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UMM ARY

The research described in this thesis is concerned
with the stndy of a reaction at a gas-solid interface by
the techrique of electron microscony. The particular
reaction studied wés the oxidation of graphite by dry air
at 400-800°C carried out inside Siemens Elmiskop I and Ia
electron microscopes. Two types of graphite were studied,
British Nuclear Grade and spectroscopically pﬁre natural
graphité, Both of these were microcrystalline, and ex-
hibited similar oxidation characteristics. Only the {1010}
crystal planes were significantly reactive, and kinetic
studies upon rates of erosion of these crystal planes
-showed that both graphites had an activation energy for
reaction of 20 z 1 k cal/mole.

Catalytic oxidation of these graphites in the presemnce
of small amounts of platinum and palladium evaporated on
to their surfaces was also studied, with air as the
oxidising agent., Platinum had little effect upon oxida-
tion rates below 80000, but above this temperéture
channels were formed running in the <11§@> crystallo-
graphiq directions. Palladium also brought about catalytic
oxidation, but did not exhibit any crystallographic
preference in the production of bhannels: oxidation was
associated with rapidly moving particles of the metal.

A mechanisu is suggested to explain this behaviour,



Part of the thogis is devoted to a study of the
decoration of graphite with the object of assessing
defect concentrations. {hus the effect of ultrasonic
disintegration upon the defect’concentration of the
graphites was carried out. No marked effect was observed;
defect concentrations being assessed by the décoration of
the graphite surface with silver particles. From these
results,and those from other workers,it is suggested that
decoration only occurs on chemisorbed species, apd noct
directly on to defect sites.

High resolution electron microscopy on thin graphite
flakes revealed an apparent granular structure. The
appearance of this structure was ascribed to a phase con-
trast phenomenon associated with a slight puckering of
the graphite lattice. No significant pores in the crystal
were seen. This last observation, together with contrast
arising from Moiré’fringeé in the oxidation experimenis;
led to the conclusion that non-grain boundary pores lie
between basai planes. The correlation of Moirg'fringes
with oxidation-morphology shqwed that graphite cannot be
considered as a two dimensional structure, but as stacks

of layer planes from 30-200% in height.
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INTRODUCTION

The theme of this research can be stated briefly as
follows.

The electron microscope is unique in that
microcrystalline specimens can be resolved, and their
crystal faces indexed whilst retaining an image of the
overall morphology of the specimen. Previous studies on
graphite had indicated that the différent crystal planes
had different reaction rates under oxidising conditions;
in this thesis there is a description of the first attenpt
to study the rate of oxidation of graphite wholly within
the electron microscope. The techniques involved included

high resolution microscopy, decoration, and shadowing.



HISTORY

Graphite has been known from very eafly times,
though its use was probably limited to decorative purposes,
for the embellishment of pottefy (H.S.Spence 1922).
Agricola (1495—1550) describes refractory crucibles made of
graphite, but the true identity of the minerél was not
established until Scheele (1742-1786) demonstrated the
carbon content of graphite by igniting it in a current of
oxygen, This distinguished it from molybdenite, but its
nature in relationship with diamond and amorphous carbons
was not established until Sir Humphrey Davy in 1814 burnt
the three minerals in oxygen, showing that carbonic acid
gas was produced in each case, and thus concluded thatv
carbon existed in three allotropic forms. These three forms
were distinguished chemically by dissolution in a
potassium chlorate, nitric acid mixture, when the gyaphite
formed yellow flakes of gfaphitio acid whilst the
amorphous carbon gave a brown substance that was soluble
in water. However, this test was not satisfac%ory in all
cases as was shown by Charpy in 1909, but no better method
. was available until physical techniques, notably X-ray
diffraction, were applied to the crystal structure.

The impetus for the study of graphite started with
the industrial revolution since it was an important

refractory material for the steel and metallurgical




industries. In 1913 the world production was 120,000
*tons of which 60j; were used in crucible retorts, 15%
in furnace and converter linings, 10% in.paints, 10%

in lubricants and 5% in foundry mouldings. (J.W.Shetley

1918). This demand could be satisfied from natural sources,
but as advancing technology required more, both in quality
and quantity, than was available from natural sources,
synthetic graphites were produced. The iron and steel
industries did not require a detailed knowledge of the
chemistry of the reaction of carbon. However, the more
exotic technologies of the nuclear and aviation industries
that arose after the Second World War, made it necessary
thét the surface reactions of graphite be evaluated in
fine detail, even though 50% of the 500,000,000 tons
produced in 1966 was still being used by the steel
industry. The results presented in this thesis show some
of the information about the surface reactions of graphite

that can be obtained with the electron microscecpe.



STRUCTURI OF GRAPHITE

1. Ideal Structure.

With the‘development of X-ray diffraction a method
now existed for resolving the absolute structures of
elemental carbons and Debyé and Scherrer in 1917 showed
that so called 'amorphous' carbon was composed of small
graphite crystallites having an interlayer spacing - ie.
¢ value of 3.413. However the stacking sequence of layers
they proposed was disproved by Hull in 1922 who showed
that graphite is of a hexégonal close packed structure of
stacking sequence ABAB.....(Fig.l.) and this work was con;é
firmed by Hassel and Mark, and then by Bernal in 1924, |
This structure had a ¢ spacing of 6.828 and a=b=2.453f
Bernal also found that artificial and natural graphites
have similar structures with the atoms arranged gt the
corners of regular hexagons in parallel planes whose
vertical distance apart was half the unit cell. This
structure was also shown by electron diffrac?ion
(Trendelenburg, Franz and Weland 1933) and the lattice
parameters agreed with the X-ray data. These workers
also noted that graphite tended to lie on its basal (0002)
plane which was parallel to the surface layer., Finch and
Wilman (1936) and Trezbiatowski (1937) refined the

lattice parameter data on natural graphite giving values

of a = 2.456% and ¢ = 6.695%, but in 1940 Taylor and




Fig. 1.

Hexagonal layer structure of graphite.
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Laidler confiymed sone work of Manguin in 1926 who had
.Suggested that other graphite siructures may be present
from his Laud and rotation X~ray diffraciometry measure-
ments. Taylor and Laidler found that extra lines
'appeared in the X-ray diffraction photograph}that
indicated small areas of anomaloﬁsly stacked naterial
within the graphite hexagonal structure. The nature of
these anomalous areas was shown by Lipson and Stokes in
1942 to be a rhombohedrally stacked graphite of ABCABC ...
stacking sequence (Fig.2). The percentage of rhombohedral
structure present was later shown to be variable (Bacon
1950), the amount increasing from 10% in a high quality
graphite to 17% for an average graphite, and nmuch higher
values being realized after severe mechanical deformation
such as grinding. Chemical and thermal treatments also
change the proportion of rhombohedral stacked structure
present (Taylor and Laidler 1940, Matuyama 1956) showing
that the rhombohedral material readily reverts to a
hexagonallstructure. The energy difference between the
two forms is quite small, as has been shown by several
workers (Williamson 1960, Baker, Chou and Kelly 1961)
their values for stacking fault energy lying between

0.1 and 0.6 ergs cm™2.

Many studies have been made of the transition from
microcrystalline 'amorphous' carbon to macrocrystalline

graphite (eg. Walker, McKinstry and Wright 1953) and the

6.



Fig. 2.

Hexagonal and rhombohedral stacking sequences of graphite.
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review of knowledzc of this transition has been
sunmarised Dy Ergun (1968). However, synthetic graphites
formed by baking 'amorphous' carbons or éokes with a
binder - eg. pitch, at temperatures around 3000°C for a
few days have lattice parametefs that agree with those
obtained on natural graphite mentioned above. The major
differences between 'amorphous' carbons and graphite lies
in their interlayer spacing which is larger than the 3.35%
for graphite and their crystallite size which is less than
302. Synthetic graphites tend to be of smallexr crystallite
size than natural graphites, though this is very dependent
upon the method of preparation.

2. Defect Structure.

The layer structure of graphite means that defects
within the lattice can be classed as being of basal or
non-basal character. In the former, glide normal to the
¢ axis only involves rupture of the weak interlayer
bonding forces, and hence stacking faults will readily
occur in this plane. The stacking faults of this nature
are usually observed in the electron microscope as a
hetwork of interacting ribbons of faulted material, the
cross section of which is shown in Fig.3. Extensive
studies by Amélinckx, Délavignette and Heerschap have
been reviewed (1965). Many other workers have studied the

formation and removal of rhombohedral stacking structures



Fig. 3.

Basal dislocations in graphite.
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introduced 1nto graphite by deformation normel to the
¢ axis (Fricsc &nd Kelly 1983, Matuyana 1956, 1965
Williamson 1960) Hevertheless, though this type of defect
is of considerable importance in consideration of the
mechanical properties of graphite, the excess energy
available in the defect structure is unlikely to be
sufficient to affect chemical reactivity. The non-basal
dislocation, however, is generally of much higher energy
and thus of more chemical significance,

The two simplest types of dislocation of this nature
that could occur are shown in Fig.4. The majority of
electron microscope studies have ccncentrated on basal
dislocations and ignored those of non-basal character -
ie. where the Burgers vector intersects the basal plane.
On occasions the existence of non-basal dislocations has
been severely doubted (Williamson 1951) but more recent
studies have confirmed their presence in graphite. The
first evidence of their existence was provided by Horn
(1952) who, by optical microscopy, observed spiral growih
patterns on natural graphite crystals with a density of
approximately 104 dislocations /cm2 each dislocation
having a step height of approxinmately 5008. The presence
of these large screw dislocations was evidently dependent
upon the past history of the graphite since some workers

failed to find them (Fujita and Izui 1960, Amelinckx,

10,



Fig. 4.

- Non-basal dislocations.

10a.
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Delavignette and Heerschap 1965) whilst others Ffound a

considerable profnSion (Tsuzuku 1957, Austerman Myron
and Wagner 1967). The only non-basal dislocations con-

sidered in detail by Amelinckx et.al. in their review

(1965) were those arising from condensation of vacanciesff
to form loops (Fig. 5), but Thomas in a later review (196gi
deals exclusively with nonubésal screw and edge dislocatior
occurring in the lattice and at boundaries of natural |
graphite crystals. Using catalytic oxidation, Thomas and
Roscoe (1966,1967) have shown that non-basal edge and
screw dislocations occur extensively in graphite on the 'f
electron miéroscope scale as well as on the large scalek:7
that had been observed previously by Horn (1952). The main
feature, apart from size, in which the spiral growths of |
Tsuzuku (1957) differed from those of other workers was
the presence of some hollow screw dislocations. This type
of dislocation has been observed in other materials when
large screw dislocations are present and hence is not | .
unexpected.

The energy of non-basal dislocations is believed to
be approximately 10-15 k cal per atom pliane for the core
of the dislocation (Cotterell 1953, Thomas 1968). The
uncertainty about this value arises from the considerablg»i
assumptions that have to be made about the environment 3

of the dislocation in the lattice and the allocation of

11,




Fig. 5.

Formation of a loop by condemnsation of vacancies. .

12.
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energy betwaen the core of the dislocation and the
surrounding strain field, lowever, the energy is
gy i

0 . . . ] > .
sufficient to be of considerable importance with regard

to chemical reactivity.

Large single crystals of natural graphite are rafe,
and those coherent crystals that are found are generally j
faulted and bent, so that perfection within the crystals’:
only extends over a very small area, Bending normal to
the ¢ axis will generally take place because the crystalii
is readily sheared parallel to the ¢ axis and hence is
thinner along the ¢ axis than along any other axis., Thisf

bending gives risec to extensive twinning and small angle

boundaries within the crystal, resulting in a mosaic B
structure as reported by Dawson and Follet (1959). Their §
studies enployed synthetic nuclear grade graphite and N
they found mean crystallite dimensions of 0,11 = 0.07‘4'u2
for the area of individual crystallites which was larger
than the values reported by Bacon (1958) for a similar
material, but was much smaller than the values obtained
for good crystals of natural graphite (Thomas 1965). In
the case of natural graphite the most prominent features
of the surface were the twin bands that are visible to
the naked eye and have been extensively studied

(Veselovskii and Vasil'ev 1934, Palache 1941, Kennedy

1960, Thomas Hughes and Williams 1963). For graphite a




Fig. 6.

A twin band in graphite,

14.
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twin is derived by a rotation of 20748!' about an axis in
the basal plane and along the -C-C- bands as shown in

Fig.6. Small angle boundaries are also abundant in

graphite and chemical etching by oxygen in the presence of

‘boric oxide has been used tc make them visible by optical
microscopy (Roscoe and Thomas 1966).

Variations of these grain boundaries producing twist
‘and tilt have been the subject of numerous investigations
and are suummarized in the reviews by Amelinckx et.al. 1965
and Thomas (1968). |

3. Bonding and Electronic Structure of Graphite.

It is most convenient to discuss the bonding of
graphite in terms of hybrid orbitals, but these are
strictly ohly approximations of what is known of the
electron probability diétributions, and thus intermediate
states of hybridisation are not only possible but in many
cases can be regarded as the most probable situation at
a particular point of the lattice.

The C-C bond length in graphite is 1.4158 (Ubbelohde
and Lewis 1960) whilst thatin benzene is 1.3972 (Stoichef?
1954).A larger aromatic molecule such as ovalene has
a bond length of 1,345 - 1.4352 (Donaldson and Robertson
1953). Thus graphite has similar bond lengths to
aromatic hydrocarbons and hence falls into the category
of sp2 hybridisation, the delocalised 1 .orbitals, above

and below the plane of the layers, contributing to the

15.




conduction band at all temperatures above 0°K. The
energy of these -(-C-~ bonds within the layers has been
calculated by Feilchenfeld (1937) to be i08 k cal /uole
and thereiore unlikcly t0 be readily susceptible to
chemical attack, From this structure it can be seecn that
little opportunity exists for covalent bond formation
between the layers in an ideal lattice. The iﬁterlayer
forces are considered to be of van der Waals type but
estimates have been made of the interlayer bond enersy
(Brennan 1952, Feilchenfeld 1957) giving values of 20 k
cal/g atom and 7.9 k cai/g atomvrespectively. A weak
covalent bond has been suggested between the layers
(Digonskii and Krylov 1960) but the evidence is not con-
clusive and so the statement made previously about lack
of opportunity for covalent bonding is probably corrept.

