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ABSTRACT

Nitrogen containing carbons, Nzcl—z’ have been made from different
precursors at temperatures between 850°C and 1050°C. Their composition
andrstructure have been studied by chemical analysis, powder x-ray
difffaction, x-ray = absorption spectroscopy and - Auger electron
spectroscopy. These techniques show that some nitrogen has been
suﬁstitutionally incorporated for carbon. Nitrogen affects the behavior
of Li/Li(Nzcl-z)G electrochemical cells in two ways. First, the
irreversible capacity observed during the first electrochemical

reaction of Li with NZC (during the first discharge) increases with

l-z
the nitrogen content of the samples. Secondly, the incorporated
nitrogen causes a shift of the cell capacity to lower voltages compared
to pure -carbon electrodes. The first effect can be qualitatively
understood using a model where Li reacts irreversibly with nitrogen
containing species (we call these nitrogen atoms ‘chemical nitrogen’)
to forﬁ lithium-nitrogen-organic compounds. The second effect is caused
by ‘the nitfogen'which has been substituted for carbon in the lattice

(we call this ‘lattice nitrogen’). Such nitrogen containing carbons are

not considered useful as anodes for Li-ion cells.
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CHAPTER ONE: INTRODUCTION

1.1 RECHARGEABLE BATTERIES

Our modern society is greatly dependent on all kinds of energy.
With energy comes the problem of its availability and storage. For many
applications electrical energy is the most convenient form to use, as
opposed to energy from fossil fuels or thermal energy. Batteries are
used to store electrical energy on a chemical basis. A 1lot of
applications around the world rely on batteries,  mainly when
independence from a power net is required. As our society is getting
more and more mobile, the demand for batteries rises greatly. Needs for
many different applications have to be satisfied. The field of use
extends from very small batteries, e.g. for pacemakers and watches to
the rapidly growing field of medium size batteries (AAA to D cells) for
all kinds of hand held electronic devices to car batteries and
emergency storage units which are characterized by large energy storage

capacities.

Batteries are classified into two major categories: primary or non
rechargeable batteries and secondary or rechargeable batteries. Primary
batteries are widely and cheaply available for a  variety of
applicétions. They can create problems in landfills due to the number

of batteries and the toxicity of some of their reactant materials. A



more advanced concept is the secondary battery, which can be built

using a wide variety of different chemical processes.

-For different uses different batteries are required. A common goal
for all applications is to increase the energy density of the battery.
At the moment, energy densities for secondary batteries (typically
30-50Wh/kg for conventional technologies and around 75 Wh/kg for
lithiﬁm cells [1-1}) Vare far less than the energy density of, for

example, gasoline (12,000Wh/kg). One goal for battery researchers has

nd

[

been to reduce the gap between the theqretical (>1000Wh/kg) [1-2]
ptacfical energy densities of batteries. Other considerations are cell
voltage, iong shelf life (meaning as little self discharge over time as
possible). and high cycle life (as many charge/discharge cycles as
possible without dramatic loss of capacity). For large scale
applications; as in electric wvehicles, price, safety and environmental

friendliness are concerns as well.

'Witﬁ the recent decision by the state of California to require 10%
of all new car sales to be ’'zero-emisson vehicles' by the year 2005,
electfic veﬂicleé are moving more and more into the public eye. Thus a
large demand for light weight batteries with high energy density has
been created very suddenly. Requirements for an electric car battery
are a specific energy of about 80-120Wh/kg to reduce battery weight to
a reasonable amount. {1-3,1-4}. A 1989 study with requirements of 21kWh

minimum stored energy and 700kg maximum battery weight (30Wh/kg) [1-5]



showed that at that  time no existing battery system was able to meet
these performance requirements when coupled with low cost,

environmental friendliness and safety.

Different concepts have been uvsed historically to build
rechargeable batteries. The first kind of electrochemical cells were
metal-acid batteries, of which lead-acid batteries are most well known.
They are bulky and heavy but still widely used e.g. as starter
batteries for cars. Later, nickel-cadmium batteries appeared with
longer cycle life and higher energy density. Nickel-cadmium cells are
also maintenance free and can deliver high current pulses due to their
iow cell resistance. But they have a high self discharge rate. Another
major disadvantage is that they contain cadmium, which is considered

highly toxic.

Looking closely at the periodic table, recent developments in the
battery field can be understood. They are based on the idea that weight
and electronegativity are the two main f&ctors to be considered for
high energy density. Elements in the top rows of the periodic table are
to be preferred for light weight batteries. Elemenfs on the left side
of the periodic table are electropositive and good candidates for
anodes, whereas materials on the right are electronegative (except for
the noble gases) and thus good’candidates for cathodes. Nickel-metal.
hydride batteries are baséd on the lightest element of all, hydrogen.

Unfortunately a  storage medium, such as a metal compound, storing



_hydrogen as Hxﬂe, is necessary, as hydrogen is not a solid at room
temperature. These batteries became commercially available recently,
improving battery performance compared to nickel-cadmium cells and

eliminating the toxic cadmium in the cell at the same time.

Lithium is the next material to consider, with the highest overall
charge density of 3860Ah/kg. This assumes an electrochemical reaction
using one electron per atom. Rechargeable 1lithium batteries have
sevefal advantages over the formerly mentioned concepts for designing
secondary batteries. They have high energy densities of up to 100Wh/kg
rfor AA-size batteries and also show a cell voltage of around 3.5V,
c&mpafed to between 1.2V aﬁd 2.0V for all conventional systems. They
have an extremely high shelf life of up to 5 years with little capacity

loss and contain little or no toxic materials.

The first generation of lithium batteries was manufactured using
lithium metal as anode material, some organic solvent with a lithium
salt dissolved in it as an ion transmitter (the electrolyte) and a
cathode. These‘cells developed some serious safety problems due to the
highly reactive metallic lithium in the cell. Lithium reacts with the
electrolyte, but a passivating film is normally quickly formed, which
prevents further reaction. Only under unusual circumstances like short
circuiting or overheating of heavily cycled cells can this reaction
lead to dramatic cell fventing with flame’ [1-6]. Deépite this problem

it was still desirable to keep lithium as the active material in



rechargeable batteries. Thus a safe lithium battery was sought.

Based on the above findings, the cell design for lithium batteries
was modified to a new concept. The new cells are called ’'rocking chair’
[1-7] or 'lithium-ion’ [1-8] cells. In these cells metallic lithium is
eliminated. Instead, a graphitic carbon is used as the anode and an air

stable lithium transition metal oxide compound like LiMn 1-9,1-10}

2% |
is used as the cathode. A phenomenon, called ’‘intercalation’, is
observed for these materials. Intercalation is the reversible insertion
of ‘guest’ atoms into 'host' solids. Both, carbon and MnZO4 are good

intercalation compounds, which means that guest atoms can easily move

into the host material and can be removed from it in the same fashion.

Carbon is a preferred element for batteries as well, since it has
a very low atomic weight. This increases the energy density of the
cell, which is desirable. Cells made from carbon and lithium transition
metal oxides also show high voltages of around 3.0V to 4.5V, depending
on the transition metal used. A higher voltage is good as it raises the
energy density of the cells. Self discharge of these cells is as low as

1% a month [1-11].

The as-built lithium-ion cell is in the discharged state and has
to be charged first. During charge the lithium is transferred as ions
from the 1ithium transition metal oxide electrode through the

non-aqueous electrolyte solution into the carbon compound at the other



electrode. The electrons are forced over to the carbon electrode by the
charger. The lithium ions and electrons recombine at the carbon surface
~and the lithium is intercalated as atoms within the carbon structure.
On discharge the process is reversed and the lithium is deintercalated
Vfrom the carbon and again intercalated in the Mn204 compound. Thus the
lithium atoms 'rock’ back and forth between the two electrodes. This
concepf,aVoids dealing with elemental lithium at any time and also has
the a&vantage that all materials are air stable and the batteries can

be manufactured under ambient conditions.

1.2 CARBON ELECTRODES

We are not going to discuss the lithium transition metal oxide
electrodes any further, although many groups are researching them. Our

aim is to look closer at the properties of the carbon electrodes for

lithium batteries.

Carbon is an element of the first full period in the periecdic
table and exists in three basic modifications. The first modification
is diamond, which does not intercalate lithium at all and is not of

interest to us here.

Graphite, the second modification of carbon, has completely

different properties than diamond. It is soft and flaky, looks black



and feels a bit greasy to the touch. It has a quasi two dimensional

structure of intercomnected, 6-membered carbon rings, joined together
to form a honeycomb pattern. Figure 1.1 shows the graphite sheet
structure and a unit cell [1-12], Its crystal structure is hexagonal

with a four atom basis [1-13], two atoms each from two adjacent layers.

- - -

1.1 Honeycomb layer structure for graphite and drawn in unit cell

of four atoms from two adjacent layers. Adjacent layers are

shifted by 1/3 unit cell to give ABABAB stacking, from [1-12].



The layer stacking is ABABAB, where adjacent layers are shifted by 1/3
of a unit cell along the (110) crystal direction with respect to each
other. The two dimensional layers in graphite are loosely connected by
van der Waals bonds. The nearest-neighbor distance in the c-direction
- is mbfe than twice the nearest-neighbor distance within the a-b plane
of the sheets. The material ié very soft and can be split inte these
piaﬁe sheets easily. This:property made graphite a widely appreciated

lubricant, even well before our century.

The third and most recently discovered modification of carbon is
the Céororwbuckyball modification. In this structure 60 carbon atoms
form  a soccerball-like closed structure. Other structures can be
constructed uéing a different number of carbon atoms; e.g. 54 or 72,
but they -are not as uniform and symmetric .as CGO' The C60 balls
'crystallize in an orientationally disorderedrface-centered cubic (fce)
structure beiow 250K and have a first order phase transition at that
temperature into an orientationally ordered simple cubic structure
[1-14]. As wel}kthey can be intercalated‘with other atoms like cesium
and potéssium and are superconducting as 'Cs3C60 and K3C60 [1-14].
Buckyballs are said to hydrogenate and thus could be used as electrode
materials in nickel-hydride batteries in the future [1-15]. They are
also reported to eiectrochemically incorporate lithium up- to Lil2c60’
~which is roughlyréqual te the amount of lithium that can be hosted by
graphitic . carbons. However, - this 1lithium intercalation 1is only

reversible up to Li 0 [1-16]. Comparatively, little 1is known about

3%



- the properties of the bulk C compared to graphite. This is not

60

surprising as pure c60 costs $355 per gram at the moment [1-15].

