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Carbon filaments formed on Ni, Co, and a-Fe particles by reaction with methane were studied. 
The filaments contained faceted single-crystal metal particles located at the growing tips. The 
crystallographic orientations of the gas/metal and graphite/metal interfaces were identified by 
TEM/selected area diffraction. Furthermore, extended Hiickel molecular orbital calculations indi- 
cated that the (111) and (311) faces of Ni provide stronger epitaxial fits with graphite than the (100) 
and (110) faces and that the order is reversed for their activities for CO decomposition. The results 
are in agreement with the limited amount of literature data on phase segregation and surface 
reconstruction for carbon/metal solid solutions. On the basis of these and literature results, a better 
understanding of the carbon dissolution/diffusion/precipitation mechanism for filament growth is 
obtained. Also, a temperature-driven carbon diffusion mechanism without resorting to the exother- 
mahty of the surface reaction is proposed. Q 1989 Academic Press. Inc. 

INTRODUCTION 

Carbon deposition on metal and catalyst 
surfaces when heated in the presence of 
carbon-containing gases is an important 
problem. The carbon formed has a wide va- 
riety of physical and chemical structures, 
ranging from graphitic carbon to amor- 
phous coke (hydrocarbon). The vast litera- 
ture on the subject has been reviewed in a 
number of papers (I-5). Of particular inter- 
est is the formation of filamentous carbon. 

Filamentous carbon is formed on small 
metal particles, e.g., on supported catalysts 
or polycrystalline metals having small grain 
sizes. The sizes of the particles for the for- 
mation of carbon filaments are typically 
less than 0.5 Frn. A common characteristic 
of all carbon filaments is that the metal par- 
ticle is found at the growing tip of the fila- 
ment. The metal particles are usually fac- 
eted. Studies on the microstructure indicate 
that the filaments are graphitic with a 
fishbone structure and that the graphitic 
layers are stacked parallel to the metal sur- 
faces (6-9). Figure 1 illustrates the present 
understanding of the growth process and 
the graphitic structure on an idealized cone- 
shaped particle. Evidence has been shown 
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both for (10, II) and against (5) the exis- 
tence of metal carbides as necessary inter- 
mediate for filament growth. Tibbetts et al. 
(12) recently showed experimental results 
that filaments of varying desired lengths 
and diameters can be grown by properly 
changing the hydrocarbon/hydrogen ratio, 
and their calculations based on an adsorp- 
tion/diffusion model can explain the experi- 
mental growth rates. Alstrup (13) hypothe- 
sized that an “unstable carbide” which 
causes reconstruction of the metal particle 
is formed, followed by its decomposition 
into a “surface carbide” at the gas/metal 
interface. However, experimental evidence 
(e.g., by hot-stage XRD) remains to be seen 
for this hypothesis. 

Although much information has been re- 
vealed in the vast literature on the subject, 
little attention has been paid to the growth 
process at the metal/graphite interfaces. 
The work of Blakely and co-workers on 
phase segregation, i.e., the precipitation of 
carbon from solid solution of carbon in 
metal as temperature is lowered, has shown 
some important results for the process (14- 
16). Consequently, our effort was focused 
on the phase segregation process during the 
growth of filamentous carbon. The specific 
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FIG. 1. Schematic for filament growth on an ideal- 
ized cone-shaped metal particle. The following steps 
are involved: decompositions of hydrocarbon on the 
top surface, diffusion of carbon in metal, and precipi- 
tation of graphite forming a filament. Note that the 
(002) planes of the graphite are parallel to the metal/ 
graphite interfaces. 

objective of this work was to determine the 
crystallographic faces of the metal particles 
upon which graphite layers are formed. The 
selected area electron diffraction (SAD) 
technique has been used by Audier et al. 
(7, 8) to determine the gas/metal inter- 
faces. This technique was used in this work 
to characterize the graphite/metal inter- 
faces for Ni, Co, and a-Fe (Ni and Co have 
fee structures, whereas ar-Fe has a bee 
structure). 

In addition to the SAD results on the 
graphite/metal interfaces, the extended 
Htickel molecular orbital (EHMO) calcula- 
tions were made to provide semiquantita- 
tive information on (i) the epitaxial rela- 
tionship between graphite and different 
crystallographic Ni faces and (ii) the rela- 
tive catalytic activities of different Ni faces 
for decomposition. This information was 
obtained from the EHMO results on bind- 
ing energies, reduced overlap populations, 

and charge distributions. The latter infor- 
mation also helped resolve the conflicting 
results on relative activities reported in the 
literature. 