However, even an ideal lattice is of finite size and
together with defects that are present in real lattices,
there are many exbosed edges of carbon hexagons where
significant deviations from the sp2 hybridisation nust
occur to satisfy free valencies., Coulson (1960) has
examined this problenm and suggests that three types of
carbon atom may exist at the termination of crystal layerSW

a) those with free electrons

b} those paired with a neighbouring carbon aton

giving a partial triple bond,

. 2 2
¢) those that revert to a divalent s p state.

16.




With the possible exception of the first, all of these
alternatives would indicate that a terminating carbon

atom was in a totally different environmént from carboen
atoms enclosed in the ideal lattice. This is bofne out

by the work of de Boer (1940) who found that the -C-C ﬁond
length was only 1.388 in very small particles of graphite
compared with 1.4152 in large crystals of graphite.
Clinton and Kaye (1965) found that in thin sections of
graphites the edges tended to pucker and roll up. They
suggest that this was due to abrasion of the graphite
durihg sectioning, but the strain energy associated with
the terminating carbon atoms is a possible contributory
cause. The exfoliation of the edges of graphite layers

has been observed by other workers (Feates 1967) which
would indicate that the strain is relieved by movement of
the individual layer planes and that bonding does not occur
between the layer planes. A similar effect would occur

at defecté where carbon atoms are exposed, and Ubbelohde
'(1957) has shown that a defect in a layer plane must either
result in a buckling of the layer planes, when a chemical
compound is formed by a carbon atom with a foreign atom
at the defect, or result in trapped unpaired electrons.
From data on-similar defects in large aromatic structures
the buckling of the layer planes in the vicinity of the

defect would appear the most likely occurrence.

17,




4. Pore Structure of Graphite,

For a perfect grabhite of complete hexagonal
stacking the density should be 2.265 g/ml (Hofmann, Wilm
and Csalan 1936) however this value is rarely achieved
in practice and synthetic graphites often have densities
below 2 g/ml.(Ubbelohde 1960). This indicates that there
are considerable voids in the structure, and it has been
shown by Dawson and Follett (1959) that British nuclear
grade graphite contained pores 400 - 800R wide at
junctions of three or more crystallites.

In a layer lattice such as graphite the interlayer
spacing could in theory constitute a pore, However the
helium density agrees reasonably well with that obtained
using hexane and methanol (Ubbelohde 1960) and thus it
can be taken that for the definition of pore Structure
the interlayer spacing is inaccessible. It has been shown,
however, by Roberts, Harper and Small (1958) that 40% of
the pores that are accessible are less than 208 in
diameter., Access to these pores is improved by oxidation
(Butcher and Grové.1961) or grinding (Loch, Austin,
Harrison and Duckworth 1958) which suggests that the
entrance to the pore is narrow and easily blocked, a
12 - 22% increase in accessible pore volume being
achieved after a 6% oxidation (Roberts, Harpef and
Small 1958). This also indicates that the entrances to

pores are preferentially reactive, but this enhanced

18.




reactivity is not sharéd by the rest of the pore since
éfter the initial rapid change the increase in pore
volume becomes more gradual, Butcher ané Grove (1961)
suggested for synthetic graphite that the part of the
graphite derived from the binder during manufacture is
more reactive phan that derived from the filler but there
appears to be very little evidence to support this theory

for a good synthetic graphite,

19.




Reactivity of Graphite.

Until modern times the mode of energy production
from carbon combustion was not 1nvestlvated though one
of the products of combustlon - namely carbonic acid gas -
has been known since the 18th century. Davy (1814)
showed that 002 was a product of carbon combustion, and
his work was later repeated by Copisarow (1919) who found
that CO was also produced together with amorphous carbon,
the amount of the latter being dependent upon the
temperature, and oxygen pressure.

In modern technology graphite enjoys a wide range of |
applications as a structural material, rather than as a
source of energy, hence methods of suppressing its
reactivity are of considerable importance. This inhibition
was not possible until a more detailed knowledge of its
reactions were available, and a vast amount of work has
been performed to unravel some of the complexities of the
graphite/oz, graphite/COz, graphite/Hzo and graphite/H2

reactions in particular. In this introduction the

properties of the graphite/o2 reaction are dealt with in

some detail since it is of relevance to the results

presented later. Reference is made to other reactions
though the features that the differing reaction mechanisms
have in common are often of an extremely teunuous nature,

and hence direct comparisons of different reactant gases

Iare not always valid.

20.




1. Reactions of Bulk Graphite ﬁith Oxygen.

| Since CO and 002 were found to be present in the
effluent gas after reaction, the major pfoblem was whether
.they were both primary products, If not, then the
equation C + O2 3 002 might be valid, the reaction
occurring in a single step. The work of Lebeau and Picon
(1924) suggested that graphite readily absorbed a variety
of gases, since on degassing up to 2000°¢ in vacuo it gave

C0,, CO, H,, CH, and other hydrocarbons. Meyer (1932)

4
reacted graphite at 1200°C in such a way that reaction
products could neither react with each other in the gas
phase nor return to the graphite sufface. Under these con-
ditions CO and CO2 were formed in a 1l:1 ratio and gave an

overall equation of

4C~+ 36, » 2C0, + 2CO

2 2
He suggested that the oxygen penetrated the graphite
lattice where a reactive transition state was formed.
Sihvonen (1932, 1934, 1935) agreed that the chemisorption
of oxygen was the first step in the reaction and he pos-
tulated a profusion df intermediates that would give rise

to CO and CO, products and explained the mechanism in terms

2

of activation energy, quoting an overall value for CO ’

formation of 90 k cal /mole, the CO being formed by

dissolution of keto surface groups formed with the

reactant oxygen.

From results quoted by Meyer (1938), Strickland-

21.




Constable (1944), Audubert and Racz (1945), Duval (1947)
and Arthur (1951) it became clear that the mode of oxXygen
attack on graphite depended upon temperatufe, and pressure,
as well as a large number of subsidiary experimental |
precautions, and that'no one reaction mechanisﬁ was valid
over a wide range of experimental cbnditions. However, it
was now clear that a mdltistage reaction was taking place
with CO and 002 as primary reaction produbts, though there

was considerable disagreement as to the CO/CO, ratio under

2
any given set of conditions. Subsequent to 1950 a con-
siderable amount of detailed work on the kinetics of the |
carbon-oxygen reaction was taking place. The main features

that were being sought were the activation energy, the *
order of reaction, and the rates of production of CO and
Co, . | | |

A large number of activation energy determinations

were made giving values from 17 k cal /mole (Lewis,

Gilliland and Paxton 1954) to-80 k cal / mole (Blyholder
and Eyring 1957). The work of the latter together with that%
of Hedden and Wicke (1958) showed that one caﬁse of this |
discrepancy in values was the effect of in-pore diffusion
upon the course of reaction. This diffusion is part of a
phenonenon known as'méss"transport and is important when
solid/gas reactions are being evaluated. The surface of a
porous solid can be considered to be surrounded by a

stagnant layer of gas and transport across this layer can

22.




affect the reaction rate. Furthermore transport from a
reactive site within the solid to the surface can also be
a limiting factor, Neither of these effécts, however, are
important provided‘the rate of chemical reaction is not
faster. than the rate of mass transport. Hence gas/solid
reaction may be defined as being either chemically or
diffusion controlled.

Hedden and Wicke (1958) divided the reactions of
carbon into three zones., 1In zone 1 the reaction occurring
was only limited by the chemical properties of the reactants
and the reactant concentration in all of the available
pores was similar to that outéide the particle. This
occurred at low temperatures with high ges flow rates and
the measured activation energy was representative of the
chemical reaction taking place., At higher temperatures
the rate of access of reactants to the pores became sig—
nifioént with respect to the rate of chemical reaction. .
_ Over a wide temperature range the reaction within the
pores gradually becomes controlled by the rate of arrival
of reactant species. This controlling factor defines
zone II. Earp and Hill (1957) showed that the reaction
of graphite with air became diffusion controlled above
700°C. When the flow rate of air passing over the
specimen was increased this threshold temperature rose.
Zone III was reached when the temperature had increased

to such a level that not only was the rate of_chemical

23.




reaction much faster than the diffusion of reactant
§pecieé within the pores, but also faster than diffusion
of reactant species across the boundary layer to the
external surface of the graphite. In these latter two
zones the measured activation is much lower than the true
chemical activation energy for reaction. The conditions
under which reaction changes from chemically controlled
to diffusion controlled has been shown mathematically by
Thiele (1939) and the implications of this, together with
experimental verifications, are reviewed by Walker et.al.
(1959) and Lowry (1963). |

This classification of reaction conditions explained
many of the anomalous values of activation energies
pbtained previously, but several were still outstanding,
notably those of Blyholder and Eyring (1957) and Meyer
(1938). Their results, however, were obtained using very
low oxygen pressures, which would appear to favour a more
complex reaction mechanism (Walker et. al.1959). Org (1964)
" showed theoretically that the activation energy depends
" upon pressure as well as temperature and the zero order
reaction observed by Blyholdef and Eyring supports this
theory.

The values for activation energy have been determined
by measuring the loss of carbon from the graphite either
by analysis of the effluent gas, or by weight loss of the

sample. The accepted value now for the activation energy
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in the 500 - 800°¢ range by these techniques is
approximately 49 k cal /mole (Heintz and Parker 1966,
Hawtin and Gibson 1968) though abnormal donditions such as
low pressure or gas impurities greatly affect this value.
To determine the activation energy the rate of reaction |
at various temperatures must be measured to fulfil the
conditions of the Arrhenius equation. The rates of
reaction have been found to change during the course of
reaction by alteration of various parameters because the
topography of the graphite is changed by the reaction.

The major change is the increase in number of access-
ible pores as oxidation proceeds. The increase in surface
area caused by less than 10% burn-off of carbon is a
factor of 8-10 in some cases, (Walker et. al.1959), and in
all cases a significant increase in surface area 1is found
(Long and Magnier 1962,»1964). This increased surface area

does not necessarily result in a proportionate increase in

reactivity but reliable rates on bulk graphites cannot be

measured until equilibrium reaction has been established.
In zone I the order of reaction has been found to be
between zero and 1 with a large number of values being
reported (Armington 1960, Blyholder and Eyring 1957,
Thomas 1965, Hennig 1962), but the order is obviously as
susceptible to experimental conditions as the activation
energy, being dependent upon the type of surface oxide

formed under a particular environment.
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2. Surface Species on Graphite.

The work of Smith (1863), Baker (1887), and Lebeau
and Picon (1924) showed that graphite readily adsorbed
foreign molecules, with hydrogen and oxygen being the
princ¢ipal precursors of the adsorbed species. Sihvonen
(1932) postulated various carbon-oxygen adsorbed compounds
but there was considerable controversy as to whether
adsorbed species were stable on the surface or only
present as a transition state during reaction (Riley 1937).
Graphite exhibits the whole spectrum of gas adsorption
with heats of adsorption varying between 1 and 100 k cal/
mole, and these can be divided into two classes:-

1. Adsorption with an enthalpy of less than
10 k cal /mole
2. Covalent bonded surface compounds with
enthalpies up £o 100 k cal /mole
Adsorption in the first class is reversible and comes into
the category of physical adsorption (Donnet 1968), except
that physisorption is normally regarded as non specific,
but Morrison ahd Lander (1966) have shown that ordered
monolayer structures are obtained when certain gases are
contaced with graphite under physisorption conditions.
Such gases as symmetrical tribromo benzene, ferric
chloride énd zinc iodide showed this ordering which was
reminiscent of an epitaxial film. These particular gases

were chosen to suit the experimental conditions for low

\
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energy electron diffraction, but it would not be unlikely
for a similar effect to occur with simpler gas molecules.
Furthermore the restriction of physisorption to non
specific adsorption may ﬁot be valid, bﬁt until recently
experimental methdds have not been avaiiable to detectbany
ordering .of the adsorbed mclecules,

The'second class;of adsorption is often described aé
chemisorption and involves the formation of covalent bonds
between specific surface atoms and atoms of the adsorbate.
In general only monolayer coverage is produced, though
polymeric surface species are not unknown, and the nature
of the monolayer is dependent solely upon the chemical
propertices of the atoms involved in its formation. Thus a
carbon atom in a particular environment on the surface may
form a different compound to one elsewhere, and therefore
several types of surface compound may be involved in the
course of a reaction. By chemical analysis several types of
functional group have been found to be present on a |
graphite surface exposed to oxygen. These include carboxyl
groups (Boehm 1966), quinonoid oxygen (Donnet and Henrich
1960), carbonyl groups (Boehm, Diehl and Heck 1964) and
lactones (Rivin 1963). Infra red and low energy electron
diffraction studies have confirmed these results, but no
general distribution can be deduced (Boehm Diehl and Heck
1964), the quantity and nature of surface oxide being

dependent upon the past history of that particular graphite
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Boehm’(1968) has shown recently that the formation of
surface oxides is dependent upon the source of oxXygen,
with acidic surface oxides being formed aftér treatnent
with nitric oxides and ozone, and basic surface oxides
being formed after tfeatment with oxygen. The formation
of surface oxide was catalysed by protons,

These oxides and other surface compounds are often
unique to carbon atoms in a particular environment. NH

3
does not chemisorb onto the same sites as -CH and the

R
(0002) plane is believed to be free of chemisorbed oxygen
(Laine, Vastola and Walker 1963, Hennig 1962), furthermore
atonic oxygén does not attack the same sites‘as molecular
oxygen (Hennig, Dienes, Kosiba 1958): the atomic oxygen
attacking the cleavage surface normal to the ¢ axis, and
molecular oxygen attacking the pfismatic planes. Hennig
postulates three possible surface oxide configurations
(Fig.7) for the oxidation of natural graphite by mole-
cular oxygen below_700°C after degassing the_material at
900°C. The configuration C. he assumes does not form to
any extent since the majority of his results reveal only
attack on {1120} edge atoms - ie. parallel to the C-C
bonds. Of the three configurations Hennig favours B since
removal of this oxide by degassing wogld leave reactive
carbon atoms expcsed on the surface, and it has been foundf
(Bonnetain Duval and Letart 1959) that this excess

temporary reactivity does occur when a carbon surface 1S
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exposed to oxygen after degassing. There is some evidence
though (Zarifyanz et al 1967) that oxide B is unstable
even at room temperature and thus this cdnfiguration
should be regarded as an approximation rather than as a

molecular structure. Water vapour appears to behave in a

similar manner to molecular oxygen, there being very little

adsorption on the basal plane (Montet 1961). Heating the

graphite in vacuum does not remove the adsorbed water layer|

quickly, but after 35 minutes heating at 600°C only 83.3%

of the adsorbed water layer had been removed whilst there

was still a little water remaining at 1200°%¢ (Hennig 1962).;

These experiments were performed using tritiated water and
it is of course the tritium that is being monitored and
not the water molecules.

