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Abstract

This thesis details the mechanisms for sodium insertion into different carbons
using both electrochemical and vapour techniques. Room temperature electrochemical
measurements were completed to examine the insertion and removal of sodium from soft
(graphitizable) and nanoporous hard (non-graphitizable) carbons prepared by the heat
treatment of organic precursors to a range of temperatures. The mechanisms identified
from these studies were further investigated through a series of in situ x-ray scattering
studies on operating electrochemical cells. The results obtained were then compared with

X-ray scattering measurements on carbons after exposure to sodium vapour at 890C.

This work is primarily driven by the aluminium industry's need to understand how
sodium insertion causes carbon cathode blocks in aluminium reduction cells to swell.
The results obtained are also of relevance to the lithium-ion battery field as they help to
verify mechanisms proposed in the literature for lithium insertion into carbon hosts.
Some carbons were also identified that could accommodate large amounts of sodium,

making them attractive candidates for anodes in rechargeable sodium ion batteries.

For soft carbons, the results showed that both sodium and lithium insert between
approximately parallel carbon layers along the sloping voltage region of the
electrochemical curves, increasing the average interlayer spacing. The sodium and
lithium capacities decreased with increasing carbon heat treatment temperature. For the
soft carbons studied, the sodium capacity was found to be consistently lower than the
lithium capacity, implying that some lithium-accessible sites were unavailable for sodium

insertion.

The electrochemical profiles for the hard carbons also contained capacity along a
sloping voltage region and, as with the soft carbons, this was shown to result from the
insertion of sodium and lithium between approximately parallel carbon layers. In
contrast to the soft carbons, however, the electrochemical profiles for the hard carbons
also exhibited significant capacity along low voltage plateaus at chemical potentials close
to the chemical potential of the metal. An in situ small angle x-ray scattering
experimental method was therefore developed to examine changes in scattering from the
nanopores during sodium and lithium insertion/removal. The results from this technique
clearly showed that the low voltage plateau capacity resulted from the insertion of
sodium and lithium into nanopores in the carbon.
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Chapter 1

Introduction

Although this is a thesis about carbon and its interactions with sodium, it has its
origins in the aluminium industry, ever though the two areas may appear to be unrelated
to those who are not familiar with aluminium smelting. In order to understand the
motivation for this work, it is therefore necessary to understand the aluminium
production process, and, in particular, to understand the basics of operation of an
aluminium reduction cell.

Aluminium is the most abundant metal in the earth’s crust and is one of the most
useful materials in industrialized societies [1]. It is one of the most electropositive metals
and, as a result, is highly reactive in its elemental form. It is therefore found in nature in
the +3 valence state. Although aluminium-containing ores such as bauxite can be
relatively easily purified through caustic digestion to extract the hydroxide followed by
calcination to the oxide, Al,Os (alumina) [2], reducing the oxide to the metal requires
large amounts of energy. Alumina has a very high melting point (2045°C) making direct
reduction from solution prohibitively expensive and technically difficult. A practical
process for extracting aluminium metal from alumina at low temperatures (< 1000°C)
was discovered independently by Hall and Heroult in 1886. The Hall-Heroult process
has been the standard industrial method for aluminium smelting for over 100 years and is
used to produce more than 20,000,000 tonnes of aluminium metal annually. In 1999 the

average metal price was approximately US$1350 per tonne.



(3]

Figure 1.1, adapted from Haupin [3], presents a schematic diagram of the cross-
section through a Hall-Heroult aluminium reduction cell. In order to give an idea of the
scale of smelting operations, Table 1.1 presents typical operational statistics for a modemn
aluminium smelter [4]. i

In a Hall-Heroult reduction cell, a small amount of alumina is dissolved in molten
bath (a NaF/AlF3/CaF, molten salt solution) maintained at ~ 960°C. Large currents
passing through the cell reduce the AP’* containing species to aluminium, whilst
carbonaceous anodes in the cell are oxidised to CO,. Approximately 0.4 kg of carbon is
consumed for every kilogram of metal produced. Despite having a significantly lower
operating temperature than that required for direct reduction from the molten salt, the
Hall-Heroult process is still a highly energy intensive process. Each kilogram of metal
produced requires ~ 14 kWh of electricity for the reduction step alone [4].

Although the in-cell reaction chemistry is complex, the primary process can be

represented by [5]:
2 ALO3dissy + 3 Cw — 4ALqy + 3 CO> (2) (1.1

Aluminium is periodically removed from the cell by vacuum, whilst alumina is
periodically fed into the cell from the top, essentially giving a continuous process. The
aluminium forms as a pool of molten metal (aluminium has a melting point of 660°C,
well below the bath temperature) that acts as the effective cathode surface where further
aluminium deposition occurs. As the metal has a slightly higher density than bath, it
remains under the bath layer, pooling on top of the carbonaceous cathode blocks. These
cathode blocks act as both current conductors and as the container for holding the metal
and the bath. Carbon is used because it is one of the few practical, low-cost materials
that is chemically resistant to the highly corrosive molten bath, dissolves only slowly in
the metal and has the desired electrical and thermal properties for effective cell operation.

During the reduction process, some sodium metal is also produced from the NaF
in the bath, as evidenced by the presence of ~ 0.02 wt% sodium metal in the aluminium
removed from the cell [6]. The actual concentration depends on factors such as the ratio

of NaF to AlF;, the cell temperature and the extent of mixing in the bath. It is believed
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Figure 1.1: Cross-Section through an aluminium reduction cell.

Table 1.1: Operating characteristics of modern aluminium smelters.

(U8

Number of cells operating:

300-500 per smelter, connected in series

Approximate metal output:

1 - 1.5 tonnes per cell per day

Average alumina concentration:

2-7wt%

Cell voltage:

~45V

Cell current:

~ 300 kA (can be up to 800 kA)

Approximate cell life:

5 years

Carbon cathode block dimensions:

4 m long x 1m wide x 1m high (10 per cell)

Metal pool depth:

20 cm

Distance from anode to metal surface:

4 cm




that the sodium forms either through direct reduction or, more likely, through back

reaction of bath components at the metal-bath interface according to [7]:

Al ety + 3 NaF Ginba) = 3 Na Gnmeany + AlF3 (inbam) (1.2)

Thermodynamic studies suggest that the equilibrium position at cell operating
temperatures lies to the left [8]. Despite this, however, the conditions in an operating
reduction cell are such that this reaction (or something similar) does occur to a reasonable
extent. The important point is that there is always some sodium present in the metal that
is in direct contact with the cathode carbon.

Sodium in the metal can move through the matrix of the cathode carbon [9],
primarily through a diffusion process, where the Na diffusion constant has been estimated
at 2-5 x 10 cm?s™ at cell operating temperatures [8]. As it moves through the carbon,
the sodium can cause swelling [10], with the maximum extent of swelling being
dependent primarily on the type of cathode carbon used. Although the swelling has some
operational benefits such as sealing cracks in the cell, it can result in loss of cathode
integrity through increased erosive wear. In extreme cases it can cause the cathode block
itself to crack, providing a pathway for molten aluminium to leak out, eating through the
refractory layers and ultimately the steel shell, after which it can pour freely from the
cell. This process, known as a tap-out, is one of the major safety concerns for operators
of reduction cells. It also results in the need for a complete reline of the cell, leading to a
loss in production and significant materials costs.

Numerous researchers have studied the interactions between carbon materials and
sodium, primarily through work completed in support of either cathode carbon
manufacturers or aluminium smelters. As a result of this work, the correlation between
carbon type and the resultant sodium expansion characteristics is reasonably well
understood. However, the mechanisms through which sodium is able to enter the carbon
matrix are still the subject of some debate, with different researchers proposing different
mechanisms based on the analysis tools used and the nature of the data collected.

In 1959, Asher described the formation and structure of a sodium-graphite

compound with the formula NaCes. This compound was described as an 8" stage



compound, meaning that sodium atoms were located between aromatic sheets, with 8
aromatic layers between each sodium layer [11]. This appears to be one of the earliest
reports of the preparation of a sodium-containing carbon. Shortly after this work. in
1962, Berger et al. [12] presented the first major study of the interactions between sodium
and different types of carbon. In this excellent study, the authors exposed a variety of
carbon samples to sodium vapour at a range of vapour pressures using a two-zone
reactor. The amount of sodium absorbed by the samples was measured with a thermo-
balance. In addition, the structural changes occurring within the carbons were
determined through measurement of x-ray diffraction patterns of the materials before and
after exposure to the sodium vapour. The information obtained from this comprehensive
study allowed the authors to propose that sodium can be inserted between carbon layers
and/or condense within porosity depending on the nature of the carbon structure.

In the last 20 years, the majority of research completed worldwide on the
interactions of sodium with carbon hosts has been driven by the needs of the aluminium
industry. The development of larger cells with lower tolerances in construction has
resulted in strong demand for sodium-resistant carbons. The sodium expansion
characteristics of cathode carbons have now become critical, especially as inputs to
different finite element models for predicting cell performance and optimising cell
design. Thus, in order to provide reliable sodium expansion data, many of the papers
published during the last 2 decades have concentrated on measuring sodium uptake and
sodium expansion of “real” cathode materials (see for example [13], [14], [15]). The
experimental methods used for these studies were designed to provide a controlled test
environment as close to that in an operating reduction cell as possible. These studies
have given some valuable information on some of the sodium capacities and expansion
properties of different carbon types. It is now assumed that cathode carbon suppliers will
provide sodium expansion data for their cathode blocks, along with other traditional
properties such as density, ash content and thermal expansion data. Unfortunately, the
mechanisms through which sodium becomes incorporated in carbonaceous hosts cannot
be readily deduced from these “industrial” test methods.

Researchers have recently started utilizing alternative approaches. Some have

used experimental techniques closely aligned to the methods originally used by Berger et



al.[12], whilst others have tried using room-temperature electrochemical methods used in
battery research. Some examples of those using similar methods to Berger et al. include
Mikhalev and Oye [16], who have developed a sodium vapour porosimeter capable of
generating sodium adsorption isotherms for commercial cathode carbons, and Sechet et
al. [17]. who used sodium vapour exposure followed by x-ray diffraction studies to show
how carbon structure changes with sodium incorporation.

Researchers completing room temperature electrochemical measurements have
been inspired in part by the success of such methods for understanding lithium insertion
behaviour in carbon materials. Lithium insertion into carbon has been the subject of
extensive research because many carbons can be used as anode materials in rechargeable
lithium-ion batteries (see for example [18], [19]). For such studies, room temperature
electrochemical measurements in non-aqueous solvents are used to determine the nature
of the sites available for lithium incorporation.

As a result of the behavioural similarities between sodium and lithium in many
situations, it is reasonable to assume that the techniques used to study lithium insertion in
carbons can also be used to complete similar studies of sodium insertion in carbon
materials. Some researchers have therefore tried using similar methods to examine
sodium uptake in carbon materials, with varying levels of success. Studies have been
completed on polyacetylene [20], petroleum coke [21], carbon black [22], pitch coke [23]
and meso-carbon microbead (MCMB) precursors [24]. Some of these studies suffered
from problems related to effective removal of sodium from the carbons after insertion.
The removal step is required in order to determine the true capacity of the materials as
some reactions occur when current flows that are not related to insertion of sodium into
the carbon. This will be discussed in more detail in chapter 5. The paper on MCMB
carbons, published at the time this thesis was being written, is one of the few papers to
present both sodium insertion and removal data. This shows that people are only now
starting to develop reliable methods for determining sodium insertion mechanisms
through room temperature electrochemical studies.

In keeping with these recent developments, the research project reported in this
thesis was established to further the understanding of the interactions between sodium

and carbon hosts primarily through the use of room temperature electrochemical studies.



The goals of this research were to determine the mechanisms through which sodium is
incorporated into carbonaceous hosts and to understand how sodium uptake is affected by
changes in carbon structure.

A number of experimental methods were used to obtain the information necessary
for understanding these sodium/carbon interactions.  The repeatability of the
experimental methods used was good, as shown in Appendix A.

Gas adsorption porosimetry can be used to determine the size(s) and amount of
open porosity in solids, where open porosity can be defined as void space accessible to a
probe gas molecule. It is one of the few techniques capable of quantifying porosity with
nanometre size dimensions. Many carbon materials contain large amounts of such
porosity, thus gas adsorption porosimetry was used to determine the distribution of open
porosity and the total surface area of the carbons prepared in this work. The standard gas
adsorption technique involves measuring the volume of gas adsorbed as a function of gas
pressure at fixed temperature. The data obtained are generally presented as a gas
adsorption isotherm, with the gas volume adsorbed per gram of sample on the vertical
axis and pressure on the horizontal axis. A number of theories have evolved over the last
90 years to explain the gas adsorption isotherms obtained for solids in general and
carbons in particular. The theories relevant to carbon structures will be summarised in
Chapter 2. This chapter also contains a description of the experimental method used to
generate the gas adsorption isotherms.

Another important tool for understanding carbon structure is x-ray scattering.
There are two types of measurements that can be made. Small-angle measurements
probe the pore structure of the carbon (they can also be used to assess particle sizes with
nanometre sized dimensions). This technique differs from gas adsorption in two
fundamental ways: it measures both closed and open porosity (as opposed to just open
porosity for gas adsorption) and it does not involve a direct physical interaction between
the material of interest and probe molecules. This gives this technique certain advantages
over gas adsorption that are utilised for the in situ studies presented in Chapter 6.
Probably the major disadvantage of this technique is that data analysis can be difficult.
Wide-angle scattering measurements can be used to obtain information on the

arrangement of carbon atoms within the host structure. For instance, wide-angle



measurements have been used to show that many carbons contain aromatic layers stacked
more or less parallel to each other in small domains. Both small and wide-angle x-ray
scattering measurements were completed on the heat-treated carbon samples. The small-
angle measurements were used tE) complement the gas adsorption measurements, whilst
the wide-angle measurements were used to understand the changes in atomic structure
with changes in heat-treatment temperature and carbon precursor. Chapter 3 presents the
relevant theory for both small and wide-angle scattering.

The combination of gas adsorption and x-ray scattering studies can be used to
develop models of carbon structure both cn ihe atomic scale and on a larger scale as a
function of heat-treatment temperature and carbon type. A number of such models have
been proposed by different authors. The most useful of these models are reviewed at the
start of Chapter 4. This chapter then goes on to explain how the carbons were produced
for subsequent electrochemical testing and presents gas adsorption and x-ray scattering
data on these carbons. With this information, together with the models proposed by other
authors, Chapter 4 concludes with a summary of the carbon structural model to be used
for interpreting the results from electrochemical testing.

The primary research tool used for this thesis was electrochemical analysis.
Electrochemical measurements were completed on electrode materials prepared from the
carbon samples. The theory behind the electrochemical techniques used will be
presented in Chapter 5, together with a discussion of lithium-ion battery technology (in
particular carbon anode materials for lithium-ion batteries) to show how the methodology
used provides an excellent framework for sodium insertion studies. Chapter 5 also
contains a detailed discussion of the results obtained for the electrochemical insertion of
sodium into carbon materials and compares these results with those obtained for lithium
insertion into the same materials. These results provided strong evidence for the nature
of the interactions between sodium species and the carbon hosts and led to the
identification of three predominant mechanisms through which sodium can be
incorporated into a carbon host.

To prove the validity of the mechanisms proposed, x-ray scattering methods were
combined with electrochemical measurements through a powerful technique known as in

situ x-ray scattering. In this technique, x-ray scattering curves are measured on operating



electrodes. These measurements allow the researcher to observe the structural changes
that occur in the carbon hosts as sodium (or lithium) is inserted into and removed from
the carbon matrix. The results obtained from this work in particular (presented in
Chapter 6) provide very strong evidence for two of the three mechanisms proposed in
Chapter 5.

Most of the experimental measurements completed for this thesis were made on
samples at or close to room temperature. In order to demonstrate the validity of the
mechanisms proposed for cathode carbon materials held at ~ 1000°C, a simple sodium
vapour test was developed. In this test, carbon samples were exposed to sodium vapour
at 890°C under inert atmosphere. After cooling, the sodium-filled carbons were analysed
using x-ray scattering techniques. It will be shown in Chapter 7 that the results obtained
were essentially the same as those obtained on the same materials prepared in room
temperature syntheses. These results imply that the primary sodium insertion
mechanisms for carbons in operating aluminium reduction cells are the same as those
seen at room temperature.

Although this work was primarily completed for the aluminium industry, it is also
of relevance to the rechargeable battery industry, where it will help any potential
development of rechargeable sodium-ion battery technology, a lower-cost alternative to
rechargeable lithium-ion batteries. In fact, the experimental work completed during this
project has identified anode materials that have almost the same gravimetric capacity for
sodium as current commercial lithium-ion battery anode materials (MCMB) have for
lithium. It appears that this is the first time such high capacity anode materials for

rechargeable sodium-ion batteries have been identified.



Chapter 2

Gas Adsorption Porosimetry

One of the simplest physical properties of a material to visualise is its density -
the volume occupied by a given mass of the material. Measuring the density of
something like a metal is a relatively straightforward process — it can be easily machined
into a regular shape and then weighed or simply placed in a fluid such as water and the
volume of fluid displaced can then be measured (Archimedes density). For something
that contains holes or for fine powders, the concept of density becomes somewhat more
nebulous. Should the volume within the holes be included? What about the space
between particles? At what point does a hole become part of the material itself? How do
you measure holes that are not much bigger than atomic dimensions? Parts of these
questions can be answered by being more specific with terminology and completing a
range of density measurements, as outlined in the next paragraph. Normally however, for
complicated distributions of particles and/or pores, it is necessary to turn to more
complex analysis techniques that are able to measure pore size distributions.

The term bulk density is often used to describe the density obtained by measuring
the outer dimensions of an object and thus includes inter- and intra-particle porosity.
Fractional packing density is used to represent a powder when all the particles are well
packed together [25]. This is often measured as the tapped density, where the sample is
loaded into a cylinder that is raised and dropped a small distance repeatedly until the
powder volume stops decreasing. Real density describes the density obtained by filling
the inter-particle and macroporosity with a suitable solvent, whilst the true density can be
measured by helium pycnometry [26], where the majority of the open fine porosity

10
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in a solid can be measured by filling with helium gas. All these different density
numbers provide different information about the nature of the solid/powder. By
measuring a range of different densities, information can be obtained on the volume of
the object that falls into different classifications, eg inter-particle porosity, macroporosity,
microporosity etc. Although this division of volume can be very useful for comparing
solid materials, it provides only limited information about the size and distribution of
pore sizes in the material. This is where more specialised techniques such as mercury
porosimetry and gas adsorption porosimetry can be used.

The next level of detail on carbon structure can be obtained with mercury
porosimetry. In this technique, mercury is forced into an evacuated sample under high
pressures and the volume of mercury intruded into the sample is measured as a function
of pressure [27]. As mercury does not wet most materials, pressure is required to force it
into the pores. The pore size being examined can be related to the applied pressure by the

Washburn equation (which assumes cylindrical pores) [27]:

= 2ycosH
P

2.1

In this equation, r is the pore radius, y is the surface tension of the mercury, 6 is
the contact angle between the mercury and the surface of the material being examined
and AP is the pressure difference between the interior of the pore and the pressure applied
to the external fluid. As the samples are normally evacuated prior to analysis, it is
appropriate to replace AP with P, the external pressure for most of the analysis.

Modern instruments are capable of applying pressures from sub-atmospheric up to
414 MPa (60.0 x 10° psi), which corresponds to pore diameters that range from ~ 0.3 mm
down to ~ 3 nm. Although this technique covers a large range of pore sizes, its
effectiveness in measuring very fine porosity, is quite restricted, both because the
Washburn equation is less reliable in small pores and because the high pressures can
easily change the structure of the material (eg by causing pore walls to collapse). An
alternative approach is therefore required to effectively analyse nanometre-sized porosity.

The standard technique used is gas adsorption porosimetry. Other techniques that can be



used include small-angle scattering of x-rays (discussed in Chapter 3) and neutrons as
well as electron microscopy studies.

The principle of operation of a typical gas adsorption porosimeter is relatively
straightforward. The sample (ca.llled the adsorbent) is evacuated, normally at elevated
temperatures, to remove most adsorbed contaminants. The probe gas (the adsorbate) is
then introduced into the sample tube and the amount taken up by the adsorbent is
recorded after the gas reaches an equilibrium or near-equilibrium pressure. Equilibrium
is deemed to have been reached when the rate of change of volume adsorbed falls below
a threshold value. The rate of change of volume adsorbed is measured either
gravimetrically or, more commonly, by monitoring gas pressure changes. These
measurements are generally completed at constant temperature giving an adsorption
isotherm, which relates the amount adsorbed to the partial pressure of the adsorbate gas.
A pore size distribution can be calculated from a range of models, however care must be
taken to ensure that the model being used is relevant and that the assumptions made in
generating the model are reasonable for the material being studied.

The shape and scale of the adsorption isotherm depend on the nature of the
adsorbate and its interactions with the host solid. Thus there can be no absolute porosity
value or pore size distribution for a material. A wide range of adsorbate molecules such
as N,, CO,, Kr, H,0, CsHs, alkanes and CCly has been used to quantify porosity [28],
[29], [30], [31], with each adsorbate giving different informnation. When completing gas
adsorption measurements it is therefore important to select an adsorbate that is relevant to
the property of interest. For example, it is more logical to measure a butane adsorption
isotherm than an N> adsorption isotherm for an activated carbon designed to trap

petroleum vapours.

2.1 Analysis of Gas Adsorption Isotherms

Although it is tempting to analyse gas adsorption data using sophisticated models,
it is worth considering the amount of information that can be obtained from the shape of

the isotherm. Although the isotherm presents volume adsorbed as a function of gas



pressure, there is a strong correlation between gas pressure and pore size — the smaller the
pore being considered, the smaller is the external pressure required to fill that pore. This
occurs because the attractive potentials from the walls of narrow pores overlap,
enhancing the overall adsorption-potential in these pores. This enhanced potential makes
condensation of the gas within pores energetically favourable, allowing it to occur at
pressures much lower than the saturation pressure of the gas. Thus, just by looking at the
shape of the adsorption isotherm or comparing isotherms for different materials measured
under the same conditions, it is easy to get a feel for the amount and size of porosity in
the materials measured.

IUPAC has introduced a classification scheme to describe pores of different sizes
[32]. The terminology recommended is listed below. Although this scheme exists, in
this thesis the term nanopore will be used in place of micropore as nanopore is a more
logical description for the pores being examined. The terms mesopore and macropore

will be retained.

TUPAC Pore Size Classification Scheme

Pore width > 50 nm: Macropores
Pore width between 2 and 50 nm: Mesopores
Pore width less than 2 nm: Micropores

Examples of the two types of isotherms of relevance to this thesis are presented in
Figure 2.1. The nanoporous carbon adsorbs a large volume of gas at low pressures and
then essentially adsorbs no more after the pores are filled. This is known as a Type |
isotherm [32]. The mesoporous carbon on the other hand adsorbs at all pressures. The
initial volume adsorbed in this carbon is generally attributed to the development of a
monolayer on the walls of the mesopores. In the intermediate pressure region, the
volume adsorbed increases continuously. This can be envisaged as the development of
multi-layer adsorption within the pores. Finally, at pressures close to gas saturation
pressure (i.e. relative pressure of 1), the volume adsorbed increases rapidly with only a
small change in pressure - this can be attributed to condensation of the gas within the

pores. This type of isotherm is classified as a Type II isotherm [32].
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Figure 2.1: N gas adsorption isotherms measured at 77K (see section 2.3) for a carbon
with significant amount of nanoporosity (solid line — left hand y-axis) and a second
carbon containing negligible amounts of nanoporosity - i.e. a meso/macroporous carbon

(dashed line — right hand y-axis).

