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In the presence of a nickel catalyst, acetylene decomposed to form carbonaceous 
solids with filamentary, amorphous, or laminar form. By observing the initiation 
processes continuously, parameters controlling the type of deposit have been estab- 
lished. Controlled atmosphere electron microscopy has shown the development of 
filaments behind particles of nickel (30-50 nm diameter) at relatively low temper- 
atures (570 ? 20K). Bt the same temperature, amorphous carbon nucleated around 
the nickel particles and spread until it covered the whole solid. In extended experi- 
ments, angular graphite laminae grew from large nickel particles (300 nm diameter) 
at 1300K. 

The catalytic activity of the nickel particles for filament growth ceased after ap- 
proximately 15 s at $70 K, but it could be regenerated by exposure to either hydrogen 
at llOOK, or oxygen at NOOK. A significant increase in catalyst efficiency for fila- 
mentous growth was noted when particles of nickel were formed in hydrogen at 
875K prior to the introduction of acetylene. An explanation of this phenomenon 
and the mechanisms of the catalytic, deactivation, and regeneration processes are 
proposed. 

Exposure of the carbonaceous deposits to oxygen demonstrated their different 
reactivities and suggested that filaments consisted of an easily oxidizable core with 
a relatively resistant skin. 

Previous inve,stigations (l-12) have 
demonstrated that filaments can be formed 
by pyrolyzing hydrocarbons under widely 
varying conditions. Hofer et al. (6) ex- 
amined by electron microscopy deposits 
formed on nickel in the presence. of CO at 
665 K, and observed that they were in the 
form of filaments from 0.01 to 0.2 pm in 
diameter. Many of these filaments appeared 
to be tubes, which may have been hollow 
or contained material less dense than the 
outside walls. Several workers observed or 
postulated that filaments grew from cata- 
lyst particles. In some cases such particles 
were seen at the growing end of the filament 
(5-7, 9, 11), whereas in other cases they 
appeared to have been left behind, ap- 
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parently serving only to initiate growth 
of the filament (3, 8). In the presence of 
hydrocarbons, the growth of filaments cata- 
lyzed by iron, nickel, and cobalt, their 
oxides or carbides, generally occurs at rela- 
tively low temperatures (6204370 K), 
whereas temperatures in excess of 1270K 
are required for growth on graphite, lamp- 
black and silicon, where the catalyst is 
conceivably finely divided carbon. 

The formation of highly orientated lami- 
nar graphite from the pyrolysis of hydro- 
carbons is well documented (13-16). Pres- 
land et al. (15) produced graphite platelets 
from the decomposition of acetylene (0.05 
kN mm?) on a single crystal of nickel at 
1300 K. Similar graphitic laminae were ob- 
served during the catalytic decomposition 
of CO by single crystal nickel films (2). 
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In this paper we report the continuous 
observation of the processes of nucleation 
and growth of filamentous, amorphous, and 
graphitic materials from the nickel cata- 
lyzed decomposition of acetylene. 

METHODS 

Technique 

The apparatus consists of a gas reaction 
cell, built within a JEM 7A electron mi- 
croscope, which allows specimens to be con- 
tinuously exposed to a gas atmosphere at 
pressures up to 30 kN m-2 and temper- 
atures up to 1500 K (17). The central area 
of the electron beam passes through a 20 
mm hole cut in the center of the fluorescent 
viewing screen and strikes a transmission 
phosphor. The underside of the phosphor 
is viewed by a “Plumbicon” television 
camera outside the vacuum chamber. The 
camera output can be viewed directly on a 
monitor and recorded on vide,otape for 
subsequent replay and detailed analysis of 
the results frame by frame. Overall mag- 
nifications on the monitor screen are up to 
2 x 105. 

Materials 

Silica films or single crystal graphite 
were used as supports for the specimens. 
The silica films were prepared by vacuum 
evaporation of a 50/50 mixture of SiOZ/Si 
on a Pyrex slide, which had been coated 
with a film of detergent. The resulting 
silica film was scored into small squares 
and floate,d on a clean water surface. The 
support was finally mounted over a hole in 
a silica coated platinum heater. Graphite 
crystals, obtained from Ticonderoga, New 
York, were cleaved by the standard pro- 
cedure (18), heated in uacuo at 1175 K for 
30 min to reduce surface contamination, and 
finally mounted on the platinum heater of 
the gas cell. 