‘Only the graphite structure modification will be discussed below.
This does not mean that all samples produced and described here show
the ideal graphite structure. But the goal i;rto produce materials that
are és close as possible to that ideal strﬁéture; This is desirable, as
earlier research has shown that the best intercalation results for
1ithium into carbon are achieved for carbons that are close to the
ideal graphite structure [1-17]. In this context it is. interesting to
notice, that material produced at low temperatures'(under—900—C) by
decomposition of hydfocarbons has some hydrogen atoms still bonded to
the éarbon atoms; These hydrogen atoms. are loét when thermatérial is
heated to higher temperatures under an.inert gas or if the carbon is
made at higher temperatures. The loss of hydrogen has a minor effect on
the compound by reducing its layer spacing slightly for higher

temperatures.

Another factor influencing the structure of carbons produced at
low temperatures is called ’turbostratic disorder’ [1—18]; Thié means
that the carbon sheets are not completely coplanar and perfectiy
stacked ‘in the ABABAB structure. They are to a certain extent randomly
oriented. When carbons are heated up to 3000°C under an inert gas, the
material -orders more and more- in the’ideal'graphite structure -and . the

turbostratic disorder is reduced with treatment temperature and length



of treatment. This orientation process is called ’‘graphitization’ of
carbons [1-16,1-19,1-20]. It can be clearly observed by a reduction of
the c-axis lattice spacing of the material with increasing temperature.

This effect has been experimentally shown by x-ray studies [1-21]}.

1.3 NITROGEN DOPING

Carbon in the graphite structure is a good electrode material for
rechargeable lithium batteries. The properties of many materials can be
enhanced by adding some controlled impurities to them, that is to dope
them with another material. The idea of doping carbon with other
" elements is not new. Experiments of substituting boron
[1-22,1~23,1-24], phosphorus [1-25,1-26,1-27] and both boron and

nitrogen [1-28,1-29] for carbon atoms have been previously done.

Boron is the element adjacent on the left of carbon in the
periodicrtable, and nitrogen is the one adjacent on the right. The
differepce betﬁeen the atoms 1is that boron has only three outer
electrons, where carbon has four and nitrogen five. Thus the
substitution of carbon atoms by boron creates a lack of electrons in
the material, the nitrogen substitution an excess of electrons. For
boron it has been shown that this lack of electrons changes the battery
properties greatly. Higher voltage capacity can be seen in a cell with

a boron-carbon electrode against a lithium electrode (Li/(Bxcl-x)6

10



cell) compared to a cell with pure carbon electrode (Li/C6 cell)
[1-24]. More details about boron substitution will be provided later,
when we discuss electrochemical data from our experiments and compare

it to pure carbon and boron substituted carbon cells.

Phosphorus doping has also been tried. Phosphorus is located in
the periodic table to the right and one row down from carbon, directly
underneath nitrogen. Thus it has five outer électrons, one more than
carbon, and is also a considerably bigger atom due to its extra
electron shell. This might introduce flaws in the crystal structure of
tbe graphitic material, which are known to increase the reversible
capacity of the respective cells. Cells with phosphorus doped carbons
showed discharge capacity increases of around 30% compared to cells
with pure carbon electrodes manufactured under the same conditions

[1-25,1-27].

Boron combined with nitrogen is supposedly a material very similar
to carbon. A boron atom combined with a nitrogen atom has 8 outer
electrons, just as two carbon atoms do. The electrochemical properties
for the reported material with a stoichiometry close to BC2N was very

similar to those observed for pure carbon electrodes [1-28].
Thus nitrogen doping was considered to develop better anodes for
Li-ion cells. Nitrogen, like phosphorus, 1introduces extra -electrons

into the material. At the same time it has the advantage over

11



phosphorus of being roughly the same size as a carbon atom. So it will

probably not disturb the crystal structure as much as is the case with

phosphorus.

This work, to our knowledge, presents the first systematic study
of nitrogen doped carbons for battery use. We will describe the sample
preparation, ~chemical: and X-ray analysis - of the samples and

electrochemical studies performed on the novel materials.

1.4 ELECTROCHEMICAL CELL VOLTAGE

Ther voltage of an electrochemical cell 1is one of the main
characteristics to describe its properties. It is a physical quantity
that can be understood on the basis of chemical potentials of atoms in
a solid. In our case the cell voltage is caused by the difference in
chemical potential of the lithium atoms in the anode or in the cathode
matetial. The cell voltage, V(®), can be described with the following
formula at any time:

V(x) = -( pLi[cathode] - #Li[EHOde],) / e {eq. 1.1}
where pLi[..] is the chemical potential of lithium in the appropriate
electrode, e is the elementary charge and X is the amount of lithium in

the cathode [1-30].

12 -



Up to now we have been talking about commercial lithium-ion cells,
where both electrodes have varying potential with lithium content. For
scientific purposes it is necessary to 1isolate the effects at both
electrodes by using a lithium metal electrode as a ’neutral’ reference
electrode. We will further be talking about cells with lithium versus
carbon electrodes, to eliminate the effects at the ‘transition metal
oxide electrode. For these cells the potential difference between the
electrodes and thus the cell voltage varies during the discharging and
charging process of the cell as the amount of lithium, x, in the carbon
electrode varies. Intercalation cells can be used to measure the
7chemical'poténtial of guest atoms in the host solids by means of cell

voltages.

For the lithium-carbon electrochemical cells described here, the
cell voltage is about 2.8V to 3.2V for an as made (fully charged) cell.
As the cell discharges, x in Lixc6 increases up to a maximum of x=1 for
graphite while the cell voltage decreases at the same time to near 0.0V
for x=1. This is the maximum amount of lithium that can be intercalated
into graphite and its potential in the carbon host is then very close
to that for lithium in lithium metal. The capacity associated with x=1
in LixC6 for graphite is 370mAh/g, where the weight is the weight of
the graphite host. We use this ideal capacity of graphite to calculate

our discharge and charge currents, even though most other carbon

materials do not intercalate to x=1 in LixCG’ but considerably less.
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The charge and discharge currents are determined so that a change
of Ax=1 in LixC6’ meaning a full ideal discharge or charge of a
graphite containing cell would take place in a certain time, e.g. 50 or
150 hours. These will be referred to as a ’'50 hour rate’ or a '150 hour
rate’ respectively. The smaller the current, the slower the charging or
discharging process and the closer the cell will be to equilibrium,
whiéh is iﬁéqrtant for studying the lithium intercalation process into
carbonaceous materials in detail. As our cells do not intercalate x-1

lithium into carbon, but less as mentioned before, the respective

charges and discharges for .a 50 hour rate did not take the full 50

hours.

For 1ithium intercalation into pure gfaphite, different'phases of
the LixC6 material are known for differeht values of x. The effect
- observed is the so-called staging, when lithium is intercalated in
different stages between the sheets in the graphite structure. At
first, Vlithiu@ starts intercalating between every 4th sheet of
graphite,'which is called the stage-4 phase. Then a phase transition to
lithium occupying every third layer is observed, called the stage-3
phase. This phase transition appears to be smooth, as determined from
X-~ray diffraétion studies, indicating a coexistence of both phases.
Islands of stage-4 phase shrink while those of stage-3 phase grow. The
filling of “sites inrthe graphite continues via a liquid like stage-2

and a mnormal stage-2 until stage-1 is reached and all possible lithium

sites in the graphite are filled [1-31].
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This behaviour can clearly be seen in the wvoltage curve for a
lithium vs. graphite cell, meaning a cell with a lithium metal anode
and a graphite cathode, as shown in Figure 1.2, from [1-31]). The
voltage is plotted as a function of the amount of lithium, x, in the

graphite electrode for the cell charge and discharge. We will plot most
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Fig. 1.2 Cell voltage versus x in LixC6 for a cell with graphite

electrode, showing plateaus for staging effects as described in

the text, from [1-31].
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of our voltage curves in this manner. The x-axis represents a capacity
axis if we keep in mind that the value for x in LiXC6 multiplied by 370
is equivalent to the cell capacity in mAh/g. As the chemical potential
in coexisting phases is equal, plateaus appear in the voltage curve at
points of first order phase transitions. We also see, that most of the

lithium is intercalated into graphite at cell voltages below 0.25V.

The above descfibed plateaus in the voltage curve for graphite vs.
lithium cells can not be observed in cells with more disordered carbons
like ’‘cokes’, 'pitches’ or materials decomposed from e.g. benzene. This
is due to the disorder in those materials. In perfect graphite all
sites for lithium are energetically equal, as all nearest-neighbour
environments are the same in this perfectly stacked material. Less
peifect carbon materials have stacking faults with random rotation and
translation of =~ the adjacent carbon sheets. Thus not all
nearest-neighbour environments are alike and the site energies vary
from site to site. The disorder in the host suppresses staging as the
eﬁergetically lowest sites are filled first. These are randomly
distributed throughout the material. A smoother voltage curve without
the distinct plateaus, as shown in Figure 1.3 for a cell containing our
material decomposed from benzene at 900°C, is characteristic for these
carbons [1-32]. Sites are available for all different. binding energies
between lithium and the host material and thus the curve is smoothed
out and does not .show. any distinct,plateaus‘any more. These carbon

materials also intercalate considerably less lithium than x=1 in Lixc6’

16



e.g. our material intercalates about x=0.65 reversibly.
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Fig. 1.3 Cell voltage versus x in LixCG for the first cycle and second

discharge for a cell made from the benzene 900°C reference.
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CHAPTER TWO: SAMPLE PREPARATION

Four different types of samples were produced using two different
experimental methods. We will describe the two setups used and outline
the further processing of the samples. The two setups used for sample

production are fairly similar.

‘The first is a chemical vapor depositiqn feactor (CVD) which was
used for the reactions of two different gaseous reactants. The second
setup is an’ordinéry furnace which was used for pyrolyzing a single
subsﬁance‘ The subétances used in the furnace depositions were liquids

- with a:vapor pressure -on the order of 100 torr at room temperature.

