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The types of carbon formed on iroa and n

-

surfaces from gaseous precurscrs have been invesii-zted,
At 700°C three cstegories of carbon were distingvished.
Flatelet grapihite crystals up to 10/u/ in exueny
were the initial carbon product of the hydrocsartor =nd
acetone decouposition. They were qeposited with Tzsal
planes parallel to the substrate surface and X-rary
measurerents of the inter-iayer spacing showed thzt 100
svacking order prevailed. Srmall metal particles wers

present throughout the grzphite latifice in & fine,
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possibly atomic, dispersion and i% i:
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particles were the active catalysts in promoting the

production of the highly crysfalline platelet grerziite =z
such a low temperature.

YWhen the platelet grophite had covered the whole of
the metz2l surface the crystzl edges were observed <o

distort in order that the basal planes could externi in =
non-horizontal direction. This corresponded tc ths onset
of formatiorn of the second type of carbon, termed nere |
"' non-oriented carbon" , which gave rise to randomly
érlented polycrystalline aiffraction patterns.
With unsaturated hydrocarbons at high pressure (6C0 torr)
this maverial resembled non-catalysed solid-phase ceﬁbo .
At the point of intersection of several plaieslet
crystals gaps in the graphite matrix often ocCuirei,
Surrounding these areas were regions of graphite containing
vertically oriented basal planes. It is thought that these

el

sites were the nucleatlﬁn 901nts of fibrous: graphits, the



ii
thiird type of carben deposit, which was observed to grow
after the deposition process had continued for some time.
The fibres had an ezternal carbon wall of coustant
thickness, whose lagyer planes were aligred parallel to the
| fibre axis, surrounding an inner region also ¢f comnstant
diameter contzining one or more netal catalysf perticles.
Minute particles of metal which individually were not
visible in the electron microscope even under high
resolufion conditions were seen to agglomerate during
oxidation of the fibrous graphite.

A novel mechanism for the growth of the fibrous
material has been presented. It is based on the surilace
diffusion of individual metal atoms outwérds from the
central metal particle along the growing tip of the fibre
wall. The theory accounts for the presence of metal within
the carbon wall of the fibre and also for the observed
arrangement of the graphite lattice planes.

At Iower temperatures the carbon product of the
pyrolyses was less ordered. Smaller crystals of graphite
with nodular outcrops of material were formed and thin
non-graphitic filaments of carbon often grew out from the
nodular deposit.

The kinetics of the reactions were studied and the
gaseous products of several interacticns were identified by
mass spectrometry with a view to obtaining moré information
on the mode of breakdown of the hydroéarboné‘on the metal

surface.
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1. I TRODUCTION

1.1 Carbon

1.1.1 Structure: Perfect graphite comsists of

layers of hexagonal networks of carbon atoms.

The layers can be zrranged in the form ABAB...
corresponding to hexagonal packing (Hassel'and Mark,
1924; Bernal, 1924) or in the form ABCAEC...
corresponding to rhombohedrél packing (Lipson and
Stokes, 1942). Both forms exist in natural graphite
(Pinch and Wilman, 19363 Boehm and Hofmann, 1955)
and can be easily interchanged (Laidler and Taylor,
1940; Bacon, 1952) because of the low stacking
fault energy of 0.5) ergs em™? involved {Baker et al,
F961). The distance between the layer planes at
room tenmperature was measured by Nelson and Riley
(1945) and found to be 3.3538 3 for matural graphite.
However, it is known that basal plane dislocations
in graphite corresponding to misalignments between
successiYe layers, can increase the value of this
(0002) spacing. Frankiin (1951) related the exact
value of the spacing to the percentasge of disordered
Iayers present; the (0002) spacing varies between
3.35 K and 3.44 K as the fraction of disordered
layers present, the p factor, waries between O and 1.
Bacon (1951, I958) concluded that in graphitic

carbons four different environments could exist, each



with its own characteristic c-spacing: (i) betwee=n

two oriented  layers, 3.35 X; (ii) between iwo
non-oriented layers, both being adjacent to
non-oriented layers, 3.44 R; (iii) between two
non-oriented layers one having en oriented layer
adjacent to it, 3.408 Z; (iv) between two non—or:ented
layers both being adjacent to oriented layers, 3.275 Z.
The (0002) spacing measured by X-ray or electron
diffraction is determined by the relative ambunts of

the four types of arrangements in any given form oI

carbon.

1.1.2 Non-Catalysed Carbon Depcsition

When a carbon bearing gas is heated to a
sufficiently elevated temperature it will decompose
and a carbon deposit will result. Studies of the
‘types of carbon formed under a wide variety of

reaction conditions are summarised in Table 1l.1.

l.1.2.1 Gas Phase Carbons It is found thst

carbons formed by homogencous deoomposition of gases
(gas phase carbons) can be clearly distinguished from
those deposited heterogencously on. surfaces (solid
phase carbons). Iley and Riley (1948) described z=s
phase carbon formed at 800-1300°C as a soft,
velvet-black pulverulent material whose propérties
were independent of the hydrocarbon and the formaticn

temperature used.  The inter-layer spacing, dpoz,
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was as large as 3.60 K and the crystallite dimensions
were L, = 12-17 X and L, = 29-36 A.  Kinney (1956)
obtained gas phase carbon at 90C~1400°C and Conrocy
and cc-workers (1959) also found that the gas phase
carbon black formed szbove 900°C was independent of
the structure of the original hydrocarbon reagent

but was determined by the species intermediate in

the carbon deposition process. The review of carbon
deposition by Palmer (1962) concluded that gas phase
soot-like carbons had low adherence with dimensions,

Q
dyop = 3.61-3.70 A, I, = 12 A, I, = 42 A, Further

A
discussions by Palmer and Cullis (1965) oﬁ carbhon
formation in flames stated that the extent of earbon
deposition depended on the type of hydrocérhon being
“burned. Soot formation increased with degree of
unsaturation and with chain branching but decreased
with molecular weight except for paraffins. Gomer
and Mayer (1955) found, as would be expeéted, that no

gas phase carbon was produced at 1000-2300°C at very

low hydrocarbon pressures (below 10~ torr).

l.1.2.2 Solid Phase Carbons Iley and Riley (1948)
described the two main types of solid phase deposits
formed at 800-1300°C as shiney, vitreous, columnar
carbon and filamentous carbon. The filamentous
material was also detected by Tesner et al (1952RB)
around 1200°C but in general it is a minor product in

these reactions. As noted for gas phase carbon, the

(@)



properties of the solid phase deposits (Iley and Riley,
1948) were independent of the nature of the hydrocarbons
used, but the crystallite size increased as the
depdsifion temperature was raised, Ig from 16 E to 29 Z
and L, from 31 A to 42 e Conroy et al. (1959) and
Austin (1959) discussed the properties of pyrolytic
carbons and Kinney (1956) classified the types of

carbons which are produced:

Type A is a hard, brittle, lustrous material adhering

well to surfaees.

Type B is a sooty,poorly adherent gas phase carbon.

Type € is a mixture of types A and B.

Type D is a grey, feathery material appearing to grow

out of type A.

Type E occurs with type D but has a brownish, spongy

character and is located on its downstream side,
Melik-Zade et al.(1960A,B,C, 1961A,B) have

observed that the amount of carbon formed on SiOa/kloz

surfaces at 450°C is dependent on the hydrocarbon used,

ease of carbon deposition increasing with molecular

weight for paraffins and with degree of unsaturation.

Conroy and coworkers (1959) indicated that only below

500°C is the structure of the decomposing gas important

in determining the type of carbon formed but Cullis

et al, (1959) showed that the presence of chloride in

reagent molecules caused a reduction in orientation

and in crystallite size of the resultant carbon deposit



at 850-950°C because of the decrease in carbon atcx
mobility. Oxygen-rich chars produced totally
amorphous deposits below 1200°C (Gibson et al, 194%;
proving that the product was determined by the
chsracter of the starting molecules. It is evident
that only for hydrocarbon decomposition is the
structure of the carbon independent of the starting
material above 500°C.

Cullis and Norris (1970, 1971) discovered that
the silica surface often used in reaction vessels Is
not completely inert during the pyrolysis process exd
up to 1% Si can he detected in the carbon deposits.

If SiCl, is added to decomposing CH,, silicon can
form B SiC in the deposits. At 900°C silica readily
diffuses into graphite and even just about 65C°C

some diffusion is evident during prolonged experiments
(Fryer, 1970).

The nature of the intermediates formed by
hydrocarbon decomposition is of crucial importance in
determining the mechanism of pyrolytic carbon formsiion.
It has long been thought that polymerisation of C,
species was involved (Smith, 1940). Gaseous additives
are known to affect the chemical reactivity of
deposited carbons (Frazer et al, 1959) probably
because of the resulting free radicals. Thomaszs (2732)
suggested that free radical polymerisation of C, ard C,

species to form conjugated polyene and polybenzencid
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radicals was a stage in the huild up of crystallites.
The review by Palmer (1962) considered that below 800°C
cyclisation and condensation of aromatic molecules
resulted in the formation of reagent-dependent carbons.
At higher temperatures aromatic rirngs decompose and
hydrocarbons tend to form reagent-independent carbon
by the reaction sequence:

C,H, C,H various radicals

‘” e.g. acetylenic
hydrocarbon-)+ Hz—% C4H4_}+ Hé-—é C¢Hs; ,C; species etc. > C

1.1.2.3 Investigation of Pyrolytic Carhons It was

reported by Debye and Scherrer (I917) that carbons
formed by low temperature pyrolyses gave three
diffuse bands in X-ray powder photographs. These

. were recognised tc be related to the graphite X~ray
~pattern and it was suggested that carbon black was
similar to graphite but existed in a finer state of
subdivision. Warren (1934, 1941), proposed that
hexagonally arranged crystals were present in carbon
biack among disorganised carbon and Hofmann and Wilm
(1936) observed that the temperature of formation of
the carbon above 1400°C determined the LA and LC
values and inter-layer spacings of the crystallites.
At a deposition temperature of 1000°C no interlayer

. order was detected (White and Germer, 1941) and hence
Biscoe and Warren (1942) used the word " turbostratic"

to describe a substance such as carbon black which has

only two-dimensional order. The work of Hall (1948),



¥izushina (1959) and Grisdale and coworkers (1951,
1953) established that the crystallites in carbon
black had a tendency to rientate with basal planes
parallel to their surfaces. This was variously
regarded as ‘' tangential layer plane orientation®
or " concentric crystallite orientation" .

The most recent studies (Ergun, 1968; Heckmann and
Harling, 1966, 1969) have determined that the
crystallites are in fact arranged approximately
parallel to the particle surface but with a range
of possible deviations on either side of the mean.
This is known as the ' curving ststistical crystalliite
orientation' model. /

The observaticn that pyrolysis temperature
determines to a large extent the crystallite dimensions
in carbon black particles (Hofmann and Wilm, }936) led
to experiments which showed that heat treatment caused
a decrease in the value of inter-layer spacing
towards that of natural graphite (Biscoe and Warren,
1942; Bacon, 1951, 1952).  Pranklin (1950, 19514,3)
proved that the course of this graphitisaton could te
followed quantitatively by measuring changes in the
observed dgy,, values. She related thesé values to

the p factor (see earlier section) by means of the
equation,

dpps = 3.440-0.086 (1-p ).



Later, HMaire and liehring (1960) correlated dg,p, valuss

with the degree of graphitisation, g, as defined .,

and Pitzer et 2l.(1965) used the increase in Lc.valaes
as a criterion for graphitisation, rather than d,,.
values. The ultimate perfection which can be
achieved by graphitisation was shown to be limited

‘by particle boundaries (Pinnick, I1951) anéd by
internal perosity developed during heat treatﬁent
(Imperial and Walker, 1957).

Recent work has been concerned with the eatalrytic
effect of electron bombardment (Mackowsky, 1956) =axrd
metals (Schwartz et al, 1967; Weisweiler, 19703
Gillot et al, 1969; Oberlin et al., 1971) on the
graphitisation of compact, soft (graphitisable) certons
and porous, hard (non-graphitisable) carbons.

A review of the catalytic graphitisation literature is
given by Marsh and Warburton (1970).
Table 1.2 sumrmarises the investigatibns discussed

in this section.

1.1.3 Catalysed Carbon Deposition

1.1.3.1 Introduction

Much work has been carried out on the carbon
formed by the breakdown of gaseous molecules on metzal
surfaces. As early as 1871 Bell realised that iron,

cobalt and nickel were particularly suitable for this
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TABLE 1.2

Investipgations of Pvrolytic Carbons

Authors

Debye et al.

Warren

Hofmannm et al.

White et al.

' Warren

Biscoe et al.

Gibson et al.

Hall

Bacon

Year

1917

1934

1936

1941

1941

1942

1946

1948

1950,
1951

Results

X-ray examination of carbon black
suggested that it was essentially
similar but more finely divided
than graphite.

X-ray results showed that hexagonal
crystallites were present among
disorganised carbon in carbon blsck.

Properties of charcoals were
discussed. Above 1400°, {ormation
temperature determines Lg and Ly,
which increase as the (0002)

value decreases.

Carbon black formed at 1000°C was
shown by electron diffraction to
contain crystallites in which carbon
atoms are arranged in hexagonal
layers. KNo interlayer order found.

Theory of X-ray diffracticnm in
random layers as in C black.

Carbon black has a 2 dimensional
structure identical to graphite but
with a larger turbostratic
inter-layer spacing. Heat treatment
causes graphitisation around 3000°C.

The turbostratic theory of carbon
blacks does not apply to carbons

formed from oxygen rich chars at

1200°¢C.

Dark field electron microscopy
showed that some carbon blacks
have crystallites whose layers are
approximately parallel to their
particles surface.

Graphitisation causes an increase
in Ly and L, and a decrease in
interlayer Spacing, due to a
reduction in non-orientated layers.



Authors

Franklin

Pennick

Grisdale et al.

Mackowsky et al.

Imperial et al.

Mizushima
Maire et al.
Fitzer et al.
Heckmann et al.

Notz

TABLE 1.2 (contd.)

Year Results

1950, Quantitative study of

19514,B ation denoted by changes
the fraction of non-orieniad
layers. Graphitisable =zx1
non-graevhitisable carhbons viers
differentiated.

1952 Graphitisation at 300°C Zed <o
crystallites of agbout ornz-thirg
of the overall par ticle sizeg
graphitisation is limitec by
particle boundaries.

1951, Carbon formed on ceramic sand

1953 surfaces has basal plenes approxX.
parallel to the substratfs surizsce.
Carbonisation and carborn
deposition compared.

1956 Graphitisation of c¢¢al psrticles
by bombardment with an interse
electron beam in the eleciron
microscope.

1957 Carbons heated at 1C atmcspheres
to 3600°C contain residusl 1C#
turbostratic character because of
porosity.

1959 Discusses the competition between
2- and 3-dimensional groewih of
crystallites during grarritisgticx.

1960 Discusses 2 and 3-~dimensicngl
growth in terms of g, tke degrse
of graphitisation.

1965 Use Ig as criterion for graphitis-
ation phenomena rathsr than thre
(0002) wvalue.

1966, Discuss the carbon black

1969 " statistical crystallite® model
and earlier models.

1967 Carbon particles separated by

thoria treatment and exs~ined
by electron microscopy.
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TARTE 1.2 (contd.)

Authors Year Resul s
Schwartz et al. 1967 Graphitisation of carbons is

catalysed by 5-7% titanium.

Rudee 1967 Domein structure of carbhon
blacks studied.

Ergun 1968 Carbon vlack model developed
similar to Heckmann.

Maahs 1969 Relationship hetween L, end
dgo02 Obtained for grapnite.

Reiger 1970 During graphitisation Lg
increases with time, and dgqas
improves with temperature,
in general.

Weisweiler 1970 Carbon from polyfurfuryl alcohol
' ' - graphitised in contact with a
Ni/C melt at 1360°,

Roscoe et al. 1970 Carbon stress recrystallised at
3000°C can be grown to ?Q/&.

Marsh et al. 1970 ‘Review of the catalytic
- o graphitisation literature.

OberIin et al. 1971  Tron added to hard carbons
treated at 1600~1800°C sllows
graphitisation.:



-

purpese. Later workers (Tropsch et al., 1925
Baukloh et al, 19413 Olmer, 1942; Kehrer et al.
1954; Hughes et al, 1962) have considered the effect
on the carbon deposition process of a wide range of
metals and have shown that iron, cobalt and nickel
give optimum results.

A variety of gases have been used for the studies.
Bannerjee et al (1961) deposited carbon from carbon
suboxide, C50,, at 713°C and found that good quality
graphite formed on nickel whereas amorphous carbon
accumulated on platinum, copper and porcélain
substrates. Most earlier experiments uged carbon
monoxide, as its use in the Fischeg/%rogsch synthesis
of hydrocarbons had become familiar. Fischer et al.

-+ (1926) used iron, cobalt anéd nickel to eatalyse the

- conversion of hydrogen/barbon monoxide mixtures to
hydrocarbons and suggested that the metal carbides

were the active species. Further work (Fischer et al,
1928A) indicated an order of activity: Fe>Ni>WYMo> C.
Bahr et al.(1928A) showed that Ni,C could convert

CO/H2 mixtures to CH, at 250°C. However, later work

by Weller et al.(1948) and Kimmer et al.(1948A and B)
cast doubfs on these earlier ideas. The most recent
studies have been performed using a variety of

hydrocarbon recagents.

1.1.3.2 Carbon Deposition from Carbon Monoxide.

Types of Carbon Formed. Essentially three classes of
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i

carbon deposits can be obtained from gascous

pyrolysis: filamentous carbon, single crystal grarpzite
and polycrystalline carbon. There is a continucus
gradation between the single crystal and polycrystalliine
forms of deposit as the temperature of reaction, ges
pressure and other variables are gradually altered.

At lower temperatures, usually below 600°C but
depending on the conditions, vermiculag/filamentary
carbon is formed often along with polycrystalline
carbons resembling carbon black (Radushkevitch et ai,
1952). At 390°C Hofer, Sterling and McCartney (1955)
found that PFPe, Ni, Co gave vermicular deposits
containing metal among the carbon and Davis et al.
(1953, 1954, 1957) examined filaments formed in blast
furnaces around 450°C.

At temperatures above approximately 600°C single
crystal or platelet graphite is formed as well as
filamentous carbon. Akamatsu et al. (1954) showed by
electron diffraction the existence of three-dimensicnal
order in the carbon. At 550°C on iron Ruston and
co-workers (1969) obtained filamentous carbon grown
from Fe,C, crystals and lamellar (platelet) graphite
formed by the decomposition of FeyC. Renshaw et al.
(1970, 1971) using iron, nickel and cobalt single
crystals also obtained platelet and filamentary carbton,
the larger platelets being formed especially at 80C¢C,

the highest temperature used.



Leidheiser and Gwathmey (1948) have shown that
carbon is deposited preferentially on the (111) fzce
of nickel from a CO or CO/H, atmosphere. Further work
by Kehrer and Leidheiser (1954) indicated for iron,
cobalt and nickel that minor faces,; especially ones

around the (111) are the most active.

The Catalyvst in the Carbon Formation from Fe/CO.

The most common substrate used in carbon mornoxide
pyrolyses is iron. Table 1.3 sumnarises the conditions
which have been used to study this system and gives
the most important results obtained from them.
Jt can be seen that there is a wide range of suggested
catalytic species.

Many workers have shown that free iron is
necessary for carbon deposition from CO (Chatterjee
et al, 1954; Olmer, I1942; Juliard et al, 1948).
Others have suggested that an iron/iron oxide
interface is the actual catalyst (Chufarov, 1946;
Chufarov et al., 1947; Taylor, 1956).

Akamatsu and Sato (194S) showed that at 500°C
iron is first converted to FezC before being coated
with carbon. A similar sfudy by ﬁerry and co-workers
(1956) on catalysis by iron oxide indicated that the
oxide had to be converted to a carbide for the reaction

to take place. Between 400°C zand 565°C Hagg carbide

(Fe,C) was believed to be the catalyst and between

565°C and 700°C a cementite (FesC) with an abmormally
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Yow Curie Point was responsible for the carbon
depositién.

Against this evidence for catalysis by iron
carbides Walker, Rakszawski and Imperial (1959A and
B) showed that loss of catalytic activity by iron
was accompanied by a gradual conversion to FezC.
Upon additicn of hydrogen, which restores the FezC to
iron, the activity was regained. This finding is
in agreement with earlier conclusions by Baukloh et al.
(1936, 1940, 1941, 1942, 1950). These authors used
iron and iron oxides and discovered that the oxide
was reduced to the free metal which then catalysed
the carbon formation until it was gradually
carburised. Regeneration occurred, as with Walker
et al.(1959A and B) whenever hydrogen was added to
the inactive carbide. Other workers, including
Trillat and Oketani (1951A) also found that the
presence of hydrogen aided the carbon deposition
‘process.

Walker and Thomas (1970) realised that some of
the conflicting ideas as to the active species in
the F%/CO reaction were due to the critical dependence
of the iron's activity on the thickness of any iron
oxide film present and on the exact nature of the
iron/iron oxide interface. The observation by Bauklch
et al.(1950) that the activity of iron formed by

reduction of oxides is dependent on the temperature



2.

at which the reduction is carried out is interesting
in this respect. The lower the temperature of
formation of the iron the greater the defect
concentration in its lattice and the higher fhe
activity found. Recent viork by Renshaw, Roscoe and
Walker (1970) on Fe and Si Fe single crystals has
reasoned that Y Fe,0; due to its defect structure
(see section 1.2.1.) is catalytically active whereas
aFe, 05, formed in their system above 550°, having a
lower defect concentration is less active. In support
of this theory they have found that the rate of carbton

deposition decreases above 550°C.