Spectrographically pure nickel wire (0.13 
mm diameter and 3.05 mm long) was evap- 
orated onto the support at 10.0 mN m-’ 
from a tungsten filament to produce a con- 
tinuous film of nickel at least one atom 
thick. In other experiments sections of 
commercial nickel electron microscope grids 

were spot welded across the hole in the 
platinum heater ribbon. 

The gases used in this work, acetylene, 
hydrogen, and oxygen, were all >99% pure 
and were used without further purification. 
Reaction times were between 30 to 60 min. 

RESULTS 

Formation of Carbonaceous Depodts 

When acetylene was pyrolyzed over 
nickel, three forms of carbonaceous deposit 
were observed; amorphous, filamentary, 
and graphitic. 

a. Amorphous carbon. At 825 K, with 
both silica and graphite supports, the nickel 
film nucleated to form small particles 
(230 nm diameter) in the presence of 
0.05 KN m-2 acetylene. At 850 K a floc- 
culent amorphous deposit was formed 
around these particles. When the pressure 
of acet,ylene was increased, the amount of 
flocculent deposit increased, eventually cov- 
ering the whole support and obscuring many 
of the surface features. The nature and 
amount of the deposit was identical on 
both silica and graphite supports under 
similar conditions. However, with a silica 
film support, the deposit also formed 
around isolated silica particles present on 
the surface. In the absence of the electron 
beam there was a reduction in the amount 
of flocculent deposit. 

b. Filamentary carbon. On raising the 
temperature to 2870 K, the nickel particles 
became mobile and filaments were observed 
to grow beneath the nickel particles, which 
ultimately lost contact with the support. 
Variation of the acetylene pressure from 
0.05 to 0.26 kN m-2 did not result in an in- 
crease in either the number of filaments 
produced or their linear growth rate. 

Similar filamentary growth was observed 
at the edges of a nickel strip when the lat- 
ter was heated to 870K in 0.05 kN m-* 
acetylene. From continuous observations in 
many experiments, several features of this 
reaction were apparent. The diameter of 
the filaments was always the same as that 
of the nickel particles at their head. More- 
over, each active nickel particle was respon- 
sible for the growth of only a single fila- 
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ment. This observation is to be contrasted 
with the iron/acetylene system, where some 
actJive iron particles were observed to dis- 
integrate during filament growth with the 
result that many thinner branche.d filaments 
were also formed on the sides of the thicker 
parent filament (19). At 870 K the majority 
of filaments produced from nickel catalysis 
were about 30 nm diameter with a few ex- 
ceptionally thick ones of about 100 nm 
diameter. The filaments grew with random 
pat,hs forming loops, knots, and intercon- 
nected networks. After about 10-15 s at’ 
870K the nickel particles lost their mo- 
bility and the filaments ceased to grow. 
Figure IA is a micrograph of a particularly 
thick filament and there is evidence, on the 
more transparent sections, of a hollow 
channel running the length of the filament. 
The more electron dense zones along the 
filament are where the growth has either 
changed direction from lateral to perpendic- 
ular or overlapped with a previously 
formed section. Figure 1B is a micrograph 
of an exceptional filament where the cata- 
lyst particle has been rotating on an axis 
perpendicular to the direction of filament 
growth. 

It has been possible to obtain quantita- 
tive data on the dimensions of the filaments 
from frame-by-frame analysis of 16 mm 
cini: film. From measurements of ten par- 
ticularly large diameter filaments the di- 
mensions were : 

Filament outer diameter 
Diameter of central core 

Thickness of filament wall 

Experiments conducted in the absence of 
the electron beam produced filaments with 
identical characteristics to those grown in 
the presence of the beam at the same tem- 
perature, indicating that electron bombard- 
ment does not have any direct effect on 
filament formation. 

Figure 2 presents data for the linear 
growth rate of filaments from acetylene 
at 0.05 kN m-2 under various conditions at 
870 K. The sigmoid shape of the, two curves 
(A) and (B) is typical of those usually 

TABLE 1 
VARIATION OF RATE OF FILAMENT GROWTH AND 

FILAMENT DIAMETER IN ACETYLENE AT 
0.05 kN m-z .~ND 870 K 

Filament diameter Rate of linear growth 
(nm) (nm s-l) 

36 52.0 
30 90.0 
30 76.5 
27 72.5 
21 65.0 
15 80.0 

found and is that expected for a process in 
which a catalyst is gradually poisoned. 
There did not appear to be any difference 
in growth rate between filaments on 
graphite and silica supports, or for growth 
on a nickel strip under the same conditions, 
indicating that the support plays no active 
chemical role in the reaction. Results in 
Table 1 show no correlation between fila- 
ment diameter and rate of linear growth. 