2.1 CHEMICAL VAPOUR DEPOSITION (GVD)

A Vactfoﬁic'CVD-300M hof wall reaétor as. shown schematically in
Figure 2.1 was used. Two reactant ga#es, acetylene (CZHZ) and ammonia
(NH3), (schematic strutures for these molecules are shown in Figure
72.2), were introduced into the quartz reactor tube through mass flow
controllers. Two different flow rate combinations were used. For the
first combination, ' further referenced as (1l:1), the flow rates were
established at'floﬁ'meter readings of ’'150 flow’ for both gases. Both

gas flow rates were afterwards calibrated to give flow rates of
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‘85ccm/min (standard cubic centimeters per 'minute) for acetylene and
127cem/min for ammonia. We will still use the notation of (1:1),
although the ’'real’ flow rates do not resemble this proportionality any
more., For the second combination, referred to as (2:3), the acetylene
rfldw was dropped to a meter reading of ‘100 flow’' while the ammonia
flow was kept at '150 flow’. These flow rates convert to 56ccm/min for
acetylene and 127ccm/min for ammonia. The -error for all ‘real’  flow

rates values quoted above is 5%.

" The reaction product was deposited in the tube and the unreacted
precursor gas was caught in a cold trap cooled by liquidrnitrogen. A
thrdttle valve and pump werer used to keep the syétem at constant

_pressure- during the deposition process. The base pressure inside the
reaction tube was kept at 80-85 Torr by adjusting the backfilling with

argon as much as necessary to maintain this pressure.

The deposition was continued at constant temperature - within
abbutr3dC of the set point - for two to eighf hours. The temperature
was the independent parameter. .for the sérieé Qf different samples
produced. Notr only the stoichiémetry of the samples, but also the
deposition rate depended on temperature. Thus, the length of the runs
had to be adjusted to obtain sufficient amounts of powder, ideally in
excess of 500mg. The temperature range was limited to three different
deposition temperatures (900°C, 950°CV and 1000°C); For 850°C no

deposition of material was observed. The upper limit of 1000°C was due
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to the inability of the furnace to maintain temperatures over 1010°C

once the reactant gas flow was switched on.

The resulting materials were either shiny black flakes or a black
fluffy powder deposited inside the tube. This was in accordance with
previous observations [2-1]. The shiny flakes are found in the hot zone
of the furnace and the flﬁffy' powder - is- formed on the edgeskrand
downstream from the ﬁot zone. Very little’ deposition 1is obsérved
upstreaﬁ from the hot zone but often a tar-like black substance is
found there. Anywhere between 100mg and 2.0g of material was produced in
a single run. This reaction product was scraped off the inside of the
tube with a long handledrscalbel. Then the powderrwas further processed

as described below.

To prepare the CVD system for the next run, it was taken apart and
the quartz tube was burned out in air at about 900°C for roughly an
hour to burn out all left over traces of powder, that had not been
recovérea. The tube was considered clean after this procedure, as aill

the black powder had been burned away without residue.

2.2 FURNACE DEPOSITION

For the other three depositions a normal furnace with a quartz

tube as shown in Figure 2.3 was used. The hot zone of the furnace was
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about 40cm long. The tube was fitted with end flanges, that could be
sealed tight with brass caps. The inlet end cap was connected to the
feedér gas: line via a gas feed-through and the outlet end cap was
connected to an oil bubbler to pfevent ‘backflow of air into the tube.
The tube was flushed with argon for 10 minutes before the deposition
started to create an oxygen-free atmosphere to eliminate reaction of

oxygen with the feeder gas.

The setup for the pyrolysis of either of the three different

materials, benzene (CSHG)" pyridine (CSHSN) and acetonitrile (CH3CN)

22



(schematic structures for these molecules are shown in Figure 2.4), was
the same. A steady flow of argon was established through a stainless
steel bottle with the reactant in it. The argon acted as a carrier gas,
carrying some of the reactant into the furnace, where it was pyrolyzed
and deposited on the tube walls. The deposition took place at
atmospheric pressure. The flow rate of argon with the reactant in it
was' kept at about 3ccm per second. This meant that roughly lg of the
reactant was brought iﬁto the furnace per hour. The yield turned out to

be high. An exact determination of the yield was not of major concern

- to-us.
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As described in Chapter 2.1, two main products were again found,
V shiny flakes and a fluffy powder. The flakes had been deposited roughly
in the downstream half of the hot zone whereas the fluffy powder was
deposited in the upstream half of the hot zone. Some tarry material was

found outside the hot zone. The powders were retrieved as described

above énd the quartz tube was cleaned as described before.

2.3 TERMINOLOGY

‘For the different samples produced, the following terminology will
be used. The carbon and carbon-nitrogen materials will be referred to
by thé name of the precursor material from which they were produced.
This Qill be followed by a temperature reading in oC, specifying the
conditions - under which the powder was produced. From the above

description it will thus be clear which production method was used.

VFof"ekample, thejmaterial 'benizene 900°C’ would refer to carbon
material produced from Benzene at 900°C in the simple furnace. For the
materials. produced in the CVD from acetylene and ammonia, the material
abbreviation 02H2:NH3 (1:1) or (2:3) followed by the temperature
reading - will be used, according to the ‘ratio of flow rates of the

gases, ‘as described above. The acetonltrile samples will sometimes be

referred to as ‘aceto’.
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Whenever the chemical material is mentioned without a temperature
reading, the actual liquid or gaseous chemical is referred to and not

the carbonaceocus material produced from it in a deposition.

2.4 POWDER PROCESSING

The flakes were rfirst ground ﬁhoroughly, which meant that a
uniform powder was produced. This was normally achieved after 10
minutes of manual grinding. The maximum grainrsize of the flakes was
7£ﬁus reduced to below 100 micfons, determined by a 200-mesh écreen,
which has 75 micron openings. All data presented here is taken from

materials ground from the flakes.

Afterwards all powders were X-rayed for structural analysis as
described in Chapter 3.3. below. After X-raying the powder, cathodes
were made from it on copper foil. The powders were mixed with a 20% by
weight solution of Polyvinylidenefluoride (PVDF) (as a binder) in
chethyl-Z-Pyrrolidinone (NMP). Excess NMP was added to obtain a syrupy
consistency of the material, which was then spread uniformly onto the
copper foil using a doctor blade spreader. The NMP was evaporated in an
oven at 105°C overnight and well adhering fiims of the powder material

were obtained on the copper.
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2.5 CELL PRODUCTION

The cathode material was cut into unit squares (12mm x 12mm) using
a precision cutting jig and weighed. The weight of the copper substrate
square was known to be 44.5mg. The weight of the electrodes was
corrected for this substrate weight as well as the weight of the binder
in the material. Thus the final weight of the active material was
obtained. Typical electrodes had a thickness of about 150pm and an
active weight of roughly 10mg. Then the cathodes and other cell parts
were brought into a glove box with an argon atmosphere for assembly.
Thigywés done to protect the lithium electrode from harm by water vépor

in the air during the cell manufacturing process.

As sketched in Figure 2.5, from [1-18], cells were built using the
produced material as a cathode and lithium metal as an anode. The
electrodes were separated by a separator, which had been wetted with
electrblyte under pfessure. A mixture of ethylene carbonate (EC: 25%),
propylene carbonate (PC: 25%) and dimethylcarbonate (DMC: 50%) with
1ithiumhexafluorophosphate (LiPFs) dissolved as an electrolyte salt
(concentration 1 molar) was used as the electrolyte. This electrolyte

constitutes the state of the art in electrolyte research {2-2}.
The cell parts were assembled into a cell housing. The housing
contains, apart from the active parts (lithium metal, separator with

électrolyte and carbon cathode) a spacer disc to distribute the
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pressure uniformly over the electrodes and a spring to create the
necessary pressure to keep the electrodes firmly in contact inside the
sealed housing. The cells were finally sealed with a pressure crimper

inside the glove box.

(-) Stainless Steel Cell Cap

Polypropylene Gasket

Mild Steel Disc Spring

Stainless Steel Disk

Lithium Metal

Separator

‘ (+) Corrosion Resistant
Stainless Steel Cell Can

Fig. 2.5 Sketch of all parts contained in a coin cell as used for our

cell experiments, from [1-18].
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Only the sealed cells were taken out of the glove box and were
then checked for voltage, which for a good cell should be around 3.0V,
Cells with considerably lower voltages had either been short circuited

in the production process or showed other flaws and were not usable for

further experiments.

Afterwards the cells were éharged and Aischarged using a
éomputer-controlled constant-current charging system with current
stability of + 0.1%. The charge and discharge currents were equal and
chosen so that a change Ax=1 in LixC6 would take 50 hours. This is
' commbniy referred to as a 50 hour rate. We wused the previously
calculated electrode mass and the specific capacity of pure carbon
corresponding to Lilc6 (370mAh/g) for our calcuiation. No adjustments
of the specific capacity were made for the mass differences for the
nitrogen and hydrogen in the electrode material, compared to carbon.

All cell testing was done at 30°Ci0.1°C in a temperature controlled

enclosure.
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CHAPTER THREE: POWDER ANALYSIS TECHNIQUES

The powders produced as described in Chapter 2 had black to
silverish appearance but were ofherwise uncharacterized to this point.
How much nitrogen did the different samples, in fact, contain? What was
the crystal structure of the materials and where was the nitrogen
located within it? Was it substitutional nitrogen, incorporated within
the graphite honeycomb structure, or placed randomly in the material,
for example between the carbon sheets? Finally, how would the nitrogen
-substitution affect the electrochemical intercalation of lithium as
monitored by the cell charge and discharge profiles. We expected the
voltage and the capacity of the cells to change somewhat due to the
incorporated nitrogen. All of the above questions were addressed and
the results are presented in the following sections and chapters making

up the rest of the thesis.

3.1 CHEMICAL ANALYSIS

Small quantities (about 20mg each) of all potentially nitrogen
containing samples and selected samples prepared from benzene, were
sent to Canadian Microanalytical Services Ltd., Delta, B.C.. They
performed chemical ahalysis for the elements carbon, nitrogen and

hydrogen (C-N-H analysis) [3-1] on the samples. A Carlo Erba 1106
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(Milan, Italy) gas chromatography unit was used, which works by burning
the sample in pure oxygen in a quartz tube. The reaction products COZ’

H,0 and N, are then carried in an argon stream into an attached gas

2 2
chromatography unit and identified quantitatively. This allows accurate
" determination of the masses of carbon, nitrogen and hydrogen in the

initial material. Percentages by weight for those three elements in the

original material can be calculated with an error of *0.3% [3-1].