EXPERIMENTAL: TEM/SAD 

Carbon filaments were grown on fine par- 
ticles of Ni, Co, and a-Fe supported on alu- 
mina, by exposure to CH4 at 1 atm and 
700°C for 2 h. The Ni/AlzOJ catalyst was 
supplied by United Catalyst, Inc., desig- 
nated G-56, which had 17% metal loading. 
The Co and Fe catalysts were prepared by 
impregnation of alumina to a final metal 
loading of approximately 20%. The steps 
for impregnation were impregnation of 
aqueous solution of metal nitrate, calcina- 
tion at 500°C for 8 h, and finally reduction 
by H2 at 500°C for 16 h. TEM examinations 
gave the following sizes for the supported 
metal particles: Ni, 800-1000 A, Co, 600- 
1000 A, and a-Fe, 800-1200 A. 

The catalyst was heated in a quartz reac- 
tor to 700°C slowly (first held at 600°C over- 
night, then raised to 700°C for reaction) in 
N2. The N2 was 02-free grade from Linde 
Division (<$ ppm 02), which was further 
purified by passing through copper turnings 
at 550°C. Methane (CP grade from Linde 
Division, 99.0% purity) was introduced to 
the reactor for 2 h at 700°C. The “coked” 
sample was cooled to room temperature at 
approximately 25”C/min and was ready for 
preparation for TEM/SAD examination. 
Carbon filaments in the catalyst were freed 
by dispersing in distilled water in an ultra- 
sonic bath. Using a syringe, a small amount 
of the aqueous suspension was deposited 
on a Formvar film supported on a copper 
grid. The sample was subsequently dried 
and examined in a TEM (JEOL 100 U). The 
image rotation angles between TEM and 
SAD were calibrated by using a hexagonal 
Moo3 crystal. 

METHOD OF EHMO CALCULATION 

The calculations were based on a pro- 
gram originally written by Hoffman (17), 
and the version modified by Bartmess and 
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Thomas (18) was used. The computations 
were performed on a VAX 8700 computer. 

The principles and applications of 
EHMO in catalysis have been described in 
several reviews (19, 20). Due to the ap- 
proximations made in EHMO, such as the 
neglect of core electrons and the use of an 
approximate energy calculation procedure, 
this method is not as accurate as CNDO. 
However, the parametrization of CNDO 
presents a considerably more difficult prob- 
lem, and parametrization is now available 
only for second-row elements (up to F) al- 
though estimation techniques for parame- 
trization are available (21). The ab initio 
method is the most rigorous and predictive. 
It suffers, however, from the requirement 
of a large amount of computer time. The 
amount of computation increases sharply 
with the size of the system and/or inclusion 
of heavy atoms. Consequently, this method 
is yet to be used in catalysis. The EHMO, 
due to its simplicity, is used to provide 
valuable semiquantitative information for 
complex systems on catalysis (22, 23) and 
metal clusters (24, 25). 

EHMO is a semiempirical MO scheme in 
which the diagonal elements of the Hamil- 
tonian matrix (Hii) in the Slater orbital are 
taken as the valence state ionization energy 
(VSIE) (or the negative ionization poten- 
tial). The off-diagonal elements are taken to 
be proportional to the average of the two 
relevant atomic ionization potentials (Hii 
and Hjj) and the overlap integral (Sij), i.e., 

Hij = fKS!j(Hii + Hjj), 

where K is an empirical constant usually 
taken as 1.75. In this work, the binding en- 
ergy between graphite and metal was calcu- 
lated as the difference between the bonded 
atoms (adatoms plus metal) and the isolated 
graphite and metal. The overlap popula- 
tions between two atoms were calculated 
by the Mulliken procedure (26). The input 
parameters for computation were the 
atomic parameter, orbital exponents, and 
charge iteration parameters, shown in Ta- 
ble 1. All EHMO calculations were per- 

TABLE 1 

Parameters Used for EHMO Calculations 

Atom Orbital Orbital Coul. A tJ C c’ 
exponent 

Carbon 2s 

2P 
Oxygen 2s 

2P 
Nickel 4s 

4P 
3d 

I.625 -21.4 0.0 II.9 20.4 
I.625 -11.4 0.0 II.9 10.6 
2.275 -32.3 0.0 15.2 33.0 
2.275 -14.X 0.0 15.2 16.4 
1.825 0.91 I 8.561 7.54 
I.125 0.986 6.552 3.89 
5.75 1.76 13.56 10.9 0.3883 
2.0 0.629 

Note. Coul., A, B, and C are 1” electron volts. Coul. serves as the 
initial guess for H,,. A. B, and Care constants for calculating VSlE in the 
procedure of charge iteration, and c is the coefficient of d orbital expo- 

nent. 

formed in the manner of charge iteration 
according to 

H;; = - VSIE(Q) = AQ2 + BQ + C 

until reaching convergence, where VSIE 
was for orbital i when the total charge of the 
atom was Q. 