From measurements of over fifty fila- 
ments the filament lengths when growth 
ceased were between 0.53-1.1 km, with a 
few exceptional filaments of up to 7 ,c,.m in 
length. 

c. Graphite platelets. At. temperatures 
above 1300 K in the presence of acetylene 
at 0.05 kN rnm2, a few platelets were ob- 
served to grow from the edges of some of 
the larger nickel particles (1300 nm di- 

94-87 11111 

58-56 nm (including a central hollow 
rl~:un~rl of about 10 nm) 

18-15 11111 

ameter) which had lost their mobility. The 
platelets were crystalline, and interference 
patterns passed across them if they were 
induced by heating to move over the 
graphite support. They possessed many 
angular e,dges, the characteristic 120” angle 
of graphite predominating. This type of de- 
posit was most frequently observed when 
the nickel was supported on a graphite 
single crystal. However, when there had 
been a heavy initial deposit. of amorphous 
material around nickel particles supported 
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FIG. 1. A. Transmission electron micrograph of a carbon filament showing the internal structure of the 
more transparent areas (X49,500). B. T ransmission electron micrograph of an exceptional filament which 
has formed by spiral growth (X 23,250). 

on a silica film and the t,emperature was 
raised to above 1300 K, similar platelet 
growths were observed on the metal 
particles. 

Oxidation of Carbonaceous Deposits 

When acetylene was replaced by oxygen 
at 1.3 kN me2 and the temperature was 
gradually increased, the various deposits 
oxidized at different rates. The featureless 
central core of the filaments oxidized first 
at 970 K, leaving a more dense and rela- 
tively oxidation resistant tube. As the core 
material was removed, the nickel particles 
at the head of some of the filaments were 
observed to fall back down the tube leav- 
ing an open-ended structure. During oxida- 
tion, the filament wall appeared to react 
in spiral fashion suggesting that the tube 

might have the form of a scroll extending 
continuouslv along the length of the fila: 
ment. The partially oxidized filaments were 
free of the underlying support surface and 
moved over it in random paths. Their mo- 
tion suggested that even at this stage they 
still possessed a high degree of rigidity. 
Figure 3 is a sequence of four frames at 
15 s intervals taken from 16 mm ci& film 
of the oxidation of a coiled filament. The 
coil is viewed end-on and reacted in oxygen 
at 0.05 kN m-* and 970K. It can be seen 
that there is a nreferential removal of the 

I 

core material and ultimately onlv the skin 
I  ”  

of the filament remains. 
Simultaneously, the amorphous carbon 

deposit on the support surface oxidized, 
principally as a result of the migration of 
nickel particles which acted as oxidation 
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catalysts, but also by uncatalyzed oxida- 
tion The disappearance of this material, 
seen as the mottled grey material, is shown 
in the sequence in Fig. 4; the darker ma- 
terial remaining is nickel. 

If the oxidation was continued and the 
temperature raised to 1100 K, oxidation 
catalyzed by nickel particles was observed 
to proceed from edges and steps on the basal 
plane of the supporting graphite crystal. 
This oxidation was characterized by the 
development of channels in the graphite 
cryst,al with the catalyst particle moving 
at the head of each channel. Most of these 
channels were straight, with sharp bends 
at angles characteristic of t,he underlying 
graphite structure. This type of behavior 
has been seen in independent experiments 
and contrasted with catalytic oxidation of 
the amorphous deposit, where catalyst par- 
ticles moved with random paths, indicating 

the relative disorder of the deposit struc- 
ture. At the same temperature both the 
skin of the filaments and the platelet ma- 
terial on the edges of large nickel particles 
underwent uncatalyzed oxidation. 

Regeneration of Deactivated 
Catalytic Particles 

In some experiments the oxidation re- 
action was terminated as soon as the fila- 
ments had been removed so that only the 
nickel particles remained on the support. 
When oxygen was replaced by acetylene, 
these previously inactive particles immedi- 
ately led to further filamentary growth of 
carbon at 870 K. 