3.2 ANGULAR DEPENDENT X-RAY ABSORPTION SPECTROSCOPY

X-ray absorption spectroscopy (XAS) 1is a modern tool for
strﬁcfural énd electronic analysis of solids. High intensity tunable
radiatién from electron storage rings (synchrotrons) is used to excite
transitions between filled core states and unfilled conduction band
levels. The experiments described here were done at the Canadian
Synchrotron Radiation Facility (Grasshopper beamline) at the Alladin
Synchrotron. at the University of Wisconsin in Stoughton, Wisconsin.

- Details of the beamline are described in [3-2].

The total electron yield Iy from the sample is measured while the
energy of the incoming photon beam is scanned over an energy range
using the ’'grasshopper’ monochromator. The incident beam intensity Io
is simultaneouslyimeasured with' a gold grid in the beam path before the

beam hits the sample. We will display normalized intensities I = Iy/Io
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in all our XAS scans. We have to correct all data with an Io reference,
as the incoming radiation varies with time, mainly due to beam decay
and noise and also varies with photon energy, mainly due to carbon in

the system, as will be discussed below.

For nitrogen edge measurements it 1is sufficient to correct the
data, I , with the Io as defined above to obtain I.rFor carbon edge
measurements, however, the Io obtained from the gold grid can not be
trusted, as carbon is widely present in the system and in particular on
the monochromator grating and the mirrors. The carbon present on these
~ system parts already absorbs about half of the incoming beam intensity
around 285eV (the carbon absorption édge) compared to e.g. 260eV and
gives us incorrect Io values, as measured by the gold grid. Thus we
need a reference spectrum that takes care of the presence of carbon in
the system. The reference is a scan of the carbon edge (280eV to 325eV)
on pure, clean silicon, which does not contain any carbon. It should
not show any carbon absorption and we can say that the absorption
observed from the measurement, as shown in Figure 3.1, is due to the
carbon that is present in the system. All carbon edge data were
corrected with this reference scan as the Io value. Carbon is the only
element ﬁhat is present in this form within the system, so that this

correction is not necessary for nitrogen or any other element [3-3].

The materials studied at the synchrotron were allrflaky powders

and thus not as well oriented as the original deposited film. As
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mentioned in Section 2.4, it was hard to grind these powders to small
Siée, which was an advantage here. The powders were still tiny flakes,
which were carefully pressed onto carbon tape using a flat glass
surface. After several pressings the samples were substantially

oriented with their c-axes normal to the sample surface.

: Allrscans, which will be shown and described in Section 4.1.3 are
measured. in the following manner. The incident photon beam energ, is
scanned through a certain .region (for the oVerview scan from 280eV to
430eV, for the carbon absorption edge from 280eV to 325eV and for the
nitrogen absorption edge from 392eV to 430eV) by computer controlled
motion 6f the 'grassﬂopper' monochroﬁator. After every scan the angle
of ‘incidence of the beam on the sample is varied. qu each film both
the carbon and nitrogen edge were scanned at three different angles,
90° (normal incidence), 59° and 300, between the incident photon beam

and the flat sample surface.

The basis of angulér dependent XAS 1is that the different
transitions into antibonding orbitals (denoted as a* and n*) above the
Fermi energy, EF’ are excited differently at certain angles. The a*
orbitals have a spatial orientation along the connecting line of the
atoms in the plane of the carbon sheets, as shown by the outlined empty
electron orbitals in Figure 3.2a for an ethylene molecule, from [3-4}.

They are formed from the s and the P, and py antibonding orbitals to

give a Tresulting spz-hybrid orbital. Graphite can be viewed as a
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’ compoundr dade up of many connected benzene rings, so that all a*
orbitals are in the x-y plane. They are simplified to a line connecting
the atoms in Figure 3.2b, from [3-5], where the w* orbitals are shown
in their spatial orientation in the z-direction, perpendicular to the

*
plane of the ¢ orbitals.

Aromatic
Ring

(b)

Fig. 3.2 Antibonding atomic orbitals. In a) the spatial orientation of
. ,
the o —orbitals in the x/y-plane is shown, from [3-4], whereas in
b) the orientation of the = -orbitals in the z-direction is

7 sketched' for benzené, from: {3-5].
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The angle dependence of the absorption into both cthese final
anti-bonding states is due to the reaction with the incoming polarized
synchrotron radiation. The beam has an E-field vector and a B-field
vector perpendicular to each other and perpendicular to the direction
of wave propagation. We are interested in the E-field vector here, as
the dipole selection rules determine the transition from the initial 1s

state |i> to the P, v,z component of the final state,<f], which can be

* * : c .
a o or m state. The intensity of the absorption into a final state

<f| can be described by:

I~ | <fle.p|i> IZ {eq. 3.1)
where e = E/|E] is the unit vector in the direction of the electric
field of the synéhrotron radiation and p is the moﬁentum operator
[3-5}. For linearly polarized light equation 3.1 simplifies to:

I ~ | e.<f|p|i> |2 , {eq. 3.2}

We can simplify eq 3.2 by substituting p=im/h . [H,r}, where [H,x]
is the quantum mechanical commutator of the Hamilton operator H with
the pasitiqn operator r and m is the electron mass, ;o arrivg at:

I ~ | eo <f|Hor - r.H|i> |2 | {eq. 3.3)
’andrapplying H to get the respective eigenvalues, eq 3.3 simplifies to:

I~ (B - E) | o <£lz]i> |7 (eq. 3.4)
where the matrix element <f|r|i> is a vector quantity, which poiﬁts in
the direction of the r-component in the final state orbital, that is in

, . * *
the direction of maximum orbital amplitude of the final # or ¢ state

~ and (Ef - E) = fo, where w is the angular frequency of the absorbed or
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emitted light.

*
The absorption with angle into final o states, which are within
the x-y plane, is described by:
. 2 - .2
I | <fa]g°2'1> |© =] g,<fa!gl1> | sin“y {eq. 3.5}
where v is. the angle between the electric field vector E and the normal
- ° 3 * )
“of the  X-y plane. For absorption into the final = states, which are
oriented in the z-direction, we find:
I -~ l <f ]gogfi> !2 -~ c0521 {eq. 3.6}
‘ 3 x
accordingly. This is valid for the case of the incoming radiation being
100% polarized with the E field vector in the horizontal plane of the

electron orbit [3-5].

The two dimensional nature of graphite shows strong directionality
‘ofithe orbitals, - as shown above in Figure 3.2. Thus the a* orbital
final state can only be reached if the E-field vector has a component
~ parallel to the x-y plane. This means that forAmaximum signal the beam
has t; ﬁit the sémple perpendicular to ther x-y plane, thus
ﬁerpendicular to the sample surface. For the x% orbita1$ the opposite
applies go that the beam has to hit the sample at grazing incidence to

‘ ' ' *
-maximize absorption into the n . states [3-6,3-7,3-8].
* *
The ¢ and » bonding energies are slightly different. This can be
seen from band structure calculations for graphite, as shown in Figure

3.3, from [3-6]. The figure shows a complete band structure calculation
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for all bands above the Fermi Energy, EF. The bands we are mainly

interested in are those associated with the two XAS features closest to

ENERGY (eV)

Fig. 3.3 Band structure calculation of all bands above EF for

graphite, from [3-4].
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the respective absorption edge. We refer to them as r* and a*, as they
originate from the bands marked as Lo and 0179 respectively in the
calculation in Figure 3.3. The energy for the w* band is marked with
‘A’ at 2.0eV above E. and the one for the a* band is denoted ’'B’ at

F
8.4eV above E_. The letters 'A’ and ‘B’ correspond to the letters that

F
refer to the first two features of the carbon K absorption edge spectra
shown in Figure 3.4, from [3-6]. We can see a clear dependence of the
w* and a* peaks on angle for the highly oriented pyrolytic graphite
sampies (HOPG), which is expected from tﬁeory. The angulér dependence

is governed by above mentioned transition matrix elements for the

respective orbitals.

‘From the band structure calculation we can also obtain a density
of states plot, shown in Figure 3.5. We only show the density of states
close to the Fermi energy, EF’ as this is the region of interest to us.
The chemical bonding of lithium as well as the shift of E. due to the
bofon or nitrogen substitution can be understood from this narrow
region around EF. Lithium that intercalates into carbon transfers one
electron per lithium atom to the carbon host. This corresponds to the
filling of all empty electronic states in the carbon up to 1.3V above
E., for Li.C_, as calculated earlier {3-9]. We will refer to the density

F 176’

of states plot further in Section 5.
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Fig. 3.4 XAS scan on highly oriented pyrolytie graphite (HOPG),
exhibiting dependence on angle between the incident beam and

the sample surface, as described in the text, from [3-6].
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Fig. 3.5 Demnsity of states plot near EF for pure carbon, from [1-22].
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3.3 POWDER X-RAY DIFFRACTION

Powder X-ray diffraction patterns were collected using a Phillips
PW 1730 X-ray generator and a diffracted beam monochromator. The X-ray
generator was equipped with a copper target X-ray tube. Its wavelength
originates from the Cu K-a line and is 1.54178A. The resolution of the
equipment is about 0.15° in scattering angle. Narrow slits were used
(0.25o as the incident slit and O0.lmm as the. outgoing slit) to achieve
high scanning precision even at low scattering angles. The scans were
all taken from 5° to 120° (28) at 0.2° steps. Overnight scans with 80
seconds count time per step were chosen to give good signal to noise

ratio over the whole range of the spectrum.

The samples were scanned in a 2.5mm deep stainless steel X-ray
holder, which was firmly packed with the carbonaceous material, the top
surface being smoothed with a glass slide. For some samples with not
enough powder to fill the holder, a thin, level layer of powder was
applied to an off axis cut, zero background silicon wafer. A very thin
layer of Dow Corning high vacuum grease was used to make the powder
adhere to the silicon. Corrections for the peak width of these samples
had to be made. The peak width for all samples is mainly due to the
disorder in the samples but is also affected by the holder geometry as
well. Broadened, slightly asymmetric Bragg peaks are observed for thick
samples, as X-rays scattered from the top layers of the sample are not

attenuated by the material. The intensities of X-rays scattered from
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layers at depth d in the sample will be reduced, however, by:

I(d) = Io * exp (-2ud/sin8) {eq. 3.7}
where p is the linear absorption coefficient of the material and 8 is
the angle between the X-ray beam and the sample surface. The X-rays
scattered at depth d =zre also observed at a slightly different angle,
8’, than those scattgred from the top layer of the sample. This is
caused byr the: extra depth, d, the beam has to penetrate into the
§émple, as schematically drawn in Figure 3.6. It then scatters at a
different position in the x-direction in the sample and is observed by
.the ’detector under a slightly shifted angle compared to the beam
scattered off the top layer of the sample. The angle of observation for
X-rays scattered at depth d is:

8'(d) =6 - d cosd / L, {eq. 3.8)

where Lo is the goniometer arm length.