Comparison of Iron, Nickel and Cobalt as Catalysts

for CO Decomposition.

There is no general agreement in the literature
on the relative efficiencies of the three main metals
used as catalysts. Boudouard (1899A) said that
cobalt and nickel oxides were much superior to iron
oxide as catalysts. If the reduction of some metal
oxide to metal is necessary for carbon formation to
occur, as was suggested by the work of Juliard et al.
(1948) for nickel and iron, this would explain the
order of catalysis found by Boudouard since iron
oxide is the most difficult to reduce. Schenck (19274)
reported thgt cobalt was' better than iron and probably
was present during the reaction as mixed crystals of

cobalt and cobalt carbide. He found that above 688°C



*(oot) ‘(0TT)

ueyyl a9resad ooeld AHHHV 23X TN TEISAIOD oT3urs _ 0064 86T Ie 39 I8sIaypIs]
w~.mep .
unwrgado JULILSFITP OAey Yoes .
TN ueysz xoj3eaxad £L3TAaTlo® 949D oD*‘IN‘eg edueax 0661 Te 39 yoidneg
*SlUAWETTF
UT 8PTJQILO JI0 TEBIIJ " SWIOF :
sadf] TeIDA9S JO ) JIRTNOTULIDA o0D‘TIN‘og 0 008~00¢ GG6T e 39 aajol
*swIoy O YOTuM I3 Fe ‘ogé-‘oled to%eyg ,008 .
‘SwIoF O YOTUYm Je3je ‘TN QTN OTIN 009 8h6T Te 33 pIeTIng
‘'s3sATe3R0 SATIOE® d8ae TNoDfeg ATuo sTe3aw Auew , Zhét JI2WTIQ
,o+ﬂzm|onﬂzm10ﬁ2\ﬂz OTN‘TIN eSuex g8c6T Te 38 ayeg
'O COW (M TN (o4 ‘Lrtargoe sTejow Auew v826T T® 33 JI5YOISTJ
*59SATE}RO SB pojyoce TIe SaPTX0 TN‘OD‘ed G261 Te 39 JIS9YUOJSTY
TO6T1‘d‘V0061 4
*aJ ueysz s31SATe3I®O I931399q TN‘OD S9PTX0 IN‘OD‘eyg JGc6-atit ‘I-V668T pIenopnogd
w..&Emv
unuwtyido JUSISIITP 3€ HIOM SOUO
JUSIVIITP ¢s31sLATeleO axe SIapPIXo SOpPTIX0 TIN‘OD‘eg afuex TLST T1°9g
s3Tnsax TeTIsjew aanjexaduway Ieak Joyany

TTeqo) pPUBe [O3OLN TUOJIT U0 Q) JO Uorziscdwooaq ouj,

°1T d1gavy



23

*84sATB3IEBO 9JI8 SOPTQIED 0) pu® IN

‘ashdtereo st €oley

*sanooo 3sdfezed Jo Surjeoer
*IN ©0 °Jg £3TAT30®

*posodxd
suetd uo zuspuadep sdL3 jrsodsp )

‘UOT3BWIOY O J0J [OpPowW TedTjewdyseul

: *pasodxo soeJy
OﬁﬂamanHﬁmvm%hoﬁouﬁ@@ﬂ@&@@@pwh

s1e3 810

oT8utrs TN‘0D
sTe1s4Ax0
OHmnﬁmdm\wm.oh

g1sATE3R0 IN
‘ontag snoraea

[Te3shio o18uts]
WTTF TN

Tejou Hthﬁmm

sTersdxo eoTlurs
IN‘oD e

0008-001%

o008

afuex

TL6T
0L6T

0L6T

9961
€961

he6T

I® 39 MBUSUDY

e 39 JodTep

Ie 39 BIusIn

Axusiy]

ie 39 JI’8Iysy



ha\e]
I

the carbide was the catalyct, and even below 668°C

it appeafed to be involved in the mechanism of
carbon deposition. Baukloh and co-workers (1950)
found that nickel had lower activity than iron or
cobalt and that its optimum efficiency was at a
lower temperature than thbse of the éther two metals.
Walker and Thomas (1930) used a wide variety of iron,
rnickel and cobalt catalysts using as an atmosphere a
CO/ﬁé mixture and found the order of activity to be
Fe> Co> M.

In summary, the more recent findings appear té
indicate that iron is the best catalyst for the
conversion of CO to carbon in the conditions normally
employed. This is particularly true when hydrogén
is added to the CO presumebly because this suppresses
the formation of more than minute traces of oxide.
The major results achieved by workers in the field
of carbon monoxide decomposition over metals are

listed in Table 1.4.

1.1.3.3 Carbon Deposition from Hydrocarbons

Types of Carbon Formed. In general, similar classes

of carbon can be formed from decomposition of hydrocarbon
molecules as have been described for CO pyrolysis.
Table 1.5 summarises the carbon products obtained by
reaction of hydrocarbons over metal substrates.

Several early workers (Robinovich et al, 1959

Nemetschekt, 1959) detected carbon filaments in the
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product of hydrccarbon brezkdown reactions.

Roberteon (1968, 1969, 1970, 1972) studied the

carbon fibres produced from CH, decomposition on

Fe, Co, Ni foile &t 650°C and 75¢°C. His work
iﬁdicated that formstion of this materigl is caused

by metallic catalyst particles which are extruded

from the metal subsirate and maintain a position at
the fibre tip as it grows from the depcsit surfeace.
Normally an cuter coating of crystalline carbon was
observed with a hollow inner region containing the
catalyst particle. The outer carbon layer was
concluded to be'non—graphitic (Robertson, 1970) as

no general (h,k,E;E,l) refiections were observed, but
it was discovered that the (C0002) planes were
preferentially orientated perallel to the fibre growth
axis [as was found by Davis et al. (1957) for fibres
formed by CO/Fe interactions]. An attempt to classify
the fibres was made (Robertson, 1968) according to
whether metal occurred only af the tip of the fibre

or throughout the fibre leﬁgth.

Karu and Beer (1966) demonstrated that it was
feasible to grow single crystals of graphite by
passing methane at low pressures over a nickel foil
heated to between 800°C and 1050°C. At methane
pressures greater than 10"% torr no graphitic £film Was
obtained and at lower temperatures, 700°C to 800°C,

polycrystalline and single crystal deposits formed.



Presland and Walker (1969) were able to show that
graphite'films formed by pyrblysis of acetylene over
-nmickel at 1000°C were oriented with their basal
planes parallel to the metal surface. Later work
(Presland et al, 1970) proved that a surface oxide
coating inhibited the formation of this laminar
graphite although a less ordered carbon continued to
be deposited. A prior anneal (in vacuo, hydrogen or
nitrogen) removed any metal oxide present and
prevented impurity affecting the course of the

deposition process.

"Kinetics of Carbon Deposition from Hydrocarbons.

The work of Cunningham et al. (1957) has suggested
. that there afe major differences between the mechanisms

of carbon monoxide and hydrocarbon décomposition over
metals. They found that for the formation of carbon
by C,H, decomposition over nickel single crystals the
(111) planes were least active, in contrast with the
results for CO decomposition over nickel mentioned
earlier (Leidheiser et al, 1948; Kehrer et al., 1954).
This may be due, as Walker and Thomas (1970) have
suggested, to the dependence of the CO pyrolysis on
the pfesence of trace amounts of oxide.

The kinetics of the breakdown of hydrocarbon
on iron, cobalt and nickel depend on the mode of
heating used in the reaction system. Lobo and Trimm

(1971), using a furnace which heated the gas,found that



after induction and écceleratory pericds the rate
of carbon formation from nickel/olefin and nickel/
acetylene interactions was constant for long
reaction durations. The rate of reaction increased
as the temperature was raised until a maximum around
500°C wss reached, after which the rate decreased to
a miminum about 550° and increased thereafter.
The first region (below approximately §OO°C)'had an
activation energy of about 30 Kcals/mole, independent
of the hydrocarbon used and was believed to be due
to heterogeneous decomposition of the gas on nickel.
Above 550°C the activation energy corresponded to
that expected for homogeneous pyrolysis and the rate
of reaction of acetylene in this temperature region
was proportional to the square of its pressure.
This is clear evidence for homogeneous decomposition
occurring above 550°C on this system. Some work on
ethane decomposition on nickel (Lobo, 1971) indicated
that the rate rose with temperature between 500°C
and 650°C and perhaps increased with reaction duration
and hydrogen presence. Haddon (1972) found on
heating a tapered nickel foil in a butadiene
atmosphere that the areas of thickest carbon deposit
occurred at approx. 450°C and at the hottest region
of foil which was at 700°C.

Tesner and co-workers (1970) obtained large

quantities of carbon fibres by heating nichrome wire



in acetylene at 450-700°C. The rate decreased
slowly as the reaction proceeded after a fast initial
increase due to the auto-catalytic behaviour of the
carbon product, which was also mentioned by Lobo
(1971). Gilliland and Horriott (1954) found that
the rate of decomposition of CH,, C,H,, and CO on
nickel/silica surfaces at 600-1000°C decreased with
time because the exposed nickel was gradually
covered by depositing carbon. Tesner et al. (1970)
also showed that the rate of reaction, as measured
by the increase in weight of carbon, increaséd if
the partial pressure of C,H, was raised or if
hydrogen was added rather than nitrogen. They
detected a rate maximum about 600°C when a CzHejH2
mixture was employed. It was observed that the
diameter of the fibres increased with temperature as
well as with pressure and time.

The decomposition of methane at 900°C and 300 torr
was studied by Tamai and co-workers (1967) and the
catalysis of the reaction by metals was shown to
be dependent on the metal-carbon affinity. The work
(Tamai et al, 1968) concerned the effect on the
rate of carbon formation on nickel and iron surfaces
of altering several parameters, On iron, using
methane and ethane, the rate was proportional to
pressure at 900°C and at low pressures at 1000°C;

using ethylene the rate was independent of pressure



and decreased rapidly with time. Under conditions
giving a ratée of CH, decomposition proportional to
pressure the activation energy was 100K calstole,
equivalent to CH, isothermal decomposition, but in
the higher temperature and pressure region the’
activation energy was 53K cals.mole. On nickel for
all three gases the rate was independent of pressurs
in the range studied. This led the authors to
conclude that in the presence of nickel surfaces
nucleation and growth both occurfed in the solid
phase whereas with iron nucieation in,some‘céses could

take place in the gas phase.



1{2 Materials
l1.2.1 Iron

At room temperature iron exists as a body—
centred cubic metal, aFe, with unit cell dimension
a = 2.8664 A (A.S.T.M. 6, 696). At 916°C pure iron
changes to a face-centred cubic structure, Y Fe,
with a = 3.6394 Z, which on further heating returns
to the body-centred cubic structure, § Fe, at
1389°C with a = 2.9256 A (Basinski et al, 1955).

The transition temperatures can be altered by the

addition of alloying agents such as sulphur; chromium

or phosphorpus which cause a contraction of the y’ Fe
region and an enlargement of the § Pe region until
they are no longer separated by a phase boundary.
The presence of carbon reduces the temperature of
the o = Y transition to 723°C (Parkes and Mellor,
1951) and 3.5% silicoﬁ completely represses the o — ¥
transition (Renshaw et al.,, 1970).

It is now generally recognised that a metal
can recrystallise at a temperature below half that
of its melting point in °K. Olmer (1942) observed
that iron catalysis of the reaction CO — C was
diminished above 580°C due to sintering of the
catalyst particles. Work carried out in pért 5)
of this thesis has indicated that the degree of

crystal growth is very much dependent on the gaseous

2
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atmosphere present during heating. Polycrystalline
iron suffaces heated to 600°C or above will
necessarily experience sintering and the
interpretation of any chemical reaction of them

will be further complicated. To minimise this
effect the metal foilsemployed in these studies

were normally pre-annealed.

Chemical reactions carried out in a
conventionally clean apparatus contain appreciable
amounts of impurities. Iron is particularly
gsusceptible t¢ oxidation by traces of oxygen,

partial pressures of approximately 10™'2

torr being
enough to convert Fe — Fe,0; at 700°C (Richardson
and Jeffes, 1949). Iron has three non-hydrated
stoichiometric oxides: FeO, Fe;0, and Fe, 0.

FeO at room temperature and above has a face-
-centred cubic (NaCl type) structure but below
200°K it$ lattice becomes rhombohedral due ta
Jahn-Teller distortion (A.S.T.M. 6, 711).

Its molecular formula is more accurately represented
by Fey.e530 (Chemical Rubber Co., 1969-70) and it
therefore has an associated defect structure.

Fey,0, has a spinel lattice, the oxygen ions

being arranged in close-packed cubic structure.

Two iron atoms are contained in octahedrally

coordinated sites in the lattice and the third is in



a tetrahedrally coordinated site. The crystal
geometry is described by the molecular form,

II ion preferring to

FeIII(FeIIFeIII)O4, the Fe
exist in the octahedral site because of the
increase in crystal field stabilisstion energy.
Fe,0; can occur in two crystallographic forms:
aFe, 0, is thermodynamically more stable and has a
rhombohedral, ilmenite-~type structure. The oxygen

. . 3+
ions are hexagonally close-packed with Fe ions

present in the octahedral sites in the Ilattice.

Y Pe,0; has a tetragonal structure which is best

regarded as an Feyz 0, spinel lattice with a fraction

of the FeII

sites vacant. This gives the crystal
a large number of defects with renders it meta-
stable with respect to aFe,O5.

The reduction of iroﬁ oxides by carbon and
carbon monoxide has been extensively studied
(Tutiya, 1930A; Juliard et al., 1948; Berrj et al,
19563 llcRae, 1965) and it has been shown to

proceed by a gradual decrease in the oxidation state

of the iron:

Colombo and co-workers (1967) followed the reduction
of several oxides below 400°C and determined that

the reaction pathway was,

J

"/,'l



aFe, Oy _
9 K
Fez04 — Fey 0, —> Fe,
Y Fe, 05 >Fez_50,4

1
where z & % y wl 1. They deduced that the

kinetic behaviour during reduction of oxides was
caused by differences in the degree of crystall
order and grain boundary area of the oxides.
The range of compositions for which a spinel

structure is possible is Fea_%_04 to FegiwOy4

The ability of iron oxides to exist in
compositions which vary from the stoichiometric
formulze has been put forward by a number of
people as an explanation for the catalytic behaviour
of the substances (Renshaw et al., 1970).

In particular, the interfaces between lattices in
which iron has a different oxidation state are
regarded as active sites (Chufarov, 1946;

Taylor, 1956; Venkatachalam et al., 1971).

The solubility of hydrogen in iron is 10~*¢
at 600°C and 4 x 107%% at 1000°C (Sidgwick, 1962).
Carbon solubility in aFe is very low, 0.003% by
weight at 20°C rising to a2 maximum of 0.036% at
723°C (Parkes and Mellor, 1951). The solid solution
formed, with a heat of solution of 21p3k cals{mole

(McLellan et al., 1970), is known as ferrite.

Calculations indicate that the interstitial carbon is



prcsent in octahedral holes in the aFe lattice
(Plocken, 1971). In Y Fe the carbon solubility

is 0.87% at 723°C, the A, transition point, and
increases to a maximum of 1.7% at 1130°C, the
resulting solid solution being austenite. The higher
golubility is due tc the larger volume available for
interstitisl atoms in the octahedral sites in the

X’Fe lattice.

36

A wide range of iron carbides and solid soluticns

of carbon in iron are known. -Many, however, only form

under unusual conditions. The carbides Fey ;055 FegC
and Fe,C, occur in special steels (Taylor, 1961).

The formation of FegC and Fe;4C, (Kuc, 1959)

and probably the carbide " FeC" reported by Eckstrom
" and Adcock (195C) have been carried cut only in the
presence of nitrogen. The compound Te,C was
prepared at 400-480°C from CO/Fe intersctions and
decomposes fO»Feac (Pinsker et al.,, 1957) but neither
FeysC nor the carbide, Fe, ,Cs have been detected in
carbon deposition studies (Allen, 1965).

Several phases, mixtures of Fe and FezC are
known to separate in the manufacture of steels under
a variety of conditions (Barrett, 1943). Figure 1.1
represents part of the phase diagram for the iron-
—-carbon system (from Parkes and Mellor, 1951).

The equilibrium form below 723°C is pearlite and

other forms such as martensite, a body-centred
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tetragonal iron lattice containing interstitial

carbon atoms (Hagg 1934A, Ron et aL,>i968) can be
converted to pearlite by tempering. The intermediates
sorbite and troostite forﬁzxddecoﬁpose during this
process. Other phases such as bainite, a lower
temperature form, are produced by the conversion of
retained austenite to cementite and ferrite

(Kuteliya et al, 19694,B,C).
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The carbides most frequently encountered during
carbon deposition experiments on iron surfaces are
cementite-@FezC, Hagg carbide -XFe,,Cy and € Fe,C.
Of these carbides FeyC is the longest known and the
best established. Schenk et al. (1903, 1926, 19274
and B) have studied the production and decomposition
of PegC in several different systems and the Fe-0-C
equilibrium at various temperatures. Lipson and Petch
(1940) proved that the FezC lattice was orthorhombic
with unit cell dimensions a = 4.5234 A, b = 5.0883 A,
¢ = 6.7426 A. Fruchart et al. (1963) discussed the
Fey;C lattice in terms of the radius ratioc of the C
and Fe species and explained thé structure as
consisting of prisms of Fe atoms, each alternate prism
" having a central C atom. Cementite is thought to
decompose to graphite and iron via an unsitable ¢arbide
and Shalashov et al. (1968) have.obtained evidence that
at 700°C in vacuo FezC forms ferrite by going through
a meta-stable austenitic phase.

Both Hofmann et al. (1930) and Tutiya (1930B)
obtained a second carbide during the decomposition of
CO over Fe and Gluud and co-workers (1929) showed that
at 275°C Fez;04 was reduced by CO giving rise to a
phase of constant composition equivalent to
approximately Fe,C. Hagg (1934B) obtained an X-ray
powder photograph of this compound and was able to

show that it was unstable above 225°, completely
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decomposing to FezC at 500°C. Later work (Jack, 19456,
1948) determined that this material, now known as Hagg
carbide, contained 30.5-32.1 atoms %C and crystallised
in the orthorhombic system with a = 9.04, b = a /3 =
15.66 K, c = 7.92 K. Trillat and Cketani (1951 4, C)
suggested that experimental observations could equally
well be explained by a primitive hexagonal lattice with
a' = 2a,.c' = ¢ or by monoclinic or triclinic systems.
Pichler and lMerkel (see Hofer et al, 1949)
reported the existence of twec carbides of general
formula Fe,C having different Curie Points and Halle
and Herbst (see Hofer et al., 1949) claimed to have
détected a hexagonal carbide of iron. Hofer and
co-workers (1949) established that one of these.-
" reported carbides with a Curie Point of 247°C (+3°C)
was Hagg carbide and the other with a Curie Pcint of
380°C was a hexagonal carbide now known as &€ TFe,C
having unit cell dimensions, a = 2.754 K, c = 4,349 4
(A.S.T.H. 6, 670). This compound was prepared by
treating powdered Fe at 240°C with CO for more than
500 hours and decomposes above 300°C to give Hagg
carbide. Nagakura (1959) has obtained € Fe,C from .
polycrystalline aFe films but not from single crystal
films, the € Fe,C having a similar crystal size to
that of the original aFe. This supports his mechanism
that € Fe,C forms by diffusion of C atoms into the

aFe lattice via dislocations without any recrystallication.




Allen (1966) discussed the structure of iron
carbides. in terms of defect models based on the relatively
stable Fe,C lattice. Compounds of composition FeXC,
with x < 3, could form either by replacing Fe with C in
the FezC lattice or by placing excess € atoms in
interstitiél positions in the Iattice. The latter would
explain why graphite is formed during FezC decomposition |
but not by XFe,,C, decomposition as too little energy is
released by the removal of an interstitial C atom from
XFe,qCy to form a graphite lattice.

The catalytic intervention of iron carbides in
the Fischer-Tropsch synthesis of hydrocafbons was rulep
out according to thermodynamic and C14 tracer éevidence
from Kimmer et al. (19484, B), Kryukov et al. (1970)

. found that Fe,C formed by the action of CO/H2 on Fe
diffused into the Fe granules taking no further part
in the reaction sequence. Podgurski, Kimmer and
co-~workers (1950) have studied the interconversion of
iron carbides and supplied information on their
adsorptive properties. Hydrogen and carbon monoxide
are not chemisorbed by XFe,,C, at low temperatures and
at 100° and 200°C. However, CO chemisorbs on partly
carbided Fe at -40°C to -195°C, indicating that carbide
formation proceeds by the nucleation and growth of
indiﬁidual carbide crystals and not by the gradual thickening
of a uniform layer of carbide on the Fe surface.