Similar results were obtained following 
hydrogen treatment of the deactivated 
nickel particles. When filaments ceased to 
grow in the presence of acetylene, the hy- 
drocarbon was replaced by hydrogen and 
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VARIATION OF FILAMENT LENGTH WITH GROWTH TIME IN 0.05 kN mm2 ACETYLENE AT 87OK 

FIG. 2. Variation of filament length with growth time in acetylene at 0.05 kN m-2 and 870K. 

the specimen was he,ated at 11OOK for 5 
min in the presence of hydrogen at 0.4 kN 
m-2. No obvious changes in surface mor- 
phology were observed during this reaction, 
but when acetylene was reintroduced into 
the system existing filaments continued 
their interrupted growth and new filaments 
appeared. 

Formation of Nickel Particles in 
Argon and Hydrogen 
When the nickel film on a graphite crys- 

tal support was heated to 870K in either 
argon or hydrogen at 0.05 kN m-2, the 
nickel nucleated to form small particles 
(30 nm diameter) in both cases. However, 
subsequent exposure of these, systems to 
acetylene at 0.05 kN me2 showed differ- 
ences in behavior. Nickel particles nucleated 
in hydrogen produced filaments of h15.0 
btrn in length and grew for periods of up to 
90 s when exposed to acetylene. Exposure 
to acetylene of particles nucleated in argon, 
however, behaved in a manner similar to 

those which were exposed directly to the 
hydrocarbon, producing filaments of +l.O 
,um in length and only grew for about 12 s. 

Curve (C), Fig. 2 shows the growth rate 
from pretreatment of nickel with hydrogen 
and indicates a rate of 160 nm s-l compared 
with 90 nm s-l for direct exposure to acetyl- 
e,ne. Under all conditions, however, the ma- 
jority of filaments were still between 30 
and 60 nm diameter. 

DISCUSSION 

Reaction Mechanism 

Reaction mechanism of filament forma- 
tion. Filaments were observed in all cases 
to have a metal particle at one end and 
part of the surface of the metal was pro- 
tected towards adsorption from the gas 
phase by the filament. In cases where 
filaments had ceased to grow, the catalyst 
particle was seen to be encapsulated by a 
layer of carbon. Examination at high mag- 
nifications revealed the presence of a co- 
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FIG. 3. Oxidation of coiled filament viewed end on in oxygen at, 0.05 kN rn+ at 970K (time interval be- 
tween each frame is 1.5 s) (~72,200). 

axial electron transparent channel within 
the filament and showed that the catalyst 
particle at the filament tip was “pear- 
shaped,” with the base in the direction of 
growth. Oxidation expesiments clearly 
demonstrate that the filaments have a 
structure with an outer sheath of relatively 
oxidation resistant material, probably 

graphitic, with a region of more readily 
oxidized material within it. Formation of 
flocculent amorphous carbon around nickel 
particles was observed to precede the 
growth of the filaments. 

The curves (A) and (B) in Fig. 2 are 
sigmoid and three separate growth regions 
can be distinguished; an initial growth 
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B .’ 

FIG. 4. Catalyzed and uncatnlyzed thermal oxidation of flocculent amorphous carbon in oxygen at 1.3 kN 
mm2 and 97OK (time intewal between each frame is 10s) (X52,200). 

period (zone l), a region of constant growth considerable amount of heat, equal to 
rate (zone 2) and a tailing off period -AHf for C,Hz + AH,,,, for C in Ni, the 
(zone 3). If it is assumed that the initial values for which are -223.6 kJ mol-1 (90) 
flocculent deposit observed is essential for and -40.51 kJ mol-1 (calculated from data 
subsequent filament growth on nickel, then in ref. (21))) respectively. Since acetylene 
the following mechanism adequately ac- is unlikely to decompose so rapidly on pro- 
counts for all the observed features. Con- tected regions of the particle a temperature 
sider th’e situation depicted in Fig. 5(b), gradient will be set, up within the particle, 
acetylene decomposes on the exposed sur- which is steepest in the regions immedi- 
faces of the nickel particle and releases a ately adjacent to those covered by the 
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FIG. 5, Stages in the growth. of filaments. 