In order to quantify the differences between isotherms measured on different
carbons, there are a number of models available for extracting surface areas and pore size
distributions from adsorption isotherms. The most useful and widely used models for

carbon materials are discussed below.
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2.2 Gas Adsorption Models

2.2.1 Langmuir and BET Models

One of the simplest approaches to model the adsorption of gas molecules on a
surface is to assume the surface can be represented by a regular array of surface sites onto
which gas molecules can adsorb. This is the approach used by Langmuir in 1915 [33].
Brunnaeur, Emmet and Teller extended Langmuir’s model to include the adsorption of
gas molecules onto already adsorbed molecules (multi-layer adsorption) by use of what is
now known as the BET equation [34]. The Langmuir equation and its extension to the
BET model can be derived as shown below.

The fundamental assumptions in the Langmuir model are:

e The surface is homogeneous and can be divided into a regular array of sites.

e Each site can accommodate one gas molecule.

e Interactions between gas molecules (adsorbate-adsorbate interactions) are negligible so
that the probability that a particular site is filled is independent of whether surrounding
sites are filled.

To derive the BET model, the following additional assumptions are required:

e Multi-layer adsorption can occur, so that each site can be filled with a stack of n
molecules.

e The number of layers that can form is large.

e The enthalpy of adsorption into the second and subsequent layers is constant and is
just the enthalpy of condensation of the gas.

e Similarly, the enthalpy of desorption from the second and subsequent layers is
constant and is just the enthalpy of vaporisation of the gas.

For the derivations presented below, the following definitions apply:

e There are a total of N sites for adsorption on the surface.

e 0O, represents the fraction of sites covered with a stack of n molecules.

e P is the measured pressure at equilibrium.

e Py is the saturation pressure for the gas.
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®  Kads(n) is the rate constant for adsorption of gas molecules into the nth layer.

®  Kdes(n) 1S the rate constant for desorption of gas molecules from the nth layer.
e K, is the ratio of these two rate constants: K, =K ) /Ky - For the BET model,

K> and higher are all the same and hence can be represented by a single value, K.
e Vy is the volume of gas required to form complete mono-layer coverage of the
surface with gas molecules.

e Vpis the volume of gas adsorbed by the adsorbent at equilibrium pressure P.

If Vg is the effective volume occupied by each gas molecule (i.e. the volume of an
adsorption site) then the volume of gas required to fill all surface sites (i.e. form a mono-

layer on the surface) is:

n=L
Vu=VsN>Y 6, (2.2)
n=0
n=L
where Zen =1 and L is the maximum number of adsorbed layers. Extending this to
n=0

multi-layers gives the total volume of gas adsorbed onto the adsorbent at equilibrium as:
n=L
Vp,=VgND nb, . (2.3)
n=0

Taking a ratio of the two volumes gives:

n=L
Zn 0,
Vo _ i (2.4)
V n=L
m )

n

S
o

The rate of adsorption of gas molecules into the nth layer depends on both the
pressure of the gas and the fraction of sites available (i.e. the fraction of sites filled with

(n-1) gas molecules, 8,.1). The rate of desorption of gas molecules from the nth layer
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depends only on the fraction of sites filled with n layers, 6,. At equilibrium, the rates of

adsorption and desorption are equal, giving:

k )Pen_l = kd(n)en . (2.5)

a(n

This rearranges to give a set of equations:

0, =K, P8, (2.6)
9,=KP9, (2.7)
8,=KP6, (2.8)
8,=KP9, etc. 2.9)

If only mono-layer adsorption occurs (Langmuir model), then only the first
expression applies. Under these conditions it can be shown (see Appendix B1) that the

first expression gives the Langmuir model:

LSS U 0 ) I (2.10)
V,(P,/P) Vy,\ P, ) cVy

This equation says that for a solid that meets the assumptions used in the
Langmuir model, a plot of [VP P,/ P)]'l vs relative pressure should be linear with a slope

of (Vm)"! and an intercept of (cVm)", where ¢ = K;Pq.
If however multi-layer adsorption occurs (BET model), then the set of equations

above give the BET equation (see Appendix B2):

L B S ) (3} 2.11)

(P,/P-1)V, V_.c V,c (P,
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This equation implies that for a solid where the BET assumptions are valid, a

graph of ((P,/P-1)V,)" vs (P/P,)should be linear, and the slope and intercept can be
used to determine the volume required for mono-layer coverage.

The Langmuir or BET surface areas of the solid can then be calculated from the
mono-layer volumes obtained from the Langmuir and BET plots respectively. by
assuming a fixed value for the cross-sectional area of the gas. Normally this cross-
sectional area is obtained from the density of the liquid phase of the gas [27]. For Ny, the
molecules are assumed to pack as spheres in a hexagonal close packed array. This gives
a molecular cross-sectional area of 0.16 nm” [35].

Both the Langmuir and BET models have limitations. If multi-layer adsorption
occurs, then the Langmuir model should not be used. Conversely if there are restrictions
on how many layers of gas molecules can be adsorbed (for example within pores of
similar size to that of the gas molecules themselves) then the BET model breaks down.
To overcome this limitation, some authors have derived modified BET equations for
fixed numbers of layers [36]. The validity of this approach is questionable, both because
the actual number of layers has to be arbitrarily selected and because interlayer
interactions in small pores cannot be assumed to be constant. Both models also assume
that interactions between adsorbate molecules within each layer are negligible. Thus
both models are most appropriately applied when the relative pressure is low and hence
the fraction of sites covered is also low. As the adsorbed sites are on average far apart
under these conditions, they can be effectively treated independently. At higher relative
pressures, particularly with the BET model, deviations from linearity are often seen.
These deviations most likely result from increased adsorbate-adsorbate interactions. As a
result, the BET model is generally used over a restricted range of partial pressures. For
low surface area materials, it is often used up to a maximum relative pressure of ~ 0.35.
For some nano-porous carbons, deviations from linearity occur at much lower relative

pressures and hence some authors use only the data up to a relative pressure of 0.1 [37].
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Recognizing these limitations, the two models can still be used to provide some
useful information on different materials. In this thesis, the carbon materials can have
significant quantities of nanoporosity. Where this occurs, multi-layer adsorption is
severely restricted and, in the limit when the pore size is close to the size of the adsorbate
molecule, it can be assumed that primarily mono-layer adsorption occurs. Thus for nano-
porous carbons, the Langmuir surface area is more appropriate for analyzing adsorption.

The use of the two models to analyse two types of carbons prepared in this thesis
is shown in Figure 2.2, where the isotherm data presented earlier in Figure 2.1, have been
converted into Langmuir and BET co-ordinates. It is clear from this figure that the
Langmuir model is linear for the nanoporous carbon, whereas for the mesoporous carbon,
the BET model remains linear over a larger range than the Langmuir model. This figure

also shows the BET model deviation from linearity above a relative pressure of ~ 0.35.

2.2.2 Dubinin Approach

The BET and Langmuir models rely on quite restrictive assumptions about the
nature of the surface and the interactions between adsorbate molecules. A number of
authors have tried alternative approaches. Of these, probably the most widely used in the
analysis of porosity in carbon are those by Dubinin [38] and co-workers and. more
recently, methods based on the results from density functional theory (DFT) modeling
(which will be discussed in the next section).

The BET and Langmuir models were derived for solids where gas molecules
interact with a homogeneous surface. Although this is a reasonable model for the
external surface of a particle and the internal surface of a pore whose dimensions are
large relative to the size of an adsorbate molecule, its validity in smaller pores is easily
disputed.

A range of models has been developed to extract pore size distributions from
adsorption isotherms by explicitly including the effects of pore walls. The simplest of
these models are based on the Kelvin equation, which relates the reduced vapour

pressure, P, of the curved surface of liquid condensed within a narrow pore to the radius
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Figure 2.2: Calculated Langmuir (dotted line — left hand axes) and BET (solid line- right

hand axes) plots for the nanoporous (upper graph) and meso/macroporous (lower graph)

carbons calculated from the isotherm data (adsorption only) shown in Figure 2.1. The

graph for the meso/macroporous carbon also contains a dashed line to show the linearity

of the BET model at low relative pressures.



of curvature of the surface according to [39]:

RT m(é):ﬂ . (2.12)

k4
m

where v is the surface tension, V is the molar volume of the condensed vapour and R, is
the mean radius of curvature of the surface. This equation basically states that a vapour
can condense in a narrow pore at a pressure much lower than the saturation pressure of
the gas. This equation breaks down at low pressures — for example with a relative
pressure of 0.001, at the boiling point of nitrogen, the predicted pore radius being
examined is ~ 0.7 A. This is too small for pores and yet in N, gas adsorption
measurements, significant quantities of gas are adsorbed at and below this pressure. Thus
models based on the Kelvin equation are not reliable for measuring nanometre-sized
porosity. The equation breaks down because the fluid inside the pore can no longer be
considered to be homogeneous and because the interactions between the gas molecules
and the pore walls become the most important parameters.

To overcome these limitations, models need to incorporate expressions to
describe the adsorption potential induced by the pore walls. Probably the most widely
used models are those derived by Dubinin and co-workers [40], [41]. These are based on
Polanyi’s adsorption theory. In this theory, the interaction between a surface and a gas
phase is modeled by allowing gas molecules to fall into a potential well over the surface.
As the gas molecules get closer to the surface, the fluid density increases as a result of the
adsorption potential. If the gas is at a low temperature, it is likely that condensation will
occur on the surface, and hence the adsorbate at equilibrium can be approximated by two
phases — a condensed phase with vapour pressure P in equilibrium with a bulk gas phase
of pressure P with a saturation pressure of Py.

The net free energy change for moving a small amount of the adsorbate from the
gas phase into the condensed phase must be zero when the adsorbate is at equilibrium.
The molar free energy change to go from a gas of saturation pressure Py to a condensed

liquid with vapour pressure P is given by:



AG=RTIn—. (2.13)

The adsorption potential,'ec, represents the work done by the adsorbate surface to

move the gas molecules towards the surface. These two processes balance out, giving:

sc=—AG=—RT1n—§—. (2.14)

0

Dubinin examined the relationship between the adsorption potential, €., and the
volume adsorbed at a given pressure for a range of materials and suggested that the
isotherms for microporous carbons could be modeled by a Gaussian distribution of

adsorption potentials. One form of the Dubinin equation is given by:

~-=exp(-kAG*/p*) (2.15)

0

where W is the volume adsorbed, Wy is the total micropore volume, f is the affinity
constant that allows the curve for one adsorbate to be superimposed on another and AG
is called the differential molar free energy of adsorption. It has been shown [42] that the
Dubinin equation actually corresponds to a Rayleigh distribution of adsorption potentials.

The Dubinin equation can be rewritten as:
log W =log W, —Dlog?(P/P,), (2.16)

and thus an appropriate plot of volume adsorbed vs relative pressure can be used to
determine the total micropore volume. This still does not provide any information on the
distribution of pore sizes. In order to extract pore size distributions, there is a need to
perform a data transform based on an assumption of the shape of the distribution of
micropore sizes [43]. DFT methods provide an alternative method for extracting pore
size distributions by calculating the adsorption isotherms expected for a set of pore sizes
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and then combining these isotherms through least squares minimisation to generate an
overall isotherm that fits the experimental curve. This seems to be a logical approach but
it is only recently that the calculation methods and computing power have been
developed to make this possible. In this thesis the DFT approach has been chosen in

preference to the Dubinin approach for calculating pore size distributions.

2.2.3 DFT Methods

The basic problem in gas adsorption analysis is to determine how gas molecules
interact with solid surfaces, either at an external surface or in a partly enclosed space such
as a pore. The density functional approach to this problem involves establishing an
expression for the potential energy of the gas as a function of position (the grand
potential function). Through an iterative approach, this grand potential is then minimised
in order to obtain the equilibrium gas density profile for a given gas reservoir chemical

potential. The grand potential function can be written as [44], [45], [46]:

Q, [p(r)]=Alp(r)]. + Alp(r)l,, + [(V(r)-r)p(r)dr. 2.17)

In this expression, A is the Helmholtz free energy of the gas, which depends only
on the density of the gas, p(r) , at the position specified by the vector r. The Helmoltz
free energy is used because gas adsorption is normally measured in a fixed volume. The
mean-field theory used in the calculations divides the interactions between gas molecules
into the first two terms. The first term represents the repulsive forces between gas
molecules and is approximated by a hard spheres model. The second term is the
summation of the long-range attractive forces between pairs of gas molecules. The third
term corresponds to the potential energy due to attractive forces between the solid surface
and the gas molecules, V(r). The chemical potential, y, of the gas reservoir is included in
this term as a reference point.

The first term can be handled by use of a local density approximation (LDA).

This approximation says that the free energy density of a given location is simply the
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product of the density at that point and the average free energy for a homogenous
reference state represented by the gas reservoir. This removes short-range correlations,
which can lead to smoothing of the details close to the surface where layers of gas
molecules can form. It is therefore necessary to reintroduce some short-range correlation
in order to accurately model adsorption close to the surface. This introduces another term
that will not be discussed here.

The second term can be modeled by a summation of Lennard-Jones 6-12
potentials. This term is included as a perturbation to the hard spheres model used to
calculate the repulsive forces between gas molecules. Although the Lennard-Jones
potential of the second term includes a repulsive component at small separations, this
feature is not used. It appears that this methodology is used to simplify the model and
presumably reduce computation time. The potential energy interaction between the gas
molecules and the surface in the third term can also be modeled with a Lennard-Jones
potential.

Through an iterative process, the calculated grand potential equation can be
minimised using an appropriate algorithm. This then gives an equilibrium distribution
for gas density. For a pore structure represented by two walls, the resultant density
distribution can be converted to a volume adsorbed by integrating from one wall to the
other. Repeating this process for different gas pressures (by changing the chemical
potential of the reservoir) allows the volume of gas adsorbed in a model slit shaped pore
of width r to be calculated as a function of gas pressure. This is in effect a gas adsorption
isotherm for a model pore size. Repeating the process again for a range of pore widths
generates a series of model adsorption curves.

Figure 2.3 shows the results of a DFT calculation for argon adsorption into pores
of different widths where short-range correlations have been explicitly included.
Nitrogen adsorption isotherms calculated without the short-range correlations [46] show

similar trends.
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Figure 2.3: Argon adsorption isotherms for different pore widths calculated through
DFT algorithms. Taken from [45].

The manufacturers of gas adsorption porosimeters have completed all of this
modeling work and include the model isotherms with the DFT software. Thus, when the
user performs a DFT analysis, all that occurs is that the following function is minimised
using a least squares algorithm:

2

(2.18)

z[va))—;c,. Q) ]

P

where V(P) is the experimental volume adsorbed at pressure P, Q(P); is the calculated
volume adsorbed at pressure P for the jth model isotherm, and C; is a coefficient
effectively describing how much of the contribution from the jth model isotherm should
be included. Once the best fit has been obtained, the pore size distribution can be
calculated by summing the volume adsorbed at each pressure for each of the model
isotherms multiplied by the appropriate coefficient.

Figure 2.4 shows the results of such a DFT optimisation performed on the two
carbon isotherms from Figure 2.1. It can be seen the agreement between the
experimental and fitted isotherms is excellent. Also, the pore size distributions extracted
from the data clearly show the presence of a narrow distribution of nanopores in the

nanoporous carbon and the presence of meso and macropores in the mesoporous carbon.
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Based on the information presented in this chapter, the DFT method was selected
for analysing the gas adsorption isotherms measured for this thesis, particularly as the slit
shaped pore model, based on an infinite carbon sheet, was developed specifically for
analysing carbon structures. In addition to the DFT model, Langmuir (for nano-porous
carbons) and BET surface area values will be quoted in order to allow for rapid
comparison of a range of samples. The higher the calculated surface area, the more

porosity is present in the material being measured.

2.3 Experimental

All gas adsorption measurements were completed with a Micromeritics ASAP
2010 gas adsorption porosimeter equipped with a turbo pump. The ASAP 2010 is a
volumetric porosimeter that measures initial and equilibrium pressures for each point on
the isotherm. Essentially the ideal gas law is then used to determine the volume of gas
adsorbed for a given equilibrium pressure. Figure 2.5 presents a schematic diagram of
the main parts of the porosimeter. It comprises a sample tube of volume Vt containing a
known mass of sample and connected to a manifold of volume Vy (calibrated with a
machined and polished steel sphere) through a solenoid valve. The volume of the tube
was determined by dosing the manifold with a known pressure of helium gas and then
measuring the pressure in the manifold before and after the solenoid valve was opened to
the empty tube. After the sample was degassed under vacuum and elevated temperature,
it was immersed in a bath of constant temperature (in this case 77 K, the boiling point of
nitrogen). With the solenoid valve closed, the manifold was dosed with adsorbate (N>) to
a user-defined pressure. The valve to the sample was then opened and the pressure in the
manifold/tube was recorded as a function of time. When the rate of change of pressure
dropped below a user selected value (in this case < 0.01 %/min over 20 s time intervals),
the pressure was recorded and the process was then repeated with a higher manifold

pressure.
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Figure 2.5: Schematic diagram of ASAP 2010 Gas Adsorption Porosimeter.
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The following experimental procedure was used for all samples:

A clean, dry glass sample tube was evacuated at 250°C to remove any adsorbed
gases then backfilled with helium (UHP grade, Air Liquide) before being weighed and
then filled with approximately 1 g of powdered sample. It was placed back on the
degassing station and evacuated, again at 250°C to remove any adsorbed species such as
moisture from the carbon. Evacuation was continued until the outgas rate from the
sample was indistinguishable from that of the empty tube. This required at least 24 hours
per sample. The tube was again backfilled with helium and re-weighed, to determine the
mass of clean sample in the tube. It was then placed on the analysis station (which was
connected to the turbo pump) and re-evacuated at elevated temperature until the outgas
rate was the same as that from the manifold of the porosimeter (generally < 60um
Hg/min).

After degassing, the sample tube was immersed in a constant temperature bath
and allowed to equilibrate whilst under vacuum. Liquid nitrogen was used to maintain
the sample at the boiling point of nitrogen during analysis. UHP nitrogen from Air
Liquide was used as the analysis gas.

Adsorption analysis was completed up to a relative pressure of 0.95. After this,
desorption data were measured by evacuating the manifold to a pressure lower than the
equilibrium pressure of the previous point then allowing the gas to re-equilibrate with the
sample valve open. The volume adsorbed/desorbed for a given equilibrium partial
pressure was determined with the ideal gas law after correcting the data for the freespace

in the tube and the non-ideal gas behaviour of the adsorbate.



Chapter 3

X-ray Scattering

The previous chapter summarised the use of gas adsorption techniques for the
analysis of the physical structure of solids. In this chapter it will be shown that the results
from such studies can be complemented by small-angle x-ray scattering studies. In
addition it will be shown how wide-angle x-ray scattering can be used to partially
understand the atomic structure of non-crystalline materials.

It is useful to begin discussions of x-ray scattering from solids by discussing how
x-rays interact with matter. The fundamental principle involved is that x-rays are
scattered in all directions when they interact with electrons, with the scattered radiation
having the same wavelength as the incident radiation (some fraction of the incident beam
is also inelastically scattered giving rise to Compton modified scattering of longer
wavelengths) [47]. If a beam of x-rays is directed towards a sample and the intensity of
the scattered beam is measured, then it is found that, for certain angles, the scattered
intensity is higher than the background because constructive interference occurs between
the waves scattered from different locations within the sample. Constructive and
destructive interference effects can occur because the wavelengths of x-rays are of the
same order of magnitude as the scale of fluctuations in electron density in a material.
When highly crystalline materials are studied, the scattering pattern usually contains a
number of sharp peaks of varying intensity. These peaks can be used to identify the
content and dimensions of the unit cell - the basic repeating structure of the crystal. This
is referred to as x-ray diffraction. In disordered materials such as most carbons, the

scattering pattern contains broad peaks superimposed on a background. These data can
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be used to determine the approximate size and average structure of partially ordered

domaips in the solid.

The Bragg equation for x-ray diffraction,
A=2d,, sin@, (3.1)

relates the spacing, dnx, between atomic planes, to the angle (20) at which constructive
interference occurs between the waves scattered by those planes, for a given wavelength
of incident radiation, A. As the scattering angle increases, the inter-atomic distances
being examined decrease, as shown in Figure 3.1. The Bragg equation was derived for
crystals where the atom locations are well-defined and can be represented by theoretical

planes of fixed spacing. It can, however, be used to give an indication of the approximate
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length scale of electron density fluctuations that would be required to generate
constructive interference in a beam scattered through a given angle.

Normally measurements made at small angles are analysed separately from those
made at large angles because the length scales involved provide different information. It
can be seen that, at low angles, the length scales are large relative to atomic dimensions
(eg 10 - 1000 A). This is the realm of small-angle x-ray scattering (SAXS) — one of the
few experimental techniques capable of resolving structure on this scale. Thus SAXS
(and small-angle neutron scattering - SANS) techniques can be used to measure
dimensions that are not easily studied by other techniques. For example, SAXS
techniques have been used to study the dimensions of micelles [48] and proteins [49] in
solution, grain sizes of catalysts [50], and particle sizes [51] and pore structures in carbon
materials [52], [53].

Figure 3.1 also shows that wide-angle x-ray scattering (WAXS) measurements
provide information on inter-atomic electron density fluctuations.  Wide-angle
measurements are therefore used to understand the local arrangement of atoms (the

average local arrangement for amorphous materials).

3.1 General Theory of Scattering

The theory behind x-ray scattering measurements starts with scattering from
individual electrons and atoms. According to classical electromagnetic theory, when an
Xx-ray beam encounters an electron, the oscillating electric field of the beam causes the
electron to oscillate with the same frequency as the incident beam. During this
oscillatory motion, the electron accelerates and decelerates rapidly, emitting radiation
with the same wavelength and frequency as the incident beam. The electric field vector
of an unpolarized incident beam takes all orientations in a plane perpendicular to the
direction of travel with equal probability. The electron therefore sees the electric field
restricted to a plane and hence oscillates within the same plane. As the amplitude of the
scattered beam depends on the magnitude of the acceleration vector impinging on the

electron, the scattered intensity (which is just the square of the amplitude) depends on the



angle at which it is measured. This angular dependence of the intensity of radiation
scattered by an electron at an angle of 20 to the incident beam was first worked out by

J.J. Thompson and can be expressed as [47]:
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where Iy is the intensity of the incident beam, r is the distance from the electron to the
point of observation and the angular term is known as the polarization factor.

Scattering from an atom can be viewed as the sum of scattering from a
distribution of electrons. In addition to the effect of polarization on scattered intensity,
the amplitude of the resultant scattered beam from an atom changes with scattering angle
because of interference effects between the waves scattered from different electrons in
the atom. The atomic scattering factor, f(sin6/A) allows an atom to be treated as a point
source. This factor relates the scattering amplitude at a given angle, 6, to the magnitude
of scattering from a single electron when the scattering angle is 0°. Empirical equations
have been generated to fit atomic scattering factors calculated with Hartree-Fock methods
for most elements and ions. In this work, the atomic scattering factor equation derived in

reference [54] will be used. For x-rays of wavelength A, this equation is:
i=4 ,
f(sin@/A)=> a, e (@0 4 ¢ (3.3)
i=l

The coefficients for the elements of interest in this thesis are shown in Table 3.1.
These coefficients produce the curves shown in Figure 3.2 for the three elements. It can
be seen that, at low angles, the magnitude of the scattering factor is close to the number
of electrons in the element and that it decreases gradually with angle. This decrease
occurs because of increasing destructive interference of waves scattered by electrons in
different positions around the nucleus as the angle increases. For SAXS measurements,

the error introduced by assuming the scattering factor remains constant as a function of
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scattering angle is small, simplifying the calculation process. For WAXS calculations

however, this factor needs to be explicitly included.