They assumed that,‘since X, €& and & carbides

have similar ferromagnetic moments, & and @ carbides
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would have adsorptive properties similar to those of
XFepoCy

Chufarov and Antonova (1947) have studied the
effect of wvarious substances on the catalysis of the
Bell reaction (2005 C.+ €0, ) by iron.  The presence
of the relatively unstable sulphates of Cu, Al and Mn
in 5% concentrations stopped the reaction completely
at 450°C and retarded it by factors of 12 to 40 at
650°C-750°C. The more stable sulphates of Na and Mg
had less effect. Inhibition of the catalysis occurred
upon addition of sulphur-contsining decomposition
products, especially SO,. Berry and co-&orkers (1956)
also found that sulphur in the gas or solid phase
prevented catélysis of the reaction; as did small
‘doses of NHjz. However, these effects could be
offset by adding zinc or alkaline compounds, and the
presence of H, or H,0 accelerated the reaction.
Both Schenk et al.(1960) and Karcher et al.(1971)
divided iron and steel pcisbns into ones which led to
irreversible inhibition such as 50,, H,S, silanes and
ones which were effective only if continuously added
such as Cl,, nitrogen compounds. The adsorption of
sulphur on the (100) face of Pe was investigated by
L.E.E.D. by Margot et al. (1970). At 20°C and 5 x 10~° torr
H,S, a C(2 x 2) structure forms on the Fe surface due to
s*~ ions. The intensity of this adsorption increases

with temperature and pressure until 500°C and 3 x 10™% torr
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when a disordered structure results. At this
point the addition of H, and HE,S leads to completely

saturated adsorption.

1.2.2. XNickel

Wickel at 20°C has a face-centred cubic structure
with a = 3.5238 (A.S.T.M. 4, 850). Early preparations
of nickel films produced a hexagonel close-packed
lattice (Mellor, 1922) and this modifieation, though
not normally encountered, is known as aNi. The face-
-centred cubic structure is BNi. (Von Nostrand Ltd.,
1964).

Several investigations (Bollmann, 1958-1959;
Bartuska, 1970) have shown that polygonisation of
~nickel foils starts around 150°C and recrystallisétion
nuclei appear at 200-250°C in pure nickel. In lower
purity nickel (Larikov et al., 1965; Bartuska, 1970)
polygonisation and recrystallisation occur at about
150°C higher. Fuks and co-workers (1970) found that
in very strained nickel lattices such as thin films
deposited at low temperatures recrystsllisation can
take place below 175°C by a stress relaxation process
requiring a lower activation energy than normal
coarse grain formation. The presence of even trace
amounts (10"'7 torr) of adsorbed gas at 20°C helps to
release the compressive stresses in the nickel films
(Janssen, 1969). Small deformations in nickel can

lead to recrystallisation by grain boundary migration




(Bailey et al., 19623 Dubovitskaya et al., 1970).

Many nickel oxides were reported in the early
Titerature including Fi, 0, Ni,0y, NizO4, FiO, as well
as the fully characterised NiO. Nickel is mnore
resistant to oxidation than iron but will form KiO
fairly readily above room temperature. The oxide
K¥i0 has the same face-centred cubic structure as
nickel itself. The temperature of formation affects
its lattice parameters (Chambard et al, 1971) but the
unit cell dimension is usually taken as 4.1769 2

(A.S.T.1. 4, 835)., Fickel hydroxide, Ni(OH),, has

heO ()

well established hexagonal structure with a = 3.126
¢ = 4,605 4 (A.S.T.M. 14, 117). Apart from FiO the
only anhydrous oxide of nickel whose existence is
likely is Ni, Oy, nickel sesquioxide. Nickel oxide
prepared by heating Ni in oxygen at 400-480°C is said

to contain up to 3% Ni, 0, (Sidgwick, 1962) and Aggarwal
and Goswani (1961) have detected a phase which they -
identify as Ni,0; formed in an evaporated film of Ki

and Ni0 on rocksalt at 400°C. They suggest a hexagonal
lattice with unit cell dimensicns a = 4.861 Z, ¢ = &.81 Z.
Hydrated nickel oxides are fairly common. Glamser

and Einerhand (1950 A and B) reported a number of higher
hydroxides, of which the best defined is RNiOOH

(A.S.T.M. 6, 141) which can be considered as a hydra*

of NigOp: Ni, Oy + H,0 —> 2PNi00H




The solubility of hydrogen in Wi is relatively
high. At 25°C Ni absorbs 4.15 times its own volume
of H, (calculated at N.T.P.). At 600°C 5.4 x 107 %
and at 1400°C 1.54 x 1073¢ H, dissolve in Ni (Sidgwick,
1962). Nickel dissolves 0.23%C at 1000°C but no
carbide is stable at such a high temperature (Hansen,
1958). In fact only one carbide (hexagonal) FisC
has a completely establiched structure. Bahr et al.
(19288, 1930, 1933) formed KiC below 270°C by the
action of Ni or NiO on CO. The NiyC decomposed to
Fi between 380°C and 420°C and it was suggested that
this cccurred via a second carbide NizC,. Tutiya
(1931) claimed the formation of a percarbide at 270°C
which rapidly decomposed at 284°C to give Ki,C.
Jacobson and Westgren (1933) carried out an X~fay
analysis of N;sc and proved its hexagonal structure.
Their unit cell dimensions, a = 2.646 Z, c = 4,329 Z
afe similar to those accepted at present (A.S.T.H. 6,
697). It was suggested by Bromley et al.(1960) that
NiyC can be formed at relatively low temperatures
because it is an interstitial carbide, the C atoms
preferring to enter a partially constructed lattice
rather than nucleate a graphite lattice even though
NigC is unstable with respect to graphite and Ni.

In 1938 Kohlhaas and Meyef proposed the existence of
an orthorhombic NigC isomorphous with Co;C and Fe,C,

but this has not been substantiated.




Several other caribdes are known to exist;
Wi, ;C5, NiC and NizC are found in alloys’especially
steels and Tebboth (1948) has proposed that NigC is
van intermediate in the decompositiom of NizC.
Hofer and co-workers (1950) have rejected this
suggestion because of the observed kinetics in their
NizC decomposition experiments. ‘ Nickel acetylide,
KiC,, has been prepared (Durand, 1923) and Pugh et al.
(1961), during the synthesis of diamond at high
temperatures and pressures between Ni and graphite
blocks identified a percarbide, NixC (x)_é) by X—ray.
analysis (A.S.T7. 14, 20). Recently, Renshaw ét al.
(1971) have observed a lattice based on the normal
hexagonal Nigc structure but with the C atoms regularly
-arranged in the lattice instead of occurring randomly
in interstitial positioms. The unit cell dimensions
of the carbide superlattice were given by Nagakura
(1957, 1958) and are related to those of the normal
Ni,C unit cell according to a' = a 3 NizC, c¢' = 3c Ni,C.

The addition of H,S or C,H, to a Ni(111) face
was studied using L.E.B.D. by McCarroll, Edmonds and
Pitkethly (1969) and it was determined that the S
or C atoms formed, respectively, altered the
orientation of the top Ni layer to a (100) configuration.
Riwan (1971) found by Auger spectrometry that trace
amounts of § contained in nominally pure Ni segrated

to the (110) Ni face during thermal conditioning.
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The addition of (NH,),S to a Ni catalyst being used
for € deposition from C,H, was found (Shirasaki et
al, 1965) to selectively poison the metal grain
boundaries. Richardson (1971) investigated the
poisoning of Ni catalysts by H,S, CS, and (€,H;),S
and described the features of the nickel-sulphur
_interactions. The regeneration of S-poisoned Ni
catalysts by oxidation above 600°C was recommended by

Rostrup-KNielsen (1971).

l1.2.3 Catalyst Discussion

The importance of carbidic phases Iies in the fact
that they are inevitably formed in low temperature
(below approximately 600°C) carbon depogition reactions.
; Even at higher temperatures their transienf.existence
hés been postulated to explain carbon formation and it .
is widely recognised that the success of iron, cobalt
and nickel as carbon deposition catalysts is bécéuse
their carbon affinity is intermediate between that of
titanium and tungsten which form very stable carbides
and that of silver and gold which form no carbides
( Tamai et al., 1967).

Matsumoto et al. (1970) have shown that nickel
degrades hydrocarbons by a sciséion producing C, species,
whereas platinum acts by a B8 carbonium ion mechanism
and this may explain why nickel can cause the build up
of highly ordered carbon at much lower temperatures;

the C, species would be expected to easily slot into




position in the growing graphite lattice because of
their high mobility (see section 4.1) in contrast to
the larger hydrocarbon fragments from platinum.
‘The I.R. spectra of CO chemisorhed on Fe, Co and Ni
at 113°K under ultra high vacuum have been shown to
be similar (Bradshaw et al, 1970). Only some of
the adsorbed gas is responsible for the spectra
indicating the presence of at least two types of
adsorbed molecules. Bearing in mind the behaviour
found by Maire et al. (1970) and Edmonds, McCarroll
and Pitkethly (1969 A and B, 1971) by L.E.E.D. for Co
and hydrocarbon adsorption at comparatively low
temperatures, the complexity of the interactions with
Fe, Co and Ni becomes apparent, With Cu, Ag and Au
" Bradshaw and Pritcherd (1970) found much simpler and
totally reversible adsorption. These L.E.E.D.
studies have also shown that the presence of even trace
amounts of impurities such as sulphur, hydrogen,
carbon and oxygen (Portele, 1969) has a definite
bearing on the type of reaction which the metal
surface will undergo. It is becoming more evident
that totally reproducible results will only be
achieved with a complex system such as is used in
carbon deposition studies under ultra-pure conditions.
The correlation between the catalytic activity
of Fe and Ni with high energy centres such as

diglocation cores is uncertain. Miyazaki et al. (1971)




and Grenga and Lawless (19€38) found no preferred
depositibn at activated points on the nickel surfaces
and Renshaw et al.(1970) using Pe/Si single crystals
with dislocation arrays detected no improved catslysis.
However, Walker and Thomas (1970) stated that
dislocation cores in Fe did function as active

centres and Schrader et al, (1971) éuccessfully

employed mechanically activated Ni catalysts.

1.2.4 Hydrocarbons

The thermodynamic stability of paraffins
decreases with increasing chain length, all being
unstable with respect to carbon and hydrogen aboﬁe
room temperature except CHy, C,H;, C3Hy (Parks and
Huffmann, 1932). Relevant thermodynamic data is
given in Table 1.6, (from Kearby, 1955).

Table 1.6

Hydrocarbon Stability Data

: . Inversion Temp at which Heat of formation

Hydrocarbon temp. compound becomes of ¢ in K cals,
stable with g.atom of C at
respect to © 700°C
equivalent paraffin.

CH, 570°C - -4

C,oHg 200°C 730°C -

CsHg 100°C -14

below
CyHy 200(! 600°C -14
Cys Hy + below

20° 660°C -14
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Yt can be seen from the table given that while CH,

has a higher stability at 700°C the other hydrocarbons
employed in the present studies, Cz;Hg, CzHy and C,H,
(butadiene) are remarkably similar in this respect.

The breakdown of hydrocarbons to give carbon is
¥nown to be a complex process. Prey and Hepp (1933)
have listed the decomposition products at 400-575°C
and in.section l.1.2 the various possible hydrocarbon
intermediates were mentioned and their role in
determining the final cafbon product discussed.
Acetylene is the intermediate most frequently encountered
anéd it is practically unique in becoming less unstable
with respect to carbon and hydfogen with increasing
temperature. Above 1200°C it is thermodynamically’
even more stable than CH,. However, because of the
kinetically active triple bond it will still break
down rapidly to carbon at elevated temperatures.

In the presence of a catalyst the breakdown
patterns of the gases will be altered because the
catalyst increases the rate of formation and decomposition
of various intermediates to different extents.

For example, Frey (1934) has described the pyrolysis
of paraffins on catalyst surfaces. As has been
mentioned, nickel especially tends to form surface

C; species and it is likely that acetylenic species
are less imﬁortant. The metal catalyst may also form

secondary products such as carbides or oxides (with
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acetone, or if oxygen impurities are present) and these
may well interfere with the other chemical feactions
occurring. A Turther feature of solid/gas interactions
is the possible effect of physical processes such as
diffusion, solution on the course of the carbon
deposition. The oversll rate of pfoduction of carbon
will depend in a complicated manner on all of these
features and to understand the kinetics required a
knowledge of the relative importances of the individual
processes which can only be obtained by morphological

and analytical studies.,
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1.2 Transmission Electron Microscopy (T.E.M.)

1.3.1. Introduction

The use of electron microscopes‘to obtain
enlarged images of specimens dates from Knoll and
Ruska (1932). Early microsccpes (between 1932 and 1950)
have been described by various authors (Zworykin et al,
1945; Cosslett, 19513 Hall, 1953) and the theories
of electron optics (Heidenreich, 1964; Hirsch et al,
1965) and préctical techniques used in microscoby
(Kay, 1965) have been much discussed. More recent
reviews of tHe state of development have -been given by
Pisher et al. (1970) and Cosslett (1870).

The microscope used for most of this work, the
‘Siemens Elmiskop I, has been described in some detail
"by Hirsch et al.(1965). The beam of electrons
| accelerated from a tungsten filament by a potential of
40kV, 60kV , 80kV or 100kV is focussed on thevspecimen,
using a single or double condenser system, as a spot
whose diameter can be adjusted from 60 A 1o e M,
according to the degree of demagnification produced
by the first condenser lens. The image of the
specimen is magnified by three magnetic lenses, the
-objective, intermediate and projector lenses, and a
final magnification of up to 160,0C0X can be attained.
The ray diagram showing the formation of the magnificent
image using one condenser lens is given in Pigure 1.2

The magnification achieved by the objective lens was



Figure 1.2

Ray Diagrams for (a) Transmission Microscopy and

(b) Selected Area Diffraction.
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increosed by the use of an objective pole-piece of
focal length 2.1 mn. instead of the normal 2.8 mm.
(at 80kV) giving an overasll magnification increase cf

approx. 30% and an improved resolution.

l.5.2. Diffraction: The second major use of

electron microscopy, as an eanalytical tool, is
dependent on the ability of crystalline specimens to
diffract bveams of electrons. On going through a
suitable objéct electrons are diffracted at angles
determined by the lattice parameters of the specimen.
The beams are focussed normelly at the second focal
plane of the objective lens as indicated by FPigure
1.2. An image of the pattern at this plane is then

obtained by use of the intermediate and projector lenses.,

Selected Area Diffraction. The technique of selectsd

area electron diffraction, introduced by Le Poole (1247},
was employed frequently during the course of this work.
A diffractionm aperture is placed in the path of the
beam at the first intermediate image piane and the
strength of the intermediate lens is reduced until an
image of the seccnd focal plane of the objective lens
is projected on to the fiﬁal écreen.

From the resulting diffraction pattern the
particular lattice spacing, d, corresponding to a
reflection of radius R can be calculated from the

equation,



where K is the camera constant and is'given by the
product of the electronic wavelength,A, and the
effective camera length, L. The camera constant is
an experimentally determined quantity, its value being
found by measuring the R values of avknown specimen,
usually an evaporated film of thallium chloride.
Inaccuracies in selected area work have been discussed
by Phillips (1960), Agaf (1960), Rieko (1961), Alderson
and Halliday (1965), Hirsch et al. (1965) and Andrews
et al. (1967) and are due mainly to spherical
aberration and variations in the value of K.

The selected area technique is extensiveiy used to
identify the chemical nature of materials and to
supply crystallographic information about individual

. crystals.

Dark Field Microscopy. With a crystalline specimen
a selected area diffraction paftern can be obtained,
as previously described. If the objective aperture
is placed over a particular Bragg reflection and the
diffraction aperture and specimen image are focussed
at the first intermediate image plane then a dark
field image of the sample will be obtained. Areas
of specimen responsible for the given reflection will
appear bright against a dark background.
Spherical'aberfation errors are introduced by fhe_use
of electrons removed from the optical axis to image

the specimen. To reduce this effect and improve



image quality the illumination system can be tilted
abou®t the object until the decsired reflection lies
along the new optical axis. Dsrk field microscopy
is important in specimen orientation studies where
determination of the region of specimens cpntributing

10 particular diffracted beams is required.

l1.3.3. Contrast
Contrast in electron microscope images arises
from interactions between the electron beam and the

atoms of the specimen.

1.3.3.1 ZElastic Scattering

When electrons interact with the nuclei of the
specimen they do so elastically, without any loss of
energy. The resulting diffracteé beams of electrons
are coherent with respect to the transmitted beam and,
in crystals, diverge from it at angles determined by
the lattice parameters of the specimen (see previous
section). The overall elastic scattering cross-section,

Qel, was given by Hirsch et al. (1965) as:
o = ofep =T
Qe1r = '\P g| ? sin BdRda,
0/B =0 _ -

]

a

where, a is the angle variable about the optic axis,
B is the scattering angle,

\P & 1s the amplitude of the scattered wave.

The use of an aperture (the objective aperture)

near the second focal plane of the objective lens
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(Hiedenreich, 1964) makes it possible to separate
the contrast due to elastic scattering into
contributions from two distinct mechanisms, namely,

phase contrast and diffraction contrast. In the

equation,
a=2T, B:B b4 '
Qel =j; /y ° Jiqjg(a,ﬁ)!zsinsdﬁda' +
U.‘—-‘O B:O . ‘ . S
a=2r B:Tr .
/j’ ‘/{ l4’g(a,8) sinfdBda,
a=0 /B=Bqp

the first expression describes the scattering cross
section for phase contrast and is due to that

fraction of fhe diffracted electrons which pass through
" the objective aperture; the second expression computes
the cross-section for diffraction contrast and is due
to diffracted electroﬁs which do not pass through the
aperture and do not therefore contribute to the final

image.

Diffraction Contrast arises because of variations in

the orientation ¢f crystalline specimens. The electron
beam will be strongly diffracted by an array of lattice
planes at a particular orientation and if the diffracted
beam is removed by the objective aperture this area of
the crystal will show up in the final image as a dark

spot. Darker areas will also result from thicker



perts of the specimen due to their increased
diffracting ability (thickness contrast) and from
regions of specimen containing atoms of higher atomic
number (mass-thickness contrast).

The mathematical theory which attempts to explain
the electron scattering phenomenon and to calculate
the intensities of diffracted beams is known as the
Kinematical Theory (Heidenreich, 1964 and Hirsch et al.,
1965). It assumes that the diffracted intensity is low
and therefore neglects any further interactions of the
diffracted electrons. This assumption is valid, in
general, for thin specimens and the theory accdunts for
variations in contrast due to dislocations, buckling
contours and other features. The Kinematical Theory
in its original form does not explain the formation of
moire fringes and, for thicker specimens where its main
assumption becomes invalid, the Dynamical Theory was
introduced. This theory takes into account the
secondary effects produced by interactions of the

diffracted electrons within the crystal.

Phase Contrast is the dominant mechanism for the
production of contrast in electron images of specimens
o

less than 100 A thick when detail less than 10 K in sigze
is required (Heidenreich, 1967). Transmifted electrons,
of amplitude T, and diffracted electrons, of amplitude D

1 .
and phase ( -+ X) relative to T pass through

the objective aperture and b)by/
[ 4
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interference a combined electronic wave function,
4)' = T + i])e:LX ,
with intensity,
H/‘*‘:l-zm) sin X,
is formed. The maximum contrast is,
_ : ™ )
Gmax=4TD’ when sin X = 1 and X = — (4;+1 ,

where I is an integer.

The contrast produced here is phase contrast as it
depends on the phase difference, X, introduced into
the diffracted electron wave by the scattering process.
Most micrographs contain a phase contrast contribution
except at exact focus when phase contrast becomes zero.
The exact degree of defocussing, A L, , necessary to
produce maximum contrast in a given set of conditions
can be calculated. (Thon, 19664). A knowledge of
the value of A I, is useful when imaging features
less than I0 K in size. |

A series of intensity maxima are formed in the
second focal plane of the objective lens by interference
phenomena, according to the equation,
A
a

P = +1 Lo

b

where, P denotes the position of the maximum from the
optic axis, |
a is the unit cell dimension,

Lo 1s the object distance and
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I is the spectral order describing the phase
change on diffraction, X(I).

. L

(i) For I = 1, the phase change on scattering = re
giving rise to a half period image.

(ii) Por 1 = 0 and I = 1, the phase change, + TT ,
gives the true lattice periodicity.

(iii) For I = 0, a uniform intensity image is formed.

In general the greater the number of spectral orders
allowed to contribute to the final image the better
is the phase contrast. Recent workers (Thon, 1966B;
lollenstedt et al., 1968; Heppe et al., 1969) have
acted on a suggestion by Hoppe (1961 and 1963) that

'* zonal correction apertures".would increase phase
contrast in the image and facilitate interpretation
of high resolution micrographs. Alternatively, the
same results can be obtained by using an optical
diffractometer to filter and reconstitute the image

of an electron micrograph (Thon and Siegel, 1970).

1.3.3.2., Inelastic Scattering

When the electron beam interacts with orbital.
electrons from the specimen inelastic scattering occurs
and the specimen gains energy, causing an increase in
temperature and often resulting in damage to the
specimen., If the inelastic scatteriﬁg cross-section
is calculated it is found that most scattering occurs

within an angle, B < Bobj» but no improvement in



phase contrast results due to the incoherence of
inelastibally scattered electrons. Normally,
specimens of low atomic number, e.g. carbon, are
unsuitable for phase contrast because of the high
proportion of electrons which are inelastically

scattered (Crewe, 1970).

l1.3.4. Resolution:

Resolving power has been défined by Cosslett
(1951) as the closest distance of approach of two
point objects at which they can still be distinguished
as separate entities. However, a generally agreed
standard test of resclving power in electron microscopy
is difficult to achieve. Hillier (1945) suggested
as a criterion the highest useful magnification of
which a micrograpn is capable. Alternativel&, the
minimum separation between points in a micrograph
can be used or the measurement of the smallest
detectable opsque particle on a thin support film can
give estimates of ultimate resolution. A further
criterion due to Haine (1949, 1950, 1961) concerns
the width of Fresnel fringes at the edges of specimens.
The factor Iimiting the resolving power of an
optical microscope is the diffraction effect ocecurring
at the aperture of the lenses. This Iimits the
resolution to the order of the wavelength of the light
used (approximately 0.5 M ). If the ultimate resolution

in images formed by high energy electrons was determined
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by this same limitation then the observation of

atomic detail down to about 0.056 K in separation

would hte possible. Unfortunately, imperfections

in the electron optics, in the high voltage supply,
and in the specimen stability make this standard of
resolution impossible to attain. Some cf the more
important faectors controlling the amount of
information which can he retrieved from the diffracted

electron beams will now be considered.