~occulent deposit. Carbon from de~orn~os~d 
acetylene is taken into solution, diffuses 
down the thermal gradient to be deposited 
predominantly in the protected regions t,o 
produce the situation shown in Fig. 5(c). 
The precipitation of carbon at the rear of 
the particle builds up a deposit of carbon 
which forces the part.icIe away from the 
support. This initial mode of growth is re- 
sponsible for the distortion of the particle 
as shown in Figs. 5jb) and 5(c). For such 
distortion to occur t#ha metal must be as- 
sumed to have properties of a liquid, which 
is reasonable (22, 2s). In that event, the 
ultimate detachment of the particle from 
the support, wilI be so rapid that deposition 
of carbon in this region will probably not 
have taken place, which accounts for the 
initial appearance of a hollow channel. 
This could explain the initiation period. 

The increasing growth rate in zone 1 
(Fig. 2) is a result of an increase in the 
mean t~em~erature of the particle, due to 
the fact that the particle is no longer in 
contact with a heat sink (the filament acts 
as an insulator). The rate of carbon trans- 
port through the particle increases and 
consequently the filament growth rate in- 
creases. If diffusion of carbon through the 

particle is the rate determining step, then 
excess carbon from the (~econlposition of 
acetylene will be deposited at the exposed 
face of the particle. The difference in char- 
acter between the skin and bulk materials 
of the ~laments is quite definite and sug- 
gests that these two phases are produced 
by different processes. It is possible that 
t~he bulk material arises from carbon t.rans- 
ported through the particle and the skin by 
carbon t,ransport around its peripheral sur- 
faces, as shown in Fig. 5(d). Carbon de- 
posited ah the rear of the particle loses 
contact with the metal in a shorter time 
after its formation t’han that constituting 
the skin. It would thus be expected that 
the bulk material of the filament, would 
show less structuraf order than the skin 
and as a consequence a higher reactivity 
towards oxygen. reposition of carbon at 
the rear face of the, particle is an endo- 
t,hcrmic reaction ( 3-40.5 kJ mol-I) : there- 
fore the regions where precipitation takes 
place to the greatest extent will be at low- 
est, temperature. 

Zone 2 growth at constant rate ensues 
when the mean temperat~lre of tha particle 
reaches a nlaximum as the heat input from 
t,he decomposition of acetylene is balanced 
by losses due to radiat,ion, conduction, etc. 
Wei have calculated that for a linear fila- 
ment growth rate of 90 nm s-l, and assum- 
ing a filament density of 2.2 g cm-3, radia- 
tion losses balance t.he heat input at 9OOK. 
The postulate that diffusion of carbon 
through the liquid particle determines the 
growth rate in zones 1 and 2 is supported 
by our ealcul~~tions from the data of Tesner 
et al. (4), which yields an activation en- 
ergy of 145.0 k.J mol-I. This value is to be 
compared with values for the activation 
energy of the diffusion of carbon in nickel 
containing 0.5% carbon which lie in the 
range 138 to 145.5 kJ mol-* (241. 

If excess carbon on the surface does not 
move away to form the filament skin 
rapidly enough, then the fraction of free 
particle surface available for adsorption 
and de~om~)osition of acetylene slowly de- 
creases. Since this results in a decrease in 
heat input to the particle, which allows 
cooling and a s~~bsequent decrease in the 
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rate of diffusion of carbon through the par- from the particle and as a conseqcence the 
title, a consequent slowing of the growth maximum temperature gradient would be 
rate is observed. Ultimately, the situation attained in a shorter time accounting for 
shown in Fig. 5(e) is reached, where the the observed effects. 
particle is completely encapsulated by sur- 
face carbon and filament growth ceases as 
observed on particles which had lost their Amorphous Deposit Formation 