Table 3.1: Atomic Scattering Factor Co-efficients [54].

Lithium Carbon Sodium
a; 1.12820 2.31 4.7626
ar 0.750800 1.02 3.1736
as 0.617500 1.5886 1.2674
as 0.465300 0.865 1.1128
b, 3.95460 20.8439 3.285
b 1.05240 10.2075 8.8422
bs 85.3905 0.5687 0.3136
bs 168.261 51.6512 129.424
c 0.037700 0.2156 0.0676

1 2 * T v 1 M L ' i ' 1 ' T

10

Sodium

Carbon

Atomic Scattering Factor
(<2}

0 1 1 n 1 2 1 2 1 n 1 2 1
0 15 30 45 60 75 90

Scattering Angle (26)

Figure 3.2: Atomic scattering factors for lithium, carbon and sodium.
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In x-ray scattering measurements, the beam intensity is measured as a function of
angle to the incident beam. The intensity is the product of the amplitude of the scattered
beam and its complex conjuéate. With the scattering vector, q, defined by
q =27n(s,—s, ), where s, and s, are vectors describing the incident and scattered beams

respectively, the amplitude of the scattered beam is:

Alq)=f, > f.e7 %", (3.4)

where r is the vector between a given point and an arbitrary origin, f; is the angularly
dependent atomic scattering factor for the atom located at r, f. represents the scattered
amplitude from a single electron and the sum extends over all of the sample. The
magnitude of the scattering vector is given by q =4nsin6/A. An alternative form for
equation 3.4 can be generated by replacing the sum with an integral and the scattering

factor by a continuous electron density function, p(r):
Alg)=f. p(r)e *7av . (3.5)

In this thesis, the first expression will be used to develop the WAXS theory,
whilst both terms will be used to derive the theory behind SAXS data analysis.

3.2 Theoretical Analysis of Small-angle X-Ray Scattering

For this thesis, SAXS was used to study nano-scale porosity in the carbons
produced and to show that these pores provide sites for the electrochemical insertion of
sodium (and lithium) atoms. The theory presented below is designed to provide the
reader with an introduction to some of the principles of small-angle scattering and to
show how information on porosity in solids can be extracted from experimental curves

using a standard function. This function will then be used in later chapters to analyse the



nano-structure of carbon materials. The excellent text by Guinier and Fournet [50]
provides a more comprehensive and detailed (although highly mathematical) treatment of
the small-angle scattering behaviour of a range of structures. For this derivation it will be
assumed that the scattering centres are isotropically distributed about a centre of
symmetry. In a large sample illuminated by a typical x-ray beam of mm dimensions this
assumption is reasonable.

The amplitude of scattering from a single scatterer (equation 3.4) can be rewritten

Aq)= ;fpe““"" , (3.6)

where q is the scattering vector and rg, is a vector between an arbitrary origin, O, and a
point, P, in the scatterer. To simplify later steps, this origin will be located at the centre
of the scatterer. Equation 3.6 therefore represents the resultant amplitude emerging from
the centre of the scatterer, or in x-ray terms, as the form factor F(q) of the scatterer (if it

is assumed that the scatterer has a centre of symmetry, then this simplifies to

F(q)= > f, cos (q.rop), which would give an intensity of F(q)2 from a single scatterer).
P

Using equation 3.6 for the form factor of a given scatterer and selecting the origin,
O, as the origin for an ensemble of scatterers, the resultant amplitude from this ensemble

of scatterers is the sum over all scatterers:
A(g)= X F(g),e™™ , (.7
J

where F(q); is the form factor (resultant amplitude) of the Jth scatterer and ro, is the
vector between the centre of the scatterer selected to hold the origin for the ensemble,
and the centre of the Jth scatterer. The scattered intensity from an ensemble of scatterers

1s then:

I(a)=A(q)A(g) = ZJZF(q)J g i ZKZF(q)x glox (3.8)
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If the scatterers are assumed to be distributed centrosymmetrically, this intensity

expression simplifies to:
I(‘l)‘ ZK: Z,: F(‘l)x F(‘l); cosq.- (rOJ —ox) (3.9

The vector r,, —ro, is the same as the vector between the two scattering centres,
rx. Substituting this vector into 3.9 and separating out the terms where the summation

indices are equal gives:

I(q)= EK:F(q)i +¥ > F(q)xF(a), cos(g.ry ). (3.10)

K J=K

The first term is simply the sum of the intensities of each of the scatterers, whilst
the second is the intensity resulting from interactions between the scatterers. If the
scatterers are randomly distributed and both r, the average spacing between the scatterers,
and the number of scatterers are relatively large then, for all experimentally observable
angles (i.e. g > 0), there will be approximately the same number of positive and negative
cosine terms. This causes the second term to average to zero, which leads to an important
principle for small-angle scattering that greatly simplifies the mathematics involved in

treating such an arrangement of scatterers:

For widely separated, randomly distributed scatterers the observed intensity is

simply the sum of the scattered intensity from each scatterer.

This principle will be used later, but first it is worth considering how the scattered
intensity varies with the size of the scatterer. This is best done by analysing the
scattering from a sphere of uniform electron density, where exact solutions can be readily
derived. Even though the analysis below is for spheres, the general trends identified also
apply to objects with different shapes.



3.2.1 Scattering from a sphere

Switching to the integral equation (3.5) of the scattered amplitude (as this can be
solved exactly for a sphere), the amplitude of scattering from a sphere of radius R, with

constant electron density, payg, IS:

r=R

A(Q)= p., [e7%aV, G.11)

r=0
where the dependence of the form factor on scattering angle has been ignored as it is
negligible over the small-angle region. The solution to this equation is (see derivation in

appendix B3):

I(q)= 3p., V[ [(Sin(qR)(;gsws (qR))]-, (3.12)

where V is the volume of the sphere. Writing the equation this way separates it into two
terms; the first accounts for the size of the sphere through its volume dependence whilst
the second describes scattering normalised so all spheres give the same value at q = 0.
This second term will be referred to as the normalised intensity. Figure 3.3 shows how
this normalised intensity varies with sphere radius. The calculated intensities represent a
moving average over 5 points, where the increment in q was 0.001 A’'. This averaging
was performed to smooth out rapid oscillations in the data and to provide calculated
curves similar to those expected from the resolution of experimental diffractometers.
There are a number of useful concepts that can be extracted from this set of
curves and the associated equation. Firstly, the normalised intensity for all sphere sizes
approaches ~ 0.11 at a scattering angle of zero (q = 0). This is to be expected as, at g =0,
all scattered radiation is in phase and hence no destructive interference takes place. Thus,
for the limit when q = 0, the total scattered intensity would be a direct measure of the

particle volume (although it is not experimentally observable). The value of ~ 0.11
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actually corresponds to 1/9 and can be determined by expanding the trigonometric terms

in equation 3.12 as Taylor series (taking only the first two terms of the expansions):

[(sin(qR)—qRcos(qR))]z=(q 1 [qR_ @3— _qR(l_ﬁR_)zﬂz (3.13)

(aR)’ R*Y 3! 21
Gin(@R)-aRcos@)] _ 1 [(@R) -3@RY | 3
ol G ] o

(3.15)

q—0

lim ((sin(qR)—qR cos (qR))J2 _1

@Ry 9

The curves also show that, for q values greater than 0.02 A’ (20 scattering angle
~ 0.3°), the normalised intensity decreases dramatically as the size of the sphere
increases. This means that for equal volumes of small and large scatterers, the scattered
intensity from the small scatterers at experimentally measurable angles will be orders of
magnitude higher than that from the large scatterers. Even if there is only a low volume
fraction of small scatterers (for example a particle of ~ pm size containing ~ 1 vol% of
nanometre sized void space), the scattering from the large object can effectively be
ignored.

Another feature apparent in the log-log plot of Figure 3.3 is that, (recognising that
the oscillations may not be resolved experimentally), the scattered intensity from the
larger centres decreases in a linear fashion with increasing scattering angle, with the
linear portion of the curve extending to lower angles as the sphere size increases. This
behaviour is known as Porod’s law behaviour and results from the limiting behaviour of
equation 3.12 when qR >>1. In this region, the sine term is negligible and the remaining
squared cosine term oscillates so rapidly that it is reasonable to approximate it by an

average value of 0.5. These oscillations would not be easily resolved in an experiment
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because they would occur over an angular range that is smaller than the resolution of the
equipment and because real objects contain a distribution of scattering sizes that would
smooth out the curve.

Equation 3.16 shows the form of the scattered intensity when qR >>1.

I(q)= 9(f2(c(lc)l;’)"fvf : (3.16)

which can also be written as:

2nf 2 2av S
I(q)= (q34p =, (3.17)

where S is the surface area of the scatterer. Taking logs of both sides gives:
log(I(q))=log (21tf (q)zpzavg S)—4logq . a linear expression in q with slope of — 4 and an
intercept related to the surface area of the scatterer. This is the observed Porod’s law
behaviour. From this derivation, it can be seen that if a plot of log(intensity) vs log (q)
contains a linear region, with a slope of ~ - 4, then it can be assumed that the size of the

scattering object is large relative to the magnitude of q'. In other words,

As the size of an object increases, the normalised intensity decreases rapidly and

starts showing Porod’s law limiting behaviour at high q.

Combining this feature with the concept of independent scattering from widely
separated scatterers, allows us to examine the theoretical scattering from a useful
arrangement of scatterers: a large number of small pores (widely separated, with electron

density pp) embedded in a large matrix (electron density pp).
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3.2.2 Scattering from a distribution of pores

Defining the electron density contrast, 1, as:
N, =P =Pn> (3.18)

gives the electron density contrast in pores, 1p, and the matrix, Nm, as Ny ="Pa and

N, = 0 respectively. This allows the scattering amplitude to be written as:

A(@)= [(p+n.)e " *dV= fpae 1*TdV + [n.e f9TAV. (3.19)

This shows that the amplitude can be separated into two independent terms. The
first term involves scattering from a continuous matrix phase whilst the second term is
just the amplitude expected for a group of widely separated small particles (as the term
disappears when the point r is in the matrix phase). The scattered intensity can be
obtained by multiplying the amplitude expression by its complex conjugate. This

generates four terms:

()= [pae ¥ av, [p,eVdv,, (3.20)
v, Vv,

a), = _[pm e 1 dv, J-T](r-_, )ei q-I'Zde > (3.21)
v, V,

g) = J"q(rl)e~i i dv, J-pm eiq.rzdvz > (3.22)
v, v,

a), = jn(rl)e-i i av, ITI(I‘Q )ei qv, . (3-23)
v, A

The first term represents scattering from a particle of constant electron density
with dimensions of ~ mm. The calculations of scattered intensity vs object size

completed earlier showed that the scattering from a large object is negligible compared to
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that from a large number of small widely separated scatterers. Hence the first term can
be ignored as it is negligible compared to the fourth term which describes scattering from
a large number of small objects. The second and third terms can also be ignored for
similar reasons — they are the prociuct of the amplitude from the large scatterer (negligible
compared to a group of large scatterers) and the amplitude from the small objects (also
small compared to the square of this amplitude). Thus the problem simplifies to analysis
of the last term only, which is equivalent to scattering from a group of small particles of
theoretical electron density -pm, in air (ideally in vacuum). The idea that a collection of
pores in a solid phase gives the same scattering as a distribution of particles of the same
dimensions in air is known as the Babinet Principle of Reciprocity [50]. It can only be
used when the dimensions of the continuous phase are large relative to the dimensions of
the scatterer phase.

The fourth term rearranges to (dropping the subscript 4):

@)= [ fatntr)e” " v, av, G.24)

ViVa

As the vectors r, and r;, start from the same origin, subtracting one vector from the

other generates another vector, r,, parallel to the vector, r, between the two points.
Making the appropriate substitutions for r, (with r, -r, = r) and replacing the integration

over V, with integration over r (as they represent the same space) gives:

i(q)=[ [n(r In(r —r)e *Fav, dr . (3.25)

r V,

The average value of the product of the electron density contrasts is given by:

J.T](rl )T](rl - r)dvl

, 3.26
v (3-26)

where V is the total volume required to contain all the scatterers. This rearranges to:



_[Tl(rl )Tl(rx - r)dvl =V n(rl )Tl(rl - r) (3.27)

As the electron density contrast was defined as n, =p, —p,, the product of the
contrasts at two different points in the sample separated by a distance r can be either zero
(when either one of the points is in the matrix) or p; if both points are in small
scatterers. This second option is the only one that “generates” intensity. For an isotropic
distribution of scatterers, the probability that a point will be in the small scatterer phase is
simply the volume fraction of this phase, ¢s. The probability that the second point is also
in the small scatterer phase depends on the distance between the two points — in the limit
that r = 0, the probability is 1, whereas at large r, the probability is simply ¢s again. In
between these limits, the probability decreases continuously. This decreasing behaviour
can be represented by the function y(r) where P;, the probability that the second point is

in the small object phase when the first point is in the same phase is:

P,=¢+v(r)(1-9), (3.28)
which gives the probability, P, that both points are in the small object phase:

P_=¢[o+y(r)(1-9)]. (3.29)
Thus the average product of two electron densities is:

n(r )l -r)=P, n} +([1-P,)n; =P m;. (3.30)

Combining equation 3.27 with equations 3.29 and 3.30 gives:

[a@)n(e -r)av, = va? ¢fo+y@(1-9)]. (3.31)



This allows the scattered intensity to be simplified as follows:

I(q)= [Vn? ¢[o+v(r)(A-¢)le™ 9 dr (3.32)

=Vn§ o? J'e'i STdr + Vn:‘J (b(l - d))J'w/(r)e'i 4Tdr. (3.33)

Although the volume now has an arbitrary shape and hence the first integral
cannot be solved analytically, it will evaluate to a real number for an isotropic
distribution of scattering centres containing a centre of symmetry. The value of the first
integral will therefore be somewhere between zero and (q)". As there are a large number
of scatterers, the magnitude of the integral of the second term will be much larger than
the magnitude of the first integral, because of the inclusion of the auto-correlation
function. Thus the first term can be ignored. As r increases, the electron density at one
point becomes un-correlated to the electron density at the second point. The auto-
correlation function therefore tends to zero as r increases. This allows the integral over

fixed volume to be replaced with an integral over an infinite volume. After substituting

for the electron density contrast, 7, this leaves:

(@)= V(p, —p. ) 6(1-9) [vme  * dr. (3.34)

As it is assumed that the pores are distributed isotropically, the integral over the
volume covered by r can be simplified to (see Appendix B4 for details):

1(q)=V (o, —pn ) 01— 0)4 [y 1 sinlar) o, (3.35)
0 qr
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Using a probabilistic approach, Debye et al. [55] have shown that the auto-
correlation function for a randomly distributed two phase distribution is:

y(r)=e"", (3.36)

where a is the correlation length, related to the length scale of the scatterers. Substituting

this into the intensity expression gives:

— 2 —_— 4=
I(q)= V(pp P )‘qd)(l $)4 Ie'”“ rsin(qr)dr. (3.37)

This expression evaluates to [1]:

—p.J 61— ¢)4
(b, —pn) 0(-0)4m 24 5.38)

1 alaf+arf

I(q)= M

The volume, V, is proportional to the number of scatterers, N, and the volume of each

scatterer (i.e. V o Na’). This simplifies the intensity expression to:

6 2
I(q)= Ba (p"_pi“) , (3.39)
(1+a2q2)°

where the constants, such as N, have been included in B.
For pores in the sample that are orders of magnitude larger (but still small relative
to the volume illuminated by the sample beam) than the nanopores of interest, a’q® >>1.

This reduces the expression to:

I(q)= g% : (3.40)
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When a material contains both macro and nanopores, Kelliat et al [56] showed
that the scattering could be described well by independent contributions from each of the
pore sizes. This can be further extended to include two nanopore sizes, one of which is
significantly larger than the other, together with a mesopore contribution. Including a
constant background term and introducing a variable, n, to allow for corrections to be
made for smearing effects from having a finite slit height in experimental equipment [50]

gives the following expression:

6
A  Ba (Tl.,a,m:)2 . Ca; +D, (3.41)
@ (i+afq’f  (+ale’f

I(q)=

where A and B and C are parameters related to the number of macropores, small
nanopores and larger nanopores respectively. For this equation, it is assumed that the
electron density contrast of the larger nanopores remains constant. The Debye
autocorrelation length, a, can be related to the average radius of gyration (defined by
Porod [57] as the mean square distance of electrons from the centre of gravity) of the

pores by R, =+J6a. For a spherical pore of radius R, the radius of gyration can be
shown to be: R, =+3/5R, thus the autocorrelation length can be related to an

equivalent spherical pore radius by R =+/10 a, in order to gain an indication of the size
of the pores in the carbon.

When comparing an experimental scattering profile with one calculated from a
model, there is a need to account for the Lorentz and polarization factors. The Lorentz
factor deals with the fact that as the 26 scattering angle increases (up to 90°), the total
scattered intensity spreads over a larger area at the distance to the detector. Thus the
intensity per unit area (which is measured by the detector) decreases as the scattering
angle increases in an experimental. For the derivation presented above, the Lorentz
factor was effectively included in the averaging process, as the average value of
e'%™ was determined by calculating the total scattered intensity for a given r value and
dividing by the area over which that intensity was distributed (giving equation 3.35).

Thus there is no need to apply a Lorentz correction to the data. The polarization factor
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accounts for changes in the scattered beam intensity resulting from the 2-dimensional
plane of rotation of the electric field vector of the incident beam. The polarization factor
is essentially constant over the angular range of interest in small-angle measurements and
thus can be ignored. It will be more important for the analysis of WAXS data.

Equation 3.41 was used to model all SAXS patterns including those from in situ
studies. The quality of the fit was determined by a modified chi-squared goodness of fit
parameter, GOF:

(3.42)

GOF= SO __1 Z(Imc(i)-lc.xm(i))
- T N=PET 1,0

where N is the number of data points, P is the number of parameters varied and T is the
count time (s) for each data point. This factor was included as different count times were
used for different SAXS measurements. To compare GOF values quoted in later chapters
for different experiments, they should be multiplied by the count time for the experiment.

Figure 3.4 shows the results of applying this equation to model experimental data.
It can be seen the fits obtained are excellent — the fit lines are difficult to resolve from the
experimental data. This figure also shows the contribution of each term in the equation to
the resultant fit. The fit parameters obtained are shown in Table 3.2.

Both carbons required nanopores with an equivalent spherical radius of ~ 6 A.
The difference between the two samples is that the nanoporous carbon required ~ 6 times
more of this nanopore contribution than was required for the macro/mesoporous carbon.
In addition to a small amount of nanopore contribution, the macroporous carbon also
required a contribution from a larger pore size in order to achieve an optimum fit. It is
encouraging to note that the pore sizes generated by SAXS analysis are of the same order
of magnitude as those found through gas adsorption. Thus, the limited pore size
distribution information obtained by SAXS analysis is in reasonable agreement with that

generated from those gas adsorption isotherms.
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Figure 3.4: Experimental and fitted data for nanoporous carbon (upper graph) and
macro/mesoporous carbon (lower graph). The fits are shown as solid lines superimposed
on the experimental data. The upper panel in each graph shows the contribution from

each term in the scattering equation.



Table 3.2: SAXS model fit parameters for sample carbons
Naneporous Macro/mesoporous
Carbon Carbon
A 0.0065 0.0170
B 1.47 0.25
aj 1.92 2.10
Rsy 6.1 6.6
C 0 0.0006
a» N/A 7.54
Ry N/A 23.8
D 1.5 1.7
X 0.115 0.095

3.3 Wide-angle Scattering

Most diffraction calculations are performed for crystalline materials containing a
unit cell that is repeated continuously in three dimensions. When dealing with these
structures, concepts such as Bravais lattices, Miller indices and the reciprocal lattice are
critical for extracting structural information.

In the case of amorphous materials, such concepts have only limited usefulness
because there is no representative unit cell that is repeated throughout the structure
(alternatively, the unit cell can be considered to be extremely large incorporating the
whole of the sample). With no definable unit cell, there is no need to select the
appropriate Bravais lattice to represent that unit cell, nor is the reciprocal lattice of much
use because the repeat nature of the reciprocal lattice is not present.

For disordered materials showing some evidence of crystallinity, one approach
that can be taken is to assume that the material can be described by a set of small
crystallite domains. If it is further assumed that these domains contain the same structure
on a small scale as a known crystalline material, then some methods used to analyse

crystalline materials can be used. This approach will be taken in this thesis where it will



51

be assumed that disordered carbons can be constructed from a set of small graphitic
domains. These domains can be represented by small layer stacks of finite dimension.

The x-ray scattering patterns of disordered carbons such as those produced for this
thesis normally contain a series of broad peaks. An example of a powder diffraction
pattern for such a carbon (measured with a diffractometer equipped with a copper source
emitting x-rays of average wavelength 1.5415 A) is shown in Figure 3.5. The main peaks
of interest in this thesis have been identified on the figure by the Miller indices
corresponding to the equivalent peaks in crystalline 2H graphite (see Chapter 4). The
002 and 004 peaks can be thought of as arising from constructive interference effects
from approximately paralle]l aromatic layers. The 100 and 110 peaks arise from planes of
atoms within the layers (i.e. perpendicular to the planes of atoms generating the 002 and
004 peaks).
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Figure 3.5: Typical WAXS curve for non-graphitic carbon.

In later chapters it will be proposed that sodium and lithium atoms can insert
between the aromatic layers. In order to model such a process, only the 002 and 004
peaks need to be examined. As these peaks occur at different angles to those that
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The inclusion of interlayer atoms increases the complexity of the model
dramatically, particularly as the position of both the layer and interlayer atoms varies
with the strain. This removes mény of the simplifications that Shi was able to use during
the derivation of his model equation. A more computationally intensive model was

therefore developed as detailed below to include interlayer atoms.

3.3.1 Layer structure model

If a stack of N parallel layers with arbitrary spacing is orientated so that it is
perpendicular to the scattering vector of the x-ray beam (q), then the effective structure
factor for each layer, F(q), will be directly proportional to the product of the atomic
scattering factor of the atoms in the layer and the number of atoms in the layer. The layer
can then be represented by a point on a line paralle] to the scattering vector. The

scattered amplitude from the stack is then given by:

m=N .
A(q)=> F.(q)e"™, (3.43)

where the sum extends over all layers and rp, is the vector from an arbitrary origin to the
point representing the layer. It is logical to place the origin at the centre of the first layer.
The scattered intensity from this set of layers will then be proportional to the product of

equation 3.43 and its complex conjugate:

m=N . n=N .
@) D Fa(q)e™™ > F.(g)e™". (3.44)
m=] n=}

This expression simplifies to:
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3.3.1 Layer structure model

If a stack of N parallel layers with arbitrary spacing is orientated so that it is
perpendicular to the scattering vector of the x-ray beam (q), then the effective structure
factor for each layer, F(q), will be directly proportional to the product of the atomic
scattering factor of the atoms in the layer and the number of atoms in the layer. The layer
can then be represented by a point on a line parallel to the scattering vector. The

scattered amplitude from the stack is then given by:

Alg)=3 F,(q)e"™, (3.43)
m=!

where the sum extends over all layers and ry, is the vector from an arbitrary origin to the
point representing the layer. It is logical to place the origin at the centre of the first layer.
The scattered intensity from this set of layers will then be proportional to the product of

equation 3.43 and its complex conjugate:

m=N . n=N .
I(q)c D F,(q)e™ > F,(q)e™". (3.44)

This expression simplifies to:



m=Nn=N

I(g)< > > F.(a)F.(q)e"" , (3.45)

m=l n=l

(where r is the vector between the points m and n) which can be rewritten as:

q)e S F2(2)+2S 5 Fa(@)F,(a)cos(ar) (3.46)

m=l m=| n=m+]

This equation can be used to calculate the intensity expected from a finite layer
stack provided the position and atom type of each of the layers is known. The results of
this calculation for a series of carbon stacks with increasing N (with the distance between
adjacent layers = 3.4 A) and no interlayer atoms are shown in Figure 3.7. In this figure,
the calculated intensity has been divided by the number of layers in the stack in order to
show the intensity per layer. It can be seen that for only one layer, the intensity curve
resembles the atomic scattering factor curve — this is not surprising, as there are no
interference effects from having only one layer. As the number of layers increases, the
heights of both the 002 and 004 peaks increase. This occurs because of constructive
interference between the layers. It can also be seen that the 002 peak height increases
essentially linearly with the number of layers. This implies that the height of the 002
peak in an expeﬁmental scan can be used to obtain an indication of the number of layers
in an average stack. The layer stacking ratio, R, can be used to compare different

samples. This parameter is calculated from [60]:

B
R=—, 3.47
A ( )

where B is the height of the peak and A is the height of the background.