1. ©Spherical aberration of the objective lens is

generally the largest single factor determining the
resolution I1imit in the electron microscope.

It arises because the power of an electromagnetic lens
is greater for rays further from the optic axis,

~with the result that the image of any point in the
object is a disc of finite radius, A rg.

To reduce this aberration avlimiting aperture is
placed in the second focal plane of the objective lens.
This aperture removes the most widely diffracted rays
but results in a reduction of the information content
of the final image. This aperture diffraction
aberration, Z&:PD, is given by Jenkins and %White (1951)

asse

Ary = QLA (1.1)

where a is the angle subtended at the specimen by the
~objective aperturce and A. is the electronic wavelength.

The radius, A rg, of the disc of cenfusion produced by



spherical aberration is given by,

3 .
Arg=Cga, B G )

where Cs is the spheriéal aberrations coefficient of
the objective lens. Thus, combining equations (1.1)
and (1.2), the optimum semi-aperture angle, aopt’

is given by:
1'_ - 4L
= )

aopt = A)\& CS

and the minimum aberrations, A Thin is,

3 L

min.
where A and B are constants, approximately unity.
Formally the objective aperture diameter lies between
30/0- and 50m , for work where diffraction contrast

is beneficial. However, if an increase in phase
contrast is desirable the objective aperture can be
removed completely. Because the spherical

aberration constant is proportional to the focal length
of the objective lens removal of the aperture can be
justified in microscopes having an objective pole-piece
of very short focal length. In the present case, és

previously mentioned, the focal length was 2.1 mm.

2. Chromatic aberration ariées if there is an energy
spread of the imaging electrons, producing alterations
in the effective focal length of the objective lens.
Electrons which have lost energy are bent more by the
objective field and lead to a disc of confusion in the

image plane. The chromatic aberration constant, CC’



like Cq usually have a value similar to the focal

length of the objective lens.

Oe Coherence of a beam of electrons in the electron
microscope is essential for the observation of
interference effects such as Fresnel fringes. If two
incoherent sources are observed in a microscope the
intensity at the image plane is the sum of the
intensities of each one taken individuaily (Hall, 1955);
if the two sources are coherent then the intensitj is
an interference pattern for which the two parts must

be added with due regard to relative phase.

Coherence is improved by use of a condenser aperture,
usually of diameter IGO/A or 200/A but SQ/& apertures

can be employed for high resolution studies.

4, Astigmatism in a lens causes a point object to be
imaged as two mutually perpéndiculaf lines at

different levels in image Spaée. Hillier and Ramberg
(1947) produced the first " stigmator" - an elliptical
field which can he adjusted in magnitude and direction
to compensate for the inhomogeneity of the lens.

In the Elmiskop I there are stigmators in the

illuminating system and in the objective lens.

S, Specimen Instabilities of several types can affect

the resolution attainable even under optimum
instrumental conditions. Chemical instability in the
form of beam damage can be reduced by memns of image

intensifier systems; physical instability in the form



cf specimen drift can be avoided by using correctly
supported objeqts. The prevention of contamination
build up on specimens is now routinely performed by
the use of liquid nitrogen-cooled jackets which
sﬁrround the specimen and attract the hydrocarbon

vapours which cause the contamination.

l.3.5, High Voltage Electron Microscopy:

Conventional electron microscopes use electrons
accelerated through potentials of 30kV to 100kV.

For certain types of work, however, electrons of much
greater energy (around 1 lMv) are preferable, the

advantages being two-fold:

1. A greater transmission of electrons through thick

. specimens at small angles of scattering is obtained,
enabling specimens of considerable thickness to be
examined. The information available from the study

of metal films in the electron microscope is of limited
help in extending our knowledge of bulk metal
properties because of the special effects encounfered
in films thin enough to be examined in a conventional
microscope. Much thicker metal gpecimens can be

locked at using a 1 MeV microscope.

2. A smaller absorption of energy from the electron
beam of the specimen takes place. This effect is
advantageous in the examination of biological

materials and other potentially unstable substances.

4

(A



In the present work a thick sample was examined

using the A.E.I. 1MeV microscope at A.E.R.E. Harwell

hod
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l.4. Other Physical Technigues

1.4.1+ Scanning Electron Microscopvy (S.E.1.)

Scanning microscopy is a technique for observing
the surface of samples toc thick for examination by
fransmission microscopy (T.Z.M.). Its resolution,
while not as good as a T.B.lM. is appreciably better
than that of an optical light micrescope (0.L.M.) and
ite depth of field is at least 300 x that of an O.L.IM.
(IS/M« at 10,000 x).. Recent reviews of_S.E,M. include
those of Cosslett (1970), Fisher et al. (1970) and
Kammlett (1971).

Figure 1.3 illustrates the components of a
scanning microscope. A heated tungsten filament emits
electrons which are accelerated under a positive
potentiai of 1 to 50 kV and are passed through a series
of two or three condenser lenses. Thus, a demagnified
image of the source is achieved at the specimen surface.
The electrons interact with the so0lid specimen and
generate a varicety of signals which can be collected,
amplified and used to control the brightness on a
cathode ray tube (C.R.T.). To obtain the signals the
electron beam is scanned in a raster fashion over a
chosen aree of sample by two pairs of electromégnetic
deflection coils. Because the C.R.T. scan is
synchronised with the beam scan the signals are
transferred with a one-to-one correspondence as an

image display of the scanned region. Changes in
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brightness represent changes in particular properties
of tihe specimen.

Wormz1lly the instrument is used in the emissive
mode, the secondary electrons emitted from the specimen
béing collected and utilised in the formation of a
specimen image. The reflected primery electrons can
be made use of but give less detail about surface
features (Everhart et al., 1959).

It is found that elevated regions of the specimen
will act as enhanced sources of secondary electrons due
to their greater irradiation and will appear bright,
whereas depressions will come up dafk,_in the final
image. Similarly;high atomic weight elements will
interact more with the primary electrons and will
appear as bright spots in the image. Howewver, their
electron scattering will be mainly elastic and if
inelastically scattered electrons are used to image
the sample these spots will not show up (Crewe et al,

1970).

Microprobe: The X-rays formed by electrons dropping

into lower energy orbitals during these interactions

are characteristic of the elemen%t involved. Hence,

if the X-rays are collected, an analysis of the elements
present in the specimens can be obtained. The collection
is performed by use of various analyser crystals which
diffract the X-rays at angles dependent on their
wavelength and therefore separate the X-rays according

to their source elements.



1.4.2. Mass Spectrometry

The gaseous products of many of the carbon
deposition experiments were gnalysed using an A.B.I.
M.S5.12 mass spectrometer, a diagram of wnich is shown
in Figure 1l.4. The sample gas is ionised by
electron bombardment in the ion chamber, the resulting
ions being separated according to mess to charge ratios
by means of the magnetic analyser. The étrength of the
meggnetic field is kept constant while the potential
through which the ions are accelerated is continuously
varied. The mass range of interest is then secanned
using the adjustable slit in the collector assembly.
Each focussed beam on passing through the slit strikes
the collector plate where it acquires an electron to
neutralise each positive ion it contains. This
produces a flow of current in the collector circuit
which is amplified and recorded as a peak on a moving
chart, the magnitude of the peak being proportional |
to the relative abundance of each ionic species

(Hil1, 1966).
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2o EXPERIMENTAT

2ol Apgaratus

2elels Reaction Vessel

The carbon deposition experiments were carried
out in the apparatus shown in Figure 2.1.
It consists essentially of a commercial coating ﬁnit
incorporating a bell-jar which encloses a reaction
volume of approximately 20 litres. The base-plate of
the bell-jar contaims numercus portals for the entry of
electrodes, vacuum gauges, gas sémpling bottles and
temperature monitoring units. - Reagent gases were
passed into the bell-jar via %‘" bore copper tubing
from their respective cylindérs or containers.
This design permitted interactions with more than one
gas concurrently without exposing the materials to the
atmosphere and also allowed an improved pumping speed
and better final vacuum in the apparatus. To obtain
a vacuum of better than lom6 torr the oil diffusion
pump was equipped with a liquid nitrogen cold trap,
the vacuum being measured using Pirani, Penning and
Ionisation Gauges. The amount of reagent gas in the
system was monitored by a Capsule Dial Gauge in the |
pressure range 5 torr to 600 torr and by a Pirani Guage
below & torr.

Also attached to the bell-jar base--plate are

gas sampling bottles for examination of reagent and



Gas Analysis
Sample Tubes

Y’/‘/‘

Metal Foil
Between
Elecirodes

Cylinderof Cylinder of
Hydrogen Reacting Gas

t I.R.
Therimometer ‘
\ (1 )=
\—/

A \¥4
| Diffusion Pum J t
. P \7{ ;____(2\____ Rotary
i with cold trap 7 , O/ | Pump

X —  Valve

o) —  Pressure Gauge

i -- 0 -760 Torr Gauge

—  Pirani Gauge

Penning and Ionisation Gauges.

FIGURE 2.1




ryrz
)

vroduct gases by mass spectrometry. These attachments

to the bell-jar are shown schematically in Figure £.2.

2:.1.2. Heating Units

The metal used in the deposition experiments was
raised to the reaction temperature by resistance heating,
the passage of an electrical current through the foil.

A voltage stabiliser was used during the heating processes
tc improve the temperature measurement and cortrol.

The stabiliser, from Servomex Controls Ltd., type

A.C.2 Mark IIB, maintained a constent voltage supply

to an accuracy of 0.25%, equivalent to i 0.6 ﬁolts at

240 volts mains.

A diagram of the electrical circuitry contained
in the apparatus is given in Figure 2.3. Three sets
of electrodes are available for use in the bell-jar,
the power being taken from two 8 amp4240 volt varisc
units. Each output is converted by a step-down
transformer of voltage ratio 20:1, to give a final
power supply in thé form of 12 voltsIGO amps.,, suitable
for heating metal foils whose resistance is of the

order of 0.1aN.
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The method of resistance heating had the advantage
tnat very rapid temperature changes could be induced,
beecause of the low heat capacity of the thin foil,
less than 0.1 joules per®C being required.

The disadvantage of the technigue was that a temﬁerature'
gradient between the centre and the edge of the foil
inevitably occurred. Shaping the foil toAréduce this
effect was not undertaken because of the difficulty of
achieving reproducible results. Instead, it was
intended that selected experiments in which there was

a need for a constant temperature along the foil would
be carried out in a furnace designed and constructed

for this purpose.

The furnace consists of a cylindrical block
of stainless steel of height 5 cm. and diameter 7.5 cm.
giving a heat capacity of approximately 900 joules per
°C. The block can be separated into two equal parts,
each of height 2.5 cm. to allow the inséftionlof a
piece of nickel foil. A central, cylindrically-shaped
hole in the block of diameter 2 cm. permits gas access
to the foil and exposes an area of foil approximately
equal to that used in the resistance heating method.
The two halves of the block are clamped together
using three stainless steel screws ensuring that the
metal foil 'is held steady and that there is good
thermal contact between the two parts of the block.

The symmetry of the heating block is desirable to maintain



as evenly as possible the vemperature around the foil.
The heating coil was obtained from Heatrod Elements

Ltd. and has an output of up to two kilowatts.

A stainless steel shield confaining an inner film of

‘asbestos was placed round the fvrnace to reduce heat

transfer to the rest of the apparatus.

2.1.3. Temperature Measurement

In most of the experiments performed by
resistance heating the temperature of the foil centre
was monitored by a Pt/Pt 13% Rh thermocouple inserted
into & hole in the centre of the foil. Due to the
variable contact between foil and thermocouple the
inaccuracy was of the order of 5% or 35°C at 200°C.
Some later work employed én infra-fed detector to
measure and control the temperature of the foil.

Its intrinsic accuracy was much higher (+ 5°C) but the
need for frequent recalibrastion of the control~unit,
necessitated b& a graduzl accunulation of evaporated
metal from the hot foil on to the light pipe,

-Iimited thé usefulness of this method. A diagram of
the control system for the infra-red thelmomefer is
given in Pigure 2.4.

The temperature of the steel furnace is measured
by means of a Pt/Pt 13%Rh thermocouple tightly fastened
to the base .of the block. The output from the
thermocouple in the form of an E.M.P. is fed into a

unit which controls the temperature of the block via
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proportional, integral and differential monitors.
The accuracy of the temperature control is better
than 5°C at 700°C. A diegram of the control system

is shown in PFigure 2.5.

2e2a Materials
2" 2.A1- FOilS-

The metals used in these studies were iron and
nickel, the majority of the experiments being performed
with nickel. Both were in the form of thin poly-
crystalline rolled sheets. In the case of nickel
this meant that the (123) crystallographic plane was
preferentially exposed, whercas with iron the (100)
plane was thé one most commonly found at the surface
(Taylor, 1961).  The foils during reaction had two
exposed faces with dimensions 7 mm.x 40 mm, giving a
noninal surface area of (5.6 + 0.4)cn’ .

The purity of the foils is indicated below:
1. Nickel: +two grades were employed, both 0.1 mm thick.
(a) 99.9% pure, from Metals Research Ltd.

(b) 99.9% pure, from Johnson, Matthey and Co. ILtd.

Impurities: cu < 50 v { 50
(ppm) w < 20 B < 50
(Robertson, 1968) Co < 50 Pb £ 20
sn < 20 A1 £ 50

si < 100 Mn £ 40

P < 20 ¢ £ 90
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2 Iron: 99.95% pure, from letals Research Ltd.,

0.075 mn. thick.

Inpurities: Ag ( 1 Si < 2
(ppm) Mn = 3 . i < ¢
Mg { 1 Cu 1

2.2.2. Gases (or Vggours).

The following gas-phase materials were used

in this work:

Hvdrogen (Air Products Ltd.) 99% pure, and further
purified by the addition of an Engelhard catalytic

purifier which is specified as reducing the oxygenviv

content to below one part per million.

Me thane: two grades were employed
(a) Air Products‘- 99% pure |
impurities: ethane 6000
(ppm) propane 500
(Robertson,1968) n-butane 100
' i-butane 100

(b) B.0.C. research grade X - 99.99% pure.

3. Propane: two grades were employed

(1) Matheson Co., 99.9% pure

(2) Matheson Co. research grade, 99.99% pure
impurities: isobutane = €5 ethane < 15

5 methane { 5

(ppm) nitrogen

{
oxygen ( 5 butane ¢ 1

2]



4, Tropylene: two grades were employed

(1) HMatheson Co., 99.9% pure.
(2) lietheson Co. research grade, 99.99% pure.

The largest impurity is propane.

5. Acetone: Analar grade.

impurities: acetic acid 20 formaldehyde 20
(ppm) water 2000 methanol 500
alkalinity 12 reducing agents 2

non-volatile matter 5

The acetone before use was frozen in liquid nitrogen
and heated to room temperature several times while the
system was being continuously evacuated to remove oxygen

eand other dissolved gases from the liquid.

6. Butadiene: B.0.C., 99.9% pure

2.3 Proéedure

2.3.1. Deposition Procedure:

The metal foil to be heated was cut to size and
cleaned by ultrasonics in distilled water, ethanol and
acetone before being weighed. It was then placed in
position between a pair of eléctroées in the apparatus
previously described. The system was evacuated,
flushed several times with hydrogen and left
evacuating overnight. The foil was heated at 7CQ°C
in 600 torr H, for 2 hours. After the foil had

cooled the reaction chamber was again pumped out,
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fivshed several times with the reagent gas and the
evacuatiion proceaure continued overnight.

The reagent gas was passed into the bell-jar until
the degired pressure wes attained and left in

contact with the heated foil for the required length
of time. In experiments designed to study the
effect of the foil pretreatment on the final product
one or more of the stages just described were
onitted. After reaction the apparatus was allowed
tc cool to room temperature and the foil with deposif

was removed and weighed.

2e3.2 Svecimen Preparation for Transmission Microscopy

The deposit was preparedrfor examination hy
transmission electron microscopy in one of two ways:
1. ©Some foil plus deposit was immersed in
concentréted analar hydrochloric acid and left
overnight, at the end of which period part of the foil
had dissolved leaving a film of carbon floating on the
surface of the liquid. After washing in distilled
water the film was broken up into pieces suitable for
placing unsupported on a copper grid specimen holder.
Because no underlayer of supporting medium was
necessary specimens prepared in this manner were ideally
suited for high resolution microscopy. The acid
treatrent ensured that the topography of the deposit

remained intact and could be exzmined but no reliasble



information concerning the metal contalned smong the

carpon could be obtained.

2 Alternatively, a piece of foill with deposit was
placed in a test-tube in distilled water or cyclohexane
and subjected to ultrasonic disintegraticn. One drop
¢f the resulting suspension dried onto a silica
support film held on a copper grid or a platinum/
iridium mount gave a convenient specimen for
examination by transmission microscopy. This method
was particularly suitable for examining the thicker
products of longer duration experiments and was used

to complemeni the first technique in the study of

deposits.
2.4. Prodvct Examingtion
2.4.1. Transmission Microscopy Techniques

Several techniques connected with the examination
of particular features of the reaction products in the

transmission electron microscope are now discussed.

1. Shadowing. To obtain information on deposit

morphology specimens were shadowed by coating at an
angle of 15° with an evaporated film made from two

rarts nickel and one part palladium.

2. In Situ Oxidation. The Siemens Elmiskop I

microscope was used to study the behaviour of the
carbonaceous products of several reactions towards

oxidative attack. A special guas inlet attachment
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(Fryer, 1968) constructed from the objective aperture
drive allows the complete oxidation procesgs to be
obscrved and recorded. The specimen was maintained

at the desired temperature while the gas, normally
oxygen, was passed into the microscope column at a
rate controlled by a needle-valve. The gas pressure
at the Penning gauge head is kept at about I0™° torr,
low enough for the high voltage supply to function, but
because of the design of the gas inlet device this
corresponds to a much higher pressure (possibly I torr)

at the specimen.

2.4.2. X-Ray Powder Anglysis

A Phillips X-ray powder camera was used to give
information on the layer-spacings of the pyrolytic
graphite., Approximately 1 mg. of deposit was mixed
with an equal quantity of " Durafix" adhesive and
rolled into the form of a fhin film. It was left to
dry for four hours, positioned in the camers and
exposed to Co Ka radiation (protected from Co KB
rays by an Fe filter) for a suitable period, normally

about 6 hours.

2.4.3. Mass Spectrometry

The mass spectra obtained from the M.S.12
spectrometer were interpreted by comparison with the
breakdown pdtterns of the possible products (Dow,

Cornu and Massot). In general a number of gases were



identirfied in each spectrum and it was found necessary
to make a correction for the varying sensitivity of the
instrument towards differcnt molecular ion fragments |
(Otvos et al., 1956). This procedure made available

P

uantitative data on the product gas compositions of
a pL ‘

desired experiments.

2.4.4. Scanning Electron Microscony

Specimens to be examinéd by scanning electron
microscopy were prepared by attaching pieces of metal
foil containing deposit to specimen blocks using |
" Durafix'" adhesive. Electrical contact between
the block and the foil was ensured by smearing the

edge of the foil with colloidal silver in acetone.



; L 2 « E . W . . .
. . 5 5 AR T . ¥ . . "
8 - o 3 N : - . ) - " .
< . Y . v u - . .
. . ; . . .
ER o + oo o . -
2 9 B % 3
* . . : - : » .
+ . * i . N . . . ’
N .
5 , : : _
N . i mm . B
- St - - . A .
. . R m B .
i . e B N . . i . .
o . R . )
. . [




S RESULTS

Contents

Page
2.1 Transmission Electron lMicroscopy
3.1.1 General DepoSition MOrphology eeesessvececss 87

3'1.2 Flake Graphite 0..000-.'0.00900...0..'!:‘00..0 94

A 3 [ 4 1 © 5 I‘Ion”oriented Carbon ® ® & @ ¢ & ¢ 0 ¢ 6O ¢ s SO 000 . * . 105
:7: L 1 * 4 Filamentar:yr Ca.rb On L 4 0‘ . ; ® € & ®@ & & * 05 0 0 A' e & ¢ 5 s O i ‘ 108
3.1.5 High Resolution HiCroSCOPY eseecssrsccccsss 126

Z.1.6 High Voltage MHiCroSCODY secescencocccsnssons - 133

3.1.7 Iletal Compounds Formed During :
Carbon DeposSitioOn .eeeeecscsscsscccocnosss 136

30108 Edge DGPOSitS € 0 8 ¢ T 8 0 ¢ e s SO OO TP O E ST OEE S 137

In Situ Oxidation Studies : 143

Scanning Tlectron MiCroSCOPY eecsecocsseces 156

lfass Spectrometry teessessvasrerrerserr e 161

2
3
3.4 X~Ray Powder AnalysSiS eceeveeccccsccvesccense | 158
5
6

Kine-‘l:ics ® @ 8 & 60 O 0 O OB OOt SO POE OO S SaT S : 165



3.  RESULIS

Sele ‘Transmission Blectron ilicroscopy

3.1.1, General Deposition lorphology

Ifost of the carbon deposition studies were carried
out at 700°C. The overall appearance of the deposit at
this temperature depended on the rate and duration of the
reaction as well as on the particular metal grains on
wnich the carbon was formed. The interactions utilised
~to deposit carbon are indicated in Table 3.1, the most

frequently used one being the Ni/CH4 system.
Table 3.1

Reagents used for Carbon Deposition Experiments.