activity. 
It was observed that when the filaments 

were combusted in oxygen so that all the 
carbon was removed, filamentous growth 
proceeded when acetylene was reintroduced, 
and the growth rate curves are similar in 
form and magnitude. This is consistent 
with the removal by oxidation of the car- 
bon covering the particle, a process which 
would be catalyzed by the nickel surface 
itself. There is the possibility that nickel 
could have contained an appreciable 
amount of oxygen after such treatment. 
Since the growth characteristics of these 
oxygen-containing particles were similar to 
those of the original particles, one may 
conclude that either the original particles 
also contained oxygen or that the oxygen- 
containing particles were reduced to the 
metal during the filament growth process. 
The initial presence of appreciable amounts 
of oxygen in the original nickel particles 
would tend to delay the attainment of 
maximum growth rate. A fraction of the 
dissolved carbon would he lost by reaction 
wit.h oxygen resulting in a slower rate of 
growth than if all the dissolved carbon 
precipitated to form the filament. As the 
rate of carbon diffusion in the particle is 
not a maximum, the accumulation of car- 
bon on the exposed face is more rapid than 
if the particle had not containe,d oxygen. 
This being the case it is possible that zones 
1 and 3 (Fig. 2 curves (A) and (B)) over- 
lap t,o give only a point of inflection rather 
than distinct zone 2 growth. The apparent 
maximum growth rate is expected to be 
always lower than the real value obtained 
from oxygen free particles. 

Nucleation of the nickel film in hydrogen 
followed by reaction with acetylene pro- 
duced filaments which grew longer and at 
a faster rate (Fig. 2 curve (C) ). Hydrogen 
would be expected to remove all oxygen 

The support material does not appear to 
influence the formation of amorphous de- 
posit around small nickel particles; similar 
material was formed on graphite and silica 
supports. It is probable that this deposit 
arose from gas phase polymerizat,ion of 
acetylene, and that the nickel particles 
merely acted as nucleating centers for its 
physical accumulation on t,he. surface. This 
deduction is substantiated by the fact that 
silica particles were also effective in their 
act’ion as nuclei for deposit aggregation. 
However, ,Johnson and Anderson (25) stud- 
ied the vapor phase production of carbon 
by pyrolysis of acetylene at 825-1300 K 
and found that polymer droplets, formed 
at 975 K, remained quite stable; also at 
this temperature the first. solid reaction 
products were observed. 

Since the absence of the electron beam 
reduced the amount of amorphous deposit 
formed, radiation processes may be in- 
volved to some extent in its formation. It 
has been shown that the radiolysis of 
acetylene produces a high molecular weight 
polymer (26), probably cuprene, and ben- 
zene (27) and it is possible that the latter 
may be an important intermediate in the 
production of carbon. Field (28) irradiated 
acetylene with 2 MeV elect,rons and ob- 
served both benzene and polymer forma- 
tion. The reaction mechanism whereby 
benzene and the polymer are formed is not 
est’ablished. The polymer is probably 
formed by a chain reaction, but the chain 
carriers may be ions, free radicals or both. 
Benzene is generally assumed to be formed 
from neutral species (29). 

Graphite Platelet Formation 

The growth of graphite plates by pyrol- 
ysis of various carbon-containing gases 
over nickel is well documented (2, 13-15). 
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Grenga and Lawless (2) stated that graph- 
ite platelets formed on the (111) surfaces 
of the metal after only a few minutes re- 
action with CO at 825 K. The (110) sur- 
face was the least active and graphite de- 
position occurred only after several hours 
of treatment. Walker et al. (14, 15) showed 
that deposition of laminar graphite by the 
pyrolysis of acetylene at 1300 K over nickel 
only occurred when the nickel surface was 
substantially free of oxide. They concluded 
that the graphite laminae grew most ef- 
fectively on the (110) surface by an 
epitaxial process. Karu and Beer (13) pro- 
duced thin crystalline films of graphite 
from the pyrolysis of methane over nickel 
foils at 1175-1375 K. 

It is doubtful whether the graphite plate- 
lets observed in the present study are 
forme,d by an epitaxial process as they 
grew almost exclusively on nickel particles 
supported on a graphite support. Platelet 
formation occurred on only isolated nickel 
particles (300 nm diameter) and appeared 
to coincide with loss of mobility of these 
particles. It therefore seems reasonable to 
suppose that the platelets are formed by 
surface diffusion involving carbon trans- 
port from either the graphite support or 
the amorphous deposit to catalytically ac- 
tive sites near nickel particles. Nickel dis- 
solves 0.23 wt % of carbon at 1300 K (21)) 
and it is possible that the metal loses its 
mobility when the amount of dissolved 
carbon approaches this value. The gas 
stream would provide a temperature gra- 
dient through the particle allowing graphite 
to crystallize on the edges of the nickel 
(SO). The failure to observe platelet for- 
mation on a significant scale with a silica 
support is probably due to the lower rela- 
tive rate of solubility of carbon from the 
amorphous deposit compared to that from 
graphite (31). 
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