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Abstract

The structure of guest compounds in the galleries of graphite intercalation compounds has 
been the subject of intense study by those interested in the nature of 2-dimensional 

hindered lattices and incommensurate systems. The in-plane structures of these 

compounds are often poorly known: it is difficult to prepare single crystals of these 
compounds, powder diffraction patterns are dominated by the very strong c-axis 
reflections, and the structures are themselves complex.

In 1971 it was discovered that the alkali-metal graphite intercalation compound KC24 
would physisorb hydrogen and deuterium at cryogenic temperatures to form a ternary 
graphite intercalation compound. In the next two years further studies found that a variety 
of simple gases - argon, methane, nitrogen, hydrogen and deuterium - were absorbed by 
the related graphite intercalation compounds RbC24 and CSC24. Interest in the application 
of these compounds was also excited by the discovery that KC24 absorbed deuterium 
preferentially over hydrogen.

While these ternary compounds have been known for over 20 years, their «6-plane 
structures are either not known or very poorly understood. The technique of using 
aligned samples produced from monolithic samples of pyrolytic graphite permits the use 
of x-ray powder diffraction techniques in probing this in-plane structure, and techniques 
of full pattern simulation can be used to produce model systems to compare with these 
diffraction patterns.

This thesis describes three primary fields of study. Firstly, an x-ray powder 
diffractometer was reconstructed in order that the diffraction studies could take place. 
Secondly, samples of the parent binary rubidium-graphite and potassium-graphite 
intercalation compounds were prepared, doped in-situ with stoichiometric quantities of 
the gases at cryogenic temperatures, and the «6-plane and c-axis diffraction data acquired. 
Finally, the diffraction patterns were compared with models produced by the full pattern 
simulations. These showed that the physisorption of the larger molecules - Ar, CH4 and 
N2 - induce an immediate disproportionation into two ordered phases, while the 

absorption of H2 and D2 produce both an interstitial solid solution and disproportionation 
at different stoichiometries
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Chapter 1: Graphite Intercalation Compounds

1.1 Graphite Intercalation Compounds - Background and 
Nomenclature

1.1.1 Structure of Graphite

Graphite has a layered structure, in which sheets of covalently bonded carbon atoms in 
a hexagonal lattice are held together by weak Van der Waals forces. Figure 1.1 shows 

two ideal crystalline structures of graphite at room temperature, hexagonal and 
rhombohedral, which occur due to different stacking orders available to the graphene 

layers.

Figure 1.1: hexagonal and rhombohedral structures o f graphite. The unit cells are 
shown in dotted lines. The hexagonal structure has AB AB stacking, the rhombohedral 
ABC ABC. The hexagonal structure has dimensions a=b=2.465Ä, c=6.7Ä. The 
hexagonal supercell o f the rhombohedral structure has dimensions a=b=2.46Ä, 
c=10.05 Ä

These ideal structures are usually disordered in a variety of ways, by stacking faults of 
the graphene layers and by impurity atoms in the layers themselves. Stacking faults may 
be rotational or translational in the ab plane, where the registry of one graphene layer 

upon another is altered, or along the c-axis, where the stacking of one layer upon another 
is disrupted by an increase in the interplanar layer distance and/or by a tilt angle. Stacking 

faults may display an ordered sequence superimposed upon the c-axis stacking of the 

graphite crystallite. In the extreme case of complete turbostratic disorder the c-axis 

identity period is retained but each layer is randomly translated or rotated with respect to 

the previous one.
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Good single crystals of graphite, with a small number of stacking faults, can be found 
in natural sources, such as coal mines, or are produced as Kish graphite in blast furnaces, 

but they are rather small for stoichiometric studies. For larger samples one must employ 
well ordered pyrolytic graphite which is produced by the cracking, under pressure at high 

temperatures, of large-molecule organic gases such as coronene. Pyrolytic graphite 
consists of many small crystals deposited with good c-axis registry but with random ab- 
plane orientation between the different domains. As a result it is effectively a powder 

when determining in-plane structure.

1.1.2 Graphite Intercalation Compounds

An intercalation compound is one where a guest atom or molecule is added to a host 
compound by insertion of the guest into vacancies that are already present in the structure 
of the host. In a graphite intercalation compound (GIC), these vacancies are the galleries 
between the graphene layers, available as a result of the weak bonding between the 
layers. Intercalation forces these layers apart since the compound is of greater 
thermodynamic stability than the separate components. An intercalation reaction is 
distinguished from other reactions in that the structure of the host compound is modified 
but not completely disrupted by the process. In a GIC the carbon layers remain 
approximately planar and parallel after the reaction( 1 \

Charge transfer between the guest and host is a stabilising feature of all GICs, which 
can be divided by this attribute into two types, donor and acceptor(2). An acceptor GIC is 
one where there is electron transfer from the graphite host to the guest: acceptor guests 
include Br2, HNO3 and C0CI2. In a donor GIC the guest donates electrons to the host 
layers; most donors are metal atoms. Commonly used donor guests include the alkali 
metals, lithium, potassium, rubidium and cesium, as well as the alkaline earth metals and 
the lanthanides.

Gab ( Q ^ c n r 1) Gc ( Q ^ c m '1)

300 K 77 K 4 K 300 K

Graphite 2.5X104 3 .8 x l0 4 ~10

k c 8 l . lx lO 5 l.O xlO 6 2 .4 x l0 7 3 .2 x l0 3

K C 24 1 .7 x l0 5 l . l x l  06

RbCg 1.0x10s 8 .6 x l0 5 1 .2 x l0 7

RbC24 1 .5 x l0 5 5 .8 x l0 5

Table 1.1: The effect o f intercalation o f rubidium and potassium on conductivity o  
in the ab-plane and c-axis directions. After Fischer
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The amount of transferred charge per intercalate atom or molecule, in units of 

electronic charge, is ~0.2-0.5 for most acceptors, and ~1 for alkali metal donors(2 .̂ This 

charge transfer increases the conductivity of the bulk GIC compared with that of graphite, 
as shown in Table 1.1; additionally the difference between the ab-plane and the c-axis 

conductivity, which is characteristic of graphite, is reduced in the intercalation compound. 
The studies described in this work involve the heavy alkali-metal GICs of provisional 

stoichiometry KC24 and RbC24- Thus most of the rest of this introduction will deal with 
the donor intercalation compounds.

An alkali-metal GIC is usually produced by one of two methods. One can add the 
correct stoichiometry of a guest in liquid or vapour phase to the graphite sample, seal it 
under vacuum, and keep the system at the required temperature until the reaction goes to 
completion. This can often be determined by colour changes in the graphite sample; in the 
rubidium-graphite intercalates the stage 2 compound is a metallic blue, while the stage 1 
compound is orange. Alternatively the "two-zone" method may be employed, where the 
guest and the host are heated to separate temperatures within a sealed double furnace, and 
the final composition is determined by the temperature differential between the zones. For 
the alkali-metal GICs, this reaction can take up to several days at a temperature of 600 K 
to produce a well equilibrated sample. The process of intercalation will often rearrange or 
introduce new faults into the crystal structure, as the graphene layers are pushed apart by 
the guest compound. In the stage 2 alkali-metal GICs the stacking order of the graphene 
layers is changed from AB AB to BAaABaBA (where a  represents a guest layer), so that 
the carbon hexagons sit above one another when stacked across guest layers. The exact 
stoichiometry to which a sample is prepared can vary with the methodology of the groups 
that produced them; in this work, the stoichiometry reported in a given paper will be used 
when referring to the work in that paper.

In addition to the large number of binary GICs, there also exist ternary graphite 
intercalation compounds, where two different species are intercalated into the host 
galleries. They can be produced by the direct absorption of two species into the host 
compound, or by first making a binary GIC which then absorbs a third compound. 

Examples of the first are ternaries produced from a solution of two heavy alkali metals, 

such as the C si-xKxCg and Ki_xRbxCg systems, or alkali-metal-ammonia solutions 
which then react with graphite. Examples of the second also include the alkali-metal- 

ammonia GICs where a binary alkali metal GIC is allowed to react with NH3 gas, and 

organic-molecule ternaries such as potassium-benzene GIC, K(Bz)j ̂ 2 4 ^ .
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1.1.3 c-axis Structure - Staging

All GICs exhibit the phenomenon of staging, whereby the guest molecules do not 

occupy all available galleries equally, but instead completely fill some galleries while 
leaving others empty. As a result each filled layer is separated from the next by the same 

integer number of empty galleries. The nomenclature used for staged structures is that a 
"stage N" intercalate has N layers of host material separating two layers of guest: in a 
stage 1 GIC there is one graphene layer between each layer of guest, and thus all the 

available galleries have been filled, while in a stage 2 GIC there are two graphene layers 
intervening, and half the available galleries are filled. Alternatively, the stage number can 
be considered to be the ratio of total galleries to filled galleries per repeat unit of the 
GIC(t’ 2’ 5 .̂ As guest is added to the compound, the structure progresses from higher to 
lower stage, shown in Figure 1.2.

A considerable number of theoretical and experimental studies have investigated the 
mechanism behind staging(2\  reaching a consensus that the process is driven 
energetically by the charge transfer to the host layers and the minimisation of crystal 
strain. This results even from simplest models of charge transfer, which assume that the 
electrons are transferred to or from the K bands of the graphene sheets immediately 
adjacent to the guest without changing the electronic structure of these bands; as a result 
those graphene layers near the guest possess a greater charge than those further away. 
This creates an effective repulsion between the guest layers, which in turn creates a 
ordered one dimensional lattice of stages along the c-axis^ .

o o o

o o o

o o o
o o o

o o o
o o o
o o o

ooo 
o oo o  
o o o  

o o o o
Graphite Stage 4 Stage 3 Stage 2 Stage 1

Figure 1.2: diagram o f staging. As the guest is progressively added to the host 
compound, the structure o f a GIC proceeds from a high stage to a lower stage 
intercalate

A  simple model of intercalate staging, where all galleries are either completely filled 
with or completely empty of the guest compound, cannot explain certain experimental 

observations, especially changes of stage number during ternary intercalation reactions or 

under pressure(2' 1\  Samples seen to evolve from stage N to stage N±1 would in the 

simple model require the unlikely mechanism that some galleries completely empty
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themselves to fill others. The guest would have to migrate out of the host structure in 
order to do this.

o o 0 o o o o 0 o oo 0 o o 0 o 0 o o oo 0 o o 0 o 0 o o 00 0 o o o 0 o o 0 oo 0 o o 0 o 0 o o 00 0 o o o 0 o o 0 oo o 0 o 0 o o 0 o 0o 0 o o 0 o 0 o o o
Figure 1.3: A schematic diagram of the Daumas-Herold "pleated-layer" model of 
staging, for a stage 2 GIC.

The Daumas-Herold "pleated-layer" model of GIC staged structures, shown in Figure 
1.3, avoids these problems by proposing that each crystallite contains multiple domains, 
each with the same stage number but with the guest occupying different galleries in each 
domain(2,7\  The guest occupies a fraction of the available area of the host galleries equal 
to (1/stage number); changes of stage by ±1 take place by alteration of this area, as the 
ab-plane structure of the guest expands or contracts(7). These domains form as a result of 
elastic strains induced in the graphene layers by the guest atoms or molecules: the 
deformation of the host is smaller for large, well defined domains than for smaller 
disordered ones, and while the deformation is obviously nonexistent for the simple model 
shown in Fig 1.2, simulations have found that not only do the pleated-layer domains bind 
strongly together but that there is an energy barrier stopping the easy merging of domains 
in the same gallery^.

1.1.4 In-Plane Structure of Guests

The ab-plane structures of GICs are not as well understood as the c-axis structures, 
for a variety of reasons: firstly in graphite and its intercalation compounds, the c-axis 
structure factor is much greater than the in-plane structure factor; secondly the in-plane 
structures undergo a variety of temperature dependent phase transitions; thirdly the 
structures themselves are often more complex than simple registered commensurate 
superlattices of the graphite structure. Ternary compounds add even more variety to 
possible in-plane structures.

The variety of possible in-plane structures in a GIC is far greater than those available 
to the one-dimensional c-axis, and the large number of available guests enriches this 
variety. The 2D array of atoms or molecules in a layer will be influenced by the presence 
of the graphite host, which presents a hexagonal lattice of potential wells to the guest.
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Many guests, both donor and acceptor, exhibit high temperature two-dimensional liquid 
phases which show no long-range order but exhibit short-range modulations as a result of 

the graphite lattice^ . Upon lowering the temperature the liquid phase will crystallise, but 
the packing density of the guest may not exactly fit the 2.46 Ä spacing of the hexagonal 

graphite lattice - in fact it rarely does - and a wide variety of incommensurate, hindered or 

domain-walled structures resu lt7, 8\

Figure 1.4: The figure above shows the distances between the marked hexagons, 
as a multiple o f the hexagon centre-to-centre distance. For graphite, this is the in­
plane lattice constant o f 2.46 A. In dealing with commensurate guest structures, 
references will often be made to cells with dimensions that are equal to these 
distances.

In such a structure of two layers of different atoms or molecules in close proximity, 
each species will possess its own plane group; if both of the groups are a rational subset 
of a larger common cell, the layers are commensurate; if not, the lattices are 
incom m ensurate^. Incommensurate systems produce diffraction patterns with distinct 
reflections that can only be indexed using higher dimensional indices(9). When describing 
commensurate lattices, the cell is described by reference to the graphite ab-plane cell (see 
Figures 1.1, 1.4 and 1.5). The notation used is AxB  R(0,({)), where (A,B ) are the lengths 
of the in-plane axes in units of the graphite in-plane and (0,(J>) are the angles between A,B 
and the graphite cell axes (a ,b ), though for a hexagonal lattice the angle § can be 

omitted^1()). Figure 1.5 shows five small commensurate cells, V3xV3 R30°, 2x2 R0°, 

2xV3 R(0°,90°), 3xV7 R (0\19.1°) and V7xV7 R±19.1° - the ±19.1° refers to the two 

possible V7xV7 orientations.
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Figure 1.5: several commensurate cells: a) vlCcVi R30°, b) V7xV7 R±19.1°, c) 2x2 
R0°, d) 2x^3 R(0°,30°) and e) 3x^7 R(0°, 19.1°).

Acceptor guests - usually molecular species such as Br2, C0CI2, FeCl3, SbCls and 
HNO3 - tend to produce complex in-plane structures which retain features of their pure 
solid phases, and are often of lower symmetry than the graphite hexagonal structure. 
They have been more difficult to model than the alkali-metal GICs due to the additional 
more complex accepter-acceptor molecular interactions, as well as the complex potential 
for these molecules on the graphite hosts(8\  To take one example, in SbCls the guest 
intercalates at 440 K, and forms a two phase system with the guest disproportionating 
into SbCl6‘ and SbCl3 via the reaction:

3SbCl5 + 2e- —> 2SbCl6- + SbCl3
The SbClö' phase forms a V7xV7 R19.10 commensurate lattice which undergoes a 

incommensurate transition at -350 K before melting at around 450 K, while the SbCl3 

remains a liquid down to 230 K, where it crystallises into a V39xa/39 R16.1° 
commensurate lattice ■11 \
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4000

2000

20 (Degrees)
Figure 1.6: ab-plane oriented powder diffraction pattern of stage 2 Rb-GIC at 300 
K, indicative of a liquid structure. Only the wide bands at ~17°and ~30 °  are produced 
by the ab-plane structure of the rubidium ions, the other peaks on this pattern are c- 
axis breakthroughs, caused by mosaic spread of the crystallites, or are reflections of 
the graphite host. (From the author's experimental studies.)

With the heavy alkali-metal GICs, the stage 1 compounds possess a different guest 
ab-plane structure than those of the higher stage materials. In the stage 1 compounds the 
metal ions form a commensurate 2x2 R0° structure which remains stable over the 
temperature range from 4 K to 700 K, at which temperature the in-plane lattice melts^10), 
while for GICs of stage 2 and above there is a high temperature liquid phase that at upon 
cooling to cryogenic temperatures undergoes a phase transition to form various in-plane 
structures which differ for each of the metals.

At room temperature and above, the stage 2 and higher stage K-, Rb- and Cs-GICs all 
display simple diffraction patterns (as shown in Figure 1.6) indicating a liquid-like in­
plane structure. Single crystal photographs of room temperature alkali-metal GICs 
display diffuse rings rather than single spots, but also show six-fold intensity maxima, a 
sign that there is a modulation of the liquid structure by the graphite lattice while powder 
diffractograms show only the primary liquid-like peak (Figure 1.6). Early attempts to 

model the graphite peak intensities found that a large percentage of the alkali-metal ions in 
the liquid-like structure were registered with the hexagons of the graphite lattice.
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3.0
IN V ERSE ANGSTROMS

Figure 1.7: the ab-plane single crystal diffraction patterns fo r  stage 2 (lower 
segment) and stage 3 (upper segment) cesium-GIC at 10 K. A fter Winokur and 
Clarke(U).

The low temperature phases of the stage 2 heavy-alkali-metal-GICs produce complex 
ah-plane powder and single crystal diffraction patterns. Beneath 228 K the in-plane guest 
structure of stage 2 cesium-graphite intercalation compound orders to produce the pattern 
seen in Figure 1.7( 12); a 2-D to 3-D ordering transition is seen at 165 K, together with an 
increase in in-plane scattering intensity. In stage 2 rubidium-graphite, the in-plane 
ordering transition occurs at 165 K and the 2-D to 3-D transition at 106 K. The stage 2 
potassium-graphite system has an ah-plane and 2-D to 3-D ordering transition 125 K, and 
another structural transition at 95 K.

A schematic interpretation (after Mori et. al.)(12) of the single crystal ab-plane 
diffraction pattern of KC24 is shown in Figure 1.8, where three primary components of 
the pattern are indicated: the graphite peaks, twelve (10) reflections of the potassium 
lattice, consisting of two hexagonal structures at an angle ±0 to the graphite lattice, and a 
circle of primary modulation satellite peaks of the alkali-metal lattice surrounding each of 

the graphite peaks. The entire pattern can be indexed by the linear combination (q o iq it) 
where q c  and qK are the two-dimensional graphite and potassium wave vectors, each of 

the form 27t(Hbi+Kb2), where H and K are the peak indices and b j and b2 the unit 
vectors^8, l2 .̂ Similar diffraction patterns are produced by the rubidium-graphite and 

cesium-graphite intercalation compounds at temperatures beneath the ordering transitions.
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GRAPHITE
POTASSIUM MODULATION 

o 10.0 •  1st ORDER
V H O ? 2nd ORDER
V2 0 0  T 3rd ORDER

C2«K - STAGE D 
hhO PLANE ~ I 0 0  K

c d« f g

Figure 1.8: A schematic indexing o f the HK.O reflections o f a single-crystal 
diffraction pattern produced by KC24, showing as the rings a-o the peaks that are 
seen in a oriented powder diffraction pattern of KC24- Reproduced from Mori et

From the same paper( a plot of the rotation angle 0 - the angle the alkali-metal lattice 
makes to the graphite lattice - versus the "lattice mismatch" Z = am/agr - the ratio of the 
length of the alkali metal (10) to the graphite (10) - is shown in Figure 1.9, the points 
coming from several separate studies. A "universal curve" of the form:

cos(3O°-0)
(2z2 + 1)

( 1)

was derived empirically, and found to provide a good fit to the points. At q=0° and z=0.5 
is the 2x2 R0° commensurate lattice; the leftmost data point is an RbC24  electron 
diffraction pattern indexed as possessing the V7xV7 R 19.1° commensurate lattice.
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Figure 1.9: A plot o f  the rotation angle 6 - the angle between the graphite and 
alkali-metal wave vectors - against the lattice mismatch Z fo r  a number o f AM-GIC 
samples: open circle = CsC24 , filled  circle = CsCs6, open square=RbC24 , open 
triangle=KC24, filled triangle=KC36. Reproduced from Suzuki et a l ^ \  A curve o f the 

form  cos(30- 0)=(2z2 +l)/(2 ̂ 3z) is fitted to the data.

A model originally suggested by Clarke et al(LS) has provided the best description 
available for the stage 2 cesium- and rubidium- GICs. In this model, the alkali metal ab- 
plane lattice is "almost commensurate" with a S7xsl7 R19.T“ superlattice, and the alkali 
ions form hexagonal domains which internally adopt the V7xV7 structure but between 
which there exist domain walls of higher density. This discommensurate-domain model 
was expanded by Suzuki et al( l4), who show that the domain size L and angle Q  (the 
angle that the normal to the domain wall makes with the graphite (10) vector) are uniquely 
determined by the vector q, the difference between the V7xV7 R19.1° vector and the 
observed alkali metal wave vector qAM. as follows

L_

aG
(2)

Q  =
/

-6O°-0C + arccos
s

\

7
( 3)

where 0C=19.1°, the rotation angle of a V7x^7 commensurate superlattice compared with 

the graphite hexagonal lattice, and qc is the primary graphite vector. The "universal 

curve" of Equation (1) is derived from the same results.
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Figure 1.10: the ab-plane structure of stage 2 cesium GIC beneath the ordering 
transition, according to the discommensurate domain model. The Van der Waals 
radius is used for the cesium ions shown.

This model has been applied successfully to the nominally CSC24 and RbC24 systems, 
to suggest the structures shown in Figures 1.10 and 1.11 respectively, which give a 
Vl24xVl24 hexagonal superlattice for the cesium-graphite, and a V43xV43 superlattice 
for the rubidium GIC. These structures suggest that the in-plane stoichiometry of the 
samples is different from the 1:24 alkali-metal: carbon ratio found from absorption 

studies: the V 124xV 124 cesium-graphite structure shown has a stoichiometry of CsC26.6i 

the V43xV43 rubidium-graphite structure has one of RbC25- The CSC26.6 structure 
shown is an idealised structure of V7xV7 domains separated by 2xV7 domain walls: 
molecular dynamics simulations*16) have shown the domain walls are of somewhat lower 

density, with the ions at the domain wall moved away from the graphite hexagon centres; 

the RbC25 structure shows this more realistic position for the ions.
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Rb+ ion --------- V43xV43 Cell

Figure 1.11: the ab-plane structure o f stage 2 rubidium-GIC beneath the ordering 
transition, according to the discommensurate-domain model. The ions at the domain 
wall have been moved off the hexagon centres. The Van der Waals radius is used for 
the rubidium ions shown.

This model works well for the diffraction patterns observed from the cesium and 
rubidium GICs, though there are still other competing models^ 17\  but it cannot account 
for the observed potassium patterns. It predicts a domain size which is too small for a 
physically possible V7x^7 domain to form, even the compressed one seen in the RbC25  

structure. The structure of the stage 2 potassium-GIC is still uncertain: below the first 
ordering transition it has been described by a V201xV201 hexagonal superlattice 

containing 2x2 hexagonal clusters of ions separated by V7xV7 voids and faulted domain 

walls; and beneath the second ordering transition at 95 K by a multiphase system of four
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commensurate hexagonal superlattices or by a disordered lattice of K+ ions adopting 2x2 

domains with V7xV7 borders but with no long range ordering( 18,

Rby K

Figure 1.12: the com positional dependence o f  the ordering transition in 
RbxK ].XC24- The inset shows the position o f the ternary phases on the "universal 

curve" o f Moreh. Reproduced from Chow and Z a b e f^ \

Stage 1 ternary GICs of the form A i_xBxC8 have been formed of the heavy alkali- 
metals potassium, rubidium and cesium, but the only stage 2 substitutional ternary 
reported is Ki_xRbxC24. The stage 1 ternary compounds have the same 2x2 ab-p\tme 
superlattice that all the stage 1 binary alkali-metal GICs possess; the two metals make a 
random occupation of each available site with a probability based purely on 
stoichiometry. The c-axis diffraction data show that these compounds have a significant 
deviation from the linear expansion expected by Vegard's law. While it was speculated 
that these deviations are a result of the appearance of an in-plane Vl2xVl2 ordered 
superlattice no such structures have been observed(21 \  In the stage 2 compound it was 
found that the temperature of the ordering transition in the ternary mixture was close to 
the straight line between the ordering temperatures for the two binary compounds 
predicted by Vegard's Law, as shown in Figure 1.12(20).

The ab-plane structure was described as a discommensuration-domain structure similar 

to that observed in the rubidium and cesium binary compounds; the observed diffraction 
patterns fall on the "universal curve" for these compounds, between the positions of 

R bC 24 and KC24, which is shown in the inset in Figure 1.12. A second ordering 
transition at a lower temperature was seen only in the ternary compounds, with the
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appearance of new satellite peaks characteristic of an incommensurate modulation. These 
were explained as a result of a additional compositional modulation of the lattice.

1.2 Gas Physisorption by Alkali-Metal GICs

A new type of ternary GIC was described in 1971 by K. Watanabe et. a l /22\  when 

they reported the absorption of hydrogen and deuterium gas by KC25 at temperatures of 
less than 90 K. This process was determined to be physisorption - where the absorbed 
molecule remains intact and is released unchanged upon heating - as opposed to 

chemisorption, where the hydrogen is dissociated and adsorbed as hydride ions.

Later papers in 1972^22 ̂ and 1973^24  ̂from the same group described the absorption at 

cryogenic temperatures of a variety of simple gases - Ar, H2, D2, N2 and CH4 - by 
CSC24, RbC24 and KC24, and also noted that there was no physisorption of the same 
gases by the stage 1 GICs (stoichiometry CgM). These later papers are so important to 
this work that they will be described here in considerable detail. Table 1.2 is taken 
directly from the 1973 paper'24 :̂ it shows the maximum amount of gas physisorbed at 
saturation, the value being the ratio of absorbed molecules to alkali ions.

He h 2, d 2 Ne n 2 Ar c h 4

C24K no 2 .10 no 0.7 no no
sorption sorption sorption sorption

C24Rb no 2.05 no 1.0 1.2 0.9
sorption sorption

C24CS no 2 .00 no 1.3 1.4 1.2

sorption sorption
CgM no no no no no no

sorption sorption sorption sorption sorption sorption

Table 1.2: Sorptive capacity o f gases physisorbed by the Stage 2 GICs KC24, RbC24 
and CSC24, after Watanabe et a l ^ \

Table 1.2 shows that the absorption behaviour of the gases can be divided into two 

types: the small molecules, H2 and D2, not only have a greater maximum sorption than 
the larger argon, nitrogen and methane molecules, but additionally the sorptive capacity 

shows the opposite behaviour with increasing alkali-metal ion size.

The systems showed differing pressure-sorption isotherms for the various gases, 

again depending on the size of the adsorbed molecules and alkali-metal ions. Figures
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1.13-1.15 show these results, and the three types of isotherms reported, while Table 1.3 
shows the types of sorption for all systems studied.

h 2,d 2 n 2 Ar c h 4

KC24 II - - -

RbC24 I II Ill Ill

CSC24 I I II III
Molecular 

Diameter (Ä)
2.40 3.00 3.80 4.00

Table 1.3: Types o f absorption isotherms found in physisorbed alkali-metal-gas- 
graphite systems. After Watanabe et. a l ^ \

pressure/kPa

3

3

Figure 1.13: The Type I isotherm, from the Rb(D2)x^24 system at 113 K, showing 
a) pressure-sorption plot and b) Langmuir plot. Open circles are sorption, filled 
desorption. Reproduced from Watanabe et a f ^ \

The isotherm denoted Type I (Figure 1.13) is the standard Langmuir isotherm, 
characteristic of the physisorption of a monolayer of gas on a surface, and is here seen in 

the Rb-H2 /Ö 2 , CS-H2 /D 2 and CS-N2 ternary GICs: systems where there is a large 
disparity in the size of the absorbed gas molecules and the larger alkali-metal-ion 
compounds. The Type II and Type III isotherms (Figures 1.14 and 1.15 respectively), 

seen in the systems with relatively larger guest molecules compared to the host alkali 
ions, are both characterised by a critical pressure beneath which there is little or no 

physisorption, and above which the system moves rapidly to a saturation stoichiometry as
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pressure increases - almost immediately reaching saturation in the Type III systems, but 

less rapidly with the Type II isotherms.

Figure 1.14: The Type II isotherm, from the K(D2)XC24 and K(Ü2)XC24 systems at 
90 K. Note the much more rapid sorption of deuterium. Reproduced from Watanabe 
e, a P A\

The conclusion was that the Type II and III isotherms were associated with systems 
where a significant expansion of the interlayer distance between the graphene sheets is 
required for sorption, while the Type I or Langmuir isotherms were associated with the 
systems with relatively smaller gas molecules compared to the alkali-metal ions^24\

pressure/kPa

Figure 1.15: The Type III isotherm, from the Cs(CH4)xC24 system at 161 K. 
Reproduced from Watanabe et a l ^ \

Tables 1.4 and 1.5 show the equilibrium pressure at half coverage and the isosteric 

heat of absorption at half coverage respectively, again taken directly from the original 

paper, where it was noted that the decrease in equilibrium pressure with increasing alkali-
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ion size for each gas could be explained by the increase in the heat of sorption for the 

same sequence.

Further experiments determined that the stage-III GIC KC36 possessed sorptive 
properties and isotherm types for hydrogen and deuterium that were similar to that for 

KC24 except for the maximum amount of gas absorbed. Absorption from binary gas 
mixtures on KC24 and KC36 found that the Ö2/Ar system absorbed only deuterium, while 
the D2/N2 saw simultaneous absorption of both gases, with greater absorption of N2 

than was found in the K(N2)XC 24 system at the same temperature (77 K); most 
interestingly, the D2/H2 system absorbed the deuterium preferentially over the hydrogen.

h 2 d 2 n 2 Ar c h 4

KC24

RbC24
CSC24

12.0
4.9x10-*
1.7x10-!

2.5
1.2x10-!
5.5xl0-2

(1.0x10-5)
(1.3xl0-7)

9.7
l.OxlO-2

3 .5x10 '
(7.3x10-5)

Table 1.4: Equilibrium Pressure in kPa at Half Coverage at 90 K for alkali-metal- 
gas graphite systems. After Watanabe et. a f ^ \

h 2 d 2 n 2 Ar c h 4

KC24 9 11 - - -

RbC24 11 12 23 11 13

CsC24 12 13 26 15 20

Table 1.5: Isosteric Heat of Sorption, -A@H/kJ mol-1 at Half Coverage for alkali- 
metal-gas graphite systems. After Watanabe et. a l ^ \

In an attempt to determine the c-axis structure, neutron diffraction experiments were 
undertaken on the K(Ö2)XC24 system*24); they found that the c-axis d-spacing expands 
from 8.67 Ä to 8.96 Ä at saturation, but were unable to determine the orientation of the 
deuterium molecules with respect to the graphene layers.

1.3 Further Studies on Physisorbed Ternary GICs

Beyond the original work, published studies of these physisorbed ternaries have 

tended to be directed specifically to particular compounds. Those studying applications of 

these compounds have focused upon the hydrogen/deuterium absorption by KC25, which 
presents useful possibilities in hydrogen storage and isotopic refinement*25' 35 .̂ Those 

interested in observation of molecular tunnelling have concerned themselves with systems 

containing H2, D2 and CH4 , since molecules containing hydrogen atoms have large



Chapter 1: Graphite Intercalation Compounds 19

incoherent scattering cross-sections, which allow the hydrogen rotors to be easily 
distinguished from the much more weakly scattering host*36' 39 .̂ Those pursuing 

structural studies have tended to employ the larger absorbed molecules(40‘42), such as 

methane or nitrogen, which have adequate structure factors for X-ray diffraction 

methods, or have used other molecules that have been found to physisorb at higher 
temperatures, such as n-hexane(43). No published work on the alkali-metal-argon GICs 

could be found apart from the original papers.

1 / 4 8  1 / 2 4  1/16 1 / 1 2  1 / 1 0  1 / 8
1 / m

Figure 1.16: The saturation ratio of physisorbed hydrogen to potassium nh2^ k f ° r  
a series of GICs of stoichiometry KCm, where m varies between 8 and 48 as shown. 
The GICs were produced from a) solid circles and dotted lines, coke heat treated at 
1250 °C and b) empty circles and solid line, coke heat-treated at 2000 °C. Reproduced 
from Enoki et aP '^  from data originating in Lagrange et a P 5\

Further studies of hydrogen absorption*27, 33* have investigated alkali-metal GICs 
produced from sources of graphite cheaper than pyrolytic graphite, such as heat treated 
petroleum cokes. They have found that sorptive properties of a GIC are strongly 
influenced by the nature of the carbon from which the intercalation compound was 
produced. Figure 1.15 shows the maximum hydrogen sorption achieved by potassium- 
GICs of varying K:C stoichiometry, based on cokes produced at 1250 °C and 2000 °C. 

The sorption of the sample based on the lower-temperature carbon shows a different 
shape and maximum sorption, having the ability to absorb significant amounts of H2 at 

much lower K:C ratios than the higher temperature material. Later studies found that the 

preferential absorption of deuterium was also a function of graphite origin, concluding 

that the material with the best potential for isotopic separation was KC12 produced from 

petroleum coke heat-treated at 1500 °C; preferential absorption of tritiated hydrogen (HT)



20 Chapter 1: Graphite Intercalation Compounds

over H2 was also found (30\  It was also noted that CSC24 would be the best choice as a 
getter in a cryosorption pump, due to its low equilibrium pressure for hydrogen.

(a)

4 -

?  0 J
c?

" ©  4-1

0 -I

5 -

0-

<*)

( C )

% ;Vy,v..v. 0_|i
( d )

5 -

0 -  

5 -

0 -

5 -

(e)

\  . ' •

i ^ V i> '

( / )
h\

.. A ;

"

:\A A

5 - > 4 U  •. :
]/*** -yv*-' ?' Vr-V;-v

neutron energy gain/meV

Figure 1.17: The inelastic neutron scattering spectrum o f a Rb(H2)xC25 sample fo r  

a) x=0.0, b) x=0.30, c) x=0.59, d) x=0.89, e) x=1.19,f) x=1.48, g) x=1.78, h) x=2.00. 
The peak at 0.0 meV is the elastic scattering reflection; the other peaks are produced 
by the rotational tunnelling o f the hindered hydrogen molecules. Reproduced from  
Stead et a f ^

Inelastic neutron spectroscopic studies of the Rb(H2)xC25 system at 5 K (39) found 
that there was a single tunnelling peak at 1.4 meV which grew steadily in intensity up to 
x=0.89, that an extra peak at 0.7 meV appeared by x= 1.19; at greater fillings the peaks 
began to broaden, giving the appearance of unresolved structure; at x=2.00 a strong new 
peak appears at 2.05 meV. These results are shown in Figure 1.16. The peaks at 1.4 meV 
and 0.7 meV were attributed to the hydrogen molecules preferentially filling two different 
vacancies in the V43xV43 RbC25 lattice shown in Figure 1.11; firstly the triangular 
vacancies in the hexagonal V7xV7 domains are filled, secondly the 2xV7 vacancies in the 
domain walls. The new and less well-resolved peaks that appear at and above x=1.48 are 
attributed to a reconstruction of the rubidium in-plane lattice into an unknown structure. 

Inelastic neutron scattering from Cs(H2)C27 found that a similar two-site model could 
explain the data at low hydrogen filling, again with the appearance of unexplained new 

peaks, and thus a possible reconstruction of the ab-plane lattice, at higher hydrogen 
fillings*44' 45).
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The only published analysis of the ab-plane structure of a hydrogen-alkali-metal-GIC 

is a neutron diffraction study of the Rb(D2)o.2C24 system- The binary GIC was produced 
from pyrolytic graphite; the sample was aligned so that the neutron elastic scattering 

vector was parallel to the ab-plane of the sample, with the result that the diffraction 
pattern would contain only (hkO) peaks, rather than the very strong (001) series produced 

by the c-axis structure. The conclusions from the neutron studies were that the deuterium 
molecules were randomly decorating the triangular interstitial sites of a hexagonal 

structure of alkali-metal ions^46^

A single study^2) measured the change in resistivity in a Rb(H2)xC 24 sample as 
hydrogen was absorbed, observing that while the resistance steadily rose there was a 
minimum at x ~ 1. The authors concluded that an ordered superstructure was forming 

near a stoichiometry of Rb(H2)i.oC24.

