 Hz z

H  Chemical Shift 10-104 Hz cs

H  Dipole-dipole 102-105 Hz d

H  Quadrupolar 103-109 Hz Q

Table 3.1. t of the prominent NMR inte agnitude of the interac ertzs. 

 

 

 A lis ractions and the m tions given in h
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3.2 Chemical Shift 

           The first of the internal interactions to be examined is the chemical shift. The chemical  

ion between the nuclear spin and the fields generated by surrounding 

  

shift is governed by interact

electron current. Fields from electronic currents are induced by the applied external magnetic 

field. Thus the total magnetic field seen by the target nucleus spin is therefore different from the 

external applied B0 field.  The chemical shift from the Larmor frequency depends on the total 

field the spin sees. The total effective magnetic field, Beff, is given by the equation below. 

ሬԦ௘௙௙ܤ   ൌ ሬԦ଴ܤ  ൅ ሬԦ௜௡ܤ ൌ ሬԦ଴ܤ – ሬԦ଴ܤߪ ൌ ሺ1 – ሬԦ଴ܤሻߪ
                  

The Hamiltonian which describes the chemical shift is 

ܪ 

 (3.6) 

෡஼ௌ ൌ መԦܫߛ ൉ ിߪ ൉  ሬԦ଴ (3.7)ܤ
 

. The tensor has components of direction 

and conveys the magnitude Beff  at the nucleus to B0 , the external magnetic field. The tensor is  

 ߪ  ൌ ൭ߪ௬௫ ௬௬ߪ ௬௭൱ߪ ൌ ܦ

where σ, the chemical shielding, is a second rank tensor

௫௫ߪ ௫௬ߪ ௫௭ߪ

௭௫ߪ ௭௬ߪ ௭௭ߪ
ሬሬԦିଵߪ ௉஺ௌܦ ሬሬԦ

 

 (3.8) 

ypically, the chemical shift is representred by its principal components via diagnalizing matrix 

ሬܦ

T

ሬԦ 

௉஺ௌߪ  ൌ ൭
ଵଵߪ 0 0
0 ଶଶߪ 0
0 0 ߪ

 

ଷଷ

൱ (3.9) 
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Figure 3.1. A three dimensional ellipsoid illustrating the principal axis associated with the chemical shielding 
tensor. 

 

Such that                                        

ߪ  ൌ஺௏ 1
3
ሺߪଵଵ ൅ ଶଶߪ ൅  ଷଷሻ (3.10)ߪ

   

with 

௜௦௢ߪ ൌ ஺௏ߪ
1 0 0
0 1 0
0 0 1

൱ (3.11) 

   

 

 ൭
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and anisotropy                              

ߪ∆  ൌ ଷଷߪ െ 2
1
ሺߪଵଵ ൅  ଶଶሻ (3.12)ߪ

in terms of the chemical shift tensors and it is   

ߜ ൌ ଷଷߪ െ ஺௏ߪ ൌ ൬
2
3

 

The chemical shift can be written 

 ൰  ߪ∆

um will reflect 

the orientation of the chemical shift principal axis with respect to B0. This has important 

implications for polycrystalline and amorphous materials. In a polycrystalline sample all 

rientations are realized such that the NMR spectrum reveals a distribution of resonance 

 = σ 33 

tation 

 other 

(3.13) 

 

             Since the chemical shift interaction has orientation dependence, the spectr

o

frequencies. Figure 3.2 shows in (a) a single crystal chemical shift spectrum oriented in the 

external field and (b) a spectrum of a particular powder sample where  we have σ 11 ≠  σ 22

and (c) another powder sample where σ 11 ≠ σ 22 ≠ σ 33. A single crystal can be at any orien

so when σ 11 ≠ σ 22 ≠ σ 33 the NMR spectrum would differ depending on the orientation. In

words, we observe a shift of the reference frequency upon a change in orientation 
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σ22 σ33σ11 

σ22 = σ33 

 

σ11 

 

σiso  

Figure 3.2.  Individual spectum for a power sample and single crystal. 

 

If we now return to the NMR spectrum we can note that it is a plot of the radio frequency, which 

has been applied, versus the absorption. The chemical shift can be defined as the frequency of 

the resonance expressed with reference to a well known and characterized standard compound, 

which is defined at 0 ppm. The scale that is used to display the NMR spectrum is often expressed 

in parts per million (ppm). The ppm scale is often used because it is independent of the 
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spectrometer frequency and thus more convenient for the purpose of analysis and comparison. 

We can express the formula for the chemical shift as 

 

ߪ ݐ݂݄݅ܵ ݈݄ܽܿ݅݉݁ܥ ൌ
 ݀݁ݒݎ݁ݏܾ݋  ݕܿ݊݁ݑݍ݁ݎ݂ – ݁ܿ݊݁ݎ݂݁݁ݎ ݕܿ݊݁ݑݍ݁ݎ݂

݁ܿ݊݁ݎ݂݁݁ݎ ݕܿ݊݁ݑݍ݁ݎ݂ 10଺ ݔ 
 (3.14) 

 

       
and it is sometimes called δ.   

 

3.3 Dipole-Dipole Interaction 

             There are other effects, as seen in Table 3.1 that contribute to the overall Hamiltonian. 

These effects are smaller than the Zeeman effect but they can be observed in NMR experiments. 

These smaller field effects interact with other neighboring nuclei. The near effects tend not to 

extend beyond 3 bond lengths. One such interaction is the dipole-dipole. The dipole-dipole 

interaction is on the order of 103 Hz. Dipole-Dipole interaction or dipolar coupling is the 

interaction of two nuclear magnetic moments with a non-zero spin ሺܫ  separated by a 

distance  r in an external magnetic field.   

  ൒ 1/2ሻ
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Figure 3.6 Two magnetic dipole moments in an external magnetic field B0 separate by a distance r and an angle θ in 
reference to B0. 

 Ԧ௜௝ݎ

ܤ

The equation for the magnetic field of a dipole a distance ݎԦ away is given by equation 3.15  

 

 ሬԦ஽ሺݎԦሻ ൌ
଴ߤ
ߨ4

3ሺߤԦ · ̂ݎሻݎ ̂ െ Ԧߤ
ଷݎ

(3.15)  

஽ܧ ൌ െߤ

 

If the aforementioned magnetic dipole interacts with a neighboring dipole, the energy that is 

associated with the interaction of these two moments as seen above in figure 3.6 is 

 Ԧ ·  ሬԦ஽ܤ

 ൌ െ
଴ߤ
4

(3.16) 

The result of the dot product is of the field and the magnetic moment is 

ߨ
3ሺߤԦ௜ · ̂ߤሻ൫ݎ Ԧ௝ · ൯ݎ̂ െ ൫ߤԦ௜ · ଶݎԦ௝൯ߤ

ହݎ
 (3.17) 

 

22 
 



Finally upon replacement of ݑሬԦ by operators the 1st –order representation of the energy between 

 

 
ܪ 

two dipoles is 

௝ߛ௜ߛ ħଶ

ଷݎ
෡஽ ൌ െ

଴ߤ
ߨ4

ሺ1 െ 3 ଶݏ݋ܿ ௝ܫ௜ܫሻሺ3ߠ െ Ԧ௜ܫ ·  Ԧ௝ሻܫ

 

(3.18) 

             Equation 3.18 shows that there is an angular or orientation dependence to the energy. 

lei. 

ܪ 

Equation (3.18) can be for both similar nuclei (homonuclear) of dissimilar (heteronuclear) nuc

In a macroscopic sized sample containing many ߤԦ௜ ·  Ԧ௝ interactions, the dipolar Hamiltonian isߤ

generally represented by the summation. The dipole contribution (to the total energy) ܪ෡஽ now 

becomes 

 

෡஽ ൌ െ෍
௝ߛ௜ߛ଴ߤ ħଶ

ߨ4
ቈ
൫ܫመ௜ · መ௝൯ܫ
௜௝ଷݎ

െ 3
൫ܫመ௜ · መ௝ܫԦ௜௝൯൫ݎ · Ԧ௜௝൯ݎ

௜௝ହݎ
቉

௜ழ௝

 (3.19) 

 

 

As previously stated there is an orientation aspect to the dipolar coupling. If the vector is aligned 

with ሬܤԦ଴ ሺߠ ൌ 0 ሻ ሺߠ ൌ 90 ሻ ଴  or is perpendicular ଴   as seen in figure 3.7 a), are obtains its 

characteristic spectrum. If the sample is that of a powder all orientations are realized and, there is 

a Pake pattern which emerges in figure 3.7 d). A Pake doublet is the collective sum of 

resonances for each crystallite within the powder, as they are randomly distributed throughout 

sample. 
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                          Figure 3.7 Dipole-dipole coupling with orientation dependence and associated peak pattern.                                          
[12] 

 

 
 figure 3.8 we can see the peak separation of the NMR spectrum, as well as how the angular 

rientation affects the spectrum. The peak separation is primarily dependent on the distance 

etween the two spins the orientation with respects to ܤ

 

In

o

ሬԦb ଴

 

 

 and the gyromagnetic ratios. 
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Figure 3.8 Pake Powder pattern of dipolar coupling with angular orientation shown [11]. 

 

rom the above description of the dipole coupling in solid state NMR, we can determine distance 

.4 Quadrupolar Interaction

F

and orientation information. 