This reluctance of graphite to release adsorbed
species leads to question of impurity removal. Lang (1961)
has shown that even hecating the graphite to 3500°C does
not remove completely all impurities and thus all reports
on graphite reactivity must bear some measure'of doubt.
until the exact role of impurities in oxidation and

surface oxide formation is elucidated.
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Fig. 7.

Surface oxide configurations postulated by Hennig.
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3. Anisotropy of Reaction,.

Structurally graphite is a highly anisotropic
material, behaving in one direction as a covalent solid
with a high resonance.enérgy, and in the other direction
asva Weakly bound, porous layer solid, Therefore it is»not
surprising that graphite should also be anisotropic with
regard to its chemical reactivity. Initial experiments -
were performed using natural graphite crystals which were
large enough to be studied individually under the optical
microséope. Greer and Topley (1932) observed hexagonal
holes produced by treating natural Ceylon graphite with
oxygen at 1 torr at 900°%c. They éuggested that these holes
were initiated by trace amounts of iron that were present
in their graphite. In the same year Meyer (1932) reported
a similar effect when oxidising graphite at 1200°C but
concluded that there was preferential oxidation on the
basal plane. The mechanism he suggested was that oxygen
penetrated between the lattice layers and then formed a
reactive entity. In 1935 Boersch and Meyef published
electron diffraction data which showed that there was
expansion of the lattice in the ¢ direction when graphite
was exposed to oxygen between 700°C and 950°C. Riley (1937)
agreed with Meyer about the penetration of oxygen and
suggested a graphitic oxide type structure formation,
however, more recent studies (Walker, McKinstry and

Wright 1953) have shown that the expansion of the graphite
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latticg is independent of the atmosphere present up to
1118°C and the penetrafion theory is not widely supported
at the present time,

Following the original work of Greer and Topley and
Meyef, Bakh and Levitin (1934) found that purified Ceylon
graphite produced round holes in the basal plane on con-
bustion in air ;r carbon dioxide, whilst unpurified
material gave hexagonal holes. At this time the sensitivity
of graphite to small amounts of impurities was not fully
appreciated, but nevertheless, these strong indications
that the reactivity of graphite may be governed by
crystalline orientation, were not appreciated until Hennig
published the results of his studies in 1956 and 1959.
Hennig's original studies utilised the optical microscope
for studies of natural graphite crystals at various stages
of oxidation. IHe found that the profile of a crystal edge
after oxidation was dependent upon the crystalline
orientation of that particular edge, and that basal plane
pitting appeared to take place only when some.catalytic
impurity was present. In natural graphite a particular
feature is the well developed twin lines that are parallel
to the {1150} planes, From the twin lines he was able to
determine the orientation of the pits that were formed in
the graphite during oxidation (Fig. 8). He found from his
studies that below 900°%¢C the edges of his pits were

perpendicular to the twin lines and concluded that the
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{}OTO}planes were most stable to oxidation., There is,
however, some doubt about these results, which was shared
by Hennig, since he describes these conciusions as in-
complete and emphasises the need for further studies. In
contrast the anisotropy between the prismatic and basal
plane is quite conclusive., Hennig (1961) finds a value
for the ratio of the rates of oxidation along and perpen-
dicular to the basal plane (Ra/c) of 20 below 800°C, and
later Hennig (1962) states that Ra/o is at least 100 at
800°C. Horton (1961) obtained values for Ra/c from 1.51
at 614°C to 7.45 ot 143200, but in this case bulk graphite
in the form of a disc was used and it was assumed that the
circular faces of the disc were basal planes -~ which was
reasonable since the disc was cleaved - and the edges
would be composed of a mixture of prismatic and basal
planes. Thus this ratio has no absolute significance but
it shows a variation with temperature which agrees with
Hennig, though the change is less dramatic, The comparison
between these two wofker's results shows thatrextra-
polation from a single crystal to bulk graphite, is a very
doubtful exercise, and agreement between the two matsrials
is an exception rather than the rule,

Hennig's studies involved both optical and electron
microscopy, but in both cases the crystal was allowed to
react only once, viewed in the microscope, and then dis-

carded, so that rates of reaction were computed from a




Fig. 8.
Orientation of etch pits with respect to twin lines

(heavy black lines in diagram)
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.arge number of different crystals. This profusion of
data undoubtedly explains his difficulty in assigning
specific values to Ra/c measurements., Further studies on
natural graphite crystals were made by Thomas and Hughes
{1962&,1962b,1963,19640,1964b) utilising optical
iieroscopy, and this work is reviewed by Thomas (1963).
.n this case the orienfation of etch pits in crystals of
~atural graphite was determined by establishing the

- 1ignment of the etch pit in respect of the twin lines in
. manner similar to Hennig, and it was established that
?a/c had a value of 26 at 800°C whilst oxidation proceeded
v.est favourably on the {1010} planes, Whilst it is clear
hat the Ra/c anisotropy is well established, the
”ariatioh between rates of reaction on other crystal planes
38 far less clear, The results of studies upon anisotropy
for non-catalysed reactions are summarized in Table 1I.
This work was all performed on high quality natural
sraphite crystals. The Ticonderoga graphite used by the
12jority of these workers has a large crystal.size, and
aence edge attack is usually only manifest in pits or
similar breaks in the crystal. Thus when a pit grows
laterally by edge attack the planes bordering the pit will
ye those most resistant to attack, whilst the regression
»f a straight edge will have exposed the most reactive
\lanes. Therefore it is consistent that Thomas (1962b)

.hould observe pits parallel to the twin lines with edges
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Type of
study

Optical
Microscopy

Optical
Microscopy

Optical
Microscopy

Optical
Microscopy

Optical
Microscopy

Optical
Microscopy

Optical
Microscopy

Optical
Microscopy

Optical
Microscopy

Optical
Microscopy

Table I

Oxidising Temperature Catalyst Result
0
agent C
002 Not stated None. Round etch pits
Present
COz/HCI LI but not Hexagonal pits
identified
CO2 " " None Pits perpendicular to twin
lines
002/012 " " None Pits parallel to twin lines
CO2 800-900 None No effect
Air Not stated None No pitting observed
Oxygen 900 None " " "
1 torr
Oxygen 760-830 None Pits parallel to twin lines
10 torr surface steps {1010}
Oxygen 900 None Pits perpendicular to twin
10 torr lines also dodecagnal pits
Oxygen 550 None Pits perpendicular to twin
100-200 psi lines
Oxygen 550 None Pits parallel to twin lines
200-800 psi
Oxygen 830 None Pits-energy of activation(Ea)

10-100 torr

36.

for parallel pits 62i+2kcals
ia perpendicular pits =
66 + Skcals

Reference

Bakh &
Levitin
1934

Hennig

Thomas

Hennig

Thomas

Thomas

1956

1962a

1956

1962b

1963

Patel and
Bahl 1965

Patel and
Bahl 1965

Thomas
1964a



Table I cont,.

37.

Equal rates of reaction on
both prismatic planes

Preferential attack on basal
plane

Similar rates parallel and
perpendicular to basal plane

{1010} surface steps

Pits with edges parallel to
{1010} planes

- Type of Oxidising Temperature Catalyst Result
study agent °c

Electron Atomic 200 None
Microscopy Oxygen

Electron Atomic Not stated None
Microscopy Oxygen

Electron Atomic 200 None
Microscopy Oxygen

Electron Wet 550-640 None
Microscopy Oxygen

Electron Air 600 None
Microscopy

Reference

Thomas
19640

Hennig 1959

Marsh, O'Hair
and Reed 1965

Hennig 1961

Sella and
Trillat 1963



of {113@ planes whilst the surface steps assume a

'{10?0} character. lennig's results differ from those of
Thomas particularly in his definition of the most reactive
plane as stated previously, but the variety of data shows
that the reactivity difference between the two prismatic
planes is very small for this type of graphite and only a
slighf change in conditions 1is necessary to change the
character of oxidation. Therefore it is quite possible
that graphite from different sources could have different
relative rates of oxidation between the two prismatic
planes, though it is unlikely that such a variation could
be obtained fhat would cause the basal plane‘to become the
most reactive to meclecular oxygen.

More recent studies by Long, Gilles, Magnier and Mainec
(1966) and Myers and Gordon (1968) suggest that water is
necessary for the formation of hexagonal pits but since
stringent precautious had,been taken by the previous
workers mentioned above, to exclude water from their
apparatus, the evidence is not fully conclusive. Never-
theless there is little doubt that the presence of traces

of water severely affect the kinetics of oxidation,
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4, Microscopic Studies of Graphite Oxidation.

The description of the crystallographic
characteristics of oxidation have been related in the
previous section, but there is éxtensive evidence about
other features of the oxidation that deserves a separate
‘title., In 1951 Mitsuishi, Nagasaki and Uyeda observed
in the electron microscope moire patterns on thin sheeﬁs
of graphite, and more extensive studies on.these electron
optical interference patterns were carried out by Dawson
and Follett (1959) in an attempt to reveal the dislocation
content of the graphite, and later work by them (1960)
describes the oxidation of graphite: The majority of the
oxidation took place along the edges of each crystallite.
The graphite was of very small crystallite size, being a
nuclear grade synthetic material, and the boundaries in
the mosaic structure were etched rapidly by air at 50000.
In a few instances pits formed in the centre of the
crystallites but there was no evidence that the terminating
half iine in the moire/pattern revealed a defect that was
conducive to oxidation, Williamson and Baker (1960) con-
cluded that the terminating half line in the moire/pattern
was an electron optical artefact and not representative
of a dislocation., They also concluded that only basal
dislocations form in graphite, which is now not believed
to be the case, and therefore some doubt remains, Never-

theless it would appear unlikely that the terminating
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moireﬁyine represents an emergent dislocation in all
cases, and it certainly does not represent a perfecct edge
dislocation as may be thought at first sight. It does,
however, represent some discontinuity in the crystal the
nature of which is unéertain at the present tine.

| Non-basal dislocations have only been revealed by
addition of foreign maferials to the graphite such as the
decoration techniques of Hennig (1965), and this precluded
their study as sites of reactivity because of catalytic
side effects., Apart from the etch decoration by Hennig
(1965), the oxidation of graphite by oxygen or air is
revealed as taking place at grain boundaries or pores in
the graphite matrix. Pits are occasionally formed but it
is not clear whether this is due to catalysis by foreign
material or by emergent dislocations or vacancies, Feates
(1968) has shown that once a pit is started then it will
develop in either a hexagonal or triangular manner
according to the exposure of free valencies at the
periphery of the pit. It does appear that good hexagonal
pits are more common in natural graphites than synthetic
graphites, and thus the nature of the pit is probably
a function of the crystalline perfection,

At the edges of crystallites the eroded edge is

generally perpendicular when oxidation is carried-out in
air or oxygen, but traces of halogens cause the face to

become rounded (Hennig 1957). Oxidation occurring at
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vacancies on the basal surface of the crystal has been
carried out using 02/012 mixtures and subsequent
decoration by gold has shown that only single atomic layers
are involved and oxidation is quite rapid. (Hennig 1966,
Bahl, Thomas and Evans 1967). Oxidation and subsequent
decoration using other oxidising gases has been carried
out (Feates 1968) and it is significant that usually
round holes are formed, whereas in other oxidations men-
tioned previously, hexagonal holes are formed. This may
indicate that round holes are produced by vacancies and
angular holes by catalytic oxidation, but reliable

evidence is not available to support this idea at present.
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Catalytic Oxidation of Graphite.

1. Studies cn Bulk Graphite,.

In general it has been found that mést metals are
catalysts for the oxidation of graphite whilst known
inhibitors are either non-metals or non-petitliic in
character. Parkér in collaboration with Rakszawski (1964)
and Heintz (1966) has investigated both catalysts and
inhibitors, determining their effect upon reaction rates
and activation energies. For groups III - VIA elements and
oxides they found that the kinetic order of the inhibited
reaction was the same as that of the uninhibited reaction
~ ie. first order - and at 700-800°C with 1 atmosphere
air pressure the degrees of inhibition or catalysis vary
widely. For Si and 3102 inhibition appears to occur by the
formation of a protective coating, whilst for other
additives the mechanism is probably the removal of free
electrons from reactive sites. The inhibitors have very
little effect on activétion energy, and the catalysts
decrease the activation energy. The later paper by Heintz
and Parker is concerned with the effect of transition
metals and inner transition oxides in the temperatﬁre
range 600-700°C. With the exception of Fe, Ni and Ta all
the metéls had a positive catalytic effect at GOOOC, and
with the exception of Ta, alliwere catalysts at 700°C.