A series of experiments on K(N2)XC25 and Rb(N2)xC25 were made using the novel 
technique of nuclear-resonant photon scattering, where by measuring the change in the 
photon scattering cross section - which is produced by Doppler broadening of the nuclear 
level in 15N by the molecule's internal zero-point vibrational motion - one can determine 
the orientation of the molecule with respect to the photon beam. This was used to 
determine the orientation of the intercalated nitrogen molecules in a sample produced from 
HOPG, it was found that in both systems the molecules were oriented with the axis 
parallel to the graphite planes(40,41 ’ 47\

The Cs(CH4)xC27 system has been the subject of rotational tunnelling and structural 
experiments and considerable molecular dynamics modelling. The tunnelling studies 
found a relatively featureless spectrum, with a broad peak at 25 meV in the librational 
energy region(36); this was in agreement with a MD calculation which showed the 
methane molecule centred in the triangular interstitial sites in the cesium V7xV7 
domains^48, 49\  Two separate groups(42, 5()) have used neutron powder diffraction to 

study the structure of Cs(CH4)xC 27 ; because both of these studies used powdered 
samples rather than oriented HOPG the diffraction patterns, one of which is shown in 

Figure 1.17, were dominated by the c-axis peaks. Both studies concluded that the low 

temperature Cs(CH4)xC27 structure contained at least two phases: in the earlier study(5()) a 
phase was identified as containing methane in the interstitial sites of a V7xV7 lattice; the 

later study(42) found that at and beneath 167 K the sample consisted of a ternary phase 

containing the methane as well as binary material, while at 187 K the sample was an 

interstitial solid solution at all fillings.
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Figure 1.17: the neutron powder diffraction patterns of CsC28 and Cs(CD4)xC28 at 
5 K. The labelled peaks are all part of the CsC28 pattern: a) (001), b) (002), c) (003), 
d) (004), e) the (100) of the graphite lattice, f) The graphite (101), g) (005), h) 
assigned as stage 1 impurity. Reproduced from Trouw et a f ^ \

Similar behaviour to the low temperature phase separation in Cs(CH4)xC27 has been 
seen in the physisorption of n-hexane in CSC24, which takes place at 300 K(44). In this 
compound there is a phase separation into a stage 2 ternary compound and a stage 1 
binary. The Cs(C2H4)xC24 system has also been observed through x-ray powder 
diffraction to phase separate into a stage 1 binary and stage 2 ternary at x = l.l, though by 
saturation at x=2.1 the compound is a single stage 1 ternary phase(S1).

1.4 Directions for this work

While there have been a number of studies of the physisorbed ternaries GICs 
described by the original workers, structural knowledge of the compounds has been 
limited to analysis of the c-axis structure. This seems to be primarily a result of the 

problems of powder diffraction: most structural experiments on these compounds appear 
to have used powdered samples, which are easier to produce than single crystals. While 

single crystals of GICs can be prepared, there is no reason to expect that the ternary GIC 

after physisorption will still be a single crystal, especially if a phase transition takes place.
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In a pure powder diffraction experiment of graphite or one of its derivative 

intercalation compounds, the layered c-axis structure has such a large structure factor that 
it will be the dominant feature of the diffraction pattern. Neutron diffraction has the 

advantage that the adsorbed ternary guest has a scattering factor of similar order as the 

alkali metal ions, and will thus have a significant contribution to the diffraction pattern, 

whereas with x-ray diffraction the alkali metal ions will be much stronger scatterers, such 
that in the hydrogen- or deuterium-based compounds the ternary guests will be effectively 

masked in an x-ray diffraction pattern.

While the ab-plane structure of the guest molecules in a GIC will be very weak in a 
pure powder diffraction pattern, there is the possibility of using a sample made from a 
pyrolytic or similar graphite, where the bulk material consists of many platelets with a 
random afr-plane orientation but with a common c-axis direction. By aligning the sample 
so that the momentum transfer of the scattering vector is in the ab-p\mt of the sample, the 
diffraction pattern observed will primarily consist of the (hkO) reflections, a procedure 
used in several of the papers described above.

H2 d 2 c h 4 n 2 Ar

Mass 2 4 16 28 40

Diameter
(A)

2.4 2.4 4.0 3.0 3.8

Polarizability 
(xlO 24 cm3) 
Quadrupole

0.8042 0.7954 2.593 1.7403 1.6411

Moment 
(xlO-40 Cm2)

2.17 2.14 0 -4.67 0

Table 1.6: relevant physical properties o f the physisorbed species that will be 
studied in this thesis 2̂4, 52, 53\

In this thesis we determine the afr-plane structures of many of the stage 2 ternary 
alkali-metal graphite intercalation compounds found in the early work of Watanabe et. 

a l / 24\  via the technique of x-ray powder diffraction of aligned GICs. While x-ray 

diffraction will emphasise the scattering contributions of the alkali metal ions over that of 

the physisorbed molecules, it is proposed that the observed modifications of the alkali 
metal ion lattice should allow us to determine the positions of the ternary guests. The 

cesium GIC ternaries will not be studied, because the very high x-ray absorption of Cs 

presents problems in the gathering of experimental data with the experimental
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arrangement we employed. Therefore, the compounds investigated will be the hydrogen, 
deuterium and nitrogen ternaries of K-GIC, and the argon, nitrogen, methane, hydrogen 
and deuterium ternaries of Rb-GIC.

The second chapter of this work will describe the diffraction theory employed in 
analysing and modelling the experimental data; the third chapter the preparation of the 
samples and the design and reconstruction of the x-ray diffractometer used to gather the 
data. The fourth chapter gives the data analysis and provides structural models to 
reproduce the diffraction patterns, while the fifth and final chapter will discuss these 
results and compare them with previous studies.
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Chapter 2: Diffraction Theory: The Simulation of Powder 
Diffraction Patterns Produced by 

Turbostratically Disordered Crystals

2.1 Introduction

Graphite intercalation compounds - the topic of this work - consist of layers of 
intercalated guest compounds separated by sheets of carbon atoms, as described in the 
first chapter. The focus of the x-ray diffraction studies here is the structure of the layers 

of guest compounds. Except in the Stage 1 GICs, these layers have weak interactions 
with the adjacent guest layers due to the screening effect of the intervening graphene 
layers. As a result, the intercalation compound does not form a true 3D crystal, but rather 
consists of relatively uncorrelated layers which may be considered to be separate crystals 
one or a few layers thick along the c-axis. This is referred to as "turbostratic" disorder, 
and techniques to simulate the diffraction patterns produced by turbostratically disordered 
crystals have been the subject of several studies, from Warren to the sophisticated 
techniques of Drits and Tchoubar(1\  Here, the approach of Reynolds(2, 3-) will be used. 
This is computationally intensive but mathematically straightforward, and this chapter 
borrows heavily from that work.

2 .2  Bragg Diffraction

Consider a plane of point scatterers, such as atoms, of sufficient proximity with 
respect to the wavelength of incoming monochromatic radiation that they are effectively a 
uniform plane. If the angle of incidence 0 is the same as the angle of reflection the path 
difference between the waves will be zero, and all wavefronts at this angle will be in 
phase. If the angle of reflection is not the same as the angle of incidence, then the path 
difference will be non-zero, and for any scattering center on the plane there will be 
another which is n out of phase, resulting in destructive interference. Thus reflection 
from an infinite plane will only occur when the angles of incidence and reflection are 
identical. Figure 2.1 constructs the reflection condition from a pair of infinite parallel 

planes of point scatterers, though the derivation is valid for any number of parallel planes. 
It is assumed that each plane only reflects a small percentage of the incoming wave and 

that most of the intensity continues to interact with further planes. Reflection can only 

take place when the angle of incidence equals the angle of reflection; but there is now an 

extra condition imposed by interference with the wave reflected from the parallel plane.
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d sin0

Figure 2.1: Diagram showing the condition fo r  Bragg diffraction from infinite 
parallel planes.

The path difference between the waves reflected from parallel planes is 2dsin6, where 
d is the distance between the planes, as shown in Figure 2.1, and this distance must equal 
an integer number n of wavelengths X for constructive interference to occur. This results 
in the Bragg law for diffraction:

2sin0 _ n
X d (1)

Bragg reflection is only possible for X < 2d, and thus photons or particles such as x- 
rays, neutrons and electrons, with a wavelength similar to or less than the distance to be 
probed, are used for diffraction experiments. From equation (1) one notes the reciprocal 
relationship between the lattice spacing d and sin0/?v This relationship can be understood 
from the vector condition for diffraction, shown in Figure 2.2(4). The vectors k() and k 
are the incident and reflected wavevectors respectively. The scattering vector Q=ko-k is 
the direction of the normal to the reflecting planes from which the vectors ko and k were 
diffracted. It is clear from Figure 2.2 that |Q| a  2sin0; diffraction will only take place 

when the path difference is 2n/\, and so |Q| = 47rsin0/^. While the Bragg law presents the 
necessary conditions to specify the angle of diffraction, to determine the intensity of a 
reflection requires a description of the unit cell, the atomic positions within the cell and 

the size of the diffracting crystallite to be included in the analysis. The first two elements 
are included in the structure factor F, while the size of the diffracting crystallite is 

incorporated in the interference function d>.
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Reflecting

Figure 2.2: the definition o f the vector condition for diffraction, where the 
scattering vector Q=kß-k. After Kittel^.

2 .3  The Ewald Construction

A reciprocal space description of the condition for Bragg diffraction was proposed by 
P.P.Ewald, which is shown in Figure 2.3. The reciprocal lattice axes of unit length 
a*=l/a and b*=l/b are shown, the points in the reciprocal lattice representing diffraction 
planes hkO. A vector of length l/X , joining the points S and T represents the incident 
beam of radiation.

Figure 2.3: diagram of Ewald's construction of the reciprocal space condition for 
Bragg diffraction, here showing the condition for the (340) peak o f a monoclinic 
lattice.

To determine the condition for diffraction, a sphere (a circle in the hkO plane) of radius 
1/A, is drawn with center S, representing all possible scattering vectors; this sphere is 
referred to as the sphere of reflection or the Ewald sphere. Diffraction will take place 
when this sphere intersects a reciprocal lattice point P(hkl), with scattering in the direction
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of the vector SU, and the vector TU will be perpendicular to the scattered planes, and of 

length d* = l/d(M/). As the sample rotates with respect to the incident beam, in reciprocal 
space the vector ST rotates around T, describing a circle. The equivalence of this 

construction to Bragg diffraction can be shown as fo llow s^: given that ST and SU are 
the incident and reflected waves, the angle TSU must equal 20. Therefore the scattering 
vector

TU = 2 SU sin0 (2)

substituting the lengths of the vectors:

d* = 2( 1/A.)sin0 (3)

and as d*=l/d this reduces to the Bragg condition

X = 2dsin0 (4)

Figure 2.3 shows the condition for a single crystal; with a powder sample the 
reciprocal lattice is rotated around T and the points become circles of radius d*. The 
reflected radiation is produced in a cone: random orientation of the crystals means that the 
diffraction condition is satisfied for all azimuthal angles about the incident beam directions 
ST. The size of the hkl domains in reciprocal space is determined by the interference 
function; with a small or disordered crystal these will be much larger than the point-like 
domains shown in Figure 2.3. For a turbostratically disordered crystal, which is only one 
unit cell wide along one cell dimension (usually taken as the c-axis) but forms a true 
crystal along the other two, the reciprocal space hkl domains consist of continuous rods 
in the / direction, with an h and k size set by the size of the crystallites in the ab-plane. As 
a result of this shape, the interaction of the sphere of reflection with these rods produces 
an unusual profile shape in powder diffraction patterns. This is characterised by a broad 
peak with a rapid rise to maximum intensity followed by a much slower drop in intensity 
as 20 increases. Simulations of such peaks are shown later in this chapter in Figures 2.11 
and 2.12. An explanation of this peak shape, after Brindley (1980)^ , is shown in Figure 
2.4 below. In a randomly oriented diffracting powder, the reciprocal lattice must be 

rotated randomly around T to produce the integrated intensity at 20, and a point U 

(corresponding to a distance l/d=2sin0/V) on this surface describes another sphere as it is 
rotated around T. The diffracted intensity at 20 is equivalent to the integrated area of this 

sphere's intersection with the hkO cylinder. This integrated area will increase rapidly as 

the sphere described by U moves into the hk cylinder with the expansion of 20, but there



Chapter 2: Diffraction Theory 33

will continue to be a contribution to the scattering even as the point U moves past the 
Bragg condition for the hkO reflection.

Figure 2.4: The interaction of the sphere of reflection with the (hkO) cylinder 
produced by a turbostratically disordered structure. As U moves into the hkO cylinder 
at Up there is a rapid rise in the diffracted intensity, but a contribution to the 
intensity continues at Ü2, past the 26 angle of Bragg diffraction for hkO.

In addition to the fhkO) series of rods in (hkO) reciprocal space, a turbostratically 
disordered structure will also produce the (001) series of diffraction peaks arising from 
planes in reciprocal space, the basal plane c-axis reflections. The reason for this is that 
while there is no ordering of the ab-plane structure between the different layers of the c- 
axis stacking, the c-axis planes form a well ordered 1-D structure with respect to each 
other. In the case of graphite intercalation compounds, the peaks of the (001) series are 
much more intense than those produced by the ab-plane structure of the guest 
compounds, so that in a pure powder sample the diffraction pattern of the basal plane 
series will dominate the observed pattern.

The GICs used in these studies were produced from a commercial pyrolytic graphite 
"Papyex", which consists of a sheet aggregate of many small crystalline platelets of 
graphite, deposited along a common c-axis but with random ab-plane orientations. This 
permitted experiments which produced XRD patterns which were dominated by (hkO) or 
(001) reflections, depending on the orientation of the sample. In a powder diffraction

★
c

Sphere of 
reflection
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experiment the scattering from the sample is measured in either reflection or transmission 

mode, as shown in Figure 2.5; in reflection mode the angle 0 is measured with respect to 
the surface of the sample, while in transmission mode 0 is taken from the perpendicular 

to the surface.

X-Rays

Reflection
Mode

Graphite
sample

Transmission
Mode

Figure 2.5: the two sample arrangements used fo r  the GIC samples: in reflection 
mode the diffraction pattern consists almost entirely o f the (001) series, while in 
transmission mode the (hkO) peaks dominate the diffraction pattern.

For a randomly oriented powder sample the choice of reflection or transmission mode 
makes no difference to the powder diffraction pattern, apart from the absorption 
corrections. In the case of the highly ordered graphites used in this study, where the c- 
axis is perpendicular to the surface of the aggregate, the reflection mode will produce a 
diffraction pattern which is almost entirely (001) c-axis reflections, while in transmission 
mode the (hkO) ab-plane series will dominate. The reason for this is most easily explained 
in the reciprocal space construction: the scattering vector Q connects the ends of the 
incident and reflected vectors ko and k. With the highly oriented graphite samples each 
orientation restricts the planes these vectors can scatter from in the sample - in reflection 

mode these vectors terminate on (001) points in reciprocal space, while in transmission 
mode they end in the a&-plane, and the scattering vector is limited to the (hkO) series. It is 

only through using such oriented samples that the (001) diffraction pattern is strong 

enough to permit studies of the ah-plane structure.
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2 .4  The Interference Function

The interference function calculates the scattering effect of the array of unit cells that 

form a crystal. For example consider a one-dimensional array of cubic unit cells. If there 

are N such unit cells and the phase difference between the waves diffracted by adjacent 

cells is F, then the scattered amplitude for entire array of cells is:

A = F + Fe'^ + Fe*2  ̂ + Fe*2  ̂ ... + Fe^N-l)^ (5)

reducing this to the geometrical series produces:

A = F (1 - e iN<t>)/(l -e ^ )  (6)

the actual scattered intensity is I = A*A, where A* is the complex conjugate of A. The 

formula for the intensity is thus:

/ = iff ( l - e w» ) ( l - e ' w*) 
( l - e * ) ( l  —e-") (7)

replacing this with the equivalent trigonometric terms this reduces to:

/ = i f f
1̂ -  cos(/V</>)] 

[ l - c o s ( 0 ) j

and using the relation 2sin2x = l-cos(2x) this becomes

j  _  .^ 2  sin2(A/r0 / 2 )  
sin2(0 / 2)

( 8)

(9)

when (() is near a multiple of 2tc, which will occur near a Bragg reflection, then 

<J)=27c(n+l) can be substituted:

/ = |F|2 shr(AW) 
Â sin“(7r/) ( 10)

The trigonometric part of equation 10 is the interference function for the (001) series. A 

factor N has been added to the denominator to normalise the peak area to a constant value.
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The complete formula for intensity requires three interference functions, one for h, k and 
1:

_ Lp(0)\F(hkl)\2 sin2{Nnh) sin\N n k )  sm fN n l)  
N\ N 2  N 2  sin2(/r/z) sin2(/r&) sin2(/r/)

( 11)

This equation contains a new factor: the Lorentz polarization term Lp, which includes 
the polarization effect, a result of the difference in the direction of the electric vector in the 
incoming x-rays and the direction of scattering, and the Lorentz or angular-velocity 
factor. Here, the entire Lp correction is:

1 + cos2 26 
sin#sin20

( 12)

A post diffraction monochromator, employed in the experimetntal arrangement used, 
adds another polarization term(6) of the form p = (l+kC os220)/(l+k), where k = 
cos220m for a mosaic monochromator with set reflection angle 20m.

0 1 2 3 4 5 6
I

Figure 2.6: Diagram showing the effect o f crystallite size N on the 1-D 
interference <t> as a function o f l. As N increases, the peaks become much higher and 
narrower. (After Reynolds

Figure 2.6 plots the ID interference function O from equation (10) as a function of /, 

for N=3, 10 and 20. As N increases, the peaks of the function become narrower and 

more intense, so that at very high values of N the effect of the interference function on the 

peak shape is negligible, and the shape of diffracted peaks is dominated by instrumental 

effects. At low values of N, the function produces broad peaks with significant intensity
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at non-integral values of /; at N=l, representing an isolated unit cell, the function O = 1 at 

all values of /, and Bragg diffraction will not take place. As explained above, the ab-plane 

structures studied in this work are either uncorrelated or weakly correlated along the c- 

axis; effectively these structures are only one layer thick and thus N3= l for these 

structures. To simulate the diffraction pattern requires that the calculation of the 
interference function with non-integral values of h, k and /. The approach used here, 

taken from Reynolds (1989), uses a reciprocal space computation.

2 .5  Diffraction Intensities

The scattering of x-rays by atoms is a function of several processes, primarily coherent 
(Rayleigh) scattering and incoherent (Compton) scattering as well as thermal, absorption 
and dispersion effects. Coherent scattering is the result of the interaction of an x-ray with 
a tightly bound electron, such that the scattering is an elastic process. The intensity of 
coherent scattering from a single electron of an unpolarized incident beam of photons in a 
direction 0 relative to the incident beam is:

K =  ' X
1 + cos2 20

(13)

where re is the classical radius of the electron and IQ is the intensity of the incident 
b e a n r7\  Coherent scattering induces a phase shift of K in the scattered photon. In 
incoherent scattering the electron is considered to be effectively free, with the result that 
there is momentum transferred between the photon and the electron, and change in 
wavelength for the scattered photon, of the form:

a t  2 / i  . 2A/l = — sin“ 0
me (14)

The formula for incoherent scattering from a single electron is that same as (1 3 )^ , but 
with additional correction factor [A/(A,+A?i)P for proportional counters or [A/(A,+AA,)]2 
for scintillation counters^.

Generalised to the scattering from an atom of atomic number Z, the coherent and 

incoherent scattering intensities are:

^coh ^e h,
\  j=i ) (15)



38 Chapter 2: Diffraction Theory

7 incoh ^e J k
j ’k m

where fj = J p(rj) exp(iQ rj) drj, fjk = 1 Vj*Vk exp(iQrj) drj, Q= ko-k(7).
If all the electrons in an atom were concentrated at a point the scattering factor would 

be the Fourier transform of a delta function, and would thus be a constant and 
independent of 0. This is the case for thermal neutron scattering by a nucleus, but the 
electrons of an atom are distributed over space, and produce a scattering factor which is a 
function of 0. The scattering intensities of the neutral atoms and the more chemically 
important ions have been calculated by several techniques and are tabulated in the 
International Tables for Crystallography*7 .̂ Interpolation to these calculated intensities 
allows an analytical approximation to be used:

f(sinO  / A) = ^ a i exp(~bi sin2 6 / X2) + c
/= i (17)

where the coefficients aj, bj and c are again collected in the International Tables. This 
analytical approximation was used to calculate the scattering intensities in the simulations 
that follow. Though they are known to provide a poor fit to the atomic scattering curves 
outside the range 0 < sin0/A < 2Ä '1, the diffraction data was taken well within this range.

35 H

o 25 -

20 (Degrees)
Figure 2.7: the calculated scattering factors using the analytic approximation^^ for 
the elements that compose the compounds studied in this work.
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The GICs that were studied in this work are composed of covalently bonded carbon 

atoms, and rubidium and potassium ions, while the physisorbed ternary species contained 

argon, nitrogen, carbon and hydrogen atoms. The calculated scattering intensities (in 
units of the scattering factor of a single electron) of these atoms and ions, over the same 

range in 20 that the experimental data covered, is shown in Figure 2.7. These curves are 

the atomic form factors and reflect not only the number of electrons but the atomic size. 
The form factors are the Fourier transform of the atomic or ionic electron distribution.

In addition to coherent and incoherent scattering, the scattering intensity of an atom is 
modified by other terms such as the displacement factor and dispersion correction. While 
the dispersion correction, which adds an imaginary component to the atomic form factors, 
is sufficiently small that it can be ignored in these simulations, a displacement or 
temperature correction must be used. The temperature correction accounts for the 
vibration of an atom around its mean position; ideally six variables are needed to account 
for anisotropic harmonic thermal vibrations in three dimensions, but here a simple 
isotropic Debye-Waller factor of the form:

f  = fo ex p (-ß sin 2 6 / A2) (18)

is included, where B is a single refinable variable of dimensions Ä2. Figure 2.8 shows 
the effect of a temperature factor B = 2 Ä2 on the scattering factors calculated for Figure 
2.7. For a simple Bravais lattice of atoms the diffraction intensities will be proportional to 
the squares of the scattering factors at the allowed 20 positions for Bragg diffraction.

35 H

ü) 30

20 (Degrees)
Figure 2.8: The scattering factors shown in Figure 2.7 with a temperature 
correction B -2.0  A2 applied to the calculations. Note the large effect at high 26.
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2.6: The Structure Factor

The internal structure of a multi-atom unit cell imposes a further modulation of the 
scattering intensity at the diffraction angles allowed by the crystalline space group. This 
modulation is described by the structure factor.

y

Figure 2.9: Diagram showing the phase angle 0 produced by the atoms in the (abO) 
plane of a orthorhombic crystal. After McKie&McKie^\

To determine the intensity of diffraction peaks, one can begin by considering the 
interaction of an hkl plane with a simple cell, as shown in Figure 2.8 above. The phase 
angle ({) of an hkl plane passing through the origin is set at zero; the next hkl plane from 
the origin will have 4>=2tc, and will make an intercept on the x-axis at a/h and on the y- 
axis at b/k. Therefore an atom at a distance ax on the x-axis, at a position of (x,0,0) in 
Figure 2.x, will scatter x-rays with a phase of (27iax)/(a/h)=27thx into the hkl reflection, 
and an atom at a distance by on the y-axis will scatter x-rays with a phase 27tky(9). The 
atom shown at a position (x,y,0) will thus scatter with a phase equal to the addition of the 
first two: 0 = 27thx + 27tky = 2p(hx+ky). For an atom at a position (x,y,z) the phase 
angle f will thus be:

({) = 27t(hx + ky + lz) (19)

The scattered wave in the direction hkl will be:

\\f(hkl) = f exp 27u(hx + ky + lz) (20)
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where f is the scattering factor of the atom, which is described below. The total 

contribution of all the atoms in the unit cell to the hkl reflection is called the structure 

factor F(hkl), and is equal to the sum of waves \\f(hkl) for each atom:

F(hkl) = £ / „  exp(2 m(hxn + ky„+ lzn))
n—\ (21)

or alternatively this can be represented by its trigonometric equivalent:

F{hkl) = Y j fn  cos(2n(hxn +kyn + lzn))
f l — \

+ 'X /»  sin(2 n(hx„ +ky„ + lz„))
n- 1 (22)

This can be simplified where there is a centrosymmetric structure and taking the point 
of origin as the center of symmetry. In this case every atom at (x,y,z) will have another at 
(-x,-y,-z), with the result that the imaginary terms of the structure factor are eliminated:

F(hkl) = cos(2/r(/ix„ + kyn + lzn))
n=\ (23)

The measured intensity of an hkl reflection is proportional to the square of the modulus 
of the structure amplitude \F(hkl)\:

I (hkl) a  \F(hkl)\2 (24)

2.7 Simulation of XRD Patterns from Turbostratically Disordered
Structures

The diffraction pattern produced by a turbostratically disordered structure can be 
divided into two parts, the a b -plane (hkO) structure and the c-axis (001) series. 
Simulations of these are carried out separately: the (hkO) simulations assume a very small 

crystallite size N3 (usually 1), while the (001) simulations use a much larger N3, because 
the c-axis coherence length is the significant factor. The c-axis simulations can be 

simplified considerably by ignoring the ab-plane structure entirely and only including the 

interplane spacing in the calculations planes. When dealing with the diffraction data 

produced by a pure powder sample the two simulated patterns are combined and 

compared with the data, but given the technique used here produced separate ab-plane
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and c-axis diffractograms the simulations can be compared independently. The method of 

Reynolds (1989) was used to produce these simulations.

Figure 2.10: The reciprocal space construction used fo r  Equation 24. The 
calculated hemisphere o f radius 1/d in reciprocal space is shown interacting with the 
reciprocal space rods produced by a turbostratically disordered compound. After 
Reynolds

In producing the simulation of the (hkO) diffraction patterns, the technique involves 
calculating the value of Equation (25) at each increment of 20 for all values of (hkO) that 
fall on the (hemi-)sphere l/d=2sin0/^ in reciprocal space. This summation is shown in 
Figure 2.10, and proceeds as follows: at an angle 20, the reciprocal distance 1/d is 
calculated; the hemi-sphere is enumerated as a series of circles of radius Ri=cos(yi)/d, 
where the angle yi is the angle a radius of the (1/d) sphere makes with the hk-plane. At 
each point of the circle described by y2 , the values of the continuous functions of h, k 
and 1 shown in Equations (27), (28) and (29) are determined, and these values used to 

calculate the structure factor F(hkO) and interference functions O j, d>2 and O 3 at that 
point.

2. 7.1 Simulation of the a b -plane Pattern

12

-k/b

y ,=90 y2=180

X 2;tÄi X  |/r(M/)|:0 lO,<I>2Ay1Ay2
Y\  =  0 Y i =  0 (25)
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where

sin2(7r/iÂ j) _ sin: (/rkN2) _ sin2(7r//V3)
sin~(/r/z) ~ sin ~(Kk) ancj sin~(/r/) (26)

and h, k and 1 are replaced by the continuous functions:

h = asinß(Ricosy2 - sinyi/dtanß*) (27)

k = Rißsiny2 (28)

1 = (c/d)siny2 (29)

where Ri = cos(yi)/d, ß* = 180-ß, and d = A,/2sin0.

Figure 2.11 and 2.12 show a number of simulated diffraction patterns. These all use 
the same crystal structure, a P6 hexagonal lattice of rubidium ions with the ab-plane 
dimensions a=4.93 Ä and the c-axis spacing c=9.0Ä between the layers, with the 
wavelength ^=1.54178 Ä. This structure is not chosen at random, it is the structure of a 
2x2 hexagonal superlattice of rubidium ions in a stage-II binary GIC, but the diffraction 
pattern of the graphite is not included in the patterns. The primary difference between the 
structures used to produce these simulated patterns is the size of the crystallites. In Figure 
2.11, the ab-plane crystallite dimensions N i= N 2=30, while the three patterns are 
calculated for N3= l, 5 and 30. At Nß=l, only the (hkO) peaks are produced by the 
simulation, and these now possess the characteristic band shape of a turbostratically 
disordered structure. In Figure 2.12, N3=l for all three simulated patterns, producing the 
same turbostratic band shapes, while the size of the in-plane crystallite is varied, 

N 1,2= 10, 20 and 30. This shows the broadening of the peaks as N 12 is decreased, but 
also that the intensity maximum of the peaks moves to a higher 20 as N p2 is decreased, a 
phenomena described by Warren( 1()), which is a result of the interaction of the sphere of 
reflection with the broadened (hkO) cylinders produced by a small in-plane crystallite.
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20 25 30 35 40

20 (Degrees)

Figure 2.11: s im u la ted  d iffra c tio n  patte rns using c rys ta llite s  consisting  o f  a 

hexagonal P6 la ttice  o f  rub id ium  ions, w ith  a -b -4 .9 3 k ,  c=9.0Ä, w ith a varying  c- 

axis c rys ta llite  size Ny, w hile  N  1 2= 3 0  f o r  a ll three sim ulations. The wavelength  

X -l.5 4 1 7 8 k .

------N

20 25 30 35 40

20 (Degrees)

Figure 2.12: s im u la ted  d if fra c t io n  pa tte rns  using c rys ta llite s  w ith  the same 

structure as used in F igure  2.11, setting N j= l  f o r  a ll three patterns but the in-plane  

crys ta llite  size N jy2 varying as shown. As the size o f  the in-plane crys ta llite  domain 

is reduced, the center o f  the peak shifts away fro m  the true (hkO) pos ition  to a h igher 

20.

While application of the formula for intensity provided by Equation (25) can reproduce 

the purely turbostratic band shape from an isotropically oriented powder sample, some of 

the samples studied also included a small degree of interplanar interaction, which caused a 

significant degree of 3D ordering without producing a fixed c-axis crystallite size N 3 .
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This was added to the simulation by replacing the interference function O 3 with the 

Fourier series equivalent shown in Equation (30):

rt=yv3-i
<t>3 = yV3 + 2 (/V3 -  n)cos(2mil)

«=1 (30)

where N 3 is the same crystallite, and n is the number of interfaces separating any two 
layers in the crystal. Into this equation a negative exponential term is introduced:

n = N ) - 1

<b3 = A3 + 2 (jV3 -  rt)exp(-A2 / <5)cos(2/m/)
«=1 (31)

where d is the average defect-free distance along the c-axis in each crystallite, in units of 
number of coherent interfaces(2), and the term exp(-n/5) is the probability of a defect-free 
region of n interfaces in the crystallite.

5= 1.5

5= 0.5

20 25 30 35 40
20 (Degrees)

Figure 2.13: the effect o f the ordering parameter 5 on the simulated diffraction 
pattern. Here the same P6 cell as above is used, with N 1 2=30 and the c-axis 
crystallite Nj=30, but the alternative interference function & 3  in Equation (31) is 
employed. At 5 -0 .0  there are no defect-free interfaces along the c-axis, and the 
pattern is purely turbostratic.

The effect of this ordering parameter 6  on the simulated diffraction pattern is shown in 

Figure 2.13, where even small values of 6  produce considerable changes to the simulated 

diffraction patterns. At 5=1.5, the probability that any two adjacent layers are 3D ordered 

is exp(-l/1.5)=0.51, that is, 49% of the layers are not 3D ordered at all and remain in a
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purely turbostratic structure, but the diffraction patten has lost many of the characteristic 
features of the turbostratic pattern produced by 8=0.0.

An additional correction is needed, as Equation (25) assumes a perfect powder 

distribution, but the diffraction experiments used oriented samples, as described above, to 
drastically reduce the contribution of the c-axis structure to the data. To account for the 
ab-plane oriented samples used in the diffraction experiments, an empirical correction is 

used to reduce the structure factor F(hkl) as 1 increases, in the same manner as the 
temperature correction:

F(hkl) = F exp(-C D /2) (3, }

CD is the c-axis damping factor, which was used as a refinable value in fitting the 
simulations to the diffraction data. Its effect on the turbostratic peak shape is to suppress 
the "tail" at high 20, as seen in Figure 2.14. It can be thought of as a disorder amplitude 
in the 1 direction of the graphene sheet.

----- CD=0.0

- - CD=0.5

20 (Degrees)

Figure 2.14: the effect o f the c-axis damping factor CD on the turbostratic profile 
shape. The simulated crystallite has the same P6 unit cell used in the previous 
simulations, with N i 2=30 and N s= l.

2.7.2 Simulation of the c-axis Pattern

The c-axis simulations use a similar approach to that taken for the ab-plane pattern, but 

the simplicity of the (001) series allows a drastic reduction in the complexity of the
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mathematics, and the resulting calculations are much faster. The basic form for the 
intensity function is the same, but is reduced to dependence only on the (001) indices:

1(00/)= Lp|F(00Z)pF(00/) (33)

where Lp is the Lorentz-polarization factor, F(001) is a simplified version of Equation

(15),

F(00/) = Y j njf j cos(2n z /  / D)
(34)

where zj is expressed in units of Ä rather than a fractional and D is the c-axis unit cell 
dimension, and the interference function O(001) uses the Fourier series form of Equation 
(30)

n=N—1

0 (0 0 /)=  N + 2 £ (/V -n )co s(2 a n /)
n= 1 (35)

These can be altered into 0-continuous functions by using the Bragg Law nA=2dsin0, 
letting n=l and substituting I=2dsin0/A, in both equations:

F(6) = ^ njf ] cos(2Jtzj sinO / A)

0 (0)
J _

N

f  n=N—\ ^

N + 2 (yv -  ^)cos(2^>z/)sin 0 / A)
\  n=l /

(36)

(37)

Simulations using these equations are shown in Figures 2.15 and 2.16, employing a 
crystallite which only includes c-axis positions: a single rubidium ion at z = 0 Ä and two 
layers each of 12.5 carbon atoms at z = 2.825 Ä and z = 6.175 Ä, which corresponds to a 
stage 2 rubidium GIC of stoichiometry RbC25 and c-axis spacing of 9 Ä.
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Figure 2.15: Three simulated c-axis XRD patterns using Equations (36) and (37), 
for a stage 2 GIC of stoichiometry RhC25 and c-axis spacing 9 A, with the crystallite 
sizes N = 10, 20 and 30.

N=30

N=20

N=10

27 28 29 30 31 32 33

20 (Degrees)

Figure 2.16: The same three simulated c-axis XRD patterns for a stage 2 GIC of 
stoichiometry RhC25 and c-axis spacing 9 A shown in Figure 2.15, here showing the 
region of the (003) diffraction peak.

The patterns in Figures 2.15 and 2.16 show interference effects bracketing the peaks. 
That will not be seen in the XRD patterns produced by real crystals of graphite or its 
intercalation compounds, because they are composed of crystallites of many different 
sizes, thus smearing the Fourier ringing.
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In the same manner as the ab-plane simulations, the influence of defects in the c-axis 
stacking can be introduced into the interference function used in Equation (37) by 

introducing a term of the form exp(-n/5), producing Equation (38):

i n=N- 1

O(0) = — N + 2 ^ ( N  -  n)e{~"is]cos(2roiDsin0 / A) 
N L n= 1 (38)

The effects of this defect parameter 5, which again is the mean defect-free distance in 
the stacking, is shown in Figures 2.17 and 2.18. In these simulations, 6 is much larger 
than value used for the equivalent parameter in ab-plane simulations, because the (001) 
diffraction patterns ignore the effects of the rotational and translational defects that 
characterise the turbostratic (hkO) patterns. Here 5 represents defects in the stacking of 
the graphite layers. The effects of a varying d on a crystallite of fixed N=30 are shown in 
Figure 2.17; as 5 reaches the same size as N the peak profile becomes similar to that 
produced by the pure N=30 pattern in Figure 2.16, though one effect of introducing the 
defects into the interference function is to smear the function so that the artificial 
interference effects vanish. Figure 2.18 shows the effect of increasing crystallite size on a 
crystal with fixed 5: as N becomes much larger than 6, the peak profile becomes 
dominated by the effects of the distance between defects rather than by the size of the 
crystallite.