 

3  

s from the interaction between the nuclear quadrupole 

momen

metr ent 

 ܳ ൌ නݎߩଶሺ3 ଶݏ݋ܿ ߠ െ 1ሻ݀߬ (3.20) 

The quadrupole energy term result

t and the electric field gradient generated primarily by the bonding electrons. Nuclei with 

spin ܫ ൒ 1  have non-spherical charge metrical distribution [4], [5]. The magnitude of the 

asym y is eQ where e is the charge of the proton and Q is the nuclear quadrupole mom

and is given by: 
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The integral is performed over the nuclear volume ሺ݀τሻ where ρ is the  nuclearcharge density, r 

is the radial distance, and θ the angle  ݎԦ makes with the nuclear spin quantization axis. The 

charge distribution of nucleons affects the sign of Q. If Q is positive then the charge distribution 

is elongated, where as if it is negative then the charge distributions is flattened along the spin 

axis. The asymmetry of the charge distribution due to surrounding electrons gives rise to electric 

field gradient. The electric field gradient can be represented as a tensor, and the  interaction of 

the nuclear quadrupole moment and the electric field gradient is the NMR quadrupolar 

interaction. The quadrupole interaction energy, ܪ , is given by the equation ෡ொ

෡ொܪ ൌ
݁ܳ

ܫ2
 

ሺ2ܫ െ 1ሻħ
Ԧܫ · ࢂ · Ԧܫ (3.21)  

ܪ

 

where ࢂ is the EFG tensor and in the frame where ࢂ is diagonalized called the principal axis 

system (PAS). The Hamiltonian in the PAS then becomes 

൤ሺ3ܫ௭ଶ െ ଶሻܫ ൅ ൬ ௫ܸ௫ െ ௬ܸ௬

௭ܸ௭
෡ொ ൌ

݁ܳ ௓ܸ௓

ܫሺ2ܫ4 െ 1ሻħ
 ൰ ൫ܫ௫ଶ െ  ௬ଶ൯൨ܫ

௫ܸ௫ ௬ܸ௬ ௭௭

primary contributions to the EFG come from charges of distant ions as well as incomplete 

valence electron shells. The EFG tensor, V, when diagonalized can be written as 

ࢂ  ൌ ቌ
௫ܸ௫ 0 0
0 ௬ܸ௬ 0
0 0 ௭ܸ௭

ቍ (3.23) 

(3.22) 

where I is the nuclear spin, e is the electron charge, Q the electric quadrupolar moment of the 

nucleus and , , and ܸ  are the components of the electric field gradient, EFG. The two 
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where ௫ܸ௫, ௬ܸ௬ and V୸୸ are its principal axes components. Since the V is traceless then we have  

 ௫ܸ௫ ൅ ௬ܸ௬ ൅ ௭ܸ௭ ൌ 0 (3.24) 

 | ௭ܸ௭| ൒ ห ௬ܸ௬ห ൒ | ௫ܸ௫| (3.25) 

and the EFG asymmetry parameter, η , is defined by 

ߟ ൌ ௬ܸ௬ െ ௫ܸ௫

௭ܸ௭

In addition to the above characteristics, we have 

  

rameter is the quadrupole coupling 

constant  

h

(3.26) 

and it is bounded as follows:  0 ൑ ߟ ൑ 1. Another pa

 Qୡୡ ൌ
eQV୸୸ (3

and eVzz is

.27) 

 the largest component of the EFG. The quadrupolar interaction as previously stated 

leads to changes in the energy. The energy lines change by ωQ, as understood by 1st-order 

treatm and shown in figure 3.10. 

1

ent of equation 3.22 

 ߱ொ ൌ ߱ொ
௉஺ௌ

2
ሾ3 ଶݏ݋ܿ ߠ െ 1 െ ߟ ଶ݊݅ݏ ߠ ݏ݋ܿ 2߮ሿ (3.

where the frequency, ߱ொ
௉஺ௌ, of  equation 3.28 is 

28) 

߱ொ
௉஺ௌ ൌ

3݁ܳ ௭ܸ௭

ħ2ܫሺ2ܫ െ 1ሻ
  

φ are defined in relation to the coordinated system below in figure 3.9 

(3.29) 

In equation 3.28 θ and 
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Figure 3.9 The principal axis coordinate system. 

 

 Finally, the energy that is associated with the levels is  

௠ܧ ൌ
1
ߨ4

߱ொ ൤݉ଶ െ
1
3
ܫሺ2ܫ ൅ 1ሻ൨  (3.30) 

   

The above is the high field approximation [6]-[10]. 
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Figure 3.10 A system of spin I = 1 with the quadrupolar effect changing the energy levels from the initial Zeeman  
condition. 

 

Quadrupolar interactions can lead to a powder pattern.  For system of spin 1 there are two 

possible transitions (2I+1) as seen in figure 3.10. The resulting powder pattern leads to a similar 

outcome as observed in the dipole-dipole example of figure 3.7 d) . In the case of quadrupolar 

interaction the splitting similar to that shown in figure 3.7 is proportional toܳ . ஼஼ሺ1 െ ሻߟ
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Chapter 4 - Solid State 

4.1 Solid State NMR 

 

             Solid state NMR is characterized by anisotropic interactions that are not averaged out by 

rapid molecular motion inherent in liquids. The most important of these interactions were 

described in the previous section. Nuclear spins interact with one another and with electrons 

depending of the distance of their separation. The anisotropic interactions can lead to a variety 

effects. In addition to the spin-spin interaction we can have nuclei with electric quadrupole 

moments interacting with the electric field gradient in certain type of atomic environments. In 

the aforementioned interaction atomic bond distance is a key factor giving rise to these effects. 

Solid state NMR is defined by these anisotropic interactions. The characteristic effect of solid-

state NMR is a splitting and broadening of the spectral lines, causing a dispersion of the resonant 

frequencies. These processes cause transverse relaxation time, T2, of solid-state material to be 

shorter [1], [2], [3]. 

             There is a need for high-resolution techniques to understand and determine the 

dynamical structures of solids, atomic and molecular orientations, bonding distances, and ionic 

motion. The use of a variety of pulse sequences and magic angle spinning has allowed for better 

NMR resolution in the solid state.  

4.2 Bulk Magnetization and RF B1 Interaction 

            The rotation of the bulk magnetization into the x-y plane is cause by the application of a 

radio frequency pulse of a set duration. The pulse is perpendicular to the external field B0 and 
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can be oriented along the x or y axis. The process of applying the pulse and the subsequent 

rotation is illustrated below in figure 4.1.  

 

 

Figure 4.1. The rotation of the magnetization vector, ܯሬሬԦ, into the x-y plane by the application of the B1 filed due to   
the rf pulse of a fixed duration. 

 

The two fields B1, generated by the RF pulse, and B0 combine to form an effective field, Beff.  Beff 

is the resultant vector of the combination of B0 and B1 as seen in the lab frame. Both fields 

together are present for a short time (equal to the B1 pulse width) and during this period the bulk 

magnetization precesses around Beff. The bulk magnetization contains a group of spins and the 

spins precessing exactly at the Larmor frequency (associated with B0) feel primarily the effect of 

B1. In the rotating frame these spins precess about B1 for the duration of the pulse. The off 

resonance spins precess at a slightly different frequency, ω, from the Larmor frequency ω0. 

These spins sense a different magnetic field which is given by  

ᇱܤ ൌ ൬ܤ଴ െ
߱

ߛ 
൰ (4.1) 
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௘௙௙ܤ ൌ ൬ܤ଴ െ
߱

where 

ߛ 
൰ ෠݇ െ ̂ ଴ଓܤ (4.2) 

 

The Bloch equations provide a classical mathematical description of the evolution of the 

magnetization vector in the laboratory as well as the rotating reference frames. Another way to 

understand the evolution of the magnetization is depicted in figure 4.2. It is rotating in its 

relaxation return to the equilibrium state along the z axis. During this process the magnetization 

component along the z axis grows as the bulk magnetization ܯሬሬԦ௫௬ component in the xy-plane 

becomes smaller.  

 

Figure 4.2. The precession of the bulk magnetization, in the laboratory frame, after B1 is applied and its return to 
the z axis. 
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The sinusoidal changes that are seen and measured in the decaying rotating magnetic field, ܯሬሬԦ௫௬ ,  

as it returns to equilibrium leads to the formation of the FID. The resulting FID can be seen in 

the below figure 4.3. 

 

 

Figure 4.3 FID associate with the decay of the transverse magnetization. 

 

In addition to the above description of the excited magnetization, is the relaxation process by 

which the magnetization recovers its initial value at thermal equilibrium.  

 

4.3 Relaxation 
 
             The bulk magnetization, as seen in figure 4.2, precesses in the transverse plane for a 

finite time as it returns to a state of thermal equilibrium. The process of returning to the 

equilibrium state is called relaxation. There are two types of time constants that describe the 

behavior of returning to equilibrium. The time constant, T1, is the time it takes the magnetization 

to return to the initial distribution of the α and β states. T1 can also be understood as the time 
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taken for the excited nuclear spins to give back their energy to the surrounding lattice. The 

measuresd value of T1 can give information about the molecular dynamics of the system that is 

being studied as seen below in figure 4.4 

 

Figure 4.4 Graphical representation of T1 time and the associated molecular dynamics. 