Therefore, we expect peaks with a broadened flank towards 1low
anglerand an increased peak width compared to peaks measured on thin
samples. From reference materials prepared from benzene a difference of
0.25° in peak width between the scans on the silicon (sharper peaks)
and scans of material in the deep holder (wider peaks) was determined.
This correction of 0.25° was applied to all peak width data, obtained

using the silicon wafer.

_All X-ray data was corrected for the atomic scattering factor of

carbon (referred to as: f(9)2) [3-10] and for the Lorentz factor
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(referred to as: L(8)) [3-11]). Measured powder X-ray patterns are the
product of many different contributions, the atomic scattering factor,
the Lorentz factor, the structure factor of the material (our primary
interest) and other corrections such as the influence of the holder
geometry. The actual interest in the X-ray Vdata is to extract the
structure factor, which is peaked at reciprocal space lattice positions
and thus gives ué the real space information as well, For'eiample, the
peak around 26° in the carbon diffraction pattern is associated with

the layer spacing in the c-axis direction of the carbon material.

SOURCE

DETECTOR

— CARBON SAMPLE
/-7 [ INSTEEL HOLDER

Fig. 3.6 Geometry of the X-ray diffraction setup showing the shift of

scattering angle due to sample thickness.
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To obtain the peaks in the structure factor, we have to correct
the data for all other contributions. Otherwise incorrect peak
positions for the broad (002) peak and thus wrong lattice spacings for
the material would be obtained [3-11]. These corrections were made in
agreement with theoretical calculations. The effect of these
correé;ibns is strongest for the broad peaks (broader ;han 20) and
especially for those at lowrscattering angle. The atomic scattering
factor and Lorentz factor contributions get smaller for larger angle as
can be seen in Figure 3.7, where we plot the two correction functions,
f(e)2 and L(8), and their product f(e)Z,L(e) (not to scale), as a
functién of - scattering angle. Thus -a correctior of the data is

. essential as we are mainly interested in the (002) peak.

The (002) peaks were fitted using arsimple fitting program with
four fitting parameters: peak area, peak position, half width at half
max imum aﬁd a Lorentzian / Gaussian weighting function. We only used
the data'from 15° to 35° (28) as data for the fitting routine. The fits
were not perfect as can be seen from Figure 3.8, where we plot raw data
(correctc;.,drfor'f(e)2 and L(8) as described aboVe) and a fit for the
(002)~peak of the acetonitrile 950°C sample. The divergence of the fit
from the data is due to the asymmetric peak shape as described above.
Accepting the asymmetry as a systematic error that is incorporated in
the data. for all samples, we fitted all data sets using this one-peak
fittingmroutine. The - fit té data correlation is very much the same for

all fits, and we believe the peak width can be reliably extracted.
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Fig. 3.7 Lorentz correction function and atomic scattering factor
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graphed vs. scattering angle (20).
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Fig. 3.8 Peak fit for the (002) Bragg peak, obtained from the
fitting programrdescribed in the text, and raw data for

acetonitrile 950°C sample x-ray diffraction data.
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3.4 AUGER ELECTRON SPECTROSCOPY

Auger electron spectroscopy (AES) was performed using a Physical
Electronics Industries Inc., Scanning Auger Microprobe PHI Model 25-120
spectrometer. AES is a semi quantitative technique to measure the
elemental composition of a material. AES is based on the Auger process,
which is aniatomic process involving three electrons. An electron beam
with a well defined energy, in our case, 3keV, is focused onto the
sample. The electron beam ejects core electrons with binding energy B
from the core of the atom. The hole left in the core is then filled by
an intérnal process. A second electron from a different level with
energy E;lr falls into the core hole. The energy released in thisr

process is transferred to a third electron from a level with energy

often equal to E which leaves the atom. This electron 1s the

ESZ’ sl’

Auger electron which has a very element specific energy, the Auger
energy Ea' It can easily be calculated:
Ea = Esl + Es2 - Eb {eq. 3.9}

The common processes .are KLL, IMM and MNN, where the letters
describe the three shells from which the electrons originate. The first
letter describes the core shell of the electron that initially left the
atom. The second letter refers to the shell of the electron that filled
the core hole and the third letter refers to the shell from which the

Auger electron originated.
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The characteristic Aﬁger energies of carbon and nitrogen are 272eV
and 379eV respectively. The peak positions determine the elements
present and the peak heights determine the relative concentrations of
the particular elements. For better determination of the peak heights,

the original data is differentiated [3-12].

"'Thé stans were taken on battery electrodes as prepared in Section
2.5. Pfior to measurement the samples were sputtered with argon for 5
minutes at. 3kV with a current of 20uA to remove surface adsorbents as
much as possible and sputter away some of the binder material that
coVefs the carbonaceous flakes. The area around Vthe two peaks  for
carbon (245eV to 275eV) and nitrogen (372eV to 392eV) was scanned in
0.5eV steps. To gain a better signal to noise ratio for the low
inﬁensity nitrogen peak (only 2%-9% by weight of the sample material),
it was scanned 30 times per cycle whereas the carbon peak was only

scanned once per cycie. A single measurement consisted of 50 cycles.

VFigures 3.9 and 3.10 show the differentiated Auger scans for the
carbon ‘and nitrogen edges respectively of the reference cathode made
from the actetonitrile 950°C sample. Peak heights are determined from
the scans byrtaking the difference in counts between the maximum count
value (at 249.5eV for the carbon edge and 'at 376eV for the nitrogen
edge) and the minimum count value (at 272.5eV for the carbon edge and
at 3843V for . the nitrogen edge). The peak heights for each element,

corrected for the relative Auger intensities for the element, are a
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quantitative measure for the composition of the samples with respect to

these two elements [3-13].
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Fig.3.9 Auger scan (differentiated data) of the carbon edge for the

reference cathode made from the acetonitrile 950°C material.
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The peaks for oxygen and fluorine, introduced by the binder, will
not be considered here. The percentage of carbon in the material as
measured by AES is expected to be higher than the percentage of carbon
obtained from chemical analysis. This is so, since we used cathodes for
AES analysis and not the originally as prepared powders. Cathodes
contain the binder material which consists mainly of - carbon .and does
Vnot contain nitrogen. it alsé coats the originai méterialrand~is hard
to sputter off. Thus more carbon compared to nitrogen will be detected
by AES and the percentage of nitrogen is expected’to be less in AES
data compared to chemical analysis data. This statement is supported by
the AES measurement on as-made powder matefiai, presséd into indium
foil. The unprocessed material showed about 30% more nitrogen cbmpared

to an as-prepared battery cathode of the same material.

Battery cathédes were first used in cells and cycled to certain
specifications that will be described in Chapter 5 together with the
results. Then the fully charged cells (allr reversibly intercalated
lithium is removed) were taken apart and the carbon cathodes were
recovered. They Qere rinsed in methanol for 24 héufs fo wash out all
soluble reaction products from the reaction of 1lithium with the
chemically 7active nitrogen containing species in the carbonaceous
material. Other solvants could have been tried, which might dissolve
these chemical nitrogen species better. After drying in an oven at
105°C‘for'én hour they were brought into the Auger system and scanned.

The reference cathode, that had not been cycled in a celI, was rinsed
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and dried the same way. To scan the original powder material as a
comparison to cathode material, it was pressed into indium foil and

scammed likewise.
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CHAPTER FOUR: ANALYSIS AND RESULTS

4.1 MATERIAL ANALYSIS DATA
4.1.1 Chemical Analysis Results

The results of chemiéal analysis (Table 1) show that nitrogen is
incorporated into all samples made from nitrogen containing precursors.
The samples pyrolyzed from acetonitrile and pyridine show a dependence

"of”nitrogen content on the deposition temperature as can be seen in
Figure 4.1. With faliing depasition température, the nitrogen content
of the prepared material rises. The acetonitrile 850°C sample also
shows the highest overall nitrogen content of any of the samples. The
samples pyridine 10000C, pyridine 1050°¢c and C2H2:NH3(1:1) 900°C show
the lowest nitrogen content of all samples. All samples produced from
acetylene and ammonia show, within the error of +0.3%, no dependence of
nitrogen content on deposition temperature. The nitrogen content for

these samples only varies with the flow rate ratio of acetylene and

ammonia in the reactant gas mixture.

Both the benzene 900°C and 1050°C samples showed no detectable
nitrogen. The only difference between them was the much higher carbon
content of 99.70% for the benzene 1050°C powder over the benzene 900°¢

powder, which contained only 98.43% carbon. This is due to the loss of
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hydrogen in that temperature range, which was discussed in Section 1.2.
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Fig. 4.1 Temperature dependence of nitrogen content in the material

for samples prepared from acetonitrile and pyridine.
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Sample

benzene 850
benzene 900
benzene 950
benzene 1000
benzene 1050

aceto 850
aceta 900
aceto 950
aceto 1000
aceta 1050

pyridine 850
pyridine 900
pyridine 950
pyridine 1000
pyridine 1050

2H2:NH3 (1:1)
C.H :NH3 (L:1)
H,:NH, (1:1)

CZHZ:NH3 (2:3)
CZHZ:NH3 (2:3)
C2H2:NH3 (2:3)

Error on all above nitrogen and

percent N
by weight

900
950
1000

900
950
1000

n.a.
<0.1
n.a.
n.a.
<0.1

.53
.37
.64
.62
.14

OOy~ 0 o

.65

.90
.41
.42

NN B

r

.91
2.96
3.18

3.62
3.75
3.55

.06

percent H
by weight

AHB B3 on
o L~
BRERP

0.1

1.51
0.42
0.38
0.30
<0.1

0.34
0.30
0.22
<0.1
<0.1

1.27
0.37
0.29

0.57
0.34
0.44

average irrev,

capac.

hydrogen values:

in TIlAh/g

57
30
50
28
17

n.a.
183
149
113
111

119
99
72
69
102

139
166
59

127
85
128

+0.3

# of ce
used fo
average
irrev.

N D e )

N LN NN

=

lls
r

capac.

Table 1 showing nitrogen and hydrogen content in weight % as well as

irreversible capacities in mAh/g for materials made from benzene (as a

reference), acetonitrile

acetylene and ammonia (C

(aceto),

2H2:NH

pyridine
3 (1:1) and C

2HZ:NH

and 1:1/2:3 mixture

of

3 (2:3) respectively).

s . . .o
The specified numbers behind the materials are the temperatures in C

at which the materials were produced.