27 28 29 30 31 32 33
20 (Degrees)

Figure 2.17: the effect o f the defect parameter 8 on the simulations produced by 
the same crystallite used for Figures 2.15 and 2.16 above, with N -30  and 8 varying 
from 5 to 30 as indicated.
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N=100

N=20

27 28 29 30 31 32 33

20 (Degrees)

Figure 2.18: the effect o f  the crystallite size N  on the XRD pattern produced by a 
simulated crystallite with a fixed  defect parameter 8 -1 0  and the other parameter 
the same as in the simulations above. As N becomes much larger than 8, the 
diffraction pattern is dominated by the effects o f the mean defect free  distance 8 
rather than by the crystallite size: as a result, the peak shapes at N=40 and N -1 0 0  
are very similar.

2.7 .3: c-axis Simulation of Interstratified Crystallites

The c-axis simulations above assume that there is only one species with a single c-axis 
spacing in the crystallites. In interstratified systems there co-exist two or more species 
stacked in the same crystallite, with a probabilistic distribution of finding a particular 
species occupying a given layer. The effect of this is to cause the reflections to shift to 
non-integral values of 1. Though detailed simulations of interstratified systems are beyond 
the realm of this work, there is some evidence of interstratification in the (001) series of 
the precursor RbC25 GIC, which is also seen in the ternary compounds derived from it. 
To attempt some qualitative analysis of this data, the simplified approach of Hendricks 
and Teller (1942)(11, 12) was used. This calculates the interference function for an 
interstratified sample of two compounds, each with a fully random occupancy, that is, the 
type of a particular layer does not influence the types of neighbouring layers. The 
Hendricks-Teller equation for the interference function d> is:

0  = ______________2P/,Pe sin2( g ( P . - D /, ) / 2 )______________

1~ 2 Pa p b s in : (ß (D B - D a) / 2 ) - P a cos(QDa) -  PB cos(QDb) (39)
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where Pa and Pg are the fraction of the sample composed of layers A and B of c-axis 
dimensions Da and Dg respectively, and Q=47tsin0/A..

The peak shifts away from the mean lattice spacing in the simulated interference 
functions produced by Equation (39) are shown in Figures 2.19 to 2.21. The lattice 
parameters for the two phases in the simulated sample were chosen as 6.0 Ä and 9.35 Ä, 
These represent stage 1 and stage 2 of a hypothetical graphite intercalation compound, 
and thus differ by one graphite layer spacing, equal to 3.35 Ä. The (001) peaks are 
measured over the range 6-80° in 20, which is the range used for most of the diffraction 
experiments used in this study.

9.40 -

9.35 -

9.30 -

9.25 -

Figure 2.19: the shift of D-spacing of each (001) peak away from the average d- 
spacing, produced by an interstratified system composed of 90% of a 9.35 A phase 
and 10% of a 6.0 A phase. The mean d-spacing of the peaks is 9.34 A.

The first simulation, shown in Figure 2.19 uses 90% of the 9.35 Ä and 10% 6.00 Ä, 
the second in Figure 2.20 is 50% of each phase; the last in Figure 2.21 is 10 % 9.35 Ä 
and 90% 6.00 Ä.

The effect of a small contamination by a second phase is made clear by Figures 2.19 
and 2.21: in Figure 2.19 the mean d-spacing of 9.34 Ä is very nearly the same as that of 
majority single phase compound at 9.35 Ä, but there is a modulated shift away from this 
average value. In Figure 4.2.1, the mean d-spacing is 6.00, the same as that of the 
majorty phase, but again is a modulated shift away from this average. The simulation in 
Figure 2.20 is a 50:50 mix of the two phases: the average d-spacing of 9.27 A is very 
close to that of the larger phase, but the effect has been to greatly increase the size of the 
peak shifts away from the average value.
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10.0 -

9.5 -

9.0 -

8.5 -

Figure 2.20: the shift of d-spacing o f each (001) peak away from the average d- 
spacing, produced by an inter stratified system composed of 50% of a 9.35 Ä phase 
and 50% of a 6.0 Ä phase. The mean d-spacing of the peaks is 9.27 A.

6.02  -

_  6.00  -

5.98 -

5.96 -

Figure 2.21: the shift o f d-spacing of each (001) peak away from the average d- 
spacing, produced by an interstratified system composed of 10% of a 9.35 Ä phase 
and 90% of a 6.0 Ä phase. The mean d-spacing of the peaks is 6.00 A.

2.8  The Rietveld Refinement Program MGSASM

While the methods described above can produce an accurate simulation of the ab-plane 
diffraction pattern of a turbostratically disordered structure, they required a considerable 
amount of computation time to complete. When determining the atomic positions in a 

structural model, it was much faster to use GSAS(13\  a Rietveld refinement program, to 

reproduce the peak intensities first, and then use the structure found by this method in the 

full pattern technique described above.
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In Rietveld refinement a starting structural model, including the space group and 

atomic positions, is used to determine the reflection positions and intensities produced by 
this pattern. At each reflection a profile shape function is used to produce a peak shape in 

20, and a background function adds intensity at all values of 20. The simulated 

diffraction pattern produced by this structural model is compared with powder diffraction 

data at all points in 20, and the quantity

is minimised between cycles of refinement, where T/0 is the observed intensity at point i,

In this work only the first stage of the Rietveld process is used, to produce the 
intensities of a model structure. The primary problem in using a Rietveld refinement 
program to proceed any further with structural analysis is in the peak profile shapes 
available, which could not accurately model the turbostratic band shape in any of the 
public domain Rietveld packages tested.
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Chapter 3: Experimental Techniques

3.1 Introduction

As described in Chapter 1, the intent of this research was to determine the effect of gas 

physisorption at cryogenic temperatures on the ab-plane and c-axis structures of alkali- 

metal graphite intercalation compounds. The technique used to investigate these structures 
was x-ray diffraction, the relevant theory of which is in Chapter 2. The four experimental 
components of this work were: preparation and characterisation of the alkali metal 
graphite intercalation compounds (GICs); bringing into operation a cryostat that provided 

a regulated low temperature environment for the samples; construction and calibration of 
a vacuum line used to measure out doses of gas to the sample; and the redesign and 
reconstruction of an x-ray diffractometer which produced the primary experimental data.

All of the experiments used the same procedure. Firstly the prepared GIC was 
weighed, and then transferred inside an argon filled glove box to the sample stick of the 
cryostat. The stick was transferred to the cryostat, then pumped out and cooled to a 
temperature where it was known that the GIC would absorb the particular gas used. A 
small dose of gas was prepared in the vacuum line, and then released to the sample. The 
drop in pressure due to the GIC absorbing the gas was measured over a period of time, 
usually until a desired stoichiometry had been reached.

ab-plane and c-axis x-ray diffraction scans of the sample (see Chapter 2) were then 
made to determine if there had been a significant change in the structure of the sample. 
Once the measurements at a particular stoichiometry had been completed, more gas was 
added. This procedure was repeated until the gas saturated the sample.

3.2  Preparation and handling of alkali-metal graphite 
intercalation compounds

The samples used in this study were all prepared using the same method. The host 
compound was recompressed exfoliated graphite, marketed under the brand name 
"Papyex" by Le Carbone Lorraine, with a specific surface area of 21 m2g_1 and a mosaic 

spread of 30o(l~3 .̂ Rubidium and potassium metal (99.5% pure) were purchased from 

Johnson Matthey and used without further purification.

The Papyex was purchased in the form of large sheets 1000 x 300 x 0.5 mm. It was 

decided to prepare all the GIC samples in a shape that would fit into the diffractometer 

sample holder (see Figure 3.1), and so 65 pieces of Papyex 19 mm by 7.2 mm were cut
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from the sheets. The graphite was degassed at 200°C on a vacuum line for several days at 

a pressure of 10'5 x before being transferred to an argon-filled dry box, a Vacuum 
Equipment Corporation "Dri Lab" Model DL-002-S-P.

It had been found in previous work(4) that attempts to intercalate large (>1 gram) 
samples of alkali-metal graphite intercalation compounds (AM GICs) in a single batch 

often led to poorly equilibrated samples, containing high percentages of stage-1 and 
stage-3 GICs in addition to the desired stage-2 GIC. In order to avoid this, it was decided 
to prepare many separate batches each with less than 0.5 grams of the constituents. It was 
found that using 5 pieces of Papyex per batch would give an appropriate total mass: for 
example five pieces of 19 x 7.3 x 0.5 mm Papyex weighed 0.321 grams; to make a GIC 
of the stoichiometry RbC25 required 0.091 grams of rubidium for a final mass of 0.412 
grams of GIC in the synthesis tube.

The most difficult part of this procedure was accurately measuring quantities of 0.091 
grams of Rb inside a glove box. This corresponded to a volume of 0.059 ml of the solid 
metal. The method used was to liquefy the metal under vacuum, and then use nitrogen to 
force the metal into previously evacuated glass capillaries with a measured internal 
diameter of 1.6 mm. After cooling, the Rb-filled capillary was easily cut to a length of 30 
mm, equivalent to the correct volume of metal.

The method of preparation of AM GICs used required that the graphite host and the 
guest metal be sealed in an evacuated container, and then heated to 300° C, exposing the 
graphite to an atmosphere of the metal(4' 8). To achieve this each batch of material was 
transferred inside the dry box to a Pyrex tube terminated by a PTFE tap and a fitting for a 
glass vacuum line. The tubes were sealed with the PTFE tap, then taken out of the dry 
box and evacuated to 10'4 x on an external vacuum line. The evacuated tube was then cut 
with a gas torch, resulting in a 10 cm long sealed tube of Pyrex. The tubes were then 
heated in ovens to 300°C. The stage 2 GIC is a metallic blue colour for both the Rb and 
K intercalation compounds, and can be easily distinguished from both the black 
unintercalated graphite and the stage 1 AM GIC, which is an orange-brown, while the 
stage 3 and stage 4 compounds are dull blue and black, respectively. After 3 weeks at 
300°C all the samples were a uniform metallic blue, indicating that no unintercalated 

graphite or stage 1 GIC was present, and the samples were then allowed to cool to room 

temperature.
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Figure 3.1: The sample holder, cryostat sample stick and beryllium can that 
together provide the immediate sample environment inside the cryostat
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The samples were left in the Pyrex tubes for long term storage, and were opened only 

when a new sample was introduced to the sample stick of the cryostat. One tube, 
containing 5 pieces of AM GIC, and the sample stick were taken into the Ar dry box 

where the tube was opened and the sample weighed. One piece of AM GIC was put into 

the sample holder, shown as a) in Figure 3.1, and the other 4 pieces were inserted into 
the sample stick above the clamping ring in order to increase the total mass in the system 
for gas doping measurements. Both sites were equally accessible to the doping gas, 
ensuring uniform doping. The sample holder was inserted into the beryllium can, shown 

as c) in Figure 3.1, and the Be can in turn was clamped to the sample stick, using an 
indium wire seal to ensure vacuum integrity at low temperatures. After the stick had been 
sealed, it was returned to the cryostat.

3.3  Sample Environment

3 .3 .1  Cryostat

The sample environment was provided by a cryostat constructed by A&S Scientific 
Products Ltd, Abingdon, UK. The cryostat, shown in cross-section in Figure 3.2, 
provides temperature regulation for the sample by taking liquefied gas from a reservoir 
and then electrically heating it above its boiling point before flowing the gas over the 
sample. A temperature sensitive resistor mounted near the sample provides feedback for 
control circuitry, which varies the power to the heater so as to keep the sample at a set 
temperature. The projected experimental series required that the samples be exposed to 
stoichiometric doses of gas at low temperatures, so the sample stick, shown in Figure 
3.1, was equipped with gas handling fittings for connection to an external vacuum line, 
shown in Figure 3.3. At the start of this project the cryostat had not been used at 
cryogenic temperatures for nearly four years, and several problems were discovered and 
corrected that may have developed during this hiatus or may have been results of the 
earlier work.

Almost all of the experiments used liquid nitrogen as the cooling gas, though he 
cryostat was capable of using liquid helium. Early experiments using liquid helium 

showed little improvement on the diffraction patterns gained at 85 K. Due to the reduced 
speed of experimentation and much greater cost of operating with helium it was decided 
to continue the work using liquid nitrogen as the cooling agent.

When working with liquid nitrogen as the cooling fluid it was found necessary to 

pump the vacuum jacket on at least a daily basis, and preferably continuously, in order to 

retain cooling fluid on overnight diffraction scans. Filling the upper as well as the lower
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reservoir also extended the period where the cryostat could be left unattended, at the cost 
of increased use of liquid nitrogen.

Port to vacuum jacket 
surrounding central 
sample shaft

Port to lower 
reservoir

Port to upper 
reservoir

Exit for gas drawn 
up over sample

Needle valve 
control

Exit for gas drawn 
up around central 
sample shaft

Upper
reservoir

Lower
reservoir

Needle
valve

X-ray 
windows

Gas pipe to 
sample

Sample position

Cu block containing 
heater and second 
temperature sensor

Figure 3.2: a cross-section of the sample cryostat used for the x-ray diffraction 
experiments.
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3 .3 .2  Vacuum and Gas Handling Line

An external glass vacuum line, shown in Figure 3.3, was used for pumping the 

vacuum jacket of the cryostat as well as for the addition and removal of gases from the 
sample. The line was evacuated by oil diffusion and rotary pumps with the aid of a cold 

trap, and used three bulbs, with calibrated volumes of 2214 cm3, 122.94 cm3 and 56.41 
cm 3 respectively, to hold gas and to measure stoichiometric doses of gas out to the 

sample held in the cryostat.

Gas uptake by the sample was measured with a Baratron pressure gauge comprising a 
Type 390 Pressure Sensor, a 270C High Accuracy Signal Conditioner and a 274 
Multiplexer 3 Channel Sensor Head Selector, which provided measurement of pressure 
accurate to 0.06% from 0-1000 x. A hot filament ionisation gauge was used for 
determining the ultimate vacuum achievable in the line and thus for tracking leaks in the 
system.

The connection between the vacuum line and the cryostat had to have a low volume in 
order to maximise the change in measured pressure when the sample absorbed the gas in 
the system. It had to be able to connect between a rotating cryostat and a vacuum line that 
may move relative to one another. Finally it had to be sufficiently gas tight that air 
wouldn't leak in during the extended periods of gas doping, when the sample stick was 
opened to the vacuum line, since exposure to even small amounts of oxygen destroys the 
sam ple^.

Three different connection arrangements were tried during this work. The first 
employed polyethylene tubing terminated at either end with Swagelok connectors using 
teflon ferrules. This was flexible and cheap, but though it was sufficiently leak tight for 
doping purposes it was poor enough that we attempted to find a superior system. The 
second used copper tubing with Swagelok connectors using teflon ferrules. The tubing 
was not flexible: the teflon ferrules allowed the cryostat to rotate while maintaining a 
vacuum tight seal. This had the best vacuum, but the rigid tubing was too much of a risk 
for a system that had to operate unobserved. The third fittings used Tygon tubing with 
Cajon UltraT O-ring-based seals; it was not far superior to the first arrangement. While 
all three of these arrangements worked adequately, none of them was ideal.

The volume of the entire doping system was found using expansion of He gas from 
Bulb 3 (see Figure 3.3) the volume of which had been determined before assembly of the 

vacuum line. The volume of the lower vacuum line shown in Figure 3.3 was 381.79 

cm 3. The volumes of each the three connection arrangements were 58.8 cm 3 for
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polyethylene, 106.0 cm3 for copper, 58.1 cm3 for Tygon, and of the cryostat sample 
stick was 103.97 cm3.

Pirani Gauge

To vacuum pumps

[_ |] Glass Tap

To cryostat vacuum 
jacket

Cold Trap

PTFE tap
Hot filament 
ionization gauge

Bulb 3 
V=56.41ml

Bulb 1 
V=2214ml

Bulb 2 
V=122.94ml

To sample stickLower vacuum line 
V=381.79ml

Baratron gauge

Trap for drying agent

Figure 3.3: Diagram of the external vacuum line used for gas handling.

3 .3 .3  Gas Purification

All of the gases used were purified during introduction into the vacuum line shown in 

Figure 3.3. The agent used for this was a powdered cesium GIC made to the 

stoichiometry CSC36, though it may have been a mix of several stages. The gas was 
introduced though the inlet on the drying agent trap, and allowed to fill the lower vacuum 

line to a pressure -770 T, with the taps to the three storage bulbs closed. The drying 

agent in the trap was then cooled using liquid nitrogen in a separate Dewar, which caused 

the gas to physisorb onto the GIC, as described in Chapter 1. Once the gas had stopped 

absorbing, the remainder was pumped away, then the drying agent allowed to heat until
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the gas had desorbed. The desorbed gas was then expanded to the various storage bulbs, 
the remainder in the line and the drying trap removed, and the process repeated until the 
bulbs were filled with a supply of gas adequate for the experiments planned. This process 

had been found to be the most effective way of removing H2 O and O2 from a gas before 

doping the sam ple^.

3 .3 .4  Sample Doping Procedure

Having determined the weight of the prepared GIC sample (see Section 3.2 above), 
and the volume of the gas doping system, it was then possible to dope a cooled sample to 
a given stoichiometry by measuring the change of pressure in the system after the sample 
was exposed to the gas(5, 9). Gas was measured from the storage bulbs into the lower 
vacuum line, expanded to the connection, and then to the sample stick. The pressure in 
the system was monitored until either a desired stoichiometry was reached or gas uptake 
by the sample had ceased, after which the sample stick was closed off and the remainder 
of the gas pumped away. After the diffraction experiments were completed (see below), 
the gas content of the sample was increased by repeating the above procedure.

One possible problem with this experimental set-up is that gas uptake may continue 
after the sample stick is closed off. The quantity of gas remaining in the sample stick was 
low compared to the whole doping volume, but is still significant. This was measured at 
the start of the next doping cycle by expanding the gas in the stick to the evacuated 
connection and line, and calculating the remaining pressure in the stick. Usually the gas 
uptake after closure was negligible.

To give an idea of the quantities involved, the RbC2 5  samples were typically of the 
order of 1.07x10"3 moles. At 293 K, a millimole of an ideal gas is equivalent to 18.834 
x-litres; in the doping volume, which varied with changes to the connection tubing used 
but was typically 0.544 litres, a pressure change of 37.04 x would be equivalent to a 1:1 
ratio of alkali metal to physisorbed gas in the resultant ternary GIC.

3.4  Huber X-Ray Powder Diffractometer

3.4.1 Introduction

The principal instrument used in this work was a Debye-Scherrer transmission mode 
x-ray powder diffractometer based on a Huber 422 2-Circle horizontal turntable 

goniom eter( 10, 1 The data needed from the samples required transmission mode 

diffraction (see Chapter 2), and the samples only physisorbed gases at low
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temperatures*121 (see Chapter 1), demanding a cryogenic sample environment. This 

sample environment was provided by a large (720 mm high by 270 mm diameter) 

cryostat, described in section 3.3, and the cryostat dictated most of the design decisions 

made when this instrument was built. A horizontal goniometer is not usually the preferred 
choice for a powder diffractometer as this requires the sample to be vertical*1*’ 131, but it 

was required by the design of the cryostat. Of particular concern in making a useful 
diffractometer was reconciling the diameter of the focussing circle demanded by the 

cryostat with optimising the flux at the sample. At the start of this work the diffractometer 
and cryostat had several design defects and these were corrected as an initial part of this 
work. Early experiments on the original instrument showed that the primary problem was 

a lack of x-ray flux, and indicated that the x-ray optics were the cause. To correct this 
would require that the diffractometer be rebuilt.

3.4 .2  Some Relevant Design Considerations for X-Ray Powder
Diffractometers

The functions of a powder diffractometer can be separated into three elements: x-ray 
photons are generated, they interact with the sample and with the optics of the 
diffractometer, and they are detected*10, 11’ 141. There were no significant problems with 
the detector system, though a short description of the technique used is included here for 
completeness; there were problems with the original x-ray source and with the 
diffractometer optics. Before the corrections made can be described, an explanation of the 
design considerations that compelled them is in needed.

3.4 .2 .1  X-Ray Sources

Tabletop x-ray sources produce x-rays by the interaction of energetic electrons with a 
metal target, most commonly copper or molybdenum* I5\  An electron beam is produced 
by the heating of a tungsten filament and the electrons accelerated by an electric potential 
to impact the metal target. The focus of the electron beam on the anode is rectangular, 
with a ratio between the dimensions of between 1:10 to 1:30, depending upon the nature 

of the source.

In a powder diffractometer scanning in the horizontal plane the vertical divergence of 

the incident beam can be relaxed to obtain better flux at the sample without significant 

loss of resolution*1 As the final collected pattern is a one dimensional function of 

angle, only the source divergence in one direction is significant. A slit shaped beam at the 

sample is thus a better choice than a square or spot beam. As x-ray tubes produce line and 

spot sources*151, the line source is preferred for powder diffractometers. A line source is
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produced by viewing the source at a shallow angle to the long axis, as shown in figure 

3.4, and an angle of approximately 6° is often preferred( 1 S), as this results in a 
compression factor of -10:1.

a) Focus

8 mm

0.4 mm

b) Spot c) Line

8 mm

0.04 mm

Figure 3.4: Diagram of an x-ray source in line and spot geometries.

3 . 4 . 2 . 2  Optics

A powder diffractometer can work in either transmission or reflection mode( l()’ 1 the 
optical system, particularly any focussing elements, must be designed for the mode 
desired. As can be seen in Figure 3.5, the two focussing conditions are described by the 
mode of interaction of the x-ray beam with the sample. While in reflection mode (System 
B) the sample works as a focussing element of the optics, in transmission mode (System 
A) the beam continues to diverge after passing through the sample. Thus for a 
transmission mode diffractometer a focussing element is needed to produce an image of 
the source on the detector. This focussing element is almost always a curved 
monochromator. As described in Chapter 2, the data required from this investigation 
would best be gathered using transmission mode diffraction of aligned samples, and so 
this mode was used in the Huber diffractometer.
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/  ^

i m :

Figure 3.5: The diffractometer designs for transmission and reflection optics with 
post diffraction monochromators. X: X-Ray Line Source; S: Sample; ES; Entrance 
Slit; AS: Acceptance Slit; SS: Soller Slit; RS: Receiver Slit; 20: 2-theta circle of 
goniometer, with 0° position shown; M: Monochromator; Det: Detector; SFC: 
Sample Focussing Circle; MFC: Monochromator Focussing Circle.

Though the arrangements shown in Figure 3.5 both employ a post diffraction 
monochromator, it is possible to construct either type of diffractometer using an incident 
beam rather than diffracted beam monochromator* 11 *. A reflection mode diffractometer 
may dispense with the focussing monochromator entirely, using the sample as the 
focussing element. In such a system an incident beam filter is commonly used to provide 

some level of spectral filtering. This filter is composed of an element which has a 

absorption edge just beyond the K a lines of the source and for Cu K a a nickel is used. 
However, most of the samples studied in this work contained elements such as rubidium 

that fluoresce when exposed to Cu K a radiation and as this fluorescence radiates 

uniformly from the sample a very high background count rate can be produced*1 15\  

Fortunately, this fluorescence will usually be of a different wavelength to the K a lines of
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the tube, and a post-diffraction monochromator will eliminate the fluorescence at the same 
time as monochromating the tube spectrum.

A monochromator is a common optical component in powder diffractometers, used to 

remove spectral contamination from a variety of sources^1 The x-ray line spectrum 

produced by a Cu source is superimposed upon a continuous background of 
bremsstrahlung ("braking radiation")^15). Gradual deposition of tungsten evaporated from 
the filament onto the Cu target and Be tube windows produces another source of spectral 
contamination, increasing over the life of the tube. By far the strongest components of the 
Cu spectrum are the K a characteristic lines emitted during transitions to K-shell 
vacancies from L shell orbitals^15 ,̂ and these lines are usually those selected by the 
monochromator. The analysis of powder patterns is made much simpler by using 
monochromatic radiation, and though each of the K a lines has a finite bandwidth, and 
the K ai and K a 2 lines differ in wavelength by AÄ,/A,=2.5xlO-3^  restricting the 
spectrum to just this pair of lines is a good trade-off between intensity and bandwidth.

Such monochromators consist of a single crystal oriented so as to reflect the principal 
incident x-ray wavelengths, such as the Cu K a doublet, from chosen strongly diffracting 
planes. Usually a low angle peak is chosen to minimise polarisation effects. A 
monochromator has an angular acceptance for incoming radiation determined by the 
perfection of the crystal, and flat single crystals have such a small acceptance angle that 
the monochromated flux is usually too low for powder diffraction techniques using 
desktop sources. Curving the crystal allows the crystal to accept a greater divergence in 
the incident beam and thus increases the reflected flux. Bending the crystal to the surface 
of a cylinder focuses the diffracted beam to a line( 1 Some monochromator geometries 
are shown in Figure 3.6.

The focussing length FL of a curved monochromator is (11)

FL = 2Rsin(0) (1)

where 0 is half the angle of diffraction. Unlike a curved mirror a focussing crystal will 

only reflect at those values of 0 that correspond to Bragg angles of the crystal for the 
incident radiation. For an asymmetric cut crystal there are two focussing distances FLi 
and FL2 determined by the angle y the reflecting planes make with the surface of the 

crystal, these distances are:

and

FLi = 2Rsin(0-y) (2)
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FL2 = 2Rsin(0+y) (3)

a) b)

e)

Figure 3.6: Some common monochromator geometries: a) Flat crystal 
monochromator; b) Flat crystal with asymmetric cut producing beam expansion; c) 
Crystal curved to cylindrical radius 2R for focussing; d) Crystal curved to cylindrical 
surface 2R and ground to radius R to improve focussing; e) Crystal curved to
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cylindrical radius 2R and with asymmetric cut to reduce focussing length. After 
Parrish(11 \

Another method for increasing the flux is to reduce the perfection of the crystal, at the 
cost of increasing the bandpass of the monochromator* 11 \  Pyrolytic graphite consists of 

many small crystallites of graphite produced by the thermal decomposition of a simple 
organic molecule onto a substrate*16̂ . In highly oriented pyrolytic graphite (HOPG) the 

crystallites are deposited with their c-axes well aligned parallel to the substrate, with a 
mosaic spread of -0.5°, though the ab-plane orientations of the crystals are randomly 
distributed*17 .̂ The graphite (002) reflection is one of the most efficient known: the 
reflectivity of HOPG monochromators may reach 50% for CuKa radiation( 11 \

3 .4 .2 .3  Detectors

There are many methods used for detecting x-ray photons, all of which have to deal 
with the problem of amplifying a quantum event to a detectable signal. This is either done 
chemically, through photographic film or the more recent imaging plate, or electronically, 
as in a variety of counter techniques. While imaging techniques such as photography and 
position sensitive proportional counters have the ability to record the whole of a 
diffraction pattern at once these cannot be used with a post-diffraction monochromator. 
The most common non-imaging detectors are gas proportional and scintillation counters, 
both of which amplify the initial photon absorption event using an applied high electric 
potential to create an electron shower. In scintillation counters -the only type used in this 
study - this amplification occurs indirectly, as the x-ray quanta are absorbed in a 
scintillating crystal, commonly thallium doped Nal. The crystal fluoresces, producing 
UV and visible photons that are detected by a photomultiplier tube, which amplifies the 
signal using a series of induced electron showers* 14\

3 .4 .3  Initial State of Instrument

The original optics were the greatest problem with the diffractometer. The post 
diffraction monochromator in use at the start of the project was a Union Carbide ZYB 
grade curved pyrolytic graphite monochromator with a radius of curvature of 155 mm. 
This is the most commonly used radius for reflection mode diffractometers, as the optics 
for such an instrument require only a small monochromator focussing circle (see Fig 

3.5).

Initially the diffractometer was attached to an Elliott GX-13 Rotating Anode X-ray 

Generator as the X-ray source, but this was not the ideal configuration because the
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geometry of the GX-13 console meant that the Huber goniometer had to be displaced off 

the console table, leading to a very long source-to-sample flight path of 700 mm.

Edge of GX-13 Table

------------700 mm --------------- ►

Figure 3.7: Original experimental arrangement with diffractometer attached to 
Elliott GX-13 rotating anode x-ray source. X is the source position, S the sample, MC 
and Det to monochromator and detector respectively. This diagram does not show 
the flux monitor.

Both of the GX-13 electron guns use fine-focus filaments, which produce a source 
spot of 1.0 mm x 0.1 mm on the anode, foreshortened by a viewing angle of 6 degrees to 
an effective size of 0.1 mm x 0.1 mm, and so a very fine spot source. As described 
above, this did not optimise the x-ray flux at the sample.

When the instrument was using the GX-13 as the source, the monochromator radius 
was incorrect for either transmission or reflection optics. The original instrument used a 

monitor arrangement to determine counting times (not shown in the figures): a second 

detector views an object illuminated by the direct beam from the source. At each point of 

the 20 scan the control software waits until a certain number of counts have been 

registered on the monitor detector before moving to the next point. Most x-ray 

diffractometers use a timed step instead; the advantage of the monitor is that it corrects for
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variations in source intensity and atmospheric absorption when the length of the monitor 

arm equals the air length in the diffractometer to the detector.

The x-ray quanta were detected using Philips PW 1964/60 scintillation counters. The 

EG&G Ortec high voltage supplies and pulse analysis electronics were all mounted in an 
EG&G Ortec rack. The signals from the two detectors were first fed through a locally 
made signal conditioner, which employed a DC clamp to eliminate negative going spikes, 

and then to two Ortec model 550 single channel analysers - one for each detector - for 
pulse height discrimination. The outputs from the SC As were sent to a Data Translation 
DT2806/DTX350 data acquisition board in computer, controlled by locally written 
software.

The last problem was the control of the diffractometer: the goniometer was controlled, 
and the data collected, on an Olivetti XT (8086 based) computer. While this was a fast 
and capable machine when the diffractometer was commissioned, by the beginning of 
this project it was incapable of running more recent software that we wished to run, 
especially the networking software available to the R.S.C, which would allow for much 
more efficient data transfer to other computers.

3 .4 .4  Modifications

To improve the original design we have attempted to eliminate the problems described 
above. This involved four separate steps:

i) Changing the source from a spot focus to a line focus, at the same time reducing 
source-to-sample distances much as possible.

ii) Replacing the monochromator with a more appropriately curved one.
iii) Reconstruction of the diffractom eter optics for the new focus and 

monochromator.
iv) Upgrading the computer.

3.4 .4 .1  Fixed Focus X-ray Source

With the availability of a Philips PW 1120/90 generator it was decided to move the 
Huber to this new source. The generator powered Philips PW 2213/20 fixed focus X-ray 

tube, with a maximum rating of 1500 W, and line source dimensions of 8mm x 0.04mm.

The 1120/90 generator and the diffractometer each required some modifications in 

order to be successfully adapted to one another. The Philips PW 1316/90 tube tower on 

the generator was vertical - the most common configuration - which produces a horizontal
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line source which is ideal for the most common two circle powder diffractometers made 

by Philips. Because the Huber goniometer and cryostat require a vertical line source a 

support was built to hold the Philips tube tower horizontally. This was based on a 

support designed to hold a Huber tube tower horizontally provided with the purchase of 
the goniometer.

\2 0
\
\
\

Figure 3.8: Final experimental arrangement with diffractometer attached to 
Philips PW 1120/90 x-ray source. X is the source position, S the sample, MC and 
Det to monochromator and detector respectively. The flux monitor is omitted for 
clarity.

As with the GX-13, the table-to-x-ray-source height of Philips x-ray generators is the 
industry standard of 272 mm, while the height of the Huber from feet to sample is 552 
mm. To accommodate the height difference the tube tower was moved and another optical 
table constructed to support the Huber. The tube tower was held over the edge of the 

Philips console by a stout aluminium beam (see Figs 3.7 and 3.8).

Finally, an adaptor from the PW 1316/90 tower to the Huber was built, incorporating 

a Soller slit for vertical collimation and a Sieslit for variable horizontal collimation. The 

attachment of the Huber to the GX-13 had been insufficiently rigid, allowing the 

goniometer assembly to move over time as a result of normal laboratory use; for the
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Philips generator an 238 cm by 50 cm aluminium bar was attached to the slit assembly at 
an angle of 6° and then bolted to the tube tower to provide excellent stability.

With the new line source the monochromator had to be a minimum of 300 mm from 

the x-ray source. From Eqn 3.1 it was clear that using a graphite monochromator this 
would require a monochromator with 2R = 1308 mm, and so a monochromator to 
detector flight path of 300 mm also, because graphite cannot be cut asymmetrically. 

Another advantage of an asymmetrical single crystal is its superior focussing due to the 
lower mosaic spread* 1 Though these are significant advantages, it was decided to use a 
graphite crystal for three reasons. Firstly because the monochromator holder was 
designed for graphite and had no bending capability; secondly because the samples 
described in Chapters 4 and 5 already had a much higher mosaic spread than HOPG 
graphite, as well as being turbostratically disordered, and so would not produce 
sufficiently sharp peaks that a single crystal was warranted; and thirdly because the 
samples would have also a high attenuation which would be difficult to reduce, and so 
the monochromator reflectivity would have to be the highest available to maximise flux. 
An unused port on the PW 1316/90 tube tower was used to allow the monitor to view 
one of the spot sources.

Attention was given to matching the impedances of cables so as to avoid pulse ringing 
and an unexplained correlation between peak intensity and monitor counts which was 
found during the commissioning of the instrument. The optimum settings of the detector 
windows of the discriminators as well as the operating voltage on the two detectors were 
redetermined at the same time. The detector voltage was found by measuring the 
intensity vs photomultiplier potential over the range 700-1300 volts while the goniometer 
was measuring the attenuated direct beam, with the discriminator windows set wide. It 
was found that both detectors had the same ideal operating voltage of 1.050 kV. The 
discriminator windows were set by running repeated scans over the (111) peak of a 
silicon standard while narrowing the window settings, and then determining the settings 
with the optimum peak signal to noise ratio. The discriminator windows for both 
detectors were also set to identical values, 0.3 V for the lower window threshold and 0.7 

V for the upper.

The Olivetti XT-based computer was replaced by an Auspac 80486 IBM clone, with 

the data collection card and control software being moved to the new machine. An 
ethernet card and networking software were also installed, allowing the collected data to 

be transferred to other computers more easily.
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3.4 .5  Comparison between the GX-13 and the Philips Versions of
the Diffractometer

The flux at the sample provided by both experimental arrangements can be estimated 

using available formulae*15̂ :

N k/4tc = 1010(Eo-8.9)163 (4)
where N k /471 is the number of Cu K a photons per steradian per second per 

milliampere of tube current, and E0 is the electron energy in keV. Table 3.1 shows the 
calculated flux at the sample for both experimental arrangements. One known factor is 
missing: the number of photons emitted from a source at a particular angle is a function of 
the voltage, because higher energy electrons penetrate deeper into the target*15̂ . This was 
ignored because the take-off angle was the same in both cases and the voltage difference 
was minimal. As can be seen from the table the modified diffractometer was more than an 
order of magnitude improvement on the original.

X-Ray Source 

P a ram e te rs

G X -1 3 PW

1 1 2 0 / 9 0

Vo ltage (kV) 3 7 4 0

C u r re n t  (m A) 3 7 3 0

P o w e r  (W) 1 3 6 9 1 2 0 0

Cu Ka  Photons per mA 

N k /4 7 i /m  A / s

2 . 3 x 1 0 1 2 2 . 7 x 1 0 1 2

Total Cu Ka Photons 

N kM rc /s

8 . 5 x 1 0 1 3 8.1 x 1 0 1 3

S o u rce -S a m p le

Distance

7 0 0 1 7 0

Sample Area 8 m m 2 8 m m 2

Flux at Sam ple 

N k /s

1 . 1 x 1 0 8 1 . 8 x 1 0 9

Table 3.1: Calculated flux at the sample for the Huber diffractometer on the GX-13 
and Philips x-ray sources.