The other time constant, T2, is the de-phasing of the coherent transverse component of the 

magnetization vector in the x-y plane.  Figure 4.3 shows the T2 time constant as characterized by 

an exponential decay. 
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Figure 4.5 The above graphs illustrate the two relaxation processes. a) is a graph of the longitudinal relaxation  
                  and b) is a plot of the transverse relaxation as the magnetization dephases. 
 
 
T2 is the time it takes for the signal to decay to 1/e of its original magnitude as illustrated in  
 
figure 4.5 b). T2 is related to the linewidth of an observed NMR signal and represents the width  
 
of the signal at half height is given by 

 

ൌ
1
ߨ ଶܶ

ଵߥ߂
ଶ

 (4.3)  

 
 

as shown in the figure 4.6 below. 
 

 
Figure 4.6 T2 and its relationship to the FID and the fourier transformed NMR spectrum 

 
 

4.4 NMR Pulse Techniques 
 
             NMR experimentation is heavily influenced by the pulse techniques that are used. These 

pulses are designed to extract information from the examined material.  Because of 

environmental constraints, sample type and size pulse techniques are utilized to gain fragments 
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of information upon which interpretation is based. Below are a few of the fundamental pulse 

sequences that are used in order to gain, spatial, structural and dynamic information.  

  

4.5 Magic Angle Spinning 
 

The typical NMR experiment for a solid sample gives an absorption line of width greater than 

tens of kHz.  This is due to the variation in local magnetic field or the quadrupole interaction (or 

both) as mentioned in previous sections. The main contributors to local field variation are the 

dipole–dipole interaction and the chemical shift anisotropy. Dipole-dipole, quadrupole 

interactions, chemical shift interactions have (3cos2θ-1) terms to first order in their mathematical 

representation. In solid state these terms exist and can obscure valuable information namely the 

isotropic chemical shift, that could be gained from a NMR spectrum, especially when overlap 

can obscure closely spaced lines. Magic angle spinning (MAS) introduces periodic mechanical 

motion at an angle of θ = 54.740 with respect to ܤሬԦ଴. The (3cos2θ – 1) factor becomes zero when 

θ = 54.740.  The MAS spinning rate has to be greater than or equal to the magnitude of the static 

line width to achieve sufficient spectral narrowing. To accomplish this test samples are packed 

into rotors, which are then spun at rates from 1 to 40 kHz. The specific rate is experimentally 

limited by the rotor size, type of experiment and material being used. Spinning side bands can 

appear if the sample is spun at a rate less than the magnitude of the anisotropic. The spinning 

side bands are separated from the main peak by the spinning frequency[4], [5], [6]. 
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4.6 900 pulse 
 

             The most basic pulse technique is the 900-pulse sequence. The 900-pulse is designed to 

rotate the bulk magnetization into the x-y plane. The carrier frequency must be equivalent to the 

Larmor frequency and cause a change of spin state from α to β. Once the RF pulse has perturbed 

the sample to its new state a Free Induction Decay (FID) will follow as it returns to the 

equilibrium position or as spins diphase in the x-y plane. Applying a Fourier Transform to the 

time dependent FID will give us the frequency domain or spectrum. The duration of the pulse 

and the B1 amplitude are the factors that determine the flip angle for the sample. The flip angle is 

given by θ = γB1tp where tp is pulse length. Below, in figure 4.7 is an example of pulse with tp 

duration that is applied to a target nucleus. It produces a FID, which then is Fourier transformed 

from time domain to a frequency domain NMR spectrum. The rf-pulse excites a broad range of 

frequencies. 

 
Figure 4.7 The application of a NMR pulse to a target nuclei and the resultant signal is transformed into a NMR 

spectrum. 

 

Thus in attaining a 900 flip angle it is desirable to use sufficient RF power so as to limit the pulse 

duration for adequate spectral average [7], [8]. 
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4.7  Inversion recovery 
 

             Inversion recovery is a pulse sequence used to determine T1 that consists of using a 1800 

followed by a 900 which leads to the FID.  The first pulse rotates the magnetization, ܯሬሬԦ, 1800
 

from the  positive z to –z axis. Time τ is the delay that allows ܯሬሬԦ to partially recover. On its way 

to recovery a 900 pulse then samples the partially recovered magnetization. This technique is 

especially helpful if T1 is short (less than 1 second). 

 
 

 
Figure 4.8 A 1800, 900 pulse sequence used in the determination of T1. 

 

 

4.8 Saturation recovery 
 

             The saturation recovery pulse sequence is made up of a series of 90° pulses separated 

from one another by equivalent periods of time. The 90° RF pulse rotates the bulk magnetization, 

which is parallel to B0, from the z-direction into the xy-plane. In order to saturate the sample a 

sequences consisting of multiple 90° RF pulses are generated at relatively short repetitive times. 
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The main purpose of saturation recovery is to measure long T1 times more accurately than an 

inversion recovery pulse sequence [7].  

4.9 Cross Polarization and heteronuclear decoupling 

             Solid State NMR cross polarization experiments are performed to enhance the resonance 

signal. Nuclei which have a low gyromagnetic ratio, γs, or low natural abundance  are enhanced 

by the transference of magnetization from a resonant nucleus that has a high gyromagnetic ratio 

γi. The transference of energy occurs when frequencies are matched in the rotating frame as seen 

in figure 4.9. This is called the Hartman-Hahn condition and is given by the equation within the 

same figure [9], [10], [11]. The equation shown is for the case of 13C and 1H nuclei. In addition 

when we use this technique we can improve the signal to noise ratio by a factor of γ1H/γ13C. 

  

Figure 4.9 Hartmann-Hahn  condition showing the process of frequency matching from the laboratory frame to the 
rotating frame. 

 

Cross polarization is typically accomplished by ‘spinlocking’ the transverse magnetization so  
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that the field strengths for the two nuclear species satisfy the Hartmann-Hahn matching  
 
condition. The ratio of the pulses is approximately 4ܤ  to 1ܤ as illustrated in figure 4.10.  ଵಹ ଵଷ಴
 
             Cross polarization experiments are often combined with the MAS roto-synchronization 

technique (CP/MAS NMR) in addition to proton decoupling during detection as seen in the 

below figure. 

 

 
Figure 4.10 The Hartmann-Hahn matching in conjunction  with a  proton decoupling 

 

After CP we want to eliminate the influence of the proton on the carbon as it evolves during the 

FID [12], [13]. Decoupling occurs on the order of the width of the proton line. Solid state NMR 

CP MAS   has become a standard experiment in for nuclei with spin 1/2. CP MAS with 

decoupling suppresses line broadening caused by 13C and 1H dipolar coupling. The MAS portion 
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alsoaverages out the chemical shift anisotropy [14], [15]. The CP enhances measurement 

sensitivity.  
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Chapter 5 - Electrolyte additives 

 

5.1  Introduction 

             Many of today’s technological devices require battery power for operation. The demands 

for a battery that can produce consistent power over several hours have grown with industry and 

consumer demands for portability. These batteries must be able to meet a wide variety of 

demands and application formats. They are used in mp3 players, cellular telephones, personal 

media center players and others devices. Other areas where battery life and function are vital are 

aerospace and medical devices. Their requirements are similar to the aforementioned 

technological devices but they include environments that are challenging. One such area is space 

exploration. One of the challenges of aerospace requires that batteries operate efficiently over a 

great temperature range. The ability to consistently charge and discharge over the life of the 

battery is crucial especially when the battery cannot readily be replaced. 

             One of the processes that prevent long battery life and effective recharging is a layer that 

builds on the interface between the battery electrodes and the electrolyte. This film that develops 

is called the solid electrolyte interface or SEI. The internal operation of a lithium ion battery is 

based on electrochemical reactions which produce a variety of reaction products. The formation 

of these reaction products starts upon the contact of the electrolyte with the electrodes. The 

reaction is accelerated by the operation of the battery as it discharges and recharges or with 

increase in temperature during operation or storage. The initial formation of the SEI serves as a 

protection layer for the electrodes. This passivating film reduces the level to which the electrode 

will react further with the electrolyte. However further decomposition of the solvent and the 
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lithium salts leads to significant surface build up. A thicker SEI layer contributes to the 

impedance of the lithium ion in reaching the electrode [1], [2].  

             Many commercial batteries perform well around room temperature but their operation 

can be critically affected by significant rise or fall in temperature. It is widely known that the 

electrolytes have poor thermal stability at temperatures above 600C.  Lithium 

Hexafluorophosphate, LiPF6, is one of the most widely used salts in electrolytes of Li-ion 

batteries because it has high ionic conductivity but it too is vulnerable to hydrolytic and thermal 

instability. Thermal degradation of lithium ion batteries has been linked to the decomposition of 

LiPF6, for example, into LiF and PF5. The PF5 is considered a strong Lewis acid which in turn 

reacts with carbonates to form a variety of reduction products [3], [4].  

             Other carbonates added to the electrolyte are believed to selectively change the reduction 

reactions that take place at the anode, leading to improvements in battery performance. Example 

of this kind of additive are vinylene carbonate (VC) and vinyl ethylene carbonate (VEC). Both 

VC and VEC appear to form a passivating film that prevents solvent co-intercalation and 

exfoliation of the graphite at lower potentials [4], [5], [6].  A baseline electrolyte that is 

composed of a mixture of alkyl carbonates with LiPF6 performs well at low temperatures. The 

formulation of this electrolyte is 1:1:1 (vol. %) of ethylene carbonate (EC): diethyl carbonate 

(DEC): dimethyl carbonate (DMC) with 1 M LiPF6.  