The second panel in Figure 3.7 shows the effect of increasing the number of
atoms in the interlayer space. This uses NayCgq as a model stoichiometry. The intensity of
the 002 peak drops as x increases because the interlayer atoms scatter out of phase with

the carbon atoms. It is important to note however that the 004 peak shows the opposite
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trend — an increase in intensity with increasing interlayer atom concentration. This
occurs because the 004 peak is the second order reflection from the carbon layers and

hence the interlayer atoms scatter in phase with the carbon layers over this angular range.
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Figure 3.7: Upper Panel - calculated intensity for a stack of N carbon layers, with N as
indicated on each curve. Lower panel — calculated intensity changes for interlayer

insertion, to produce Na,Cg, with x as indicated on each plot (N = 10).
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Figure 3.7 was prepared from data generated with no strain, i.e. a constant
interlayer spacing. In order to include strain, equation 3.46 was used to calculate the
intensity curves for a large number of crystallites (10,000) where the distances between
adjacent layers in each stack were varied. The intensity curves for each stack were then
combined to extract an average intensity distribution for layer stacks with strain. The
following procedure was used to generate the layer positions for each stack:

e for a stack of N carbon layers, (N-1) interlayer strain values, 8, were generated

using a Gaussian probability distribution, P(3):

P(§)= ———=¢"" /, (3.48)

where <82> represents the average of the square of 6 (user specified) and & could be

either positive or negative.

e the first carbon layer position, d; was set to zero. The position of the second carbon
layer, d», was then set to (dgg2 + 81), (Where dgg2 Was a user specified mean carbon
layer spacing), the position of the third carbon layer, d3, was set at (d2 + dgo2 + 82)
and so on.

e the (N-1) alkali interlayers were then located at the midpoint between each of the
carbon layer pairs.

Once these layer positions were allocated, the intensity was determined from
equation 3.46. The averaging process was required to smooth out the intensity curve as
the number of layers in each stack was small and hence the calculated intensity for a
single stack contained a series of sharp peaks across the 002 and 004 peaks. In order to
eliminate the harmonics between the main peaks resulting from the finite stack size, the
number of layers in each stack was also varied, again according to a Gaussian distribution
about a user selected mean value.

Figure 3.8 shows how the calculated pattern changes with increasing strain. It can
be seen that increasing the amount of strain in the model causes the intensities of the 002
and 004 peaks to drop and increases the peak widths.
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As explained in the SAXS theory section, in order to compare calculated
intensities with experimental data when peak shifts occur, there is a need to account for
the Lorentz and polarization factors. The Lorentz factor can be included by multiplying
the measured intensity by q>. F or a diffractometer equipped with a monochromator, the

polarization factor is [61]:

_ 1+cos®20cos® 20,

I = g I,
" 1+cos®20, !

(3.49)

where 0, is the Bragg angle for the crystal used in the monochromator. In the case of a
graphite crystal monochromator, 6, = 13.3°. When the interlayer model is used in

Chapter 6, these two corrections will be applied to the experimental data.
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Figure 3.8: The effect of increasing strain on a calculated WAXS pattern.



3.3.2 Debye Equation for calculating x-ray powder patterns

The powder pattern expected for a small distribution of atoms where the atomic
positions are known can be calculated exactly using what is normally referred to as the
Debye formula for powder patterns [62]. For a centrosymmetric distribution of atoms,

the scattered intensity can be represented by:

I(q)= ;f(q).i +>.> fla):f(q), cos(g.ry )- (3.50)

K J=K

This equation is the atomic analogue of equation 3.10, the scattered intensity from a
distribution of scattering centres. The particle form factor has just been replaced by the
atomic scattering factor. In order to determine the powder averaged scattered intensity,
the atomic distribution is assumed to be rigid but is allowed to take all orientations in

space. Thus equation 3.50 needs to be averaged over all space, giving:

I(q)= ;f(q)i +> > f(a)xf(a);cos(q.ry)- (3.51)

K J=K
To calculate the average of the cosine term, it is useful to convert it back to the

complex notation:

cos(q.ry )= . (3.52)
This average has already been calculated in Appendix A4 as:
eiq.r,, = Sm(Q-rlz ) , (3.53)

q.n;

which simplifies equation 3.50 to the Debye formula for powder patterns:



(@)= T} +3 3 rakr(a), S2m). 3:54)
K K J=K q.I

Equation 3.54 shows that the powder diffraction pattern for a distribution of

atoms can be calculated directly provided the distances between all atoms are known.
Thus the expected powder pattern can be calculated exactly if the atomic co-ordinates are
known. The main problem with this equation is that the number of calculations required
scales as N2, where N is the number of atoms, and hence it is not practical to use it for

calculating the powder pattern for a large number of atoms.

3.4 Experimental

All x-ray scattering measurements were completed on a Siemens D5000
diffractometer equipped with a Cu source tube. The tube was run at 35mA and 45kV.
Figure 3.9 shows a schematic diagram of the diffractometer set-up. A set of collimating
slits is used to produce a parallel beam. The divergence slit sets the width of the beam
falling on the sample. The anti-scatter slit minimises the amount of secondary radiation
entering the detector. The receiving slit determines the width of the beam directed to the
detector, whilst the graphite monochromator was used to ensure that no fluorescence
radiation impinged on the detector. The detector recorded total counts received for a
given angle over the time the diffractometer was held at that angle. Five different classes
of experiment were completed, as described below. The scan settings used for each type

of experiment are summarised is table 3.3.

Table 3.3: Scan serttings used for x-ray measurements

Divergence | AntiScatter | Receiving | First Angie Last Angle | Angle | Count

Slit Slit Slit (29) (20) Step Time

Standard 0.r° 0.1° 0.1 mm 03° 15° 0.05°| 15s
SAXS

In situ 0.1° 0.1° 0.1 mm 03° 15° 0.05°| 30s
SAXS

Standard 0.6° 0.6° 0.6 mm 5° 90 ° 0.1° 10s
WAXS

In situ 0.6° 0.6° 0.6 mm 15° 60 ° 0.1° 30s
WAXS

Ex situ 0.6° 0.6° 0.6 mm 15° 60° 0.1° 30s
WAXS
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Figure 3.9: Diagram of the Siemens D5000 Diffractometer gcometry for measuring
WAXS patterns (upper diagram) and SAXS patterns (lower diagram)

Standard SAXS
A known mass of carbon powder was placed in a vertical sample holder, giving a

sample thickness of ~ 2 mm. The sample was held in place with kapton film (a



61

fluorinated polyamide). The sample holder was installed vertically in the diffractometer,

allowing for measurements to be made at low angles by running in transmission mode.

In situ SAXS -

An electrochemical cell was constructed with the carbon electrode/separator/metal
foil clamped between two beryllium windows. The cell was held vertically in a delrin
holder that also provided electrical contact to the current supply. The scan conditions
listed in Table 3.3 were used repeatedly to obtain scans as a function of time.

Standard WAXS
A rectangular well with dimensions 25 x 20 X 2 mm was packed with the powder
of interest and a flat surface was obtained by careful compaction with a glass slide. The

holder was installed in the diffractometer horizontally.

Ex situ WAXS

Air-sensitive samples (i.e. carbons loaded with sodium vapour at high temperature
and then cooled) were placed in a shallow well in a holder that was covered by a semi-
circular mylar coated dome. The dome was screwed down to seal against an o-ring and
the mylar was glued around the top with torr-seal resin. The dome was designed to
prevent air exposure whilst not interfering with the scattering measurements. Because of
its semi-circular design, the beam was always at right angles to the mylar, minimising
both the amount of beam absorption and the amount of radiation scattered from the film
hitting the detector. The dome also provided an additional benefit — as it was loaded in a
helium filled glove box, the intensity of the beam incident on the sample was actually

higher than if the sample had been in air.

In situ WAXS

An electrochemical cell was prepared with only one beryllium window over the
carbon pellet electrode. This cell was placed in a holder that was designed to keep the
cell level, whilst also minimising off-axis shift of the carbon electrode. It was also

connected to the current supply.



Chapter 4

Carbon Structure

This project examined the electrochemical performance of solids containing
predominantly carbon (> 95 wt%), possibly with minor levels of hydrogen and hetero-
atoms such as oxygen or sulphur. Such materials can occur naturally as, for example,
coals, but can also be produced from an amazing range of precursors by inert atmosphere
heat treatment - for example, researchers have produced carbons from materials as
diverse as: olive stones [63], phenolic resin [64], coconut shell [65], wood [66] and
saccharose [67]. The structure of the majority of carbons cannot be easily described by
standard crystallographic terminology — there is no regularly repeating unit cell or set of
crystallographic axes. Nor can they be considered to be truly amorphous like the glasses.
The carbon atoms form structural units loosely based on that of graphite — a series of
aromatic layers (usually highly defective) stacked somewhat parallel to each other [27].
In this chapter, a rudimentary structural model for carbons based on gas adsorption and x-
ray scattering data will be presented that will be used in subsequent chapters to explain

sodium and lithium electrochemical performance.

4.1 Introduction to Carbon Terminology

As they are heated to higher temperatures, some carbons become more and more
graphitic in nature, with aromatic layers becoming more ordered and growing in size.
These carbons are generally called the soft or graphitizable carbons [58]. Other carbons
show very little graphitic structure development even after heat treatment to temperatures

62
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in excess of 3000K. These carbons are called the hard, glassy or non-graphitizable
carbons [68]. Work from this thesis and other authors [19] has shown that classifying
carbons into these two groups also provides a method for describing sodium and lithium
electrochemical performance. " Thus, this thesis describes the electrochemical
performance of both hard and soft carbons as a function of heat treatment temperature.

Much of the discussion on carbon structure will refer to graphene sheets. As a
first approximation, these sheets are based on the aromatic layers in graphite. Thus, a
graphene sheet can be thought of as containing sp” hybridized carbon atoms arranged in a
planar hexagonal network of limited lateral extent. This was the model developed by
Franklin in 1951 [69]. Defects such as strained carbon centres, sp’ hybridized carbons,
hetero-atoms and vacancies can result in buckling and distortion of the graphene sheets.
The extent of these defects and the nature and position of crosslinks between the layers
controls the overall microstructure of the carbon. Maire and Mering first incorporated
these defects into a carbon model [58], extending Franklin’s model. Large amounts of
such defects can result in the graphene sheets being arranged somewhat like a house of
cards [70]. In this situation, voids are present between the layers that are potentially able
to accommodate atomic species and small molecules. These voids (nano-scale porosity)
explain for example the high sorption capabilities of activated carbons used in areas such
as water purification and gas masks [27].

Based on this description of carbon structure, it could be said that graphite is the
pure, crystalline form of most of these carbons. In fact, it is often useful to describe the
carbon structure in terms of a model graphite structure. Pure graphite contains sp
hybridised carbons arranged as defect free graphene sheets, essentially of infinite lateral
extent. The sheets stack parallel to each other 3.35 A apart. This distance is large
relative to typical carbon — carbon bond lengths, giving weak interlayer bonds and thus
the layers are reasonably free to slide relative to each other. Overlap of the & clouds from
neighboring atoms within a layer results in delocalisation of electrons, allowing them to
move within the layers under the influence of an external electric field. This charge
delocalisation gives graphite-based structures excellent electrical properties. It is the
combination of these electrical properties with the low cost and high chemical resistance

of carbons that explains why they are used so widely as electrodes in metallurgical
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processes. The two main crystalline forms of graphite, 2H and 3R, differ only in the
layer stacking sequence of the aromatic sheets. For the 2H form, the layer sequence is
ABAB... whereas for the 3R form, the layers stack in the sequence ABCABC....[71].
Most commercially available graphites contain predominantly the 2H form. These two

different stacking sequences are shown schematically in Figure 4.1.

Figure 4.1: Differences in layer stacking for graphite. Left hand panel shows ABAB...
stacking of 2H-graphite. Right hand panel shows ABCABC ... stacking of 3R graphite.

The hexagonal unit cell for each structure is also shown on each panel.

When describing carbon structures, the crystallographic properties of graphite are
often used as a reference. For instance, x-ray scattering patterns of most carbons show
that some constructive interference occurs around a scattering angle of 20-26° 26. After
correcting for polarization and atomic scattering factor effects, this interference
corresponds to inter-atomic distances of ~ 3.3 - 3.5 A. Thus this peak is related to the
distance between graphene sheets, and is normally referred to as the 002 peak, in
reference to the 002 interlayer spacing peak of 2H-graphite. The 100 peak is also used to
estimate the lateral extent of the graphene sheets. Unless carbon materials are highly
graphitic in nature, the 100 peak (around 44° 20 scattering angle) is quite broad. In
addition, the peak is asymmetric, because it is generated by atoms in 2 dimensional sheets
[72]. The peak broadening is generally attributed to crystallite size — the sharper the
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peak, the larger the crystallite domains. It also includes contributions from strain within
the graphene layers (which effectively manifests itself as a distribution of in-plane inter-
atomic bond lengths), although the strain cannot be separated from the grain size effects
for a single peak. Many authors unote L. and L, values to represent the crystallite height
and the lateral extent of the average graphene sheet respectively. These values are

calculated from the Scherrer equation [73]:

L, =—22% (4.1)

c L]
BcosB;,

_ 1.842
®  BcosB,y

4.2)
where A is the x-ray wavelength, 0 is the scattering angle of the peak maximum and B is
the full width of the peak at half maximum (in radians). L. and L, values are considered
to be reliable for comparative purposes although the actual values may be much larger
[72].

4.1.1 Structural Changes During Heat Treatment

As a result of the complex range of structures formed during heat treatment of
most carbonaceous precursors, structural evolution is usually described in rather general
terms. It is useful to separate the changes into two regions — those occurring at
temperatures below ~ 700°C, when significant changes in chemical composition occur
and those occurring above ~ 700°C when the chemical composition only varies slightly
(primarily because the materials have a very high carbon content) and the microstructure
changes slowly with temperature. These two regions have been classified by Byme and
Marsh [27] as pyrolysis and carbonization respectively. During pyrolysis, the chemical
composition changes through release of small volatile molecules such as CHy, H-O, CO,

CO, and H,. These molecules are lost through a series of condensation and elimination
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reactions that help establish the basic carbon microstructure in terms of porosity and
external size and shape, whilst at the same time decreasing the mole fractions of
primarily hydrogen and oxygen in the carbon matrix [74].

Both the soft and hard carbons undergo this structural establishment process,
however the nature of the resultant structures is significantly different. The soft carbons
develop a reasonably lamellar structure, because they usually have a relatively high
aromatic content to start with. The layers therefore are relatively free to move and in fact
soft carbons go through a fluid phase during pyrolysis. This fluid phase allows layers to
move, where they tend to align themselves into small liquid crystal-like spheres known as
mesophase. The mesophase can coalesce forming larger spheres and eventually solidify,
as they get too large to remain suspended in solution, forming a structure with the
beginnings of graphitic order [75].

The hard carbons on the other hand, do not go through this fluid phase. Rather,
the chemical nature of hard carbon precursors encourages crosslinking. This sets the
structure into a rigid three-dimensional network that resists rearrangement. This
crosslinking also establishes the random layer stacking that leads to nanopore formation.

During carbonization, the soft carbons tend to become more highly lamellar and
the graphene sheets coalesce to form larger sheets. There is usually some residual weak
crosslinking between layers that pins the structure, and thus, although the layers may be
reasonably parallel, there are random rotations and translations of adjacent layers. This is
known as turbostratic disorder and is generally not relieved until there is sufficient
thermal energy to break the bonds. This does not occur to any significant extent until the
temperature exceeds ~ 2000°C [76].

The hard carbons do not undergo significant rearrangement of the layers even
when the temperature exceeds 3000 K. Such rearrangements are prevented by the
crosslinks between the layers. There are some subtleties during carbonization of hard

carbons in terms of changes in porosity that will be discussed later in this chapter.
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4.1.2 Carbon Structure Analysis

Chapters 2 and 3 provided an introduction to some of the most useful methods for
analysing carbon materials. Through use of gas adsorption, the amount and distribution
of porosity that is available to gas molecules can be determined. Small-angle scattering
can also be used to assess porosity in the carbon where it provides additional information
on the porosity as it measures both open and closed porosity. Additionally it will be
shown in this thesis that in situ small-angle x-ray scattering studies on operating
electrochemical cells can be used to show pores being filled. Wide-angle scattering
measurements, as indicated in the introduction to this chapter, can be used to gain an
understanding of the atomic micro-structure of the carbon. For the remainder of this
chapter, the structure of the carbons used in this study will be discussed.

4.2 Carbon Preparation

Four different carbon precursors were used for this work, together with

commercially available graphite from Fluka. The materials used were:

e poly-vinyl chloride (PVC) from Aldrich fine chemicals,
e coal tar pitch from Crowley Tar Company Ltd. (Pitch),
e glucose from Aldrich fine chemicals (Glucose), and

e aphenolic resin from Chemplex (Australia) Ltd. (Resin).

The first two precursors were selected to represent the soft carbons whilst the last
two were chosen to produce hard carbons. These precursors were chosen in order to
demonstrate that the mechanisms proposed for sodium and lithium insertion into soft
carbons apply to materials that nominally start out with vastly different chemical
structures.

Both the PVC and pitch were heat-treated as received. For the glucose and resin,

a pre-treatment process was required before they could be heat-treated further.
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Glucose Pre-treatment

A dehydration process was used in order to produce a useable precursor powder.
When glucose is heated in air to temperatures between 150-200°C, it melts or caramelises
to form a viscous fluid. During this melting, water vapour is evolved through
condensation reactions, causing the melt to foam dramatically. Thus the glucose was first
heated in air in an oven at 180°C for 24 hours to drive off most of the moisture. The
overall yield from this dehydration stage was ~ 80 wt%. The foam was then crushed in
an auto-grinder until it passed through a 300 pm screen. The resultant brown powder

was then used as the precursor for all subsequent heat treatment processes.

Resin Pre-treatment

Phenolic resins require a hardener in order to promote reaction and cross linking
through a curing process. For this resin, hexamethylene tetramine (HMTA — (H:N); -
(CHa,)s - (NH3)>) was used as the hardener. Powdered resin was mixed with ~ 16 wt%
HMTA and then heated in air to a final temperature of 205°C. The resultant solid mass
of cured resin was then crushed in the auto-grinder, again to pass through a 300 um

screen to give the resin precursor.

4.2.1 Sample Heat Treatment

All samples except for those heated to 1700°C were heat treated in the same
manner. A sample of powder (5 - 10 g) was weighed into an alumina boat. The boat was
then placed in a Lindberg tube furnace equipped with a mullite ceramic tube. The
samples were held at 110°C for one hour under an argon (UHP — Praxair) flow of 150
cm®/min. They were then heated at 1 °C/min to the final pyrolysis temperature where
they were held for 1 hour. Throughout the heating process, the argon flow was
maintained in order to remove any volatile species that were generated by the samples.
This is critical as the gases released during pyrolysis can further react with the carbon.

The 1700°C samples were loaded into a graphite tube and heated in an induction furnace
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under vacuum with the final heat-treatment temperature measured with an infra-red

pyrometer.
After pyrolysis, all samples were crushed in the auto-grinder until they passed

through a 75 pum screen. The resultant fine powder was suitable for gas adsorption,
SAXS, WAXS and electrochemical testing. Table 4.1 shows the samples produced for
this study.

Table 4.1: Carbon Samples Prepared for this Study.

Pitch | Glucose Resin
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Temperature
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1400 °C
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4.3 Carbon Analysis

4.3.1 Gas adsorption

N, gas adsorption measurements were completed as outlined in Chapter 2 on all
PVC and glucose samples. The PVC samples produced Type II isotherms (Figure 4.2)
with gas molecules being adsorbed over the whole pressure range. This implies a
multilayer adsorption process within mesopores and hence, as expected, these materials
contained minimal nanoporosity. The adsorption and desorption branches follow each

other very closely, showing that the mesopores were quite open to gas molecules. This is
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Figure 4.2: N> Gas adsorption isotherms for PVC samples as a function of heat treatment
temperature. For data sets where two curves can be resolved, the lower curve shows the

adsorption data whilst the upper curve shows the desorption data.



71

not surprising given that the dimensions of the pores are large relative to the gas molecule
dimensions. The amount of porosity increases with heat treatment temperature and then
decreases. This implies that the amount of open porosity changes slightly during
pyrolysis. Comparison with the glucose data presented later in the chapter shows
however that the magnitude of the changes observed is quite low. The important point
for these samples is that the volume of gas adsorbed is quite low, especially at low
relative pressures, implying that the amount of N accessible open nanoporosity in these
materials is low.

This behaviour is shown more clearly in Figure 4.3, which presents the DFT fit
pore size distributions extracted from the isotherms (in all cases, the agreement between
the calculated and experimental isotherms was excellent). These data show the changes
in pore volume with temperature. It can be seen that, despite the differences in pore
volumes, the pore size distribution remains reasonably constant, containing a wide range
of pore sizes from 2 nm upwards, as expected for a meso/macroporous material. Close
examination suggests that the major changes in pore structure occur around 2 - 4 nm. The
amount of larger porosity (~ 20 nm) remains essentially constant from 700°C onwards —
this is not unreasonable given that the majority of pyrolysis has occurred by this
temperature, leaving a fixed macrostructure. Subsequent changes in structure occur on a
much smaller level once developed — for example the 2 — 3 nm porosity level increases to
1000°C then decreases for higher temperatures.

It can be seen in Figure 4.4 that the glucose samples show dramatically different
behaviour. The low temperature isotherms were Type I isotherms, with large volumes of
gas adsorbed at low pressures [37]. The graphs show that the glucose samples contained
significant quantities of nanoporosity (as expected for hard carbons), that was already
well developed by 600°C, suggesting that the initial pore structure is controlled largely
by crosslinking in the precursor material. As the heat treatment temperature increased
above 900°C, the total volume adsorbed dropped dramatically and hysteresis began to
occur between adsorption and desorption. The volume changes showed that the volume
of nanopores accessible to N> dropped rapidly whilst the hysteresis implied that the
carbon also developed restricted pore openings, which prevent the pore from emptying

until the external pressure is low enough to cause the pore neck to empty. At even higher
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temperatures, the extent of hysteresis was reduced, implying that any partially blocked

pores became completely blocked.
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Figure 4.3: Pore size distributions for PVC carbon samples as a function of heat
treatment temperature. These data were calculated with a carbon slit DFT pore mode!

from the adsorption branch of the N; gas adsorption isotherms presented in Figure 4.2.
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Figure 4.4: N> Gas adsorption isotherms for glucose samples as a function of heat
treatment temperature. For data sets where two curves can be resolved, the lower curve
shows the adsorption data whilst the upper curve shows the desorption data. Note the

different vertical scales for the panels on the right compared to those on the left.
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The reduction in capacity and development of hysteresis in the gas adsorption
behaviour of sugar carbons as a function of heat treatment temperature have been seen
before and have been attributed to pore closure resulting from rotations of graphene
sheets into a position where the}; block pore entrances [77]. This will be discussed in
more detail in the next section on SAXS measurements.