55



4.1.2 X-ray Diffraction Results

Now we must determine how the nitrogen is incorporated in the
material, as bonded substituent chemical -groups ‘external’ to the
graphite honeycomb, or as a substitutional dopant, directly replacing a
carbon atom in the graphite structure. Earlier references have proven
this to be ardifficult fask, as an exampie see [4-1]. We expect that if
the nitrogen is substitutional, it will most likely affect the lattice

constants and other properties of the carbonaceous materials.

The lattice constants and crystallite size of carbon prepared near
1000°¢ depend strongl& on tﬁe ﬁeat treatﬁent température [4-2] which
affects the degree of graphitization of the carbon as mentioned above.
Substitutional boron greatly accelerates the graphitization process
[4-3] for boron-carbons with the graphite structure prepared at 900°cC.
In [4-3] materials with up to 17% substitutional boron were prepared.
This caused the (002) Bragg peak to shift from 25.3° for pure carbon to
26.7° for B | C

7 7 0.17°0.83"°

The presence of nitrogen in the deposition process slows down the
deposition considerably. We will show below that the effect of
substitutional nitrogen on the lattice constants appears to be weaker
rthan For boron, although we are not sure how much of the total nitrogen
in the material is, in fact, substitutional. Also, the amount of

nitrogen in our samples is much less than the amount of boron in the
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boron containing materials to begin with.

Figure 4.2 shows the x-ray diffraction pattern for the
acetonitrile 950°C sample. Four main peaks. can be .identified. The
strongest of them is the (002) peak at approximately 25.5° scattering
angle. This pattern is qualitatively similar to that of a carbon
prepared from benzene . at the same temperéture, also shown in Figure

4.2,

To check for small differences between the samples with and
withouﬁ nitrogen, we plotted the (002) Bragg peak positions for all
samplesr(as obtained from ﬁhé fitting pfogram, describedrin Chapter
3.3) versus deposition  temperature. Figure 4.3 shows that the
incorporation of nitrogen leads to a small increase in the (002) peak
position (maximum 0.50) compared to the samples prepared from benzene.
The shift is strongest for the acetonitrile 900°¢ sample, which has the
highest nitrogen content. A shift to higher angle can be related to
smaller lattice spacing by the Bragpg formula:

A =2d sin (8)
where X is the x-ray wavelength, 8 is the Bragg angle and d is the
layer spacing, or in this case 1/2 the lattice spacing, as we are

referring to the (002) peaks.

Incorporated nitrogen apparently causes the spacing between

adjacent carbon sheets to decrease. This decrease is also roughly
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Fig. - 4.2 X-ray diffraction pattern for acetonitrile 950°C and for

benzene 950°C from 5°to 120° in scattering angle.
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Fig. 4.3 Peak positions of the (002) Bragg peaks for all samples,

‘obtained from the peak fitting program as described in the text.
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proportional to the nitrogen content in the material. Figure 4.4 shows
a graph of lattice spacing versus nitrogen content, calculated using
Bragg’s law. The reduction of lattice spacing is coupled with an
increase in nitrogen content in the material (from CZHZ:NH3 (1:1) 900°¢

to acetonitrile 850°C).

Figure 4.5 shows the half width at half maximum of the (002) Bragg
peaksrversus heét tréatment temperature for all the samples. Carbons
prepared at. low temperature usually have a broad (002) peak. The
breadth is caused by a finite number of carbon layers which scatter
X-rays cohefently. The number of layers which scatter coherently
determines the crystallinity of the carbon and is affected by the
length of the particle in the c-axis direction (commonly called LC) and
by c-axis strain {1-19]. Figure 4.5 shows that carbons made from
pyridine and benzene show similar broad peaks, which means they have
low crystallinity. On the other hand the samples made from acetonitrile
or acetylene and ammonia show sharper peaks and thus are more
crystalline when prepared at the same temperature. The growth mechanism
fof carbons pyrolyzed from aromatic molecules (e.g. benzene and
pyridine) is appérently different from the deposition mechanism for

short, straight-chain molecules (acetylene and acetonitrile).
We can conclude that the incorporated nitrogen changes the
structure of the material. For example, samples prepared from pyridine

and benzene have similar - crystallinity, but different layer spacing,
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presumably due to the incorporated nitrogen.
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4.1.3 Angular Dependent X-ray Absorption Spectroscopy Results

The X-ray absorption spectrum (XAS) shown in Figure 4.6 is an
overview scan from 280eV to 430eV for the acetonitrile 900°C sample at
an angle of 59°. As defined before, this angle means that the beam is
incident on the sample about 30° from the sample surface normal. The
spectrum clearly shows the carbon absorption edge  near 290eV
(theofetical C 1s binding energy: 284.3eV) and thé nitrogen absorption
edge near 400eV (theoretical N 1s binding energy: 397.9eV). The first,
sharper feature at both edges is the 'n*—peak' where the second,
broader shoulder is the 'U*-peak'. The nitrogen edge features are less
intense than the carbon features, due to the comparatively low nitrogen

content in the sample.

From the relative peak heights of the ﬁ*-peaks for carbon and
nitrogen, we can also calculate the amount of nitrogen in the material.
For a given angle we obtain the amount of nitrogen, which has the same
absorption charaqteristics as the carbon at that angle. Taking the
atomic subshell photoionization cross sections for carbon at photon
energy 285eV (8x10—3Mb) and the equivalent cross section for nitrogen
at 398 eV (9x10-3Mb) into consideration [4-4], we find the nitrogen
content in the material to be 8.7%+1.0%. The error is large, due to the
inaccurate peak height determination, espacially for the nitrogen

*
n -peak. This mnitrogen content compares well with the 8.37%+0.3%,

obtained from chemical analysis of the same material.
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Fig. 4.6 XAS overview spectrum from 280eV to 430eV for the
acetonitrile 900°C sample. The scan shows the carbon and nitrogen
edge for this sample taken at 59° angle between the photon beam

~and the sample surface.
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As shown in Figure 3.4 in Section 3.2, the w* and a* peaks of
highly oriented pyrolytic graphite (HOPG) samples show -an angular
dependence. We do not expect as perfect angular dependence as
demonstrated in Figure 3.3 for our samples, due to the orientational
disorder of the flaky powders, but hope. to see the same trends with
variation of angle. For all scans described below the incident beam
energy was scanned from 280eV to 325eV for the carbon absorption edge
and from 392eV to 430eV for the:nitrogen absorption edge. All raw data

was corrected for the respective Io as described in Section 3.2,

Figure 4.7 shows an XAS scan at  the «carbon edge for the
-acetonitrile 950°CVsample. The data has been collected at 90° {normal
incidence), 59° and 300, between the incident ﬁhoton beam and the flat
sample surface. When the photon beam is pefpendicular ﬁo tﬁe gfaphite
layers, transitions from the 1s core 1eve17cO unfilled n*-bands at the
conduction band edge are forbidden [3-6], as described in Chapter 3.2.
As the angle decreases towards 00, transitions to the «*-bands (sharper
feature at about 285eV) become stronger wnereas transitions to a*-bands
(broader shoulder from about 292eV to 307eV) become weaker -[{3-6]. This
general trénd is ‘observed in our data, except. that Vthe’ " -band
contribution can still be observed at normal incidence because our
powder samples were not perfectly oriented with their honeycomb layers
in the plane of the substrate. The ratio of the n*~peak height to the
a*-peak varies from about 1:1 at normal incidence to 3.5:1 when the

angle between the photon beam and the sample surface is 300.

65



b
Q

l[l’l‘lfl'![llrITIle[II'I'IIII'IIllllll'll'll
- H H H

o o e
T WO N U WY WOENY TN R DU SO W RN WO
Llllillll

N
I

~/  solid — 30°
- long dash — 59°
short dash — 90° (normal)

0 ll‘l‘Tilll‘T’llllFill]'li'lIIllll[lll‘lll'll[r

280 290 300 310 320
PHOTON ENERGY (eV)

INTENSITY (arbitrary units)

Fig. 4.7 XAS scan of the carbon absorption edge for acetonitrile 950°¢C
taken at three different angles of the photon beam relative to

the sample surface, 90° (normal), 59° and 30°.

66



If nitrogen is substitutional for carbon in these samples, we
expect the XAS spectra at the nitrogen edge to show the same dependence
on angle as the carbon edge spectra. Figure 4.8 shows the nitrogen edge
measured on the same sample as used for Figure 4.7 at the same three
angles. Again, the intensity of the w*-peak (~ 399eV) relative to the
a*—shoulder (~ 405eV) grows as the angle. of the photon beam approaches
grazing incidence. The ratio of the w*-peak to the a*—peak changes from
about 1:2 at normal incidence to about 3:2 at 30°. This 3 fold increase

is similar to the 3.5 fold increase observed at the carbon edge.

Scans on the other materials prepared from pyridine or acetylene
and ammonia yielded similar results. They show the same type of angular

dependence for the carbon and nitrogen edges.

The results above show that the nitrogen and carbon are in similar
chemical environments in the material. The XAS results are consistent
with substitutional nitrogen, although they do not prove that the
nitrogen has substituted for carbon. Any flat, for example aromatic,
molecule containing nitrogen which is bonded with its 0*—orbitals
'parallel and r*—orbitals perpendicular to the graphite layers will give
rise to a dependence on angle consistent with that observed in Figure
4.8. Furthermore, nitrogen bonded differently in the sample, i.e. with
the a*-orbitals not oriented in the plane parallel to the sample
surface, would contribute to the w*—peak, which does not- vanish at 90o

incidence.

67



)

o
(e

INTENSI;I‘Y (arbitrary units
E:

o
o

Fig. 4.8

N
o

Frryvyrvaer vy vy vy vy vy rrarry
H . -

' solid — 30° :
- long dash - 59° -
J short dash — 90° (normal) .

LR EREEREEEBEEREEREREEEEEREREEREEEEE AR EE RN

392 402 412 422

PHOTON ENERGY (eV)

XAS scan of the nitrogen edge for acetonitrile 950°C taken at

three different angles of the photon beam relative to the sample

surface, 90° {(normal), 59° and 30°.