             The cathode in this investigation LiCoxNi1-xO2 is a highly regarded material for Li-ion 

batteries. The Co provides stabilization of the structure while Ni gives higher capacity than the 

well-known LiCoO2 compound. 
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Figure 5.1. Lithium Nickel Cobalt Oxide structure 

 

This layered structure, as seen above is formed from alternating NiCoO6 and LiO6 octahedral 

edges. In this structure the Ni and Co ions play an important role. They each are trivalent and 

low spin state. The Ni3+ is paramagnetic and the Co3+ is diamagnetic [7] – [15].  

             The use of MAS NMR can now probe the nature of both the cathode and anode material 

hopefully distinguishing between Li in the active material and Li in the SEI. The effects of 

electrolyte additives on the surfaces of six battery electrodes were investigated [16] –[18]. 

 

5.2  Experimental 

             The samples were prepared and supplied by Dr. Marshall Smart of the Jet Propulsion 

Laboratory. Each battery cell investigated is constructed of a mesocarbon microbead (MCMB) 

anode and a cathode of a form LiNi1-xCoxO2 with x = 0.20. All cells were constructed with a 
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baseline of 1.0 M solution of LiPF6 in ethylene carbonate (EC) + diethyl carbonate (DEC) + 

dimethyl carbonate (DMC) in a 1:1:1 v/v % electrolyte. All cells were charged to an approximate 

potential of 3.8 volts then followed by a full discharge. The specific cell voltage potential is 

calculated by subtracting the anode potential from the cathode potential. The electrode potentials 

were measured with respect to the reference electrode in a three electrode cell. The following are 

the composition of each cell with the anode potential and cathode potential listed: 

BL01 =  1.0 M LiPF6   EC+DEC+DMC (1:1:1   v/v  % ) (Baseline Electrolyte) 

                 Cell Voltage = 3.78 V 

                 Anode Potential =  0.472 V  

                 Cathode Potential = 4.25 V 

 

BL02 =  1.0 M LiPF6   EC+DEC+DMC (1:1:1   v/v  % ) + 1% DMAc (DMAc = dimethyl 

acetamide) 

                 Cell Voltage = 3.78 V 

                 Anode Potential = 0.202 V  

                 Cathode Potential = 3.99 V 

 

BL04 =  1.0 M LiPF6   EC+DEC+DMC (1:1:1   v/v  % ) + 10 % DMAc  (DMAc = dimethyl 

acetamide) 

                 Cell Voltage = 3.80 V 

                 Anode Potential = 0.231 V  

                 Cathode Potential = 4.03 V 
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BL05 =  1.0 M LiPF6   EC+DEC+DMC (1:1:1   v/v  % ) + 3% NMP (N-methyl pyrrolidinone) 

                 Cell Voltage = 3.75 V 

                 Anode Potential = 0.227 V  

                 Cathode Potential = 3.98 V 

 

BL06 =  1.0 M LiPF6   EC+DEC+DMC (1:1:1   v/v  % ) + 1.5 % VC (VC = vinylene carbonate) 

                 Cell Voltage = 3.79 V 

                 Anode Potential = 0.197 V  

                 Cathode Potential = 3.99 V 

The DEC, DMAc,DMC, EC, NMP and VC structures are shown in the appendix. 

            As seen above in addition to the baseline electrolyte each cell had a different solvent co-

additive, 1% dimethyl acetamide, 10% dimethyl acetamide, N-methyl pyrrolidinone, and 

vinylene carbonate. Charge-discharge measurements and cycling tests were performed with an 

Arbin battery cycler.  The cycling tests were done at current densities of 0.25 mA/cm2 (~ C/12 

rate) and 0.50 mA/cm2 (~ C/6 rate) for charge and discharge, respectively.  The cells were 

charged to 4.10V, followed by a tapered charge period at constant potential for three hours, and 

discharged to 2.75V, with 15 minutes of interval between the charge/discharge steps. After, all 

cells were held at 700C in the fully charged state for 10 days, the electrodes were rinsed for 

approximately 60 seconds in a beaker of DMC (50- 100 ml) and again in a second beaker for 60 

seconds. Each cell was fully discharge prior to analysis. The preparation for NMR analysis, both 

for the cathode and anode material, was done by scraping it from the current collectors and 

packing the material into a 3.2 millimeter rotor. The NMR samples were packed in an Argon 
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filled glove box with an oxygen and water content of one to several ppm. All rotors were filled to 

the same volumetric level in order to better compare the spectral results. 

             All 7Li NMR studies were performed on a 7.1 Tesla Chemagnetics CMX-300 

spectrometer. The resonance frequency use for 7Li nucleus was 116.98 MHz and static as well as 

the Magic Angle Spinning (MAS) experiments were performed using a Chemagnetics MAS 

probe. NMR spectra were collected with a 4μs π/2 pulse for both static and MAS measurements. 

The MAS rate of spinning for all tests was approximately 20 KHz. The chemical shift for all 

spectra is referenced relative to aqueous lithium triflate, LiTf, at 0 ppm.. 

 

5.3  Results and Discussion 

             A static 7Li NMR study was performed on the five anode samples labeled BL01, BL02, 

BL04, BL05 and BL06 and figure 5.2 shows a super position of spectra. The control spectrum is 

BL01 which does not have additional compound in the electrolyte. As seen in the figure, there is 

a central prominent peak near 0 ppm in all spectra which represent primarily lithium in the SEI 

and in some cases other sites such as higher-stage intercalated Li which will be discussed later. 

However spectra BL02, BL04 and BL05 presents additional peaks which indicates the presence 

of the satellite transition peaks that are characteristic of 3/2 spin 7Li nucleus as well as another 

component near 50 ppm which will be discussed later. Also, the central peak in the spectrum for 

BL06 is slightly shifted and the signal is reduced. 
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Figure 5.2 7Li wide-line NMR spectra of cycled anode material. 

 

             Further analysis of figure 5.2 reveals additional information.  Specifically addition of  

3% NMP to sample BL05 and 1.5%VC to BL06  shifted the location of the central peak slightly 

down field from the 0 ppm position to -9 ppm for BL05 and -8 ppm for BL06. In addition, there 

is an emergence of a Knight shifted second peak in BL05 at 53 ppm which is characteristic of  

metallic intercalated LiC6
 which is also present to a lesser degree in BL02 and BL04. The 

intensity and linewidth differences observed for the central peak suggest different reactions are 

occuring at the electrode compared to the baseline spectra. These reactants are found within the 
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SEI and give rise to the central peak in the wide-line spectra. The broad featureless spectra of 

BL01 and BL06 suggest a broad distribution of species, some of them likely containing protons, 

which give broadening due to dipole-dipole coupling. This could have been verified by 1H 

decoupling, which unfortunately was not done. 

Figure 5.3 Comparative 7Li wide-line NMR spectra of BL02 and BL04 cycled anode material. 

 

             The wide-line 7Li 3/2 spin NMR spectra in figure 5.3 for anode sample BL02 and BL04 

show the classical quadrupole transition pattern with the central transition about 8 ppm and two 

satellites transition. They represent the characteristic powder pattern of 7Li nuclei between 

graphite planes. The powder patterns illustrate a typical lithium quadrupole satellite spectrum 

and it suggests a crystalline structure this 7Li site, and is consistent with higher stage (i.e. LiCx, 

x>6) intercalated graphite [23]. In addition a quadrupole coupling constant (QCC) of  37.7 kHz 
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for BL02 and 37.9 kHz  for BL04 was analyzed. The spectrum of both samples show an 

asymmetry about the central transition peak. This is due to metallic lithium at 47 ppm and 45 

ppm respectively. The increase in the solvent concentration from 1% DMAc in BL02 to 10% 

DMAc in BL04 suggests the crystalline structure remains relatively the same as illustrated in the 

similarities of the powder pattern observed in the above superimposed spectra in figure 5.3. The 

persistence of the well defined powder pattern implies the presence of ordered phases that are not 

affected by DMAc solvent concentration.  

             Wide-line spectra do not provide enough distinction between the lithium species 

therefore MAS was employed to give better resolution to the peaks. This resolution will provide 

the necesary distinction between intercalated and non-intercalated 7Li as well as possible lithium 

site differences within the SEI. Since all samples were cycled in the same manner, peak intensies 

can give an indication to the level of SEI build up as it relates to the type of additional additives 

     

Figure 5.4 7Li MAS spectrum with 1%DMAc solvent           Figure 5.5 7Li MAS chemical shift spectrum 
with 10%  DMAc with resonance at -1.2, 8 and 45 ppm.                     additive and peaks at -0.9, 6 and 45 ppm. 

The high resolution MAS spectra of BL02 and BL04 are shown in figures 5.4 and 5.5 

respectively. There are several resolved components in BL02. The first is observed at  -1.21 ppm 

52 
 



and the other at 8 ppm which are believed to be bound lithium in the SEI. The other peak occurs 

at 45 ppm which is intercalated lithium, identified as a the stage 1 graphite intercalation 

compound, LiC6. BL04 main peak is right shifted from the reference standard. It occurred at -

0.92 ppm and again attributed to the SEI layer. In addition there is a secondary 7Li peak at 6 

ppm. The shifts at 6 and 8 ppm could possibly also be attributed to LiCx>12
 or higher stage 

intercalation compound. The peak at 45 ppm again is graphite intercalation of the LiC6 form [4]. 