HMethane Propane Propylene Butadiene Acetone

Wickel — — - - =

Iron (g

In sections 3.1.1 to 3.1.7 the depeosits formed at the
foil centre are diécussed. The deposits from the
cooler edge regions are considered separately in
section 3.1.8. The conditions under which the most
important experiments were performed are listed in
Table 3.2.

In all cases carbon was preferentially formed at
the sites of the metal grain boundaries giving rise to a
series of thicker bands in the deposit film delineating

the shapes and extents of the metal grains.
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Table 3.2

Experimental Conditions for Carbon Deposition Studies

Experiment Pressure Time Comnents
L (torr) (hrs.)
1A 600 2
1D " ‘ 20
1E " 4
1F " ’ v Foii and powder used
16,1H " 2 |
11 " 0.5
1d " , '22
1K 20 7.5
IL 100 2
IM 300 ‘ " L )
1N 540 oo 60 torr H, also present
10 1 : "
1P 600 "
1Q,1R 60 n
15,17 20 .
1v,1w 1 30
1X 600 4 H, pretreatment at

room temp. only.

<:1Y 600 " 6. No pretreatment.
lz L 4 n [ ]

<:1AA " 6 Pretreatment in vacuo.
1AB L 4 " 1" 1"
1AC " " Normal pretreatment

< 1AD 1 n N 1

1AE " : " Foil etched in HC1



Tsble #.2 (contd.)

o)
el

Experiment Pressure Time Comments
(torr) (hre.)

1AF 600 33+5 Poil cooled after
reaction by
instanteneous removal
of heating current.

1AG " " Foil cooled slowly
over 6 minutes.

1AH T 0.25 Conditions as for IAF.

1AI " " Conditions as for 1AG.

1AJ " 0.5

1AK " 0.088

5D 600 1

S5E " 4

5F. 100 2

5G 300 n

5H 540‘ "

51 1 " 60 torr H, also present.

7A 600 2 Temperature = 600°C

7C " 4 |

7D,7E 10 "

7F,7G 4 30

TH 5 0.5 NiO coated

<:7I " 0.3 " )

7J,7K 0.02 4

7L 0.06 0.25 0, present

12A 600 5.5 Temperature = 600°C

128 " 0.5 " | "

12C 20 7 " Bl



Tsble 3.2 (contd.)

Experiment Pressure Time Comments
(torr) (hrs.)
12D 20 0.5
<:12E " 1.5
16A 40 3.5
1638 20 - 0.83
<\/160 " 0.5
23A,23B 20 2
23, 23D 1 2
23E,23F 1 0.5
23G,23H 600 0.5
231,23d 20 28
23L 0.024 0.5
<:23M n 2
23K 0.02 . 8.25 ,
230 " 0.5
23P n 2
In Table 3.2:

l. all temperatures are  700°C unless otherwise stated.

2. Experiment 1 refers to Ni/CH4.

" 2
" 7
" 12
Y 16 -
" 23

"

"

[}

1

Experiments grouped

simultaneously.

“ FelCH,.
"o K, .

" Ni/propylene.
" Ni/aeetone

" Ni/butadiene.

together were performed



Plate 3.1 from experiment L2C contains shadowed deposit
from seﬁeral grains, the thicker boundary material

heing apparent. Variations in the appearance of the
deposit were also dependent on the particular grain
examined. Often, regular features such as are

visible in Plate 3.2, from experiment 1AH, were observed
within individual grains. They are termed ' growth
fronts'" in this work and are perhaps suggestive of an
epitaxial relationship, though this was never proved.

Experiments were carried out to determine to what
extent the foil pretreatment affected the morphology
of the product of Ni/CH4 interactions. It was concluded
that annealing in vacuo was as efficient as the normal
pre-anneal in hydrogen for preparing the nickel for
carbon deposition éatalysis. When no pre-anneal was
employed carbon was deposited but at a reduced rate and
the resulting crystals were smaller and had a lesser
degree of orientation than those found in normal
deposits.

The addition of 10% H, to CH; for carbon deposition
on Fe and Ni did not significantly improve either the
rate of deposition or the quality of the product
contrary to the results of several other workers. If is
possible that H, helped the initial breakdown of the
hydrocarbon_species until more H, is formed by the
hydrocarbon-to-carbon conversion. If this is true then

the H, which will undoubtedly have been adsorbed on the



Plate 3.1

Shadowed deposit from experiment 12C showing the
thicker material formed on metal grain boundaries.
[1A 70 824]. |

-magnification = 17,200X.






Plate 3.2

Regular features present among the carbon deposit

from experiment 1AH. [NS 72 400].

magnification = 25,800X.
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metzl foil by the H, mnneal mey heve been suffi to
accelerate the commencement of the reaction, rendering
gny further 1, addition unnecessary.

The addition of O, to CzH, employed for carbon

deposition on Ni caused the formation of NiC and other

Wi compounds and partially inhibited carbon formation.

F.l.2. Flake Graphite

In all resctions at 700°C the first deposit was
a laver of fleke grephite on the metal surface.
The crystal size of this material was controlled by the
rate of resction, being largest for slow interacticns.
For this reason it was easier 1o obtain large platelets,
with LA up to 10m, at low pressures and with saturated
gases, An exemple of this single crystal grephite
from experiment 5F is given in Plate 3.3. The selected
area diffraction (S.A.D.) pattern from an individual
crystal had the appearance of Plate 3.4 in which only
lattice planes perpendicular to the basal (0002)
planes are visibls, indicating that the platelet graphite
has deposited with its basal planes parallel to the
metal substrate. This was true of all of the reactions
studied at 600°C and 700°C. Because of this no direct
measurement of the crycstal D dimension was possible
but from the thiclkness of +the specimens LC values over
1000 E were estimated. Due to the variation in

orientation of the crystals certain planes not guite



Plate 3.3
Single crystals of graphite from experiment 5F.

[1a 71 540].

magnification = 90,000X

Plate 3.4 (inset)

Selected area diffraction pattern from an individual

graphite crystal. [14 72 91].






nerpendicular to the (0002) planes often gave rise

to refleciions in the diffraction patterns of graphite

]

lakes. Such en S.A.D. pattern is given in Plate 3.5.
The lattice spacings obtezined from this pattern confirm
by the presence of the general (hkl) reflections that
the product had three-dimensional crder. Teble 3.3

liste the spacings from Plate 3.8.

Table 3.3

[¢]
d spacings of graphite platelet deposit (din A).

Plate 3.5 grzgiite Index Difference
3.383 3.355 0002 0.028
2.117 2.128 101G 0.011
2.045 = 2.032 1011 6.013
1.688 1.678 - 0004 0.010
1.229 1.229 1120 0.000

.1.160 1.153 - 1122 0.007
1.055 1.064 2020 ‘_ 0.009
0.997 0.990 1016 0.007

A common feature of the platelet graphite was the
presence of large arrays of moire fringes. An example
in Plate 3.6 was taken from experiment 1L. The moire
fringes are known to represent minor imperfections in
highly crystalline materials and ones in graphite have
been interpreted as twist boundaries between overlapping
crystals (Presland et al.,, 1969). The planes

Tresponsible for the moire patterns can be identified by



Plate 3.5

Selected area diffraction pattern showing the
(hkl) reflections of three-dimensionally ordered

graphite. [1A 70 1090].

b
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Plate 3.6

Platelet graphite from experiment 1L containing

large areas of moire fringes. [1A 71 514].

Magnification = 84,00X.
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Plate 3.7

Dark field (1010) micrograph of moire fringes from

a region of experiment 12C deposit.[1A 70 838].

magnification = 100,000X.

Plate 3.8
Dark field (1120) micrograph of moire fringes from
the same region of experiment 12C deposit as Plate

3.7. [1a 70 839].

magnification = 100, 000X.






Plate 3.9

- Shadowed deposit from experiment 12C containing a

network of graphite tilt boundaries. [1A 70 826].

magnification = 16,400X.






Plate 3.10

Graphite crystale of varying thicknesses from

experiment 1AD. [NS 72 72].

magnification = 33,8001,
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dark Field studies and from nezsurements of the moire
epacing, D, the angle of mismatch, «, can be determined
according to,

_Gnkl _
(44

D =

where dhkl is the sgpacing of the relevant lattice plane.
In Plates 3.7 and 3.8, taken from the same area of
experiment 12C product, dark field (1010} and (1120)
images respectively of moire fringes are shown.
The values of D are 466.4 R and 2%4.4 K and the
calculated velues of o are 1°55' and 1°51"' respectively.
The angle of twist in this case is therefore 1°53' + 3'.
Tilt boundaries in synthetic graphite have also been
reported. The shsdowed sgrea in Flate 3.9 from
experiment 12C resembles the tilt boundary networké
described by Presland and Walker (1969). Hence the
existence of overlapping sub-grains of pyrolytic graphite
is well establiched.

In this work there was some evidence that more
than one layer of platelet graphite could form and
Observations showed that variations in the thickness of
individual crystals could be very marked. Plate 3.10
exhibits numerous orystalé of‘widely differing thicknesses.
In several short duration experiments a very thin film
(< 100 K) of polycrystalline carbon was observed, along
With the f£1ake graphite, which was thought to have fofmed

by the carbon dissolved in nickel at 700°C coming out of
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solution on cocling to room temperature (Derbyshire
et al, 1972). Accordingly, experiments were performed
to determine whether the rate ol cooling of the metal
foil after reaction had sny bearing on the morpholog:
of this carbon film. An grea of film from experiment
1A is shown in Plate Z.11 and its polycrystalline
nature is reveazled. The crystallinity of these films
were not significantly improved by cooling over a
period of six minutes.

A further feature of the platelet deposit was the
bending often observed at the edge of crystals.
Whereas normally the basal graphite pleanes Iay
horizontally on the metal surface, dark field and S.A.D.
studies indicated that planes turned up at the edges
of crystals under certain conditions. It has been
suggested (Presland et all, 1969) that this effect is due
to differential contraction of the metal and graphite
lattices between 700°C and 20°C. On cooling from
700°C nickel contracts in length by approximately 1%
(Hampel, 1968) while the graphite dimension change is
negligible in comparison ( < 10‘5%). This explanation
is certainly adequate for the amount of lattice
distortion found with thinner deposits but in longer
duration experiments individual crystals curled up
beyond the 1% which can be accounted for by contraction

effects, This phenomenon will be discussed in

Section 3,1.3.
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Plate 3.11

An area of thin, polycrystalline film from
experiment 1AH with its diffraction pattern.

[Ws 72 393].

magnification = 84,000X.
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As well as the folding which occurred along the
graphite crystal boundaries zand sub-boundaries an

additional distortion of the lattice was often

observed at the intersection point of seversl crystlals.
A number of these features termed " diffracting edges™"

re shown in Plave 3.12 from experiment 1 O.

The diffraction pattern of the region around one of
. these gaps in the graphite metrix is contained in
Plate 3.13. Bordering the gap there is a region of
altered contrast denoting a bending of the (0002)
planes, accompanied by diffraction effects proved by
dark field studies to be caused by vertically oriented
(G002) planes. The presence of the (0002) ring in
Plate 3.12 verifies that the graphite around this
hole has been forced into adopting a vertical
configuration. The reason for this effect is

discussed in Section 3.1.4.

3.1.3, Non-oriented Carbon

As has already been mentioned, the first type of
deposit from the gas/metal intervactions being studiead
was platelet graphite. When this materisl had covered

the whole of the metal surface the L, dimension could

A
only be increased by distortion of the lattice at the
Crystal edges so that the grephite planes could extend
in a non-horizontal direction. After this stage has

been reached the carbon material can no longer be
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Plate 3.12

A number of diffracting edges formed in experiment
1 0 at the intersection of platelet graphite crystals.
(14 71 674].

megnification = 16,800X.
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Plate 3.13

An individual diffracting edge with its diffraction
pattern which contains strong (0002) reflections.

[14 71 662].

magnification = 110,000X.
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considered plaetelet graphite. The crystel size has
decreased and S.A.D. patterns have gradually become
polycrystalline, showing no preferred orientation and
for this reacson the materisl has been called here
'"non-oriented carbon''., Fon-oriented carbon of this
type was formed from 2ll of the interactions listed in
Table 3.1 when sufficiently long reactions were

carried out. An example from experiment 1AF is

given in Plate 3.14 eand its diffraction pattern is shown
in Plate 3.195.

Because of the faster deposition from unsaturated
gases (see section 3.6) it was easier to obtain
hon-oriented carbon from propylene and butadiene.

An extreme instance of its formation on top of a layer
of flake material, from experiment 12B at 600°C, is
shown in Plate 3.186. This latter example of
non-oriented material was fundamentally different fronm
the former one and appeared to be a non-catalysed
solid~phase carbon. The non-catalysed carbon only

formed at higher pressures (600 torr) and with the

unsaturated gases.

8.1.4.  Pilamentary Carbon

Filamentary carbons were observed in 211 of the
Systems studied though their exact morphology depended
on the individual reaction conditions. The features
common to all' types were: an outer covering of carbon

¢hclosing a region which was either hollow or contained
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Plate 3.14

Non-oriented carbon from experiment I1AF.

[Ns 72 343].

magnification = 84,000X.







Plate 3.15

Selected area diffracticn pattern of the material

in Plate 3.14. [NS 72 344].

1.0
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Plate 3.16 -

Solid-phase carbon formed during experiment 12B.

[Ws 70 949].

magnification = 148,00CX.






smali armounts of less crystalline carbony a metal
particlé recpongible for the filament's growth present

gt its tip and often elong paert of the enclosed regibn.
The filaments formed in fast resctions were rather
featureless. One from experinent 23B is chown in
Plate Z.17. Slower reactions led to the production
tof a more highly structured type of filament whose
crystallinity and degree of preferred orientation
justify their being called graphite fibres. One
particular class of fibre could be formed under suitahle
conditions from all of the interactions listed in
Table 3.1 and several other classes were found under
more restricted conditions.

The features of this major class of fibre are
- typified by the cluster of fibres in Plate 3.18 from
experiment 1D. The fibres occurred frequently in
complex branching and clustering arrangements, each
branch having diffraction effects prominent along its
edges. The (0002) dark field micrograph of Plate Z.18
shown in Plate 3.19 indicates that the (0002) planes
Were responsible for these diff tion effects and that
the planes were wound cylindrically around the main
axis of each branch. Selected area electron diffraction
¢vidence verified that the fibres comprised three-
““menSionally ordered graphite as shown by'the presence
of general (hkh+kl) reflections and the arced nature

of the (0002) reflection in the diffraction patterns
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Plate 3.17

Non-graphitic filament formed from experiment 23B.

[¥s 71 770].

negnification = 88,000X.







Plate 2.18

Cluster of graphitic fibres from experiment 1D.

[14 70 1764].

magnification = 80,00CX.

Plate 3.19

An (0002) dark field micrograph of the same area of

experiment 1D deposil as Plate 3.18. [1a 70 1765].

magnification = 120,000X.
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confirmed thet the basal planes were preferentially
oriented parallel to the fibre growth sxis,
Measurements on &g large number of thece fibres

esteblished that The

Q

lusters grew 1o dimensions of
nmore than 10/% ¥ lO/Uf .

The simplest fibres in this category consisted

o4

of individual henmisphericzl mounds containing a central
metal particle surrounded by earbon deposit whose (0002)
leyer planes remain varesllel to the fibre suriace.

lMore extensive growthh led to fibres with the appearance
of those in Plate 3.20 from experiment 1Q and further
development produced the type of clustering already

shown in Plate 3.18. The acid treatment used to

prepare speéjmens for transnmission microscopy examination
frequently removed metal from the fibres but in every
case where fibrous samples were prepared without recourse
to acid treatment it was found that all separate branches
contained metal at their tips and often distributed
throughout their central regions.

Attempts to positively identify by electron
diffraction the metallic particles contained in the
fibres have met with some success. Plate 3.21
shows the diffraction pattern obtained from the tip of
a fibre. The measured spacings are those of graphite
and a compound of nickel, Ni,Oy. These extra lattice
Shacings were also detected in a less complete form in

Several other diffraction patterns of these fibres.
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Fibres from experiment 1Q showing an earlier stage

in the clustering process. [1A 71 784].

magnification = 152,000X.







Plate 3.21

lietal-containing fibre tip with its selected
area Giffraction pattern, from experiment 1D.

(14 71 63].

magnification = 100,000X.
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The full list dis included in Table &.4.
Table 7.4

d Spacings from two metal-containing graphite fibres

(in A).
5P1 Plate Second graphite
graphite .21 fibre Ni, 04
3,365 3.33 : 3.34 3.23
2.83 2.86 2.80
2.264 2.30
2.128 2.120 2.137
2.032 2.001 2.018 2.02
1.765 1.707
1.60 1.62
l.42 1.40
1.220 1.238 |
1.153 1.159
1.064 1.060 1.11

Plate 3.22 shows a typical member of a class of
fibres found only in 03H8/Ni interactions. The most
hotable features were the amorphous or hollow central
region and surrounding this a band of crystalline carbon
of constant thickness exhibiting Bragg diffraction
contrast effects. It should be pointed out that the
hetallic particle found at the tip of the fibres has
been removed in this case by acid. The periodic

rcing effects amcross the central region in Plate 3.22



Plate 3.22

Typical fibre formed from experinment '7C.

(14 70 820].

magnification = 200,000X.
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represent positions of enienced diffraction contrast
due to the bending of the fibre, This type of fibre
was normally small ( << O.Qﬁj, comparatively straight
and contained a metallic particle only at the fibre
tip. The metal had a regular, geometric outline in
contrast to the liquid appearance of the metal in the
previously described fibres.

Arced carbon diffrection patterns from these
fibres, such as the one in Plate 3.23, indicated the
alignment between the (0002) lattice planes and the
main fibre axis. The deviation from the ideal
orientation in this plate is + 30° but this is due
pértly at least to variations in the fibre growth
direction. Confirmation that the basal planes were
parallel to the major axis was given by the perpendicular
orientation of the (0002) domains and also by high
resolution electron microscopy discussed in section
3.1.5.

Branching of these fibres was limited but did
occur in one or two instances. Plate 3.24 from
experiment 7C contains at the junction of the two
fibres a small area of resolved planes of separation
4,8 K, which corresponds to moire fringes, probably
due to a misalignment of the (0002) planes of the two
fibres, The presence of moire fringes over an area
of 10,000 A? means that the degree of lattice

Perfection in the fibres is much higher than anticipated



Plate 2,2Z% (inset)
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Arced diffraction pattern from a single fibre showing
the alignment of the (0C02) planes with the main fibre
axis. The apparent nisorientation of 25° is due to

rotation of the magnetic lenses within the micfoscope°

[1A 70 1245].

nagnification = 35,0001,

Plate 2.24

Branched fibre from experiment 7C containing an area

of moire fringes. [14 70 8094].

magnification = 1,120, 000X,






This conclusion was verified by later studies.
The fibres in Plate 3.24 do not portray the szume
featureless central region apparent in Plate 3.22.
It is possible that the difference is due to a slower
growth in the former fibres allowing a degree of
infilling of the central region by growth on the
undersicde of the metal particle via a bulk diffusion
mechanism. Some fibres contained both kinds of central
zones indicating a variation in growth rate within the
one fibre. This latter conclusion was also implied
by the frequent changes in the direction of the fibre's
growth denoted by the arcing effects mentioned before.
A type of fibre found only in Fe/CH4 interactions
is shown in ?late 3.25 from experiment 5E. In spite
© of the high fibre density in this region no branching
has occurred and the fibres were much thinner and less
-complex than the more general fibre type. In these
fibres, as in previous ones, there was a variation in
appearance of the central zone. Note also the
narrowing of the carbon wall at the tip of the largest
fibre in this micrograph. Branching has occurred in
the fibre in Plate 3.26, from experiment 5E, shown
With its S.A.D. pattern which contains polycrystalline
carbon and a spot pattern from the metal present.
It can be seen that the spots from the iron compound
Superimpose exactly on the (0002) and (0004) carbon

rings. The composition of the catalyst particle has

2
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. Plate 3.25

An example of fibres formed from experiment BE.

[Ns 71 257].

magnification = 140,000X.







Plate 3.26

A metal-containing fibtre from experiment 5E with

its diffraction pattern. [¥s 71 260].

magnification = 96,000X.
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not been unambiguously ascertained but it is known
that several iron carbides have the 3.4 2 and 1.7 K
spacings found here.

The diffrscting edges menticned in section 3.1.2
consisted of a region of graphite around central geps
with the graphite basal plznes gradually chenging from
the horizontal to the vertical orientation. It is
thought that these features were formed when the
laterally expanding flake grsphite caused the formation
of nodules in the metal foil. These blocked any
further horizontal growth and led to the lattice bending
in order to continue growth over the uneven surface.