68



The chemical analysis shows, that the samples prepared from
nitrogen containing precursors contain nitrogen up to 9% by weight of
the material. X-ray diffraction studies show that nitrogen changes the
properties of the material, indicating some substitutional nitrogen in
the carbon. X-ray absorption studies are also consistent with the
assumption of substitutional nitrogen. In conclusion it is most likely
that at least some of the nitrogen in the material is substitutional

for carbon within its honeycomb structure.

4.2 CELL DATA ANALYSIS

Electrochemical cells were built as described in Section 2.5 for
all carbonaceous materials produced. We will present selected data from
the cell experiments and try to understand thermeasured voltage curves,
We found that the properties like lattice spacing and crystallinity of
the carbonaceous materials change when nitrogen is substituted for
carbon. The electrochemical properties are thus expected to change
somewhat, due to the nitrogen in the material. The nitrogen has a
drastic effect on certain cell properties associated with the capacity
of the cglls, as we will show below. They can be observed in the plots
of cell voltage versus the amount of lithium, x, in the carbonaceous

materials.

Figure 4.9 shows the cell voltage during the first cycle and the
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second discharge of a Li/(Nzcl_z) cell containing Nzcl-z prepared from
the pyridine 850°C material. For all our cells the consecutive charge
and discharge cycles map the second cycle very closely. The cell
voltage, V, is plotted versus x in Lix(Nzcl-z)6 as described in Section

1.4. Data for a Li/LiXC cell with a pure carbon electrode prepared

6
from benzene 850°C is shown for comparison. The inset in Figure 4.9
shows the derivative, dx/dV, plotted versus cell voltage for the same
two cells. Even though dkx/dV is always negative, we have made it
positive for the charge parﬁ for clarity. Two features of this data

are mnoteworthy: the 'irreversible capacity’, seen on the first

discharge, and the shape of the voltage profile around 1.0V,

4.2.1 1Irreversible Capacity

For both cells the capacity associated with the first charge
(removing lithium from the carbonaceous material, called
deintercalation) is less than that of the first discharge (putting Li
into the carbon, called intercalation). This means, that a certain
amount of lithium, §x, remains in the carbon material, trapped or bound
in some way, after the cell is completely charged up to 2.8V, our upper
turnaround point. The difference in capacity, 6x, generally called
'irreversible capacity’, 1is associated with the formation of a
passivating film on the surface of the carbon electrode particles [4-5]

and with the consumption of chemical species on the carbon electrode
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which react with lithium. These reactions are only observed on the
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first discharge cycle but are a common phenomenon for lithium/carbon
cells. They remove lithium from further reaction and thus are
undesirable. Efforts are usually made to minimize the irreversible
capacity of practical electrodes. The best test bench cells wusing
graphite electrodes show irreversible capacities of about §x=0.06,

vhich corresponds to a capacity loss of 22mAh/g.

We measured surface areas on selected samples and found that the
surface areas, using the BET method [4-6], of our samples are of the
order of10.8~2.0m2/g and are independent of nitrogen content in the
material. The surface area of a specific sample seems to depend mainly
on the grinding conditions of the sample. Figure 4.10 shows the surface
area versus irreversible capacity, which clearly shows no correlation.
The surfacerarea for all our samples is low and independent of nitrogen
confent énd thus surface area is not a major reason explaining the high
irreversible capacities observed in our nitrogen containing samples. We
can say that the larger irreversible capacity of the pyridine 850°C
material (Figure 4.9) suggests that it contains more chemically
reactive species that trap lithium on the first cell discharge. We are
curious as to whether this is caused by the nitrogen contained in the

sample.
Figure 4.11 shows cell voltage, V(x), for cells containing

carbonaceous materials prepared from benzene, pyridine and acetonitrile

at 900°C. The voltage curves for pyridine 900°C and acetonitrile 900°C
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are shifted upward by 1.0V and 2.0V respectively for ease of viewing.
The irreversible capacity 1is largest for the sample made from
acetonitrile 900°C (6x=0.50) which also has the largest nitrogen
content (cf. Table 1). It is lower (5x=0.28) for pyridine 900°¢ and
lowest for benzene 900°C (6x=0.08). There 1is clear dependence of

irreversible capacity on nitrogen content. '

: Figure 4.li shows  the irreversiBle capacity for all samples
plotted versus their nitrogen content given in Table 1. The
irreversible capacity can be expressed In two ways, either as x in
LixC corresponds to 370mAh/g

or in units of mAh/g, where x=1 in LixC

6 6

capacity. The irreversible. capacity is roughly proportional. to the
nitrogen content in the material as indicated by the solid line in
'Figure 4.127that serves as a guide to the eyé. This suggests that some
nitrogen containing species in the electrode materials is reacting
irreversibly with 1lithium on the first electrochemical 1lithium
transfer. We will call this reactive nitrogen species ’chemical

nitrogen'. .

in Téble 1l we have also listed the hydrogen content for all
samples. We believe that it is the nitrogen content, not the hydrogen
content, that most strongly affects the irreversible capacity in these
samples. For example, the samples made from benzene and acetonitrile at
900°¢c havg similar hydrogen content, but the latter has much larger

irreversible capacity due to its large nitrogen content. As well, the
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simplest imaginable reaction of hydrogen with lithium (Li + H -> LiH)
consumes a lot less lithium than the equivalent reaction of lithium

with nitrogen.

The simplest possible lithium reaction with nitrogen is: 3 Li + N
-> Li3N, which is a well known spontaneous reaction. This reaction
consumes large amounts of lithium (three lithium atoms per nitrogen
atom), especially compared to the intercalation reaction where only one
lithium is intercalated for - every six carbon atoms. Irreversible
capacities that would correspond to the amount of lithium used if all
nitrogen in the material would follow the above reaction are indicated
in Figure 4.12 as the dashed line. As we can see from the position of
the line, this reaction can not be used solely to explain the observed
phenomenon, since none of the samples shows high enough irreversible
capacity. More likely is that complex lithium-nitrogen-organic products
are formed and that some nitrogen does not react irreversibly but

changes the cell properties reversibly as we will show later below.

This very high irreversible capacity, observed for the nitrogen
containing cells is an unexpected effect, not seen for any previously
used substituents in carbon electrodes. Nitrogen in the materials does,
however, not seem to influence the reversible capacity of the materials
drastically. Reversible capacities for all prepared samples are shown

in Figure 4.13 versus nitrogen content. There is a slight variation of

the reversible capacity for the benzene samples, depending on
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temperature. Figure 4.14 shows this more clearly, where the reversible
capacity versus deposition temperature 1is plotted. TFrom eariier
experiments [1-18] on heat treated carbons we expect a slight linear
decrease of reversible capacity with temperature for this temperature
range. The slight variation of experimental conditions between the
different powder production runs introduces errors so that this trend

of reduction in reversible capacity is hard to see in Figure 4 .14,

Concluding, nitrogen in the material has a rather small effect on
the reversible capacity. We certainly do not see an increase 1in
reversible capacity by 30% as was observed for the phosphorus

' containing samples mentioned in Section 1.3 [1-25,1-27].

4.,2.2 Capacity Shift to Lower Voltage

Figure 4.9 also demonstrates another interesting effect, ULuring
each cycle, not only the first, the capacity of the cell containing
carbonaceous material made from pyridine 850°C begins at a lower
voltage than that of the cell containing pure carbon made from benzene.
It is clearly seen in the graph of dx/dV‘versus V shown in the inset of
Figure 4.9. The derivative dx/dV is zero for higher voltage, but around
1.1V, for the nitrogen containing material, starts deviating from zero
and assumes non-zero values. We consider this point as the start of

cell capacity. For the pure carbon sample this point is at about 1.4V.
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This means, that there are only very few empty sites in the nitrogen
doped carbon that can intercalate 1lithium at wvoltages above 1.1V
against lithium metal. In the pure carbon, there are sites that can
intercalate lithium from 1.4V onward. A detectable amount of lithium
only starts intercalating into nitrogen containing carbon below 1.0V
cell voltage. A more in depth discussion of this effect will be

presented below in Section 5.2.

Increased capacity can also be observed at lower voltage for the
nitrogen containing cell compared to the pure carbon cell. This can be
seen clearly from the derivative plot, dx/dV, in the inset in Figure
'4.9. Below 0.5V the density of sites for 1lithium is larger in the
nitrogen containing cell, observed by a shift of the curve for nitrogen
containing carbon to higher values of |dx/dV| (that is down in the plot
for dx/dV) compared to the pure carbon material. Some irreversible
capacity originates at low voltage, as the curve for the second
discharge shows lower capacity in this region (i.e. it shifts upward in

the dx/dV plot) compared to the curve for the first discharge.

VThis has to be contrasted with the behaviour of electrodes where
boron has been substituted for carbon. Figure 4.15 shows V(x) for a
Li/BO.ICO,Q cell, from [1-24], compared to a cell with a pure carbon
electrode (the benzene 900°C sample) prepared at the same temperature.

The presence of boron causes a large shift in cell capacity to higher

cell ~voltage, 'as has been previously reported [1-23, 1-24]. The
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reversible capacity starts at 1.8V and is jincreased over the capacity

for a pure carbon compound all the way down to about 0.1V.

Clearly substituents for carbon in graphitic materials have a

strong effect on the shape of V(x) for the respective Li/carbon cells

manufactured using those compounds.
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CHAPTER FIVE: DISCUSSION

We showed in Section 4.2 that the nitrogen which has been
incorporated into - our materials causes. two different effects. We
conclude that it exists in our samples in two different forms: 1)
‘chemical nitrogen’, which leads to an increase 1in irreversible
capacity and- 2) 'lattice nitrogen’, which leads to a ’shift in the
Li/Nzcl-z cell capacity to lower voltage, compared to nitrogen free
carbon made at the same temperature. It is difficult for us to quantify

the amount of each species present in our samples. However, many trends

can be clearly observed.

5.1 UNDERSTANDING THE ’'IRREVERSIBLE CAPACITY'’

Table 1 shows that the irreversible capacity and the nitrogen
content decrease in general with higher preparation temperature. This
implies that the chemiczl nitrogen content is reduced with increasing

heating temperature.

Figures 5.1, 5.2 and 5.3 show V{(x) and dx/dV versus V for

Li/Nzcl_Z cells with electrodes made from pyridine at 9000C, 350°C and

1000°c. Using. Figure 4.9 for comparison, we see that as the heating

temperature increases dx/dV behaves more like thackof cells with carbon
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electrodes made from benzene. The additional capacity at around 0.8V
(broad peak 1in the derivative curve) decreases with increasing
temperature, but the irreversible capacity at low voltage stays roughly
constant. The shift in the voltage curve becomes smaller with
increasing temperature and nearly disappears for the sample produced at
lOOOOC, c.f. Figure 5.3. This suggests that less lattice nitrogen is
incorporated in the film as the synthesis temperature increases, in
agreement with [5-1]. It agrees with the fact that the total nitrogen

content in the film is low for this sample.