Table 5.1 Experimentally determined MAS 7Li anode data for all samples. 

 
Samples 

 

(completely 

discharged)  

Electrolyte 

Additive 

(anode) 

Main Peak

Linewidth

(Hz) 

Intercalated

Li+ Peak 

Linewidth 

(Hz) 

Chemical  
Shift 

Main Peak 

(ppm) 

Chemical Shift 

Intercalated Li+ 
peak 

(ppm) 

BL01    Baseline     4040 No intercalated 

ions 
    -2.09 No intercalated 

ions 

BL02   1% 
DMAc 

    2354     888     -1.21 

and 

     8.0 

      45 

BL04 10% 
DMAc 

    2513     887     -0.92 

and 

      6.0 

      45 

BL05    3% NMP     2468     974     -1.90       45 

BL06 1.5% VC     4029 No intercalated 

ions 
    -2.61 No intercalated 

ions 
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           In looking at Table 1, the baseline electrolyte BL01, and compare it to samples BL02 and 

BL04 would indicate that the addition of DMAc at both concentrations changes slightly the 

range of the lithium compounds found in the SEI. However DMAc also causes the formation of 

the secondary lithium peaks assigned to graphite intercalation compounds. The potential 

candidates in the SEI include LiF and covalently bonded lithium compounds (which occur 

between +6 to -6 ppm) but LiF has been identified in literature as occurring -1 ppm [1]. A 

comparison of the ratio of intercalated lithium peaks, occurring at 45 ppm, to the main peaks 

suggests that the increase in DMAc leads to more intercalation. This is also reflected in the 

difference in SEI peak intensities from BL02 to BL04. Sample BL05 is also consistent with the 

reduction of lithium in the main SEI peak with the addition of 3% NMP carbonate. The 

emergence of the LiC6 peak at 45 ppm, and LiCx>12 peaks at 6 and 8 ppm caused by the additives 

for BL02, BL04 and BL05, suggests that these compounds affect the reversibility of the lithium 

ions. When the material is cycled it is possible that lithium remains trapped in the anode  and is 

no longer  available for discharge. The VC additive in BL06 does not generate a secondary 

Knight shifted peak. This would imply that during cycling lithium is removed from the anode 

and available for further cycling. 
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Figure 5.6 7Li MAS spectrum of the 3% N-methyl         Figure 5.7 7Li comparison of the baseline electrolyte to        
pyrrolidinone solvent.                      BL06 with 1.5% vinylene carbonate additive. 

                                 

             Sample BL05 with 3% NMP additive, as shown in figure 5.6, main peak occurs at -1.9 

ppm which is attributed to the SEI while the 45 ppm peak is similar to the peaks in samples 

BL02 and BL04. The final spectrum BL06 1.5% VC exhibits only a single peak at  -2.6 ppm. 

The VC additive does not significantly change the spectral characteristic of the SEI as compared 

to the baseline sample BL01. However the additive in BL06 reduces the intensity of the SEI 

peak. This would imply that the 1.5% VC cause less SEI build-up during the cycling process. 

The two samples have comparable line width, 4029 Khz (BL06) and 4040Khz (BL01). Table 1 

illustrates that the additives in the 1% and 10% DMAc as well as 3% NMP cause narrower 

linewidth of the SEI component as compared to BL01 and BL06. If we compare the wide line 

peaks of samples BL01 and BL06 we see that they are both somewhat asymmetrical. Except for 

the lower intensity of the peak, there is very little change between the baseline BL01 and the 

addition of the 1.5% VC of the BL06 sample, except for the lower intensity of the peak. The 
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larger linewidth of BL01 and BL06 compared to the other samples could be due to greater 

structural heterogeneity, i.e. a distribution of chemical shifts, or heteronuclear dipole broadening 

from nearby protons or a contribution of both factors.  

 

 

Table 2 7Li MAS cathode data for all samples. 

 
    

Electrolyte 

Additive 

(cathode) 

Main Peak

Linewidth

(Hz) 

Ni3+ 
associated

Peak 

Linewidth

(Hz) 

Chemical  
Shift 

Main Peak 

(ppm) 

Chemical 

Shift  

Ni3+ 
associated 

peak 

(ppm) 

BL01    Baseline     1273     2273     -0.60       191 

BL02   1% 
DMAc 

    1244     8381     -0.99 

 

      232 

BL04 10% 
DMAc 

    1209     4056     -1.96       212 

BL05    3% 
NMP 

    1373     3438     -1.92       294 

BL06 1.5% VC     2011   12609    +1.44       238 
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Figure 5.8 BL02, BL04 and BL05 MAS NMR superimposed spectra with delineated sidebands and lithium peaks. 

 

             The MAS spectra for the LiCoxNi1-xO2 cathode where generated with an approximate 

spin rate of 20 KHz. Table 2, cathode BL02 with 1% DMAc, main peak is situated at -1.0 ppm. 

A much broader Li+ peak centered at 232 ppm is present. This is cause by a paramagnetic shift 

associated with Ni3+, as is the broad width of this peak [19] - [22]. Sample BL04 10% DMAc 

data is shown in the same table. The peaks are similar to the 1% DMAc with the main peak 

occurring at -1.96 ppm and the paramagnetic shifted peak at 212 ppm. The 212 ppm peak as 

compare to the 232 ppm peak may be explained by a higher average oxidization of Ni, with a 

greater amount of diamagnetic Ni4+ present. The paramagnetic peak widths are dissimilar in size 

for BL02 and BL04. The relatively sharp peak near zero ppm is attributed to SEI formation, as 
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the starting LiNi0.8Co0.2O2 material shows only the Ni3+ associated peak. Normally, the starting 

(or fully discharged) cathode exhibits a peak position at about 500-600 ppm8[ ]. The observation 

of a smaller shift in the present series suggests that the samples are not fully discharged (i.e. 

contain more diamagnetic Ni4+ at the expense of paramagnetic Ni3+). BL05 with 3% NMP 

spectral peak occurs at -1.92 ppm. It too has a second paramagnetic shifted peak but centered at 

294 ppm.   

 

 

-500-400-300-200-1000100200300400500

ppm

BL01
BL02
BL04
BL05
BL06

Figure 5.9  Shows the superposition of BL01 – BL06 spectra. 
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5. 9 shows the superposition of BL01 through BL06. The linewidth of the central peak of BL06 

(1.5% VC) is significantly broader than any other peak. The main lithium peak in the SEI is left 

shifted and occurs at 1.44 ppm.  

 

5.4  Conclusion 

             Different additives where tried in order to improve the performance characteristics of 

lithium ion battery. The aim has been to create electrolyte materials which allow better 

intercalation and de-intercalation at the electrodes by forming a more favorable SEI. The 

carbonate based solvent additives do affect the SEI formation thus affecting battery performance. 

We have demonstrated in a quantitative way that certain additives lead to different levels of 

lithium irreversibility during cycling as well as formation of the passivating layer. The 

irreversible lithium, in the anode, correlates well with the Ni3+/Ni4+ ratio that are in the cathode 

SEI. The unavailable lithium trapped in the anode leads to more Ni3+ in the cathode SEI and a 

greater paramagnetic shift of the associate lithium.  Further studies, such as fluorine NMR, 

should be performed in order to specify the influence that the solvent salt, LiPF6, has on the 

chemical composition of the SEI. The charge state of the disassembled electrodes (both anode 

and cathode) as determined by NMR does not necessarily correspond to the cell potential values 

upon cell disassembly, indicating that regions of the electrodes were no longer in electrical 

contact with the current leads.  
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Chapter 6 - 1H  NMR Study of Carbon Nanotubes 

 

6.1  Introduction 

             Carbon Nanotubes are composed of tubes of graphitic carbon which enhance critical 

properties in various materials [1]. They can enhance mechanical, electrical, and thermal 

properties of the materials in which they are placed. Carbon nanotubes belong to the fullerene 

group of carbon-based structures. Single wall carbon nanotubes (SWNT) are one of the possible 

forms that the microscopic carbon fibers can take. They are one atomic layer thick and the tube 

diameter is generally measured in nanometers, with a length to diameter ratio not normally 

greater than 10000. 

             Carbon nanotubes have been proposed as fibers to mechanically reinforce polymers [2]. 

The SWNT form is being used for reinforcing polymer matrices and is heralded as the ultimate 

carbon reinforcement [3]. The nanotubes are dispersed throughout the polymer matrices in the 

melt. It is extremely important that they distribute evenly between the long and short polymer 

chains to ensure effectiveness in strengthening a desired property. Failure to disperse leads to a 

phase separation due to the strong surface interactions between the tubes [4] , and will diminish 

the structural integrity that SWNT are to provide. Nanotubes within the polymer may slide and 

have poor interfacial bonding leading to inhibited load transfer from the matrix to the fiber 5. 

Changing or functionalizing the SWNT surface is important in order to avoid the aforementioned 
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difficulties. The specific goals of functionalization are to disrupt and minimize the diameter of 

the rope like structure that form, improve nanotube dispersion and nanotube-polymer interaction, 

and possibly separate nanotubes by type [6]. The prime method for achieving functionalization in 

polymers with nanotubes is by fluorination. Fluorination is one of the few methods that is easily 

scalable and does not require a solvent for the functionalization reaction to take place [7],[8]. 