3 . 4 . 6  Diffractometer alignment

Commercial diffractometers when purchased include a set of step-by-step instructions 

on how to properly align them, usually involving specialised tools. In order to align the 

locally built Huber-Philips diffractometer these procedures had to be determined by
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experiment. There were 8 separate variable settings on the diffractometer that an 
experimenter could adjust: the position of the Huber base with respect to the Philips tube 

shield (and thus the source); two independently variable edges for each of the two slit 
assemblies, entrance and acceptance; the setting angle of the HOPG monochromator; the 

20 zero position; and the eccentricity of the sample holder with respect to the 0 circle. It 
was found that varying the eccentricity only caused a deterioration in accuracy, leaving 
seven variables to be dealt with.

The alignment of the diffractometer needed these 5 tools: a fluorescent screen attached 
to a plastic paddle that could allow the experimenter to view the x-ray beam; a sample 
holder for Lindemann glass capillary tubes, which included a small goniometer; a 
stainless steel spike that would fit in the sample holder; extra sheets of nickel to attenuate 
the x-ray beam; and a silicon standard available from the US Bureau of Standards which 
was used to check the final alignment and determine the software 20 offset.

The procedure used to align the diffractometer was as follows:

a) The entrance slits were set to 1 mm wide, each edge 0.5 mm from the central setting 
of 5.00 mm. The entrance slits are half the source to sample distance: a 1 mm wide 
entrance slit will result in a 2mm wide x-ray beam at the sample.

b) The tube sample holder was placed in the sample position, with the stainless steel 
spike as the sample. The bolts holding the Huber goniometer to the Philips tube tower 
were loosened, to allow the entire goniometer to be moved parallel to the tube tower. The 
fluorescent screen was used to view the image of the spike obscuring the beam. The 
goniometer was moved until the image was centrally placed in the beam; the entrance slits 
were narrowed to 0.5 mm wide (each 0.25 mm from the central position), and the 
procedure repeated until the spike image was again centrally placed. If necessary, 
photographs were taken of the beam rather than using the fluorescent image. The sample 
holder and the spike were removed, and the bolts tightened again.

c) The nickel attenuator was taped in front of the graphite monochromator, and the 20 
arm driven by the panel controls of the Huber until the monochromator viewed the direct 
beam. The acceptance slits were set as wide as possible. The setting angle for the 

monochromator was adjusted for maximum flux, and the 20 arm driven back to the zero 
position, and the attenuator removed.

d) The silicon standard (in a 1.00 mm Lindemann glass capillary tube) in the sample 

holder was replaced in the Huber. The 20 arm was driven to the silicon (111) peak
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position for CuKa at 28.44°. The setting angle was readjusted for maximum flux, and the 

acceptance slits narrowed until a loss in the flux was seen.

e) A series of scans of the 20 range near the Si (111) peak were made, and the 

software 20 offset adjusted to give the Si (111) peak maximum the correct angle Cu Ka. 
The acceptance slits were narrowed until an adequate signal-to-noise ratio for the (111) 

peak maximum to its nearby background was achieved. After this a longer scan from 20- 
90° in 20 was done to check the first 6 Si reflections, the intensities and 20 positions of 

these peaks compared with published values, and the 20 software offset and acceptance 
slit positions adjusted to correct for any remaining errors.

Before Rebuild

After Rebuild

27.0 27.5 28.0 28.5 29.0 29.5 30.0
29 (Degrees)

Figure 3.9: the (003) reflection from the same silicon standard sample before and 
after the rebuild of the diffractometer described above. The dashed lines indicate 
the zero intensity level for each scan. The peaks have been normalised to the same 
maximum intensity, the upper scan having a step size of 0.10° and the lower 0.06°.

A comparison between the x-ray diffractograms of the silicon (111) peak made before 

and after the rebuild shown in Figure 3.9 and Table 3.2 demonstrates a considerable 

improvement in the peak profile and statistics; the same improvement is seen in the 

statistics for the (220) and (311) reflections, displayed in Table 3.2. Figure 3.10 plots the 

resolution function of the rebuilt diffractometer, showing a steady drop with angle; the 

minimum useful diffraction angle that could be measured with the rebuilt instrument was 

-4.0° 20.
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Before Rebuild After Rebuild

Index FWHM S/N a FWHM S/N a

(111) 0.412 34.34 5.439 0.198 50.13 5.431

(220) 0.427 34.49 5.431 0.222 59.24 5.429

(311) 0.427 20.77 5.433 0.241 38.99 5.431

Table 3.2: the fu ll width at ha lf maximum (FWHM), signal to noise (S/N) and 
cubic cell dimension derived from  dijfractograms o f the same silicon standard taken 
before and after the rebuild. At 298 K the standard value fo r  a-5 .4309 There
is a great improvement in the fu ll width and signal to noise values.

0.008 -

0.007 -

0.006 -  
o
CD 
<

0.005 -

0.004 -  

0.003 -

Figure 3.10: Resolution o f the rebuilt diffractometer from  silicon standard, 
showing AO/6 (in degrees) versus the reflection angle o f  the main silicon peaks.

3 .4 .7  XRD experimental procedure

The first step after loading a new sample was to determine its alignment with respect to 
the beam. The attachment between the cryostat and the centre stick allowed the stick, and 
thus the sample, to be rotated independently of the cryostat, this rotation being equivalent 
to the 0 rotation of the diffractometer. In order to find the sample's alignment the detector 
arm was driven to the 20 position of a strong reflection of the sample; initially the 
graphite (1,0) peak was used, since this would be present with only a minor distortion in 

any graphite intercalation compound (see Chapter 1). The sample was rotated until a 

maximum in the x-ray flux at the detector was seen; since graphite (1,0) is an ab-plane 

peak, this corresponds to the sample being in correct alignment for transmission mode. 
Later the very strong (003) reflection was used instead after it had been determined for 

Rb- and K-GICs by early experiments; the flux maximum for this peak corresponds to

I I I  I
30 40 50 60 70 80 90

20 (Degrees)
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the correct alignment for reflection mode. A 360° scale on the stick allowed the operator 

to rotate the orientation of the sample between reflection and transmission modes once the 

alignment of the sample is determined.

The experimental scans to get the ab-plane data on the samples were quite slow, 

usually taking 15 hours. This was a result of several factors: the samples were highly 
absorbing, with only ~8% transmission for the Rb-GICs, and were not easily made 

thinner after preparation; the polymer windows and beryllium can in the cryostat 
absorbed another 50% of the flux; the optical arrangement needed accommodate the 
cryostat made the beam flight path very long; and finally the a-b plane structures were 
often poorly ordered resulting in weak scattering intensities.

c-axis scans were much more rapid, with the most common scan time around 2 hours, 
as a result of the very strong c-axis peaks.

After data was collected it was uploaded using file transfer protocol (ftp) to one of the 
RSC's Hewlett-Packard Unix servers and from there transferred to other computers for 
reduction and analysis.
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Chapter 4: Results

4.1: The Stage 2 Binary Graphite Intercalation Compounds RbC25

and KC25

4.1.1: RbC25

The structure of the binary GIC RbC25 has been described in several previous 
w orks(1, 2 ;̂ it is included here to validate on the parent binary GIC the modelling 
technique which we will later employ on its ternary derivatives. At 90 K it has been found 

to possess an ab-plane unit cell which is a commensurate V43xV43 hexagonal superlattice 
of the hexagonal graphite ab-plane structure.

4.1.1.1: Data

Figure 4.1.1 shows the ab-plane x-ray powder diffraction pattern produced by an 
oriented sample of RbC25 at 90 K, while Figures 4.1.2 and 4.1.3 show the c-axis 
oriented XRD powder patterns of the same sample. This sample was prepared to a 
stoichiometry of Rb: 25C in the manner described in Chapter 3, and weighed 0.409 g, 
equivalent to 1.06x1 O'3 moles of RbC25.

20000

£  10000

20 (Degrees)
Figure 4.LI:  x-ray powder diffraction pattern o f an ab-plane oriented sample o f 
RbC25 at 90 K.
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Figure 4.1.2: x-ray powder diffraction pattern of a c-axis oriented sample o f 
RbC25 at 90 K.
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5 4000 -

53 2000 -
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Figure 4.1.3: x-ray powder diffraction pattern of a c-axis oriented sample of 
RbC25 at 90 K, expanded to show the smaller peaks.

4.1 .1 .2  Symmetry and Unit Cell

The tf/?-plane and c-axis diffraction patterns are indexed from d-spacings derived from 
peak maxima in Tables 4.1.1 and 4.1.2 respectively. The a&-plane indexing in Table 
4.1.1 shows a good fit to the V43xV43 unit cell: if the outlier at 6.6° is removed the 
average ab-plane cell dimension is 6.54 Ä - equivalent to a multiple of V42.77 of the 
graphite in-plane dimension of 2.472 A which was derived from the graphite (10) and 
(11) peaks in the same pattern - with a standard deviation of.0.03 Ä. This value of agr is
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in accordance with the expected expansion of the carbon-carbon bond length in a stage 2 
rubidium graphite intercalation compound(3).

Data V 4 3 x V 4 3  C e l l

2 0 I n t e n s i t y D h k a ( a / a g r ) 2

( D e g r e e s ) ( C o u n t s ) ( Ä ) ( Ä )

6 . 6 9 4 7 1 3 . 3 9 1 0 1 5 . 4 6 4 3 9 . 1 2 5

1 0 . 8 6 1 4 3 1 8 . 1 4 6 1 1 1 6 . 2 9 3 4 3 . 4 3 3

1 2 . 6 1 5 6 4 7 . 0 2 5 2 0 1 6 . 2 2 4 4 3 . 0 6 6

1 6 . 8 6 2 5 6 7 1 5 . 2 5 8 2 1 1 6 . 0 6 5 4 2 . 2 2 6

2 2 . 8 6 1 8 2 0 3 . 8 9 0 3 1 1 6 . 1 9 5 4 2 . 9 1 6

2 5 . 3 2 4 8 0 5 3 . 5 1 7 4 0 1 6 . 2 4 6 4 3 . 1 8 5

2 7 . 7 8 1 9 2 6 3 . 2 1  1 3 2 1 6 . 1 6 3 4 2 . 7 4 4

2 9 . 5 2 5 6 5 9 3 . 0 2 6 4 1 1 6 . 0 1  1 41  . 9 4 5

3 2 . 1 6 2 7 4 8 2 . 7 8 3 5 0 1 6 . 0 6 9 4 2 . 2 4 8

3 3 . 2 4 7 4 9 2 2 . 6 9 5 3 3 1 6 . 1 7 1 4 2 . 7 8 8

4 0 . 0 2 2 1 9 4 2 . 2 5 3 5 2 1 6 . 2 4 6 4 3 . 1  8 2

4 2 . 2 4 3 0 0 5 2 . 1 3 9 1 0 2 . 4 7 0 0 . 9 9 9

4 4 . 7 8 9 4 2 2 . 0 2 7 - - - -

4 6 . 9 8 2 8 5 4 1 . 9 3 4 6 2 1 6 . 1 0 4 4 2 . 4 3 3

5 0 . 9 4 3 7 3 4 1 . 7 9 3 5 4 1 6 . 1 6 7 4 2 . 7 6 3

5 6 . 0 4 1 8 3 4 1 . 6 4 1 8 1 1 6 . 1  8 9 4 2 . 8 8 4

5 8 . 5 1 2 0 0 1 . 5 7 8 7 3 1 6 . 1 9 2 4 2 . 8 9 8

5 9 . 2 2 1 2 9 2 1 . 5 6 0 9 0 1 6 . 2 1 4 4 3 . 0 1  5

6 0 . 5 4 2 0 8 4 1 . 5 2 9 8 2 1 6 . 1 8 5 4 2 . 8 5 9

6 4 . 3 2 1 7 1 2 1 . 4 4 8 7 4 1 6 . 1 2 7 4 2 . 5 5 5

7 0 . 2 6 1 3 3 7 1 . 3 4 0 7 5 1 6 . 1 5 0 4 2 . 6 7 7

7 5 . 6 1 3 5 9 1 . 2 5 8 1 0 2 1 6 . 1 7 3 4 2 . 7 9 5

7 7 . 1 8 7 2 5 1 . 2 3 7 1 1 2 . 4 7 4 1 . 0 0 1

7 8 . 9 1 2 4 6 1 . 2 1 3 9 4 1 6 . 1 5 6 4 2 . 7 0 8

Table 4.1.1: ab-plane x-ray diffraction pattern shown in Figure 4.1.1 indexed as a 
single phase commensurate hexagonal superlattice with unit cell dimension equal to 
V43 x agr, the graphite ab-plane dimension. The peaks at 42.24° and 77.1° type are 
indexed as the (10) and (11) peaks of graphite, from which agr is determined to be 
2.472 A.

The c-axis indexing in Table 4.1.2 indicates that, while the c-axis structure has an 
average spacing of 9.059 Ä, the d-spacings of individual peaks vary widely away from
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this average position, with a standard deviation of 0.09 A. This variation is a 

characteristic sign of an interstratified system, as described in Chapter 1, and will be 

analysed later in this section.

Data Indexing

20 Intensity I/Imax D la D x l a

(Degrees) (Counts) xlOO (A) (A)

9.6 1401 4.69 9.213 1 9.213
19.8 5577 18.66 4.484 2 8.968
29.4 298 82 100.0 3.038 3 9.114
39.4 380 1 .27 2.287 4 9.147

50.82 982 3.29 1 .797 5 8.983
61.56 1 306 4.37 1 .506 6 9.038
73.68 201 0.67 1 .286 7 9.000

Table 4.1.2: The c-axis data shown in Figures 4.1.2 and 4.1.3 indexed as a single 
phase system. There is a considerable variation o f peak positions away from the 
average d-spacing - an indication that there may be more than one interstratified 
phase.

4.1.1.3  aZ>-plane Rietveld simulations of RbC2 5

As the V43xV43 indexing fits the observed Bragg peak positions, the Rietveld package 
"GSAS"(4) was used next to attempt to locate the rubidium ions inside the unit cell. 
Previous workers had proposed that the ab-plane structure consists of V7xV7 domains of 
rubidium ions separated by 2xV7 domain walls, which produced a correct V43xV43 unit 
cell and RbC25  stoichiometry, with a density between that of the 2x2 superlattice of the 
stage 1 GICs and the V7xV7 superlattice.

The two Rietveld fits shown in Figure 4.1.4 employ firstly an ideal version of this 
structure, where the rubidium ions are located in the center of the graphite hexagons, and 
secondly a model where the rubidium ions have been allowed to relax away from the 
hexagon centres in order to improve the simulated intensities. The second refinement is 

clearly superior in reproducing the observed peak intensities, and this afr-plane structure 
is shown in Figure 4.1.5, a P6 hexagonal V43xV43 superlattice with rubidium ions at the 

position of (0,0) and (0.442, 0.198).
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RBC25  Ot 9D K
Lambda 1 54-05 A, L-S c y c l e  32 Obsd and Ca l c  P r o f i l e s

1 0
2 —T h e t a ,  deg X1 OE 1

2 2 - r e s - a e  M j i t s i 7

RBC25  a t  9 D K
Lambda 1 54-05 A, L—S c y c l e  30 Obsd and Ca l c  P r o f i l e s

1 0
2 - T h e t a ,  deg X1 D E 1

Figure 4.1.4: Two Rietveld fits to the ab-plane-oriented 90K RbC25 pattern, 
employing a commensurate ^43x^43 P6 unit cell with seven rubidium atoms. The 
upper fit has ions located at (0,0) and (0.465,0.209), the lower at (0,0) and 
(0.442,0.198). These correspond to the ideal and refined models of the structure.
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V43xV43 Cell

Figure 4.1.5: The ab-plane structure o f RbC25 used in the Rietveld simulation 
shown in Figure 4.1.4 above and in the full-pattern simulations that follow. The unit 
cell has P6 plane symmetry, with the rubidium ions in two positions, at (0, 0) and 
(0.442, 0.198).

4 .1 .1 .4  ab-plane full pattern simulations of RbC25

After determining the structure and unit cell composition, further simulations were 
undertaken using the full pattern method described in Chapter 2. A first step is shown in 
Figure 4.1.6, where the strongest peak in the observed pattern - the (21) of the V43xV43 
structure - is compared with three simulated peaks which vary only in the size of the in­
plane crystallite domain size Nj.
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Figure 4.1.6: The (2,1) peak o f the ^43x^43 superlattice from the ab-plane 
oriented experimental data, taken at 90 K, is compared with three simulations of the 
same peak where the in-plane crystallite size N / is varied. The other constants used 
in the calculations were agr = 2.472 Ä; c = 9.08 Ä; A = 1.54178 Ä. The ab-plane 
crystal structure used for the simulations is shown in Figure 4.1.5.
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Figure 4.1.7: The effect o f the c-axis damping factor CD on the simulated 
turbostratic band shape of the (2,1) ^43x^43 peak, compared with the data taken at 
90K. The pattern simulations all use N] = 10; a^r = 2.472 Ä; c = 9.08 Ä; A = 1.54178
Ä.
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The second step is to determine the value of the c-axis dampening parameter CD, 
described in Chapter 2. This is shown in Figure 4.1.7 above.

Simulation

20 (Degrees)
Figure 4.1.8: ab-plane simulations of the ^43x^43 structure o f RbC25, compared 
with the data taken at 90K. There are two Rb+ ions, at (0, 0) and (0.489, 0.198) 
respectively, and uses the parameters N] = 10; agr = 2.472 A; c=9.08 A; X -  1.54178 
A. The shaded peaks are the graphite (101) and (11); the graphite structure is not 
simulated and thus these peaks do not appear in the simulated pattern.

S y m m e tr y P6

a 6.557 (V43)

agr 2.472 Ä

c 9.08 Ä

n 1 = n 2 10

n 3 1

5 0

C D 0.8

T herm al Rb=0.0

fa c to r s

Table 4.1.3: the parameters used for the ab-plane simulation shown in Figure 
4.1.8. These parameters are explained in detail in Chapter 2.
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The final simulation of the whole pattern is shown in Figure 4.1.8, and as with the rest 
of the ab-plane simulations in this thesis does not simulate the graphite structure that 
produce strong peaks at 44.7° and 77.1°. The parameters are shown in Table 4.1.3. The 
complete simulation produces a good overall fit, but has several problems in producing 
exact intensity matches. While the observed peak at 29.5° is much stronger than the 
simulated one, the c-axis (003) breakthrough is expected to produce a peak at this 
position; the combined (33) and (42) peaks at 33.2° is a more significant mismatch. No 
significant thermal factors could be included without eliminating observed high order 
peaks from the simulated patterns.

4 .1 .1 .5  c-axis simulations of RbC25

The c-axis pattern simulations include no ab-plane structure at all, and thus were fast 
enough that no Rietveld modelling was needed. Figure 4.1.9 shows two comparison 
plots (at different scales) of the c-axis data taken at 90 K and a simulated pattern.

While there is a generally good overall positional and intensity fit, there are two 
primary problems with the c-axis simulation shown - firstly, the intensity of the (001) and 
(002) peaks is too high, and secondly the variation of the d-spacing away from the 
average is not reproduced by the simulation.

These errors may both result because these simulations do not include the effects of 
interstratification, which is known to produce such variations and is seen in the c-axis 
indexing in Table 4.1.2. The variation away from the average d-spacing found in the c- 
axis indexing is plotted in Figure 4.1.10. It is noticeable in this figure that there are 
minima at 1=2 and 1=5, and that the maxima appear to be near 1=1 and 4. As a first order 
analysis this implies that there is a modulation by a second structure differing in D from 
the first by a value approximately 1/3 the average d-spacing, which is equal to 3.02 Ä. 
This permits an educated guess as to the nature of the second interstratified compound - it 
is probably a GIC of Stage 1 or Stage 3, either of which would differ in d-spacing from 
the stage 2 compound by 3.35 Ä. This possibility can be investigated using the 
Hendricks-Teller equation for the interference function of a randomly interstratified 
compound described in Chapter 2. Figure 4.11 plots the shift in peak position for two 
model interstratified systems: both systems consists of 90% stage 2 GIC of D=9.06 Ä, 
but in first model the remaining 10% is stage 1 (D=5.71 Ä), while in the second it is 10% 
stage 3 (D= 12.41 Ä). Clearly the second model produces similar peak shifts to those 
observed, while the stage 1 intercalate does not. We can conclude from this that a 
significant fraction of the sample is a stage 3 contaminant.
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Figure 4.1.9: c-axis oriented RI1C25 data taken at 90 K compared with a simulated 
diffraction pattern calculated with these parameters: c = 9.10, N j = 20, S = 10, X = 

1.54178 A, and an overall temperature factor of 0.4.
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-----D(OOI)
...... mean D— 9.10

(O O I)

Figure 4.1.10: d-spacing determined from each (001) value of the RbC25 c-axis 
pattern, plotted against the (001) index. The mean d-spacing of 9.066 Ä is shown as a 
dashed line.

----- 10% Stage 3 GIC
....... 10% Stage 1 GIC9.15 -

9.10 -

i'-'i 9.05

9.00 -

Figure 4.1.11: the peak shifts produced by two simulated interstratified systems. 
Both compounds are 90% stage-2 GIC with d=9.06Ä, but the remnant 10% is either 
stage 1 with d-5.71 Ä, or stage 3 with d - 12.41 Ä.
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4.1.2: KC25

The stage 2 graphite intercalation compound KC25 has been the subject of considerable 
previous work(2, which has not produced a universally accepted low temperature in­
plane structure, though it is thought to be incommensurate. As attempting to determine the 

unknown crystal structure of this binary compound outside the subject of this work, no 
attempt to analyse the ab-plane data will be made, especially as the binary ab-plane 
structure is expected to be destroyed by the process of physisorption. Appropriate 
simulations of the c-axis data will be attempted.

4 . 1 . 2 . 1  Data

The sample of KC25 was produced using the same method (described in Chapter 3) 
employed for the RbC25 samples, to a stoichiometry of K:25C, and weighed 0.480 
grams. The ab-plane oriented diffraction pattern taken at 90 K is shown in Figure 4.1.12, 
and the c-axis oriented in Figure 4.1.12.

5000

4 0 0 0 -

o 3000 -

2000  -

1 0 0 0 -

29 (Degrees)

Figure 4.1.12: XRD pattern taken from an ab-plane oriented sample o f KC25 at 90 

K.
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Figure 4.1.13: XRD pattern taken from an c-axis oriented sample of KC25 at 90 K.

4 .1 .2 .2  c-axis Symmetry and Simulations

The c-axis diffraction patterns is indexed in Table 4.1.4 below: the c-axis structure has an 
average spacing of 8.693 Ä, but as with the RbC25 c-axis patterns, the d-spacings of 
individual peaks are displaced away from the average position, though with a smaller 
standard deviation of 0.056 Ä.

Data Indexing

20 Intensity I/Imax D la D x la
(Degrees) (Counts) xlOO (Ä) (Ä)

10.06 151 1 6.15 8 .792 1 8 .792
20.62 1 8275 74.4 4 .307 2 8 .614

30.76 24551 100.0 2 .907 3 8 .720
41 .62 327 1 .33 2 .170 4 8 .679
52.78 20 3 2 8.28 1 .734 5 8 .672

64.12 552 2.25 1 .452 6 8 .714

77.08 252 1 .03 1 .237 7 8.661

Table 4.1.4: The KC25 c-axis data shown in Figures 4.1.13 indexed as a single 
phase system. As with the RbC25 system, there is a variation of peak positions away 
from the average d-spacing o f 8.693 Ä, an indication that the system may be 
inter stratified.
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20 (Degrees)
Figure 4.1.14: c-axis oriented KC25 data taken at 90 K compared with a simulated 
diffraction pattern calculated with these parameters: c -  8.73 Ä, N3 = 20, S = 10, X 
— 1.54178 Ä. There is a severe intensity misfit with the (001) reflection.

— 8.70

(001)

Figure 4.1.15: c-axis d-spacing determined from each (001) value of the KC25 

pattern, plotted against the (001) index. The average of 8.691 Ä is shown as a dashed 
line.

The c-axis simulation shown in Figure 4.1.14 uses the same values for N3 and 5 as 
the RbC25 simulation, though with a much smaller c-axis dimension; again as with the 
RbC25 simulation, there is a misfit in the simulated intensity for (001), and the data 
shows the shifts away from integer (001) values that is characteristic of interstratification. 
Figure 4.1.15 shows this misfit of the KC25 c-axis peaks as a function of (001), with a 
similar pattern of shifts as seen in the RbC25; simulated interference functions using the
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Hendricks-Teller formula were again made, and the peak shifts of the simulated peaks (in 

Figure 4.1.16) shows that the KC25 sample is also contaminated by -10%  stage 3 K- 

GIC.

10% Stage 3 
10% Stage 1

8.80 -

8.75 -

8.70 -

8.65 -

Figure 4.1 .i6: the shifts in the (001) D-spacing o f two simulated interstratified 
structures, one o f which is 90% stage 2 K-GIC and 10% stage 1, the second o f which 
is 90% stage 2 and 10 % stage 3.

4 . 1 . 3  Conclusion

The binary GIC RbC25 was found to adopt the same a/?-plane structure that has been 
described in previous works, a V43xV43 hexagonal superlattice of the graphite layer; 
from the c-axis pattern it was determined that approximately 10% of the sample consisted 
of a stage 3 GIC. Unsurprisingly the ab-plane pattern of KC25 could not be indexed, 
since it is probably incommensurate, but the c-axis data found that this sample too was 
approximately 10% stage 3.
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4.2: Argon Physisorption by Rubidium Graphite Intercalation
Compounds: The Structure of RbArxC25 for 0<x<1.2

Of all the ternary graphite intercalation compounds described in the initial studies, 
the alkali metal-argon GICs appear to have been the most neglected. A literature search 
found no further publications on either the Cs-Ar or the Rb-Ar compounds since the 
early gas absorption studies(1\  They found that the argon-rubidium-graphite system 
possesses the Type III or "all-or-none" isotherm, with no gas being absorbed until a 
critical pressure is reached, after which the reaction proceeds rapidly to saturation, 
achieving a final Ar/Rb ratio of 1.2. Here we will present powder diffraction data for the 
ternary intercalation compounds RbArxC25 for 0<x<1.2 from oriented samples

4.2.1: Data

Figure 4.2.1 a) and b) shows the ab-plane diffraction patterns obtained from an 
oriented sample of stage-II rubidium-GIC that was cooled in stages from room 
temperature to 90 K while under an atmosphere of argon. The sample was prepared to a 
stoichiometry of RbC25 , and weighed 0.413 g, equivalent to 1.07x10“3 moles. The 
sample stick contained 4.5x10“3 moles of Ar, which provided a sufficient reservoir to 
reach the published saturation stoichiometry of RbAri 2C25. However, these early 
experiments did not measure the pressure of the gas while it was being cooled, and so 
the uptake was not directly measured; the final saturation value is assumed to be at or 
near the published value. Each ofr-plane scan took -12 hours, c-axis scans were also 
taken after each ab-plane scan and are shown in Figure 4.2.2 (a) and (b).

Figures 4.2.3 and 4.2.4 show the afr-plane and c-axis oriented diffraction patterns for 
RbArxC25, for 0.0 < x < ~1.2. These are not all from the same sample: the patterns at 
Ari 2 are the same sample as the earlier patterns, while the patterns at Ar fillings of 0.0, 
0.135 and 0.375 are all of a later sample used during the filling experiments. Attempts to 
dope the sample by increasing the pressure of argon gas over this (later) sample at a 
temperature of 90 K, failed to reach a stoichiometry of greater than RbAro.49C25, at the 
maximum pressure (600 Torr) of Ar which could be attained by the gas handling line 
used: the patterns for all samples between Aro.375 and Aro.49 were the same, and only 
the former is shown here. However, cooling the sample slowly under the same pressure 
of Ar would produce the pattern shown in Figure 4.2.1, which from the c-axis data is 
clearly near the saturation value.
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T = 90-100 K

T =  115 K

T = 300 K

26 (Degrees)

20000
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Figure 4.2.1: a) A series o f ab-plane-oriented XRD patterns, taken as a sample of 
RbC25, under an atmosphere of Ar, was cooled from 300 K to 90 K. The patterns taken 
at 90 K and 100 K were identical, and are combined here to improve statistics. Note 
that the strongest peak in the Rb-Ar phase, at 27.4°, has appeared in the 115 Kpattern, 
b) The combined 90 K + 100 K scans enlarged.

This does not mirror reported results or our experience with Ar absorption on 
powdered RbC25, but is similar to the reported absorption behaviour of N2 on KC24, 
where a ternary compound was obtained by slowly cooling a sample under nitrogen gas.
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Though we conducted no further studies to determine the cause of this aberrant 
behaviour, it is possibly a result of the lower surface area of large pieces of "Papyex" 
graphite compared to fine powdered host.

4.2.2: Results
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Figure 4.2.2: c-axis oriented XRD patterns, taken as a sample of RbC2 5  was cooled 
from (b) 300 K to (a) 90 K , under an atmosphere of Ar. The strongest peak (indexed as 
(003)) is off scale in both patterns.

Onset of Ar absorption occurred near 115 K. The strongest peak of the ternary 
pattern at 90 K appears in the 115 K pattern, which is otherwise identical to the 
diffraction pattern of RbC25 at that temperature. It is immediately apparent that the 
RbAri.2C25 ternary at 90 K has a new in-plane crystal structure, while the narrower

T = 300 K

T = 90 K



98 Chapter 4: Results

lines and their closer approximation to the "perfect" turbostratic shape both indicate 
larger in-plane crystal domain sizes.

0.375

0.135

10 20 30 40 50 60 70 80
20 (degrees)

Figure 4.2.3: the ab plane XRD patterns of RbArxC25, for 0<x<1.2, all acquired at 90 
K; there is no sign of a transitional structure between the initial RbC25 pattern and the 
final ternary pattern.

0.375

20 (Degrees)

Figure 4.2.4: RbArxC25 c-axis diffraction patterns taken at 90-100 Kfor increasing Ar 
concentrations.

In both sets of data, afr-plane and c-axis, the diffraction peaks of the ternary pattern 
simply replace those of the binary. The c-axis data shows that even at low argon fillings,
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there are only two c-axis spacings present in the sample. From this it possible to 
conclude that there are no transitional phases between the initial binary and final ternary 

GICs phases.

Data Phase A Phase B

20 Intensity I/Imax D la D x la lb D x lb

(D eg rees) (C ounts) xlOO (A ) (A ) (A )

18.94 180 1.586 4.685 2 9.371
19.72 240 2.115 4.502 2 9.004
28.06 11348 100 3.180 3 9.540
29.41 1724 15.192 3.037 3 9.111
57.88 692 6.098 1.593 6 9.559
61.72 92 0.811 1.503 6 9.017

Table 4.2.1: Indexing of the c-axis diffraction pattern for RbArj,2^25 as a two phase 
system - Phase B has the same c-axis dimensions as stage-II RhC25, while Phase A has 

an expanded cell dimension of -9.55 Ä.

The final GIC phases were identified by complete indexing of the ab-plane data. 
Comparison with the diffraction pattern of the binary compound (the undoped trace in 
Figure 4.2.3), shows that either the ternary phase has a smaller unit cell than the 
^43x^43 structure of RbC2 5 , or there are a number of systematic absences. Table 4.2.1 
shows the simplest two-dimensional indexing of the 90 K pattern, which we have found 
by an exhaustive process of generating all possible lattices. We find a primitive 
hexagonal lattice with unit cell dimension a equal to V28 x agr, the graphite cell 

dimension of 2.46 Ä. This is one of the registered superstructures of a hexagonal lattice, 
and is shown in Figure 4.2.3. There are quite a number of absent reflections, including 
all the (3,k) reflections up to k -1 , and additionally, there is systematic increase of a as 
the Miller index of a peak increases, with the higher angle peaks much closer to the 
correct positions for a V28xV28 structure: this may be a result of the turbostratic peak 
offset first noted by Warren(2), of the form A(sin0)=O.1677L, or it may be an offset error 

in the instrument alignment, most likely as a result of the sample position difficulties 
encountered with the experimental arrangement. The later pattern simulations will 
correct for both of these; inherently for the turbostratic offset, and by taking the value of 
flgr from the graphite breakthrough peaks of the sample the second will appear in the 
simulated pattern.
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Data 428x428  Cell

20 Intensity D h k a (a/agr)2

(D egrees) (Counts) (A )
15.76 1288 5.623 2 0 12.985 27.68

20.77 3655 4.277 2 1 13.065 28.02

27.34 7053 3.262 2 2 13.048 27.95

31.6 688 2.831 4 0 13.077 28.07

36.4 367 2.468 4 1 13.06 28.00

42.28 688 2.138 1 0 2.4682 1

44.56 1309 2.033

48.22 1051 1.887 6 0 13.075 28.06

56.26 522 1.635 4 4 13.081 28.09

56.92 588 1.618 7 0 13.075 28.06

58.84 332 1.569 6 2 13.068 28.03

65.32 66 1.428 6 3 13.092 28.14

66.1 61 1.414 8 0 13.057 27.99

72.82 48 1.299 6 4 13.074 28.06

77.08 1232 1.237 1 1 2.4745 1.005

Table 4.2.2: Simple indexing of the ab plane diffraction peaks from Figure 4.2.2 on a 
two-dimensional hexagonal cell with axes (^28x^28) x a%r, the graphite in-plane 
dimension o f 2.46Ä. The peaks at 42.28° and 77.08° are indexed as the graphite (10) 
and (11) peaks, while the unassigned peak at 44.5° is the (101) breakthrough. The c-axis 
(003) breakthrough usually seen in these patterns is presumably hidden beneath the 
very strong turbostratic peak at 27.34°.

The V28xV28 models all fail the basic test of producing absences of the major peaks; 
as none of the hexagonal plane groups have any systematic absences(3), this is perhaps 
unsurprising. As an alternative to the V28xV28 cell, the diffraction pattern may also be 
indexed by a two phase system consisting of 2x2 and 4lx'4l hexagonal commensurate 
phases; this is shown in Table 4.2.3. This two phase indexing has the obvious advantage 
that there are no systematic absences.

The c-axis data, indexed in Table 4.2.1, show that there is a considerable expansion 
of the c-axis spacing - the strongest line at 29.50° (3.028 Ä) in the undoped pattern 
moves to 28.03° (3.183 Ä) in the 90 K sample, accompanied by a significant change in 
the structure factor for the sample. Most of the lines in the original pattern disappear, 
except for the (002), (003) and (006) lines. The in-plane data indicate that the intensity
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remaining at -29.5 A (3.028 A) arises from one of the phases in the two-phase ternary 

system with a similar c-axis spacing to RbC2 5 .

Figure 4.2.5: the unit cells of the commensurate V7jcV7 and y/28x^28 hexagonal 
superlattices.

4.2.3 a^-Plane Intensity Simulations of Ternary RbAri.2 C25

Structures.

Early intensity fits were performed with the Rietveld refinement suite "GSAS": this 
program cannot simulate turbostratically disordered compounds, but is adequate for 
testing whether the gross intensities of a model match the data(4 .̂ Later simulations were 
undertaken using the whole pattern turbostratic simulation technique described in 
Chapter 2, which is much more computationally intensive.