‘A significant feature was that the activétion energies

were often much higher for the catalytic reaction than
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for the pure graphite. For example the measured
activation energy of the pure graphite was 48 k qal /
mole - in reasonable agreement with other workers -
whilst that for the Pd cétalysed reaction was 124.5 k
cal/mole, but the catalysed reaction rate was higher by
a factor of 5.5 at 700°C. This effect was also marked in
Au and Pt. Conversely for -Ag the activation energy
dropped to 11.3 and it inhibited the reaction rate by 14%.
Therefore the variatioh in pre-exponential terms in the
Arrhenius equation is considerable and this is the most
noticeable feature of catalysis by metallic impurities.
The results from the graphite-air/oxygen reactions
cannot be generalised to other oxidising gases. Gallagher
and Harker (1964) found cobalt compounds to be excellent
catalysts in the presence of oxygen, but indifferent
catalysts in the presence of 002.
From these various results it is clear that
catalysis takes place by a variety of mechanisms and no
single hypothesis to explain their actions is-valid.
Long and Sykes (1952) postulated an electronic mechanism
in which the carbon bond is weakened by electron transfer
to the impurity atom, and this explains many results -
particularly those of Rakszawski and Parker (1964), but
the behaviour of Pd and some of.the other noble metals
obviously does not fall into this category and Hennig

(1962) has described how an intermediate metal - oxygen-
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carbon bridge structure would explain the catalytic
activity of nokle metal particles.

2, Microscopic Observations,

A major probhlem is to distinguish catalytic oxidation

from non catalytic oxidation, and it is probable that pit

formation is a feature of catalytic oxidation; in pure
graphite no pits are formed. Not all impurities in the

graphite, however, cause pitting since channelling or

even protection of the graphite surface occurs with various

catalysts. Thbmas (1965) has described the effect of Fe,
Ni, Co, Mn, Ta, Ti, Ag, Mo and B on the oxidation of
natural grapﬁite, whilst Hennig has used Au, Fe, Ni; Py,
Al and V, Their results are summarised in Table II.
Kanter and Hennig (1959) suggest that pitting is not a
normal mode of attack by catalysts but can only occur at
lattice vacancies, the particular catalyst used in this
case being iron. Roscoe (1967) has shown that lattice
imperfections are associated with the formationm of etch
pits, but it is also true that impurities will concen-
trate at lattice defects as shown by>the phenomenon of
decoration both internally and on the crystal surface
(Bethge 1964, Levinstein and Capio 1967), therafore it is
likely that both the impurity and the defect contribute
to the energy necessary for pit formation at that
particular point.

Previously two theories of catalytic mechanism were

mentioned, one involving an electronic rearrangement of

t
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the carbon and the othe; the formation of an inter-
médiate compound. The evidence for either is not con-
clusive for all catalytic effects, but a‘further factor
to be considered is that separate phases and eutectic
mixtures can also be formed between the catalyst and
support (Raub and Falkenburg 1964) which may well
influence the immediate environment and structure of the

catalytic impurity.
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Table II

Gas Temperature Catalyst Result Reference

0

’c
02 900 Au Channels in (1210) directions Hennig 1959

Ag Channels in (1010 directions
02 500 Fe Curved channels
Wet 0, 550-650 Au (2110) channels Hennig 1962
pry 0, 550-650 Au (1010) channels. Also
"

serration of edges.

Wet O 550-650 Fe or Au Pits perpendicular to twin lines
Fe has similar activity to Au "

Dry O 550-650 Fe or Au Pits formed as above Fe more
active than Au "

Wet O 550-650 Ni,Pt,Ag,Al,V, Of similar activity to Fe and Au
when V 'wets' surface then it has
much higher activity. Catalysis
occurs in vicinity of particle. "

02/He 650 Fe Pits parallel to twin lines Hennig 1957
0, 720 Mn {1120} channels formed preferen-
tially to OOTQ}_channels
(ie. 11200)> Qoioy ) Thomas 1965
720 Ag Channels (11200 =(1010)
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Gas

Wet O

Dry O

4

02(at 2x10” “torr)

Air

Atomic O

Table II cont

Temperature Catalyst Result
°c
720 Mo0O, is react—- Varied channels
ive” species
720 B(B,0, is re- (1010}) (120) channels

720

720

720

720

720

900~-1200

530

200

active species)

B(B203 is re- <11§O>><10T0> channels

active species)

Fe Pitting (hexagonal pits)

Fe203 or Fe304 No activity

Ni Pitting - angular

Co | Channelling

Ti Cylindrical pits

Pt {1120) channels,some pitting
Fe(OH)goolloid No catalytic attack

Fe surface attack inhibited by Fe

producing hillocks around
particle with {1010} faces
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Decoration
When a crystal is covered by a thin evaporatead

lgyer of gold and heated to 100°C the metal atoms
coalesce to small nuclei which preferentially arrange
themselves along the discontinuities on the crystal
surface, such as surface steps (Bassett 1958 Bethge 1964),
This phenomenon was initially investigated on rock salt
crystals using Au,Ag,Pt and Pd metals as decoraﬁion and
it was concluded that the metal particles stopped at
monatomic and higher steps on the crystal surface
(Bassett 1960, Sella, Conjeaud, and Trillat 1959, Hucher
and Oberlin 1961). In 1963 Sears and Hudson proposed that
the metal moved on a layer of adsorbed gas, the crystals
studied being graphite and molybdenite with silver as a
decorating agent. Their suggestion was that the movement
was of a Brownian nature and the cessation of movement
represented the‘formationAof a true crystallite -
substrate contact or interface. The silver particles had
a crystalline character even when mobile, since they
displayed moire” patterns and were 20-1008 in diameter.
This theory of particle movement was shown to be incom-
plete by Thomas and Walker 1964 who showed that mobility
was influenced by the atmosphere surrounding the crystal,
and chemisorbed layers could not be involved since
graphite does not exhibit chemisorption appreciably on
its basal plane., At present the'explanation of the
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particle movement remains an enigma but two more recent
investigations have shown that the problem is more cou-
plex than envisaged by Sears and Hudson in the first
instance. The first was by Sumner (1966) who decorated
rock salt with platinum and observed the usual result oI
isolated particles 200-3008 apart distributed at surface
imperfections. However on dissolving away the rock salt
it was found that a coherent film was obtained indicating
that the platinum particles were islands on a continuous
structureless film, that had evenly covered the rock salt
surface. Strenuous efforts were made to ensure that this
film did not consist of hydrocarbons, but the film was
obtained even in an ion-pumped system, and no film was
obtained without the evaporated platinum present, This
work agrees with the proposal by Nifontoff (1954) that
conduction in thin granﬁlar films is via a thin semi-
conducting layer of metal containing oxygen and other
impurity atoms, A phenomenon of this nature would explain
the effect on metal of mobility of different gases shown
by Thomas and Walker. The other recent work referred to
was that of Leviston and Capio (1967) who were able to
decorate LiNbO3 and Li Ta O3 internally with platinum at
600°C with an applied D.C. field of 250-1000 v/cm. The
metal diffused into the crystal and collected at dis-
location sites. The mechanism was obviously not movenment

on an adsorbed layer, but since the conditions are
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differenf, from normal decoraticn then possibly an
aﬁology is not possible, The deceration of surface steps
on the crystals was clear from the initiai work of
Bassett but whether the sfeps are monatomic was still in
doubt even after Bethge had shown the decoration of
evaporation spirals in rock salt, Bahl, Evans and Thonas
(1967) resolved the problem beyond doubt by studying the
decoration of molybdenite where the alternative layers
of molybdenum atoms are at 60° to each other, Successive
etching and decoration of molybdenite surfaces showxd that
at vacancies, pits were decorated whose sides were aligned
at 600,‘therefore illuminating the layer planes 6.153
apart.

In addition to the decoration of surface steps
Hennig (1964) extended the technique to include dislocations
and point defects. Particles of gold aggregated at
apparently perfect regions of the crystal surface and the
concentration of aggregates was the same order of
magnitude as the defect concentration, At higher
temperatures the decoration count decreased, and after
irradiation it increased, again in a manner typical of
defects, Surface impurities such as adsorbed water or
acetone also affected the decoration, in some cases
preventing decoration completely, and various reactive
gases produced patterns unique to that particular gas.

Adamson used silver decoration fto estimate the defect
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concentration of natural and synthetic graphites
obtaining values of 0.95 x 10" particles/cmz and

1:68 x 1ot partioles/cm2 respectively, but he stressed
that these cannot be taken'as absolute figures since the
" quantity of silver evaporated, and other factors could
influence the values. Hence decoration counté should be
regarded as relative measures of defect concentration
rather than absolute values.

Etch decoration.

This particular technique was pioneered by Hennig
(1964) and involved the etching of vacancies on a crystal
and subsequently decorating the monatomic edges to the pit
thus formed, usually with gold. Extensive work using this
technique has been doné by Hennig 1964,1965a,1965b, Montet
and Myers 1968, Myers and Gordon 1968, Feates 1968, but

‘in general it has been applied only to high quality
natural crystals since more defective synthetic graphites
would render interpretation difficult. Measurement of pit
expansion has given some kinetic values of thé reactivity
of edge atoms compared to basal plane and this technique
has proved particularly useful for radiolytic reactions
where vacancy production is a property of high eﬁergy

radiation,
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OBJECT . 0P PRESENT STUDY

The work of Thomas and Hennig had shown a definite
chemical anisotropy in large natural graphite crystals,
but it was not possibie to study the synthetic or |
microcrystalline graphites by their methods. The value
inherent in a study of synthetic graphites is that they
are of considerable commercial importance, and are also
rebroduceable in character and impurity content, making
results cbtained with them of much wider interest.
However the vast amount of study on graphite that has
preceded this present work meant that there was available
a reasonable knowledge of how graphite should behave when
oxidised with air inside the electron microscope, and yet
there was an opportunity to elucidate finer points of the
behaviour, and possibly gain a greater understanding of
the chemnical reaétions taking place at the graphite
surface.

Therefore subsequent to the experimental.problem of
designing a suitable apparatus in which the reactions
could be conducted, three further problems could be
"defined:-~ |
1. To correlate types of reaction observed inside the

electron microscope, with those observed by other
methods.

2. To follow a kinetic study inside the electron



microscopce, to obtain details of anistropy of
reaétion, not only between the basal plane and
prismatic planes, but also between individual pris-
natic planes,

3. To correlate features of thebgraphite structure with
varying degrees of chemical‘reaotivity.

In view of the close affinity this work has with

catalytic reactions, the behaviour of palladium as an

oxidation catalyst for graphite was also studied. This

-work was in parallel with that being done also at this

university on the behaviour of palladium supported on

graphite as a catalyst for the hydrogenation of olefins

(Brownlee, Fryer and Webb 1969).
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EXPERIMENTAL

Materials
1. Graphite

Two types of graphite were studied, one a poly-
crystalline synthefic graphite that had been made to the
British Nuclear grade A specification (P.G.A.) and the
other a spectroscopically pure natural graphite (S.P.1.)
The latter is a purified graphite from Ceylon or
Madagascar and has a greater crystallite size and is of
lower defect content than the synthetic graphite. The
iﬁpurity cbntents of the two graphites are shown in Table
111 (Labaton 1965). The S.P.l. graphite is of lower
overall impurity content, whereas the nuclear graphite is
only of comparable purity in elements of high neutron
capture cross-section. However the S.P.1l. graphite
resembles the synthetic.graphite nuch more closely than it
did the natural graphites‘used by ‘Thomas and Hennig in
their studies, its crystallite size being of the same
order of magnitude as that of the nuclear grabhite.

2. Reactant gas

Atmospheric air was used throughout as an oxidising
agent and was purified by being passed slowly through a
liquid-nitrogen cooled trap, and collected in a 5 litre
bulb.

3. Metals

The silver used for decoration was in the form of



e

Fig. 9.

- Gas purifibation equipmentQ
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Typical Analysis for Impurity (p.p.m.)

Ash
Aluninium
barluﬁ
Beryllium
Bismuth
Boron
Calcium-
.Chromium
Cobalt
Copper
Iron

Lead
Lithium
Magnésium
Manganese
Nickel
Phosphorus
Silicon
Sodium
Tungsten .
Vanadium
Zinc

Others

S.P.I. Maxinum

.015
.015
.015
.06
.02
.15
.015
.015
.04
.05
.025
.005
.025
.015

.025
.15

.08
.02
.08

- .045

P.G.A.Range
.005 - ,025
.25 - 2.5
.3 - 15
.02 - .03
.06 -~ .15
.03 - .16
7 - 60
I RS ¢
.01 - .03
.01l - .5
2 - 16
.04 - 2.5
.04 - .15

.03 - 1.5
.01 - .06
.03+ - 8

S
15 - 60

1 - 2
.08 - 2

.4 - 30
.08 - .2
.1 - 1.64



99.9% pure wire. The palladiun was also as wire and
obtained from Johnscn Matthey the quoted purity being
99.99%

Specimen Preparation.

1. Specinen support films.

For the kinetic studies that required the supports to
be inert.and stable up to.QOOOC the most suitable were
found to be seven holed platinum-iridium mounts covered
by silicon monoxide/dioxide films., Thin formvar plastic
films were first put on the mount by drying an ethylene
dichloride solution of formvar on to a glass slide and the
resultant film was then floated off on water. Tne mounts
were raised underneath the film so that the film was
removed from the water surface, and dried on the mounts.