Improved dispersion of fluorinated nanotubes in composites and increased mechanical properties 

have already been observed in the works of Zhu [9] and Geng [1 0] 

             The polymers studied here are Polybutadiene (PB) and Polyisobutylene (PIB). PB and 

PIB are both synthetic rubber, or elastomers. Nuclear Magnetic Resonance studies can elucidate 

the structural and dynamical properties of the SWNT polymer composite. Studying PB and PIB 

with and without SWNT allows us to draw some conclusions about the effect at the SWNT’s on 

polymer chain mobility [3], [4], [11]. 

 

6.2  Experimental 

             A typical fabrication of the PB/SWNT composite involved dissolving 0.10 grams of PB 

in benzene and suspending 0.01 grams of SWNTs in the liquid. The benzene containing the 

suspended SWNTs and dissolved PB was allowed to slowly evaporate while being subjected to 

sonication. The evaporated PB containing the SWNTs was dried for two hours at 75 C.  The PIB 

composite was fabricated in a similar manner. Both the single walled and fluorinated carbon 

nanotubes were obtained from Carbon Nanotechnologies Incorporated where they are grown by 

the HiPCO process. Examination of these pristine tubes by paramagnetic resonance indicates the 

presence of a ferromagnetic signal arising from the iron nanoparticles which serve as the catalyst 

for growth. 
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             NMR measurements were conducted on a Chemagnetics CMX300 spectrometer, 

operating at a 1H NMR frequency of 301.0 MHz. Variable temperature NMR spectra were 

obtained by Fourier transformation of the transient signals following either single pulse or solid 

echo excitation, with approximately 2 μs pulse widths. Wide-line (static) rather than magic angle 

spinning NMR was deliberately employed in order to better assess the effect of motional 

narrowing as a function of temperature. Spin-lattice relaxation times (T1) were determined by the 

inversion recovery method. 

 

6.3  Results and Discussion 

             The wideline proton NMR spectra of PB without SWNT at several temperatures are 

shown in figure 6.1.   
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Figure 6.1. PB spectra displayed at various temperatures. 

 

There are two distinct 1H sites corresponding to different chemical environments, namely CH 

and CH2 sites. A modest degree of motional narrowing, for both peaks, is observed above -300C 

as well as discontinuities of both peaks between -20 and -100C, as shown later, possibly due to a 

glass transition. The spectra of the PB_SWNT and PB_FSWNT samples are displayed in figures 

6.2A and 6.2B and their differences are more pronounced at the higher temperatures.  
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Figure 6.2A. Spectra for PB with SWNT and plotted at several temperatures. 

 

             The distinct CH and CH2 sites are overshadowed by broadening as carbon nanotubes are 

added. In figure 6.2B, the emergence of a secondary peak with an increase in temperature is 

attributed to motional narrowing even though the nanotubes add to the overall broadening as 

compared to the base polymer sample. The PB SWNT CH peak is not suppressed by the addition 

of the nanotubes where as in figure 6.2B, PB with FSWNT does not exhibit a motionally 

narrowed CH peak at elevated temperature.  

66 
 



 

‐70‐50‐30‐1010305070

PB_FSWNT_‐30

PB_FSWNT_0

PB_FSWNT_60

PB_FSWNT_100

KHz

Figure 6.2B. PB with fluorinated SWNT spectra plotted as a function of temperature 

 

             The overall line widths of the pristine polymer and PB_SWNT and FSWNT composites 

are plotted in figure 6.3. In addition to the broader line width of the composites, the transitional 

changes between -200C and -100C in the pristine polymer are eliminated. The FSWNT composite 

also demonstrated a significant increase in overall line width but less than that of the SWNT 

composite, not counting the narrowed CH peak in the latter. The addition of the both kinds of 

SWNT causes a significant stiffening of the PB polymer as judged by the increase in line widths 

attributed to suppression of polymer segmental motion. 
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1H Linewidth Measurements of PB, PB+SWNT and PB+FSWNT
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Figure 6.3. 1H Linewidths of PB, PB+SWNT and PB+FSWNT as a function of temperature.  The temperature        
increases from right to left and the data is plot ted as an Arrhenius curve 

 

            The spin lattice relaxation time, T1, for the pristine polymer and the two composites is 

plotted in figure 6.4.  
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PB, PB-SWNT, and PB-FSWNT 1H T1
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Figure 6. 4. Spin lattice interaction for PB, PB with SWNT and PBD with FSWNT.  PBD exhibits a broad T1  

 

                    minimum. 
 

            For the pure polymer, both proton resonances exhibit T1 minima. Despite the fact that 

adding SWNT causes more structural rigidity as evidenced by the line width increase described 

previously, the temperature at which the T1 minimum occurs in the SWNT complex is not much 

higher than that of the pure polymer, indicating that the local segmental dynamics (i.e. sub-nm 

units with a corresponding timescale of ~ 1 – 100 ns) are only slightly affected by SWNT 

inclusion. However fluorinated SWNT does cause a significant change in the local structural 

environment and thus shifts the minimum towards a higher temperature. 
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            Figure 6.5, below, show the spectra of PIB without nanotubes at various temperatures. 

There is distinctive motional narrowing with the increase of temperature.  

 

 
Figure 6.5. PIB variable temperature spectra profile 

 
 

As observed in the case of PB, the addition of even small amounts of nanotubes to a polymer 

system can change the mechanical properties. This effect is confirmed in the NMR PIB_SWNT 

spectra line broadening as seen in figure 6.6. The broadening again is attributed to restricted 
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segmental motion. The composite exhibits an emergence of a secondary proton peak with an 

increase in temperature. This peak is assigned to the methyl hydrogen [12], [13].  It is clear that 

the addition of SWNT while inhibiting segmental motion does not suppress the CH3 rotation. 

Fluorinated PIB does not change the basic profile of the polymer when compared to PIB_SWNT 

as seen in Figures 6.6 and 6.7 nor does it suppress the methyl peak. Figures 6.6 and 6.7 show 

linewidth narrowing with increasing temperature for both PIB_SWNT and PIB_FSWNT. 

 

 
        Figure 6.6. PIB SWNT spectra with the emergence of a secondary peak and motional narrowing at higher     
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                            temperatures.                    
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Figure 6.7. PIB with FSWNT proton peak plotted as a function of temperature and linewidth. 
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Figure 6.8. Temperature sweep comparative study for 1H linewidth of PIB with SWNT and FSWNT. 

 

The PIB linewidth begins narrowing between -100C and 00C. Adding SWNT does not change the 

general spectral shape below -100C. However the extent of motional narrowing at elevated 

temperature is much more modest. We can directly compare the PIB-SWNT and PIB-FSWNT. 

We note that the linewidths throughout the temperature range are almost identical.  
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Figure 6.9. Semi-log plot of spin-lattice interaction for PIB, PIB with SWNT and PIB with FSWNT. 

 

The T1 comparison in figure 6.9 is reflective of short range motion and is remarkably insensitive 

to the addition of SWNT and FSWNT.   

6.4  Conclusion 

The addition of both SWNT and FSWNT to the polymers PB and PIB results in hindering 

segmental motion on the timescale probed by NMR linewidth measurements, from ~ 10-4 to  

10-2 s.  For the case of PB, SWNT inclusion gives a greater overall line broadening effect than 

FSWNT, but some localized motion does become activated at elevated temperature. This process 

does not appear in the PB/FSWNT composite. Faster dynamical processes probed by T1 
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measurements are also affected by NT inclusion, as evidenced by shifting of the T1 minimum to 

higher temperature. This effect is significantly greater in for the PB/FSWNT composite. 

 Line broadening also occurs upon inclusion of both SWNT and FSWNT in PIB, but there 

are qualitative differences between the PIB and PB results. There is essentially the same 

broadening for both SWNT and FSWNT and almost no effect of NT inclusion on short-range (or 

short-time) dynamics probed by T1 measurements. 
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Chapter 7  Asymmetric Hybrid Electrochemical Energy Cell 
 

7.1  Introduction 

             The need for compact, portable and interchangeable energy delivery system has been 

growing rapidly for the last two decades.  The most evident need has been for devices that can 

produce sustainable energy output over an extended period of time. In addition there has been a 

desire from several industry sources for a device that can store and deliver a large amount of 

energy in a short time interval. The devices that have been created and that match the former and 

the latter needs are the Electrochemical Double Layer Capacitor (EDLC) and a lithium-ion 

battery respectively [1]. As mentioned in an earlier chapter, batteries have high energy densities 

and EDLCs have high power densities.  An EDLC as seen the figure 7.1 below  

 

Figure 7.1.Schematic of a supercapacitor with activated carbon and ions during the charging and discharging      
process with a highlight of the charge particles at the carbon interface. 
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is made of porous high surface area activated carbon electrodes with an organic electrolyte 

separating the two carbon electrode layers. The two electrodes are separated by a membrane 

which is ion permeable. The separator is the porous membrane soaked with electrolyte denoted 

by the dashed lines in the above figure 7.1. This construction of the EDLC allows for greater 

surface area which in turn gives rise to more stored charges. Upon the commencement of 

charging a Helmholtz double layer is formed [2]. The electrolyte can be aqueous or non-aqueous. 