The DFT pore size distributions for the glucose samples (Figure 4.5) clearly show
the presence of nanopores of ~ 1 nm in width. In fact for the samples up to 900°C,
essentially all the porosity appears to be in this region. For higher heat treatment
temperatures, it appears that mesoporosity develops at the expense of the nanopores and
that the nanopore volume rapidly disappears. However, given that there is hysteresis
between the adsorption and desorption branches of the isotherms, this is not necessarily
the case — where pores have restricted openings, diffusion of gas molecules into the pores
can become a major constraint for measuring the true volume adsorbed. For a matenal
with equilibration determined as a rate of change of pressure over a fixed time interval, if
molecules diffuse into pores slowly, then equilibration criteria may be met even though
the adsorbate has not reached the true equilibrium state. This would result in the small
pores filling at pressures higher than the true equilibrium pressure, causing the pore size
distribution to appear to shift to larger dimensions. If the time interval over which the
equilibration criteria are evaluated is increased then, especially for low pressure
measurements, there is a good chance that instrument drift, outgassing and leaks will also
effect the pressure.

Table 4.2 presents the BET and Langmuir surface area values together with the
total volume of gas adsorbed for each of the PVC and glucose samples. The Langmuir
equation was used for the glucose samples up to and including 900°C. After this
temperature, the Langmuir plots lost linearity and hence the BET equation was used for
the higher temperature glucose samples together with all the PVC samples. These data
show that, as expected for ma;terials containing a large volume of small pores, the surface
area of the low temperature glucose samples was significantly higher than that for the

PVC samples.
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Table 4.2: BET and Langmuir surface areas for carbon samples as a function of heat

treatment temperature. The error in these values is estimated to be less than + 10 %.

PVC GLUCOSE
Sample | Total Volume BET Total Volume | BET/Langmuir
Temp. Adsorbed Surface Area Adsorbed Surface Area
C) (cm’/g) (m’/g) (cm’/g) (m’/g)
600 6 7 127 550
700 9 10 124 540
800 10 9 114 500
900 7 81 350
1000 14 17 31 94
1100 9 7 13 27
1200 9 8 14 33
1300 13 15 11 16
1400 12 11 10 18
1700 9 7 8 9

4.3.2 SAXS Analysis

The SAXS data provide additional information on the nature of the porosity in the
carbon samples. The set of SAXS curves obtained with the PVC samples is shown in
Figure 4.6. The peak that is present at around q = 0.4 A’ is an artifact of the kapton film
in the sample holder. Initially the PVC appears to have some nano-structure indicated by
a hump in the SAXS profiles at ~q =0.3 Al As the pyrolysis temperature increases this
feature disappears until, by 1700°C, the sample essentially shows only Porod’s Law
behaviour, implying the presence of macroporosity. Although the low temperature hump
may result from the presence of nanopores in the structure, it is possible that it is actually
scattering from mesophase spheres. If the feature results from nanopores, it probably
comes from small disordered regions in the samples. These disordered regions become

more ordered during heat treatment and hence their contribution to small-angle scattering
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decreases as the heat treatment temperature increases. If the feature results from
mesophase then, as the spheres coalesce with increasing heat treatment temperature, their
size would increase dramaticaily and they would therefore no longer contribute
significantly to small-angle scattering.

Each small-angle curve was modeled using equation 3.41 to obtain structural fit
parameters. The results obtained are listed in Table 4.3.

Table 4.3: SAXS fit parameters for PVC samples modeled using equation 3.41 .

PVC A B Rg(l) C Rz(2) D GOF
600°C | 0.006 288 31 0.00000 0.0 0.18
700 °C | 0.011 72 40 | 0.00000 0.0 0.18
800°C | 0.015 1.7 5.1 0.00000 1.6 0.17
900°C | 0.013 0.3 70 | 0.00000 15 0.15
1000°C | 0.017 0.1 79 | 0.00012 32 1.9 0.13
1100°C | 0.017 0.1 79 | 0.00012 32 1.9 0.10
1200°C | 0.016 0.1 83 | 0.00015 32 1.3 0.12
1300 °C | 0.019 0.2 64 | 0.00018 32 I.1 0.11
1400°C | 0.017 0.3 55 | 0.00017 32 1.0 0.13
1700 °C | 0.019 0.3 49 | 0.00007 32 1.0 0.18

The SAXS fit parameters for the PVC samples quantify the changes summarized
earlier. It can be seen that the contribution from the nanosized scatterers disappears
rapidly (drop in B parameter). Although a larger scatterer size is required to obtain a
good quality fit for scans on higher temperature samples, the amount of this factor
required is low (C parameter). These data are consistent with the gas adsorption results
— both methods indicate that the amount of nanoporosity is negligible for most PVC

samples.
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The SAXS patterns for the glucose samples, shown in Figure 4.7, differ
significantly from those obtained for the PVC samples. All samples show an increase in
scattering relative to a Porod’s law background over the intermediate q range. Unlike the
PVC samples, this nano-size contribution increases in intensity as the heat treatment
temperature increases. Close examination also suggests that this increased intensity
results to some extent from a shift of the knee in the scattering curve to lower q (lower
angles). As the nanopore intensity is superimposed on top of a sloping background, it is
difficult to resolve the relative contributions to the total scattered intensity of the
scattering from the nanopore and that from the background when the nanopore changes
size. Therefore, the best way to analyse these data is to examine the fit parameters for
each of the scans. These parameters are presented in Table 4.4. Only one pore size was

required for this analysis.

Table 4.4: SAXS fit parameters for glucose carbons as a function of heat treatment

temperature.
Glucose A B Rg(1) D GOF BR;’
600 °C 0.004 5.0 44 1.0 0.13 434
700 °C 0.007 1.5 6.1 1.5 0.09 329
800 °C 0.007 1.1 6.9 24 0.12 360
900 °C 0.005 0.6 7.8 2.2 0.12 285
1000 °C 0.004 0.8 7.6 1.5 0.17 380
1100 °C 0.003 0.8 8.0 1.6 0.21 386
1200 °C 0.003 0.9 7.9 2.6 0.24 444
1300 °C 0.004 0.5 9.0 2.0 0.32 353
1400 °C 0.005 0.4 93 0.9 0.32 317
1700 °C 0.003 0.2 12.1 2.0 1.03 390
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The fit parameters show that the pore size increases with heat treatment
temperature, whilst the number of pores (as measured by the B parameter) decreases with
temperature. As the B parameter is a measure of the number of pores, then the product of
B and R,’ indicates the total pore volume in the sample. This parameter is shown as the
last column in Table 4.4. The values obtained for pore volume remain reasonably
constant as the heat treatment temperature increases. This, together with the pore size
changes, shows that as the heat treatment temperature increases, the pore volume remains
fixed whilst the pore size increases, suggesting that pore walls between adjacent pores
may be moving. This has been seen before and has been attributed to the rotation of
graphene layers between two void volumes [77]. An example of such a process is shown
in Figure 4.8. These data may appear to contradict the data obtained from gas adsorption
analysis. These data showed the pore volume decreasing as the heat treatment
temperature increased. However these data also showed that hysteresis developed in the
isotherms, attributed to pore restrictions. Thus it is feasible that the sheets rotating to
create larger pores also block off or partially restrict pore openings. Also at higher
temperatures, some carbon moeities may be sufficiently mobile to diffuse from one
location to another. This may also contribute to pore blockage as the carbons would tend

to diffuse to the edges of sheets where more bonding sites are available.

Openings

After heat treatment

Before heat treatment

Figure 4.8: Schematic diagram to show how rotating graphene sheels create larger
pores but may also block off pore openings. The left diagram on the left shows a low
temperature sample, whilst that on the right shows the same sample after heating to a

higher temperature. The rotating sheets are indicated on the left panel by dotted lines.
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4.3.3 WAXS Measurements

The WAXS patterns for the PVC samples (Figure 4.9) show a quite well
developed 002 peak (around 25°) that increases in intensity and becomes narrower as the
heat treatment temperature increases. This is consistent with the idea that these samples
(and soft carbons in general) contain graphite-like domains that show an increase in layer
stacking as the heat treatment temperature increases. The 100 peak (around 44°) also
develops with heat treatment temperature consistent with an increase in size of the layers,
as coalescence of domains occurs.

The WAXS patterns in Figure 4.10 show that the structure of the carbons derived
from glucose change only slowly with increasing heat treatment temperature. There is
some development of the 002 peak, although it still remains quite low in intensity relative
to the background. This implies that layered stacking only occurs to a small extent in
these materials, consistent with a structure where the layers are pinned relative to each
other and require large energies (i.e. high temperatures) in order to break the interlayer
crosslinking bonds. The slow development of the 002 peak is consistent with the pore
closure mechanism proposed in the previous section — as some layers rotate into paraliel
alignment with other layers, the average number of layers per stack will increase. Given
that it is unlikely that more than one layer within a pore will rotate, it is probable that the
maximum extent of stacking extends only a few layers. There also appears to be some
development of the 100 peak, implying that there is lateral growth of layers, although, as
with the 002 peak, intensity over this angular range also only develops slowly.

In order to quantify the changes, layer stacking ratios (R) for these samples
together with the 002 average interlayer spacing (d go2 — determined from the position of
the peak maximum), L. crystallite height values and L, values calculated from the width
and position of the 100 peaks are presented in Table 4.5. The layer stacking ratio, R, is
simply the ratio of peak height to the height of the background, and provides an
indication of the average number of stacked layers. The 002 peak position cannot be

readily extracted from the data measured by the diffractometer, especially for the glucose



3000

1000 |
- 1000°C } 1700°C {2000
500 ¢ 11000
0 K” e N )
1000 |
900°C 1400°C {2000
Y 500 11000
/7]
vl
S 0
o
i 800°C 1300°C {2000
>
=
» 11000
c
[ —
= 0
700°C 1200°C {2000
=00 11000
0 = 0
1000 |
600°C 1100°c  |2000
500 ¢ ;__,,//\\_ {1000
0 ; - SR * = )
10 20 30 40 50 10 20 30 40 50 60

20 Scattering Angle (°)

Figure 4.9: WAXS patterns measured on carbons derived from PVC as a function of heat

treatment temperature. Note the difference in scale between the panels on the left and

those on the right.



84

~Y T

600 1000°C 1 1700°C
300
0 ~+— —+
600 900°C 1400°C
» 300
n
=
s 0 +
o
A 1300°C
>
=
(/4]
e
D
b
£

1200°C

1100°C

10 20 30 40 50 10 20 30 40 50 60
20 Scattering Angle (°)
Figure 4.10: WAXS patterns measured on carbons derived from glucose as a function of

heat treatment temperature. The method used to calculate the layer stacking ratio, R, is

indicated on the 1300°C sample.



85

glucose samples. In order to determine the true peak position, the data need to be
corrected for the change in atomic scattering factor with scattering angle together with
the Lorentz and polarization factors. Figure 4.11 presents the WAXS data for the PVC
samples whilst Figure 4.12 presents the WAXS data for the glucose samples after the
corrections have been applied. This set of graphs shows that there is very little shift in
the position of the 002 peaks in the PVC samples because they are already quite narrow,
minimising the impact of the corrections. For the glucose carbons on the other hand, the
correction causes the peaks to shift to higher angles, much closer to those seen for the

PVC carbons.

Table 4.5: Parameters calculated from WAXS patterns for both PVC and glucose.

PVC GLUCOSE
Temp. R [dyp2*02A[Lc(A) [La(A) | R [ dpp220.54 | L (A) | La (A)
600 °C 4 3.4(1) 11 24 1.4 3.6 9 20
700 °C 4 3.3(8) 10 31 1.4 3.5 8 23
800 °C 5 3.4(1) 13 33 1.5 3.5 8 25
900 °C 5 3.4(0) 12 36 1.6 3.5 9 27
1000 °C 11 3.4(2) 15 41 1.7 3.5 9 36
1100 °C 17 3.403) 21 52 1.6 3.5 9 36
1200°C | 24 3.4(3) 21 59 1.7 3.5 9 36
1300°C | 35 3.4(3) 29 61 1.7 3.5 9 36
1400°C | 73 3.4(3) 37 66 1.7 3.5 9 36
1700 °C | 147 3.4(3) 102 81 2.7 3.5 11 45

The R values for the two materials clearly show the difference in layer stacking as
a function of heat treatment temperature. The PVC samples show a rapid increase in R
with increasing heat treatment temperature. The glucose samples on the other hand show
only slight changes in R. The L. values show the same trends as these R values, which is
to be expected as they are measures of the same property. The interlayer spacing for the

glucose sampiles is slightly higher than that for the PVC samples, although this may in
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part be due to the difficulties of finding the peak maximum in the WAXS patterns. For
both the PVC and glucose samples, the interlayer distance is larger than the distance
found in 2H graphite. This increased distance most likely results from turbostratic
disorder within the material preventing layers from aligning in an ordered ABAB... type
stacking sequence. For both materials the average sheet size increases with increasing
temperature although it appears that the PVC samples increase in this dimension more

than the glucose samples.

4.4 Carbon Models

Based on the data presented in this chapter, the following models can be proposed

10 explain structural development in hard and soft carbons respectively.

4.4.1 Soft Carbon Model

Soft carbons contain very little nanoporosity even during early stages of heat
treatment, primarily because of significant layer stacking. As the heat treatment
temperature increases, the number of stacked layers in small crystallite domains increases
rapidly, whilst the lateral dimension of the sheets increases more slowly. These carbons
can contain meso and macroporosity, allowing for multilayer gas adsorption, probably
arising from a random arrangement of small crystallite domains. Even up to high
temperatures (~1700°C), the carbons contain turbostratic disorder which prevents all the

layers stacking in a regular arrangement.

4.4.2 Hard Carbon Model

Hard carbon materials tend to develop large volumes of nanoporosity at low
temperatures. There is little change in the volume of porosity in these carbons as they are
heat treated to higher temperatures, although the average pore size appears to increase.
This increase in average pore size may occur through rotation of pore walls between

adjacent pores into parallel alignment with other graphene sheets. This rotation has three
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effects: it increases the pore size as required, it leads to a small increase in the average
number of layers in a stack and it can result in pore openings being partially blocked if it
rotates into the opening. This blockage causes the volume of open porosity measured by
gas adsorption techniques to decrease, both through increased diffusion times and by
creating a bottleneck in the adsorption process. It is also likely that many of the pore
openings become small enough to prevent gas molecules entering.

The validity of these models is demonstrated in Figures 4.13 and 4.14, where the
SAXS and WAXS patterns for the Pitch (soft carbon) and Resin (hard carbon) samples
are presented. Values calculated from the SAXS and WAXS patterns in accordance with
the methods used to quantify the changes in the PVC and glucose carbons are
summarised in Tables 4.6 and 4.7.

The SAXS patterns show the presence of nanoporosity in the hard carbon that
remains even after heat treatment to high temperature. As with the glucose samples, an
increase in the average pore size shifts the contribution from the nanopores to the
scattered intensity to lower angles, whilst the total pore v;>lume remains approximately
constant. The pitch carbons show some initial nanoporosity that rapidly disappears as the
heat treatment temperature increases, leaving a material with primarily meso and
macropores (Porod’s law slope in SAXS curves).

The WAXS patterns show only slow development of carbon layering in the resin
samples, with much of this probably resulting from graphene sheet rotations to create
larger pores. The pitch samples show rapid growth of layered crystallites with increasing
heat treatment temperature, consistent with a material that is highly mobile. Again, the

interlayer spacing is large, implying the presence of significant turbostratic disorder.
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Table 4.6: Calculated SAXS Parameters for Pitch and Resin samples.
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PITCH A B Rg(1) BR’ D GOF
600 °C 0.004 24.12 3.15 757 0.0 0.20
800 °C 0.015 0.80 5.56 137 0.3 0.19
1000°C | 0.013 0.10 8.50 61 2.2 0.16
1200°C | 0.013 0.00 15.57 18 2.2 0.31
RESIN A B Rg(1) BR’ D GOF
600 °C 0.0035 3.58 4.56 339 6.7 0.09
800 °C | 0.0034 0.73 7.35 290 2.0 0.16
1000 °C | 0.0031 0.78 7.88 383 3.8 0.29
1200 °C | 0.0036 0.81 8.01 416 33 0.49

Table 4.7: Calculated WAXS Parameters for Pitch and Resin samples.

Pitch Resin
Temp. R [ do2A) | Le(A) | La(A) R d02(A) | Lc (A) [ La(A)
600 °C 4.1 3.43 18 22 1.1 3.6 7 18
800 °C 5.2 3.41 15 32 1.4 3.5 8 26
1000 °C 11 3.43 16 36 1.6 3.5 8 29
1200°C | 31 3.45 25 63 1.6 3.5 8 28




Chapter 5

Electrochemical Testing

The electrochemical cells used for this project are conceptually simple. A slurry
of carbon powder coated onto a copper foil acts as one electrode whilst either lithium or
sodium metal acts as the counter electrode. The electrodes are immersed in an electrolyte
solution containing the hexaflourophosphate salt of the metal dissolved in an organic

solvent. In traditional electrochemical notation, the cell can be written as:
Fe (in stainless steel) | M | M" (1.0M) | MCs| Cu | Fe (in stainless steel)

A schematic diagram of such a cell is presented in F igure 5.1, where the carbon is

Figure 5.1: Schematic diagram of electrochemical cells used in this study. The electrode
on the left is the metal whilst that on the right is the test material. The left and right hand

panels show the movement of ions and electrons during discharge and charge.

93
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represented by an ideal layered structure such as would be found in graphite. The first
panel shows the spontaneous direction of operation of the cell — ions from solution enter
the carbon matrix to combine with an electron from the external circuit. The metal
electrode ionises, providing charge balance through release of both a metal ion and an
electron. When the current flows in this direction, the cell is said to be discharging.

If an external potential is applied such that the current direction is reversed, then
the reverse process occurs, as shown in the right hand panel. The metal is released from
the carbon matrix whilst metal ions plate onto the metal electrode. When the current
flows in this direction, the cell is said to be charging. Performing one discharge and one
charge constitutes a cycle for the cell. The capacity for a given discharge or charge stage
is the amount of charge (in mAh) passed during that stage per gram of active material.

The capacity is directly proportional to the amount of metal ions inserted into or

removed from the carbon electrode.

Casing Top - Negative Terminal

@ Disk Spring

Stainless Steel Spacer

Sodium/Lithium Metal

<>
D
® Separator
>
-

Carbon Electrode

Casing Bottom - Positive terminal
Figure 5.2: Expanded view of cell components

Figure 5.2 presents a schematic diagram of the actual coin cell design used. The
separator material is a porous polypropylene film that prevents direct electrical contact
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between the carbon and alkali metal electrodes whilst allowing solvated ions to flow.
The disk spring is included to maintain constant pressure between the two electrodes. All
coin cells were assembled and then hermetically sealed in a glove box under argon to

prevent air exposure.

5.1 Thermodynamics of Operating Cells

If the chemical potentials of metal atoms in the two electrodes are Hmetal a0d Learbon
respectively (in conventional electrochemical notation, the anode is the metal electrode
during discharge and the carbon electrode during charge), then the free energy change

that occurs when a metal “atom” moves from the metal electrode into the carbon is:

AG:pcarbon —p'metal‘ (5'1)

The amount of electrical work (W) done when n moles of electrons flow across a

potential difference ¢ is:

W =nFe, (5.2)
where F is Faraday’s number, the charge on one mole of electrons.

If it is assumed that the amount of PV work occurring as the electrodes expand

and contract is negligible [19], then the change in free energy of the alkali species is

equal in magnitude to the amount of electrical work performed, i.e.

AG=—-nFe. (5.3)

Combining equation 5.1 with equation 5.3 when one electron flows gives:

—€E= U cupon — M mewas » (5.4)
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(where e is the magnitude of the charge on an electron) which can be rearranged to:

T (umne ~Hmeat) (5.5)

This equation shows that the open circuit voltage of a cell depends on the
difference in chemical potential of alkali species in the two electrodes. As the chemical
potential of metal atoms in the metal electrode is constant, the open-circuit voltage is
effectively a measure of the chemical potential of metal atoms in the carbon electrode.
Hence a graph of potential difference versus metal content in the carbon is, in essence, a
graph of the chemical potential of the alkali species in the insertion sites in the carbon
electrode (relative to the chemical potential of the metal).

Although the open circuit potential difference of the cells made in this study is a
measure of the chemical potential of lithium/sodium species in the carbon electrodes,
there are a number of other factors that will contribute to the measured cell potential
when current is flowing. The materials in the cell provide an internal resistance, which
manifests itself as an IR drop. This internal resistance arises primarily from the relatively
low conductivity of the electrolyte solution. The presence of this IR drop is shown in
Figure 5.3. This figure contains discharge-charge profiles for carbon electrodes where
the current flow has been halted at regular intervals. The upper panel shows the
measured sodium behavior, whilst the lower panel shows the lithium behavior. The IR
drop for the lithium cell is larger than that for the sodium cell presumably because the
lithium cell was operated at twice the current used in the sodium cell. Also there are most
likely differences in ionic conductivity between the two electrolyte solutions. Although
the calculated resistance is quite high (~ 400 Q), because the cells are operated at such
low currents (~ microamps), the resultant IR drop is low enough that it does not change
the position of the electrode potential significantly (< 0.05 V). It certainly does not
change the shape of the voltage profiles, which is the most important part of these data.
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Figure 5.3: Measurement of IR drop within operating cells. Upper panel - sodium cell,

lower panel — lithium cell.

5.2 Kinetics within operating cells

There are two factors that can impose a kinetic limitation on cell potential. The
first is diffusion of species through the electrodes, the second is limitations imposed by
kinetic barriers to insertion of lithium/sodium species into some sites within the carbon
host. Diffusion effects can be minimised by operating at low currents. Activation effects
are inherent to the materials being examined and cannot be eliminated in these cells. If
there is an activation barrier to some insertion process that is large relative to the thermal
energy, kgT, then insertion of species into these sites will only occur slowly (if at all)
once the cell potential is lower than the chemical potential of the alkali species in those
sites. As more alkali species insert into alternative sites, it is reasonable to expect that the
magnitude of the activation barrier may be reduced by changes in the local chemical
environment. Thus if the cell potential is low enough, the sites “protected” by an

activation barrier can be filled, although they will fill at a potential lower than the
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chemical potential of the alkali species in those sites. This will produce hysteresis in the
voltage profiles, with insertion occurring at a significantly lower cell potential than
removal. Such behaviour has been seen with hydrogen containing carbons [78] and will

be discussed in more detail in section 5.5.2.

5.3 Interpretation of Electrochemical Data

Figure 5.4 shows the different terminology used in discussing the electrochemical
data. The upper panel shows the data after converting run time into capacity. As the cell
discharges, the potential drops. Once the potential drops below 0 V relative to the metal,
the cell is allowed to continue discharging until the metal plating is detected. This is
shown in the inset in the upper panel where there is an obvious change in gradient of the
potential curve. Once plating is seen, the current direction is reversed and the cell
potential increased again. The lower panel shows the same data in an alternative format.
In this case, the capacity during charge is folded back on top of the discharge. This
format makes it easy to resolve the irreversible capacity (capacity loss between first
discharge and first charge) and the reversible capacity (the amount of metal that can be
inserted into and then removed from the carbon). This format also makes it easy to see
hysteresis between discharge and charge and to see the capacity in regions such as the
low voltage plateau. This format will be used to present the electrochemical data

obtained on all carbon samples.