A silicon monoxide/dioxide mixture was then evaporated on
to the formvar by the method of Heidenreich and Peck
(1943). The powdered mixture of silicon oxides was placed
in a molybdenum boat and evaporated under a vacuum of
10-5t0rr using a 10v 60amp transformer, The formvar was
then removed by heating tova dull red heat in a silica
crucible,

One difficulty with the kinetic studies was that the
therﬁal cycling necessary for degassing, and then
reaction, resulted in rupture of the films at some poinﬁ
during the course of the experiment. It was found that if

the formvar was not removed by the conventional method
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described, but left on the mount, then it.was completely
‘removed during the degassing period. This meant that in
the initial stages of heating the film was separated from
the platinum-iridium wount by the formvar layer, and thus
was not subjéct to thé mechanical stresses caused by
thermal expansion of the mount. Once the temperature had
risen about 200-300°C ail,the formvar had disappeared but
the film was less inclined to rupture above these
temperatures, and this method of formvar removal was used
in the majority of experiments. Prior to this only about
10% of the experiments could be concluded because of
rupture of the support film, |

For high resolution studies perforated carbon films
on platinum-iridium mounts were used since the structure
of carbon films is finer than that of silica (ie. silicon
monoxide/dioxide) films. These were prepared by floating
off wet formvar films (ie, they were sprayed with water
from an atomizer before the efhylene dichloride had all
evaporated) and then evaporating carbon by the method of
Bradley (1954). Holes weré obtained of sizes ranging froh
100-50008 in diameter, over which graphite flakes could
be supported. .
2. Graphite

The purified natural graphite S.P.1l. was obtained
as a powder and by placing a small amount in a test tube

with distilled water and repeatedly centrifuging and
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yithdrawing the supernatent liquid, a clean sample was
6btained.‘This material was suspended in distilled water
and subjected to ultrasonic disintegration (80kc/sec)

for 30 seconds, the suSpénsion was then allowed to stand
to allow the large particles to settle. A drop of the fine
éupernatant suspension‘was put on to a mounted support
film and dried in an oven at 50°C. The specimen was then
ready for experimental treatment.

The nuclear grade graphite was in block form and
thus powder was pared off the block with a razor.bladé to
be disintegrated and mounted in the same way as the S.P.1.

Some doubts have been cast upon the ultrasonic
preparation of graphite (K.Carr 1965) and therefore
several graphite samples were decorated after being sub-
jected to ultrasonic disintegration for varying lengths
of time, as well as being prepared by dusting the dry
graphite on to a support film, From the information
obtained it appeared that a 30 second period of dis-
integration in water would not give rise to any abnormél
effects in the graphite, and thus this procedure was
followed throughout.'

3. Decoration.

A known weight of silver was evaporated from a clean
tungsten filament which was a known distance above the
specimens to be decorated. This operation was carried

under a vacuum of better than 10"% torr in an Edwards



12 E6 coating unit. Assuming that the bead of silver on
the tungsten film can 56 regarded as a point source -
which is reasonable provided the specimehs are more than
10cm from the bead - then a spherical distribution of
evaporated metal from the bead can also be assumed. Thus
an expression for the thicknéss of metal on the specimen

can be derived:-

t = mXx 108 5
4 ., v . 1r. d
where t is thickness of metal deposited (R)
r is distance of sgecimen from source (cm)

d is density (g/cm”)

Since the film is of granular structure this is only
an approximation, but normally the amount of silver
employed was such as tp give a 508 film by this formula.
Whilst still under vacuum in the coating unit the
specimens were then heated to 300-320°C to cause the metal
to become mobile and migrate over the graphite and
decorate the surface. Belbw 290°C decoration did not occur
and above 350°C the metal nucleated into larger drops.

The time of heating was approximately 2 min agd the
procedure was carried out on a carbon rod with an embedded
platinum/rhodium thermocouple.

Initially experiments were carried out as described
above, but the decoration counts - ie. ratio of particles
on graphite to those on background support film - were

not reproducible. This scatter in data was eliminated by

Preheating the graphite to $00°C in a vacuum of 1of5torr,
63.



immediately prior to decoration. This tewperature had
been found sufficient to remove the méjority of impurities
from the graphite surface (Montet 1962)..Much better data
was then obtained.‘

4. Shadowing.

This technique highlights the three diménéional
structure of the specimen. Several unreacted specimens
were shadowed to show the angular configuration of some of
the layer planes and also some specimens after reaction.
Not all the specimens after reaction were shadowed success-
fully, because thé filus - already weak after the thermal
cycling they had undergone - ruptured so that the Specimen3
was lost,

The technique was basically as follows, A metal was
evaporated from a tungsten filament on to a specimen
inclined at an angle t& the line between the source and
the specimen, so that metal fell on the specimen obliquely,
causing a build up of material on one side of an object

and leaving a shadow on the opposite side, Since the

oblique angle is preset, the height of objects can be
calculated from the length of the shadow.

Two materials were used for shadowing, one a nickel-
palladium alloy and the other a platinum-carbon mixture.
The details of shadowing with these particular materials
are described by Bradley in a book edited by Kay (1965.)

' o
The angle generally employed was 15  and the vacuum
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. . - -5
was maintained at better than 5 x 10 “torr. It was found

that finer detail was obtained with the pressure in this
range, rather than 10"4t0rr used for decoration., A layer
of metal approximately 1003 thick was deposited.

In the catalyticvoxidation éxperiments when palladium
was employed, the metallwas evaporated on to the specimen
by a similar téchnique; except that the plane of the
specimen was set normal to the line betwéen the source and
tne specimen and not at an angle to it.

Specimen Treatment

1. Reactions outside the electron microscope.

Although extensive studies have been made employing
these techniques by other workers, it was felt necessary
to perform a few experiments to check that the mode of
reaction observed in the microscope was representative and
not a function of the specimen environment. The apparatus
is shown in Fig.10, and Fig.ll shows details of the
reaction furnace. The vacuum was maintained via a conven-
tional glass high vacuum line with pressures of 5 x 10-'6
torr being usually obtained. The gas was supplied from a
5 litre reservoir that was filled by the gas purification
line shown in Fig. 9. As the gas purification line was
part of this same apparatus, gases could be transferred
with no danger of contamination. Gas pressures above

0.1 torr were measured on a mercury manometer, the mercury

vapour being trapped by the COz/acetone cold trap
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Fig. 10.

Apparatus constructed to study graphite oxidation outside

the electron microscope.
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Fig.1l1.

Enlarged view of furnace used for graphite reaction

studies outside the electron microscope.
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interposed between the wranometer and the vacuum line.
Care ﬁas taken to ensure that gas ﬁovements were slow io
prevent mercury vapour being carried over. The reactant
gas (air) flow was éontrolled by a needle valve which
supplied the gas to the orifice in the reaction chamber,
This chamber was a 1 litre bulb which had been extensively
adapted as shown in the diagram. Because of high
températures the end of the orifice was constructed of
silica glass and the‘gas flowed upwards, through the fur-
nace, after which it wasrpumped away through a cold trap
and rotary pump. Fig.l0., is diagrammatic, but for
removal of the reaction chamber, the waxed-spherical
joints could be released and the chamber taken away.
After viewing specimens in the electron microscope
at the commencement of each experiment, the specimens were
placed in the furnace which had been removed from the
chamber, and the thermocquple position adjusted so that
the junction was adjacent to the speoimens.‘Using the 1bng
thermocouple leads that passed through a B10 cone in the
top of the greased flanged joint, the furnace was lowered
into the chamber where it was held in position by
screwing the steel rods into the threaded brass inserts
" on either side of the furnace. The 3 inch Edwards
couplings on the other ends of the steel rods were then
tightened on "0O" rings to give vacuum seals. The chanmber

was clamped into position and the spheriéal joints waxed
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togethgr, the frec rotation inherent in a spherical
joint ensuring that the apparatus was not under strain.

After pumping qut the chamber the furnace was heated
by passing an alternating current through the nichromne
windings via the steei rods. The current was controlled
by a variable trahsformer. After degassing the specimen
for one hour - generally at 50°C above the reaction
temperature - the gas was admitted via the needle valve.
Both static and flow experiments could be performed in
this apparatus and a temperature of 850°C could be sus-
tained without the glass walls of the chamber exceeding
70°cC.

Whilst this apparatus performed satisfactorily for
the experiments required, the Sindanyo asbestos of which
the furnace was constructed was not an ideal material for
prolonged studies. Asbestos fibres tended to migrate on to
the specimen and for future studies a stainless steel or
platinum liner to the furnace would be more suitable.

This particular design was made to simulate the
conditions within the electron microscope as closely as
possible, Other more conventional furnaces generally have
disadvantages that outweigh the extra complexity involved
in this design.

The majority of the experiments involved reaction of
the graphite at 400-500°C with dry air for 15 min and

then viewing in the electron microscope to observe the
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4m0rph010gy of the oxidation. Replacement of the sample

in the furnace and performing subsequent reactions upon it
were not very successful because of increased contamina-
tion, and high liability of rupture of the support film.

2. Reaction inside the electron microscope — . Gas reaction

The electron microscope was not envisaged as a tool
for chemistry, and even today the microscope is commerci-
ally designed for the metallurgist or biologist. There-
fore it is necessary for the chemist to adapt the electron
micrOSCOpe to his own particular needs, and for this
particular work the laboratory could be regarded as the
specimen chamber of the electron microscope.

Previous workers had introduced gas into the electron
microscope with one of three aims in view.

I. To reduce specimen contaminétion

'II.To observe crystal growth - particularly
for oxides.

III.To observe blolov1cal systems in their
natural state.

Those with the first aim include earlier workers
such as Von Ardenne (1948), Heide (1958) and Pashley and
Presland (1962) the principle employed being to enclose
the specimen in an éxygen or air environment at approx-
imately 10 torr, and this would oxidise any contamination

on the specimen., The atmosphere was generally sealed frou
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the microscope vacuum by thin films placed across
apertures above and beiow the specimen,

This method of enclosing the atmosphere has been
widely employed by workers in the other two fields of
study. Abrams and McBain (1944) waxed two apertures to;
gether, using the enclosed space to support their
specimen, whilst Stoyanova (1959) used collodion films to
enclose the whole specimen chamber., The latter studied the
reaction of silver and hydrogen sulphide in the presence
of oxygen inside the specimen chamber,

This approach had a severe disadvantage in that the
specimen could not be altered far from room temperature,
The reason for this is that plastic films will not with-
stand heat without melting, and the stresses induced in
silica and carbon films lead to their rupture, the films
having to cover a large apérture so that the electron bean
can scan the specimen, Carbon films are also unsuitable
in an oxidising atmosphere because of their reactivity.
Another methdd of treating the problem has been to adnit
gas adjacent to the specimen through a small orifice
whilst pumping through a much larger orifice on the other
side of the specimen which is mounted on a grid heater
(Hashimoto et al 1966). The difficulties with this
technique are that it requires a large specimen chamber
for the various gas and electrical services and it also

requires that the grid heater be chemically inert to both
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the specimen and reuctunt zas, As has been described,
metals are often wmobile at temperatures considerably heloy
their bulk melting points and this specification for the
grid héater has not been fully realised (Feates 1967).
The lérge specimen.chamber has been a feature of Japanese
conmnmercial mioroscbpes, and this has permitted several
?ariations on the window and gas flow technidues des-
cribed (Mo and Hiziva 1958, Hiziya, Hashimoto, WWatanabe,
and Mihama 1958). In the Siemens Elmiskop 1 and 1A
microscopes used in the presént work, the space around
the specimen is very limited and thus a different approach
had to be made, though towards the end of the studies a
large object chanber éttachment did becoize available,
The apparatus to he designed and constructed haﬁ to
fulfil various requirements:-
1.To operate at temperatures up to IOOOOC
2.7To maintain this temperature in the presence of
reactant gas, whilSt viewing was in progress.
3.Not to be a permanent attachment to the electron
microscope so that the microscope could easily be
returned to its usual state for normal use.
4 .Not to cause any damage to the microscope.

First Gas Reaction Stage

Because of difficulties encountered with grid heaters
these were not considered suitable and a furnace of tubular
design was preferred. A furnace of this nature was con-

mercially available from Siemens and it had the added
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advantage that the heating element was shielded from the
reactant gas. Also the platinum parts in contact with the
specimen were sufficiently massive to prevent local heatina
and migration of metal on to the specimen., However this i
furnace could not be'adapted to take a gas supply thrdugh
it, and since it was in a very restricted environment, it
was decided to introduce the gas supply through the objectQ
ive aperture drive which was only 4mm away from the specine
The positions of the furnace and objective aperture drive
are shown in Fig.l1l2 and details of the aperture drive shown
in Fig.13. The gas was admitted through a hole 0.2mm dia-
meter nade ai the end of the aperture drive and then the gq
flowed past the variable objective aperture, up through the
objective pole piece - the 300 p decontanination aperture
having been removed - over the specimen and out through the
specimen chamber vacuum port,

1. Constructional details of apparatus

The reactant gas supply (Fig.14) was from a 5 litre

glass bulb connected to a small mobile high vacuunm

apparatus, This high vacuum attachment was necessary to
‘prevent any unwanted gas entering the bleed line to the
objective aperture drive, and would have permitted a
changing of gas supﬁlies without admission of air had this
been necessary. The vacuum apparatus is of a mixed glass/
metal construction, it being preferred to have most of

the gas puassage through glass tubing since it 1is easier
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'ig, 12,

Position of hollow objective aperture drive in microscope
‘colunn,

A. Electron bean. |

B. Vacuum port.

C. Specimen stage.

D. Heating cartridge.

E. Specimen.

F. Hole for admission of gas.

G. Variable objective aperture.

H. Objective>aperture holder,

I. Objective pole piece.

J.K.Electrical connections for heating cartridge.