If the bending proceeded to the extent that the basal
planes became vertical, as frequently occurred,

then a situation tailor-made for the extrusion of a
graphite fibre has developed; a metal nodule only
partly attached to the remainder of the foil has become
aveilable and has been surrounded hy a circle of
graphite whose (0002) planes have oricnted parallel to
the potential fibre axis. Experiments IAD and 1AE
were performed to determine whether the fibres formed
from loose metal particles on the foil surface or
Whethervit was the growth of the platelet graphite
which actually caused nodules to form. Fibres formed
€qually well on an etched foil as on an unetched one,
luplying that loose particles were not necessary for

fibre nucleation.
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After the pre-fibre stoge discussed ahove the

metal could either have detached from the foil surface

e -

and cataly

wm
D

sed the outward growth of a fibre or remeined
connected to the fcil to form a coating of carton
around its surface. The latier case corresponds to
the formation of o hemisphericsl fFibre. If the

netal mound under consideration lost immediate contact
with the foll then a longer fibre resulted. However,
if the metal moving outward from the deposit surface
was replenished from the surface metel pcol then a
situation like that of the fibre in Plate 3.27 occurred
and continuing growth led to a fibre containing metal
at the tip and along the bhody of the fibre.

An abundance of metal could then allow fibre branching,

as frequently found.

5+1.5. High Resolution liicroscopy

Plate 3.28 from experiment 1D contains a hemispherical
fibre whose basal planes have been resolved in the electron
microscope. While the layer planes are initially ﬁarallel
to the fibfe axls they bend at its fip in order to remain
parallel to the fibre surface. This observation indicates
that the significant featﬁres'commén to all fibres encountered
was the parallelism between the graphite basal planes and the
hetal surface at the point in time when the metal catalysed
the deposition of that part of each plane. Part of a fibre

fron experiment DE is shown in Plate 3.29, It conteins




A fibre whose metallic particle is attached to the
surface metal which acts as a pool for further metal

extrusion. [UBG 9].

magnifﬁcation = 1,400,C00.






Plate 3.28

A hemisphericel fibre from experiment 1D showing

the resolved basal graphite plenes. [UBG 12].

mnagnification = 1,400,0C0.







Plate

AV}

A

Part of a fibre from experiment 5E esteblishing
the highly ordered arrangement of the graphite
layer planes parallel to the fibre growth axis

[01E o218].

magnification = 1,520,000X.
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large areas of resolved (0002) plares and establisnes +that
the 1950 layer planes in the carbon wall are all arranged in
a highly ordered manner parallel tco the fibre growth axis.

It has been nentioned previously that the diameter of
the carbon wall, which was constant along each fibre,
narrowed spprecilably at the region contsining the catalyst
particle. FPlate 3.30 contains resolved planes from the tip
of a fibre whose metal has been removed by acid.
The gradual narrowing of the edge region is interpreted as
neaning that the carbon layers are still growing and have
not yet attsined the uniform thickness of the remainder of
the fibre, as they have not been in contact with the metal
for a sufficient period of time. lieasurerents on a number
of fibres showed that on average esch (0002) plane in the
growth region extended beyond its outer neighbour for a
distance of approx. 20 3.

High resolution studies on the ' propane" -type of
fibres produced results similar to those just discussed.
The fibre in Plate 3.31 contains resolved planes even at
its base where the fibre has grown from the carbon matrix.
The basal planes are everywhere oriented parallel to the

growth axis of the fibre.:
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Plate 3.20

Resolved layer planes from the tip of a graphitic
fibre showing the narrowing of the carbon wall in

the growth.region. [JIH 0209].

megnification = 2,220, 000X,
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Plate 3.31

Oriented basal planes visivle throughout a

graphitic fibre formed in experiment 7C. [UBF &].

magnification = 260,000,
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3.1.6. High Voltege Flectron llicroscony

Studies using a 1 HMNe.V. microscope on deposits from
experiment 11 which were too thick for conventional
microscopy have supplied further evidence for the
increasing complexity of the deposcit morphology when the
reaction has continued beyond the stage of platelet
graphite formation. The absence of some of the metal
due to acid treatment made interpretation of the deposit's
appearance uncertain. The chief problem was in
determining how much of the later carbon deposit could
be classified as fibrous and how nmuch as non-oriented.

A high proportion of the carbon in Plate 3.32 has
vertically oriented basal planes as shown by the bands

of carbon possessing diffracting regions, in contrast with
the situation when platelet graphite was being deposited.
This feature is typical of both fibrous and non-oriented
deposits. One area of opague material hetween walls of
carbon is probably metal and the resulting feature can be
described as fibrous graphite. However, it remains a
matter of conjecture how many of the remaining diffracting
bands are due to fibres and how many t0 non-oriented
Carbon.

A further advantage of the increased extinction
distance using a 1 Me.V. microscope was that it enabled
8rain boundary deposit to be examined. Plate 3.33
Teveals that the carbon forms with its (0002) planes

eroximately parallel to the Iine of the metal grain
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Plate 3.

(SN
jav}

Complex morphology of deposit from experiment

1E. [34 Fr].

magnification = 216,000X.






Plate 2.33

Metal grain boundary deposit from experiment 1R
showing the alignment of the carbon basal planes

parallel to the line of the boundary. [31 FR].

magnification = 240,000X.
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boundary. This can bhe deduced frcomm the fzet that
the (0002) domains are aligned perpendicular to this
direction snd indicates that the carbon is not a

randomly oriented polycrystalline meterial.

.17 Hetal Compounds Formed during Carbon Deposition

Preliminary deposition experiments were performed
in an apparatus whose working vacuum was worse than
107% torr. Various metal compounds were encountered
regularly among the carbon deposits. ickel oxide, NiQ,
and PNi00OH were identified and several iron oxides were
detected by electron diffraction. Apar% from their
production during oxidation studies these compounds have
not been formed in the more controlled conditions of
. later experiments.
On several occasions additional nickel compounds were

detected but have not been identified. The lattice

spacings of the most common ones are listed in Table 3.5.

Table 3.5

o ,
d spacings, in A, of unidentified niclkel compounds.

Compound I Conpound IT
4.54 : 5.92
3.38 4,96
2.86 3.16
2.43 3.00
1.95 2.84
1.86 1.94
1.66 1.60
1.58 1.650
l.42 1.37
1,37 1.20

1.07



in experiments Yh and 7L in which oxygen was introduced

Tne evidence for catzlysis by metsl compounds

tel was inconclusive.
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The absence of ary particular netel compound among nost

o

Hy
[
s

e derosits sugzested that no definite route such

as K 1 —C ecxisted, where 11X is the possible catalyst,
and therefors that the free metal was likely to be the
catalyst by defzulit. However, a firm ccncliusion as 1o
the nature of +the catglyst would reguire more positive

evidence.

3.1.8. Z8ge Deposits
Esczuse of the temperature gradient zlong the metsl

t:)’
o
o
£
<
w3

foils during car osition the regions away from

the foil centre were nmuch cosler than the nominsgl foil

[

temperature. The deposiis on these edge regiong, forned
atl approximately 450°C, were examined separately and

found to have = coupletely differcnt morphologzy.

The nzture of the carvon formed vizs aga ain determined
Primarily by the rate znd extent of deposition rather

than by the particular gac or metal employed. Hetal grain
boundsrien were rites of proeferred depo ion, as at the
foil centre, but due to ths incomplete annealing at the
lower temperatW?e srialler proios were Lrequently encountered.
Plate z.74 syon exp fly ent V¥ contains partially formed
boundzary deposits wade up of continuous rows of

dividual clumps o nodules of moterial.
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Plate 32.34

.,

Typical appearance of carhon deposited at

the cooler parts of metal foils. [NS 72 743].

magnification = 88,000X.







N
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geparate rnodules, similer 1o thosce congtituting the
boundary deposits are gleo scatliered inside the metal
graing. This micrograph shows the variationg in
appecrance and thickness of the carhon product within
single metel grains and slso the presence ¢f a small
number of carboen filementes.

The first deposit formed was a thin film of

P

oriented but not single crystal carbon such as that shown
in Plate 3.35 from experiment TF. The thick clumps
appeared to form in a manner anslogous to the growth

of the graphite fibres, nucleating first as a carbon

wall whose basal plenes were circunferentially oriented.

A stage in the growth of a group of clumps is given in

Plate 2.36. It is suggested that these nodules were

(4]

formed ot the sites of emergent metal dislocations.
explaining the similarity between them and the nodules
contained in grsin boundary deposits. Both types of site
also appeared to be sources of metal, allowing the
transport of metal from the foil on to the deposit outer
surface to continue the catalysis of hydrocarbon
decomposition. Thicker carbon products had the
appearance of Tlate 3.37 from experiment 1Q and gave
diffraction patterns which revealed the slight tendency
fMTalignment of thc basazl planes parallel to the
Substrate surface.

The nodular material wee normally the nucleation

POInt for the growth of filsmentous carbon similar to the
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Initial form of deposit formed at foil edges,

from experiment 7F. [KS 72 646].

nagnification = 88,000X.







Plate 3.36

An early staege in the formation of a group

of nodules from experiment 7K. [KS 72 746].

magnification = 88,000X.






Thicker edge carbon deposit from experiment

1Q.  [1a 71 791].

magnification = 88,000X.
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ones in Tlinte &.88. The filasnentc were nmony microns

in length but were invariobly very thin with a constant

[o]
diameter of obout ACO A, giving o lengtn to width ratio

of greatenr nundrede. Milaments have heen formed

fa

at the foil 021 six dinteractions licted in

rfahble 2.1 «nd all possesced an external carbon wall with
a hollow or emorphous central zone. HWo Bragg diffraction
effects were detected, suggesting that the carbon planes

were not ordered. but metal particles were present at the

tips and were freguently pear-shaped like the ones

reported by Baker et al. (1972R). An example is glven
in Plate &.39. The €.A.D. patterns of these filaments

were polycryetalline and contained only (o0l) and (hk)

reflecticns indicsting that they were non-graphitic.

3.2, In Situ Oxidation Studies

Oxidation of the pyrolytic carbons was undertaken
hzorder:to obtain more information concerning the
characteristics of these materials and in particular to
discover more about the metal content of the graphites,
With a view to eventually establishing the role of the
hetal catalyst in the graphite formation.

A sample of graphite from experiment 12C was placed
Unsupported ¢n an electron microscope specimen holder and
0xidised at 800°C in dry oxygen. The course of the
0Xidation wae followed by bright field microscopy and

Selected aren diffraction. At 8C0°C molecular oxygen




144

Plate 3.38

Pilamentary carbon showing its association
with the nodular deposits, from experiment 7I.

(s 72 661].

nagnification . 88,000X.
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Plate 3.39

Filamentery carbon, seversl containing pear-shaped

metal particles. [14 72 230].

magnification = 120,000X.
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TABLE 3.6

0
d spacings, in A, from the oxidation of experiment 12C deposit

egraphite SP1 before after 30 mins after 300 mins BNiOCH BNiOOH
index graphite oxidation oxidation oxidation . index
79 4L.,76 4,65 t.ou. 001
0002 3.355 3.50
2,48 2.38 2. 44 _ 2. 41 100
1013 2,032 , 2,06 2,03 2.0
olelor 1.678 1.69 1.67 1.68
- 1.46 1.h4 1.43 1.40 110
1120 1.229 1.21 1.24
1122 1,154 1.13 1.17




etches graphite, re efle ing the greater reectivity of the
edge carbon atoms (Thomas,1966). The etch pits
observed here vere mostly regular hexzggons and contained

metal particles which coalesced gradually while
catalysing the gasificaetion of the carbon. Az the
intensity of the graphite vrings in the diffraction
patterns became weaker a second material, BNiOOH, appesared.
‘Table 3.6 summarises the changes in the diffraction
patterns during the oxidation.

Graphite from experiment 70 was oxidised, as seen
in Table 5,6, and as the oxidation progrgssed the S.A.D.
pattern of NiO gradually replaced that of carbon, as

shown by Table 3.7.
Table 3.7

: o]
d spacings, in A, from the oxidation of experiment 7C depcsit.

srl before after 20 mins. after 40 mins.
graphite widation oxidation oxidation i0
3.355 3.38 3.45 .
2.423 2.421 2.410
- 2.128 2,100 2.094 2.082 2.088
l.678 1.711 1.705
1.479 1.477
1.262 1.2589
1.229 1.233 1.226
1.200 1.206

1.153 1.1%4 1.154
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Me oxiGeation at 600°C of a grain boundary deposit
from thé same experinent was perforned and Plate 3.40
~shows the appecarance of a partislly oxidised area.
The deposit proved to be an oriented polycrystalline
carbon whose (0002) planes were parallel to the
direction of the grain boundary line. This confirms
the conclusion reached in section 3.1.6.
The flake graphite formed in experiment 16A was
also examined by the oxidation technique. At 600°C in
the electron microscope edge oxidation and pit formation
occurred. Metal particles intrinsic to. the graphite
lattice were prominent in the catalysis of the oxidation.
and some degree of channelling by the metal was observed.
The metal moved around the crystals of graphite and on
contact with one another individual particles tended to
coalesce. Studies on the orientation of the sides of the
etch pits using the S.A.D. method indicated that oxidation
took place paralliel 1o the < 1010)'direction. This is
termed ' parallel oxidation" and is the type normally
occurring at 600°¢C (Thomas, 1966). The etch pits in
Plate 2,41 411 have sides corresponding to (1120) planes.
Oxidation of platelet graphite from experiment 1L at
800°C led to similar results. Pitting of the graphite
was very evident% However, with few exceptions, the
$ides of the etch pils were nol hexagonal and tended to
be irregular, as Plate 3.42 shows. Oxidation

Proceeded along different (0002) planes independently,




Plate 3.40

Grain houndary deposit from experiment 7C
partially oxidised at 600°C in order to show
the slignment of the (0002) layer planes relative

to the grain boundary line. [NS 70 2050].

magnification = 92,000X.
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Plate 3.41

Platelet graphite from experiment 16A
partially oxidised at 600°C showing the
orientation of the sides of the etch pits.

[Ns 70 2089].

magnification = 106,000X.






Plate 3.42

Partially oxidised platelet graphite from
experiment 1T showing irregular pits containing
small metal catalyst particles. [NS 71 460].

©

magnification = 17,600X.
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resulting in o ¢radual decreace in thickness of the

"J

graphite around each etch pit, and was undoubtedly
catalyeed by the all metal particles which were
noticeably active around the edges of the pits.

Thece mectal particles were not present before the onset
of oxidation and were seen to coagulate during this
oxidation and during previous oxidation studies.

They varied in size but ones are small as 20 K in

gter wer

detected. ,

D

By calculating the amount of metal involved in the
oxidation process an estimate for the proportion of
metal contained in the platelet graphite of GC.1% by
weight was arrived at. A value of 2% nickel present in
the overall carbon deposit of experiment 231 was obtained
by gesification of a weighed quantity of product and
reweighing the metal residue. These figures indicate
that most of the metal distributed among the deposit
exists as free metal or as netal attached to fibres
rather than as metal associated with the platelet graphite
lattice.,

A plece of deposit from experiment 1L was used as a
ﬁmstrate for the evaporation of 4 film of nickel.
The combined specimen was then oxidised in the electron
nicroscope. A micrograph of a partinlly oxidised arca
is shown in Tlate 3.43. The more opaque parts are
Sintered nickel which is catalysing the graphite

oxidation. The gasification is being catalysed uniformly




Oxidation of platelet graphite being catalysed

by an evaporated film of nickel. [NS 71 658].

megnificetion = 88,000X.






throughout the thicknecs of the

.‘J_
v

x..J

2 film in
contr”si with the mode of cstzlysic when intringic nickel

particles were u*tilised. Thig 2ond other evidance

contributed to the view that the metal which previously
catalysed the oxidation originated from the ¢
lattice ditself.

Fibrous graphite from experiment 1AT was placed on
g, silica support film and oxidised a2t between 540°C and
640°C. e course of the oxzidation was recorded and a
number of features concerning the mechanism were revealed.
- Plate 3.44 was taken before the commencement of oxidation
and Plate 3.45, 3.46 and 3.47 are from this same area

after 10, 32 and H8 minutes oxidation respectively.

At 840°C the initial change was the inward movement of
the metal gt the tips of fibre branches. This indicated

=
juy
w

that the inner region of fibre clusters were not wholly

filled with metal and

p.l

llow areas must have been present.
The mobility of the metal at 540°C was slightly

surprising but helped to explain the nmanner in which

the fibres were actuslly produced. Subsequently, the
Oxidation storted at the outer graphite surface.

This verified that there wes no easy route by which gases
Could diffuse through the carbon wall to the catalyst
Particle, otherwise the oxidation would have occurred
faster from the catalyst outwards. As with the platelet

€raphite, oxidation revealed the presence of metal among




Plate 3.44 Plate 3.45
Pibrous graphite from The same area of deposit
experiment 1A¥Y before as in Plate 3.44 after
oxidation. [KS 72 354], 10 minutes oxidation.

magnification = 40,000X%. [1s 72 357].

magnification = 40,000X.

Plate 3.48 _ Plate 3.47

The same ares as Plate The same area as Plate 3.44

3,44 after 32 minutes after 58 minutes oxidation.

oxidation. [NS 72 362]. [Ns 72 370].

magnification = 40,000X. magnification = 40,000X.
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the fibrous graphite's Istltice and the resulting swmall
particles ceused the formation of channels along the
carbon wall perellel to the basal planes. Pinally

when the central metsl hecame expose
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oxidaetion proccss.

3.3 Scanning Flectron llicroscony

Examinetion of deposits by scanning electron

nicroscopy indicated that on both iron and nickel

substrates nucleation ané growth was not simultaneous on
all grains. Plate 3.48 from experiment 1H shows that

after fairly short reactions some metal grains were
still devoid of carbon whereas others were completely
m?partlv71y covered, The variation in deposit rate with

metal orientation has been discussed in the Introduction

chepter. After longer rcactions all grains firally becans
covered in deposit. The individual grains in Plate 3.48

are distinguishable but no signs of preferred grain
boundary deposition are evident. Transmission

electren microscopy examination of shadowed product
indicated that boundary deposits were nct raised far above
the level of the general csrbon product. Hence the
degree of enhanced irradiétion exéerienoed by the

boundary depogils in Plate 3.49 from ecxperiment 1P

implies that they contain a considerable amount of metel,
88 suggested in section 3.1.8.

Short duration experiments known to contain only

Platelet graphite‘with diffracting edge material were
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Variation of deposit thickness on different

nickel grains after expcriment 1H.

magnification = 420X.

Metal-rich grain boundary deposits from

experiment 1P.

magnification 2500X.




Yy un.
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exenined by S.B.1. and the flat, festureless appearance
confirmed previously discussed ideas concerning the
naturs of the platelet denosit, The area in Plate 3,50
from cxzperiment 1R revezls features consistent with
those noted for diffractiion edges. The bright spots
are thought to be the raised areas containing meial
corresponding to incipient fibres. The regular
appearance of this latter deposit should be contrasted
with the nodular, rougher outlines of the deposit from
the longer reaction 1D in Plate 3.51. This outer surface
cerresponds to fibrous or non-oriented material.

The Jighter regions may be metal-rich particles carried
outward by the growing carbon.

Fal

An ares of deposit from the cooler edge region of
experiment 1R is given in Plate 3.52. The surface
features =zre much less regular than ones from the centre
deposit of the same experiment in Plate 3.50.

The clunps or nodules described in 3.1.8 are prominent,
jutting out from the flatter regions. Also visible are

smaller clusters perhaps containing the carbon filaments

known to be present among the product of this experiment.

S.4. X-Rav Powder Analysis

Table 5.8(over) gives a comparison between the
lattice spacings of SP1 graphite and graphite deposited
in experiment 12C, both sets of dats obtained from

X-ray powder photographs.



Plate 3.50

¢

Platelet graphite from experiment 1R containing

diffraction edges.

modification 10,500X.

Rough deposit surface after a longer reaction,

from experiment 1D.

magnification = 6,200X.






160

Plate 72.52

Appearance of the edge deposit features, from

experiment 1R.

magnification = 4,500¥.






.1 .
Teble 2.8
X AR A AT A

(o]
i spacines, in A, from SF1 grephite end exverinent 120

grapaite.

Pyrolytic SPL . PP A o
graphite grophitea Iﬁocx ﬂlffelv‘“c*
3,355 %, 257 0002 0.002
2,130 2,131 1010 0.001
2,032 2,029 1011 0.003
1.677 1.675 0004 0.002

It can be seen that there was excellent agreement

between the lattice spacings of the two graphites.

The most significant value determined was the inter-layer
spacing of 2.355 Z which corresponded to 100% stacking
order and therefore, according to Franklin's (1951B)

p factor criterion, to perfect graphite. This result
was important in establishing the high quality of the
‘pyrolytic graphite formed =zt temperatures as low as

600°C and 700°C.

5.5 lags Spectrometry

In order to obtain information on the mode of
breakdown of the hydrocarbon molecules during the
formation of carbon mass spectrometric anslysis was
euployed. After experiments IV and IV much of the
methane atmosphere used was found to have been
Converted to hydrogen. The percentage of higher

YWdrocarbon left after reaction was less than that
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prenent as impurities in the unreacted methane.
This was to be expected as any higher hydrocarbon formed
4 be at lzast as resctive as methane and would
decompoze comparetively readily to carbon.

In ccomparison the gaseous products of experiments
23C, 2320 and 231, 23J were complex and their

compositions are listed in Table 3.9.

Zable 3.9

ct
43

Gascoun prodac (2} of butadiene decomposition.