The choice of a non-aqueous electrolyte separator facilitates a higher voltage operation ranging 

from 0 to 2.75V [3].  

             The difference between a conventional electrostatic capacitor (ESC) and an EDLC is 

substantial. A conventional ESC has two conducting plates of area A separated by a distance d, 

with a dielectric material between the plates.  The capacitance is given by the basic equation 

      

ܥ ൌ
ܣߝ
݀

 (7.1)  

 

where ߝ is the dielectric constant. EDLC are non-faradaic devices. Faradaic devices utilize 

oxidation/reduction process which involves the transfer of charge. This can occur between the 

electrolyte and an electrode. Conversely a non-faradaic process involves no chemical bond 

breaking or bond creating. It is purely a physical process. An EDLC has two capacitor surfaces. 

Each electrode, as seen in figure 7.1 develops a capacitive surface, thus the double layer. It can 

be thought of as two capacitors in series with an internal resistance. In addition the surface areas 

of an EDLC due to the porous carbon are orders of magnitude greater than ESCs. The energy 

storage of an EDLC exceeds that of a conventional ESC by one to two orders of magnitude. In 

addition proper choice of constituent materials that operate at higher voltage can also increase 
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the energy storage and the power. This can be related by the power and energy relations 

associated with the device. Both the power and energy directly vary as the square of the voltage. 

 

 

 

Figure 7.2 An equivalent circuit for an EDLC where Rel is the electrolyte resistance, R+ and R- are leakage           
resistance and C+ and C- are the capacitance at each node of the EDLC [4].  

 

             In the aforementioned equations E is energy stored, P is power, V volts, R the equivalent 

series resistance, as seen in figure 7.2, and C is capacitance [4].     The choice of the electrode 

material in the design of the EDLC is also important. Porous activated carbon has been the 

premier choice due to its high surface area, its manufacturing familiarity, and its low cost. The 

increased surface area is associated with the micro pores. Typically the increase surface area 

ranges from 1000 to 2000 m2/g and leads to significant capacitance gain which generally is 

above106 F/kg [4]. Cycle life of these cells is critical. Typically the range of EDLCs is 5 ൈ 1  

to 1 ൈ 1  cycles.  

0ସ

0଺

             There are several type of non-aqueous solvents that can be used in the electrolyte. 

Traditionally in Li-ion battery technology ethylene carbonate (EC), di-ethyl carbonate (DEC) 
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and di-methyl carbonate (DMC) have had extensive use. Early EDLCs used these solvents. Since 

then, acetonitrile, CH3CN, has become a premier choice. Acetonitrile solvent in EDLCs has 

shown better performance because of its low viscosity which leads to high conductivity, in turn 

leading to lower internal resistance. It also has higher working voltage and higher 

electrochemical stability. It has been shown that systems using acetonitrile have had better power 

performance [5]. In addition they operate at a wide temperature range. In spite of the 

improvements in the construction of EDLC the overall power density is much less (<10%) than 

that of Li-ion battery. This would make them not suitable enough for a wide range of 

applications. A combination of the best assets of a Li-ion battery and an EDLC would enhance 

its performance and make it suitable for a wide variety of commercial use. 

             A hybrid non-aqueous device that could increase the energy density without significantly 

sacrificing power density, and extend the cycle life would be a significant improvement. An 

asymmetric hybrid non-aqueous energy storage cell (AESC) is a combination of the EDLC and 

an ion battery. In this hybrid the positive electrode is like that of an EDLC. This allows it to be 

more robust while increasing its speed of power delivery and density. The negative electrode is 

similar to that of a battery giving it an energy density 400% greater than that of most types of 

EDLC. Hybrids such as these, as seen in figure , utilize non-faradaic and faradaic means to move 

and store charge  

             Figure 7.3 depicts an example of a particular type of AESC. The reasoning behind the 

selection of the negative electrode is to improve the operating voltage and maximize the energy 

density [6]. 
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Figure 7.3. An illustration of the  formation of an asymmetric hybrid non-aqueous electrochemical double layer      
supercapacitor [11]. 

 

This concept was first developed by Telecordia Technologies. The AESC still possesses the 

rapid discharge and charging process of the EDLC while maintaining a very long charge life 

without much loss. A hybrid cell like this can have a charge rate of up to 10C versus that of 2C 

for a Li ion battery.  In addition to the aforementioned it has much higher energy density, which 

is typically 3 to 8 times more than that of the EDLC.  These hybrid cells have an activated 

double layer carbon positive electrode and a high energy density negative electrode. The 

negative electrode needs to  intercalate ions while minimizing expansion and contraction of the 

lattice during intercalation and de-intercalation process. The material that so far has best met 

these challenges has been nano-structured Li4Ti5O12, used for  negative electrode. Li4Ti5O12 
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appears to have a two phase intercalation format which leads to flat voltage plateau. The flat 

plateau mitigates the steep linear non-faradaic profile of the positive activate carbon electrode. 

The 1.5 V lithium insertion (Li/Li+) voltage is low enough versus the 3 to 4 volts (Li/Li+) non-

faradaic positive electrode for the energy density to remain high [7]- [11]. 

 

7.2  Experimental 

             The wet and dry AESCs were fabricated at the Rutgers University Energy Storage 

research facility by Prof. Amatucci’s group. Powdered ASupra (AS) was dried 3 hours at a 

temperature of 110 ۫C and overnight under vacuum at 120۫C.  Polyvinylidene Difluoride (PVDF) 

(Kynar 2801) and a lithium titanate tape (70% active LTO) were dried 3 hours at 120۫C.  In the 

glove box, 10% Kynar 2801 was mixed with AS.  A swagelok cell, as seen figure 7.4 below, was 

made using a matching ratio 4:1 (AS vs. LTO).  Extreme care was undertaken to construct the 

swagelok cell so that powder would not contaminate the sides and give rise to an electrical 

shorts.  The LTO tape was placed, then 2 glass separators, then Celgard separator with the 

powder on top.   
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Figure 7.4. A diagram of a two and three electrode Teflon Swagelok hybrid cell [1]. 

 

             The assembly was closed and turned over, the top removed and a stainless steel disk was 

put on.  The electrolyte was added to cover the disk, the spring was added and the swagelok was 

tightly closed. The electrolytes were prepared by mixing approximately1.3 ml labeled solvent:  

acetonitrile-1-13C (Aldrich), or acetonitrile-2-13C (Aldrich) with 2.6 ml of 2M LiBF4 in 

acetonitrile (Ferro).  0.2 micro liters of de-ionized water was added to 1 ml aliquots of each 

electrolyte mixture to make a 200 ppm water concentration. It is important to note that even the 

dry sample has trace amount of water but the wet samples have more.  Since this was such a 

small addition of water, a Karl Fischer titration was performed on a similar solution of standard 

electrolyte.  The water concentration was determined to be approximately 100 ppm. The cells 
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were charged to 3.1 volts in a dry room (<3% RH) and held at constant voltage for two weeks.  

The Swagelok hybrid cells were then disassembled in the glove box and the powder recovered 

for testing. There was no additional treatment such as rinsing of the powder. 

             All NMR experiments were performed on the Chemagnetics NMR System and a 7.1 

Tesla magnet. The measurements for 13C, 1H, and 7Li were executed with a MAS 3.2mm probe. 

Each test was done with the sample at 293K.  Excitation of the target nucleus, 13C, was 

performed via direct excitation using a 900 pulse with a pulse width of 3.3µs and spectral 

window of 100 Khz. In addition to direct excitation 13C cross-polarization combined with MAS 

was used.  The time domain FID was then transformed by Fourier analysis, which produces the 

associated spectrum. The proton NMR spectra were acquired by direct excitation with a 900 

pulse of 1.75 μs width and a relaxation delay of 5 seconds with the Hartman-Hahn contact time 

of 6000 μs. The power levels of the observed cp (tpwrm) was 53 and decouple power (dpwrm) 

was also 53. 

 

7.3   Results and Discussion 

             Each sample for 13C was prepared and divided into lots of wet and dry for the nitrile 

enriched carbon as well as the methyl-enriched carbon. Cross Polarization in conjunction Magic 

Angle Spinning, CP/MAS, was the method used to gain enhanced spectra of the 13C. The 

spinning motion of MAS leads to narrowing of the spectral lines by averaging out the anisotropic 

effects as discussed in the pulse techniques section of this document. Proton decoupling was 

applied during the acquisition of the FID which removes line broadenings due to dipolar 

couplings associated with the protons.  
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             The addition of 200 ppm of water is believed to affect the chemistry and pathways of 

anodic decomposition in the Asymmetric Hybrid Supercapacitor samples by influencing the type 

and extent of the electrolytic breakdown products. As seen in the previous study as well as this 

investigation HOCH2CN (glycolonitrile) and CH3CONH2 are the two principal solvent 

decomposition products. These two will be further discussed and identified in the body of this 

paper. The peaks identified were observed by deconvoluting the NMR spectra. As expected the 

deliberately added 200 ppm of H2O causes additional breakdown of acetonitrile, by hydrolysis 

and oxidation. This can be seen in the multiplicity of peaks in figures 7.5 and 7.6. The NMR 

spectra compare the wet and the nominally dry sample, labeled dry, of the methyl and cyano 13C 

enriched acetonitrile. 
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Figure 7.5. 13C enriched CP/MAS proton decoupled spectrum for acetonitrile wet and dry samples.  The spectra are     

compared for changes between wet and dry. 