L. Standard vacuum union,

M. Pirani gauge for gas' pressure measurement in bleed line.

N. Gas supply.

0. Needle valve fbr flow control.
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Fig, 13.

Hollow objective aperture drive.
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Fig. 14.
Reactant gas supply.
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to degas and any lafge contamination 1is fisible. The
bleed line, howejer, had to be of metal and was of 1/16 in.
I1.D (4in.0.D.) copper tubing with hard soldered unions for
the various connections. The small diameter results in a
very slow evacuation of the tube.at the commencement of
each experiment, and thus the vacuum system of the gas
supply apparatus was used to help evacuate this line which
was heated with a flame to remove adsorbed gases ffom its
walls., As shown in Fig.1l2 this line was connected direct-
ly to the objective aperture drive, but for particular
experiments, drying tubes etc. were inserted between the
line and the drive.

In the aperture drive shown in Fig.1l3 A-B is 1/16 in.
0.D. brass tubing fitted inside larger tubing C-B. A-C
representélthe inner brass tube that had been flattened
and shaped‘to resemble a normal objective aperture drive.
The énd of A was sealed with hard solder and the upper
side pierced near A to give a gas exit hole of 0.2 nn
diameter. C-D is a brass tube 1/16 in.I.D. and externally
it is similar to a normal objective shaft except that the
threaded portion near D is constructed from a standard
drive thread that had been drilled to take the 1/16 in.
0.D. tube, This threaded portion was féstened to the end
of the shaft with epoxy resin adhesive. The movable link
on a standard drive was omitted and the brass tube ex-

tended so that the length A-D is the same as a standard
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drive{ E is a standard sealing gasket held in place by
a circlip, aﬁd F~G the standard Siemens objective aper-
ture drive mechanism. The 1/16 in 0.D. brass tuﬁing was
very liable to fracture if bent, and so for the section
D-H some $in 0.. cobper tubing was slid over the braés
tubing to give added mechanical strengﬁh, and facilitate
the attachment of a 1/16 in. bore Edwards high vacuum
union at I. ‘'Araldite' epoxy resin adhesive was used to
fix the copper tube on to the inner brass one, and the
same adhesive held the locating pins in position at J.
The original pin in the drive was fitted through the shaft
and made of case hardened steel. The two pins replacing it
were made of stainless steel and were screwed into small
tapped recesses in the shaft before fixing with adhesive,
All the vacuum joints were made with hard (silver) solder
and minor adjustments to the length of the shaft were made
by altering the position of the threaded portion in the
drive mechanism.

whilst in position the microscope could be used for
bright field, dark field, and diffraction in the normal way

2. Calibration of apparatus.

a. Gas flow rate.

A vessel of known volume with a capsule dial gauge
(0-760 torr) attached was substituted for the 5 litre gas
reservoir. Initially the vaoﬁum line volume was deter-

mined by expanding a known pressure of gas into it from
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the calibrated vessel, and then the decrease in pressure
during'a fixed lengih of time was determined with the
needle valve at a known setting. For gas reaction
experiments with the microscope operating the determining
value for gas flow depended upon the maximum pressure
that could be tolerated within the whole microscope and
this was 5 x 10—4torr before the high tension automatically
switched off. The variation of flow rate with microscope
pressure was surprisingly small, for with a pressure of
approximately 300 torr of air in the gas reservoir the flow
rate varied between 0.72 - 1.16 ccs (NTP)/min for a
microscope pressure variation of 1-4 x 10_4torr.

The microscope pressure represented the gas that
passed through the apparatus together with any leaks in
the microscope, and was measured above the diffusion punp
of the microscope vacuum system, It is therefore unrep-
resentative of any gas pressure in the vicinity of the
specimen and thus has no significance with respect to the
reaction; experimentally it was a critical parameter for
microscope operation. The pressure of gas in the bleed
line was approximately 300 torr ahd it vented only 4 mnm
away from the specimen. In the vacuum to which it was ad-
mitted the mean free path of air molecules is considerably
greater than 4 mm, and it can be asﬁumed that the specimen
was exposed-to air molecules in a very much greater con-

centration than was the rest of the microscope. Thus the
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Fig., 15.

~Siemens heating cartridge.
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reactank gas pressure was probably between 150 and 300
tdrr in the vicinity of the specimen, but there was no
way of checking this assumption. |

b. Speéimen temperaﬁure.

The furnace supplied by Siemens was calibrated by a
graph of temperature dependence upon power inpht. This
graph was not precise and also it was dependent upon the
furnace being used in normal electron microscope conditions.
In this particular case, the furnace was in a relatively
high gas pressure, the platinum-iridium seven hole mount
was facing down the microscope instead of the reverse way
as the makers intended,'and the hole in the platinum cap
on the end of the furnace (Fig.15) was enlarged to pefmit
bettef gas admittance to the specimen, The most important
‘factor of all is that the thermal effects of the electron
beam can cause temperature rises in the specimen between
zero and 2000°C in certaih'cases,(Hirsch et al 1965) so
the calibration graph supplied by Siemens could not be
regarded as reliable.

The furnace was calibrated by operating it inside
the electron microscope under preset conditions of
electron beam intensity and accélerating voltage, and the
melting point of specific solids determined by observation.
This method has been used previously (Yamaguchi 1956) and
a summary of the methods available for temperature

measurement are shown in Table IV. In fact the calibration
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Fig.16.

Calibration graph of temperature dependence upon power

input to the heating cartridge.
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Specimen

I. Continuous methods
Cu-Constanton

Ag-Pd

Pb

Ni
Pt-Pt.Rh

II. Determination by

transformation points.

(a) Reversible indicators,

AuCu, film

3

Ice

Thin In film
Thin Pb film
Thin Ge film

Paraffin

(b) Irreversible indicators

Pb film
A12 03 film
Sn film

Fe film

PbO Needles
Nacl - crystals
other alkali halides

NaHCO KHCO

3 3

Table IV. Methods for measuring the specimen temperature.

Temp. °C.
600

L

300
700

900

388

156

327

958

70

327
600
232

920

890
700
800

30-60

82a.

Observable change

Thin film thermocouple

n " "

Thermal expansion

" "

Thermocouple

‘Lattice change

Transition to cubic ice

Melting -and solidification

" " "

n " "

Melting before radiation damage

- Dispersion of Pb from melting cone

Transition amorphous crystal
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Fig. 17.

Second gas reaction stage.
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curve obtained was virtually identipal to that made by
Siemens so presuuably the various adverse factors can-
celled each other out. fhe difference was of the order
of 10-15°C at 400°C which is within the range of error
shown by the Siemens graph in Fig.l6.

Second Gas Reaction Stage.

Towards the termination of this study a large object
chawmber became commercially available for the Elmiskop
1A microscope, together with a long focal length, wide
bore objective pole piece., With the extra space available
above and around the specimen, it was now possible to
design and bﬁild a gas reaction stage, which would
operate at higher, and more accurately known, gas
pressures. Several attempts were made and the final model
is shown diagrammatically in Fig.1l7. This was not perfec
and is capable of being improved: it did, however, demon-
strate the viability of the design.

1. Constructional details of design.

The body of the furnace was made of platinum and was
a tube 1 inch long and %} inch diameter, with a recess in
the top to fit a 300 m aperture (F). The other end of the
tube was drilled and tapped for % inch of its length and
into this fitted a threaded platinum tube (D) with a
recess in the top to fit a 2.3mm platinum-iridium

specimen mount, The thread was a coarse B.S.F. so that

welding did not take place between the threads as would
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have occurred if fine metric threads had been used. The
specimen mount was theﬁ face upwards and approximately
7 mm from the top of the objective pole piece. Through
the walls of the platiﬁum tube adjacent to the specimen,
were inserted two tubes of stainless non magnetic steel
(A and B). The inlet gas tube was a fine hypodermic needle
of 1/64 inch 1.D. and the outlet tube was 1/16 inch I.D.
These tubes were welded in place using platinum wire. At
the bottom of the furnace tube a Pt-Pt13%Rh thermocouple
was welded on. This position was chosen to avoid close
proximity of the thermocouple to the furnace windings,
The furnace windings consisted of two 60w 240v an-
nealed electric light bulb tungsten filament., These were
connected in parallel and wound around the furnace in
opposing sense helices. This method of winding gave the
minimum field distortion to the electron beam. Tests with
known masses of stainless steel were made to check the
magnetic effect of the gas tubes, but they too had no
significant effect on the electron beam. The furnace ,
windings were insulated from eaeh_other and the furnace
with 'Tiluma' cement, and this also served to bond the
furnace to the ceramic plate. Sindanyo asbestos % inch
thick was used for the ceramic,and the upper surface of
it was coated, first with silica, and then with silver,
‘by vacuum evaporation, The silica sealed the asbestos

surface, and the silver prevented electro static charging.



This Sindanyo plate was held proud of the surface of the

specimen stage by three (only two shown in diagram E, and

1
E2) 6.B.A. brass screws, and washers could be inserted
between the plate and the top of the stage so that the
specimen height could be adjusted relative to the objeét~
ive pole piece. Approximately 5/16 inch of the furnace

tube were above the level of the Specimen stage, and the
furnace windings were concentrated in the area marked C
which was thus approximately 11/16 inches long. The brass
specimen stage was similar to the standard Siemens model

as regards drive mechanism and mounting points, but the
centre portién had been removed to permit the furnace tube,
thermocouple and furnace leads, and gas pipes to pass
through without touching any metal parts. The reason for
this is that any large thermal contact - eg. a pipe
touching the specimen stage - will cause a correspondingly
largé thermal gradient. This gives rise to specimen move-
ment since the furnace will not reach equilibrium, and
whilst ZOg/sec is not large for thermal expansion or
contraction, this amount of drift renders focussing of

the microscope impossible. The pipes A and B had 1/16 inch

Edwards couplings on their other ends (G, and G2) and

1
were connected via rubber tubing to copper tubes which
passed through the walls of the specimen chamber. The

rubber tubing was used for two reasons; the first being 10

minimise thermal contact as described above, and the

86.



second.to reduce vibration from the gas supply apparatus,
whicn was found to transmit along the gas feed and

removal pipes, Thick walled rubber tubing, thoroughly
cleaned with a variety of solvents, was found to be satis-
factbry. The copper tﬁbing passing through the walls of
the chamber was 1/16 inch I.D. and vacuum joints were made
using hard solder. The electrical connectors through the
wall of the chamber were standard features of this chamber
as supplied by Siemens.

One itew not marked in the diagram is an earth con-
nection from one of the gas pipes to the body of the
microscope, This was found to be necessary otherwise an
electrostatic charge built up on the furnace and caused
vibration of the image.

2, Operation of the second gas reaction stage.

The gas supply apparatus in Fig.l4 was modified so
that the diffusion pump would operate without the rotary
punp for limited periods of time., This was done by inser-
tion of a 10 litre copper tank and pressure gauge between
the diffusion and rotary pumps. This provided a suitable
backing vacuum and thus the vibration associated with the
rotary pump was avoided. The gauge gave indication of
when this tank needed evacuation by the rotary pump. A
further modification was a tube inserted in the high
vacuulad line just before the last copper valve., This tube

was connected to the outlet side of the gas reaction stage
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and with the copper valve closed, gas could be fed into
the stage from the glass portion of the gas supply appa-
ratus and pumped out through the diffusion punp by this
néw tube, Control of ﬁhe'gas flow was initially made by
the needle valve on the gas supply apparatus, but fine
control and pressure determination was performed by the -
needle valve on the outlet side of the gas reaction stage.
According to the setting of this needle valve the pres-
sure varied on the pirani gauge and since the only other
loss of gas occurred through the 300}* aperture in the
furnace, a calibration could be made of the gas pressure
existing in the furnace,

The electrical supplies for this furnace came fromn
mains supplies which were fully rectified to provide a
good D.C. supply and were variable between 0 and 300 volts.
The thermocouple voltage was connected to a Caubridge
internally compensated meter so that the temperature value
was immediately accessible. The external view of the
apparatus is shown in Fig.l18.

Thus for installation of this gas reaction stage the
normal stage was removed from the microscope, as was the
objective pole piece, and the wide borevlong focal length
pole piece inserted. It was also necessary to take the
filament power supply safety switch out of circuit. The
gas reaction stage was inserted with the épecimen already

in position and the various gas and electrical connzctions
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Fig. 18.

External view of Siemens Elmiskop 1A electron

microscope fitted with second gas reaction stage.
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fitted. The microscope was then evacuated, the stage

aiso being pumped out by the gas supply vacuum systen,
until a éuitable pressure was obtained (10_4 - 10 5torr)
and then the tenmperature of the furnace slowly raised
until the required temperature of oxidation had been
reached. The specimen was then left at this temperature
for 1 hour, the vacuum still being maintained. It wés
found that 10 min were sufficient for thermal equilibrium
to be established at 800°C from room tenmperature., When
the degassing period of 1 hour had elapsed, the glass
portion of the gas supply apparatus was isolated and
filled with air from the 5 litre reéervoir, and the gas
was then slowly bled into the gas supply line to the stage.
The rotary pump was also turned off. During this period
the outlet gas line had had all valves fully open so that
under these conditions the limiting pressure over the
specimen was determined by the leakage of gas through the
300 aperture to the microscope. The supply needle valve
was then partially closed so that a sub limiting pressure
obtained over the specimen and in the microscope, and the
outlet needle valve closed so that the gas pressufe over
the specimen increased. Again the limiting pressure was
that set by leakage to the microscope, but in this case
the approximate value of the pressure could bé measured
from the pirani or dial gauge.

‘From. the commencement of gas admittance the time was
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recorded, thus micrographs could be taken at>known

reaction times. In fact this pressure eguilibrium

occupied less than 30 sec so the variable pressure at

the start of the experiment was not of great significance,
At the termiﬁation of the experiment the reverse

procedure was followed.
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Electron Microscopy.