Gas Expt. 23C, 23D Expt. 231, £3J

H, 60 30
CH, 10 : 30
¢, 7 10 30

1=
(e
-3
~3 fav]

}_J

In both sets of experiments, of the weight of carbon
contained in the butadiene approximately 20% has been

deposited ng carbon and the remainder was left in the

PR

gas phase as various hydrocarbon speciles. From the

point of view of butadiene decompesition the reaction

LDV

i ; 4 ng
had sone to completion as no butadiene remained among

the gas mixture but from the stendpoint of carbon



163

deposition only 20% reaction had taken place and
undoubtedly a longer reaction would have led to
further Ceposition occurring via decomposition of the

0y

3 e The much faster rste of carbon

o

intermecdiate gase

jav]

€

formation when butadiene was employed (see section %.6)
would be expected to be possible only for part of the
deposition process when hydrocarbo;;x molecules of low
thernal stebility were available in the gas phase to
continue the fast decomposition. When only CH, and
>CPH6 were left the reaction rate would decrease
apprecicbly. This conclusion is only valid in the
absence of other effects such as changes in the

avallability of catalyst surfeaces.

3.6, Kinetics
Any mechanism which attempts to explain

comprehensively the processes involved in carbon deposition’
has to be able to interpret the observed reaction kinetics.,
The weight of carbon deposited during a wide variety of
interactions was measured and the importance of several
parameters in controlling the reaction rate was studied.
The accuracy of the measurements taken was not high
because of the limitations of the apparatus used and the
reproducibility depended on such factcrs as
temperature gradient along the reacting foil, which was

not easily coentrollasble. In Spit_e of the difficulties

' . X - ) of the
encountered several conclusions about the natt_re

. . ined.
reactions can be drawn from the kinetic data obta .
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Lxperiments on the nickel/methane system gt
700°C and 600 torr have shown that the rate of carhon
depocition decreased as the reaction time was increased.
Flgure 3.1 indicates the extent of the drop in rate with
time. Other workers (Baukloh et al., 1950; Walker et al.,
1959B; Tesner et al., 1970; Tamai et al., 1968), studying
the interaction of iron, cobalt and nickel on carbon
monoxide and hydrocarbons, have found a similar rate
dependence on time, The first three groups of workers
mentioned also detected after the start of the reaction a
temporary increase in rate which they ascribed to a
catalytic induction period.  Lobo (1971) working with
nicke]_/ hydrocarbon interactions found the reaction rate

to be totally independent of time over considerable
periods. However, his procedure involved passing a
heated gas ovef a foil rather than the more usual
resistance heating. Because of the temperature gradient
outwards from a foil which is heated by the resistance
method the transfer of active metal to the exposed surface
of the growing carbon becomes gradually more difficult as
the thickness of deposits increases.  The method of

heating the gas avoids this factor, explaining why no drop

in rate with time was found by Lobo.

4+
U

At a constant reaction duration of two hours and a
a temperature of 700°C a pressure change from 1 torr to
600 torr in the nickel methane systenm resulted in a

S . -~ 3 2 3 P & - "
doubling of the deposition rate, approximately
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With methana/iron interactions on incresse in rate by
a factor of about three was coused by the 600-fcld increase
in pressure. Tarial and co-workers (1966) found that at

900°C and 1000°C the 1=

o

te of the methane/nickel reaction
was nearly independent of pressure between 60 . torr and 600
torr while the methane/iron reaction rate altered by a
factor of between five and ten for the same change in
pressure.

Work performed with nickel powder of particle
diameter approximately 5/u, (experiment 1F) showed that
the reaction rate (and deposit morphology) was propertional
to the surface area of the metal but independent of
particle size in the range 5 to qu;b.

Experiments involving methane under a wide variety
of conditions have shown that the reaction rate using
iron was between two and three times that obtained with
nickel, this in spite of the fact that purer conditions
were required for iron to function as a carbon deposition
catalyst. Tamai (1268} quoted an average iron to
nickel efficiency ratio of 5, claiming that the difference
in activity was mainly due to the greater ability of iron
to permeate into carbon layers.

The rate of reaction of propane with nickel was

ES

- a g8
found to be similar to that of the methane Treactlon,

served for nree
both giving rates below those observed 10l the thre

the effect of chain

ungaeturated gases employed. Thus
‘ 5 esg than tha

length or number of carbon atoms was nuch 1
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D

produced by the preeence of a double hond in the
decomposirg nolecule. At 20 torr CH, end C, 1, were
slightly slower thon C;H, and acetone and much slower
than C, 7% . At higher pressures, as mentioned, the
increase in rate of CH,, and presumsbly Cslg s
decomposition was minimal but with C,H, the variation was
much greater. Figure 3.2 describes the rate changes
caused hy a range of pressures covering more than 4 orders
of megnitude. The average values of CH, resction rates
are included for comparison. At lower pressures the
rates of carbon deposition from C,H, and-CI, wers fairly
similar but as the pressure was increased the disparity in
rates widened until et 600 torr a more than 100-fold
difference existed. The rate of reaction of CzHy also -
increased considerably with pressure.

Lobo (1971) found that with (33}{6/H2 mixtures at
715°C the order of reaction with respeét to the
hydrocarbon was one between 100 and 150 torr but approached
zero at lower pressures. This is similar to the
Viariation shown in Pigure 3.2 for butadiene. Below approx.
1 torr C,H, gave a carbon product identical to that fronm
saturated gases, indicating that under those conditions
its carhon deposition mechanism was sinilar.

At higher pressures, corresponding to faster ‘deposition,
some solid phase carhon was observed as detailed in

section 3.1.3.
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4. Discussion

4.1, General Considerations

Part of the reason for the degree of confusion
in the literature regarding the chemical nature of
carbon deposition catalysts lies in the different
criteria proposed for judging catalyst perforniahce.

v It is 1mo§m that Fe, Co and Ni increase the rate of
formation of carbon from gaseous precursors and also
increese the cryctalline perfection of the carbon
formed at any given temperature (see Introduction).
ese two aspects are undoubtedly inter-:;’ela*ced but
.require to be carefully distinguished. Conditions
which will favour s very high rate of carbon
. deposition will not be ideal for the formation of
- large platelets of " perfect' graphite. Cne example
is the auto-catalytic behaviour of the product carbon
reported by several authors (-Brcmley et al., 1960;
Lobo, 1971). As the carbon is deposited it increases
the rate of further deposition although it is known
that crystallinity decreases with amount of deposit
(Walker et al., 19594) and Hirai and Yajima (1967) have
shown that crystalline graphite will not grow on top of

& graphite substrate.

Carbon mobility and diffusion. The carbon species

which is the immediate precursor of the graphite lattice
formed in deposition studies is not known for certain.

i . a1 vneviously, suggests that
The work of NMatswmoto, mentioned previously, SUEE ’
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C, species are important. These C; species, or
surface " C atoms'" , would be expected to have g
H 1 3 - ) . Sp— 1
higher mobility than larger hydrocarbon fragments
end would fit into the growing graphite lattice
more easily than the larger species. For these

reasons the following section deals exclusively with

the situation encountered by individual carbon atoms.

Robertson (1968)
has given the values for diffusion rates of carbon

atoms on various surfaces. They are:

7z -1
oaFe 5.3 % 10 cme sec., at 672°C

1

-7 -
12.1 x 10" cmisec. at 761°C

: - -1
Ni 5.0 x 10" cm.z sec.  at 750°C

. - _1‘
graphite (a direction) 1.35 x 10 13om.asec. at 2185°C

-1
2,7 x 10~1% cm®sec. at 22000°C

The high values of carbon mobility on Fe and Ni may
explain why the build up of graphife crystals can occur
‘at these low temperatures, but strictly they only apply
to the first graphite layer on the metal surface.
Additional layers are formed on a graphite film and'
the lower mobility values for diffusion of carbon on

graphite should apply. To explain the continued ordered
growth it is believed that metal has to be available

at the growth sites to aid the decomposition of the gas
and to allow a sufficiently high carbon atom mobility

for graphite formation.
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At 700°C the solubility of carbon in nickel is,
5 = 7.05 x 107%g.cm. ™8 (Lander et al., 1952) and the
diffusion rate, D, is 3,28 x 16~° ,cm‘,zsec.—jL
" (Diamond, 1965).  fThe feasilibity of forming a film
of carbon almost 1C0 Z. thick on the nickel surface due
to dissolved carbon coming out of solution as the foil
is cooled after reaction can be calculated.
The time taken for cooling from 700°C to 100°C is approx.
5 seconds and the distance through which carbon atoms can
diffuse in this time is /Dt = 1.28 x 10  om.
Assuming that for this distance into the foil a
saturated solution exists then the amount of carbon
per unit area arriving at the surface is 9.02 x 10 g.,
corresponding to a film over 200 K. thick. Taking into
~account the approximations and assumptions made it is
- reasonable to conclude that a carbon film of the
thickness observed could be formed by the dissolution
method described. The appeax‘anée of the film was
similar to that formed by Derbyshire, Presland and
Trimm (1972) using a dissolution-precipitation technique.

Metal mobility and diffusion.  The mobility of various

metals on graphite has been observed by many workers
during the course of graphite oxidation studies (Sears
et al., 1963; Presland et al., 1963; Thonmas et al.,
1964). During this present work several graphite
oxidations were followed and the mobility of nickel

particles noted. The ability of nickel to move easily
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over graphite surfaces is therefore an advantage for
carben deposition catslysis, being necessary to
explain the presence of the nickel among the carbon
deposit. However, the diffusion of nickel through
bulk pyrographite, as investigated by Wolfe and Borg
(1964), is considerably more difficult. For diffusion
parallel to the a- and c-axes the diffusion
coefficients Dy and I, respectively, are given by,

2 s
D, = 1.76 x 10 exp (-48.1 x 10°/ RT), and

I

Te = 2.43 exp (-55.2 x 10%/RD)

No diffusion at all through the graphite layer planes
was detected in graphite annealed at a temperature above
3300°C, proving that the sole diffusion mechanism in an

imperfect lattice is via defects.

Presence of Sulphur and Carbon Impurities. The precise

effect of the sulphur impurity in nickel foils is uncertain.
It is known that sulphur segregates to the nickel (110)
surface during thermal treatment and inhibits carbon
formation on metals (see sections 1.2.1 and 1.2.2) but its
exact mechanisnm remains obscure. It is possible that the
sulphur presence on the surface retards the (110)
reectivity, explaining the faéter'rate of reaction of the
(111) and related planes. The uneven coverage of the
metal surface within any one grain, often encountered in
carbon deposition experiments, may be due 10 outcrops 0of

metal sulphide formed -from the sulphur impurity.
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Carbon also segregates to the nickel surface

on heating and the previous presence of trace amounta
is necessary for cerbon deposition cztalysis (Blakely et
al., 197C; Coad et al., 1971). 'Since carbon-bearing
gases adsorb on free metal rather than on metal
carbides (section 1.1.3.2) the need for hav1n9 carbon
already on the surface is surprising. The surface
carbon may zid the dehydrogenation of adsorbed

hydrocarbon species.

4.2, Pilamentary Carbon.

In Seqtion 3.1.4 the growth of thé graphite
fibres at 700°C was discussed. Hetal for the catalysis
of fibre growth was obtained by distortion of the foil
surface due to the stresses incurred by the ﬁlatelet
graphite growth processes. This effect is similar
to the release of compressive stresses during depositicn
reactions by the formation of metal and metal oxide
whiskers repOffed by Gulbransen and Copan (1959) and
encountered during the in situ work described in
Chapter 5. Metal a% the junction of several graphite
crystals is forcad into adopting a nodular shape at the

surface and if the compression is sufficiently gr a.

column of metal is exiruded until the compressive forces

: : i rorced wards the
are released. As the metal is being forced outwards th

ing ngside
graphitic diffracting edge region is growing alongs

> hite £i £ o4l ress
and gradually Torms a graphite fibre. If the stress

. . -y ;e from
is not large then the metal nodule may not separate
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the substrete surface and o hemispherical fibre will
result. In the former case, however, once the stress
is released by extrusion the metal contained in the
fibre " necks" and finally separates from the parent
foil. Purther growth of the fibre generally carries the
catalyst particle with it, though from time to time

some of the metal is left along the body of the fibre
(see, for example, Plate 3.20). It appears likely that
if any additional stress is experienced by the foil near
the root of the fibre then this can be released by the
removal of further amounts of metal along the centre of
the fibre, since fibre centres are normally hollow
except for aress containing metal.

The oxidation work performed on the graphite fibres
has established that the metal within the fibres is
nobile at temperatures well below 700°C and the mobility
is also shown by the amount of branching and clustering
which occurs whenever there is a .plentiful supply of
metal within the fibres. The oxidation work indicated
the existence of small particles of metal among the
graphite wall in addition %o the large particle at the
fibre tip. The manner in which this material became
incorporated into the graphite matrix will now be

described.

High resolution studies have revealed that at the
fibre tip the carbon wall narrows, meaning that the

graphite planes furthest away from the metal core are
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¥

he inner ones in growth scquence. In this
region the planes still remain parallel +to the fibre
surface and thercfore only the innermost one is in

actual contact with the metzl particle ancé rio other

ones have ever been adjacent to the metasl. This is
apparent when the growth scheme outlines in section
3.1.4 is recalled; the outer carbon layers are the
cres which were originally at the upper surface of the
nlatelet graphite. For this reason the growth of the
fibre wall by the insertion of layer planes on to the
surf ace of the metallic particle, involving either
gaseous diffusion through the carbon on to the metal or
/idiffusion of carbon through the particle, cannct explain
the observed fibre fine structure.

Iven if a fibre of the type described is formed
in isolation it cannot grow by carbon deposition
directly on to the central particle's surface as this
process will nét give rise to parallel—oriented basal
planes. This can be understood by reference to
Pigures 4.1 to 4.7. -Figure 4.1 represents an early
stage of fibre growth when one carbon layer plaﬁe has
partially formed on the metal. Only if this particle
does not move can successive planes form on the me tal
surface to give Figure 4.2. For most types of fibre

this simple picture is not valid.  The appearance of

o
the second (inner) layer plane means that the first one

: Ry i the to
has to separate from the metal surface elther at th p
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or at the bottom of the contact area. 1In both cases
this separation will cause the planes to lose their
;paralle]_ orientation, as iﬁ(’lica'ted by FPilgures 4.3 and 4.4,
respectively. Continued growth will produce fibres with
the forms of Figures 4.5 and 4.6, respectively.

Neither of these ‘typés have been observed in this work,
the true fibre characteristics being summarised by
Figure 4.7.which is an idealised representation of the
fibre in Plate 3.30.

It should be noted that the fibres formed by
‘Lieberman et al. (1971) have a structure similar to that
described in Figure 4.5, implying that they were formed
'/during carbonisation by a build-up of the basal planes
from the inside.

' To explain the ohserved features of the fibres.it
'1s necessary to postulate that the active species migrate
to the exposed growing graphite planes. This is in

' accord with the oxidation evidence of small metal

- particles in the graphite walls. Since each fibre has
a constant diameter bulk diffusion of catalyst through
the carbon wall to the surface, which would lead to a
gradual thickening of the wall with increasing distance
from the fibre tip, does not occur to any significant
extent. This is true even of fibres which have metal
kpar'ticles distributed along their centres, for example
the fibres in Plate 3.20.

. ' om
The only other means of transferring metal fr

i s the
the catalyst particle to the carbon surface involves |



release of mobile metal species from the catalyst surface
to the growing carbon faces by surface diffusion.
»Since these metal species ﬁlthough present in the
'graphite lattice are not visihle even under the
resolution of Plate 3.30 they must consist of no more
than ﬁwo or three atoms and it is suggested that they
exist as individual atoms. The transportation of the
atoms to the carbon may be aided by the formation of
organo-metallic species from partially decomposed
hydrocarbon molecules. McCarroll et al. (1969) have
argued that, for example, the adsorption of an ethylene
molecule by a nickel atom will allow the atom to travel
“across the nickel surfsce more easily. The metal
atoms will jﬁmp from the central particle on to. the
'first carbon leyer and act as " keying agents' for the
rpositioning of the individuai carbon atoms into the
| graphite lattice. Some will move on to higher planes
‘While ofhers will be inccrporated into the growing carbon
structure. The role of the large metallic particle
is to act as a source of atoms for the propagation of the
catalytic process by this neans.
| This growth mechanism is valid even if the central
particle contains a metal compound rather than the free
metal, as suggested by electron diffraction gvidence, as
long as the removal of small anounts of metai can be
achieved. Since transition metal compounds, especially
oxides, are non-stoichiometric this condition should not

be too stringent.



The cessation of fibre growth occurs whenever
the coerbon deposition overtokes the translationsl motion
of the central particle. It is likely thet the carbon
deposition is not uniform in speed or direction in any
given fibre and as soon as the metal becomes coated in
a la;yer of carbon its outward movement is blocked snd the
fibre stops growing after completely encapsulating the
metal. That the nmetal is encapsulated was shown by
the oxidation studies as no gasification of the inner
planes occurred until oxygen had access, considerably
after {the onset of oxidation. - The other possible
reasons for termination of fibre growth, namely chemical
deactivation or cooling at the fibre tip (discussed in
Chapter 5) are not applicabie to this type of filament.

Encapsulation occurs when the innermost layer plane
covers the whole of the metal particle. This cuts off
the supply of metal to the other graphite planes which
are étill growing and would be expected to slow down their
rate of growth, although it appears that normally
sufficieﬁt metal atons are already available among lhenm
to allow completion of growth.

The metel required for the formation of
filamentary carbon grown at 450°C is obtained rather
differently from the manner just described for fibres.

: : i f dular
Formally filaments nucleated at the site o: the nodule

deposit which was common at this temperature.

. v s . . 1 -~ derosit appeared
AS mentioned in section 3.1.8 the nodular deros 23
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to contaln large amounts of metal and the separation

of metal particles allowed the growth of the

@

filamentary carbon. Thelr appearance and the presence
of pear-shaped metal particles at their tips suggest
that these filaments are similar to the ones whose growth
sequence has been described by Baker et al. (1972B).
They have postulated that in the case of C,H, on Fe, Co,
Ni,decomposition on the exposed parts of the metal
particle will cause a temperature gradient within the
particle. The deposited carbon will dissolve in the
metal, diffuse'along the thermal gradient and be
precipitated at the protected cooler region.

Further, more crystalline carbon wiil be deposited at
the exposed paorts and will form an outer skin covering
the inner region of rather amorphous carbon. In this

case also total encapsulation of the particle accompanied

the termination of filement growth.

4.3, Tlake CGraphite

The average thickness of the carbon product can
be estimated from the weight of deposit on a known
area of foil. Por & weight increase of 1 mg. the
average thickness is 7500 K but after approx. 0.5 mg.
of carbon has formed, the exact value depending on
experimental conditions, non-oriented cerbon begins to forn
in appreciahle quantities. Hence the maximum Le
. o
dimension Tor platelet graphite is about 4000 A.
vpefimental

s

. Y =) 15 'E"' te
For the production of larger crystals different ex



conditions would be required; perhaps a temperature
increase or use of lower pressures with purer metal
would improve the crystal dimensions.

Several models for the course of hydrocarbon

decomposition were listed by Presland and Walker (1969):

1. Chemical model. C,; and C, species e.g. CH; , CyH,
present on the metal surface polymerise and crystallise :
“as carbon. .

2. Thin film model. Dehydrogenation of the gas occurs,
single carbon atoms move across the carbon surface and
slot into position at growth fronts.

5. Metallurgical model. T™is mechanism is responsible
for the dissolution-precipitation method of graphite
formation and has been shown (section 4.1) to play
only a minor part in producing carbon deposits during the
present work. Presland and Walker considered that
single crystal graphite would not be formed in the short
time required to cool a metal foil to room temperature.
A further possibility, not mentioned in their peper is,

4, Intermediate compound model. Deposited carbon
enters the metal lattice forming an approximately
stoichiometric carbide, such as FeyC, which can
decompose especially at higher temperatures where
carbides of Fe, Co, Ni are unstable, to give
crystalline carbon. Tittle evidence for the

existence of intermediate carbides was found during
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these studies. However, Toho (1971) detected several
phases in his work which may have been intermediste
carbides. Tamail et al.(1968) reported that Fe,¢ and
NigzC may be active in carbon formation fronm paraffins
and olefins. This suggestion is fairly speculative

as the maih evidence for this conclusion is the presence
of FezC, detected by X-rays.

Blau and Presland (1970) formed laminar
(platelet) graphite at low pressures from acetylens.
They found that an increase in pressure led to poorer
quality deposits and explained this fact by reasoning
that a rise in pressure produced an increase in
supersaturation which led to a higher nucleation density
and therefore smaller and less oriented crystals.

The effecf of a rise in temperature was to improve the
orientation of the crystals because of the higher
mobility of the carbon atoms at increased temperatures
which allowed a more ordered growth process. Their
conclusions have in general been confirmed by these
studies.

The presence of small amounts of metal among the
flake graphite crystals suggests that the mechanism of
growth may be analogous to the mechanism proposed in
section 4.2 for fibre growth. No information on the
feasibility of metal diffusion through platelet grephite
has been obtained but it is reasonable to expect that if

. . . 7 Q + i i ld
this is not possible with the fibrous material it wou
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also not occur with platelet graphite. It is proposed,
thereforé, that metal reaches the graphite lattice by
surface diffusion, that individual metal atoms are

free to move over the surface of the growing crystals
on each plane and that their presence is gsufficient to
ensure the ordered arrangement of the succeeding layers
throughout the whole crystal.