Given that after the gas is removed from the ternary intercalate (by heating and/or 
pumping upon the sample) the sample reverts to the original structure, and further that 
there does not seem to be a change in the staging of the GIC, it may be concluded that 
the alkali-metal ions retain roughly the same in-plane density as in the binary 

compound, as a gross change in this density would require a change of stage number or 

for guest ions to be driven out of the host.
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Figure 4.2.6: Two single-phase Rietveld f i t  to the ab-plane oriented 90K RbArj 2C25 

pattern using a ^28x^28 P6 unit cell. The upper phase has rubidium atoms at (0, 0) and 

(0.5, 0.5), and an argon atom at (0.0310, 0.1718), producing a stoichiometry o f 
ArsRb2Cy6 -The lower phase has rubidium atoms at (0, 0), (0.5,0.5) and (1/3, 2/3), and 

an argon atom at (1/6, 2/6), producing a stoichiometry o f AryRbyCy^-
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The V28xV28 cell is exactly double the V7xV7 hexagonal commensurate cell: since 
the binary GIC V43xV43 structure can be considered to be hexagonal V7xV7 domains 
separated by 2x2 domain walls, many of the V28xV28 model structures were designed 
with the Rb packing close to V7xV7. Two examples of the best fits to V28xV28 cells are 
shown in Figures 4.2.6. They are clearly unsatisfactory, further enhancing our belief in a 
two-phase final system.

Data 2x2 Cell V7xV7 Cell

20 Intensity D h k a (a/agr)2 h k a (a/agrf

(Degrees) (Counts) (A ) (A ) (A )

15.76 1288 5.623 1 0 6.493 6.92

20.77 3655 4.277 0 1 4.938 4.003

27.34 7053 3.262 1 1 6.524 6.986

31.60 688 2.831 2 0 6.538 7.018

36.40 367 2.468 1 1 4.936 4.000

42.28 688 2.138 1 0 2.468 1 1 0 2.468 1

44.56 1309 2.033

48.22 1051 1.887 3 0 6.537 7.015

56.26 522 1.635 2 2 6.54 7.022

56.92 588 1.618 2 1 4.942 4.009

58.84 332 1.569 3 1 6.534 7.008

65.32 66 1.428 3 0 4.948 4.020

66.10 61 1.414 4 0 6.529 6.997

72.82 48 1.299 3 2 6.537 7.014

77.08 1232 1.237 1 1 2.475 1.005 1 1 2.475 1.005

80.98 90 1.187 3 1 4.943 4.011

84.04 226 1.152

Table 4.2.3 The diffraction peaks of the saturated RbArj ,2^25 ab-plane oriented pattern 
indexed as a two phase compound composed o f ^7x^7 and 2x2 commensurate 
structures. As before, the rows at 42.28° and 77.08° are indexed as the graphite (1,0) 
and (1,1) diffraction peaks, though they could also be assigned as peaks o f either 
commensurate structure.
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Figure 4.2.7: Two two-phase Rietveld fits to the ah-plane oriented 90K RbArj 2 C25 

pattern. In both patterns, Phase 1 has a 2x2 P6 unit cell with a rubidium atom at (0,0). 
In the upper diagram Phase 2 has a /̂7x^7 P6 unit cell with a rubidium atom at (0,0) 
and an argon atom at (0.5,0.5), while in the lower diagram the cell is identical except 
the argon atom is at (173,2/3).
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Two different GSAS intensity simulations of a two phase system are shown in Figure 
4.2.7. Here it was assumed that the V7xV7 phase is the only phase containing argon 
atoms, while the 2x2 phase is a binary Rb-GIC, and that both phases have P6 in-plane 
symmetry. Only the Rb and Ar atoms are included in the model, as the graphene layers 
have no contributions to the ab-plane intensities below the graphite (10) peak at 42.12°, 
and only (hkO) reflections are included.

The only difference between the two simulations in Figure 4.2.7 is the position of the 
Ar atoms in the V7x^7 unit cell: in the upper diagram the argon atom is at the two fold 
axis at (1/2, 1/2), with a site multiplicity of 3; in the lower diagram the argon is at the 
three fold axis at (1/3, 2/3). Clearly the second structure provides a good fit to the gross 
intensities of the ab-plane data, so further calculations employing the whole-pattern- 
simulation method were undertaken based on the second structure, the two phases of 
which are shown in Figures 4.2.8 and 4.2.9.

Figure 4.2.8: ab-plane structure for the ^7x^7 RbAr2C28 argon-rich phase used in the 
following simulations; the Van der Waals radii are used for atomic and ionic sizes. 
Though the graphene layer is shown, it’s contributions are not included in the 
simulations.
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Rb ion

2x2 Unit Cell

Figure 4.2.9: ab-plane structure for the 2x2 RbC]6 argon-poor phase used in the 
following simulations; the Van der Waals radii are used for the rubidium ions shown. 
Again, though the graphene layer is shown, it’s contributions are not included in the 
simulations.
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Figure 4.2.10: Pattern simulations for the strongest ^7x^7 peak, at 27.34°. The lowest 
trace is experimental data, taken at 90 K; the others are simulations of the ab-plane 
structure shown in Figure 4.2.9;, calculated over the range 25.00°-32.02° with a step 
size o f 0.06°. The parameter Nj shown is the size of the in-plane crystallites in number 
of unit cells (see Chapter 2). The other constants used in the calculations were agr (the 
graphite ab-plane unit cell dimension) = 2.475 A; c=9.55 A; X =  1.54178 A.
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Figure 4.2.11: The effect of the c-axis damping factor CD on the simulated turbostratic 
band shape of the V7jcV7 RbAr2C28 structure. The best fit was found for CD-0.3, as 
shown. The pattern simulations both use N]=45; agr = 2.475 A; c=9.55 A; A = 

1.54178 A; the data was taken at 90 K.
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Figure 4.2.12: Pattern simulations for the strongest 2x2 peak, at 20.77°. The lowest 
trace is experimental data, taken at 90 K; the others are simulations calculated over the 
range 19.00° -25.00° with a step size of 0.06°. The ab-plane crystal structure used for the 
simulations is shown in Figure 4.2.10; the value Nj being the size of the in-plane 
crystallites (see Chapter 2). The other constants used in the calculations were agr = 
2.478 A; c=9.0A; A = 1.54178 A.
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Figure 4.2.13: The effect o f  the c-axis damping fa c to r CD on the simulated turbostratic  

band shape o f  the (1,0) 2x2 peak, compared w ith  data taken at 90K  fro m  a saturated  

sample. The patte rn  sim ulations both use N j= 6 0 ; agr  = 2.478 A; c=9 .00  A; X -

1.54178 A.
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Figure 4.2.14: The combined best sim ulations o f  the 2x2 and ^7x^7  phases compared 

with the data fro m  the saturated R bA rj 2 C25 taken at 90K. A 4th o rder po lynom ia l was

f it te d  to the data and subtracted to remove background. The values used f o r  the 

simulations are shown in Table 4.2.5.
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The final best simulation, shown in Figure 4.2.14, uses the following values:

Phase A Phase B
Symmetry P6 P6

a 2 2.646 (V7)
agr 2.478 Ä 2.475 Ä

c 9.0 Ä 9.55 Ä

n 1=n 2 60 45

N3 1 1
CD 2.0 0.3

Thermal Rb=0.0 Rb=0.9
factors Ar=0 .7

Table 4.2.4: the parameters used for the simulations shown in Figure 4.2.14.

Both simulations give very similar values for the graphite in-plane dimension; 
though they are considerably greater than the value of agr for pristine graphite (2.46Ä), 
the value for agr in the binary RbC25 sample was 2.472Ä, within experimental error of 
the values found here. The c-axis parameter is included for completeness, but it had little 
effect on the final simulations, since N3, the number of unit cells along the c-axis in the 
simulated crystallite, is equal to 1 for both simulations. The ab-plane domains are very 
nearly the same size for both phases: 300 Ä for the 2x2 phase and 290 Ä for the V7xV7 
phase. While thermal factors were needed for the V7xV7 simulation, none were used for 
the 2x2 simulation shown, as any thermal correction of significant value reduced the 
high order peaks entirely, and had no apparent effect on the quality of fit. CD, the c-axis 
damping factor, is a major difference between the parameters used for the two phase 
simulations. As described in Chapter 2, a correction for c-axis contributions to an 
oriented ab-plane sample is required, and these simulations use one of the form exp(- 
CD/2); for a single oriented GIC sample with two phases, CD should have a similar 
value in the simulations of both phases. An alternative simulation of the 2x2 phase is 
shown in Figure 4.2.16, where a degree of c-axis ordering has been introduced, in the 
form of the parameter 5, the probability of defect-free stacking between any two layers 
of the 2x2 phase, as described in Chapter 2.
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Simulation

20 21 22 23 24
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Figure 4.2.15: A comparison of a simulated turbostratic band shape of the (1,0) 2x2 
peak including a c-axis ordering parameter 6 with data taken at 90K The parameters 
used in the simulation are Nj=50; 1^3=5; 0=0.5; CD=0.5;agr = 2.478 A; c=9.00 A; A 
=  1.54178 A.

Simulation

20 (Degrees)

Figure 4.2.16: The combined simulations o f the c-axis-ordered 2x2 phase and the 
purely turbostratic V7jcV7 phases compared with the data from the saturated 
RbArj 2 C25  taken at 90K. The 2x2 simulation uses the same parameters as used in 
Figure 4.2.16.

The parameters use for the simulation shown in Figure 4.2.16 are shown in Table 
4.2.5
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Phase A Phase B
Symmetry P6 P6

a 2 2.646

a g r 2.478 Ä 2.475 Ä
C 9.0 A 9.55 Ä

N i=N2 50 45

n 3 5 1
8 0.5 0

CD 0.5 0.3
Thermal Rb=0.0 Rb=0.9
factors Ar=0 .7

Table 4.2.5 the parameters used for the simulations shown in Figures 4.2.16 and 4.2.17.

While the simulation of the 2x2 phase shown in Figures 4.2.15 and 4.2.16 has a 
superior fit to the (10) peak, the fit to the other (and much less intense) peaks of the 2x2 
pattern is not better than for the purely turbostratic simulation. Furthermore, a range of 
values for N3 and 5 can be used to give a similar peak shape to that shown in the figures 
above, once the c-axis damping factor is added, with the result that the parameters given 
in Table 4.2.5 can only be considered suggestive. Nonetheless, these simulations 
suggest, without necessarily proving, that there may be some c-axis ordering in the 
RbCi6 2x2 phase.

4.2.4 c-Axis Intensity Simulations of Ternary RbAri.2 C25 Structures

The c-axis simulations are computationally simpler than the ab-plane calculations, so 
that there was no need to use a quicker method such as Rietveld fits first.

A simple pattern calculation is shown in Figure 4.2.17, compared with the c-axis 
diffraction pattern for the sample cooled to 90 K under 600 Torr of argon, and the 
structure used for this calculation is shown in Figure 4.2.18. In this first simulation the 
stoichiometry used is RbAri 2C25: this represents a single phase system - an interstitial 
solution - or a two phase system with both phases adopting the same c-axis structure.
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Figure 4.2.17: A comparison o f c-axis data for RbArj 2 C25  and a simulated pattern 
calculated with the following parameters: c=9.55Ä, Ny=20, 0=10, and an overall 
temperature factor a=0.2, with the ratio Ar/Rb=1.2. See Chapter 2 for a description of 
these parameters.

1 2 .5 C -  
12.5 C -  

1 R b -  
+ 1.2 Ar

~ y  3.35Ä 9.55 A

Figure 4.2.18: The c-axis structure used for the simulation shown in 4.2.18. Each Rb-Ar 
layer contains 1 Rb atom and 1.2 Ar atoms, and is separated from the next by two 
graphene layers which are 3.35 Ä apart.
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Figure 4.2.19: A comparison of c-axis data for saturated RbArj2C25 and a simulated 
pattern calculated with the following parameters: c=9.55Ä, Nj=20, 6=10, and an 
overall temperature factor a=0.2, with the ratio Ar/Rh=2.0. See Chapter 2 for a 
description of these parameters.

14C  “  
14 C -  
1 Rb -  
+ 2 Ar

3.35Ä 9.55 A

Figure 4.2.20: c-axis structure used for the powder diffraction simulation shown in 
Figure 4.2.19. Each Rh-Ar layer contains a ratio of 1 Rh atom and 2 Ar atoms, and is 
separated from the next by two graphene layers which are 3.35 Ä apart.
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A second model, shown in Figure 4.2.20, attempts to simulate the diffraction pattern 
from a sample with the same stoichiometry (RbAr2.oC2s) as the V7xV7 structure, which 
is compared with the data in Figure 4.2.17. In both sets of simulations the (003) peaks of 
the simulations are normalised to the (003) maxima of the data. While both simulations 
are imperfect, the second gives a better intensity match for the (001) and (002) lines, as 
shown in Table 4.2.6. In both these c-axis simulations we have ignored the contribution 
of the phase with c ~ 9.05 Ä. Thus, for example, the peak at 20 = 61.72 is not present. 
Thus Table 4.2.6 lends support to the conclusion that one phase is argon-rich and one 
argon-poor compared to the average stoichiometry of RbArj 2 C2 5 .

D iffraction

Peak

Data Sim ulation:

RbAr-|.2C25

Sim ulation:

R bA r2.oC25

001 0.61 2.01 0.37

002 1.59 4.01 2.07

003 100.00 100.00 100.00

004 0.75 0.82 1.15

005 0.00 0.15 0.06

006 6.10 6.21 6.21

007 0.00 0.27 0.31

Table 4.2.6: Comparison of simulated and real intensities of c-axis lines. They are taken 
from the simulated patterns shown in Figures 4.2.17 and 4.2.19.

4.2.5 Conclusion

The ab-plane data are consistent with a model of a two phase system, wherein all the 
argon absorbed by the binary rubidium-GIC is taken up by an expanded phase with an 
increased c-axis cell dimension, and a reduced in-plane rubidium density compared with 
the binary GIC; the second phase contains no argon, and possesses the same c-axis 
spacing as the binary compound but with an increased in-plane rubidium density; the c- 
axis data, while not definitive, agree with the same model, and show that both phases 
have remained as stage-2 as far as can be determined. The saturated rubidium-argon- 
graphite system is thus a bi-intercalation compound of formula RbCi6 • RbAr2C28 (st. 
2).
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4.3: Methane Absorption by Rubidium Graphite Intercalation
Compounds: The Structure of Rb(CH4)xC25

As with Ar sorption, the methane isotherm of absorption on RbC25 possesses the 
"type-III" shape(1\  shown for the cesium-methane compound as Figure 1.14, with little 

gas absorbed until a critical pressure is reached, after which there is rapid progression to a 

saturated ternary, of composition (CH4 )o.9 R bC 2 5 - Here we will present powder 
diffraction patterns from oriented samples of the ternary intercalation compound 

Rb(CH4)o.9C25 at temperatures above the boiling point of methane at 111.65 K.

4.3.1: Data

Figure 4.3.1 shows the ab-plane diffraction pattern of an oriented sample of RbC25 as 
it was cooled in stages from 130 K to 90 K while under one atmosphere of CH4 . 
Attempts to increase the CH4 concentration in the sample by increasing the pressure of 
methane gas over the sample at temperatures above 110 K failed to produce any 
significant absorption at the pressures of up to an atmosphere, which is the maximum the 
gas handling system could safely attain. Only cooling the sample slowly, while it was 
under the maximum pressure of methane we could attain, produced absorption 
approaching saturation. This high pressure over the sample was obtained by cooling the 
sample stick to 80 K (beneath the freezing point of CH4 at 90.75 K), opening the stick to 
the methane-filled gas-handling line, freezing all the CH4 in the system into the sample 
stick, then closing the stick and increasing the temperature. While it is possible that there 
was some absorption into the sample from condensed CH4 while the sample was heated, 
liquid methane would be expected to move to the bottom of the specimen can rather than 
remain on the sample; at the higher temperatures where absorption was observed no 
liquid condensation of CH4 on the sample should be expected, and the take-up seen 
would therefore be from the vapour phase rather than the liquid. The RbC25 sample was 
prepared to a stoichiometry of Rb:C = 1:25, and weighed 0.405 g, equivalent to 
1.05x10*3 moles. The sample stick contained 2.95xl0*3 moles of CH4 , sufficient to attain 
the published saturation stoichiometry of (CH4)o.9RbC25. The scans at 120 K and 90 K 
are shown in more detail in Figures 4.3.2 and 4.3.3 respectively, while oax is  powder 
diffraction patterns of the (003) peak at 120, 130 and 145 K are shown in Figure 4.3.4, 

and of the complete c-axis pattern at 120 K in Figure 4.3.5.
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T = 90 K

T = 120 K

T = 124  K

T = 130 K

10 20 30 40 50 60 70 80
20 (Degrees)

Figure 4.3.1: ab-plane oriented XRD patterns o f  RbC25 sample cooled fro m  130 K  

to 90 K  under an atmosphere o f  CH4 .
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Figure 4 .3 .2 : An expanded graph o f  the ab-p lane o rien ted  XR D  pa tte rns o f  

(C H 4 )„o .9RbC25 sample at 120 K.
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Figure 4.3.3: ab-plane oriented XRD patterns of (CH4 )^o gRbC25 sample at 90 K; 
it is identical to the 120 K pattern except for the presence of two new peaks, 
indexed as the (111) and (200) lines of fee solid methane, and are indicated as such 
on the pattern.
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15 20 25 30 35 40
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Figure 4.3.4: c-axis oriented scans of (CH4 )~o.9RbC25 at 120, 130 and 145 K, 
showing the (002) and (003) peaks.

4.3.2: Results

The c-axis and the afr-plane data show that methane absorption begins between 145 K 
and 130 K. A significant portion of the sample retains the RbC25 ab-plane and c-axis 
patterns at 130 K, indicating a mixed binary-ternary system; at 120 K the sample appears 
to be single ternary compound; at 90 K two peaks associated with a new phase appear in
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the ab-plane data, which can be assigned to the face-centred-cubic structure of solid 
methane. The c-axis data displays a rapid change from one spacing to another, without 
strong evidence of intermediate spacings.

2500

2 0 0 0 -

6 1500 -

1 0 0 0 -

5 0 0 -

20 (Degrees)

Figure 4.3.5: c-axis oriented scans of Rb(CH4)~o.9C25 at 90 K. The strongest peak, 
indexed as (003), is set off scale to allow the smaller peaks to be visible. An 
anomalous peaks has appeared at 26.52° and is attributed to the fee phase of solid 
CH4 . A sharp (but multiple-point) peak at 70.98° is not associated with either the 
ternary GIC phase(s) or with solid CH4; it does not appear in other patterns and is 
thought to be spurious electronic noise.

12000
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6000 -

V 4 0 0 0 -

20 (Degrees)
Figure 4.3.6: c-axis oriented scans of Rb(CH4)~o.9C25 tit 120 K. The strongest 
peak, indexed as (003), is set off scale to allow the smaller peaks to be visible.
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Figure 4.3.7: c-axis oriented scans o f RbC25 at 145 K. The strongest peak, indexed 

as (003), is set off scale to allow the smaller peaks to be visible. The intensities and 
peak positions have returned to the values fo r binary RbC25 at this temperature, 

with some remnant intensity at greater d-spacing.

Data Phase 1 Phase 2

20 Intensity I/Imax D la D x l a lb D x lb

(Degrees) (Counts) xlOO (A) (A) (A)

9.06 7 3 1 6 6 .346 9 .753 1 9 . 752

18.3 7 4 1 8 6.434 4 . 844 2 9 . 688

21 .24 1 045 0.906 4 .178 2 8 . 359

2 7 . 39 1 1 5 2 8 6 1 00 3 . 254 3 9.761

29.7 6 1 0 6 5.296 3 . 006 3 9 . 017

36.3 881 0 .764 2 . 473 4 9.891

44 . 76 8 1 6 0 .708 2 . 023

46.5 9 3 8 0 .814 1 .951 5 9 . 757

56. 52 1 1 9 39 10.36 1 .627 6 9.761

Table 4.3.1: An attempt to index the 120 K Rb(CH4)„o.9C25 c-axis diffraction 

pattern using the same two-phase approach used fo r  the c-axis argon-rubidium 
pattern in Table 4.2.1. Unlike the rubidium-argon system, an unexpanded phase 
cannot be clearly indexed.

Table 4.3.1 shows an attempt to index the peaks of the 120 K (C H 4 )~o.9 RbC25 c-axis 

oriented diffraction pattern, applying the same two-phase approach used for the c-axis
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RbArj 2C25 diffraction patterns in Chapter 4.2. There the argon-rubidium c-axis pattern 
was determined to be the result of a phase with an expanded c-axis cell dimension, and a 
second phase with a much weaker pattern, with a repeat distance close to that of the 

unintercalated binary GIC. As can be seen from Table 4.3.1, the methane-rubidium c-axis 

patterns are less informative: while an expanded phase with a c-axis cell dimension of 
9.77 Ä can easily be indexed, no other c-axis repeat can be unambiguously determined 
from the data; though there are other peaks, they are insufficient in number and resolution 

to conclusively index any other single phase.

Tables 4.3.2 and 4.3.3 show the indexing of the ab-plane diffraction pattern at 90 K; 
the majority of the peaks can be indexed using the same V28xa/28 cell that was initially 
applied to the saturated argon-rubidium-graphite patterns in Table 4.2.2; and can thus also 
fit the 2x2 and V7x\7 indexing. Two additional peaks that appear only on the 90 K 
pattern are indexed as the (111) and (200) lines of the high temperature phase of solid 
methane, which freezes at 90.75 K into a face-centred-cubic lattice with lattice constant 
5.96 Ä. This assignment is supported by shape of these peaks, which lack the turbostratic 
profile common to the rest of the pattern. Additionally, there appears to be a considerable 
29 zero-offset in the methane patterns; all of the diffraction lines associated with the Rb- 
CH4 phase are approximately 0.1-0.2° lower than the corresponding peaks in the Rb-Ar 
compound (indexed in Table 4.2.2), while the peaks indexed as solid fee methane also 
have a similar offset compared with the expected positions. This offset may be the result 
of a sample offset from the centre of the focussing circle, or of a misalignment in the 
diffractometer optics.

There are also two additional reflections at 12.78° and 32.52° that cannot be indexed as 
part of the 2x2 or V7xV7 phases, nor as peaks of frozen methane, especially since they 
are present in the 120 K pattern. There are several explanations that could account for 
their origin: there may be an additional ab-plane phase present; one of the phases may 
have a slight distortion away from a true hexagonal structure towards a monoclinic lattice; 
the peaks may be satellite peaks associated with an incommensurate modulation. Given 
that the hexagonal indexing is quite good and fits accurately (once the correction 

mentioned above is made) to the superlattices of the graphite grid, the most likely 
explanation is that there is an extra phase in the compound, but the two observed peaks 
do not provide sufficient data to index this phase.
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Data V28xV28 C e ll

20 In te n s i ty D h k I a (a / a g r )2

(D e g re e s ) (C o u n ts ) ( A )
8.82 8 4 3 10.025 0 0 1 10. 025 ( c )

12.78 701 6 . 9265 - - - -

1 5 .66 9 9 3 4 5 .6 5 86 2 0 5 . 275 2 7 . 8 2 9

20 . 64 6 4 1 8 4.3031 2 1 5 .307 2 8 . 1 6 4

25.5 5 8 7 5 3.493 1 1 1 6.05 ( C H 4 )

27 . 24 1 0 1 7 2 3 .2 7 37 2 2 5 .286 2 7 . 9 4 3

29.4 2 3 7 8 3 .0 3 79 2 0 0 6 . 076 ( C H 4 )

31 .5 4 2 4 3 2 .84 4 0 5 .295 2 8 . 04

32 . 52 1 990 2 .7 5 32 - - - -

36 .3 1 838 2 .4 7 47 4 1 5 . 286 2 7 . 9 4 4

42 . 12 3 1 2 7 2 .1 4 53 1 0 1 1

44 . 34 4 2 7 5 2 .0 4 29 1 0 1 - -

48.1 8 1401 1 . 8886 6 0 5 .282 27.901

56 . 22 8 5 3 1 .6361 4 4 5 . 284 27.91 9

56 . 76 1 041 1 . 6218 7 0 5 .292 2 8 . 0 0 5

58. 68 9 34 1 . 5733 6 2 5 .288 2 7 . 9 6 6

65 . 94 4 7 7 1 . 4166 8 0 5 .282 2 7 . 9 0 4

72 . 66 3 1 0 1 . 3012 6 4 5 . 288 27 . 96

76 . 98 1 6 72 1 . 2386 1 1 1 1

Table 4.2.2: the 90 K  ab-plane powder diffraction pattern o f Rb(CH4)~ogC25 

indexed on a ^28x^28 cell. The peaks marked (CH4) and (c) are indexed as frozen 

methane and c-axis breakthroughs respectively. The peaks at 12.78° and 32.52° 

cannot be indexed as any o f these phases.
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D ata 2 x 2  C e l l V7xV7 C e l l

20 I n t e n s i t y D h k a (a / a g r ) h k a {a/agr)2

( D e g r e e s ) ( C o u n t s ) ( Ä ) ( A ) 2 ( A )

8.82 8 4 3 10. 025

12.78 701 6 . 927

1 5 .66 9 9 3 4 5 . 659 1 0 2 .638 6 .957

20 . 64 6 4 1 8 4 . 3 0 3 1 0 2 .006 4 . 023

25.5 5 8 7 5 3 . 493 1 1 6 .050 7 .953

27 . 24 1 0 1 7 2 3 . 274 1 1 2 .643 6 . 986

29.4 2 3 7 8 3 . 038

31 .5 4 2 4 3 2 .84 2 0 2 .648 7.01

32. 52 1 9 90 2 . 7 5 3

36.3 1 8 3 8 2 . 4 7 5 1 1 1 .998 3 .992

42 . 12 3 1 2 7 2 . 1 4 5 1 0 1 1 1 0 1 1

4 4 . 34 4 2 7 5 2 . 0 4 3

4 8 . 18 1401 1 .889 3 0 2.641 6 . 975

56. 22 8 5 3 1 .636 2 2 2 .642 6.98

56. 76 1 041 1 .622 2 1 2 4.001

58. 68 9 3 4 1 .573 3 1 2 . 644 6.991

65 . 94 4 7 7 1 .417 4 0 2.641 6 . 976

72 . 66 3 1 0 1 .301 3 2 2 . 644 6.99

76 . 98 1 6 72 1 .239 1 1 1 1 1 1 1 1

Table 4.3.3: the 90 K ab-plane powder diffraction pattern o f Rb(CH4)~o.9C25 

indexed on a 2x2 cell and a V Z x V /7 cell. The remaining peaks are indexed in Table 

4.3.2.
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4 . 3 . 3  a b -Plane Intensity Simulations of Ternary Rb(CH4 )o.9 C25

Structures.

As with the argon-rubidium-graphite system, initial ab-plane simulations of the 
methane-rubidium-GIC were undertaken using the Rietveld refinement package GSAS(2 ;̂ 

and again as with the RbAri.2C25 system, no V28x^28 cell could produce an adequate 
match with the gross intensities of the experimental XRD pattern. A Rietveld refinement 
based on the same two phases used for the Rb-Ar ternary system again gives an excellent 
match to the gross positions and intensities of the 120 K ab-plane diffraction pattern, and 
is shown in Figure 4.2.8.

CH 4--+Rb C 2 5  a t  9 0 K
Lambda  1 . 5  4-05 A, L- S  c y c l e Ob ä d and C a l c  P r o f

1 0  2.  D 3 . 0  4 0  5 0  G. D 7 0  S O
2 - T h e t a ,  d e g  X1 D E 1

Figure 4.3.8: A two-phase Rietveld fit to the ab-plane oriented 120K CH4RbC25 
pattern. Phase 1 has a 2x2 P6 unit cell with a rubidium atom at (0,0), while Phase 2 
has a V7jcV7 P6 unit cell with a rubidium atom at (0,0) and an carbon atom at 
(1/3,2/3), representing a methane molecule; the hydrogen atoms on the methane 
molecule are not included for simplicity and due to their lower x-ray structure factor.
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a/7xV7 Unit 
Cell

.1 >
Rb ion

I
molecule

Figure 4.3.9: ab-plane structure for the VZx:V7 (CH4)2RbC2% methane-rich phase 
used in the following simulations. As with the argon-rubidium simulations, the 
graphene layer is shown here but its contributions are not included. Van der Waals 
radii are used for the guest species.

Rb ion

2x2 Unit Cell

Figure 4.3.10: The ab-plane structure for the 2x2 RbC\ß methane-poor phase used 
in the following simulations. Van der Waals radii are used for the guest species.
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From the methane ab-plane indexing given in Table 4.3.3 and the Rietveld refinement 

shown in Figure 4.3.8, the conclusion may be drawn that the methane-rubidium-graphite 

system has phase separated in the same manner as the argon-rubidium-graphite system, 
that is into an methane-rubidium phase with an ab-plane unit cell dimension equal to V7 

times the graphite unit cell dimension and a pure rubidium phase with an ab-plane unit cell 

dimension equal to twice the graphite cell dimension. Further simulations using the 
whole-pattern-simulation method described in Chapter 2 were undertaken, using in the 

ab-plane the structures shown in Figures 4.3.9 and 4.3.10. These have a stoichiometry 

of Rb(CH4)2C28 for the V7xV7 phase and RbCi6 for the 2x2. Example simulations are 
shown for the V7xV7 and 2x2 phases in Figures 4.3.11-4.3.14, with the full combined 
simulated pattern shown in Figure 4.3.15. In all these figures, the 20 position of the data 
was shifted by +0.15° to correct for the zero position offset mentioned above.

N1=40

14 15 16 17 18 19 20
26 (Degrees)

Figure 4.3.11: The strongest RbCH4C25 band assigned to the ^7x^7 phase versus 
simulated ^7x^7 phase (10) bands with ab-plane domain size 10<N] <40. The other 
parameters used in the simulation are N3 = l, agr-2 .475, c=9.75, A= 1.54178, 

CD=0.0.

The simulations of the V7xV7 phase do not include any contribution from the 
hydrogen atoms in the methane molecules: the methane molecule is treated as a single 
carbon atom at the (1/3, 2/3) site. This assumption was made to simplify the calculations, 

and was considered valid given the much lower scattering factor of hydrogen, and its 

faster fall-off with increasing 20, compared to the other atoms in the system, as shown in 

Figures 2.7 and 2.8.
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N,=50

N1=40

N1=30

19 20 21 22 23 24 25
20 (Degrees)

Figure 4.3.12: The strongest RhCH^C25 band assigned to the 2x2 phase versus 
simulated 2x2 phase (10) bands with ab-plane domain size 20<N]<50. The other 
parameters used in the simulation are Al3-1, agr-2.478, c=9.0, X-1.54178, CD=0.0.

CD=0.0 CD=0.8

14 16 18 20 14 15 16 17 18 19 20
20 (Degrees) 20 (Degrees)

Figure 4.3.13: The strongest RbCH4C25 band assigned to the V7jcV7 phase is 
compared employing different values of the orientational parameter CD on a 
simulatedprofde based on N}-30, 7Vj=7, agr=2.475, c-9.75, X - l .54178.
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Figure 4.3.14: The strongest RbCH4 C25  band assigned to the 2x2 phase is 
compared with four simulations employing different values o f the orientational 
parameter CD on a simulated profile based on N]=30, Nj=l,  agr=2.475, c=9.75, 
A =  1.54178.

Simulation

10 20 30 40 50 60 70 80
20 (Degrees)

Figure 4.3.15: the combined best simulations compared with data taken at 120 K. 
The parameters used for these simulations are shown in Table 4.3.4.
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The final best simulation, shown above in Figure 4.3.15, uses the following values:

Phase A Phase B

Sym m etry P6 P6

a 2 2.646 0/7)
agr 2.478 Ä 2.475 Ä

c 9.0 Ä 9.75 Ä

N i = N 2 40 30

n 3 1 1
CD 1.2 0.8

Thermal Rb=0.6 Rb=0.8
factors CH4=0.8

Table 4.3.4: the parameters used fo r  the simulations shown in Figure 4.3.15.

The parameters used for the best Rb(CH4)o.9C25 simulations have a number of 
similarities with those employed for the Rb(Ar)i 2C25 simulations. The values for agr, the 
graphite in-plane dimension, are the same for both compounds: 2.478 A for the 2x2 
phases, and 2.475 Ä for the V7xV7 ternary phases. While the in-plane crystallite domains 
are considerably smaller for the methane-rubidium GIC than for the argon-rubidium GIC 
in terms of numbers of unit cells across (the values used in the calculations and thus 
shown above), the physical dimensions of the 2x2 and V7xV7 phases are the same within 
each system: 198 Ä for the 2x2 and 196 Ä for the V7xV7 Ä in the methane system, 
compared with 297 Ä for the 2x2 phase and 294 Ä for the V7xV7 phase in the argon 
system.

Unlike the rubidium-argon GIC system, there is no sign of 3-dimensional ordering in 
the 2x2 phase; the orientational parameters CD for each phase produce a peak shape 
similar enough to the observed pattern that there is no need for any except purely 

turbostratic simulations, with N3 equal to 1. The values of c used will therefore have little 
effect on the final calculations. This may be evidence indicating that the two phases in the 
rubidium-argon GIC have separated into separate c-axis as well as ab-plane domains, so 
that there is an interlayer interaction between adjacent 2x2 domains, while the rubidium- 

methane GIC is a randomly interstratified system. The nature of the interstratification of 

these systems will be discussed in Chapter 5.

There are three obvious flaws with the simulated pattern shown in Figure 4.3.15 when 

compared with the data: the intensity produced for the V7xV7 (11) band at 27.24° is a
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good deal less than that expected, and there is a peak at 32.5° which is not simulated at 
all. Additionally, the simulated (20) peak of the V7xV7 phase does not match the 

observed peak shape. These differences are shown in Figure 4.3.16.

10000

data
simulation

5 6000

i  4000

20 (Degrees)
Figure 4.3.16: the VZxV/7 simulated pattern compared with Rb(CH4)o.gC25 data 

taken at 120 K. The three major inaccuracies in the simulation are present in this 
diagram: an intensity misfit o f the (11) peak, a shape misfit o f the (20), and an 
unexplained peak at 32.5°. These may all result from contributions of the hydrogen 
atoms which are not included in the simulations.

The (11) peak is at the same position that the c-axis (003) breakthrough would be 
expected; since the c-axis pattern isn't simulated at all in the 0 /7-plane patterns this may be 
a source of some of the extra intensity. The misfit in shape of the (20) cannot be 
explained in the same manner; nor the peak at 35.5°. It is also possible that contributions 
from the hydrogen atoms, which are ignored in these simulations, are responsible for the 
extra intensity at (11), and if there is a high degree of orientational ordering in the 
methane molecule it may have an effect on the peak shape as well (see Chapter 2).

The simulations of the c-axis patterns, which are undertaken below, provide more 
information on the nature of the orientational structure of the methane molecules in this 

system. We will return to the a/7-plane structure after the c-axis structure is described.
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4.3.4 c-Axis Intensity Simulations of Ternary Rb(CH4)o.9C25
Structures.

The c-axis simulations are computationally simpler than the a/?-plane calculations, so 
that there was no need to use a quicker method such as Rietveld fits first. Unlike the first 
ö/7-plane simulations, the hydrogen contributions to the structure factor are needed to give 
a satisfactory fit and so are included.

Simulation

10 20 30 40 50 60
20 (Degrees)

Simulation

30
20 (Degrees)

Figure 4.3.17: c-axis data taken at 120 K compared with simulated pattern for 
Rb(CH4)2.oC28- The methane molecules are mass-centred on the mean rubidium 
position. The parameters used are N3=18, A=12, C-9.77, 2,-1.54178.

Two pattern calculations are shown in Figures 4.3.17 and 4.3.19, compared with the 
c-axis diffraction pattern for the sample cooled to 120 K under an atmosphere of CH4 , 
while the structured used for these calculation are shown in Figures 4.3.18 and 4.3.20.
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In both the pattern simulations the stoichiometry used is Rb(CH4)2.oC28> representing the 
^7x^7 phase.

Figure 4.3.18: The c-axis cell used for the simulations shown in Figure 4.3.17. 
Note the alternating CH4 packing, with the methane molecules mass centred on the 
mean rubidium position. The atomic coordinates are in Table 4.3.5

Simulation

10 20 30 40 50 60
26 (Degrees)

Simulation

30
20 (Degrees)

Figure 4.3.19: C-axis data taken at 120 K compared with simulated pattern for 
Rb(CH4)2.oC28■ The methane molecules are geometrically-centred on the mean 
rubidium position. The parameters used are Nj=18, A=12, C-9.77, X=l.54178.
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A

9.77Ä
u

Figure 4.3.20: The c-axis cell used for the simulations shown in Figure 4.3.19. 
Note the alternating CH4 packing, with the methane molecules centred geometrically 
on the mean rubidium position. The atomic coordinates are in Table 4.3.5.