1. Introducticn.

The basic design of the transmission electron
microscope has altered verxy little since the inaugeration
of the first commercial instrument by Siemens in 1938;
the electrons being emitted from a heated filament,
collimated by one or more condenser lenses, passing
through the specimen, and the image produced ‘is magnified
by several lenses - a three stage magnification system
being the most common (Fig.19). The theory of electron
scattering and lens design has been extensively reviewed
(Zworykin, Morton, Ramberg, Hillier and Vance 1945;
Cosslett 1951; Hall 1953, and Hirsch, Howie, Nicholson,
Pashley and Whelan 1965), and the different aspects of
various commercial instruments have been described. All
the high resolution electron microscopes being produced
at the present time have magnetic lenses for condenser
and magnification systems, though electrostatic lenses
have been used on smaller instruments. More recent
innovations in lens construction are the permanent magnet
condenser lens systems as used in the Hitachi 8 S
instrument which has a quoted resolving power of 83, and
superconducting lenses as have been constructed by
Fernandez-lMoran (1966) which together with other improve-
ments in filament and pole piece design have consistently

prcduced point to point resolutions of 2.8-33. However,



R

Fig. 19.

Ray diagram of electron microscope utilising all lenses.
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the méjority of the major micrcscope mannfacturers are
now pfdducing instruments capable 6f resolving point
objects 3-63 apart (GEC—AEI Ltd, Siemens Ltd, Hitachi,
J.E.0.L. R.C.A, and Phillips 1968)

In this study Siemens Elmiskop 1 and 1A instruments
were used, the dimensions and arrangement of these two
machines were virtually identical, but the 1A microscope
had more sophisticated electronics for lens and high
tension stabilization, thus perwitting a quoted resolution
limit of SR; Normally both condenser lenses were used to
focus the electron beam on the specimen since this gave
optimum resolution and minimum contamination over the
whole specimen., These instruments could however operate
satisfactorily with only one condenser lens energised,
and for decoration studies this latter method was employed.

2. Image formation.

Accelerating veltages for the electrons vary between
40 and 100 kv in normal electron microscopes and in thié
work an accelerating voltage of 80 kv was most commonly
used. An electron travelling in this potential gradient
has a wavelength of approximately 0.043 and thus will be
scattered appreciably by objects of greater size than
0.043. The confusion between corpuscular and wave termin-
ology is rather marked for a discussion of electron

scattering, but since electron emission is not being re-

o)

viewed, and at these accelerating voltages less than 5%



of the.charaoteristics of the electron beam are due to
relativistic mass increase, then for a gualitative dis-
cussion the electron can be regarded as having only wave
properties,

Since all the sﬁructure relevant from a chemical
point of view in a specinen is larger than the beam wave-
length, then the beam contains the total information
about the specimen after passing through it. The infor-
.mation will be carried in the scattered portion of the
electron beam and not in the undeviated transmitted bean.
The beam can be scattered for a variety of reasons. The
main effect is that of diffraction when a crystalline
specimen is being examined, and the electrons'scattered
by the crystal lattice obey the Bragg relationship with
regard to angular scatter and lattice dimensions. Thus
these diffracted beams can be interrupted in a similar
ménner to X-rays and form an image of the reciprocal
lattice at the objective lens focal plane. Electrons will
also be scattered when they encounter an atom, the extent
of deviation being dependent upon the atomic number of
the atom in question and thereforé the more atoms - ie. the
thicker the specimen - then the greater the scattering'
that occurs. The total effect of this scattering is that
at the objective lens image plane is formed an‘image con-
structed of all these scattered electron Beams,boverlaid

with the transmitted beam which contains no information

s



but is of high intensity.

This image would be complex enough to interpret but
various other factors make the task even more involved,
The first of these is‘thé coherence of the electron bean
illuminating the specimen. It is necessary that this béam
is parallel and coherent otherwise the corresponding lack
of uniformity appears in the image. The use of both con-
denser lenses enables fairly high coherence to be obtainsd
but small deviations do occur because of faults in cathode
and condenser lens construction. The major aberrations,
however, are present in the objective lens, the most
severe being that of spherical aberration, so that the
widely scattered electrons are brought to a focus before
the more axial beams. This can be overcome by inserting
small apertures in the focal plane of the objective lens
to remove these widely scattered beams, but this results
in a corresponding loss of information and a compromise
must be reached: it is expressed in the equation,

3 1
6 min = BY¥Cs* -

where 5 min is the minimum size of point object that
can be resolved

A is the electron beam wavelength

Cs the spherical aberration constant

B a constant (approximately unity)
and an optimum objective aperture size X opt:-

Ky

x opt = AﬁCS

where A is a constant (again approximately unity)

In practice o« opt - the angle subtended at the
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radians, 1a., aﬁprﬂfinaﬁely iOfJ diameter, There
inage 1is obtained where coatrast occurs in the trans-
mitted beam hy removal of the diffracted compoﬂent by
means of an objective aperture. For a particular area of
a crystal the intensity of the undeviated transmitted
electron beam emergent frowm the lower side of the crystal
depends upon the proportion that has been scattered or
diffracted by inhomogeneities present in that particular
érea. If these diffracted beuams are not permitted to
reach the image plane of the objective lens chause of an
inserted apevrture, then the transmitted beam for that
particular area of the crystal suffers a net loss in
intensity. This contrast is terwed diffraction coantrast
and it is the most important for thin crystalline speci-
mens where resolution of objects greater than 102 in size
are being determined., It is not valid for periodic images,
thick specimens,_or objects less than 103 in size as will
be described later. .

The relative intensities of contrast in the inage
produced by this method can be calculated if the relative
intensities of the diffracted and transmitted beams can
be determined. This quantitative‘approaoh has been des-
cribed by Whelan (1959) and Hirsch et.ai.(1965) and is
termed the kinematical theory of electron diffraction but

these authors stress that since other factors have such

97.



a large influence upon the diffracted beam intensities,
the ideal situation is never realised and thus it cannot
be regarded as a quantitive theory in practice.

3. High resolution microscopy.

Studies at very high resolution were perforumed td
give detailed information of the morphology of the
graphite, and to determine whether there was any signifi-
cant structure that was not resolvable during the dynamic
experiments. The graphite was mounted on a perforated
film, and only very thin flakes were chosen for study, the
areas protruding over the holes being most useful, since
the image waé not confused by the structure of the carbon
support film.

Two aberrations present in the microscope were not
mentioned in the previous section, but are extremely
important when high resolution studies are being under-
taken. The first of these is astigmatism inherent in the
lenses, and induced astigmatisw in the electron beam.
Both the condenser and objective lenses have astigmatism
compensation devices, which can correct for faults in lens
construction provided extreme care is taken during com-
pensation, and it is done under the highest possible'
magnification conditions. The induced astigmatism is
more difficult since it arises from contamination which
builds up an electrostatic charge, thus distorting the

electron beam., The majority of contaminants can be removed
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by thoroughly cleaning the microscope and specimen stage, \
and usiﬁg clean apertures, but contamination does build
upon the objective apertures where it has a very serious
effect upon astigmatism., lhe wost satisfactory method of
overcoming this was to use thin film apertures which were not|
found to accumulate contamination. 50 p apertures of this
nature are commeréially.available but other sizes were
made by the method of Stabenow (1968). With these aper-
tures no astigmatism aberration was observable, and thus
stigmator corrections only had to be made for the lenses,
The other aberration is chromatic aberration which
relates to the differing wave length of electron beaus
having different paths down the microscope., With modern
microscopes fluctuations in high tension and lens
supplies are negligible, but the most serious effect of
chromatic aberration arises because of differeﬁt path
lengths taken through the specimen, Dupouy and Perrier
(1966) have shown that chromatic aberration will limit
the resolution of a point in a graphite lattice to approx-
imately 1/10 of the sample thicknessvusing 100 kv
electrons, and thus it was necessary to produce lamellae
of graphite thinner than 802 even to reach the gquoted
resolution of the 1A micrOSCOpe. Prolonged ultrasonic

treatment was able to achieve this.

" Differing path lengths through the specimen will

give rise to phase differences in the various electron
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beaws and below 103 it is believed.thaﬁ contrast is
produced by this phase contrast mechanism, Extensive
studies have been made on this, both theﬁretioally and
experimentally by lHeidenreich (1967,1968), Fernandez-
Moran (1966), Thon (1966), van Dorsten and Premsela
(1966), and whilst the evidence is very strong for some
of the high resolution claims made in the 2-52 range, and
certainly points are reproducible thus showing their
reality, there is some doubt about the interpretations
made of the nature of the resolved objects.

Therefore in the high resolution stﬁdies made in
this work care was taken to overcome all the normal
aberrations present in the electron microscope, and a
liquid nitrogen anticontamination stage was inserted
around the specimen, The apertures chosen for the object-
ive lens were of sizes.applicable to diffraction contrast
imaging rather than phaée'contrast.

A separate criterion of resolution is that of
resolution of a crystal lattice. A few attempts were made
to resolve the 2.182 lattice spacing in graphite, but no
undisputable success was achieved, a possible reason
being that it was not possible to tilt the illumination
system of the microscope in the manner of Komoda (1964)
and Watanabe, Shinagawa and Shirota (1966). Efforts to
filt the electron gun fesulted in asymmétric astigmatism

being produced thus nullifying any high resolution work.
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4, Electron diffraction and orientation,

In the majority of this work, the identity of the
specimen was known and thus this technique was not enm-
ployed for analytical purposes, However it is possible
to determine frbm the diffraction pattern, the orientation
of any particular crystal, since the geometric relation-
ship between the specimen and its image can be experiment-
ally determined. Consequently the diffraction pattern can
be superimposed upon the bright field image. This relation-
ship had been observed previously (Hirsch et al 1965) but
in this particular case it was employed to determine the
crystalline habit plane of each edge visiblé in the
bright field micrograph.

For a standard, an MoO, specimen was used which had

3
narkedly rectangular crystals, and the diffraction

pattern from one of these crystals superimposed on the
bright field image is shown in Fig.20. From the spread of
the diffraction pattern the angular deviation between the
bright field and diffraction image could be measured. This
deviation being caused by the rotation of the image formed
by a magnetic lens. Having superimposed the two images

the crystal plane represented by a point on the diffraction
pattern would run normal to a line down from that point

to the centre of the diffraction pattern, and pass

through that point. This construction stems from the

derivation of the reciprocal latitice net which is
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represented by the diffraction pattern.

Selected area diifraction patterns were also amenable
to this treatment, the only criteria necéssary was that
the microscope operated under exactly the same conditions
of magnification and projector lens exitation as were
used for the MoO3 calibration. The angle of rotation when
the bright field micrograph was taken at a magnification

of 21,000X was 25°.

5. Dark field microscopy.

For a normal bright field image viewed uﬁder dif-
fraction contrast conditions, the objective aperture is
placed around the central transmitted beam, which when
normally aligned passes along the magnetic axis of the
microscope. A dark field image is produced when the ob~
jective aperture is shifted so as to permit only a dif-
fracted beam to be used for image formation, the trans-
mitted beam being excluded. In this case the image pro-

duced only has contrast associated with those parts of

the specimen giving rise to the particular diffracted bean
chosen for image formation (Hall 1948, Bassett and
Pashley 1959, Pashley and Presland 1659, Pashley and
Stowell 1963, Bollmann 1966, Rudee 1967). However the
image is being produced by an electron beam which is
travelling down the periphery of the lens system, far
énough away from the lens axis for spherical aberration

to be significant, and thus the image is elongated along
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Fig, 20.

Diffraction pattern superimposed upon a bright field

3

image of a MoO
 the two images is 259.

crystal. The relative rotation between

103.






a line towards the lens axis. lence from basic optics
i e er e 5 2l . 3
mlongation R = LS S
where CS is spherical aherration constant
&« 1is angle made by beam with lens axis.
Furthermore the diffracted beanm suffers from
spherical aberration in cross section since it is conical
and not parallel-sided.

If the difference in angle between one side of the

beam and the other is A«

o)
=)

I AO\’ = SCSc.leilcx

Thus if « == where d is lattice spacing of

> g

crystal:elongation = 3C_ A 2 Ao,
S --d=-2

To consider the loss in resolution for 80 kv electron
. \ . . 0
imaging a lattice spacing of 2A

ZXC& = 10~

sc. . = 1058
S

3

403 which is a measure of

i

Therefore elongation R
the loss of resolution.

In this work this elongation of a point was of
particular value, since if the transmitted electron bean
is aligned on the lens axis the elongation is directed
towards the transmitted beam in the diffraction pattern.
Thus from the reciprocal lattice construction the latticé
planes giving risé to the particular dark field
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reflection will lie norual to the elongation direction
and the orientutiocn of various parts of the crystal can
be determined frem this,

Dark field studies were undertaken for this purpose
and these were achieved by this displaced aperture tech-
nique. It is possible to obtain dark field images without
this elongation by tilting the illumination so that the
particular diffracted beam under study passes down the
lens axis, but this technique was not relevant in this
particular case.