The orientation of the a-axis of the crystal is
determined by the manner in which the first basal plane is
deposited as succeeding planes have the same
orientation. Any tendency of the graphite crystals
within a2 given metal grain to align will be due to an
epitaxiagl relationship hetween the metal and carbon
lattices. The existence of epitaxy in pyrolytic carbon
deposits is in dispute. Presland et al. (1970) found
that graphite was laid down epitaxially on the (11C)
nickel faces at lOOO?C With the graphite (0002) planes
parallel to the nickel (110) surface, the directional
relationship being unknown. This was in spite of the
face that the (111) nickel face is geometrically more
favourable for epitaxy and was found to react faster
than the (110) plane, in disagreement with the
findings of Gunningham et al. (1957),discussed in

section 1.1.3.3. TLittle evidence for epitaxy was

detected in this work.



CHAPTER 5

THE IN SITU REACTIONS
OF ITRON AND NICKEL CHAINS

IN THE TRANSMISSION ELECTRON MICROSCOPE
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n Situ Reactions of Iron and Nickel Chains

in the Trensmission Electron Microscope.

Sl Introduction

Metal and metal oxide " smoke particles" have
been prepared by. burning metals in air (Yeorian, 19353
Ehrardt et al, 1940) and by electric arcing between .
two electrodes of the same metal (Harvey et al, 1960).
In the experiments by Harvey and co-workers metallic
iron gave rise to Y Fe,0; particles and nickel formed
NiG particles, in each case the product being
crystalline and showing a definite tendency to adhere
together in chains. Particles of metallic iron and
nickel can be prepared by eva.porating the appropriate
metal in argon at low pressures (Kimoto et aj,, 1963).
On exposure to air the metals tend to form a thin
coating of oxide (Kimoto et al., 1966) and if oxidised
for a few seconds at 500°C in air iron particles
initially form Y Fe, 0y which then change to aFe, 0
(Kaito et al., 1970).

The metal chains, when placed on specimen holders,
form a self-supporting net.vork whlch removes the need
for the nornmal carbon or SlllCd support film. They can
therefore be used as substrates in the observation of
reactions in the electron microscope without the
attendant fear of any interaction with supporting uedia.

A preliminary study of the changes effected by heating
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the chains was carried out and was followed by work
on the decomposition of hydrocarbons in the electron
microscope employing the iron and nickel chains as

catalysts for these reactions.

5.2 Experimental

5.2.1. Apparatus: The preliminary work was done

in the Siemens Elmiskop I microscope using the hollow
aperture drive described earlier. The carbon
depesition experiments were carried out at the Applied
Chemistry Group at A.E.R.E. Harwell in g Jeolco Jem 7A
microscope fitted with a gas reaction cell for the
observation of in situ high temperature reactions.

It was designed by Hashimoto et al.(1966) and converted
for use in this system by Feates et al.(19'70).-

5.2.2. Chemicalss The preliminary studies used ‘the

iron and nickel described in the first chapter.
Later work used spectroscopically pure iron and nickel.
The hydrogen and acetylene were 99% pure and the methane

was 99.9% pure.

5.2.3, Procedure: To obtain the chains each metal

was evaporated from a previously cleaned tungsten wire
in a commercial coating unit under a pressure of between
50 torr and 100 torr argon or neon. The chains of
evaporated metal fell on the base plate of the coating
unit and were caught by mounts or grids placed there.

The unsupported chains were subjected to heating and
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chemical reaction in the electron microscope.

5.3 esults

5.3.1. Preliminary Studiec usine Iron

S5.3.1.1. At Room Temperature: The chains were

exanined in the electron microscope. Particle sizes
varied from 100 K to 15G0 X. Their erystallinity was
shown by dark field microscopy and selected area
diffraction work, for example Plate 5.1. This plate
contains a-iron d spacings and some diffuse rings due
to Y Fe,0; formed by air at room temperature acting
on the chains over a period of several days.

Table 5.1 and Table 5.2 contain the measured d spacings

of a—iron and )’Fez 05, respectively.

Table 5.1

a-iron chains formed by evaporation of iron foil in argon.

Calculated d Literature a-iron Tndex Difference
o ) 0

spacings (A) d spacings (4) (A)
2.036 . 2.0268 110 0.009
1.436 1.4332 ' 200 0.003
1.172 1.1702 211 0.002
1.012 1.01%4 © 220 0.001
0.908 0.9064 310 o.ooz‘

0.827 0.8275 222 0.001
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Plate 5.1

Selected area diffraction pattern of iron

chains at room temperature. [NS 70 1549].







Piate 5.2

Wbt

iron chain showing the surface }/Fezo5

[14 70 s12].

‘magnification = 350,000X,
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0-iron chains to sir

Colculated 4@ Literature P e o RN
lecuiated d Literature . Pe,0; Relative Difference

Dy e A N £ WY O e A 3 3 M

;)f,):;v:,(_/ . [0} )Jll(ig-v.—l,tlg);(_) (ﬁ,_) 11’1‘tenglt‘f (A)

2.9C 2,944 90 0. 044
2. 50 2.510 100 0.010
- 2.082 90 -
- 1.818 80 -
1.654 1.602 90 0.022

1474 1.4%2 90 0.002

Pilete 5.2 shows a small chain lying at the edge of a
gpecimen holder, Many of the individual particles
iiove 2 £011d inner region with a definite termination
followed by a more tenwous surface layer., This surface
Jayer corresponds to the Y Pe, 0y formed by air
cridation. There appears to be a degree of alignment

between some crystal planes of the oxide and the surface

leating in the liicrescope. When iron

oz o
Ocdeloella 1is 1

chains were heated in the microscope two effects were

noteds
1. The particle size increased due to sintering and

caused altoerations in the arrangements of the chains.

Plates 5.3, 5.4 and 5.5 show the appearances of one chain.

at %50°C¢, 600°C and 700°C, respectively.



Zlale 8.3

Iron chain at 350°C

in the electron microscope.
[ 7¢ 1852].

megnification = 30,000.

...'_,,3;..“;&{":-.‘?1."«@

Sanc iron chain =¢ sbove

at 6C0°C, [V¥S 70 1562].

magnification = 30,000%.

Plate 5.5

Same iropn chain as above

at 700°C. [WS 70 1574].

magnification = 30,000X.
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S.A.D. pattern of an area
of chains at 350°C showing
mostly Fez0, rings.

(s 70 1557],

Plate 5.7

S.A.D. pattern of an aresa
of chains at 600°C showing
Fe;0, rings which denote a
larger particle size than

Plate 5.6. [NS 70 18567].

S.A.D. péttern of an area
of chains at 700°C showing
Pe,0, and aFe,Cy reflections.

(s 70 1578].
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o, In cpite ol the vacuwvrt of betweern 10 and 10 tore
oxidation of the dron took wpisce et elevated
temperetures, Plates 5.6, 5.7 and 5.6 show the
diffraction paticrns of an arcae of chains at 250°C, 6000°C
oand 700°C respectively. Plete 6.6 1s almost completely
Pe,0, with negligible g-irorn left intect. Plate 5.7 is
due to FeyC, of larger particle size than at 350°C.

Plate 5.8 is due to o Pe, 0. with traces of Fe.0,.
2 ¥3 3 Y4

The particle size has further increased. Table 5.3 and
Teble 5.4 give the d spacings of the Teyz0; and o Fe, 05,

regspectively.

Table 5.3

Pe,0, from oxidation of o-ircn in the electron microscope

~
——

Calculated Literature Fe;0,4 Relative Difference
© o o
d spacings (A) d spacings (4) Intensity (1)

4.870 4. 8! 40 0.020

o

2.973 2.96 70 0,007

(o)

2.52% 2. 5%0 100 0.007
2.094 2.096 70 0.002
1.714 1.712 60 0.002
1.617 1.614 85 0.003
1.481 1.483 85 0.002
1.064 1.092 60 0.028

0.857 0.857 50 0
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Tnable B4

a-Pe, O, from oxidation of e-Iron in the clectron microscope
Calculated Literature C~?f263 Relative Difference
[*IR . 2]

d spacings (A) 4 spacings (ﬂ) Ihi S1i5 ‘ty (A}
2.685 3.66 25 0.03
2.669 2.69 160 0.02
20 4:84: 2- bl ) 50 Oa 05
2.178 2.201L 30 0.023
1.847 - 1.858 40 0.009
1.714 1.620 60 0.024

DeB.1:3 Hesting in Hydrogén and Methane. The iron

chaing were heated to 600°C in hydrogen. The degreec

of sintering was reduced hut the oxidation of the iron
was not prevented. In {the presence of hydrogen or
methane the chains became coated in a layer of unknown
materiasl and some areas were seen 1o contain thin
overgrowths. Plate 5.9 shows both of these features

and Plate 5.10 teken ten minutes later indicates that the
overgrowth material is susceptible to damage by the
electron beam. The diffraction pattern of the area
shown in Plates 5.9 and 5.10 gave no information about

the nature of the deposits.

9.¢3.2, P”clnmjnary Studies using Wickel

5.3.2.1. At Roon Temperature. The particle sizes of the
D

nickel chains lay between 100 K and 2000 E, approximately

the same as the range found with iron chains.



Plate 5.9

iron chains coated in the presence of hydrogen

or methane. [NS 70 1894 ].

magnification = 180,000

Plate 5.10

The same ares as in Plate 5.9 showing the effect
of the electron beam on the coating material.

[Ws 70 1896 ].

magnification = 180, 000X.
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Giffraction

founsd are listed in Table 5.
Tnble

Helld ohows the

roon temporature and Plaote

vy 3y
mattorn

Lpearance of

Fal

20NTalng

the

chains

the

Nickel chains formed by svsporation of niclel

Toil in argon

nickel

(}1.}

Index

Difference

(1)

56 39 2029

effects noticed with the iron

1.246

1.0624
1.0172
0.881¢C
0.8034
0.7880

Heating in

the Miciroscone.

the nickel chains:

cheains

111
200
220
311
222

S|
=

N
3w}
o

0.0302
0.008
0.006
0.001
0. 004
0.009
0.009
0.012

The same two

- s

were

observed with

(1) The nickel sintered gracdually as the temperature

(2)

was raiscd.

at 350°C, C00°C and 700°C, respectively.

Plates 5.13, 5.14 and 5.15 were taken

They show

The nickel, though more resistant to oxidation than

iron, changes to nickel oxide, 110, on prolonged

heating. Plates 5.16,

and 700¢C, respectively,

&.17 and 5.18 at 3560°C,

6000

show increasing amounts of



Plate 5.11

Appeararice of the nickel chains at room

temperature. [NS 70 1603 ).

magnification = 180,000X.
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Plate H5.12

Selected area diffraction patiern from the

inset ares of nickel chains. [NS 70 1967].

magnification = 80,000X.






Plate 6.13

The area of chains shown
in FPiste H.11 after
sintering at 250°C.

[fs 7C 1613 ].

magnification = 20,0001

Plate H.14

The same zrea as Plate 5.13
after further sintering at

6c00°C., [ES 70 1626].

nagnificaticn = 30,000X%

Plate ©.195

The same area as Plate 5.13
after sintering at 70C°C

[NS 70 1639].

megnification = 20,000X

Plate h.16

S.A.D. pattern of nickel
chains at 350°C showing a

trace of Mio. [¥s 70 1812].

Plate 5.17

S<A.D. pattérn at 600°C
showing Ni and NiQ rings.

[ws 70 1627]. -

Flate 5.18

S.4A.D. pattern at 70CeC
showing further conversion

of nickel to nickel oxide.






nickel oxide and also an increase in crystal size.

Table D.6 gives the d spacings of the nicksl oxide.

ode

Nickel oxide from oxidation of nickel in the electron

microscone .

Calculated 4  Literature nickel Index  Difference

spacings (2) oxide 4 spacings (2)
26385 2410 111 0.025
2,060 2.088 260 0.028
1.472 1.476 220 0.004
1.262 ' 1.259 311 0.003
1.190 1.206 222 C.016
1.0356 1.0441 400 0.009

DeBeR.3, Heating in Hydrogen and lethane. Heating the

nickel chains in hydrogen or methane did not prevent
nickel oxide formation though sintering was noticeably
inhibited in the presence of hydrogen. Plate 5.19 shows
an area of chains which has been allowed to complete the

sintering process in hydrogen at 600°C.

0eB3.3. Carbon Deposition on Iron

Oed.3.1. Reaction with Acetvlene. The iron chains were

left ot 825°C for 15 minutes when it was found that the

iron was covered in a thick layer of polycrystalline carbon.



Plate 5.19

NWickel chains sintered in hydrogen at 600°C.

[1s 70 1909].

magnification = 80,000X.
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On top of this lsyer o large number of filaments of

[+}
length 2000 A or lJecs were observed, mony of them having

definite metal particles at their wips. A typlcal ares
of deposit is shown in Plate 5.20. Selected area

electron diffragction work on this deposit showed the
presence of carbon and Fez;0, on the reaction products.
The ¢ spacings measured are swimarised in Table 5.7.

e, 0, and nolyqrystallinc carbon formsd by rescting

gcetylene with diron chains,

SPL graphite 4 Calculated @ Fe;04 d spacings

(¢} o
spacings (4) spacings (A) (4)

. 085 4.850

S
4. 300 5.45

0
=
163
20
—
-t
o

2,087 2.096
1.719 C1.712
1.607 1.614
1.483 1.483

1.229 - 1.230

Dedo3.2, Reaction with Iethane. Iron chains in 2 torr

methane again formed a layer of carbon at 825°C.
After a period of one or two minutes at this temperature

very straight filaments grew out from the iron matrix,

N ]

.



Plaote 5. 27

Iron oxide, FeyC,,
whiskers formed by
actlon of methane on

iron chaine 2t 825°(.

magnificastion = 150,0C00X.

Plate 5.23

Carbon filsments formed on

nagnification = 150,CCCX,

Polycrystalline and
filanentous carbon formed
by acticn of gscetylene on

iron chains at 825¢°C.

magnification = 50,000X.

Plate 5.22

Polycrystalline carbon
layer formed on nickel by

acetylene pyrolysis at 825°C.

magnification =






different areas of chainé producing the filaments
at slightly different times and thus implying a
temperature variation in the system. In every case
the filaments would grow only for periods of about
15 seconds and then cease growth completely.
Plate 5.21 shows the features common to all of the
filaments; a geometrical regularity of shape, either
perfectly straight or with changes of direction of
exactly 120°; an absence of internal markings such
as a division into edge‘and central regions;
no metal particle at the filament tip. Diffraction
patterns from individual ones verified that they
differed from the carbon filaments previously
described and that they were in fac% single crystal
" whiskers" of Fez;0,. The d espacings from a single
whisker are shown in Table 5.8.

Table 5.8

Fe, 0, whisker formed by the reaction of methane on

iron chains.

Calculated d ILiterature Fez0, Relative  Difference
_ . 5
spacings (1) d spacings (4) Intensity (4)

5.15 . 4.85 - 40 0.30
2.978 2.966 70 0.012
2.516 2.530 100 0.014
2.068 | 2.096 70 0.028
1.639 1.614 85 0.025
1.482 ‘ 1.483 85 0. 001
1.268 ~ 1.279 . 30 0.009

1.193 1.211 20 0.018
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An oxidation of the product of the methane/iron
reaction had no effect on the Fe;0, whiskers as would
be expected but resulted in a general conversion of the
iron chalins to Tez0,. Diffraction patterns of the

‘product of the oxidation consisted entirely of Fe,0,
rings indicating that the carbon deposit layer has been

completely removed.

S.304. Carhon Deposition on Nickel

S¢3.4e1. Reaction with Acetvlene. The nickel chains

left rescting at 825°C with 2 torr acetylene produced
a deposit layer as shown by Plate 5.22 which by
diffraction was shown to be polycrystalline carbon.

The d spacings obtained are given in Table 5.9.

Table 5.9

Polycrystalline carbon formed by reaction of acetylene

with nickel chains.

Calculated d SP1l graphite 4

spacings (K) spacings (1) index
3.4 3. 385 0002
2.05 2.128 1010
1.74 1.688 0004

Carbon filaments, of length approximately ;fk,
similar to those shown on Plate 5.23 were produced,
though only at the edge of the specimen holder where

the temperature was highest.
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HeBedo2 Reaction with Methane. Two methane/ﬁickel

experiments were carried out. The first gave exactly
the same polycrystalline and filamentous carbon as
found for nickel acetylenej; the second gave angular
filaments which were similar to the Fez;0, whiskers
previously discussed except that their diameters
decreased slightly with growth. They were probably

whiskers of NiO.

5.4. Discussion and Conclusion

The in situ work is of interesf in the éontext
.of other metal chains phenomena (discussed in the
introduction to this chapter) and also for the
information it adds to our knowledge of carbon deposition

processes.,

9.4.1. Tolyvcrystizlline Carbon. The polycrystalline

carbon deposited in almost all of the interactions is
featureless and of low quality. The diffractioh rings
obtained from it were the (02), (10), (11) and (04) reflections,
no general (hkl) reflections being observed.

No attempt was made to calculate crystallite sizes using

ring half-width measurements but the deposit appeéred

to be little better than the amorphous, carbonaceous
contamination formed on specimens in the electron

microscope under normal operating conditions.

(Hillier, 1948; Konig, 1951). Contanination is

produced by the breakdown of hydrocarbon vacuum pump 0il




20%

giving rise to a hydrocarbon polymer which is
carbonised by continued bombardment in the electron
beam (Ennos, 1953, 1954; Heide, 1958, 1963).

The mechanism of the formetion of the polycrystalline
carbon is probably similzr to that of the contamination,
the more controlled conditions of fixed gas pressure and
elevated témperafure resulting in a product with some
degree of crystallinity. The appearance of this
deposit was different on iron than on nickel indicating
that the nature of the substrate played & limited role
in determining the form which the polycrystalline

carbon adopted. Baker et al. (19724 found that

" flocculent, amorphous'" deposit can fofm on iron,
silica or slumina indicating that the suﬁstrate
particles acted purely as a nucleus for deposition above,

900°K. The present work was performed mostly at 1100°K.

S5.4.2. Pilamentary Carbon. The carbon filaments formed

in these studies were sufficiently ordered to give fibrous
diffraction patterns and to exhibit what appeared to be
edge and centre regions. They were probably most similar
to the filaments formed in coating unit experiments on
iron and nickel from a vafiety of gases at approximately
450°C., As expected, no platelet graphite was

deposited in the in situ studies. Baker.et al. (19724)
have shown that platelets do not normally form in
experiments where the polycrystalline carbon‘has been

deposited.



Two méjor facts emerge from the observation of the
growth of the filamentous carbon. Firstly, the period
of growth of each filament was very short compared with
the total reaction times; secondly, in several instances
filament growth occurred on different areas of
substrate after slightly different times due (presumably)
to temperature variations. Both of these pieces of
information would have been very difficult to obtain by
any means other then in situ studies.

The brevity of each filament's growth period
suggests that growth cessation is due to chemical
deactivation of the catalyst particle. Thié was found
for carbon monoxide/iron interactions by Walker et al.
(1959B), where the iron catalyst was gradually
converted to the inactive Fe,C. This argument is
reinforced by the fact that other work in the present 7'
system (Baker, priv. comm.) has shbwn that the presence
of hydrogen, which would replenish the catalyst by
converting Fez;C back to iron, causes the filaments to
grow for longer periods. The observation that the
initiation of filamentary growth is affected by
temperature fluctuations may indicate that growth
ceases suddenly due to a cooling down of the tip of
the filament since heat transfer by conduction becomes
more difficult with increasing filament length.

However, the fibres grown by hydrocarbon decomposition

in the coating unit reported in Chapter 1-4 and the



filaments discussed by Baker et al. (1972B) both
ceased growth because of an impermeable carbon layer
which prevented access of gas to the active sites,
thereby inhibiting resction and it is probable that
these filaments stopped growing for the same feason.
Baker and co-workers (Priv. Comn.) have found
using this reaction system that fhe existence of a
polycrystalline carbon leyer on top of the metal
substraete is a prerequisite for filament nucleation.
There is undoubtedly a direct analogy between this
observation and the fact that in déposition experiments
in the coating unit carbon fibres grew at 700°C.on1y'
after a layer of platelet graphite had formed.
Beth features imply that the original carbon iayer is
needed in order to aid the separation of a metal
particle from the metal substrate to form the

catalyst at the tip of the growing fibre.

5.4.3., 0xide Whisker Growth

Whiskers are filaméntous single crystals of near
uniform cross-section with a high degree of structural
perfection. Directional changes.or " kinks™ at
crystallographic angles are frequently found and it has
been shown that a facet common to both arms of the kink
implies no change in orientation of the crystal (Baker,

19563 Courteney, 1957; Saimoto, 1960).

206
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The growth of whiskers, being uni-directional,
requires that the prevailing supersaturation must

S remain beIOW'(p/be) the critical supersaturation

crit,”?
ratib, otherwise growth may occur spontaneously on all
crystal faces (Evans, 1972). It is uncertain in these
instances whether the oxide whiskers grew from the solid
phase using the oxide coating known to form on the metai
chains ' surface or whether they grew from the vapour

phase using " atmospheric' oxygen.

In a situation where a thin polycrystalline layer
of material (in this case oxide) lies on a rigid
substrate (metal) deposition processes (carbon formation)
produce compressive stress in the surface layer which can
be relieved by whisker growth. In thesé circumstances the
whiskers are single crystals and often possess kinks,
as found here. The growth rate is increased by high
temperatures and the presence of oxygen or organic
contaminants. Alternatively, the whiskers may have
formed by a metal/oxygen chemical reaction at sites of
screw disloccations in the sclid.

The growth of iron whiskers by Fe(CO)s chemical
- vapour deposition has been observed in detail in the
electron microscope (Gabor et 8l, 1969). Kittaka and
Kaneko (1959) have used carbon black particles to
catalyse the formation of iron whiskers from iron

halides at 500°C-900°C.
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