Carbon Atoms Hydrogen Atoms

Mass
Centred

2 x0 .0 1x0 .122 , lx-0 .1 2 2  

3x0.038, 3x-0.038

Geometrically
Centred

1x0.037, lx-0.037 4x0.075, 4x-0.075

Table 4.3.5: the c-axis fractional coordinates of the atoms of the CH4 molecules in 
the two models - mass centred and geometrically centred -  shown in Figures 4.3.18 
and 4.3.20.

In the c-axis simulations shown above, the primary differences between the pattern 
simulations is in the position of the methane molecules along the c-axis. In both sets of 
simulations the structure used has the methane molecules aligned so that a threefold axis 
of the tetrahedron is perpendicular to the neighbouring graphene layers, with 50% of the 
molecules in an "upright" orientation and the remainder in a "downwards" orientation, as 
shown in Figures 4.3.18 and 4.3.20. This orientation produced the best simulation 
intensities out of those tried. Two different models are shown in the simulations. In the 
mass-centred model, shown in Figures 4.3.17 and 4.3.18, the methane molecules are 
positioned so that the carbon atom is at the same c-axis position as the layers of rubidium 
atoms. In the geometrically-centred model, the CH4 molecules are positioned so the 
hydrogen atoms are equidistant from the layer of alkali metal ions and from the upper and 
lower graphene layers. The atomic positions of the hydrogen and carbon atoms in the 
methane molecules are shown in Table 4.3.5 for both models.

Table 4.3.6 shows the peak intensities of several simulated c-axis patterns compared 
with the data taken at 120 K. The peak intensities are shown as a percentage of the 

strongest peak, which is the (003) reflection in all patterns. The mass-centred and 

geometrically centred models are shown, with the mass-centred model giving a slightly 

better fit to the low angle peaks, where the hydrogen contribution to the overall structure
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factor is the greatest. Also listed are the same models with the contributions of the 
hydrogen atoms ignored: these are sufficiently worse that it is clear that the hydrogen 
contribution must be included.

P e a k D a t a

( 1 2 0  K)

M a s s

C e n t r e d

w i t h

H y d r o g e n

G eom etrically  
Centred with 

H ydrogen

M a s s  

C e n t r e d  

w it h  no  

H y d r o g e n

G e o m e t r i c a l l y  

C e n t r e d  w i th  

no H yd ro g e n

001 5.683 8.771 9.409 14.98 14.95
002 5.063 6.139 6.959 8.447 8.447
003 100.0 100.0 100.0 1 00 100.0
005 0.792 0.508 0.803 0.529 0.529
006 9.386 10.36 9.707 10.65 10.65

Xlv(o)-v(i)l2 1 1 .72 17.58 99.13 99.54

Table 4.3.6: The c-axis peak intensities (as a percentage of the strongest peak) of 
data taken from the Rb(CH4)C25 compared with three simulations; the 
Rb(CH4)2.oC28 simulation with mass-centred methane molecules shown in Figures 
4.3.17 and 4.3.18, the Rb(CH4)2.oC28 simulation with geometrically centred methane 
molecules shown in Figures 4.3.19 and 4.3.20, and with a mass-centred 
Rb(CH4)2.oC28 simulation identical to the mass centred pattern but with no hydrogen 
atoms included in the structure factor.

The c-axis simulations do not include any contribution from an RbCi6 phase: as with 
the rubidium-argon simulations, they are either far less than that produced by the 
Rb(CH4)2C28 structure, or they have the same c-axis spacing as the rubidium-methane 
phase and are thus hidden beneath the pattern produced by that phase. Again, as with the 
argon-rubidium-graphite system, the c-axis data and simulations do not lend positive 
support to the two-phase model of the methane-rubidium-graphite system, but neither do 
they disprove it.

4.3.5 «/»-plane Rb(CH4)o.9C25 Simulations with Hydrogen
Contributions

Given that the structural models including contributions from hydrogen atoms 
provided the best approximation to the c-axis data, it is worthwhile to introduce these 
contributions to the ab-plane simulations in the hope of correcting the errors noted above.
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Figure 4.3.21: The (11) and (20) reflections o f the Rh(CH4 )o. 9 C25 ab-plane data 

taken a t 120 K  compared w ith  the best s im u la tion  (inc lud ing  hydrogen 

contributions), while the intensity m isfit o f  the (11) is corrected, the shape m isfit o f  

the (20) and the peak at 35.5° are s till not simulated.

Methane
Molecule

Figure 4.3.22: the ^7x^7 P6 ab-plane structure used fo r  the simulation shown in 

Figure 4.3.21. The methane molecules are mass centred on the c-axis plane o f the 

rubidium ions, and are in the orientation shown, w ith one hydrogen atom at the 

threefold site and the other three at (0.508,0.204) and its equivalent positions fo r  

each methane molecule.

The best ab-plane V7xV7 simulation found employing the hydrogen contributions is 

shown in Figure 4.3.21. The structure placed the methane molecules at the threefold site



Chapter 4: Results 137

at (1/3,2/3), oriented in the manner shown in Figure 4.3.22. The CH4 molecules are 
mass-centred on the rubidium ion plane along the c-axis of the simulated cell.

The simulated pattern in Figure 4.3.21 only displays the region of the misfit at 26°-34° 
in 20; a comparison with the same region shown in Figure 4.3.16 shows that the 
contributions of the hydrogen atoms have corrected the intensity misfit in the (11) band, 
but have not had any effect on the shape of the (20) reflection. The unusual peak shape of 
the (20), and its adjacency to the unindexed peak at -35.5°, indicates that there is an 
inaccuracy in the simulated model. The evidence that the hydrogen atoms do make a 
significant intensity contribution at this angle in 20 implies that there is an orientational 
arrangement of the methane molecules in the sample which is not reflected in the 
simulation. Efforts to improve this simulation were not successful.

4 .3 .6  Conclusion

As with the rubidium-argon system, the ab-plane data are best explained by a two 
phase model of the system, with the methane molecules all occupying the threefold site in 
ternary phase with V7xV7 0/7-plane lattice and an expanded c-axis dimension, of 
stoichiometry Rb(CH4)2C28- The remainder of the rubidium is in a compressed phase 
with a 2x2 in-plane lattice, though a separate c-axis pattern associated with this phase was 
not observed. Small remaining inaccuracies in the «/7-plane simulated patterns could not 
be removed, and are thought to be the result of orientational ordering in the methane 
molecules which were not included in the model, but apart from these the model is 
adequate. The saturated rubidium-methane-graphite system is thus a bi-intercalation 
compound of formula RbCi6 • Rb(CH4)2C28 (st. 2).
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4.4: Nitrogen Absorption by Potassium Graphite Intercalation
Compounds: The Structure of K(N2)~o.7C25

As with the other large molecules physisorbed to make the ternary GICs described in 

the initial studies^ there had been few later publications on potassium-nitrogen-graphite 

system. However, nuclear resonance photon scattering experim ents^ on N2 in KC25 

showed that the N2 molecule was lying parallel to the graphite planes in the sample. The 
original studies found that nitrogen would only be absorbed in KC25 by slowly cooling 
the sample in the presence of the gas - a behaviour we have seen in all the large molecule 

ternary GICs - and that the saturation stoichiometry was K(N2)~o.7C25- Here we will 
present powder diffraction patterns from oriented samples of the ternary intercalation 

compound K(N2)~o.7C25 over a range of temperatures.

4.4 .1: Data

29 (Degrees)

Figure 4.4.1: ab-plane oriented x-ray powder diffraction patterns o f the binary 
graphite intercalation compound KC25 and its physisorbed ternary GIC K(N2)o.7C25, 
both taken at 90 K. There is no remnant o f the binary pattern in the ternary 
structure.

Figure 4.4.1 shows the ab-plane diffraction patterns obtained from an oriented sample 

of stage 2 potassium graphite intercalation compound that was cooled in stages from 
room temperature to 90 K while under an atmosphere of nitrogen. This pattern is 

compared with the diffraction pattern obtained from the binary GIC KC25 at the same 

temperature.
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Figure 4.4.2: ab-plane oriented x-ray powder diffraction pattern of K(N2)0.7C25 at 
130 K.

Figure 4.4.2 shows the a/7-plane XRD powder diffraction pattern from the ternary 
compound at 130 K. The sample was prepared to a ratio of K:25C, and weighed 0.479 g, 
equivalent to 1.4lx 10"3 moles of KC25. The sample stick contained 560 Torr of nitrogen, 
equivalent to 3 .09xl0 '3 moles of N2, which provided a sufficient reservoir to reach the 
published saturation stoichiometry of K(N2)o.7C25- Each 0 /7-plane scan took ~12 hours, 
c-axis scans were taken also while the sample was being cooled and are shown in Figures 
4.4.3 and 4.4.4.
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10 20 30 40 50 60 70 80
20 (Degrees)

Figure 4.4.3: c-axis oriented x-ray powder diffraction pattern of K(N2)o jC25 at 
130 K.
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145 K

150 K

155 K

160 K
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Figure 4.4.4: c-axis x-ray powder diffraction patterns of K(N2)o.7C25 as the 
sample is cooled from 160 K to 90K, showing the strongest peaks, indexed as the 
(003) peaks o f a two phase system. Note that the original KC25 (003) peak does not 
appear in the final pattern.

4.4 .2: Symmetry and Unit Cell

Comparison of the two ctb-plane XRD diffraction patterns shown in Figure 4.4.1 
shows that the ternary sample has adopted a new in-plane crystal structure, with 
apparently little or no remnant structure of the binary compound. The ternary pattern 
shows peaks with the turbostratic band shape, and does not have the incommensurate 
satellite peaks of the KC25 binary. The c-axis patterns in Figures 4.4.3 and 4.4.4 show 
the saturated ternary is apparently a two phase system, and that the unmodified binary c- 
axis pattem does not appear in that of the saturated sample.

Table 4.4.1 contains an indexing of the 130 K c-axis oriented XRD pattern from the 
saturated ternary sample as a two phase system, with an expanded phase (presumably 
containing the adsorbed nitrogen molecules) having an average c-axis dimension of 9.55 
Ä, and a second phase with an average c-axis dimension of 8.61 Ä. Unlike the argon- 
rubidium and methane-rubidium systems described earlier, the second phase can be very 
clearly distinguished from the c-axis pattern assigned to the expanded phase, and it also 
has a compressed c-axis dimension compared with the 8.69 Ä dimension of binary KC25 

GIC at the same temperature.
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Data 5hase A P läse B

20 Intensity I/Imax D la D x l a lb D x lb

(D egrees) (C ounts) xlOO (A) (A ) (A )

9.24 1 355 8.71 9.571 1 9.571

10.08 959 6.17 8.775 1 8.775
18.84 1 629 10.5 4 .710 2 9.420

20.7 3645 23.4 4.291 2 8.582

28.02 1 5553 1 00 3.184 3 9.553

31.02 5034 32.4 2 .883 3 8.649
42 171 1 .1 2.151 4 8.604

44.82 1 48 0.95 2.022
47.7 233 1 .5 1 .907 5 9.533

53.16 347 2.23 1 .723 5 8.614
57.78 1 048 6.74 1 .596 6 9.574
64.92 233 1 .5 1 .436 6 8.618
77.82 1 33 0.86 1 .227 7 8.591

Table 4.4.1: Indexing of the 130 K c-axis oriented XRD pattern of K(N2)o jC25 as 
a two phase system. Compared with KC25, with a c-axis dimension D -  8.69 A, there 
is an expanded phase with D =  9.55 A and a compressed phase with D = 8.61 A.

The two phase indexing is obviously similar to the V7xV7 and 2x2 two phase system that 
was used to describe the Rb-Ar and Rb-CH4 systems, in that there is an expanded phase 
and a compressed phase compared to the average ab-plane packing of the binary KC25 
compound. There are two significant differences, however - obviously the expanded 
phase has potassium ions packed in a 3x3 unit cell as opposed to the V7xV7 P6 cell in the 
rubidium system. Less obviously, there are systematic absences in the 3x3 indexing, for 
example the ( 11) and (21) are absent, and this will have to be replicated by a successful 
structural model.
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Data 6x6 cell

20 Intens i ty D h k I a (a /a g r )2

( De gree s ) ( Count s ) (Ä)

8 . 8 8 2 0 2 7 9 . 9 5 8 0 0 1 9 . 9 5 8 ( c )

1 3 . 8 2 0 1  1 6 . 4 1 7 2 0 1 4 . 8 1 9 3 5 . 7 8 6

1 8 . 3 6 1 3 1 2 4 . 8 3 2 0 0 2 9 . 9 5 8 ( c )

2 0 . 6 4 1 6 4 5 1 4 . 3 0 3 3 0 1 4 . 9 0 7 3 6 . 2 1  1

2 2 . 5 6 2 2 9 0 3 . 9 4 1 - -

2 7 . 7 2 1 2 4 5 2 3 . 2 1 8 4 0 1 4 . 8 6 4 3 6 . 0 0 2

3 6 . 2 4 3 2 4 4 2 . 4 7 9 3 3 1 4 . 8 7 2 3 6 . 0 4 3

4 2 . 1 2 4 3 8 4 2 . 1 4 5 1 0 2 . 4 7 7 1

4 4 . 5 2 7 6 2 1 2 . 0 3 5 1 0 1 - -

4 9 . 0 8 9 0 7 1 . 8 5 6 4 4 1 4 . 8 4 9 3 5 . 9 3 1

5 6 . 8 2 1 1 0 6 1 . 6 2 6 3 1 4 . 8 5 3 5 . 9 3 7

6 2 . 9 4 5 9 1 1 . 4 7 7 6 4 1 4 . 8 6 5 3 6 . 0 0 7

6 5 . 1 5 3 4 1 . 4 3 3 9 0 1 4 . 8 9 3 6 . 1 3

7 6 . 9 8 3 2 9 3 1 . 2 3 9 1 1 2 . 4 7 7 2 1

Table 4.4.2: Indexing o f the 130 K ab-plane oriented XRD pattern o f K(N2)o j C25 

as a single phase 6x6 registered hexagonal superlattice o f the graphite host. This 
model has a large number o f absent reflections.

The ab-plane data is indexed in Tables 4.4.2 and 4.4.3, as a 6x6 single phase compound 
and as a 3x3 and 2x2 two phase system respectively, all using the P6 hexagonal plane 
group. The 6x6 indexing suffers from a similar problem to the V28xV28 indexing of the 
argon-rubidium and methane-rubidium phases, in that it requires that there are a great 
number of systematically absent reflections in the data which must be simulated in any 
model. Again, as with the previous studies, no model based on a 6x6 unit cell could be 
constructed that would reproduce the observed intensities.
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Data 2x2 Ce I 3x3 Ce I

20 Intensity D h k a ( a / a gr)2 h k a (a /a gr)2

(Degrees) (Counts) ( A ) ( A ) ( A )

8.88 2 0 2 7 9 .958

13.8 201 1 6 .417 1 0 7 .410 8 .947

18.36 1312 4 .832

20 .64 1 6451 4 .303 1 0 4 .9 6 9 4 .023

22 .56 2 2 9 0 3.941

2 7 .7 2 1 2 4 5 2 3 .218 2 0 7 .432 9.001

36 .24 3 2 4 4 2 .479 1 1 4 .9 5 8 4 .005

4 2 .1 2 4 3 8 4 2 .1 4 5 1 0 2 .4 7 7 1 1 0 2 .477 1

4 4 .52 7621 2 .0 3 5

4 9 .0 8 9 0 7 1 .856 2 2 7 .424 8 .983

56 .82 1 1 06 1 .620 2 1 4 .9 5 0 3 .993

62 .94 591 1 .477 3 2 7 .432 9 .002

65.1 5 34 1 .433 3 0 4 .9 6 3 4 .014

76 .98 3 2 9 3 1.239 1 1 2 .4 7 7 1 1 1 2 .477 1

Table 4.4.3: Indexing o f the 130 K ab-plane oriented XRD pattern o f K(N2)o j C25 

as a two phase system consisting o f 2x2 and 3x3 registered hexagonal superlattices 
o f the graphite host. The (11) and (21) peaks o f  the 3x3 lattice are notably absent.

4 .4.3 a^-Plane Rietveld Simulations of Ternary K(N2)o.7C25
Structures.

In creating the models of the 3x3 structure, the location of the N2 molecules within the 
unit cell is the primary variable that can be altered to produce different peak intensities.

Four models are shown in Figure 4.4.5, varying only in the position of the nitrogen 
molecules. The Rietveld refinement program GSAS(?) was used to calculate the peak 
intensities for these four different models, which are shown in Figures 4.4.6 - 4.4.9. The 
2x2 phase is also included in these simulations. In the models, the nitrogen molecules are:

a) in a vertical orientation at the threefold axis at (1/3,2/3), the same location as the 

argon atoms and methane molecules in the RbAr2 .oC25 and Rb(CH4)2.oC25 V7xV7 

phases described previously. This model has stoichiometry K(N2)2.oC36;
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b) in a horizontal orientation at the two-fold axis at (1/2,0), with the long axis of the 
N2 molecule oriented towards the nearest K+ ions. This model has stoichiometry 

K (N 2 )3 .oC 36;

■ I I

N2 molecule 
(horizontal)

N2 molecule 
(vertical)

Figure 4.4.5: Four ab-plane models of the 3x3 unit cell o f the potassium-nitrogen- 
graphite phase, with the nitrogen molecule varying in position and orientation 
between the models. The models are described in more detail in the text.

c) in a horizontal orientation at the two-fold axis at (1/2,0), with the long axis of the 
N2 molecule oriented away from the nearest K+ ions. This model has stoichiometry

K(N2)3.oC36;

d) in a vertical orientation at the two-fold axis at (1/2,0), with the long axis of the N2 

molecule oriented towards the graphene layers. This model has stoichiometry 

K (N 2 )3 .oC36-



146 Chapter 4: Results

K [ N  2 ] 0 . 7 C 2  5 a t  1 3 DK

Lambda 1 54-05 A, L—S c y c l e  35 Obsd  and  C a l c  P r o f i l e s

L±J C O

1 . 0  2 0 3 D  4 0  5 . Ü
2 - Th  e t a , d e g X 1 D E 1

<j —JA N -30 13 3 3^3 0 4-

Figure 4.4.6: GSAS Rietveld simulation of the 3x3 model a), described above.

K [ N 2 ) 0  7 C 2  5 a t  1 3 DK

Lambda 1 54-05 A, L—S c y c l e  15 Obsd  and  C a l c  P r o f i l e s

1 0  2 0 3 0 4 0 5 .  G
2 —T h e t a ,  d e g  X1DE 1

fi-JA N -3 0  13  311 i  1 b

Figure 4.4.7: GSAS Rietveld simulation of the 3x3 model b), described above.
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K [ N 2 ) 0  7 C2  5 fl t  13DK
Obsd and C a l c .  P r o fLombda  1 54-05 A, L -S  c y c l e

LlI o

1 0  2 D  3 0  4 . 0  5 . 0
2 —T h e t a ,  deg  X1DE 1

JA N -30  1 9 si 4s1i>

Figure 4.4.8: GSAS Rietveld simulation of the 3x3 model c), described above.

K ( N 2 ] 0 . 7 C 2 5  a t  1.3DK
Obs d and C a l c  P r o fLambda 1 . 5 4-05 A, L—S c y c l e

o  a□

1 . 0  2 D  3 0  4 0  5 . 0
2- Th e t a ,  deg  X 1 D E 1

0 -J A N -3 0  13 3 49*2 Ifr

Figure 4.4.9: GSAS Rietveld simulation of the 3x3 model d), described above.
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Looking at the four Rietveld fits, model a), with the N2 molecule located at the (1/3,2/3) 

position, is obviously and unsurprisingly incorrect, model c) produces intensity at the 
(21) position of the 3x3 phase which is not observed in the data, while model d) produces 

far too little intensity at the (10) position. Of these models, only model b) reproduces the 
observed intensity with any accuracy, and so b) will be used in the later full-pattern 

simulations.

4 .4 .4  aZ>-Plane and c-axis Full-Pattern Simulations of Ternary
K(N2)o.7C25 Structures.

4.4.4.1 ö^-plane Simulations

The structures shown in Figure 4.4.10 and 4.4.11 were used in these simulations for 
the expanded 3x3 phase and compressed 2x2 phase respectively.

Figure 4.4.10: ah-plane structure for the 3x3 K(N2 )j Cs6 nitrogen-rich phase used 
in the following simulations; the Van der Waals radii are used for atomic and ionic 
sizes. The N2 molecule is centred on the twofold axis at (1/2,0), with the long axis of 
the molecule oriented towards the nearest K+ ions. Though the graphene layer is 
shown, its contributions are not included in the simulations.
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Figure 4.4.11: ab-plane structure for the 2x2 KCj6 nitrogen-poor phase used in the 
following simulations; the Van der Waals radii are used for atomic and ionic sizes. 
Though the graphene layer is shown, it’s contributions are not included in the 
simulations.

N1=35

N, = 15

26 27 28 29 30 31
20 (Degrees)

Figure 4.4.12: Simulations of the (20) 3x3 turbostratic band, the most intense. The 
lowest trace is experimental data, taken at 130 K; the others are simulations of the 
K(N2)3.oC25 ab-plane structure shown in Figure 4.4.10;, calculated over the range 
25.02°-32.04° with a step size of 0.06°. Nj is the size o f the in-plane crystallites 
(see Chapter 2). The other constants were agr = 2.475 A; c-9.55 A; A = 1.54178 A. A 
26 correction of -0.15° was applied to the simulated patterns.
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CD=0.3CD=0.0

26 27 28 29 30 31 32 26 27 28 29 30 31 32
20 (Degrees) 20 (Degrees)

Figure 4.4.13: The effect o f  the c-axis dam ping fa c to r  CD on the sim ula ted  

turbostra tic  band shape o f  the 3x3 K(N2)3.oC25 structure compared w ith data taken 

at 130 K. The patte rn  sim ula tions a ll use N j= 4 0 ; a^r -  2.475 A ; c=9 .55  A; A = 
1.54178 Ä. A 26 ze ro -po in t co rre c tio n  o f  -0.15° was app lied  to the sim ula ted  

patterns.

N,=50

N,=40

19 20 21 22 23
20 (Degrees)

Figure 4.4.14: Pattern sim ulations f o r  the strongest 2x2 tu rbostra tic  band, the (10) 

peak at 20.64°. The lowest trace is experim ental data, taken at 130 K ; the others are 

simulations o f  the K C jö ab-plane crysta l structure shown in F igure  4.4.11; calculated  

over the range 19.02°-25.02° w ith  a step size o f  0.06°. The other constants used in 

the ca lcu la tions were a^r = 2.475 A; c=9.55  A; A =  1.54178 A. A 26 o f  -0.24° was 

applied to the sim ulated patterns.
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CD=0.0 CD=2.5

19 20 21 22 23 24 25 19 20 21 22 23 24 25
20 (Degrees) 20 (Degrees)

Figure 4.4.15: The effect of the c-axis damping factor CD on the simulated 
turbostratic band shape of the 2x2 KCjfi structure compared with data taken at 130 
K. The pattern simulations all use Nj=40; Nj=l; agr = 2.475 A; c=9.55 A; A = 

1.54178 A. A 26 zero-point correction o f -0.24° was applied to the simulated 
patterns.

CD=0.7CD=0.0

19 20 21 22 23 24 25 19 20 21 22 23 24 25
20 (Degrees) 20 (Degrees)

Figure 4.4.16: The effect of the c-axis damping factor CD on the simulated 
turbostratic band shape o f the 2x2 KCjö structure compared with data taken at 130 
K. The pattern simulations all use Nj=40; Ns=2; 5=2.0; agr = 2.475 A; c=9.55 A; A 

= 1.54178 A. A 26 zero-point correction of -0.18° was applied to the simulated 
patterns.

Figure 4.4.14 shows an attempt to find the c-axis damping factor CD for the 2x2 

phase that is consistent with a purely turbostratic structure, that is one with no interlayer 

interactions. The final value of CD is very much greater the value found for the 3x3 data. 

It also fails to account for the "shoulder" on the 2x2 (10) peak, which cannot be attributed
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to a c-axis breakthrough. An alternative peak shape is simulated in Figure 4.4.15, where 

the assumption of a purely turbostratic interaction has been abandoned. This produces a 
much smaller value of CD, but one which is still considerably greater than that for the 3x3 

simulations, and it also reproduces the "shoulder" seen on the data.

Simulation

29 (Degrees)

Figure 4.4.17: The combined best 2x2 and 3x3 simulations compared with the 
K(N2)o. 7C25 data taken at 130 K. A 3rd order polynomial function was subtracted 
from the data in an attempt to remove the background. The parameters used in the 
simulations are shown in Table 4.4.4.

The final best combined simulation, shown in Figure 4.4.17, employs the following 
parameters:

P h a se  A P h a se  B

S y m m e tr y P6 P6
a 2 3

d g r 2.475 ä 2.475 a

c 8.61 Ä 9.55 a

N i = N 2 40 25

n 3 2 1

8 2.0 0

C D 0.7 0.3

T h erm a l Rb=0.5 Rb=0.7

f a c to r s K=0 .7

2 0  zero -0.18° -0.18°

Table 4.4.4: the parameters used for the simulations shown in Figure 4.4.17.
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Figure 4.4.17 shows a comparison of the best 2x2 and 3x3 simulations with data 
taken at 130 K, while Table 4.4.4 contains the factors used for the simulated patterns. 
Several peaks do not appear in the simulated pattern: the peaks at 8.88°, 18.36° and 
-30.8° are attributed to c-axis breakthroughs, while the large peak at 44.92° and 76.98° 
are the graphite (101) and (11) bands seen in all the GIC diffraction patterns observed. 
The in-plane crystallite sizes are quite similar for both phases: 198 Ä for the 2x2 phase vs 
185 Ä for the 3x3, and the values of agr and the 20 shift employed in the final simulation 
are the same. N3, the thickness of the simulated crystallites along the c-axis, is unitary for 
the 3x3 simulation but is not for the 2x2 phase, which was also found for the RbAri 2C25 
2x2 phase. As with the simulation of the RbArj 2C25 2x2 phase, a range of values for N3 
and 6 can be used to give a similar peak shape to that shown in the figures above, so that 
the parameters shown in table 4.4.4 cannot be considered definitive. The primary 
problems of the simulation in Figure 4.4.16 are that the value of CD is still significantly 
different for the two phases, and that the overlapping bands at 36.24° are more distinct in 
the simulation than in the data.

4.4.4.2 c-Axis Pattern Simulations

As with the samples in Chapter 4, the full pattern c-axis simulations are fast enough 
that there is no need for Rietveld simulations first.

Given that the c-axis patterns are clearly two phase, a separate structural model must 
be developed for each phase. Beginning with the assumption that the expanded phase 
contains the N2, while the compressed phase is a binary potassium-graphite intercalation 
compound, two models for the minor phase present themselves: firstly, the minor phase 
may be remnant KC25, with the same stoichiometry; secondly, it may be the 2x2 phase 
simulated in the ab-plane data, in which case the stoichiometry would be KCi6- Figure 
4.4.18 shows a comparison of these two models with the data obtained at 130 K. From 
this it is clear that the intensities of the minor phase more closely match those of the 2x2 
KC16 model. While the average c-axis spacing of the minor phase is 8.61 Ä, there is a 
good deal of variation from this mean, for example the (002) peak position indicates a 
spacing of 8.58 Ä while the (003) produces one of 8.65 Ä, which may be a sign of an 
interstratified system; 8.65 Ä is chosen for these simulations to position the simulated 
(003) peak, from which the simulation is normalised to the measured strong intensities, at 
the same position as the (003) peak in the data.
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Figure 4.4.18: c-axis simulations fo r  KCj6 and KC25 compared with data taken at 
130 K. The parameters used fo r  both simulations are D = 8.65 Ä, Ns = 14, S = 10, 

X -  1.54178 Ä; only the KJC ratio is altered.

Assuming that the expanded phase contains the nitrogen, and also that it is the 3x3 
phase of the ab-plane data, two initial models present themselves, both with stoichiometry 
K(N2)3 .oC3 6 i in the first model, the nitrogen molecules are centred on the plane of the K+ 
ions, and are aligned horizontally in that plane; in the second, they are again centred on 
the plane but are aligned vertically. The two models are shown in Figures 4.4.20 and 
4.4.21. The first of these models corresponds to the ab-plane models b) and c) above, 
while the third corresponds to the ab-plane model d); the ab-plane model a) is considered 
to be ruled out by the Rietveld intensity simulations. The intensities of the simulated 
patterns in Figure 4.4.19 indicate that the horizontal orientation for the N2 gives a much 
closer simulation of the data than the vertically oriented nitrogen molecules. This confirms 
the results of the a^-plane simulations above.
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Figure 4.4.19: c-axis oriented XRD data taken at 130 K  compared w ith horizonta l 

N 2 and ve rtica l N 2 c-axis sim ulations fo r  K (N 2 )3.0^36- The param eters used f o r  both 

sim ulations are D  = 9.55 A, N3 -  14, 5 -  10, A = 1.54178 A. The structures used are 

shown in Figures 4.4.20 and 4.4.21.

9.55A

Figure 4.4.20: c-ax is  s truc tu re  used f o r  the h o r iz o n ta l p o w d e r d iffra c tio n  

sim ula tion  shown in F igu re  4.4.19. Each K +-N 2 layer contains a ra tio  o f  1 K + ion to 

3 N2 molecules, and is separated fro m  the next by two graphene layers which are 

3.35 A apart. The N2 molecules are aligned horizonta lly  in the K + plane.
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The combined KCi6 and K(N2)3.oC36 c-axis simulated patterns are compared with the 
data taken at 130 K in Figure 4.4.21 below. This produces a good fit to the peak 

intensities and positions, but combined simulation has three areas where it fails to 
reproduce observed features in the data:

i) the low angle intensities from the K(N2)3.oC36 (001) and (002) peaks are 

considerably greater than the observed intensities;

ii) there is a greater overlap between the main peaks produced by the two phases in the 
data than in the simulated patterns;

iii) There is a variation away from the average c-axis dimension for both phases in 
several of the data peaks, especially the (002) peaks, while positions of the simulated 
peaks are exact. This is the characteristic sign of an interstratified system, and appears to 
have been carried over from the KC25 binary, which was found to be interstratified. This 
will be discussed in more detail in Chapter 5.

18 C 
18 C 
1 K + 

+ 3 N •••••• T  3.35Ä 9.55Ä

Figure 4.4.21: c-axis structure used for the vertical powder diffraction simulation 
shown in Figure 4.4.19. Each K+-N2 layer contains a ratio of 1 K+ ion to 3 N2 

molecules, and is separated from the next by two graphene layers which are 3.35 Ä 
apart. The N2 molecules are aligned vertically along the c-axis but are mass centred 
in the K+ plane.
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Figure 4.4.21: c-axis data taken at 130 K from a K(N2)o.7C25 sample compared to 
the combined KCk, and K(N2)s.oCs6 simulations. The parameters used for the KCjö 
phase simulations are D = 8.65 Ä, N3 = 14, S = 10, A = 1.54178 A, and for the 
K(N2)3.oC36 simulations are D = 9.55 A, N3 -  14, 8 -  10, A -  1.54178 A, with 
horizontally aligned N2 molecules.

4.4.5 Conclusion

While there are some small discrepancies between the simulations and the data, the 

best simulations of both the afr-plane and c-axis data are consistent with a model of a two- 
phase system, with all of the nitrogen contained in an expanded phase possessing an 

expanded ab-plane and c-axis unit cell dimension, of stoichiometry K(N2)3.oC36, while 
the remnant potassium is contained in a compressed phase, with a compressed ab-plane
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and c-axis unit cell, of stoichiometry KCi6. Both phases have remained stage 2 graphite 
intercalation compounds. The saturated potassium-nitrogen-graphite system is thus a bi­
intercalation compound of formula KCi6* K(N2)3 .oC36 (st. 2).
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4.5: Nitrogen Absorption by Rubidium Graphite Intercalation
Compounds: The Structure of Rb(N2 )i.oC25

Little further research had been done on the physisorbed nitrogen ternary graphite 

intercalates RbC25 or KC24 since the pioneering studies^1 \  apart from nuclear resonance 

photon scattering experiments on N2 in RbC24 which showed that the N2 molecule was 
lying parallel to the graphite planes(2, 3). The original studies found that nitrogen adopted 
the "Type II" sorption isotherm, an intermediate case between the "Type I" classical 

Langmuir isotherm and the "Type III" isotherm adopted by the R bA rp2C 25 and 

Rb(CH4)o.9C25 systems, and that the saturation stoichiometry was Rb(N2)i.oC25- The 
Type II isotherm was associated with an intermediate expansion of the host galleries on 
intercalation. Here we will present powder diffraction patterns from oriented samples of 

the ternary intercalation compound Rb(N2)i.oC25 at over a range of temperatures.

4.5.1 Data

Figures 4.5.1,4.5.2 and 4.5.3 show the a/>plane oriented diffraction pattern obtained 
from a sample of RbC25 as it was slowly cooled under an atmosphere of nitrogen. The 
sample mass was 0.413 grams, equivalent to 1.07xl0~3 moles of RbC25. As with the 
other large molecule physisorbed ternaries studied, it was more difficult to achieve the 
published saturation stoichiometries with large solid samples produced from pyrolytic 
graphite than it was with powdered samples. Figure 4.5.4 shows the c-axis oriented 
patterns from the same samples.

4.5 .2  Results

Physisorption of the nitrogen gas begins at a somewhat higher temperature, between 
200 K and 180 K, than it does in the potassium-nitrogen system. As the temperature is 

lowered to 160 K in the sample of Rb(N2)xC25 a new phase or phases replace the XRD 
pattern of binary RbC25- By 120 K a number of small peaks appear, suggesting either a 
new weak phase or as satellite peaks of one of the original phases. The patterns at 90 K 
and 120 K are identical and are combined in Figure 4.5.1 to improve counting statistics, 

while expanded views of the 160 K pattern and 90-120 K combined patterns are shown 
in Figure 4.5.2 and 4.5.3. It is clear from these diagrams that the reflection at 20.92° has 

a narrower peak profile than the others in the pattern, and appears to be the product of a 

different crystal structure, a conclusion made more likely by the observed behaviour of 

phase separation in the other ternary GICs studied previously.
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T = 90-1 20K

T = 1 60K

T = 1 80K

T = 200K

T = 300K
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Figure 4.5.1: ab-plane oriented XRD patterns of an RbC25 sample cooled from 
300 K to 90 K under an atmosphere o f N2 -
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Figure 4.5.2: the ab-plane oriented diffraction pattern from the Rb(N2 )C25  sample 
at 160 K. A fourth order polynomial background has been subtracted from the data.
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In the expanded views of the 160 K and 90-120 K patterns it is very clear that new 

peaks have appeared in these patterns after cooling. This is associated with a considerable 

drop in the relative intensity (compared to the graphite (10) and (101) peaks at 42.28° and 
44.68°) of all the peaks of the pattern except the peak at 20.92°, which as has already 

been noted appears to belong to another phase. This implies that the new peaks are 

associated with only one of the phases, but does not determine whether they are the 
satellite peaks produced by a modulation of an existing phase or an entirely new 

structure.

14000 -

1 2 0 0 0 -

1 0 0 0 0 -
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Figure 4.5.3: the combined ab-plane oriented diffraction patterns from the 
Rb(N2 )C2 5  sample at 90-120 K. A fifth order polynomial background has been 
subtracted from the data.
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Figure 4.5.4: c-axis oriented diffraction patterns of Rb(N2) \ .0^25 at 90 K and 
RbC25 at 300 K.
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Figure 4.5.5: expanded c-axis oriented diffraction patterns o f Rb(N2) 1.0C25 at 90 
K and RbC25  at 300 K.