6. Contrast stop dark field.

The resblution of a crystal lattice is not a
function of diffraction or phase contrast as in point
imaging, but is a function of the interference between
transmitted and diffracted beamns. Therefore a lattice
image can be obtained even though the comparable point to
point distance of the lattice separation cannot be re-
solved. Previously when this was mentioned it was stated
that because of the spherical aberration affecting the
diffracted beams from the {1OTQ} reflections in graphite,
for example, the lattice could not be resolved, and
astigmatism prevented tilting of the illuminating system
for high resolution studies., Howéver if an objective
aperture is chosen of such a size as to permit two dif-

fractéd beams to pass down the lens on either side of

the lens axis then these two beams will have -equal and

- 105.
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opposite spherical eberration and will give rise to a
non aberrated interferénee image., Unfortunately the
transmitted beanr is of greater intensity than the dif-
fracted beams and not of the same phase, so three beanm
constructive interference cannot occur. |

This can be overcome if the transmitted beam is cut
off as suggested by Dupouy (1967) who laid a G#Ltungsten
wire across the centre of an objective aperture and
positioned this so that the transmitted beam was cut off,
and the diffracted beams allowed to pass. Thus one saw a
dark field image made up of all the diffracted beams but
the intensity is much higher than a-normal dark field
image which only utilises one diffracted beam. This method
appeared to have considerable advantages over other methods
of lattice imaging, the main difficulty béing the con-
struction of a suitable aperture. This was done in this
study by positioning a 2 mm length of 12 p tungsten wire
across a l00Oj aperture whilst viewing through an optical
microscope. The wire was held in position with 'Araldite'
epoxy resin adhesive, first one end of the wire being
embedded in a blob of viscous adhesive and then thé wire
being manouvered so that it lay centrally across the
aperture hole, and then the other end fixed. It was then
placed in a vacuum coating unit and a 2008 layer of
palladium evapofated on to it. The aperture was then
heated under vacuum to approximately 1300°C to carbonize
the adhesive and prevent non-conducting points occurring
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which would cause astigmatisnm in the electron beam.
This temperature also served to solder the tungsten to
the mount with the palladium. This method proﬁed success~—
ful for the construction of apertures with a centrally
placed wire, and the wire was firmly held in position.
The apertures were positioned in the microscope by
obtaining the image of the diffraction pattern of the
specimen under study, and'then aligning the aperture so
that the wire obscured fhe.transmitted beam. The micros-
cope could then be adjusted to the requirelmagnifiéation.

7. Image recording.

The normal method with the Siemens electron micros-
cope is to expose 3% x 2% inch plates carried in a 12
plate camera situated beneath the final fluorescent
screen, For the majority of the work this was used, with
Ilford Special Contrasty plate proving satisfactory. For
the dynamic experiments involving mobility of metal
particles the exposure time for thése plates was too long
for clear imaging of the moving objects, and thus a
closed circuit television unit was employed Qith the
results recorded on videotape. The television camera
records the image shown on tha fluorescent screen hy
viewing through the windows in a simi}ar manner to the
operator. Since a fairly high intensity of illumination
was necessary for definition of the image, this method

of recording was only suitable for low resolution studies.
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Carried Out Teo Study Uncatalysed

Oxidotion Of tiruphite Using First Gas licaction Stage., -

The Sienzens heating stage was inserted in the
microscope and the SOOP\aperture removed from the objec-
tive pole piece. The hollow objective aperture drive was
also put in at this time and connected to the gas supply
apparatus. The microscope was then evacuated using ﬂoth
the normal vacuum system and the gas supply apparatus
vacuum system, until an operating vacuum had been reached

< 10—4t0rr. The microscope was then aligned with both
condenser lenses in use, and adjusted so that suitable
illumination.of the image would be obtained in the
20,000-60,000 X magnification range. The heating cartridge
was cleaned, the threads on the cap lubricated with
'Hydrokollag' - a colloidal suspension of graphite - and
the speciuen mount inserted so that when in position it
would face down the microscope column. The graphite
specimen had been mounted on a silica + formvar filu as
described previously. When the specimen was in position
in the microscope various suitable areas of graphite were
briefly studied, and miecrographs taken. The brevity of
the study was necessary to avoid contamination of the
graphite with hydroéarbon impurities which were radiolysed
in the electron beam. The use of both condenser lenses
meant that the area of illuminaticn could be kept sumall,

thus avoidiug general contamination., The electron bean
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was turned ofi and the specimen heated for 1 hour at the
predetérmincd reaction temperature under the microscope
vacuuia, ldeally a 900°¢ degassing temperature wouid have
been used, but it was found, as will be described later,
that silica migrated into the graphite,

After degassing, a further micrograph was taken of
the area of interest, and then the reactant gas admitted
through the objective aperture drive, a stopwatch alsoA
being started at this time., Micrographs were taken at
known intervals of time, though those taken very near to
the commencements of reaction tend to be of poorer quality,
since the influx of gas altered the thermal equilibriunm
of the specimen causing some rnovement, Selected area and
superimposed diffraction micrographs were also obtained
from single crystal specimens to determine orientation,
and dark field micrographs from polycrystalline specimens.
It was thought desirable to keep the illumination of the
specimen at a miniwmum to évoid any contamination diffi-
culties, though in practice this contamination was never
observed to form after reaction had comwmenced; never-
theless this mode of operation was followed.

Two main difficulties were encountered. The first was
that at preset time intervals the specimen had to be
focussed and a micrograph taken whilst making frequent
adjustuents to the needle valve and tﬁe microscope vacuull

equipment to ensure a steady flow of gas over the specinmen.

}09.



For reaciions ot hizh teuperubure tuis involved very
rapid experinmentel woriing, and thus micrographs taken
under these conditiong were ﬁot nocessariiy in perfect
focal adjustuent. The second difficulty was that only 12
plaﬁes were available and though it was found possible
to change plates during the course of a reaction, this
proceduré was Tfraught wifh'experimental difficulties and
was not always acconplished succesgsfully. The hazard was
of air admittance to the microscope which would not only
react with graphite, but would also oxidise the fur-
nace windings. This woulid have entailed replacing the
furnace (delivery 6 months).

After the reaction had proceeded adequately, thevre—
actant gas was shut off and the furnace allowed to cool in
vacuo. The specimen was then removed and in soiie cases it
was then shadowed using Ni/Pd alloy and again viewed in the
microscope., It was found that after reaction the specinen
support film had become very fragile and very few specimgns
survived the post reaction shadowing without extensive
film rupture.

The micrographs were developed and printed in a
conventional manner and quantitétive measurements of eroded
areas made by tracing the butline of a'particular‘area
on tracing paper, cutting around the outline and weighing
the piece of tracing paper. Since the weight of the

tracing paper per unit area was easily determined, the
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area of the eroded sections of grapnite could be
éalculated and for a succession of micrographs the
change in eroded area could thus be measﬁred. The edge
length of the particular reacting crystal under scrutiny
was measured using a conventional wheel type map
measurer, and thus the area eroded per unit edge length

of crystal could be determined.
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RESULTS

Behaviour of Gas HKeaction Staces,

1. Pirst Gas Reaction Stage.

This proved a reliable piece of equipument. The main
faults occurred with the heating cartridge, since the
threads of the platinum on the furnace tended to weld
together, Hdwever_adequate lubrication, and abandoning
the recommended mounting tools to insert the speciumen in
favour of manual fitting, cured this problem.

It was feared that when this stage was used soue
damage might be caused to the objective pole piece of the
microscope, but none was observed. A major problem in
previous studies on graphite was the contamination that
built up upon the specimen with successive viewings in
the microscope, {ith the heating stage at 40000, but no
gas flow, a slight contamination was observed on pro-
longed viewing, contrary to the evidence of Ennos (1954).
~However the rate of contamination under these conditions
was much less than when the specimen was maintained at
room temperature., The presence of an oxidising gas sucl
as air removed this contamination layer, and prevented
further deposition, even though specimens were studied
for several hours. This gas reaction stage operating at
elevated temperatures thus was an efficient method of
preventing specimen contamination, and the kinetic data

obtained with this apparatus should have been

115,



représentative of a clean graphite surface.

Without heating end with gés flow the apparatus did
not inhivit contamination. In Fig. 21la a graphite
specimen is seen that was illuminated with a high
intensity electron beém both to produce contamination in
the gas phase, and teo elevate the temperature of the
graphite. [he subsequent micrographs Fig 21b and c¢ after
4 and 7 min respectively show that the contamination was
deposited on to the sﬁeeimen despite the gas flow.

Another fear was that filament 1life would be excess-
ively shortened because of the reactant air entering the
microscope. This proved to be groundless, showing that no
signifieant quantity of agir diffused into the electron
gun chamber, and that it was removed by the vacuum
orifice adjacent to the specimen stage.

2. Second gas reaction stage,

This was built primarily in order to investigate
gas reaction systems, and not to facilitate the graphite
studies. Therefore its completion was not achieved until
after the majority of the graphite studies had been nade.
Thus the dyﬁamic graphite studies reported were all per-
formed using the first gas reaction stage.

The details of the design have been described
previously, and modifications were nrade as a result of
trials. The basic'design of the stage appeared to be

satisfactory, though the method of insertion of the-

116,



épecimen from underneatith, which necessitated the removal
of the stage with each specimen change, was probably not
ideal. A top mounted specimen would have several advan-
tazes but the design'would nave to be somewhat more com-
plex so that the elzctron beam would have a free path
"through the very narrow cylindrical holes in the speciluen
mount. In the light of experience this extra complexity
would be justified for future studies,.

Another difficulty encountered was aligning the
electron beam through the aperture at the top of the
specimen mount and out of the bottom intc the magnifi-
cation system, since this required perfect vertical
alignment of the stage. This was achieved satisfactorily,
but a full seven hole mount could not be scannéd since
cut off of the beam did occur about half way across the
outer hexagon of holes in the mount,

The most seridus difficulty in operation was that
of the furnace filament windings. The type of filament
and methed of winding solved any problems of field dis-
tortion, but crimping the very fine tungsten wires to
connectors was not ideal and on several occasions the
filaments burnt out at the joint., The thermal flexing of
the filament caused the crimped wire to bé extremely weak,
Once the filawment bﬁrnt out it could not be stretched
since it was no longer in an annealed state, and a new

filament had to be wound. The winding was extremely
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Fig, 21la
Graphite flake on support £ilu before reaction.

Magnification 120,000X

Fig.. 21b
Graphite flake on support film after 4 min
exposure to gas and. electron beamn,

Magnification 120,000X
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Fig. 21c.
Graphite flake on support film after 7 min exposure
to gas and electron beanm.

" Magnification 120,000X%.
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tedious and, with *tbhe epplicetion of fresh insulating
cement, took several days to accoamplish.

However ihis stage did suow that it would operate
~without image distortion at BOOOC with gas pressures of
several torr; as a,prdtotype it had considerable potential.

High Resolution Studies of Graphite MMorpholocy,

These studies were carried out to determine the
exact nature of the edges of graphite crystals, and
whefher micrOpores’of a few angstroms in size becane
visible under high resolution.

1. Investigations using bright field illumination.

Initial work was performed with S.P.1l. graphite
supported on a carbon film. This proved unsatisfactory
since the structure of the underlying film masked any
significant graphite structure (Fig.22) and thus in
further studies the S.P.1. graphite flakes were supported
across holes in a carbon film. This technique also had
the advantage that structure due to 'noise' in the
electron beam is visible in the hole in the film, and
thus its significance can be taken‘into account. Fig.23
and 24 show successive micrographs of the same piece of
graphite lying across such a hole, the surrounding carbon
film being in much greater contrast. A minimum of two
micrographe is necessary for assessment since randou
contrast can be very misleading and it is necessary to

identify a feature on both micrographs before its rcal
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existence can be assumed. Juite large features such
as at 'A' in fig.23 aré et visible in Fig.24., The
resolution in these two micrographs -is high, and the
Fresnel fringe alone shows that less than T3 are resolv-
able., The points arrowed are separated by 4.58 and are
visible on both micrographs and thus in this case it can
be taken that the resolution is equal to or better than
this value, Nevertheless whilst the edge of the graphite
crystal is serrated it is not deeply indented, as the
values for surface area would suggest. These micrographs
were typical of several graphite crystals studied in this
way and in no case were severe indentations Qisible. The
graphite is apparently less rough than the surrounding
carbon film, but this is probably an illusion since the
crystallites in the carbon filwm would be arranged so that
the C-spacing was at an angle for diffraction in many
cases, and this diffracted beam would be very strong,
thus enhancing the contrast produced by the carbon film.
The granular appearahee of the graphite is rather
misleading since in many cases the apparent areas of
contrast are not reproducible from one micrograph to the
next. They are, however, strongly reminiscent of the work
of Heidenreich (1967) but their structural significance
is not clear. Also visible are pairs of lines funning
for short distances over the graphite surface. These

may be lattice reflections, though the objective aperture

121.



Fig., 22.
Graphite flake on carbon film.

Magnification 640,000X.






FPig, 23.

- Graphite flake lying across a hole in a carbon film.

Magnification 2,400,000X

C(1mm = 48)
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- Fig. 24.

Graphite flake lying across a hole in a carbon film.
The same area as Fig. 23 in slightly different focus.
Magnification 2,400,000X.

(1mm = 43)
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was not suificiently large to pefmit reflections from
the prismatic planes, unless buckling was present.
Similar feétures - albeit less regular —.are visible in
the hole, caused by electron noise, so no definite con-
clusion can be drawn as to the identity or reality of
these lines,

2. Investigations utilising the contrast-stop method.

(N.B. Reverse contrast applies in dark field so that
strong reflecting areas appear white)
Micrographs 25 and 26 were talken under high resolution
conditions, but with a tungsten wire across alOonbjective
aperture, which was positioned so as to obseire the
transmitted (0000) beam. The band of material lying at
the bottom left hand side of the micrographs is a sﬁrip
of carbon film whilst the graphite flake is lying at
Jjust less than 90° to it. The triangular area of low
contrast is neither support film nor graphite and develop-
ment in this area arises from noncoherence in the electron
beam (ie.'noise'). ) |
The striking feature of these micrographs is the
enhanced contrast conpared with the bright field method:
also the difference in contrast between the carbon film
and the graphite is not as vivid. Again the resolution is
approximately 53 and reproducible points are visible in
both micrographs -~ marked A and A'. In this case it can be

stated definitely that granularity of approximately 53
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Fig. 25.

_Graphite flake (large dark area) lying over a hole
(triangulér lighter area) in a carbon film (smaller
dark area)

Magnification 2,400,000X

._(lmm = 48)
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Fig. 26.

Graphite flake lying over a hole in a carbon film.

The saﬁe area as in Fig.25 inwslightly different focué.
) ?“Mégnification 2,400,000%

(1mnm= 435
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