5.4 Experimental

5.4.1 Construction of thin film cells

Electrodes were prepared by dissolving ~ 200 mg of the carbon powder together
with ~ 10 mg of super S carbon black (MMM Carbon) in ~ 140 mg of N-methyl
pyrrolidinone (NMP) containing ~ 10 wt% poly(vinylidene fluoride) (PVDF) in NMP
(NRC,Ottawa). Additional NMP was added to produce an appropriate slurry consistency.
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Figure 5.4: Interpretation of electrochemical test results. The upper panel is a potential
vs capacity curve. The lower panel shows the same data with the charge folded back

over the discharge data.

The slurry was mixed well and then poured out onto a piece of copper foil. The slurry

was spread evenly onto the copper foil with a doctor blade and dried for ~ 2 hours in an
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oven held at 110°C. A 12.5 mm diameter circular electrode containing ~ 8 mg of active
material (i.e. the carbon), was then punched from this foil and taken into an argon filled
glovebox and placed in the stainless steel cell can. Enough electrolyte solution (1M
LiPF¢ or NaPFs dissolved in a 33:67 vol% blend of ethylene carbonate/diethyl carbonate
— EC:DEC) was added to moisten the electrode. A Celgard 2400 microporous
polyethylene film separator was added followed by more electrolyte. For the sodium
cells, two polypropylene mesh spacers and a second separator were also added to enable
the cells to run without shorting. Metal foils (commercially available for lithium, pressed
by hand for sodium) were then added followed by the stainless steel spacer and disk
spring combination. The cell top was added (isolated from the can by the polypropylene
gasket) and the cell was hermetically sealed with a crimper. Stainless steel tabs were
welded to the outside to allow for electrical contact to the charger bank. A current of 40
KA was used for the sodium cells whilst 80 pA was used for the lithium cells. These
currents were low enough so that the cells were close to equilibrium at all times but also

high enough to complete the required measurements in a reasonable period of time.

5.4.2 Construction of in situ x-ray cells

For in situ x-ray measurements, more material was required than present on the
copper foil in order to enhance the x-ray scattering. Pellet stock was prepared by mixing
6 g of carbon powder with ~ 0.3 g super S and 6 g of a binder solution containing ~ 2.5
wt% ethylene propylene diene terpolymer (EPDM) dissolved in cyclohexane. Excess
cyclohexane was added and the resultant slurry was mixed with zirconia media beads in a
shaker bottle for five minutes. The cyclohexane was then allowed to evaporate in a
fumehood, giving a friable powder. Circular pellets containing ~ 0.1 g of active material
were then pressed from this powder under 15,000 kPa with a hydraulic press.

For the in situ WAXS cells, a circular hole 17 mm in diameter was cut into the
stainless steel can. Roscobond (Rosco, Port Chester, N.Y) pressure sensitive adhesive
was applied to the inner rim of the can and a 0.01” thick beryllium window (Brush-

Wellman, Grade PF-60) was pressed into the can against the rim. For the in situ SAXS
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cells a hole was also cut in the cell cap. A 0.02” thick window was used in the can and a
second window, 0.03” thick was pressed into the cell cap, again using Roscobond for
adhesion. This window was required in the cap to allow the cell to be operated in
transmission mode.

The in situ cells were assembled in the glovebox. The pellet was placed on the Be
window in the cell can and saturated with electrolyte. Two separators were then added
followed by the metal foil. A thin spacer and spring combination was used in the WAXS
cells. As the spring and spacer absorbed x-rays strongly, they could not be used in the
SAXS cells. The thicker Be windows in these cells provided the pressure required to
provide good contact between the electrodes. After crimping, the cells were removed
from the glovebox and beads of Torr-Seal epoxy resin (Varian) were placed around the
edges of the holes in the can and cap in order to seal the joint completely (if no Torr-seal
is added, the cell started leaking electrolyte after some time, suggesting that the
electrolyte solution slowly dissolved the Roscobond).

The in situ WAXS cells were installed into a cell holder as shown in Figure 5.5.
This holder maintained the cell in the correct location and orientation in the
diffractometer whilst also providing electrical contact to both sides of the cell. The in
situ SAXS cells were installed vertically in a delrin holder mounted in the diffractometer.

This holder also provided electrical contact to the cell. A SAXS cell in the holder is
shown in Figure 5.5.

Figure 5.5: Sample holders used for in situ WAXS (left) and SAXS (right) measurements.
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5.5 Electrochemical Test Results

5.5.1 Graphitic Carbon

The electrochemical curve for the graphitic carbon against lithium (Figure 5.6a)
shows that such materials can accommodate a large amount of lithium (~ 1 lithium for
every 6 carbons) with this capacity occurring along a set of plateaus in the potential
curve. These plateaus correspond to the development of staged intercalation compounds,
where the nth stage is n carbon layers separating each layer of lithium atoms. As the
capacity increases, the stage number decreases, implying that the lithium layers become
closer together.

The potential-capacity curve of the graphite against sodium (Figure 5.6b) shows
that very little sodium can be incorporated into the carbon host (with no evidence for
staging). In fact much of the capacity observed corresponds to insertion of sodium into
the carbon black in the electrode together with some plating on the electrode surface,
seen in the inset of Figure 5.6b. Normally the carbon black capacity is small relative to
the capacity of the electrode and can be ignored to a first approximation. For example, in
these electrodes, the small amount of super S contributes ~ 9 mAh/g to the lithium
capacity [79] and ~ 5 mAh/g to the sodium capacity (measured during this project). In
this case, because the sodium capacity is so low, the contribution from the carbon black
to the reversible capacity cannot be ignored.

The observation that very little sodium intercalates into graphitic carbon under
normal pressures is consistent with observations from other authors [11], [80].
Theoretical calculations suggest that this behaviour occurs because the attractive
interaction between intercalated sodium and the carbon layers is extremely weak [81].
Thus there is no strong energetic driving force to encourage the sodium to intercalate

rather than deposit as metal on the electrode surface.
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Figure 5.6: (a) Lithium and (b) sodium insertion into graphitic carbon. The inset in (b)
shows evidence of metal plating at 80 mAh/g during the first discharge and 87 mAh/g

during the second discharge.

5.5.2 Soft Carbon

The lithium and sodium electrochemical profiles obtained for carbons derived
from PVC from 600°C to 1000°C are shown in Figure 5.7. The two most notable
features for lithium insertion into the 600°C sample are the extremely high capacity and
the large hysteresis in the voltage profile between charge and discharge. As the heat
treatment temperature increases, the capacity drops rapidly (requiring a change of scale
for the 800°C sample) and the extent of hysteresis also seems to be reduced. For sodium
insertion, there also appears to be some hysteresis in the voltage profiles in the lower
temperature samples, however there is no large drop in capacity as the temperature

increases. The other feature of these profiles is that both sodium and lithium insert into
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the carbon host at a range of potentials — as evidenced by the negative slope in the
capacity curves. For the remainder of this thesis this behaviour will be referred to as
insertion along the sloping voltage region.

In order to understand the changes occurring in these potential profiles it is worth
examining the derivative curves. These curves can be generated by taking the
derivatives, dQ/dV, of the capacity data and plotting these values against the cell
potential. A plateau in the voltage profiles appears as a peak in the derivative curve,
making such features much easier to resolve. This is important because alkali species
entering sites with a uniform chemical environment will do so at constant chemical
potential producing a plateau in the voltage profile. The derivative curves for the PVC
cells are shown in Figure 5.8. The positive portion corresponds to removal of
lithium/sodium from the carbon (charge), whilst the negative portion shows
lithium/sodium insertion into the carbon (discharge). The most obvious feature of these
derivative curves, particularly in the lower temperature lithium samples, is a peak centred
around 0 V for lithium (not resolved for sodium) during discharge that shifts to ~ 1 V for
lithtum and 0.5 V for sodium during charge. As the temperature increases, the size of
these peaks decrease, whilst their positions remain reasonably constant, implying that
there are sites within the carbon of approximately constant chemical potential and that the
number of these sites available decreases with increasing temperature. The large
difference in potential between discharge and charge for the lithium samples is the cause
of the hysteresis in the voltage profiles and, as discussed earlier, indicates that insertion
into these sites is hindered by a large activation barrier.

The primary compositional change that occurs to carbon materials from 600-
1000°C is loss of hydrogen [82]. Work by Zheng [78] showed that there was a strong
correlation between the hydrogen content of the carbon and the capacity of the 1V
plateau on charge. Based on this evidence together with kinetic studies, it was proposed
that lithium reacts with hydrogen-terminated aromatic carbon centres to form a species
analogous to organo-lithium species (-C,H>L1i,), as shown in Figure 5.9. This model was

supported by theoretical calculations completed by Papenak [83].
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Figure 5.9: Reaction between lithium and hydrogen terminated aromatic carbons.

For this reaction to occur, the carbon centres need to rehybridise from sp2 to sp°
and new bonds need to form to the lithium. It is likely that a relatively large activation
barrier exists for the process of moving the carbon centres from the plane to tetrahedral
positions. Assuming that this mechanism occurs for sodium insertion, then the hysteresis
in the low temperature sodium profiles can also be explained through a similar process
with different energetics. The obvious differences in energetics are that the sodium
capacity through this mechanism is small compared to the lithium capacity and that the
magnitude of the hysteresis introduced is significantly lower. This implies that the
sodium bonds in a different manner that has a lower activation barrier and fewer sodium
species can be accommodated in a given number of insertion sites.

As the heat treatment temperature increases, the differential capacity curves
become smooth and featureless. This is consistent with the observed sloping voltage
profiles and occurs for electrode materials containing sites with a distribution of chemical
environments. To understand this behaviour, it is useful to examine the voltage profiles
for the higher temperature samples presented in Figure 5.10. Examining these data in
conjunction with the data for the lower temperature samples shows that, after accounting
for interactions between lithium/sodium and hydrogen terminated carbon centres, both
the lithium and sodium capacities along the sloping voltage profiles decrease with

increasing temperature as shown in Figure 5.11.
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Figure 5.11: Change in reversible capacity with temperature for PVC carbons.

It can be seen that the lithium and sodium capacities decrease at the same rate with the
sodium capacity consistently lower than the lithium capacity. In the previous chapter, it
was shown that as the heat treatment temperature increased, the average number of layers
in a stack increased dramatically for the PVC carbons. This shows that the layers are
quite mobile at elevated temperatures, being able to rotate into approximately parallel
alignment with adjacent layers. However, even at quite high temperatures, the layers are
not arranged in the regular ABAB stacking found in graphite, because crosslinks between
layers prevent the necessary small scale rotations and translations required to form such
an arrangement. It has been shown [84] that during lithium insertion into graphitic
carbons, the graphene layers need to shift into an AA type stacking arrangement. Thus in
the turbostratically disordered carbons it is likely that many of the layers are unable to
shift because of edge pinning. This effectively makes some of the interlayer insertion
sites inaccessible to lithium. As more layers move into parallel alignment, the number of
layers pinned with inappropriate stacking increases. This causes the observed decrease in
capacity. For higher temperatures, (eg > 2000°C) the turbostratic disorder starts to be
relieved, allowing for an increase in capacity again, until the relatively high capacity of

graphitic carbons is reached.
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It was shown earlier that, unlike lithium, only small quantities of sodium could be
inserted into graphitic carbons. Thus, even with layer shifting to AA stacking, the sites in
graphite are not suitable for sodium insertion. This implies that some sites suitable for
lithium insertion are not suitable for sodium insertion. This could explain the difference
in capacity seen for the PVC carbons — many of the sites that can accommodate lithium in
the low temperature samples are not suitable for sodium. If these sites are still present in
the high temperature samples then the change in capacity for the two metals should
follow the same trend but with a different “background”. This would manifest itself as a
constant offset between the sodium and lithium capacities. This behaviour is evident in
Figure 5.11. It is possible that this effect is caused in part by size differences — the
atomic radius of sodium being 186 pm compared to 152 pm for lithium.

The electrochemical curves presented in Figure 5.12 for carbons prepared from
the pitch precursor show that the behaviour seen for PVC is also seen for soft carbons
prepared from a vastly different precursor. Chapter 4 showed that the structures of PVC
and pitch derived carbon as a function of heat treatment temperature were similar. This,
combined with the electrochemical data shows that, for materials with increasing layer
stacking, the sodium and lithium capacity decreases with increasing heat treatment
temperature. In addition, the hydrogen content in the low temperature samples produces
a large lithium capacity together with hysteresis in the voltage profiles for both sodium
and lithium insertion. As the temperature increases, the amount of residual hydrogen in
the carbons decreases and the capacity attributed to interactions with hydrogen
terminated carbon centres also decreases. This gives confidence that the mechanisms
proposed for lithium and sodium insertion into PVC derived soft carbon will be valid for

a wide range of soft carbon materials.
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5.5.3 Electrochemical Performance of Hard Carbons

The 600°C carbon (Figure 5.13) prepared from glucose showed similar behaviour
to the 600°C carbon prepared from PVC (Figure 5.7). The lithium capacity was very
high and the voltage profile exhibited hysteresis of ~ 1V. In order to show this
behaviour, a much larger scale is used in Figure 5.13 for the 600 and 700°C samples than
for the 800 — 1000°C samples. As for the PVC sample, the sodium cell also produced
hysteresis but the capacity was low relative to the lithium cell. This would imply that
both the lithium and sodium were interacting with hydrogen terminated aromatic centres,
forcing the carbons to rehybridise. As the heat treatment temperature increased, the
extent of hysteresis was reduced and the capacity attributable to hydrogen decreased, as
expected for these hard carbons that also see loss of hydrogen as the primary
compositional change occurring during carbonization to ~ 900°C [82]. These samples
also exhibited a sloping voltage region, implying that some interlayer insertion occurs.
The x-ray studies of the structures of these carbons suggested that the graphene layer
stacks on average extend for 1, 2 or 3 approximately parallel layers. It is therefore likely
that much of the capacity along the sloping voltage region, particularly at low voltages,
actually results from adsorption of lithium/sodium atoms onto the external surfaces of
these layer stacks, rather than insertion between layers.

The most notable feature of these carbons for both sodium and lithium insertion is
the presence of significant capacity at a potential close to that of the metal itself. This
capacity has been referred to as capacity along the low voltage plateau [85]. For the
sodium samples, this low voltage plateau is already well developed in the sample heat
treated to 700°C. For lithium insertion, it only starts to contribute significant capacity for
samples heat-treated to 900°C or higher.

Figure 5.14 presents the electrochemical data for the samples heated to higher
temperatures. These curves show surprising differences between sodium and lithium
insertion into these materials. As the heat treatment temperature increases above 1300°C,

the lithium capacity along the low voltage plateau drops rapidly, until, by 1700°C,
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essentially all the capacity (which is quite low for lithium insertion) occurs along the

sloping voltage region. For the sodium cells, the capacity along the sloping voltage
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Figure 5.13: Electrochemical profiles for lithium (left hand side) and sodium (right hand
side) insertion into glucose derived carbons heat treated in the range 600 — 1000°C.

Note that the scale for the lithium cells is different for the 600 and 700°C samples.
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region decreases whilst the capacity along the low voltage plateau appears to remain

essentially constant. The capacity changes seen are summarised in Table 5.1.

Table 5.1: Capacity changes (mAh/g) for carbons derived Jfrom glucose as a function of

heat treatment temperature

Lithium (+ 10 mAh/g) Sodium (+ 10 mAh/g)
Sloping Voltage Low Voltage | Sloping Voltage | Low Voltage
Region Plateau Region Plateau
700°C N/A N/A 105 106 (50 %)
800°C 249 41 (14 %) 97 130 (57 %)
900°C 242 114 (32 %) 107 132 (55 %)
1000°C 211 214 (50 %) 104 163 (61 %)
1100°C 173 184 (52 %) 98 209 (68 %)
1200°C 206 190 (48 %) 105 189 (64 %)
1300°C 168 204 (55 %) 81 188 (70 %)
1400°C 184 55 (23 %) 75 201 (73 %)
1700°C 148 29 (16 %) 50 236 (83 %)

Although there is some scatter in these data, they clearly show the loss in capacity
along the low voltage plateau of the lithium cells at higher temperatures. They also show
the decrease in sloping voltage capacity for the sodium cells coupled with the retention of
low voltage plateau capacity.

The differential capacity curves for the glucose samples are presented in Figure
5.15 and Figure 5.16 to help explain the nature of the insertion process along the low
voltage plateau. These curves show only the low voltage region. The low voltage
plateau appears as a narrow peak close to 0 V. For the sodium samples, it is apparent that
the peak develops in size (i.e. increases capacity) between 700 and 1100°C and then
remains at constant magnitude and position. However, for the higher temperature lithium
samples, the peak shifts to lower voltages. As it shifts, part of the capacity is effectively

lost because it is more energetically favourable to plate metal onto the electrode surface
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than to insert into the sites at low cell potential. It appears that by 1700°C, the position of
the peak is effectively too low to contribute to lithium capacity.
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Figure 5.15: Differential capacity (dQ/dV) as a function of heat treatment temperature
in the range 600-1000°C for carbon samples derived from glucose.
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Table 5.2 shows the position of the low voltage plateau as a function of heat
treatment temperature. The values quoted are the averages of the peak position in the
derivative curve during charge and discharge. The shift of the low voltage plateau peak
for the lithium cells with increasing temperature can be clearly seen. The data also show
that there is very little change in the position of the sodium peak and that it is located at a

higher potential than the equivalent lithium peak.

Table 5.2: Average potential of the low voltage plateau (V) for glucose carbons as a

Junction of heat treatment temperature.

700°C | 800°C | 900°C | 1000°C | 1100°C | 1200°C | 1300°C | 1400°C | 1700°C
Li | N/A 0.05 0.05 0.04 0.04 0.03 0.02 0.01 -0.01
Na | 0.07 0.08 0.08 0.08 0.08 0.08 0.06 0.08 0.06

As the low voltage plateau occurs at a potential close to that of the metal and the
inserted alkali species are removed with effectively no hysteresis, the sites into which
sodium and lithium are inserting must have a chemical environment similar to that of the
metal itself. Thus there is very little charge transfer between the inserted atoms and the
carbon matrix along the low voltage plateau. The sloping voltage profile capacity at low
voltage has been attributed to a combination of interlayer insertion and adsorption of a
monolayer of alkali atoms onto the surfaces of graphene domains. These surfaces also
form the walls of the pores and thus the pores can be thought of as a carbon surface with
adsorbed lithium/sodium atoms. The energetics of multilayer adsorption of lithium and
sodium are such that there would be very little charge transfer between the multi-layers
and the first layer. Thus the low voltage plateau capacity can be attributed to adsorption
of lithium/sodium into nanopores within the carbon. No low voltage plateau was seen in
the soft carbons because such carbons contain negligible amounts of nanoporosity.

The explanation provided above still does not explain why the lithium capacity

along the low voltage plateau decreases with increasing heat treatment temperature whilst
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the sodium capacity remains essentially constant. This behaviour cannot be explained at
this time.

The electrochemical profiles for the carbons prepared from the resin precursor are
shown in Figure 5.17. These data show that other nano-porous hard carbons also contain
significant capacity along the low voltage plateau together with some capacity along the
sloping voltage region for both sodium and lithium insertion. The 600°C sample shows
less capacity attributable to hydrogen content than the 600°C glucose sample. This
implies that this carbon contains less hydrogen than the glucose carbon. This would
explain the lack of hysteresis in the sodium profile and the presence of a large low
voltage plateau for sodium insertion. Thus the 700°C glucose sample provides a more
appropriate comparison than the 600°C glucose sample. Even though overall similar
mechanisms operate for the two different hard carbons, there are some subtle structural
and chemical differences, particularly in the low temperature samples, that modify the

relative contributions from each of the mechanisms to capacity.
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Chapter 6

In situ X-Ray Scattering

This chapter presents conclusive evidence to support both the interlayer and
nanopore insertion mechanisms. /In situ WAXS results will be used to prove that sodium
and lithium insert between carbon layers along the sloping voltage profile, whilst in situ
SAXS results will show that lithium and sodium enter nanoporosity along the low voltage

plateau.

6.1 In situ WAXS

It was shown in Chapter 4 that both soft and hard carbons heat-treated to
intermediate temperatures (eg 1000°C) exhibit broad 002 peaks in WAXS measurements,
indicative of some graphene layer stacking. The soft carbons have a greater number of
layers stacked approximately parallel to each other than the hard carbons, although these
layers are turbostratically disordered, and hence only approximate to a graphitic domain.
In Chapter 5 it was proposed that the disorder between layers created a distribution of
sites into which sodium and lithium species could be inserted at a range of chemical
potentials. This distribution of chemical potentials generates a sloping voltage profile for
both sodium and lithium insertion. In fact it was apparent that the turbostratic disorder
was necessary for sodium insertion, as the sodium capacity of a carbon without such
disorder was extremely low (eg graphite).

So far no direct evidence has been presented to support the hypothesis that

sodium and lithium insert into sites created by disorder between graphene sheets. The
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evidence presented in Chapter 5 was based on the shape of the electrochemical profiles
and an understanding of how the carbon structures evolve. The ideal tool for showing the
insertion of sodium and lithium between carbon layers is in situ WAXS because this
technique is sensitive to the arrangement of the layers and the location of the alkali

species in the layered structure.

6.1.1 Experimental

For these measurements, in situ WAXS cells were prepared as described in
Chapter 5. The cells were then installed in the diffractometer and connected to the

charger. An initial reference scan was collected between 15 and 60° 20 scattering angle.

The cells were then discharged (500 pA for Na, 750 pA for Li) to a trip point of 0.2 V
with respect to the metal. The current was then reduced to minimise premature plating
(300 pA Na, 500 pA Li). After metal plating on the electrode surface was observed, the
current direction was reversed and the cells were charged to 2 V. The diffractometer
repeatedly scanned the electrode over the range shown above for one full cycle, with the
time for one scan being small (3 hours) relative to the time for the cycle (1 week).
Plating was deemed to have occurred when sharp peaks corresponding to the 110 peaks
in BCC Na or Li (29° and 36° respectively) appeared in the x-ray profiles.

6.1.2 Soft Carbon at Low Scattering Angles with Na

Figure 6.1 shows the changes in the 002 peak for the soft carbon pitch sample
(1000°C heat-treatment temperature) during sodium insertion and removal. Each scan
has been offset from the previous scan by 20 counts/s in order to show the trends as
clearly as possible. Figure 6.2 presents a selection of scans across the 002 peak from the
cell, with the initial scan shown on each panel for reference. The sharp peaks at 27 and

28° come from the cell components.



123

From these data, it is apparent that the 002 peak intensity dropped and its position
shifted to lower angles during discharge along the sloping voltage region (sodium
insertion). The shift to lower angle resulted from an increase in the interlayer spacing.
This would occur if the introduction of sodium into the lattice caused swelling. The drop
in intensity is consistent with sodium inserting between the carbon layers. As shown in
Chapter 3, the 002 peak results from constructive interference of x-rays scattered by
adjacent layers. If a scattering species is introduced into the interlayer space, the
scattered waves from this species will be out of phase with those from the layers over the
range of angles corresponding to the 002 peak. The interlayer species therefore reduce
the amplitude of the scattered beam and hence lower the intensity of the scattered beam
over the 002 region. The combination of the drop in intensity and the increase in layer
spacing clearly shows that sodium species insert between the carbon layers along the

sloping potential region during discharge.
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Figure 6.1: In situ WAXS study of sodium insertion into soft carbon. Each scan is offset

Jrom the last by 20 counts/s to show changes.
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During charge, the reverse process occurred — the peak shifted back to higher
angles and its intensity increased. This shows that the interlayer insertion process is
reversible. The peak did not return to its original position, probably due in part to some
sodium remaining trapped between the layers. This behaviour is specific to these pellet
cells —~ the standard thin film electrode cells do not suffer from this incomplete sodium
removal. The increase in intensity seen around 32° will be discussed briefly at the end

of section 6.1.5.