The c-axis data also shows similar behaviour to the other large-molecule ternary GICs; 
upon absorption the c-axis expands to a single new spacing, with no sign of an 
intermediate or second phase. The 90 K saturated c-axis oriented pattern is indexed in 
Table 4.5.1, showing the usual range of d-spacings seen in these patterns, and producing 
a final d-spacing of 9.468 Ä. There is also a significant decrease in the intensity of all the 
peaks relative to the strongest (003) reflection upon absorption, which again is behaviour 
seen in the other large molecule ternaries.

Data Cell

20 Intensity I/I max D 1 D x 1
(Degrees) (Counts) xlOO (A) (Ä)

9.34 980 1.95 9.168 1 9.468
18.82 3031 6.03 4.715 2 9 .430
28.24 50251 1 00 3.160 3 9 .480
58.30 2757 5.48 1 .582 6 9 .496

Table 4.5.1: a simple indexing o f the c-axis oriented 90 K Rb(N2)C25 pattern, 
showing an average D-spacing o f 9.468 Ä, with considerable deviation from the 
average. No measurable peaks o f a second phase could be seen.
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2 0

( D e g r e e s )

I n t e n s i t y

( C o u n t s )

D

( Ä )

1 4 . 0 8 3 9 8 6 . 2 9 0

1 5 . 5 8 3 3 3 6 5 . 6 8 7

1 8 . 5 8 2 7 0 4 . 7 7 5

2 0 . 9 2 3 9 2 2 4 . 2 4 6

2 6 . 5 6 5 9 0 3 3 . 3 5 6

2 8 . 1 8 3 5 5 2 3 . 1 6 7

3 6 . 7 6 2 2 4 6 2 . 4 4 5

3 7 . 9 6 1 2 0 4 2 . 3 7 0

4 2 . 2 8 1 1 6 1 2 . 1 3 8

4 4 . 6 8 3 4 6 0 2 . 0 2 8

5 2 . 6 6 4 3 7 1 . 7 3 8

5 7 . 0 4 6 2 3 1 . 6 1 5

61  . 8 4 3 9 9 1 . 5 0 0

6 5 . 5 3 1 3 1 . 4 2 5

7 7 . 2 3 9 6 2 1 . 2 3 6

8 0 . 9 8 2 7 8 1 . 1  8 7

8 4 . 1 7 3 8 1 . 1 5 1

Table 4.5.2: The peaks o f the ab-plane oriented 160 K  Rh(N2 )C 2 5  pattern. No 

obvious indexing o f the entire pattern could be found, but the peak at 20.92° appears 
similar to the strongest peak o f the 2x2 phase seen in the other large-molecule 
ternary GlCs.

Table 4.5.2 contains the ab-plane oriented diffraction data from the sample at 160 K, 
chosen because the addition of the many extra low intensity peaks of the 90-120 K 
pattern would complicate any attempts at indexing. This does not particularly help, 
because a clear indexing of the entire pattern has been elusive with the exception of one 
prominent peak. Comparing the data with the patterns of the argon-rubidium-graphite and 
methane-rubidium-graphite systems (Figure 4.5.6) shows that the peak at 20.92° seems 
to possess the same position and shape as the (10) peak of the 2x2 pattern found in these 
systems.

Attempts to index the remainder of the pattern, manually or through employing a 

computerised search, by a registered superlattice of graphite or an incommensurate lattice, 

have all failed. The available lattices would have to either have small unit cells or a great 

number of absent reflections, and the problem is rendered more difficult by the small 

number of easily distinguishable peaks. These are quite wide, implying the maximum



164 Chapter 4: Results

intensity of the peaks are shifted away from the actual d-spacing, a feature of the 
diffraction patterns produced by turbostratic structures with a small domain size.

4 .5 .3  fl^-plane simulations of the 2x2 RbCi6 phase

10 15 20 25 30 35 40
26 (Degrees)

Figure 4.5.6: the ab-plane oriented diffraction patterns from the three saturated 
large-molecule rubidium-gas-graphite compounds studied in this work: RbArj 2C25, 
Rb(CH4)o.9C25 and Rb(N2)i.oC25• The peak at ~20.90 appears in all three patterns.

While there is no indexable structure to be found for most of the pattern, it would 
appear from Figure 4.5.6 that the compound has behaved the same way as the other 
large-molecule ternaries in that it has phase separated into an expanded phase containing 
the nitrogen molecules and a compressed phase which remains a binary GIC; and 
furthermore that this compressed phase has adopted the same hexagonal P6 2x2 graphite 
superlattice also found in the previous studies. Given this assumption, the 2x2 structure 
could be simulated and then subtracted from the data to show a remnant pattern that 
would be produced only by the unknown ternary compound.
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Figures 4.5.7 shows a comparison between a simulated 2x2 P6 ab-plane pattern and 

the data at around 20° and 37°, where the (10) and (11) of the 2x2 structure appear, there 

is a good fit to the peak at 20.92°, while the (11) appears to correspond to a shoulder on 

the peak at 36.76°. As with the ab-plane simulations in previous sections, only the 

contribution from the alkali ions is shown; there is no graphite contribution.

20 (Degrees) 20 (Degrees)

Figure 4.5.7: the ab-oriented diffraction pattern compared with the (10) and (11) 
peaks o f a simulated 2x2 RbCjß structure, with parameters Nj=50, agr =2-47 Ä, 

A= 1.54178 A and CD=0.3.

The best fit to the peak at 20.92° is a 2x2 RbCi6 ab-plane structure with in-plane 

crystallite size N j=50, graphite axis agr=2.47 Ä, A= 1.54178 Ä and c-axis damping 

factor CD=0.3. Subtracting this simulated 2x2 pattern from the data (Figure 4.5.8) 

shows a remnant difference pattern that should correspond to the nitrogen-rubidium- 

graphite ternary phase. Again, this remnant difference pattern could not be indexed.

No simulations of the c-axis data were made: there are too many variables for it to be 

useful. In the previous studies, the stoichiometry o f the phases in each system, binary 

and ternary, was determined by the goodness of the fits of the simulated patterns to the 

ab-plane oriented diffraction pattern. Except for the K(N2 )o.7C25 system, the c-axis data 

showed weak or no sign of a second phase, so the c-axis simulations used the 

stoichiometry o f the ternary phase set by the V7xV7 structure, which for the rubidium- 

argon and rubidium-methane systems were Rb(Ar)2C28 and Rb(CH4)2C28- Since no 

equivalent ab-plane structure could be found here, a c-axis simulation would be required 

to fit an unknown Rb:C ratio, an equally unknown Rb:N2 ratio - as well as the other 

parameters used in the previous fits - to the intensity of the 4 strong peaks of the saturated 

c-axis diffraction patterns.
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Difference
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Figure 4.5.8: the 160 ah-plane Rb(N2)/ .0C25 diffraction pattern with a 4th order 

polynomial background removed, the complete 2x2 simulated pattern shown in 
Figure 4.5.7, and the difference pattern produced by subtracting the simulated 
pattern from the data.

4 . 5 . 4  Conclusion

The ab-plane diffraction pattern of rubidium-nitrogen-graphite ternary GIC could not 
be entirely indexed with a single or two phase model, however the 2x2 RbCi6 phase seen 

in the previously studied RbArj 2C25 and Rb(CH4)o 9C25 compounds does appear in the 
pattern. This implies that the Rb(N2)xC25 system undergoes similar behaviour to the 
other large molecule ternary, phase separating into a compressed binary GIC and an 
expanded ternary GIC that contains all of the physisorbed gas. It is this ternary phase, 

which may be incommensurate with the graphite lattice, that could not be indexed. As a 

result quantitative ab-plane and c-axis simulations could not be undertaken.
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4.6 Hydrogen and Deuterium Absorption by Rubidium Graphite
Intercalation Compounds: Studies of Rb(H2 )xC25 and 

Rb(D2)xC25.

The hydrogen and deuterium alkali-metal ternary graphite intercalation compounds 

have attracted the most interest*1 - 1 Unlike the large molecule ternary GICs also 

discovered in the initial studies there was the potential for industrial applications in 
hydrogen storage and isotopic refinement. The discoverers*14* categorised the 

Rb(H2)xC25 and Rb(D2)xC25 isotherms as "Type I" - the classic Langmuir isotherm and 
shown in Figure 1.13 - and found that they achieved identical saturation stoichiometries: 

Rb(H2)2.05C25 and Rb(Ö2)2.05C25-

4 .6 .1  Hydrogen Absorption by RbC25

4 .6 .1 .1  Data

As with the previous physisorbed systems, there was difficulty in the present 
experiments in reaching the published saturation stoichiometry with either hydrogen or 
deuterium by the standard method of increasing the pressure over the sample at a fixed 
temperature. Here the sample was exposed to a particular pressure of gas, the drop of 
pressure in the calibrated volume was measured over a period of time, and when a desired 
stoichiometry was achieved the sample stick was closed off and ab-plane- and c-axis- 
oriented diffraction experiments undertaken. By this method the maximum stoichiometry 
attained was Rb(H2)i.86C25 The sample weighed 0.413 grams, equivalent to 1.07xl0~3 
moles, assuming an Rb:C ratio of 1:25. Figure 4.6.1 shows the ab-plane oriented 
diffraction patterns taken of a Rb(H2)xC25 sample as the hydrogen stoichiometry x was 
varied from 0.31 to 1.86, while Figure 4.6.3 shows c-axis oriented patterns from the 
same series.

4 .6 .1 .2  Rb(H2)xC25 ab-plane Results

The ab-plane structures display a sequence of behaviour upon gas absorption different 

to that of the large-molecule ternaries: the ab-plane data displayed in Figure 4.6.1 show 
that a sudden structural phase change occurs between the stoichiometries of 

Rb(H2)o.87C25 and Rb(H2)uoC25-

At the lowest hydrogen filling shown ((H2)o.3i) the ab-plane structure is identical to 

the V43xV43 structure of binary RbC25- As the filling increases to (H2)o.61 and (H2)o.87> 
the V43 structure disappears: by (H2)o.87 the strongest V43xV43 peak has broadened
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considerably but remains, at 16.9875.217Ä; the remainder of the V43xV43 peaks have 
either vanished or become much weaker. This suggests a simple insertion of the 

hydrogen molecule at random into the existing rubidium-ion lattice which has its in-plane 

coherence length degraded by the process. Between a filling of (H2)o.87 and (H2) 1.10  ̂ a 
transition occurs to a more crystalline system: two strong satellite peaks with different 

profile shapes appear, bracketing what appears to be the same main peak near 17° seen at 
lower fillings, with extra sharp but weak higher order reflections from what seems to be 

the same structure. As the filling increases beyond (H2) i .io> the new peaks steadily 
decrease in intensity as more hydrogen is absorbed, to a minimum at the saturation value 
of x=1.86.

2 / 1.10

20 (Degrees)
Figure 4.6.1: A series o f ab-plane oriented diffraction patterns o f Rb(H2)xC25 

taken at 90 K, for 0.31 < x < 7.86.

Figure 4.6.2 shows a plot of two ab-plane oriented diffraction patterns of a 

Rb(H2)i.i5C25 sample at 90 K and 100 K respectively, indicating that the new structure
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that appears at the Rb(H2 )i 15C25 stoichiometry disappears between these two 
temperatures, though hydrogen sorption begins at a much higher temperature.

2 0 I n t e n s i t y D - s p a c i n q

9 . 6 6 5 2 8 9 . 1 5 6

1 6 . 9 8 1 0 0 0 5 5 . 2 2 2

1 9 . 6 2 1 8 4 5 4 . 5 2 4

2 0 . 8 8 1 7 3 8 4 . 2 5 4

2 5 . 6 8 1 6 1 6 3 . 4 6 9

2 7 . 4 8 1 5 7 3 3 . 2 4 6

2 9 . 3 4 4 3 4 0 3 . 0 4 4

3 2 . 7 6 2 2 0 2 2 . 7 3 4

3 4 . 0 8 1 7 8 3 2 . 6 3 1

3 6 . 4 8 1 3 0 7 2 . 4 6 3

4 2 . 3 1 8 9 1 2 . 1 3 7

4 4 . 7 6 4 1 3 8 2 . 0 2 5

5 0 . 2 8 1 0 2 7 1 . 8 1 5

5 6 . 9 4 7 1 2 1 . 6 1 7

6 0 . 4 2 7 6 3 1 . 5 3 2

7 7 . 1 6 3 0 4 8 1 . 2 3 6

8 0 . 5 8 6 5 6 1 . 1 9 2

8 4 . 5 4 1 8 2 8 1 . 1 4 6

Table 4.6.1: The primary reflections o f the ab-plane oriented XRD pattern o f  
Rb(H2)o.87C25 at 90 K.

The major peaks from the Rb(H2)o.87C25 and Rb(H2)i.ioC25 patterns are listed in Tables 
4.6.1 and 4.6.2 respectively. Neither of these tables include an indexing scheme because 
no unit cell could be found. Several models were tried:

i) The registered hexagonal and oblique two-dimensional superlattices of graphite with 

cell dimensions up to 12 x agr were checked but no small cells indexed the patterns. While 
some of the larger cells produced the observed reflections a great many absent reflections 

were also required to reproduce the entire observed patterns.

ii) a computerised search of the incommensurate single phase two-dimensional oblique 

lattices - only computationally possible because the search was limited to two-dimensions 

- up to a cell dimension of 18 Ä was attempted. Again, while some very large unit cells 

produced the observed peaks they also produced many unobserved ones.
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20 Intensity D-spacing

9.54 727 9.27

13.62 700 6.501

16.26 1 8024 5.451

16.98 1 1085 5.222

18.12 6623 4.896
20.88 2342 4.254

26.16 161 1 3.406

27.6 6309 3.232
29.22 5050 3.056
30.36 3866 2.944

30.9 3592 2.894
32.7 3742 2.738

36.48 1 821 2.463
41 .04 992 2.1 99
42.3 2879 2.137

43.02 1 760 2.102
44.7 5636 2.027
48 1181 1 .895

49.92 1 464 1 .827
50.34 1411 1 .813
56.04 804 1 .641
57.1 8 1 094 1 .611
58.38 895 1 .581
59.28 1 006 1 .559
62.1 1 022 1 .495
77.1 3540 1 .237

80.52 589 1.193
84.54 884 1.146

Table 4.6.2: The primary reflections of the ab-plane oriented XRD pattern of
Rb(H2)uoC 25 at 90 K.

iii) Assuming that the hydrogen system phase separated, a two phase system was tried 
as a model. The possibility of phase separation receives some support from the data, as 

there appear to be two different profile shapes in the satellite peaks that appear at 

(H2)i.io- Again, none of the smaller commensurate or incommensurate systems, oblique
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or hexagonal, reproduced the observed peaks, and all of the larger cells produced 
unobserved reflections that could not be removed with realistic structural models.

T = 100 K

T = 90 K

20 (Degrees)
Figure 4.6.2: Two ab-plane oriented diffraction patterns o f Rb(H2)\.15^25 taken 
at 90 K and 100 K; the new phase(s) disappear between these two temperatures, 
though hydrogen is still retained by the GIC.

Given the failure of these structural models to even index the pattern produced by the 
Rb(H2)i.ioC25 sample, let alone to produce a structural model, and by extension the 
patterns with higher hydrogen fillings, it is an obvious conclusion that the actual structure 
is more complex.

However, it is possible to make a less quantitative description of the diffraction data 
from the (H2) 1.10 pattern than an indexed structure. The peak shape around 20=17° is not 
inconsistent with (a) a significant drop of intensity in the residual peak at 29=17° seen at 
lower fillings, (b) the construction of a two dimensional expanded, incommensurate layer 
lattice, with a primary reflection at 20=16.267d=5.45Ä, and (c) the construction of a two 
dimensional compressed, incommensurate layer lattice, with a primary reflection at 
20 = 18.27d=4.89Ä. If this model is correct, the hydrogen doping causes a 
disproportionation of the alkali-metal lattice. At higher fillings the crowding is such that 
minimum volume is once again achieved by uniform packing through a structure close to 
the V43xV43 lattice of RbC25 , and the multiphase system appearing around x=1.16 is 
slowly eliminated.

It is possible that the disproportionation of the AM ion lattice is a result of some 
hydrogen atoms adopting an orientation parallel to the graphene players, and the others 
perpendicular. Alternatively, it may be a result of a simultaneous separation into an
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expanded hydrogen rich ternary GIC and a compressed AM-GIC binary, which would 
be similar to the behaviour seen previously in the large-molecule ternary GICs. These 
models cannot be distinguished by the x-ray diffraction data presented here; however in 
Chapter 5 an attempt will be made to reconcile these data with previously published 
studies of hydrogen tunnelling in the same system.

4.6.1.3 Rb(H2)xC25 c-axis Results

15 20 25 30 35
20 (Degrees)

Figure 4.6.3: A series o f c-axis oriented diffraction patterns of Rb(H2)xC25 taken 
at 90 K, for 0.31 < x < 1.86.

The c-axis data shown in Figure 4.6.2 indicates that the c-axis dimension shows a 
steady expansion with hydrogen filling, rather than the jump to a new c-axis spacing that 
was seen with the large-molecule systems; though the (003) peak at (H2)o.87 has an 
unusual profile shape that may indicate a two phase system, the full width at half 
maximum of the (003) peaks remains relatively steady through the series.

While it was possible to produce the same c-axis simulations for the hydrogen data as 
were made for the large-molecule ternary GICs, that has not been done here, primarily
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because for these samples they have little descriptive value. The contribution of the 
hydrogen atoms to the diffraction pattern was so small that the simulations were 

effectively of RbC25 compounds with varying c-axis dimensions. Instead, the d-spacing, 

standard deviations of d-spacing from each calculated pattern and the full width at half 
maximum of the (003) peaks (determined from a gaussian peak fit) from each pattern are 

tabulated in Table 4.6.3 and displayed in Figure 4.6.4.

Rb(H2)xC25 D-spacing

(A)

Standard
Deviation

(Ä)

(003)
FWHM

(Degrees)

0.31 8.98 0.02 0.563

0.61 9.05 0.02 0.512

0.87 9.11 0.05 0.623

1.10 9.11 0.02 0.504

1.15 9.13 0.03 0.480

1.86 9.17 0.03 0.497

Table 4.6.3: The c-axis d-spacing, standard deviation thereof and fu ll width at half 
maximum o f the (003) peaks o f the c-axis oriented Rb(H2)xC25 diffraction patterns 

shown in Figure 4.6.3.

Figure 4.6.4 shows two different fits to the c-axis d-spacing vs filling data. A 
logarithmic fit to all the data points shows an approach to a limit dimension of 9.17 Ä at 
the highest stoichiometry, but it is in error at the lower end: the c-axis dimension of 
binary RbC25 is the same as that of the Rb(H2)o.3 iC 25 pattern. The line fit removes the 
first point as an outlier and fits a straight line to the rest of the data. This (within error) 
produces the straight line expansion expected by Vegard's Law^15); this is a very similar 
fit to that seen in the Rb(H2)xC25 system, described below.

In summary, the c-axis data shows a steady but non-linear expansion of the c-axis 

dimension of the Rb(H2)xC25 sample with increasing x, approaching a maximum of 9.17 
Ä, but provides little useful information as to the nature of the ab-plane structure or
structures.
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Figure 4.6.4: a p lo t o f  average c-axis d-spacing  vs. hydrogen f i l l in g  f o r  the c-axis 

series shown in F igure  4.6.3, w ith two d iffe ren t f i ts  to the data. The curve labelled  

"Log F it "  is a curve o f  the fo rm  V ]+  V 2 e x p (-V jx )  f it te d  to the data, where V ] = 

9.1835, V2 = -0.32877 and V j = 1.5955. The "Line F it "  is a s tra ight line o f  the fo rm  

D  =9.0274 + 0 .08043(H 2)x-' this f i t  does not include the p o in t a t (H2)o.3l, which is 

assumed to be an outlie r. The e rro r bars on the D-spacing values are the standard  

deviations o f  the calculated D-spacing o f  each pattern.
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4 . 6 . 2  Deuterium Absorption by RbC25

4 . 6 . 2 . 1  Data

The sorption behaviour of the rubidium-deuterium-graphite system was the same as 
that described for the hydrogen system above - increasing uptake with steadily increasing 

pressure. The sample weighed 0.406 grams, equivalent to 1.05x1 O'3 moles of RbC25- 
Figure 4.6.5 shows the ab-plane oriented diffraction patterns for the Rb(D2)xC25 system 
for x=0.0, 0.98, 1.18 and 1.73, while Figure 4.6.7 shows the c-axis oriented patterns 
for the same fillings.

30
20 (Degrees)

Figure 4.6.5: A second series of ab-plane oriented diffraction patterns o f 
Rb(D2)xC25 taken at 90 K, for 0.0 < x < 1.73.

4 . 6 . 2 . 2  a^-plane Rb(D2)xC25 R esults

As with the hydrogen compounds the rubidium-deuterium-graphite diffraction patterns 

show a steady elimination of the V43xV43 structure of the binary RbC25 GIC, followed 

by a transition to a new structural phase or phases at a stoichiometry of Rb(D2)i.2C25, 
after which the peaks associated with the new phases steadily diminish in intensity with 

increasing deuterium filling. The only major difference between the hydrogen and 

deuterium systems is that the phase transition to begins at a slightly higher filling in the
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deuterium system: between Rb(D2)o.98C25 and Rb(D2 ) 1.18^25, compared with 
Rb(H2)o.87^25 and Rb(H2 )i.oC2 5 , respectively. However, this may indicate an error in 
the method by which gas uptake was measured, affected as it is by the small sample size 

and large dead-space volumes of the experimental arrangement - as a result, it is possible 
that the transition actually occurs at the same filling.

20 Intensity D-spacing

6 . 24 7 6 7 14. 16

9.42 561 9 . 388

1 3 . 44 5 3 4 6 . 588

16. 08 1 5271 5 . 512

16 . 80 9 0 4 4 5 . 277

18. 06 6 5 2 3 4 . 912

25 . 14 1 0 2 5 3 . 542

25 . 86 1 568 3 . 445

27 . 42 5 2 6 7 3 . 253

29 . 04 3 7 8 6 3 . 075

30 . 18 3 2 8 6 2.961

30 . 66 3321 2 . 916

32 . 58 3 6 4 6 2 . 748

36 . 48 1 544 2 . 463

40 . 74 9 2 8 2 . 215

42 . 12 3 1 4 2 2 . 145

44 . 52 4 9 4 7 2 . 035

49 . 74 1 4 8 6 1 . 833

55 . 80 841 1 . 647

57 . 00 7 2 4 1 . 616

58 . 38 8 7 0 1 .581

62 . 04 8 0 0 1 . 496

72 . 54 441 1 . 303

74 . 34 4 1 4 1 . 276

76 . 86 3 0 8 2 1 . 240

77 . 70 5 5 7 1 . 229

Table 4.6.4: The primary reflections of the ab-plane oriented XRD pattern of
Rb(D2) 1.2C25 at 90 K.

Table 4.6.4 (above) shows the diffraction angle, intensity and D-spacing for the 

Rb(D2) 1.18^25 pattern shown in Figure 4.6.5. These values are very similar to those
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found for the RbCHi) 1.18^25 pattern, and again could not be indexed using the methods 
employed for the hydrogen patterns.

Figure 4.6.5 shows the diffraction patterns from the ab-plane oriented patterns of 

Rb(Ö2)l.i8^25 at 90 K and 100 K, demonstrating that as with the hydrogen system the 
ordered structure is destroyed by this increase in temperature. Additionally the difference 

pattern found by subtracting the 100 K pattern from the 90 K pattern is included, on the 
assumption that the 90 K pattern consists of a structure similar to the 100 K pattern with 

the peaks associated with the new stmcture(s) superimposed upon it.

100 K

Difference

40 50
20 (Degrees)

Figure 4.6.5: the ab-plane oriented diffraction patterns o f Rb(Ö2) 1.I8C25 at 90 K 

and 100 K, and the difference pattern.

In the difference pattern it appears that there are two different peak profiles involved - 

peaks at 16.08° and 27.42° having a narrow peak with little sign of a turbostratic shape, 

while wider peaks with a pronounced asymmetric peaks are found at 18.06° and 30.18°. 

If this indicates that there are two different phases producing these structures, it explains 

the difficulty in indexing the pattem: there are only two to three clearly resolved peaks for 

each phase, which is insufficient to unambiguously index a structure which is not an 

easily recognisable superlattice of graphite.
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4 . 6 . 2 . 3  c-axis Rb(D2 )C 25 Results

The c-axis oriented diffraction patterns from the Rb(D2)xC25 system for x=0.0, 0.98, 
1.18 and 1.73 are shown in Figure 4.6.6, showing the same continuous expansion of the 

c-axis dimension with gas adsorption that was seen in the hydrogen system. Simulations 
of these c-axis patterns are not shown for the same reasons as for the hydrogen system: 

the simulations patterns are effectively that of RbC25 with an expanded c-axis.

15 20 25 30 35
29 (Degrees)

Figure 4.6.6: A series o f c-axis oriented diffraction patterns of Rb(D2)xC25 taken 
at 90 K, for 0.0 < x < 1.78.

Figure 4.6.7 shows a plot of c-axis spacing versus deuterium stoichiometry, as well 
as a curve fit. One notable difference from the hydrogen data an obvious linear expansion 
in c-axis dimension with deuterium filling, without the logarithmic form seen in the 

hydrogen data. The d-spacing of the Rb(H2)o.3 iC25 pattern, removed to allow a Vegard's 
Law fit to the hydrogen data in Figure 4.6.4, would appear to be in error. The deuterium 

data are summarised in Table 4.6.5, which indicate that the d-spacings are all 
approximately 0.05 Ä larger than those found for hydrogen, with somewhat larger 

standard deviations.
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R b (D 2 )xC 25 D-spacing

(A)

Standard
Deviation

(A)

(003)
FWHM

(Degrees)

0.0 9.04 0.07 0.62

0.98 9.15 0.05 0.60

1.18 9.18 0.06 0.52

1.73 9.23 0.07 0.55

Table 4.6.5: The c-axis d-spacing, standard deviation thereof and full width at half 
maximum of the (003) peaks of the c-axis oriented Rb(D2)xC25 diffraction patterns 
shown in Figure 4.6.6.

Figure 4.6.7 shows these tabulated data as well as a linear fit, as opposed to the 
exponential curve found to fit the hydrogen data, here approaching a maximum value of 
9.23 Ä

9.30 -

9.25 -

9.20 -

9.15 -

9.10 -

9.05 -

9.00 -
- -  Fit

( D 2) x

Figure 4.6.7: a plot o f average c-axis d-spacing vs. deuterium fdling for the c-axis 
series shown in Figure 4.6.6, with a line fitted to the data, D-Spacing = 9.04 +  0.11 
x (D2) x • The error bars on the D-spacing values are the standard deviations of the 
calculated D-spacing of each pattern.
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In summary, the deuterium c-axis data shows a linear expansion of the c-axis with 

filling, and sheds little light on the ab-plane structures.

4 .6 .3  Conclusion

The Rb(H2)xC25 and Rb(D2)xC25 systems show very similar behaviour in both the 
ab-plane and c-axis oriented diffraction patterns: in the ab-plane structure, the V43xV43 

structure of the binary RbC25 GIC is steadily eliminated with increasing gas sorption, 
until there is a phase change between a filling of 1.0 and 1.1, where a group of 
unindexable reflections appear. These reflections steadily diminish in intensity as sorption 
continues, to reach a minimum at saturation. The c-axis data shows an expansion of the 
interplanar spacing with adsorption, without any clear signs of an anomaly around a 
filling of 1.0.
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4.7 Hydrogen and Deuterium Absorption by Potassium Graphite
Intercalation Compounds: Studies of K(H2)XC25 and
K(D2)xC25.

The original studies found that there was a significant difference in the sorption 
behaviour of the potassium-hydrogen-graphite and potassium-deuterium-graphite 
systems, the D2 being absorbed at a much lower pressure than the H2, but with both 
gases reaching the same saturation stoichiometry of x=2.1(1\  These compounds have 
been the most popular as targets of later research of any of those described in the original 
study( 2 1 presumably due to the possible applications.

4.7 .1  Hydrogen Absorption by KC25

4.7 .1.1  Data

The K(H2)xC25 and K(D2)XC25 samples used could not be brought to the published 
saturation values of x=2.1; instead, in both the systems the maximum stoichiometry was 
~0.7 at H2 and D2 at pressures of up to 500 T, several times the pressure needed in the 
previous studies. As in the RbArxC25 system, where similar behaviour was observed, 
contrary to published results, this is possibly a result of the lower surface area of large 
pieces of "Papyex" graphite compared to fine powdered host that were used in previous 
studies. Several ab-plane oriented diffraction patterns from the K(H2)XC25 system are 
shown in Figure 4.7.1 and in greater detail in Figure 4.6.2, while the c-axis oriented 
patterns from the sample samples are shown in Figure 4.7.4. The sample mass was 
0.480 grams, equivalent to 1.4lx 10'3 moles as prepared to a stoichiometry of KC25.

4 .7 .1 .2  #l>-plane Results

While the sample could be not made to attain the published saturation stoichiometry, 
the ab-plane data shows behaviour similar to that found in the Rb(H2)xC25 system, 
where gas physisorption was found to destroy the structure of the binary GIC and replace 
it with a simpler diffraction pattern (at (H2)o.5i)- While greater concentrations (at 
(H2)o.69) produced a new diffraction pattern superimposed on the simpler pattern. 
Figures 4.7.2 and 4.7.3 shows the 6-46° region of these patterns, where the new peaks 
appear in the (H2)o.69 pattern, but the new diffraction peaks are so weak that no unit cell 
can be found. It is also unclear whether the new peaks are the result of one or more new 
ab-plane structures or whether they are the result of incommensurate modulations of the 
simpler pattern at (H2)o.5i-
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30
29 (Degrees)

Figure 4.7.1: the ah-plane oriented x-ray diffraction patterns produced by a 
sample of K(H2)XC25 at x=0.2, 0.3, 0.51 and 0.69. The patterns at x-0.2 and x=0.3 
are very similar to the binary KC25 patterns.
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20 (Degrees)
Figure 4.7.2: a plot o f the ab-plane oriented x-ray diffraction patterns produced by 
a sample of K(H2)o.51^25 over the 26 range 6°-46°.
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Figure 4.7.3: a plot of the ah-plane oriented x-ray diffraction patterns produced hy 
a sample of K(H2)0.69^25 over the 26 range 6°-46°.

20

(Degrees)

Intensity

(Counts)

D-spacing

(Ä)

Comments

9.54 1674 9.270 c - (001)

17.22 7162 5.149

20.04 2476 4.431 c -(002)

24.54 977 3.627

27.66 1204 3.225

29.94 2782 2.984 c - (003)

31.26 1068 2.861

33.30 1053 2.690

42.12 3800 2.145 gr -(10 )

44.70 3947 2.027 gr - (101)

51.42 390 1.777

56.16 302 1.638

61.50 266 1.508

76.92 2588 1.239 gr - (11)
77.70 403 1.229

Table 4.7.1: the peaks o f the ab-plane oriented K(H2 )o.5 1 C25 diffraction pattern 
shown in Figures 4.7.1 and 4.7.2. The c-axis breakthroughs and graphite peaks are 
indicated in the comments column.
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2q
(Degrees)

Intensity
(Counts)

D-spacing

(Ä)

Comments

9.48 1354 9.329 c-(001 )
17.28 5383 5.132
18.84 1810 4.710
19.92 2033 4.457 c - (002)
20.52 1811 4.328

24.96 800 3.567
27.06 1277 3.295
27.72 1268 3.218
29.72 2512 3.006 c -(003)
32.22 904 2.778
32.82 978 2.729
33.72 882 2.658
42.12 3696 2.145 g r-(1 0 )
44.58 3824 2.032 gr - (101)

51 330 1.791
56.82 280 1.620
76.98 2166 1.239 g r - (11)
77.64 391 1.230

Table 4.7.2: the peaks o f the ab-plane oriented K(H2)o.69C25 diffraction pattern 
shown in Figures 4.7.1 and 4.7.3. The c-axis breakthroughs and graphite peaks are 
indicated in the comments sections.

The simpler pattern is equally difficult to index, given that there is only one strong 
peak (at 17.22°) that is not either a c-axis breakthrough or a product of the graphite ab- 
plane pattern. There is a broad weak peak at 27.66° at a l:v2 relationship to the 17.22° 
peak but beyond this little useful information. The ab-plane data point to a very 
complicated in-plane structure for this system and the need for very high diffraction 
resolution and careful stoichiometry control in future work. Here we treat only the most 

obvious effects.
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4 . 7 . 1.3 c-axis Results

Figure 4.7.4: the c-axis oriented x-ray diffraction patterns produced by a sample 
of K(H2)xC25 at x-0 .2 , 0.3, 0.51 and 0.69. There is a steady expansion o f c-axis 

spacing with hydrogen filling.

8.9  -

8.8  -

8.7  -

Data 
Line Fit

(H 2) x

Figure 4.7.5: the K(H2)X̂ 25 c-axis D-spacing found from the patterns in Figure 
4.7.4 plotted against hydrogen filling x, showing a linear expansion with increasing 
hydrogen stoichiometry. A line of the form D=8.68+0.38x is fitted to the data. The 
error bars are determined from the standard deviation around the average c-axis d- 
spacing found from each peak in the pattern.
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The c-axis data (Figure 4.7.4) show no interesting features beyond an expansion of 

the interlayer distance with increasing filling, which follows Vegard's Law*1"*. This is 
illustrated in Figure 4.7.5 and Table 4.7.3. The same linear approach to a maximum 

lattice spacing that was seen in the Rb(H2)xC25 and Rb(D2)xC25 c-axis patterns is seen 
here at the highest filling levels achieved.

K(H2)xc 25 D-spacing

(Ä)

Standard
Deviation

(A)

(003)
FWHM

(Degrees)

0.11 8.72 0.04 0 .66

0.3 8.80 0.04 0.78

0.51 8.86 0.04 0.75

0.69 8.95 0.03 0.77

Table 4.7.3: The d-spacing and standard deviation o f  the c-axis oriented  
K(H2)xC25 diffraction patterns shown in Figure 4.7.3 and as well as the fu ll width at 

half maximum (in degrees) o f the (003) peaks.

4.7 .2  Deuterium Absorption by KC25

4.7.2.1  Data

The combined ab-plane diffraction patterns from the K(D2)XC25 system is shown in 
Figure 4.7.6, for 0.14 < x < 0.68, while the c-axis oriented data for the same 
stoichiometries are shown in Figure 4.7.8. The same sample of KC25 was used for both 
hydrogen and deuterium, and as with the hydrogen a stoichiometry greater than ~0.7 
could not be achieved; unlike the hydrogen the potassium-deuterium-graphite system 
reached this limit at a much lower pressure over the sample.

4.7 .2 .2  a^-plane Results

Comparing Figure 4.7.1 and 4.75 it is clear that there is an overall similarity of 
behaviour in the hydrogen and deuterium systems. The KC25 binary structure is slowly 

eliminated as D2 concentration increases, but by (D2)o.59 a new structure has appeared, 

with many low intensity peaks at low angles; by (D2)o.68 this new structure has 
diminished in intensity, while the peak at 17.38° has almost doubled in intensity. The low 

angle (6-36°) regions of these two patterns are shown in detail in Figure 4.7.6 and the 
peaks are listed in Tables 4.7.4 and 4.7.5
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Figure 4.7.6: the ab-plane oriented x-ray diffraction patterns produced by a 
sample of K(D2)XC25 at x-0.14, 0.35, 0.59 and 0.68.