 

             The first sample analyzed was the wet methyl enriched 13C.  The 13C CP/MAS wet full 

spectrum, as seen above, is a result of peaks ranging from -1.1 ppm to 176 ppm. Compared to 

direct detection the CP/MAS experiment enhanced all peaks associated with protons directly 

bonded to the enriched methyl carbon of acetonitrile and its breakdown products. The four peaks, 

at δ = -1.1 ppm, 1.5 ppm, 16 ppm and 39 ppm, are within the region of the alkyl group. This 

group includes CH, CH2 and CH3. The signal at 16 ppm has been identified as the methyl carbon 

in acetamide, CH3CONH2 and δ = 1.5 ppm is the acetonitrile methyl carbon which is close to the 

expected 1.1 ppm peak in the literature for acetonitrile. The -1.1 ppm peak could be a match for 
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the compound of CH2CNLi which is located at -1.9 ppm. Thus both aforementioned compounds 

are indicated to be present and provide an excellent correlation with literature and projected 

peaks. Acetamide 13C peaks, in the literature, have been identified at approximately 22 ppm and 

172 ppm which is consistent with the observed data in this study. The substantial 13C methyl 

acetamide peak for the wet sample is center is centered at 16 ppm. This is well within the range 

of the cited data and correlates well with the cyano carbon of the same breakdown product 

located at 168 ppm discussed later thus further affirming the identification of acetamide.  Also in 

figure 4 is the spectrum for the nominally dry methyl enriched 13C sample. The main large 

carbon peak of the nominally dry methyl sample is centered at 18 ppm which is also assigned to 

acetamide but the small shift between wet and dry is not presently understood. The peak at δ = -

0.3 ppm is the enriched 13C of acetonitrile. The wet sample peak located at 16 ppm, is reduced in 

total area as compared to the dry sample. 

             The reduction of the wet sample peak area is due to the breakdown of CH3CN leading to 

the formation of other breakdown products at 54 ppm and 75 ppm as well as potentially others. 

In this investigation as well as the previous study the peak at 54 ppm has been identified as 

HOCH2CN, glycolonitrile, formed by the oxidation of acetonitrile. The methyl carbon, of 

glycolonitrile, is shifted by approximately 50 ppm due to the effect of the OH, and another of the 

potential breakdown products located at the 75 ppm peak is CHCNH2, an alkyne. Due to the 

residual water in the sample anodic decomposition is enhanced and in addition it has been 

suggested that the glycolonitrile can be further reduced as follows [12], [13]: 

HOCH2CN  CH2O + CN- + H+ 

             The spectral signature that describes glycolonitrile, in the United States Patent for the 

Process For  Producing Glycolic Acid From Formaldehyde And Hydrogen Cyanide, is 
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consistent with the observed data of the present study. In the aforementioned Dupont  patent 

study the spectral signature for the CH2 carbon of glycolonitrile occurs at 48 ppm and the nitrile 

13C is located at 119 ppm. This is consistent with a tested glycolonitrile sample. This test was 

performed using pure liquid glycolonitrile under similar sample experimental condition. The 

spectrum peaks were located at 49 ppm and 120 ppm. In addition to those carbon peaks the 

patent study definitively identified CH2O, associated with glycolonitrile and its breakdown, 13C 

peaks at 80-90 ppm. Figure 4 shows that 13C peaks occur at 54 ppm and 126 ppm for the wet 

sample. These two peaks are consistent with the patent study spectrum (in figure 7.6) as well as 

with the pure glycolonitrile test under experimental conditions shown below in figure 7.7 

 
Figure 7.6  The Dupont 13C NMR spectrum shows the major glycolonitrile 13C resonances at about δ 48 and 119 
ppm. There are also substantial resonances in the range of δ = 80 - 90 ppm for unreacted formaldehyde 

 

The two spectra, figures 7.6 and 7.7 provide good correlation to indicate the match for 13C in 

glycolonitrile as well as the progressive decomposition to formaldehyde and other formaldehyde 
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associated products which are indicated in figure 7.6 around 60 ppm. The Dupont study labeled 

them as by-product species derived from unreacted formaldehyde. 

Figure 7.7  13C  NMR spectrum of glycolonitrile with the  nitrile peak at 120 ppm and the methyl peak at 49 ppm. 
ppm (f1)

-150-100-50050100150

. The dry sample peaks are similarly consistent with the presence of one of the principal 

breakdown product. The associated peaks occurred at 54 and 127 ppm respectively. The CN- of 

the glycolonitrile decomposition is available for bonding with the very reactive Li+ to form LiCN 

which has been previously suggested as well as in this work as a potential breakdown product. 

Nitrogen enriched NMR studies which could have given further information were attempted 

unsuccessfully. The nitrile carbon of LiCN was projected to occur at 162 ppm and in figure 5 of 

the enriched nitrile carbon the actual peak is located at 168 ppm. This peak is believed to contain 
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the LiCN and CH3CONH2, a carboxylic carbon of an amide. Confirmation of the further 

reduction of glycolonitrile is seen in figure 5 of the nitrile enriched spectrum. This spectrum, 

again, compares the wet sample to the dry. We note in this NMR spectrum that there is a 

significant reduction of the region from 118 ppm to 146 ppm in the wet sample as compared with 

the dry sample. This is the region of the acetonitrile and the glycolonitrile. It is believed that the 

aforementioned change in turn leads to the enhanced peak at 168 ppm and a clear peak at 88 

ppm. The enhanced peak at 168 ppm is potentially do to having more LiCN present and the 88 

ppm peak falls within the region of CH2O, formaldehyde which occurs between 80-90 ppm [13].  

 

The methyl enriched 13C also show enhancement of a peak centered at 75 ppm which was 

previously attributed to the alkyne alone. This peak is broad enough and does encompass the area 

in which CH2O formaldehyde would be expected in an NMR spectrum. Both of these attributes 

would lend to suggestion that glycolonitrile may be an intermediate product and further break 

down with the additional of water in the deliberately water-added sample [12] –[15]. While pure 

formaldehyde (without any trace of water) can have a higher chemical shift, hydrated 

formaldehyde chemical shift is significantly lower and show a characteristic signal of a CH2 

group around 82 ppm [14]. 

             Inspection of the methyl enriched carbon NMR peak (as seen in figure 7.5) shows an 

increase in peak height and area, of the wetter sample, ranging from approximately 40 to 90 

ppm. This same effect is also evident from 125ppm to 220 ppm. These changes in peak height 

and integrated areas are consistent with the creation of additional breakdown linked to the 
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increase in water content. Confirming details are evident in (figure 7.8) the nitrile carbon 

enriched spectra from 148 to 190 ppm where the same type of peak increase takes place. 

             The carbon CP/MAS NMR spectra, below in figure 7.8, is from sample set number 2, 

wet and dry, for the enriched nitrile carbon. There are four peaks that constitute the main 

breakdown species of the wet sample spectrum. These peaks are located at 126 ppm, 137 ppm, 

148 ppm and 168 ppm. Although some of the peak identity have been previously mentioned they 

are as follows: The 13C peak at 126 ppm is that of the enriched nitrile carbon of CH3CN, the peak 

located at 148 ppm is consistent with the CH2CNLi  (aminoacetylene) breakdown product, and 

the peak at 168 ppm is acetamide. Identification of these compounds by enrichment of both 

carbons lends confidence to these assignments. These results are conclusively consistent with the 

previous study of enriched acetonitrile in the asymmetric hybrid supercapacitor. The peak 133 

ppm  is yet to be identified. The dry sample has a similar peak identity but the difference with the 

wet sample lies in the breakdown product distribution. The clear peaks are at 127 ppm, 145 ppm 
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and 166 ppm. 

 

Figure 7.8. The above spectra are the nitrile enriched C13 samples. The spectra are a result of using CP/MAS with    
decoupling of the proton 

 
             The mechanism of action of the additional water facilitates significant chemical change 

of the acetonitrile and in turn leads to more production of the amide breakdown product located 

at approximately 168 ppm. This change can be seen in the above figure 7.8 spectra. As illustrated 

above the change is also significant not only for amide but also for the aminoacetylene peak at 

145 ppm. Finally as previously mentioned the additional water promotes some of the 

glycolonitrile to further decompose to form formaldehyde. Again this is depicted in figure 7.8 by 

the reduction of the 13C peak of glycolonitrile signal. The aforementioned changes are not seen in 
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the drier sample. It is important to note that in both the methyl enriched peak and the nitrile 

enriched peak, the acetamide production undergoes the most change.  

 

7.4  Conclusion 

             The deliberately added 200 ppm of water does cause additional breakdown products. The 

water does enhance presence of at least two electrolyte solvent decomposition products, 

CH3CONH2 and HOCH2CN, and in addition the glycolonitrile of the wetter sample goes through 

further decomposition. The changes from wet to dry in both the nitrile and methyl enriched 13C 

are consistent with the acetonitrile being hydrolyzed.  We can conclude this because the 

integrated areas of central peaks, in both groups of samples, are less in the wet than in dry. The 

methyl enriched group shows more acetamide is made in the wet sample, by hydrolysis, as 

compared to the dry. This would imply that the main breakdown pathway is that of acetonitrile to 

acetamide and the enriched carbon NMR signals are of the methyl carbon of acetamide and the 

carboxylic carbon of the amide.    
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