The chemical nitrogen apparently varies depending on how the
Nzcl-z is prepared in terms of deposition temperature and method. The
peak in dx/dV near 0.8V during the first discharge in Figures 4.9, 5.1,
5.2 and 5.3 is thought to be caused by the reaction of chemical
nitrogen with lithium and disappears after thé first discharge. Figure
5.4 shows V(x) and dx/dV versus V for a L]‘./Nzcl_Z cell with material
prepared from 021-12:1*1’H3 (1:1) 950°¢ (referred to as '02‘H2+NH3 950C’ in
the figﬁre). In addition to a relatively small peak in the derivative
near 0.75V, there is a sharp irreversible capacity peak near 0.25V
during the first discharge of the cell. Similar behaviour is seen for
the C,H,:NH, (2:3) 950°C sample (referred to as "C,H, (2:3) 950C" in
the figure), shown in Figure 5.5. The peak in dx/dV near 0.25V is
caused by the irreversible capacity in this material. This suggests

that different chemical nitrogen species are responsible for the two

features seen in the derivative plot around 0.8V and 0.25V, which we
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associate with irreversible capacity. They are likely to be caused by

the different deposition mechanisms.
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5.2 REVERSIBLE CAPACITY OBSERVED AT A CERTAIN VOLTAGE

The reversible capacity at a certain voltage is influenced greatly
by the substitution of carbon atoms by boron or nitrogen. The effect
these two dopants have on carbon materials can be understood using the

following qualitative argument.

Elemental boron, carben and nitrogen have 3, 4 and 5 valence
electrons respectively. Thus, boron substituted for carbon in a
graphitic material will act as an electron acceptor and nitrogen will
~act as an electron donor. When lithium is intercalated into carbon it
donates its 2s electron to the carbon host. This charge transfer is an
effect of the chemical bond between lithium and the carbon host, formed
during. intercalation. The strength of the bond determines the chemical
potential of the intercalated lithium in the solid host which, in turn,

determines the cell voltage as described in Section 1.4.

'Since boron acts as an acceptor, its presence will strengthen the
iithium-host bond, hence increasing the voltage of a Li/Bzcl_Z cell
compared to one with a pure carbon electrode. We can also observe an
effect on the ‘density of sites’ available for 1lithium in the
carbonaceous material at a certain voltage. The derivative dx/dV is a
measure of this 'density of sites’, which is closely connected with the

density of states (DOS) for the electrons because each intercalated

lithium atom transfers its 2s electron toc the carbon host. For the
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boron doped carbon with the highest boron concentration (B

0.17%.83’

the Fermi energy, EF’ drops by about 1.3V from its former position in
the DOS plot for carbon, see Figure 3.5, from [1-22]. Assuming that the
DOS calculated from the band structure for pure carbon does not change

due to the boron substitution [1-22,3-3,3-10], chis results in a DOS

increase at EF, as can be seen in Figure 3.5.

Conversely, the presence of nitrogen Vwill have the opposite
effect. The capacity of nitrogen containing carbon should shift to
lower voltage compared to pure carbon, due to a weakening of the
lithiug-carbon bond. We expect a sligb; movement of EF upward in the
DOS plot in Figure 3.5 due to-the substitutional nitrogen. It is caused
solely by the lattice nitrogen in the material. Its percentage in the
material is markedly less than the percentage of boron in B

0.1750.83

and thus we expect a less dramatic effect.

Figure 5.6 clearly shows the effects on the capacity for boron and
nitrogen containing samples ail produced at 900°C. The derivative for
the boron containing material shows capacity starting at 1.85V, the
capacity for the carbon sample starts around 1.3V and the nitrogen
containing pyridine 900°¢c sample shows capacity below 1.1V. It must be
emphasized that the substitutional boron concentration, y, in the
Bycl-y material, described by Figures 4.15 and 5.6, 1is probably at
least three times the substitutional nitrogen cqntgnt, z, in the N C

z 1l-z

material, described by Figures 4.9 and 5.6. This is certainly part of
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the reason why the effect of boron is much more striking as E_ drops

F
more for the boron substituted materials than it rises for the nitrogen
substituted samples. In both cases the Fermi level position with

respect to the minimum in the DOS will clearly differ from that

observed for pure carbon electrodes.

Nitrogen, which has been substitutionally incorporated in the
carbqn lattice greatly affects the voltage and derivative curves of
Li/NzCl-z cells . This effect persists throughout each of the charge
and discharge cycles of the cell, suggesting that the nitrogen causing

--this effect remains incorporated within the lattice.

5.3 AUGER ELECTRON SPEGCTROSCOPY AND CHEMICAL NITROGEN

To try to confirm our hypothesis of ‘chemical’ and ‘lattice’
nitrogen, we assembled, then discharged a series ofLi/Nzcl_Z cells to
different voltages. We then analyzed their carbonaceous electrodes with
Auger electron spectroscopy. Five cells with-electrodes prepared from
the acetonitrile 950°C sample were tested. These. were discharged to
0.8V, 0.6V, 0.4V, 0.2V and 0.01V respectively and then fully charged to
. 2.8V. The cells were opened and the electrodes recovered, rinsed and
dried as described in Section 3.4. Auger Electron Spectroscépy (AES)

was  then wused to measure the mnitrogen content (subject 'to the

uncertainties described in the experimental section) of each electrode.
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The same scans were also taken on an as-made acetonitrile 950°C cathode
that had been rinsed likewise. We expect more and more chemical
nitrogen to react with lithium as the depth of discharge increases
(discharge to lower voltage). If the reaction products of the
‘lithium/nitrogen reaction would be soluble in methanol and could be
washed”out, we would expect a decrease in the nitrogen content in the

cycled cathodes over the test series.

Figure 5.7 shows the nitrogen content in atomic percent versus the
discharge turnaround voltage. Clearly, the nitrogen content decreases
as the discharge voltage decreases, within the experimental error.
Ideally the reaction products formed by the irreversible reaction of
lithium with the chemical nitrogen species would be washed out by the
rinsing, where the lattice nitrogen would stay incorporated in the
structure of the material. Then only this lattice nitrogen would be
seen in the Auger data. Compared to the nitrogen content of the rinsed
as-made battery éathode, plotted at 1.2V, some of the nitrogen is lest
‘c‘)nce 'thre’ cell is;rdischarged to 0.8V, the ‘area where the derivative
curves inre.g. "Figures 4.9 or 5.1 show a major peak of irreversible
capacity. There is a further drop in nitrogen content below 0.4V, which
corresponds to the uniformly distributed irreversible capacity at low

voltage.

The AES data is consistent with our,'model forrr the origin of

irreversible capacity, but still does not give certain proof for
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Fig. 5.7 Nitrogen content according to Auger electron spectroscopy on
cathodes made from acetonitrile 950°C after discharging to the
voltages indicated. The data point at 1.2V corrrrespornds to the

reference cathode, which had not been cycled.
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‘chemical nitrogen’. The nitrogen content as seen by AES for the fully
discharged and charged samples most probably represents both lattice
nitrogen and insoluble reaction products of chemical nitrogen. The
solubility of the nitrogen reaction products is adversely affected by
the binder in the cathode material, and we are uncertain about the
amount of chemical nitrogen in the material to begin with. Nevertheless
the tréna in the d;ga is consistent with' our proposed explanation for

irreversible capacity.
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CHAPTER SIX: CONCLUSIONS AND OUTLOOK

We have prepared nitrogen containing carbons in a variety of ways.
Using x-ray diffraction, x-ray absorption, Auger Electron Spectroscopy
and electrochemical measurements of differential capacity, dx/dV, we
shqwed that some of the nitrogen is substitutional for carbon (’'lattice
nitrogen’) in the Nzcl-z materials. On the other Hand, there is also
strong evidence for nitrogen containing chemical species (’'chemical
nitrogen’) incorporated in these carbons which reacts irreversibly with
lithium. The irreversible capacity of nitrogen containing carbons is

"directly correlated to the nitrogen content, suggesting the presence of

'chemical nitrogen’.

Both the ‘chemical nitrogen’ and the 'lattice nitfogen' stronglyr
affect the behavior of Li/NzCl_z cells. The former causes irreversible
capacity and the latter shifts the reversible cell capacity to lower
voltage. The combination of these effects, in particulér the very high
rirr§Versib1e capacity observed, suggestsrthat these materials will not
be useful as Li-ion cell anode.materials.rlt is clear that at least

'chemical nitrogen’ should be avoided in such cells at all cost.
A further project in this area could be to wunderstand the
‘chemical’ nitrogen and its origin in the deposition process better and

try to reduce it in the samples by finding'differént ways of producingr
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nitrogen containing carbons or by trying to convert ’‘chemical’ nitrogen
iﬁto *lattice’ nitrogen by means of heat treatment. Heat treatment to
very high temperatures, around 300000, has been proven to enhance the
electrochemical properties of carbon/graphite gfeatly by increasing the
structural order of the atoms. As well it could remove the chemical

nitrogen but might also remove part of the lattice nitrogen.

AS'farras other substitutional dopants are concerned, a thorough
study of different stoichiometric combinations of boron and nitrogen in
carbon might be interesting, as the combination of these dopants does
not show  ;hé “exXtreme ir:evefsible capacities we observed for only

nitrogen substitution here [1-28].

A systematic study of phosphorus doped carbons ~produced by
decomposition of phosphorus containing precﬁrsors could be interesting
as ’well. Earlier studies used phosphorus doped polymers for carbon
production [1-26], and thus were producing so called ’'hard carbons’,

:which can not be gfaphitized as well as our ‘soft carbons’.

Substifution of carbon by other elements is imaginable as well.
Aluminum, being similar to boron in its properties (located one row
down  from boron in the periodic table) could be an interesting
candidate to try, as boron doping ﬁas quite successful. Silicon, which
is éomewhat similar to carbon in its properties, seems interesting and

is being tried at the moment. The halogenides do not yield good results
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as substituents. They make high capacity carbons, but the intercalation
into those materials is mostly irreversible, which makes them useless

as electrode materials for lithium-ion cells.
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