29 (Degrees)

Figure 4.7.7: the ab-plane oriented x-ray diffraction patterns produced by a 
sample o f K(Ö2)XC25 cti x-0.59 and 0.68. A new pattern appears at K(D2)o.59C25 
pattern but alters significantly by K(H2)o.68^25-
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20

(Degrees)

Intensity

(Counts)

D-spacing

(Ä)

Comments

9.52 1111 9.29 c - (001)
13.84 431 6.398
17.44 3794 5.085
19.18 2210 4.627
19.84 1851 4.475 c - (002)
20.38 1663 4.357
24.46 653 3.639
27.1 1202 3.29
27.7 1224 3.22

28.84 1147 3.096
29.8 1935 2.998 c -(003)

31.66 773 2.826
32.92 963 2.721
33.88 815 2.646
42.1 3140 2.146 g r-(1 0 )

44.62 3979 2.031 gr - (101)
56.92 265 1.618
76.9 2021 1.24 gr - (11)
77.8 289 1.228

Table 4.7.4: the peaks o f the ab-plane oriented K(H2)o.59C25 diffraction pattern 

shown in Figures 4.7.5 and 4.7.6. The c-axis breakthroughs and graphite peaks are 
indicated in the comments column.

The ab-plane data for the K(D2 )XC25 system have the same problem as those for the 
hydrogen system: the peaks of the new structures are very weak, and do not provide 
enough information to index a unit cell. The weak peaks of the new structures are not at 
the same 20 position in the 0.59 and 0.68 patterns, implying that the weak structures are 
reorganising even at very small changes in stoichiometry. Apart from these qualitative 

observations, there is little useful data in the ab-plane results.
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20

(Degrees)

Intensity

(Counts)

D-spacing

(A)

Comments

9.46 1335 9.349 c - (001)

13.66 512 6.482

17.32 7933 5.12

19.78 2878 4.488 c - (002)

20.56 1750 4.32

26.5 799 3.363

27.82 1495 3.207

29.68 1495 3.01 c -(003)

30.34 1396 2.946

31.9 1141 2.805

36.28 744 2.476
42.1 3197 2.146 gr - (10)
44.5 3914 2.036 gr - (101)
58.66 308 1.574

60.46 294 1.531
63.1 271 1.473

76.96 2118 1.239 g r -(11)
77.8 432 1.228

Table 4.7.5: the peaks of the ab-plane oriented K(H2)o.68^25 diffraction pattern 
shown in Figures 4.7.5 and 4.7.6. The c-axis breakthroughs and graphite peaks are 
indicated in the comments column.

4 . 7 . 2 . 3  c-axis results

The K(D2)xC25 c-axis data are shown in Figure 4.7.8 below. Reduced in Figure 4.7.9 
and Table 4.7.6, they report a similar case to the hydrogen: a steady, linear expansion of 
the interlayer spacing of the GIC with the increase in deuterium filling.
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20 (Degrees)

Figure 4.7.8: the c-axis oriented x-ray diffraction patterns produced by a sample 
of K(D2)xC25 at x —0.14, 0.35, 0.59 and 0.68. As with the hydrogen absorption, there 
is a steady expansion of c-axis spacing with deuterium filling.

8.9  -

8.8 -

8.7  -

Data 
Line Fit

(D2) x

Figure 4.7.9: a plot of the c-axis d-spacing determined from the K(D2)xC2y c-axis 
data in Figure 4.7.8 versus the deuterium filling x, showing a linear expansion with 
filling. A line of the form D=8.68+0.40x is fitted to the data.
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K(D2)xc 25 D-spacing

(A)

Standard

Deviation

(A)

(003)
FWHM

(Degrees)

0.14 8.74 0.03 0.74

0.35 8.81 0.04 0.77

0.59 8.92 0.04 0.85

0.68 8.95 0.04 0.77

Table 4.7.6: The d-spacing and standard deviation o f the c-axis oriented 
K(D2)xC25 diffraction patterns shown in Figure 4.7.8 and as well as the full width at 
half maximum (in degrees) of the (003) peaks.

4 . 7 . 3  Conclusion

Both the K(H2)xC 25 or K(D2)XC25 ternary graphite intercalation compounds could 
only reach a maximum stoichiometry of x=~0.7, much less than the published saturation 
value of x=2.1. While the is evidence of a new ab-plane structure at this maximum, 
neither system provided diffraction data that could produce an indexed ab-plane unit cell 
in the regime studied; the c-axis data in both cases showed a linear expansion in interlayer 
spacing as x increased.
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Chapter 5: Discussion

5.1 Introduction

The work described in this thesis shows the response of the two-dimensional alkali 
ion lattice of binary GICs to sorption of molecules of different size, polarity and shape. 
Molecular dynamics simulations and neutron inelastic scattering studies of second and 
higher stage alkali-metal GICs show that the ionic lattice at room temperature is a 
highly modulated liquid( 1). The diffraction patterns at these temperatures show a liquid­
like structure with a strong six-fold modulation as result of the graphite lattice.

The response of the ionic lattice to molecular absorption is differentiation into 
separate phases for all molecules examined except the hydrogen and deuterium at low 
concentration. We broadly classify the response of the ternary compounds into the 
categories of (a) formation of a solid solution and (b) disproportionation. The first 
behaviour is seen only in the rubidium-hydrogen and -deuterium systems for xcl.O; in 
all other systems, and in hydrogen and deuterium above x=1.0, the system phase 
separates. It is quite surprising that at temperatures as low as 90 K the two dimensional 
alkali metal lattice is reconstructed by argon or even by the higher concentrations of 
hydrogen. This temperature is well below the in-plane ordering phase transition (at 228 
K for CsC24, 165 K for RbC24 and 125 K for KC24)(1). Here the ionic lattice might be 
expected to be rigid - both on the grounds of its commensurability and the indications 
of the strong temperature dependence in the ionic diffusion coefficient from molecular 
dynamics. The reconstruction observed here suggests that specific interactions between 
the adsorbed molecules and the ionic environment are strong. There have been 
simulations of these interaction potentials only for methane in CsC28 and a typical 
potential for a V7xV7 cesium lattice is shown in Figure 5.1(2 .̂ The potential shows 
favoured sites for the molecular adsorption. Given the space available the probability is 
that only one site between the ions is occupied, which then suggests a high likelihood of 
positional disorder at elevated temperatures.

Another general point revealed by the present studies is that whereas for some 

adsorbed molecules - such as Rb(H2)<i.oC25 - random filling of the alkali ionic lattice 
seems a proper description, in others such as Rb(Ar)i .2C25 there is a disproportionation 
of the two dimensional structure into separate phases. In the ensuing discussion we 

summarise the structural responses found by x-ray diffraction and look at the site 

structure for Rb(H2)xC 25 with the even finer focus provided by the molecular 
tunnelling spectra produced by inelastic neutron scattering experiments.
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Figure 5.1: a contour map (1 kJ m ol'l intervals) o f the rotationally minimised potential 
energy o f a methane molecule in a ^7x^7 lattice o f cesium ions. Reproduced from 
Trouxv and W hite^\

5.2 Varieties of Response

As a first step for this work it was necessary to ensure that the structure of the binary 
materials matched that reported and so the diffraction patterns for RbC25 and KC25 
were studied. The observed ab-plane patterns were consistent with previous studies*1,
4\  However it was found that the (00/) diffraction peaks of both compounds showed the 
shift away from the average d-spacing characteristic of an interstratified structure*5, 6\  
Analysis showed that both were approximately 10% stage 3 GIC, an effect also noted in 
the c-axis data collected from all the ternary derivatives of these compounds.

5.2.1 Disproportionation Response

Absorption of argon lead to the immediate appearance of a new diffraction pattern 
for all stoichiometries of RbArxC25- There was no sign of an intermediate phase 
between the V43xa/43 structure of RbC25 and the final diffraction pattern produced by 
the saturated ternary. A two-phase structural model composed of a 2x2 P6 cell with 

stoichiometry RbCi6 and a V7xV7 P6 cell with stoichiometry RbAr2C28 produced a 
very good fit to the ab-plane diffraction pattern, with the Ar atoms occupying the 
threefold axis at (1/3, 2/3) in the hexagonal cell. The c-axis data were more equivocal, 
with a very strong expanded phase and a much weaker second phase with the same c- 
axis spacing as the binary GIC.

As with rubidium-argon-graphite, no intermediate phase was observed between the 

RbC25 structure and that of the saturated ternary of Rb(CH4)xC25- The ab-plane 
patterns beneath 120 K were indexed using the same 2x2 and V7xV7 two phase model
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employed for the rubidium-argon-graphite system. This produced a good fit to the data, 

predicting stoichiometries of RbCi6 and Rb(CH4)2C28 respectively. The methane 
molecule occupies the (1/3, 2/3) position in the V7xV7 cell, but the orientation of the 

molecule could not be determined by the ab-plane data. The c-axis data were indexed 

and modelled as a single expanded phase, with no evidence of a second phase.

Again, with K(N2)XC25 no intermediate phases were seen, the diffraction pattern of 
the saturated ternary compound directly replacing that of the binary GIC. The ab-plane 
data at 90 K was fitted to a two phase system consisting of a 2x2 P6 cell of 

stoichiometry KCi6 and 3x3 P6 cell of stoichiometry K(N2) i .oC36- It was found that the 
nitrogen molecules occupy the twofold site at (0,1/2) in the 3x3 lattice, with the long 
axis of the molecule oriented towards the nearest K+ ions and parallel to the graphene 
layers. The c-axis data showed two clearly distinguishable phases, both stage-2, one 
with an expanded c-axis dimension and the other with a compressed spacing compared 
to the binary GIC.

Rb(N2)xC25 behaved in a similar manner to the other large molecule ternary GICs, 
with no intermediate phases between the binary and saturated ternary compound being 
observed. A structural phase transition took place as the ternary compound was cooled 
from 160 K to 120 K, with the weak reflections of a possibly incommensurate structure 
appearing at the lower temperature. The ab-plane data at 160 K could not be completely 
indexed on any commensurate cell, but the 2x2 P6 phase observed in all the previous 
systems was present, with the same stoichiometry of RbCi6- The remaining reflections 
could not be indexed, due to the small number of observable peaks. The c-axis data 
showed only a single expanded phase.

5.2.2 Solid Solutions and Disproportionation Response

This type of response was exhibited by both the rubidium-hydrogen and deuterium 
hydrogen GICs. Upon absorption, the a b -plane structure of RbC25 was slowly 
eliminated as filling increased, producing a diffraction pattern similar to the high 

temperature liquid-like phase of RbC25- The response at these fillings was thus that of a 

solid solution formation. At approximately Rb(H2)i.oC25, a rapid phase transition took 
place, with the appearance of several new diffraction peaks, which were attributed to 

the appearance of two new phases of lower than hexagonal symmetry; as filling 

increased to saturation at (H2) i.8, these new peaks steadily reduced in intensity, 
accompanied by an increase in intensity of the liquid-like primary diffraction peak. The 

c-axis data of both compounds showed a steady expansion of the lattice with filling, 
and with no evidence of multiple c-axis phases.
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The potassium GICs K(H2)XC25 and K(D2)XC25 behaved in a similar manner: 
absorption replaced the ab-plane structure of the binary with a less well ordered 
structure, and again there was some sign of phase transitions at the higher fillings, but 
the new peaks were sufficiently weak that no quantitative results could be found. The c- 
axis data again showed steady expansion of a single phase system.

K Rb Radius (Ä)
Ar - P6 2x2 & V7xV7 1.91

c h 4 - P6 2x2 & V7xV7 2.0
n 2 P6 2x2 & 3x3 P6 2x2 & unknown 1.5

h 2/d 2 interstitial soln. interstitial soln & 
phase trans at x~ 1.0

1.2

Table 5.1: the proposed structures of the ternary compounds found in these studies, 
compared with the effective spherical van der Waals radius of the physisorbed 
s p e c i e s T h e  "large-molecule" ternaries, based on argon, methane or nitrogen, 
behave in a different manner to those composed of hydrogen or deuterium.

The structural models proposed can be divided into at least two groups. In the first 
group, comprising the rubidium-argon, rubidium-methane, rubidium-nitrogen and 
potassium-nitrogen ternary GICs, absorption of the ternary gas is accompanied by 
immediate separation of the compound into two phases, an expanded phase containing 
all the ternary guest and a compressed binary phase. In the second group, comprising 
the hydrogen and deuterium ternary GICs of both alkali metals, absorption at first 
appears to produce an interstitial solution, which has the effect of breaking up the 
structure of the alkali metal ionic lattice into a less-ordered or even a liquid-like 
structure. In the rubidium-hydrogen-GICs, a transition to a more ordered structure takes 
place near a stoichiometry of Rb(H2)i.oC2 5 , but the behaviour of the potassium- 
hydrogen-GIC systems could not be determined. These models are summarised in 
Table 5.1.

One can make an alternative classification with three separate groups of structural 
models. This would keep that same two observed groups described above but would 
separate the potassium-nitrogen-graphite system from the other large-molecule ternary 
GICs, to be considered to be exhibiting a third type of behaviour. This is based on the 
observed separation of the c-axis structures into two separate large-scale phases upon 
absorption in the K(N2)o.7C25 system, at the same time as the ab-plane structure
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separates into the 2x2 and 3x3 phases. Thus the observed behaviour could be delineated 

as:

a) tfb-plane and c-axis disproportionation, only observed in the K(N2)o.7 C25 system;

b) ab-plane disproportionation without c-axis phase separation, seen in all the large 

molecule ternary GICs ;

c) interstitial solid solution followed by a phase transition at higher filling, seen in 
the hydrogen and deuterium ternary GICs.

Which is the correct classification is a matter for further work: the nature of the c- 
axis structure of the rubidium-argon and rubidium-methane GICs is unclear, and this 
will be described in more detail below.

It is apparent that the phase change is driven by the availability of space within the 
ionic lattice for the new molecules. The response may be compared to the "universal 
curve" of Mori et al(8\  described in Chapter 1, where the observed ionic lattices of the 
binary alkali-metal GICs are seen to fall on a curve connecting the 2x2 and V7xV7 
superlattices, with the larger ions adopting a lattice nearer to the V7xV7 phase. For the 
larger molecules, the immediate response is to disproportionate to the two extremes (or 
beyond for the potassium-nitrogen ternary GIC) of the universal curve, at 2x2 and 
V7xV7. For the hydrogen and deuterium ternaries, the first response seems to be a 
movement along the curve at low fillings, until the compound separates into 
incommensurate phases that lie near the curve; as filling continues, the bulk compound 
returns to a position on the universal curve.

5.3: Rb(Ar)xC25, Rb(CH4)xC25, K(N2)XC25, Rb(N2)C25: The ’’Large
Molecule” Ternary GICs:

The first three of these compounds are those whose entire ab-plane structures could 
be determined from the data and completely modelled with the techniques used. The 

Rb-N2 GIC clearly behaves in a related manner, though the structure of the expanded 
phase could not be fully determined. We can make several observations from these

structures
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I Twofold reflection 

Key: ▲ Threefold reflection

•  Sixfold reflection

Figure 5.2: the symmetry of the reflection points of a P6 plane cell. In the rubidium- 
argon and rubidium-methane GICs, the ternary guests are occupying the threefold site 
in the V7xV7 cell; in potassium-nitrogen the molecule occupies the twofold site of a 3x3 
cell.

The site occupied by the physisorbed guest appears to be determined as much by the 
electric moments of the molecule adsorbed as by available space. For argon and 
methane, which have no inherent dipole or quadrupole moments, the site is the 
threefold reflection point at (1/3, 2/3), while the nitrogen molecule, which has no dipole 
moment but does possess a quadrupole moment(9) of -4.67xlO'40 Cm2, occupies the 
twofold site at (1/2, 0), with the long axis of the molecule oriented towards the nearby 
rubidium ion. This would appear to be a result of the crystal field at each site: the argon 
and methane, with no quadrupole moment, occupy the site with the highest symmetry, 
while the nitrogen molecule, which possesses a quadrupole moment adopts a site with a 
quadrupole crystal field, between two potassium ions. The structural simulations found 
that the nitrogen molecule was parallel to the graphene layers, though a small deviation 
in angle (<30°) would be unlikely to be discovered by this technique.

R b A rxC 25 R b (C H 4) xC 25 K(N2)xc 25

Expanded Phase 294 A 196 A 186 A
2x2 Phase 297 A 198 A 198 A

Table 5.2: The ab-plane crystal domain sizes determined from the profile fits described 
in Chapter 4.2-4.5 for the two phases present in each of the ternary compounds shown.
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The calculated in-plane domain size of the ab-plane crystallites, shown in Table 5.2, 
is effectively identical for each of the two phases present in the all three of the ternary 

GICs. However, the K(N2)XC25 compound is differentiated from the others in that the 

c-axis data shows very clearly the appearance of a second separate compressed phase; 

evidence for such a phase is weak for RbArxC25 and non-existent for Rb(CH4)xC25- 
For the rubidium-nitrogen compound the size of the ab -plane crystallite of the 
expanded phase could not be found, but from observed peak widths it would appear to 

be considerably smaller than the 2x2 phase seen in the same patterns. The potassium- 
nitrogen compound also shows clear evidence of 3D ordering in the profile shape 

produced by its 2x2 phase; an alternate fit to the RbArxC25 2x2 phase system may be 
showing some 3D ordering - and as a result a smaller in-plane crystallite size - as well.
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Figure 5.3: a possible c-axis structure of Rb(CH4)o.gC25: a random interstratification 
of the 2x2 P6 RbCjö phase and the VZxV7 P6 Rb( CH4)2C28 phase.

A possible explanation for the similarity in the domain sizes is that though the 
compounds have separated into two phases the structure is composed of the "pleated- 
layers" described by Daumas and Herold (see Chapter 1). This effect of this is shown in 
Figure 5.3: the curvature of the graphene layers at borders of each domain restricts the 
maximum size of any ab-plane crystallites, even though the each layer may be occupied 
by a different phase.

5.3.1 Interstratification

The peak shapes described above are evidence showing the nature of the c-axis 

stacking of the two different phases varies between the compounds. The potassium 

system has ordered into completely separate phases in both the c-axis and ab-planes. 
For the rubidium-methane compound the situation is unclear. It is possible that it 
consists of a randomly interstratified compound, as shown in Figure 5.3,. The lack of a 

strongly identifiable c-axis phase corresponding to the RbCj6 2x2 phase in the argon
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and methane systems is one of the two major problems with the two-phase model for 

these compounds; a possible explanation invokes the contamination of the original 

stage 2 RbC25 samples by stage 3 GIC.

That a lamellar compound is formed by the interstratification of two different layer 

structures is indicated when the (00/) peaks are found at non-integral values of This 
behaviour was observed in the diffraction patterns produced by the binary compounds 

R bC 25 and KC25 , as described in section 4.1, and attributed to the presence of 
approximately 10% of the compound as a stage 3 intercalate. The presence of 
interstratification in the original compounds makes it hard to detect if there is a further 
interstratification of the V7xV7 and 2x2 domains in the ternary compounds derived from 
them, and it is very difficult to model the diffraction pattern of a system of more than 
two interstratified layers(5\  An additional problem with the argon c-axis data (section 
4.2) is that there are only three observed peaks for each two phases identified. However, 
the Rb(CH4)o.9C25 compound produced a c-axis pattern (section 4.3) with six observed 
peaks, while the two phases of the K(N2)o.7C25 c-axis pattern produced five identifiable 
peaks for the expanded phase and seven for the compressed.

9.4 -

9.2 -
- -KC

Q 9.0 -

8.8  -

8.6  -

Figure 5.4: the d-spacing calculated from the (001) peaks in the KC25 c-axis pattern 
and the two phases of its nitrogen ternary. The shifts away from the average d are 
similar for all three series.

The c-axis d-spacing calculated from each of the (001) peaks in these patterns are 

shown in Figures 5.4 and 5.5. There is no significant change in the direction or 

magnitude of the shifts. For the potassium compound, this is not surprising, since the 

final product consists of two separated bulk phases, and they would each be expected to 

carry the effect of the stage 3 interstratification into their derived diffraction patterns.
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With the methane, where only one c-axis spacing is visible, then if there is new 
interstratification of the compressed and the expanded phases, the effect is masked by 
the effect of the stage 3 contamination. The difference in spacing between a stage 2 and 
stage 3 intercalate is 3.35 Ä, and as such is much larger that the ~0.8 Ä difference in c- 
axis spacing expected between the ternary and binary phases of the Rb(CH4 )o.9C25 

compound. The effect of the original 10% stage 3 interstratification, if preserved into 
the ternary compounds, would thus be expected to be greater in the c-axis diffraction 
patterns than that of the two phases of the final product.

9.8 -

9.6 -

9.0 -

Figure 5.5 the d-spacing calculated from the (001) series of RbC25 and Rb(CH4 )o ^C2 5 - 
The peak shifts away from the average in the ternary compound are not significantly 
different in direction or magnitude from those of the binary GIC.

5.3.2 Stoichiometry and Structure

The second major problem with the two phase model for these compounds concerns 
the stoichiometry of the reaction. For the rubidium-argon compound the reaction may 
be described as:

x(Ar) + RbC25 -> y[Rb(Ar)2C28l + (l-y)[RbCi6]

The problem is that the disproportionation of RbC25 into RbC28 (the V7xV7 phase) 
and RbCi6 (the 2x2 phase) sets the value of y = 0.75 in order to keep the ratio of Rb:C 
as 1:25. Given this value of y, this should set x = 2y = 1.5, but the measured value of x 
from gas uptake is 1.2. The same argument applies to the rubidium-methane-graphite 
system, which also separates into Rb(CH4)2C28 and RbCi6 phases; the measured value
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of x from gas uptake is 1.0. In the case of the potassium-nitrogen system, the reaction 

is:

x(N2) + KC25 -> y[K(N2)3C36] + (l-y)[K C i6]

Here the K:C ratio of 1:25 requires that y = 0.45, which would set x = 3y = 1.35. The 
measured uptake of nitrogen is -0.7. The stoichiometry of the rubidium-nitrogen ab- 
plane expanded phase is unknown, along with its structure, but if the nitrogen 
molecules in the rubidium system are occupying the same position between rubidium 
ions as it does in the potassium 3x3 lattice, then the Rb:N2 ratio would be between 1:2 
and 1:3 for any ab -plane unit cell, depending on whether a nitrogen molecule is 
occupying the (1/2,1/2) site.

This misfit between the measured gas uptake and the stoichiometry of the observed 
structures implies that the structural model is incomplete. One possibility is that the 
absorbed gas is not filling all of the available sites in the expanded V7xV7 or 3x3 lattice, 
but is forming an interstitial lattice gas with random occupancy of the vacancies, with 
an 80% site occupancy in the rubidium-argon, 60% in the rubidium-methane, 50% in 
the potassium-nitrogen, and an unknown but probably similar value in the rubidium- 
nitrogen ternary GICs. Another explanation is that a large proportion of the ab-plane 
structure of the sample remains in a disordered state after absorption, with insufficient 
order to produce a crystalline diffraction pattern. Neither of these explanations are 
entirely satisfying: the intensities of the simulated ab-plane diffraction produced good 
matches with the observed intensities when a 100% site occupancy was assumed; a 
disordered ab-plane structure would be assumed to produce a large liquid-like 
diffraction peak at -17°, as it does in the RbC25 and KC25 intercalates above the 
ordering transitions, and these peaks are not observed.

While these problems remain unsolved, the two-phase model for the rubidium-argon, 
rubidium-methane and potassium-nitrogen system accurately reproduces the intensities 
and positions of the observed diffraction peaks, and is the only model we have which 
does so.

5.4: The Hydrogen and Deuterium Ternary GICs

These two compounds exhibited behaviour radically different from that of the 

"large-molecule" ternary GICs, with the ab-plane diffraction patterns showing a steady 
elimination of the binary ionic lattice and then a very rapid transition to a new phase at 

an H2:Rb ratio near 1.0, a phase that is slowly eliminated as the hydrogen doping is
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increased. While the structures of the new phase or phases could not be determined 
from the diffraction data, a qualitative analysis implied the presence of two new phases, 

neither of which are commensurate with the graphite lattice.

The solid solution observed for (H2)<i .o may be compared to the substitutional 
alkali-metal ternary GICs formed by a mixture of two heavy alkali metal ions in the 

interlayer galleries, as described in Chapter 1. The hydrogen molecules occupy random 
interstitial sites in the alkali lattice, as reported from neutron studies of oriented samples 

of rubidium-deuterium-graphite for low concentrations of deuterium( 10\  Previous 
studies of hydrogen absorption in this system have assumed that the absorption of the 
hydrogen takes place without any alteration of the ab-plane lattice, with the H2 

molecules entering available sites within an assumed V7xV7 or V43xV43 superlattice( l0, 
1 Clearly this assumption is invalid; the hydrogen molecules are randomly occupying 
sites in a lattice which is reconstructed by this action. If the behaviour seen in the other 
physisorbed molecules is repeated with the hydrogen system, the sites that are occupied 
would be determined by the native electric moments of the H2 molecule. The 
quadrupole moments are reported as being 2.17xlO'40 Cm2 for H2 and 2 .14xlO'40 Cm2 
for D2 , as compared with the -4.67x1 O'40 Cm2 for nitrogen. The charge distributions 
are shown in Figure 5.6

+

h 2 n2

Figure 5.6: the signs o f the quadrupole moments fo r  the hydrogen and nitrogen 
molecules.

Given that the quadrupole moment of the hydrogen molecule is the opposite sign to 
that of nitrogen, if it is occupying the same site at (1/2,0) one might expect it to adopt 
the opposite orientation, with the axis of the molecule perpendicular to the line 

connecting the ionic centres. If however it is occupying the threefold site, the 
orientation would be vertical or random. These two options are shown as A and B in 

Figure 5.7, for a hexagonal cell of rubidium ions with a cell dimension of 6 Ä, which is 

the average spacing in the liquid like structure of the ions observed before the phase 

transition near (H2) i .o-
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Rb+

Figure 5.7: two sites available to the hydrogen molecule in a hexagonal rubidium ionic 
lattice, A) the threefold site occupied by argon and methane in RbAr2C28 and 
Rb(CH4)2C28> B) the twofold site occupied by nitrogen in K(N2)3Cs6• The evidence 
from neutron scattering studies is that the threefold site is occupied by H2 at low 
fdlings.

While from the quadrupole moment one might expect the hydrogen to adopt the 
twofold site, neutron scattering studies of aligned samples of Rb(D2)xC2 4  for low 
values of x show that the molecule appears to be occupying the threefold site. 
Unfortunately the x-ray data presented here cannot determine the position of the 
hydrogen molecules due to its low scattering factor. It will be noted that the phase 
transition took place near (H2) i.o; below this stoichiometry the hydrogen molecule can 
decorate the lattice without needing to fill adjacent sites. As a result there can be at 
most one molecule per unit cell of rubidium. Thus it is a reasonable assumption that 
whichever site the H2 is occupying the phase change is driven by the occupation of 
adjacent sites, with the phase transition resulting in a new hydrogen as well as rubidium 
packing.

The qualitative analysis of the hydrogen-rubidium XRD data (section 4.6), came to 
the conclusion that the system separated into two new phases near x=1.0, primarily on 

the grounds that two entirely different peak profiles were observed in the new 
diffraction pattern. It could not rule out that only a single phase is responsible for the 
diffraction peaks. A test of this analysis can be attempted using previously 

published(l2) inelastic neutron scattering data from the same compounds. This 
technique measures the hindered rotational tunnelling of the hydrogen molecule, and is 
a very sensitive probe of the immediate environment of the absorbed hydrogen 

molecule. It complements the diffraction data, which measures the crystal structure over 

a large scale, and thus only detects the structures with a significant crystal size, while
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inelastic neutron scattering probes short range structure. It is thus possible that the 
inelastic tunnelling spectra may show a tunnelling peak that does not appear to be 
associated with a crystal structure, if the absorption site which produces the tunnelling 
data is not part of a crystalline lattice.
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Figure 5.8: a new interpretation of the peak positions and intensities from the hydrogen 
tunnelling in RbC25 data published by Stead et al. The stoichiometries are: a) RbC25, 

b) Rb(H 2)ojC25* c) Rb(H2)o.59C25, d) Rb(H2)o.89C25, e) Rb(H2 ) 1.19C 25, f)  
Rb(H2)i.48C25, g) Rb(H2)i.78C25, h) Rb(H2)2.0C)C25 Two new peaks appear in the 
tunnelling data at the same stoichiometry that new reflections appear in the diffraction 
data.

The tunnelling data from Stead et al(l2) are shown in Figure 5.8, with a new 
interpretation of the peak positions: a single tunnelling peak at -1.45 meV appears on 
absorption and remains throughout the experiment; two more peaks at -0.7 meV and 
-1.3 meV appear between (H2)o.89 and (H2) 1.19 and also endure; and at saturation three 
more peaks appear. These results are tabulated in Table 5.3 and plotted graphically in 
Figure 5.9.
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( H 2 ) x Tunnelling

Energy

(meV)

Intensity 

(xlO3 n/s)
( H 2 ) x Tunnelling

Energy

(meV)

Intensity 
(xlO3 n/s)

0.30 1.49 3.10 0.62 7.21

0.59 1.43 5.08 1.78 1.27 6.96

0.89 1.43 6.90 1.53 4.88

0.72 1.85 0.58 6.15

1.19 1.35 3.79 0.69 4.55
1.48 7.34 2.00 1.05 4.39

0.68 3.23 1.24 7.17
1.48 1.29 4.96 1.52 4.34

1.44 4.43 2.08 5.29

Table 5.3: the peak positions and intensities fo r  the new interpretation o f the hydrogen 
tunnelling data shown in Figure 5.5.

( H 2 )  X

Figure 5.9: the new interpretation o f the hydrogen tunnelling data from Figure 5.8 and 
Table 5.3.

The tunnelling data show that at the start of sorption there is a single strong peak at 

-1.45 meV that grows in intensity as hydrogen stoichiometry is increased up to x=0.89. 
Comparing this with ab-plane diffraction data in Figure 4.6.1, the growth of this single 

tunnelling peak is associated with a steady disruption of the V43xV43 lattice of RbC2 5 , 
without the appearance of a new crystal structure to replace it. Stead et al( 12) explained 

this peak as the hydrogen molecules occupying sites in the V7xV7 hexagons that form 

part of the V43xV43 structure, but the x-ray data presented in Figure 4.6.1 suggest that
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the hydrogen is not occupying sites in the existing structure, but is reconstituting the 
ionic lattice as it is absorbed, to produce a disordered solid solution with little long 
range order. A peak near 1.45 meV is present in all the tunnelling spectra, and this site 
can be associated with the broad diffraction peak at -17° that is present in all of the 
diffraction patterns.

At a stoichiometry of Rb(H2)i.i9 C2 5 , the tunnelling data show the appearance of 
new structure; this is the same stoichiometry where the new diffraction peaks appear in 
the x-ray data, and thus the new tunnelling sites are associated with this new crystal 
structure. Here the tunnelling data are interpreted as including two new peaks, one at 
0.7 meV and another at 1.30 meV, overlapping the peak observed at lower fillings. The 
two new peaks appear to gain intensity at the expense of the peak at 1.45 meV as the 
stoichiometry increases to x=1.78, which is near the highest filling achieved with x-ray 
experiments, x=1.86; this behaviour is in contrast to that of the x-ray intensities, where 
the maximum intensity of the new peaks is reached at x=1.10, when they first appear, 
and then decreases to the gain of the peak at -17° as hydrogen filling increases. This 
would indicate that the long-range order of the new structures formed at (H2)i .i is being 
broken up by the absorption of more hydrogen molecules while the short range site 
symmetry remains the same. The tunnelling data at x=2.0 shows the sudden appearance 
of three new peaks; the x-ray experiments could not reach this stoichiometry.

In section 4.6, the new diffraction peaks that appeared at (H2>i .i were assigned to 
two separate phases, one expanded and the other compressed with respect to the solid 
solution. The tunnelling data do not contradict this assignment: the two new sites are 
both at a lower energy that the peak at 1.45 meV, showing that there is a greater 
hindrance to the tunnelling in the new sites compared to the site in the solid solution; 
which in turn implies that there is less space available in the new sites, if only by a very 
small amount. If the hydrogen molecules are only occupying the threefold site in the 
available phases then there are two identical sites per unit cell in any plane group, and 
the two new tunnelling peaks would each be associated with a different phase. If some 
are occupying the twofold site, then a monoclinic cell could provide up to three sites 
with different local symmetry per cell. Thus the tunnelling data cannot show how many 
new phases are providing the new sites at x=1.0; it cannot determine whether they are 
part of one or two new phases. It is also possible that the new sites at 0.7 and 1.3 meV 
are different sites in a single monoclinic phase, while there is a second compressed 
phase that does not contain any hydrogen.
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5.5 Further Work

While this study has elucidated the structural behaviour of some of the ternary 

intercalates discovered by Watanabe et al, many lacunae in our knowledge remain.

Most obviously, the ternary compounds based on the stage 2 cesium-graphite binary 
have not been investigated here at all, primarily because of the very high x-ray 
absorption of cesium. Transmission mode experiments, which are needed to study the 
ab-plane structure, require samples much thinner than those produced from the methods 
used here. Thinner samples of the order of 0.2 mm thick should allow x-ray studies of 
these compounds, as would synchrotron sources. Of particular interest for a structural 
study is the cesium-nitrogen-graphite system; the original studies found that this 
possessed the Type I isotherm, of the typical Langmuir shape - it is the only system 
apart from the hydrogen and deuterium compounds which was observed to have this 
isotherm. The rubidium-hydrogen system possessed the most complex behaviour of any 
of the compounds studied here, and whether similar behaviour would be seen in the 
cesium-nitrogen-graphite compound is an open question. The cesium-methane-graphite 
compound has been reported from c-axis neutron studies to pass through a two-phase 
system at an intermediate methane filling to a final single-phase compound at 
saturation: the ab -plane structure of this single phase is unknown(,3). Tunnelling 
spectra of the cesium-hydrogen and deuterium systems have already been published* 14, 

showing much more complex behaviour than that produced by the rubidium- 
hydrogen GIC; x-ray studies of the ab-plane structure would determine whether this 
complex behaviour is seen in the alkali ion lattice as well.

With the rubidium-hydrogen GICs, the behaviour of the observed structures with 
temperature was little studied in this work, but enough to determine that a very rapid 
phase transition takes place at 100 K. Further studies at lower temperatures, using the 
same samples and techniques used here, may find other phase transitions. Experiments 
with a much finer measurement of gas uptake would be able to determine the exact 
stoichiometry where the phase transition takes place. With this compound single crystal 
studies may be profitable at lower hydrogen fillings, but the phase transitions observed 

at higher fillings may cause a crystal to separate into different domains, and the 
immediate disproportionation seen in the other ternary compounds would probably 

destroy a single crystal. The same technique of using aligned samples may be applied to 

single wavelength neutron diffraction experiments, which would be vastly more 

sensitive to the position of the hydrogen molecules than XRD, but would require larger 

samples. The tunnelling data may have to be re-evaluated in more detail than above 

with regard to the available sites observed by the structural studies. The potassium-
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hydrogen and potassium-deuterium systems appeared very complex, and ab-plane 
diffraction experiments at a synchrotron source with a more precise control of 
stoichiometry may provide better data.

The rubidium-argon, rubidium-methane and potassium-nitrogen GICs produced the 
ab-plane diffraction data which were most amenable to analysis, but the c-axis data 
were disturbed by the presence of a higher stage contaminant, c-axis studies on samples 
with a pure stage 2 structure should be able to determine how the two ab-plane phases 
observed in these compounds are interstratifying, and whether it is an entirely random 
interstratification, or an ordered structure and hence a form of fractional staging.

5.6 Conclusion

Contrary to the assumptions made in previous studies^10, 12\  the physisorption of 
gases led to a significant alteration of the ab-plane structure of the alkali metal ionic 
lattices of RbC25 and KC25, with the most common effect being a separation of the 
lattice in the ab-plane into an expanded and compressed phase, sometimes with a 
simultaneous separation in the c direction. The technique of using x-ray diffraction of 
oriented samples to investigate the ab-plane structure was found to be most useful for 
the larger physisorbed species, which could make a large contribution to the x-ray 
structure factor.
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