6.1.3 Soft Carbon at Low Scattering Angles with Li

Figure 6.3 presents the set of 002 peak scans obtained for lithium into the same
soft carbon, again with each scan offset by 20 from the previous scan. Figure 6.4

presents a selection of scans during the cycle, with the first scan included for reference.
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Figure 6.3: In situ WAXS study of lithium insertion into soft carbon. Each scan is offset

JSfrom the last by 20 counts/s to show changes.
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As for the sodium cell, the 002 peak shifted to lower angles and the intensity
dropped during discharge along the sloping voltage portion of discharge. In going from
panel b to panel c, it appears that the intensity remained constant as more Li inserted into
the carbon. This is not the case, rather it is an artifact of Lorentz, atomic scattering factor
and polarization effects that cause low angle peaks to increase in intensity. Like the
results obtained for sodium insertion, these data show that lithium inserts between carbon
layers (forcing them apart at the same time) along the sloping region of the voltage curve.
When the cell was switched to charge, the peak shifted back to higher angles and the
intensity increased, showing that the insertion process is reversible. In this case, the peak
almost returned to the original position.

The magnitude of the intensity changes is much lower for the lithium cell than for
the sodium cell. This is not surprising given that, for the same quantity of charge passed,
the number of electrons inserted between the layers is much lower when lithium inserts
than when sodium inserts. This reduction in electron insertion results in a lower
magnitude of destructive interference, thereby reducing the magnitude of the intensity

changes.

6.1.4 Soft Carbon at High Scattering Angles with Na and Li

Figure 6.5 and Figure 6.6 show a selection of scans during discharge and charge
for sodium and lithium interacting with the soft carbon. There are a number of features
of interest in these plots. Figure 6.5 shows the development of intensity around 32°
during sodium insertion. This feature is reversible and will be discussed at the end of
section 6.1.5. Figure 6.5 also shows that the intensity around 53° decreases during
sodium insertion and increases again during sodium removal. Similar behaviour was also
seen for the lithium cell. It is important to note that for lithium insertion (Figure 6.6) the
intensity around 47° increased as the intensity around 53° decreased. This is consistent
with the 004 peak shifting to lower angles as the carbon layers expand. A similar process
would also be expected to occur for the sodium cell, with the intensity increasing at lower
angles than for the lithium cell (~ 43°) because of the larger expansion of the carbon

layers (as indicated by the larger shift of the 002 peak).
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As stated above the intensity around 53° dropped as expected, however there was
no corresponding increase in intensity at lower angles. As a result of the higher
scattering cross-section of sodium relative to lithium, the intensity increase should be
much larger for the sodium cell than for the lithium cell and hence should be obvious in
the scan patterns unless the carbon is highly strained. If more strain develops in the
sodium cell than in the lithium cell during discharge then much of the 004 peak intensity
would be eliminated. In order to examine this hypothesis, the layer stack model

developed in Chapter 3 was used to try to replicate the observed intensity changes.

6.1.5 Model Calculations for Na and Li Insertion in Soft Carbon

The layer model was used to calculate the intensity changes expected for a given
amount of sodium/lithium between graphene sheets. In order to be able to compare the
results from the calculations with those measured experimentally, there was a need to
correct the experimental data for instrumental effects before determining the true position
and intensity of the 002 peak. This data correction process is complicated by a number of
factors. Attenuation of the incident and scattered beams by the beryllium window
decreases with increasing scattering angle. Also, at low angles, it is probable that part of
the beam hits the rim of the stainless steel can. As stainless steel has such a large
absorption coefficient, it is likely that any part of the beam contacting the can would be
absorbed to a large extent. The calculations are further complicated because the cell can
is circular whilst the beam footprint is rectangular and because the can rim is raised
above the beryllium window. This creates a shadow region where part of the beam
footprint that would ordinarily impact the Be window, contacts the can before it gets tc
the level of the window. Although this combined can/rim attenuation can be calculated
analytically, the resultant correction factor will be potentially inaccurate because of only
partial absorption by the edge of the rim and by the presence of the torr-seal bead. There
is also a need to account for the Lorentz and polarization factors in order to extract
accurate intensities when the scattering angle of the peak maximum changes and to deal
with the enhanced background scattering from the sample in the cell caused by the

presence of electrolyte species in the electrode.
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A combination of empirical and analytical corrections was used to overcome this
rather complicated situation. The scattering pattern for a pellet of the carbon was
measured in air. A constant background term was then subtracted from the first scan
measured on the cell. These background corrected data were multiplied by a constant
and a constant background term was added so that the in-cell and out of cell curves
coincided at intermediate angles. An empirical can attenuation correction was then
applied below 22°, in order to have the two scans overlap in this region. The resultant fit
between the in and out of cell scans was excellent, as shown in Figure 6.7.

The corrections outlined above were also applied to all other scans from the in
situ runs, together with corrections for polarization and powder averaging, in order to
determine the 002 peak position and magnitude of the intensity changes. The peak

position was converted to an average interlayer spacing using the Bragg equation,
dgp, =A/2sin®, whilst the intensity values were converted to fractional intensities,

relative to the maximum intensity for the 002 peak of the first scan. The results obtained
for both the sodium and lithium cells are shown in Figure 6.8. This graph clearly shows
the drop in intensity occurring in conjunction with the increase in interlayer spacing for
both sodium and lithium insertion.

A number of calculations were completed for layer stacks of different average
size and different amounts of strain. The results obtained were compared by eye (after
scaling with appropriate multiplicative factors) to the data for the corrected first scan in
order to determine the best fit to the 002 peak. The main factor that controlled the fit was
the strain level. This meant that stacks with different numbers of layers could fit the 002
peak reasonably well, with only subtle differences between the resultant fits. Overall,
after taking into consideration the fit to the 002 peak at the bottom of discharge together
with the predicted intensities for the 004 peak, a stack of average 6 layers was selected to
show that a significant amount of strain was required to model the sodium data. Similar

trends to those outlined below were observed for different stack sizes.
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The corrected experimental data together with the calculated fit to the first scans
are shown in Figure 6.9a. It can be seen that the 002 peak fit is reasonable, whilst the
model appears to underestimate the intensity for the 004 peak. However, the 100 peak is
asymmetrical and hence has a slowly decaying tail that artificially increases the intensity
of the experimental 004 peak. Thus the true 004 peak intensity is lower than that seen in

the experimental data and the model fit is considered to be reasonable.
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Once the stack size was selected, the multiplicative factor was fixed, the
sodium/lithium content was increased to that present at the end of discharge and the
interlayer spacing was increased. The model calculation was then repeated with the new
parameters over a range of strain values for the lithium and sodium loaded samples. The
resultant calculated curves for the same strain level used to fit the first scan are shown in
Figures 6.9b and c, together with the experimental curves for the sodium and lithium in
situ cells at the bottom of discharge. It can be seen that without changing the strain level,
the model calculation predicted a higher intensity for the 002 and 004 peaks of the
sodium/lithium loaded carbons than was observed experimentally (after allowing for the
contribution from the 100 peak to the experimental data). The effect of increasing the
strain level is shown in Figure 6.10. It can be seen that the model fits the lithium data
reasonably well. With the inclusion of strain, the fit is better for the sodium cell than the
model without strain (particularly for the 004 peak) but is still not good. This highlights
the limitations of the simple model used, particularly the assumption that the carbon can
be approximated by a series of isolated crystallite domains that scatter independently.

Further work would be required to develop a more complex model, however this
would not change the overall trends, namely that sodium and lithium insert between
approximately parallel carbon layers, forcing them apart.

As seen earlier (Figures 6.2 and 6.5) the intensity around 32° increased during
discharge of the in situ sodium cell through formation of a broad hump, and then
decreased again during charge. One possible explanation for this behaviour is that this
intensity may result from localised sodium clustering as shown in the upper panel of
Figure 6.11. A small cluster of sodium atoms arranged with BCC packing would
generate intensity around 32°. Such behaviour is shown in the lower panel of Figure
6.11, where the Debye powder pattern for 2 x 2 x 2 unit cells of BCC Na has been
calculated using equation 3.53. The increase in strain required to more effectively model
the magnitude of the intensity changes may in part result from this sort of uneven

expansion of the layers.
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6.1.6 Hard carbon with sodium and lithium at low angles

The hard carbon materials also exhibit a sloping voltage region, although the
much lower intensity of the 002 peak in these materials relative to the soft carbons makes
the changes occurring during discharge or charge along this region of the voltage curve
difficult to resolve. This is a significant problem for lithium insertion where the changes
are small already because of the low x-ray scattering cross-section of lithium. Despite
these difficulties, a set of scans during sodium and lithium (Figure 6.12 and Figure 6.13,
with each scan offset by 10 from the previous scan) insertion and removal were measured
on hard carbon prepared by heat-treating glucose to 1000°C.

Although it is difficult to see from Figure 6.12, some of the same trends seen for
sodium insertion into soft carbon along the sloping voltage regions were also seen for the

glucose-derived sample. This is easier to observe in Figure 6.14, where each panel shows
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the first scan as a reference. As the cell was discharged along the sloping voltage region
(panel a to b) the intensity of the 002 peak dropped and there was a slight shift to higher
scattering angles.

A small hump appeared, centred around 32° 20, along the low voltage plateau
(panel b to c). It is possible that this is caused by the presence of small sodium clusters
within the nanopores of the carbon (the shape and location of this peak correspond well
with the pattern for BCC Na nano-domains shown in Figure 6.11). There is an obvious
similarity between this nanopore mechanism and that proposed for Na insertion into soft
carbon, making the two processes difficult to separate. It is possible that the size of the
clusters formed in the hard carbons is larger than those formed in the soft carbons. It is
also likely that some of this intensity comes from sodium atoms bonded to the surface of
the crystallites, although in the case of the hard carbons, the surfaces of the crystallites
correspond to the walls of the pores. Hence it is very difficult to separate the surface
layers from the sodium atoms adsorbed in the nanopores. The in situ SAXS studies
presented in section 6.3 are more useful for examining pore structure changes.

The data for the lithium cell show very little change in intensity (Figure 6.15)
throughout the scan. This results from the low scattering cross-section of lithium and

highlights the potential limitations of x-ray scattering measurements on light elements.

6.1.7 Hard carbon with sodium and lithium at high angles

The high angle results for the sodium and lithium cells are presented in Figure
6.16 and Figure 6.17 respectively. The sodium cell scans show the development of
intensity around 32° occurring along the low voltage plateau. They also show that the
intensity around 45° decreases during discharge then increases during charge. This
behaviour cannot be explained at this time. As with the low angle scans, the lithium cell
showed very little change in intensity during discharge and charge primarily due to the
low x-ray scattering cross-section of lithium.

Overall the results from the in situ WAXS measurements of the glucose carbon
are consistent with those obtained from the soft carbon, showing that alkali atoms insert

between carbon layers along the sloping voltage profile of the electrochemical curves.
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The sodium results also suggest that sodium may form small clusters during insertion

along the low voltage plateau.
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Figure 6.15: Selected WAXS scans for lithium insertion into hard carbon.
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6.2 SAXS Studies

In the previous chapter it was proposed that sodium and lithium insert into hard
carbon materials through a combination of interlayer insertion and insertion into
nanopores in the carbon. It has already been shown that the interlayer insertion
mechanism does occur, as predicted. This section presents conclusive evidence to
support the proposed nanopore insertion mechanism, through interpretation of in situ
small-angle x-ray scattering data.

The pore insertion mechanism was proposed based on two observations. First,
SAXS measurements completed on the hard carbons clearly showed the presence of
scattering regions of only a few nanometres in size. This scattering was created by an
electron density contrast between graphene sheets and the void space between the sheets,
caused by a combination of defects within the sheets and crosslinks between adjacent
sheets. Gas adsorption measurements on the same materials have shown that, especially
for the lower temperature samples, a large fraction of this void space is accessible to gas
molecules. Fitting the adsorption isotherms with model isotherms calculated through
DFT methods for a range of slit widths between graphene layers also showed that most of
the open porosity in these materials is of only a few nanometres in size. Thus the SAXS
and gas adsorption data are entirely consistent with each other and are measuring the
same features in the materials. These two techniques also showed that soft carbons
contain very little of this nanoporosity. Most of the pore volume in these materials is
much larger in size and can be attributed to void space between crystallite domains and
macroporosity within particles.

The second observation used to support the nanopore insertion mechanism was
that the electrochemical profiles of the hard carbons contain low voltage plateaus for both
lithium and sodium. There are two parts to this observation. First, this plateau was only
seen for hard carbon samples that contained high volumes of nanoporosity (as measured
by SAXS). Second, the plateau occurred at a potential close to that of the metal itself.
This implies that the extent of charge transfer from the metal to the carbon was quite
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small. This would most likely occur only if the metal species was at a reasonable
distance from the carbon and hence did not experience a large attractive force from the
pore walls. Such a situation exists within void space, especially if the pore already has
alkali species adsorbed onto the walls.

Despite this consistent, reasonable and logical interpretation of the data, it could
be argued that the evidence outlined above is largely circumstantial. There is no direct
observation of filling of the pores by the alkali species. To conclusively show that the
proposed mechanism occurs in reality, an alternative test was required - one that was
sensitive to such changes. Gas adsorption measurements of carbon samples at different
points along the electrochemical profile may appear to be a reasonable option. This was
tried but the results were unable to support this mechanism as gas adsorption requires gas
molecules to interact physically with the filled carbons and there needs to be a pathway
through which the gas molecules can access the nanoporosity. It must be remembered
however that, during discharge of an electrochemical cell, reactions occur at the electrode
surface to form what is known as the solid electrolyte interphase (SEI) layer. This layer
is a continuous film that is ionically conductive [86]. However it does present a physical
barrier on the particle surfaces preventing passage of gas molecules. Thus, when gas
adsorption profiles of a hard carbon sample after discharging for only a short time were
measured, the adsorbed volume dropped to a fraction of its initial volume.

Small-angle x-ray scattering studies are ideally suited to probe such problems. A
physical barrier that is essentially continuous is transparent to x-rays at small-angles
(although some absorption will occur, dependent on the thickness and composition of the
layer). Thus SAXS can be used to probe the interior of particles. It is sensitive to
changes in electron density and thus, if pores in the material are filled with another
species, the contrast will change causing the scattering to change. In situ studies of
operating electrodes provide an opportunity to observe such a pore filling process
dynamically.

An electrochemical cell set-up was therefore developed to allow for transmission
measurements of operating electrodes. The cells were assembled with carbon pellets as
detailed in Chapter 5 and placed in the diffractometer. An initial scan was collected

between 0.3 and 15° scattering angle to act as a reference for all subsequent scans. The
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cells were then discharged at a relatively high current (750 pA for Li cells and 500 pA
for Na cells) until a trip point of 0.2 V with respect to the metal was reached (close to the
point at which the low voltage plateau starts to appear). During this time a series of x-ray
scans were collected, with the time interval for each scan (~ 2 %2 hours) being small
relative to the discharge time (days). After the trip point was reached, the current was
reduced (500 pA for Li cells, 300 pA for Na cells) and the x-ray scans continued. Once
plating was seen in the voltage profile, the current direction was reversed and the cells
were charged (500 pA for Li cells, 300 pA for Na cells) to a trip point of 2 V, again with
the diffractometer scanning continuously.

Before analysing the in situ data, there was a need to ensure that the SAXS curves
obtained were representative of the carbon itself. This was achieved by measuring the
SAXS profile for a pellet of material in air and comparing the resultant scan with that
obtained before current was applied to the cell. Glucose-derived hard carbon was used
for this work as it produced a significant amount of small-angle scattering and hence any
changes in scattering in and out of the cell would be more obvious. The scans obtained
are presented in Figure 6.18. The shapes of the two scans are similar although the pellet
in the cell scatters with decreased intensity. This is not surprising given that the x-ray
beam has to pass through all the cell components in addition to the carbon pellet (eg Be
windows, electrolyte, separator, metal foil) before reaching the detector and hence will be
absorbed to a larger extent. The in situ SAXS data from this cell were modeled using

equation 3.41, repeated here as equation 6.1 to aid the discussion below:

Bal6 (Arlnmmpcn't:)2 + Cag

i D, 6.1
fvaf?)  Qeata) oD

A
(q)= =+
q

By allowing the background parameter, D, to vary for each pellet, and by only
allowing A and B to change by a constant factor (fixing C at zero) the data for both
curves could be fit well with a value of 2.82 A for @,. This implies that the cell
components serve only to attenuate the beam and do not, on their own, contribute
significantly to small-angle scattering. The fit parameters were obtained by minimising

the value of the goodness of fit parameter, GOF (equation 3.42), using Microsoft Excel®.
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The fits obtained are also shown on Figure 6.18, together with a scan for graphite
containing no nanoporosity. This scan was used to determine the exponent of q in the

first term of equation 6.1. This parameter optimised to 3.3.
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Figure 6.18: A comparison of intensity curves for hard carbon pellets in and out of an
electrochemical transmission cell. The scan obtained for graphite showing Porod’s law

behaviour with a slope of -3.3 is also included, as are fits to each of the scans.

Although better fits could be obtained by allowing A, B and a, to vary
independently for each pellet, the changes in these parameters relative to those obtained
through restricted fitting were small. This demonstrates that the in-cell scans provide a
reliable fingerprint of the carbon structure. The restricted and best-fit parameters are

shown in Table 6.1.
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Table 6.1: Comparison of fits for glucose derived hard carbons in air and within an in

situ SAXS cell.
Sample A A7) B a; (A) D GOF
Pellet in Air 0.21 3.32 2.82 71 3.5
(a; fixed at 2.82 4)
Pellet in Cell 0.25x0.21 0.25x3.32 2.82 10 33
(a; fixed at 2.82 A) =0.052 =0.83
Pellet in Air 0.21 4.12 2.70 64 3.3
(best fit)
Pellet in Cell 0.048 0.76 2.94 9 1.9
(best Fit)

In addition to demonstrating that the cell components acted only to attenuate the
beam, there was a need to verify that changes observed in the x-ray scans resulted
predominantly from changes in the nanopores in the carbon and not through contributions
from these other components. It was quite fortuitous that this assessment could be
performed by measuring a set of SAXS scans on an operating cell containing one of the
materials of interest. As soft carbons contain negligible nanoporosity, if there is no
measurable change introduced by the other cell components then the in siru scattering
profiles for this material should show no changes in scattered intensity during the

discharge-charge process.

6.2.1 In situ SAXS study of Soft Carbon

An in situ SAXS cell containing a pellet of pitch-derived carbon heat-treated to
1000°C was prepared and run against sodium metal. Unfortunately this cell shorted out
during charge and thus only the discharge and part of the charge data were obtained. The
procedure outline below was used to obtain the best-fit model parameters for each scan.

Again the model of Kelliat et al. (equation 6.1) was used, although for this work, as the




149

electron density between the pores and the surrounding matrix was expected to change, it
needed to be explicitly included as a variable (hereafter referred to as Ap).

As the first scan was used as a reference scan for all subsequent scans, it was
important to fit this scan well. A good fit was obtained with C set at zero and Ap set
equal to 1. The selection of this particular starting value for Ap will be explained in
conjunction with the analysis of the in situ SAXS scans for the hard carbon. A
reasonable value for a; was selected based on the trends observed for the in situ scans.
For this material, a, was set at 15 A. All subsequent scans were then fit to the above
model, with only Ap and C allowed to vary. Ap was allowed to vary to identify any
changes in electron density contrast as a result of sodium/lithium insertion into pores,
whilst C was allowed to vary to incorporate any matrix cracking effects that may have
resulted from insertion of sodium/lithium between the graphene layers. The fitting
process was automated through use of a macro in Excel®. The resultant fit quality was
excellent for all scans, implying that the simple model used was a reliable assessment
tool.

Sample curves at different positions along the electrochemical profile are shown
in Figure 6.19, together with the results obtained from the fitting procedure detailed
above. Two features are apparent: the fits lines are difficult to resolve from the scans
themselves, showing the excellent quality of the fits obtained and there was very little
change in the SAXS profile of the cell throughout the cycle. This shows that the other
components in the cell do not contribute significantly to any changes in the scattering
behaviour and that there is no evidence of nanopore insertion into soft carbon (not
surprising given that these carbons contain negligible amounts of nanoporosity).

Figure 6.20 shows the fit parameters obtained for each scan (remembering that
only C and Ap were allowed to vary). The quality and consistency of the fits is apparent
from the plot of GOF. Although the cell shorted out during charge, it is apparent that
there is only a small decrease in the electron density contrast during discharge that
increases again during charge. It is likely that this corresponds to sodium insertion into
residual nanoporosity — as the B parameter for this material optimised to 0.065, this

carbon contains only a small number of such pores.
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Figure 6.19: Sample SAXS curves during discharge and charge of a soft carbon cell.

The fit obtained for the first scan is shown on subsequent scans for reference.
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The results obtained for the pitch sample show that the only significant changes
that occur in the SAXS pattern arise from changes in the pores in the carbon material and

not from other cell components.

6.2.2 Sodium and Lithium SAXS Studies of Hard Carbon

The set of SAXS scans obtained for sodium insertion into a pellet pressed from
the glucose carbon heat-treated to 1000°C is more interesting. The same fitting routine
used to analyse the pitch scans was used for this material. The results obtained are
presented in Figure 6.21. Again each scan panel contains the fit to the first scan as a
reference shown with a dashed line. The scattering from the nanoporosity appears as the
broad hump on the sloping background.

As the cell discharged along the sloping voltage region (a to b), there was no
change in this hump, although an increase in intensity occurred at lower q values. This
was accounted for in the fits by an increase in C, (with a; set at 10A). This change may
have resulted from the development of micro-cracks in the material. As the cell
discharged along the low voltage plateau (b to c), the nanopore intensity steadily
decreased, until, at the bottom of discharge (c) it was difficult to resolve from the sloping
background of the scattering curve. This provides very clear evidence that the contrast
between the pores and the surrounding matrix decreased along the low voltage plateau.
For this to occur, the electron density in the pores must have increased. This would occur
as sodium entered the pores (to the x-ray beam, this is equivalent to electrons entering the
pores). After the cell was switched to charge, the nanopore scattering reappeared (c to d)
along the low voltage plateau, consistent with an increase in contrast, again caused by
sodium leaving the pores. For sodium removal along the sloping potential region, there
was no change in the scattering from the nanopores. It appears that the cracking process
occurring during discharge (increasing the C parameter), increasing the intensity at low q,
was not a reversible process. This is to be expected for something that can be classified

as mechanical failure.
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Figure 6.21: Sample SAXS scans for sodium insertion into glucose-derived hard carbon.
The fit obtained for the first scan is included as a dashed line reference on subsequent

scans. Each panel also includes the fit obtained.
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It is the fit parameters that provide the best evidence in support of the nanopore
insertion model. The values for Ap and C, together with the goodness of fit are presented
in Figure 6.22. Again the quality of the fits obtained was excellent and uniform for all
scans. The C parameter shows a steady increase, consistent with the development of
micro-cracks. Close inspection of the voltage profile showed that after ~80 hrs of
discharge, the metal was plating on the electrode surface. Plating of metal would not
decrease the contrast between the pores and the matrix and hence, during plating, the
contrast remained constant. In order to determine whether the electron density contrast
changes observed were realistic, a very simple pore filling model was used. The initial
contrast was determined by calculating the contrast expected for a carbon of bulk density
1.5 g/cm® (a reasonable value for a hard carbon where the contribution of macropores has
been removed) with 25 % nanoporosity (again a reasonable value for a hard carbon).
This gives a true density value of 2.0 g/cm? for the carbon matrix surrounding the pores,
and a density of 0.0 g/cm3 in the pores. As carbon has an atomic mass of 12 but only six
electrons, the magnitude of the electron density of the matrix is half that of the true
density. This therefore gives carbon with an electron density of 1.0 mol e/cm®. The
pores contain 0.0 mol e/cm’ hence the initial electron density contrast, (Pcarbon = Ppore)s IS
simply 1.0 mol e/cm’. Nanopore insertion was then modeled by assuming that no
sodium enters the pores until the start of the low voltage plateau. After this point, all the
current passing through the cell was assumed to result from sodium entering
nanoporosity. The amount of sodium entering the pores, n(Na), could be calculated from
the amount of charge passed and the resultant electron density within the pores could then
be calculated from the assumed pore volume of the carbon. Thus the electron density

contrast was given by:

¢
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where ¢ is the void fraction of the carbon (0.25) and the factor of 11 is the number of
moles of electrons per mole of sodium. No further sodium was allowed to enter the pores
in the model during the plating process. During charge it was assumed that the amount of
sodium in the pores was decreasing, with all charge removed along the low voltage
plateau, after allowing for stripping of plated metal from the electrode surface, being
assigned to removal of sodium from the pores.

The results from this calculation are shown as the dashed line in panel c of Figure
6.22. The agreement between the calculated and experimentally determined values is
remarkable during both discharge and charge. The calculation even shows that the
amount of sodium removed from the pores during charge is less than the amount
originally inserted. This may have resulted from diffusion limitations introduced by the
high current used.

The same experiment was completed for lithium insertion into the glucose-
derived carbon. The sample fits obtained along the voltage profile are shown in Figure
6.23. Again these results show a decrease in nanopore intensity along the low voltage
plateau, although the intensity changes seen are much lower than for sodium insertion.
The fit quality obtained although acceptable was not as good as for the sodium samples.

The same simple pore-filling model was used to predict the expected contrast
changes for lithium insertion into this carbon. The only change required was to change
the number of electrons per mole from 11 for sodium to 3 for lithium. Thus the electron
density contrast changes and hence the intensity changes for a given amount of charge
flow during discharge along the low voltage plateau is expected to be much lower. The
fit parameters together with the model fit are shown in Figure 6.24. The poorer quality of
the fits obtained is apparent from the GOF plot. Despite this fit limitation, it can be seen
that the agreement between the calculated and experimental fit contrasts is good in terms
of the magnitude of the change in contrast and the removal of lithium during charge. The
experimental contrast decreases over a longer time scale than predicted during discharge
— in addition to irreversible capacity losses resulting from surface reactions this may
result from some of the experimental capacity during this low voltage plateau actually

occurring as interlayer insertion — it is more difficult to separate the two
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processes for the lithium cells than for the sodium cells around the transition region in the
voltage profile. The better fit during charge may also result from the same situation - if
the interlayer insertion process is kinetically controlled then lithium will insert slowly
during discharge, overlapping with nanopore insertion along the low voltage plateau.
The nanopore inserted lithium will then be removed first during charge, giving better
agreement with the calculated value. Such behaviour would be enhanced in a cell
operated at a relatively high current in order to complete the experiment in a reasonable
period of time. Although it would have been interesting to study sodium insertion into
the 1700°C glucose carbon, because of its low capacity along the sloping voltage region,
the high temperature samples were prepared as the thesis was being written and hence

there was not enough time.



Chapter 7

High Temperature Studies

So far in this thesis, results have been presented for tests completed at room
temperature. In order to show that the results obtained are valid for carbons held at high
temperatures in an operating aluminium reduction cell, a sodium vapour test, designed to
expose carbon samples to sodium vapour at elevated temperature, was developed. The
sodium loaded carbons produced from this test could then be analysed by x-ray
scattering.

Before describing the test used, it is worth discussing how sodium performance in
an aluminium reduction cell is quantified by the industry. There are three standard test

methods used: sodium expansion, sodium penetration and sodium vapour testing.

7.1 Sodium Expansion Testing

The sodium expansion test is an industry standardised test used to compare the
extent of expansion of different cathode carbons in a simulated reduction cell
environment. A schematic diagram of the test is shown in Figure 7.1a. For this test, the
sample is immersed to a set depth in the bath solution and has a set of rods for measuring
changes in the length of the immersed sample depth. This can then give a direct measure
of the expansion caused by sodium uptake. For carbons operated at constant current,
sodium expansion increases rapidly during the initial passage of current flow then the rate

of expansion decreases until what appears to be a limiting value is reached [15]. This is

160
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(a) Na Expansion (b) Na Penetration
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Figure 7.1: Schematic diagrams of sodium (a) expansion and (b) penetration tests.

generally attributed to saturation of the carbon with sodium, however, depending on the
test set-up, it can also be caused by depletion of sodium from the bath. The maximum
linear expansion measured by this technique for most commercial cathode materials is
less than 2% of the initial length. This may appear to be a small number, however
cathode carbons are classified as brittle materials and hence will suffer brittle failure with
only small length changes.

Table 7.1 presents approximate ranges for sodium expansion of different grades

of cathode carbon [87].

Table 7.1: Sodium Expansion Values for Commercial Cathode Carbons

Approximate Sodium
Carbon Type Heat Treatment Expansion
Temperature AL/L (%)
Anthracite aggregate with coal tar 1200°C 0.6-1.5%
pitch binder
Semi-Graphitic - graphitic 1200°C 0.3-0.5%
aggregate with coal tar pitch binder
Graphitized — semi-graphitic blocks > 2700°C 0.05-0.15%
pyrolysed to higher temperatures




162

These three different cathode carbon classes show one clear trend - as the cathode
carbon becomes more graphitic in nature, the amount of sodium expansion decreases.
This is consistent with the reduction in room temperature electrochemical sodium

capacity seen for soft carbons as the heat treatment temperature increases.

7.2 Sodium Penetration Test

This test, shown schematically in Figure 7.1b, can be run in the same equipment
used for the sodium expansion test. In this case however, the sample is only immersed to
a very small depth into the bath. When current is applied, sodium migrates up through
the cathode carbon. After testing, the sample is removed, sectioned and analysed
chemically, primarily to determined sodium content as a function of position. This test is
used to study the rate of sodium penetration into the carbon (by comparing the sodium
depth profiles for samples immersed for different periods of time) and the amount of

sodium that the carbon can accommodate.

7.3 Sodium Vapour Testing

Interpreting the results from the sodium expansion and penetration tests to extract
sodium insertion mechanisms is difficult, primarily because of “contamination” from
other bath species. For example, bath material can migrate through the macroporosity
increasing local sodium concentrations. In order to overcome this limitation, sodium
vapour testing can be used. The traditional test involves placing a sample of carbon in a
crucible or retort together with sodium metal in a furnace. The furnace is then heated up
to generate sodium vapour. This vapour penetrates the carbon matrix, and in extreme
cases can cause the carbons to shatter. This test normally uses large amounts of material.
An alternative sodium vapour test was developed for this thesis that could be used to

assess sodium performance of small quantities of carbon.
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7.3.1 Experimental

For this test, ~ 0.5 g of carbon powder was loaded into a thin walled stainless steel
tube welded closed at one end. Sodium metal was then added and the tube was welded
shut. This sample tube preparation was all carried out in an argon-filled glovebox.
Several sample tubes were prepared for each carbon with different quantities of sodium
in each tube. The tubes were then placed in a Lindberg tube furnace and heated at 1°C
min™' to 890°C under flowing argon to prevent rusting. The furnace was held at 890°C
for 1 hour and then switched off. The tubes were weighed before and after heating to
check for any leaks. After cooling, the tubes were taken into a helium-filled glovebox
and opened. Samples from each tube were loaded into air sensitive sample holders for

measurement of WAXS patterns.

7.3.2 Interactions of Sodium Vapour with Soft Carbon

Figure 7.2 shows the WAXS patterns obtained for a sample of pitch derived
carbon heat treated to 1000°C after exposure to sodium at high temperature. The
potential vs capacity curve for an electrochemical sodium cell made with this carbon is
also shown. The approximate equivalent locations of each vapour sample (assuming all
the sodium present in the tube enters the carbon) are indicated on the upper panel.
Similar behaviour to that seen in the in situ WAXS study (Figure 6.2) was also seen for
the vapour sample — the intensity dropped with increasing sodium content and the 002
peak shifted to lower angles. This implies that sodium vapour inserts between the layers
(reducing the scattered intensity through destructive interference) and forces the layers
apart, presumably generating the bulk expansion seen in tests such as the sodium
expansion test. These data also show the development of intensity around 30°, possibly
attributable to adsorption of sodium onto the external surfaces of the graphene domains
and to the creation of small sodium clusters through uneven layer expansion. The sample
with high sodium loading (Figure 7.2d) exhibits a narrower 002 peak than the other
samples, implying that there was less strain in this sample. In Chapter 6 (Figure 6.11) it
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Figure 7.2: Pitch carbon samples exposed to sodium vapour at 890°C. The equivalent

capacity in a room temperature electrochemical cell for each scan is shown in the upper

panel. The scan for the unexposed carbon itself is included as the dashed line on all

subsequent panels.
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was proposed that uneven expansion of the graphene layers and the formation of small
sodium clusters may have generated the high strain seen for the sodium filled carbons.
The increased sodium content of sample d in Figure 7.2 may actually help to even out the

expansion, effectively reducing the strain.

7.3.3 Interactions of Sodium Vapour with Hard Carbon

Figure 7.3 presents the WAXS scans for glucose derived carbon heat treated to
1100°C after exposure to different amounts of sodium vapour. The scan measured on the
unexposed carbon is included for reference on each subsequent scan. The top panel
presents the electrochemical sodium data obtained for this material at room temperature.
The approximate capacity of each vapour sample was determined by the mass ratio of
sodium and carbon in the vapour tube. As for the soft carbon sample, similar trends to
those seen for the in situ room-temperature electrochemical tests (Figure 6.2) were also
seen for the vapour-exposed samples. The intensity drops as the sodium content
increases, implying sodium insertion between graphene layers. Also a broad hump,
possibly corresponding to insertion of sodium into nanopores, appears around 32°
scattering angle. This intensity seems to develop along the low voltage plateau for this
material, consistent with the proposed pore filling mechanism.

These results show that the interlayer insertion mechanism identified from room
temperature electrochemical studies also occur for sodium insertion at high temperature.
They also suggest that nanopore insertion may also be occurring at high temperatures,
consistent with the mechanism identified for insertion along the low voltage plateau in

the hard carbon.
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Chapter 8

Conclusions

When this project was started, the primary techniques used to assess sodium
insertion in carbons materials were high temperature tests such as the sodium expansion
and sodium penetration tests designed to understand the physical process of cathode
carbon expansion in aluminium reduction cells. Lithium insertion into carbon materials
was studied using room temperature electrochemical techniques, designed to understand
the mechanism for lithium insertion in order to develop anode materials for rechargeable
lithium-ion batteries with high lithium capacities. Literature studies showed that a few
researchers were starting to apply room temperature electrochemical methods to studies
of sodium insertion into cathode carbons, although the results obtained were of limited
use.

This thesis has shown that a combination of room temperature electrochemical
studies and high temperature vapour studies can bridge the gap between these different
research fields. From this work the mechanisms for sodium insertion into carbons
prepared from different precursors and heat treated to different temperatures have been
identified, whilst the high temperature studies have shown that the mechanisms in
operation at room temperature also occur at much higher temperatures. It has been
shown that there are three predominant mechanisms that can occur.

Previous research [78] showed that lithium interacts with hydrogen terminated
aromatic carbon centres, forcing the carbons to rehybridise in low temperature carbons
containing significant quantities of residual hydrogen. The results from this thesis

suggest that, although some sodium capacity in low temperature carbons can be attributed
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to a similar mechanism, this process is much more important for lithium insertion than
for sodium insertion. This implies that the interaction between sodium and the hydrogen-
terminated carbons is much weaker than the interaction between lithium and the
hydrogen terminated carbons. For lithium insertion, this process was proposed based on
the extent and magnitude of the hysteresis seen in the room temperature electrochemical
profiles together with the strong correlation between residual hydrogen content and
lithium capacity. The work presented in this thesis has shown that sodium produces
similar effects — hysteresis in the voltage profile that decreases as the hydrogen content
decreases. The magnitude of the hysteresis was much lower for sodium than for lithium,
suggesting a lower activation barrier and hence, most likely, less rehybridisation of the
carbon centres. A combination of electrochemical measurements and in situ wide-angle
x-ray scattering studies was used to demonstrate that sodium/lithium insert between
parallel or approximately parallel carbon layers at a range of potentials. This interlayer
insertion forces the layers apart in the soft carbons. In the hard carbons, it appears that
the increased disorder and reduced layer stacking means that the extent of matrix
expansion is quite low. As the carbon heat treatment temperature increases, the capacity
from this mechanism decreases, particularly for soft carbons. This was attributed to the
gradual alignment of layers with increasing temperature and the pinning of these layers
by interlayer crosslinks. As the materials become highly graphitized, the lithium inserts
between layers forming a series of staged intercalation compounds. This occurs because
the interlayer pinning is relieved at high temperatures, creating a structure with carbon
layers free to slide relative to each other in order to create the necessary space for the
lithium atoms. This behaviour was not seen for sodium insertion, consistent with
modeling work [81] that suggested that the attractive forces between intercalated sodium
atoms and the carbon layers was weak.

In hard carbon materials, in addition to the interlayer insertion, a significant
quantity of both sodium and lithium could be accommodated in nanopores, producing
low voltage plateaus. This was clearly demonstrated with in situ small-angle scattering
studies of operating electrochemical cells. Although these nanopores close off to gas
molecules such as N, with increasing heat treatment temperature, they still remain

accessible to sodium and, until high temperatures are used, to lithium.
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One of the dangers of relying only on room temperature electrochemical studies
was that the proposed mechanism might not be valid for the same carbons when placed in
a high temperature environment. The x-ray scattering measurements of carbons exposed
to sodium vapour showed that the same behaviour was in fact observed at high
temperatures. Thus it is believed that the results presented in this thesis can be used
semi-quantitatively to explain sodium uptake in cathode carbons in operating aluminium
reduction cells.

One obvious question still remains — how is sodium uptake linked to sodium
expansion? This has not been answered here directly. Indirectly, the in situ WAXS
results suggest that certainly for the soft carbons, sodium insertion forces the graphene
layers apart. With increasing heat treatment temperature, the amount of sodium that can
be inserted through this mechanism decreases, correlating well with the decrease in
sodium expansion for carbons heat treated to higher temperatures. The hard carbons
show only minimal changes in sodium insertion with increasing temperature and
therefore it is reasonable to assume that the expansion characteristics of these materials
will not change dramatically with increased heat treatment temperature.

Based on the work presented here, the following general advice can be provided:
if the absolute magnitude of sodium expansion is critical, then soft carbons heat treated to
high temperatures provide the best solution. If prevention of mechanical failure is more
important then both the expansion characteristics and the mechanical properties of the
carbon need to be considered. Thus, hard carbons (that may also have other operational
benefits) may be suitable as cathode carbon materials, provided the expansion does not

exceed the mechanical capabilities of the carbon.



Appendix A

Repeatability

This thesis was written to show how carbon structural and electrochemical
properties varied with carbon type and heat treatment temperature, with the assumption
that the measurements made were reliable. In order to support this assumption, this
appendix therefore briefly presents data for measurements performed on samples
prepared in the same way but at different times to provide an indication of the expected
level of sample to sample variability. Overall, the repeatability of the techniques is good,
although there are small differences between samples that can only partly be attributed to
random noise. Despite these minor variations, the magnitude of the changes observed
between different materials is much larger than the within-sample variability, giving
confidence in the conclusions drawn from the data. The repeatability of the individual
measurements also show that the carbon samples can be prepared with the same structure
each time, and thus indirectly, the results presented in this appendix show that the heat-
treatment process used was also reliable. The repeat measurements quoted in this chapter

were made on two samples heat treated on different days.
Al. Gas Adsorption

Figure A1 shows repeat gas adsorption measurements for low and high porosity
carbons. It can be seen that the technique is quite reliable, particularly for differentiating
between nanoporous and non-porous carbons, which was the primary reason for

completing gas adsorption measurements.
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Figure Al: Repeat N gas adsorption measurements for (a) mesoporosus carbon and (b)

nanoporous carbon.

A2. WAXS Measurements

Figure A2 shows repeat WAXS measurements on typical soft and hard carbons.

It can be seen that this technique is highly reproducible making it difficult to separate the

two scans. This technique is expected to be reproducible, primarily because it is sensitive

to changes in atomic arrangements, which should be essentially the same in samples

prepared by heat treatment from the same precursor. Any differences between repeat

samples can be primarily attributed to random noise.
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Figure A2: Repeat WAXS measurements completed on a typical hard carbon (upper
panel) and a typical soft carbon (lower panel)

A3. SAXS Measurements

Repeat SAXS measurements were completed on both a nano-porous carbon and a
meso/macro-porous soft carbon are presented in Figure A3. Again the technique is

highly reproducible.

Ad. Electrochemical cell performance

The cell construction and operating procedure was able to produce the same

results for samples heat-treated on different days and cells made on different days for
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both sodium and lithium insertion as shown in Figure A4, although there are some subtle

differences in irreversible capacity.
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Figure A3: Repeat SAXS measurements completed on a typical nano-porous hard
carbon (upper panel) and a typical meso/macro-porous soft carbon (lower panel).

The irreversible capacity is at least partly controlled by the amount and type of
species adsorbed by the carbon of interest from the air prior to installation into the cell
[88]. Although the time the carbon and electrodes are exposed to air is minimised, the
irreversible capacity is expected to show some day to day variation. However it can be
seen that the amount of variation is reasonably low. Some of the irreversible capacity,
particularly for the sodium samples is also partly due to incomplete stripping of metal
from the electrode surface during charge. The amount of plated metal varies as
sometimes the plating trip point occurred outside of normal working hours. Incomplete
stripping does not interfere significantly with cell performance but will contribute excess

irreversible capacity.
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Figure A4: Repeat sodium and lithium cells for carbon electrodes prepared from samples
heat-treated on different days.
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Overall the variation in irreversible capacity is acceptable, especially as this
property is not of great significance for the work presented in this thesis. The more
important point is that the shape and capacity of the reversible portion of the potential
profile is consistent between samples for both sodium and lithium. A similar level of
repeatability has been seen for other samples, allowing the error in reversible capacity to

be estimated at + 10 mAh/g for both sodium and lithium insertion.

AS. In situ cell data

A number of repeat in-situ SAXS and WAXS cells were constructed and
operated. The trends presented in Chapter 6 for a given material were also seen in the
repeat measurements. As with the other measurements therefore, the in-situ results are

considered to be reliable.



Appendix B

Mathematical Derivations

B1. Derivation of the Langmuir model

It was shown that, under the Langmuir model assumptions, that:

0, =K, P6,, where: (BL.1)

e 0, represents the fraction of occupied sites and 6o represents the fraction of
unoccupied sites.

e P is the equilibrium gas pressure

e Py is the saturation pressure of the gas.

e K, is the ratio of the two rate constants: K, =k 4, /Kaesay

e Vy is the gas volume required to form a mono-layer of gas molecules on the
surface.

e Vpis the volume of gas adsorbed at equilibrium pressure P.

From these definitions, we have:
9, =1-6,and, (B1.2)
8,=V,/Vy- (B1.3)

Substituting these back into equation B1.1 gives:
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Dividing through by the saturation pressure and

Langmuir equation:

177

(B1.4)

(B1.5)

(B1.6)

(B1.7)

(B1.8)

letting c¢=K,P, gives the

(B1.9)
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B2. Derivation of the BET equation.

For the BET equation, the set of equations to describe each 6, term, where 6, is

the fraction of sites covered with a stack of n molecules, are:

0,=K, Po,,
0,=KP9,,
0,=KP9,,
0,=KP6;,
0,=KPO_, . (B2.1)

This is a set of recursive equations that can be rewritten as:

,=KP9,,
8, =(KP)*0,,
8,=(KP) @,,
8, =(KP)""'0,. (B2.2)

It was also shown that:

=L

no,
Ve _asm (B2.3)
v

-}

E
[]

-

=]

" 0

o

Substituting each of the modified expressions for 0, into the numerator gives:
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fne,, =0, +2(KP)8, +3(KP)’ 8, +...+L(KP)" "' 6,, (B2.4)

n=0
which can be rearranged to give:

fnen =9, (1+2(KP)+3(KP)2 +...+L(KP)"" ) (B2.5)

n=0

As the fraction of sites filled with n layers decreases as n increases, KP <1 and,

as L is large (i.e. multi-layer adsorption extends for many layers), the series converges to:

n=L 9
0 =-—>i— B2.6
g&“ " (1-Kkp)y (2.9

Similarly, the denominator in equation B2.3 becomes:

n=L

36, =0, +6,(1+KP+ (KP)’ +....+ (KP)""), which converges to: ~ (B2.7)
n=0

$t6, =0, + 0 (B2.8)
= " ° (1-KP) '

Substituting for 6¢ gives:

%9 ST N (B2.9)
<" KPP (1-KP)

Equations B2.6 and B2.9 can be substituted into equation B2.3 to give:
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6,
VP (1 _KP)2
= B2.10
Vm 91 el ( )
+
K,P (1-KP)
After rearranging, this becomes:
Ve K.P (B2.11)

V. (-KPY1-KP+K,P)’

When the equilibrium pressure equals the saturation pressure, Py, the gas

condenses to a liquid and the volume adsorbed approaches infinity. For this to occur,
(1-KP)—>0and hence K=1/P,. Also, letting c=K, P, as for the Langmuir derivation,

allows for equation B2.11 to be written as:

P
Ve _ cP/P, , which rearranges to: (B2.12)
V. (1-P/P,X1-P/P,+cP/P,)
(1-P/P,+cP/P,)  P/P, (B2.13)

Vac —(1—P/Po)vp'

This then gives the BET equation:

S SN LV
(Py/P-1)V, V AT ( J (B2.14)

m m




B3. Evaluation of the Integral [e™%'dV
v

feiHTdv = [e e sin g dr do do
v

8=2x  d=x r=R
= J' de Irz dr _[e"q'm“ singdd
8=0  ¢=0 =0

r=R B 1 . b=x
=2‘)‘C J‘rz dr _ e-lqrcos¢
r=0 L 1qr ¢=0

r=R —eiqr _e"iqr }

=0 qr

r=R 3
=27 J-I'Z ﬂl_(.q;r_)dr
r=0 ql'

r=R
= 4n q rsin(qr) dr

r=R

= 4-?[ sin(qr) —qr cos(qr) [5;
q

4nfsin GR) ~aR cos(@R)]

~1 q.rdv=
Je a

Using the volume of a sphere, V, this can be rewritten as:

3V [sin(qR) -qR cos(qR)|

Jertrav= @RY
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(B3.1)

(B3.2)

(B3.4)

(B3.5)

(B3.6)

(B3.7)

(B3.8)

(B3.9)

(B3.10)

(B3.11)
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B4. Average value of e'9"2 for an isotropic distribution with fixed r;,.

- L eiq.ru cosodv
gt == - B4.1
4mry 4D
where ¢ is the angle between q and r.
¢==‘9=2::_
J- Ie' 42 €s¢r? sin¢pddp do
eiq.r,, = $=0 8=0 . (B42)
4mr,
¢=x
eiq.ru = %_ J'eiq.ru cos¢ Sind)dd) . (B43)
2,5
letting u = cos ¢ gives:
¢=x u=-1|
fet = singdp = [—e'** du. (B4.4)
¢=0 u=Il
The solution to this integral is:
u==1 __ aiqru u=-1 iqry _ a-iqn, P
J'_ eidnzu du:[ .e ] ___e : < - -Sln(q'rlz) (B45)
u=l 9.0, |, 14.5,; q.5,
Thus the average value is:
oith: — Sin(q~r12) . (B4.6)

q.r,
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