Nickel was chosen as the representative 
transition metal with fee structure for all 
EHMO calculations because it was the 
metal on which the most extensive informa- 
tion was available. This information in- 
cluded other EHMO calculations, filament 
growth, catalytic activities, and chemisorp- 
tion on different faces of Ni. Furthermore, 
four important faces were chosen for calcu- 
lations on both epitaxy and activity: (31 l), 
(ill), (110), and (100). The choice of the 
sizes of the surface metal cluster and the 
overlayer is usually an arbitrary one. Rob- 
ertson and Wilmsen (27) showed that, in 
EHMO calculations of CO on Ni, the che- 
misorption energy was not significantly in- 
fluenced by increasing the surface from 8 
Ni atoms to 15 atoms. Likewise, calcula- 
tions with two Ni layers showed that the 
binding energies were somewhat greater 
than those with a single layer but the energy 
minima and other important characteristics 
were the same. Therefore, 9 Ni atoms were 
chosen for all four faces in this work. The 
structures and lattice distances of the four 
faces are shown in Fig. 2. For Ni(lOO), 
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FIG. 2. Structures and lattice distances of four Ni 
faces used in EHMO calculations. 

(110),and(lll)faces,all9atomsareonthe 
same plane, whereas for Ni(311), two layO- 
ers are shown with a d-spacing of 1.06 A 
between the two layers, because the inter- 
actions with the adatoms from the 6 sec- 
ond-layer atoms are stronger than those 
from the more distant first-layer atoms. For 
graphite/metal epitaxy studies, a graphite 
layer consisting of 12 carbon atoms was 
used (Fig. 3). For the catalytic activities of 
different Ni faces, the decomposition of CO 
was studied rather than CH4 because more 
information was available for CO/Ni for the 
EHMO calculation, and the same relative 
activities applied to both CO and CH4 as 
will be discussed. For the relative catalytic 
activity study, each ensemble consisted of 
9 Ni atoms and 3 CO arranged in a manner 
so that a fair comparison could be made on 
the relative activation of CO. Because the 
EHMO method is not useful for determin- 
ing bond lengths, we have chosen a Ni-C 
bond length of 1.838 A (28) as the shortest 
possible in all four ensembles. The ensem- 
bles used to calculate CO decomposition 
activities are shown in Fig. 4. Experimental 
evidence for the linear configuration of CO 
on Ni (as used in Fig. 4) has been shown 
and discussed in the literature (27, 29). 

RESULTS AND DISCUSSION 

Transmission Electron 
MicroscopylSelected Area Diffraction 

Audier et al. have studied the graphite 
deposition on a number of fee FeCo and 
FeNi alloys and bee FeCo alloys using the 
TEM/SAD technique (7, 8). The idealized 
cone-shaped particle (Fig. 1) was chosen 
for careful examination in their studies. The 
most important result from their studies is 
that the bare gas/metal interface (where no 
graphite is deposited) is (100) for the FeCo 
allows of bee structures and is (111) for the 
FeCo and FeNi alloys of fee structures. Ap- 
parently no attempt was made for the iden- 
tification of the metal/graphite interfaces. 

Over 30 metal/graphite filament compos- 
ites were studied in this work. These com- 
posites contained metal particles in the size 
range (500-1000 A) suitable for SAD. Some 
general observations are first given as fol- 
lows. SAD spot patterns were obtained for 
all particles indicating that they were single 
crystals. Only a few of the metal particles 
had the idealized cone shape as shown in 
Fig. 1. They were, however, all faceted 

(111) (3111 

FIG. 3. Graphite/Ni ensembles used for EHMO 
calculations. The shortest C-Ni bond distance in all 
ensembles is 1.838 A, and the C-C bond length is 
1.415 A. 
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FIG. 4. CO/Ni ensembles used for EHMO calcu- 
lations. Each ensemble contains three linear CO nor- 
mal to the Ni surface with C closest to Ni where the 
C-Ni distance is 1.838 A, and the C-C bond length is 
1.415 A. 

with irregular shapes. Representative 
results are shown next. 

Figures 5a and 5b show the SAD patterns 
(of Ni) superimposed on the bright-field 
TEM images for the NiKilament compos- 
ites. The SAD indexing procedure de- 
scribed by Andrews et al. (30) was fol- 
lowed. The Miller indices calculated 
according to this procedure are labeled on 
all SAD patterns. The indices of a given 
plane on the faceted crystal can be found 
from the fact that the line connecting a SAD 
spot with the SAD center is normal to that 
plane. The images shown here and on all 
subsequent figures were taken with the 
electron beam normal to the filament axis 
(or 0” tilt angle). The results show the possi- 
bility of the existence of (002) plane at the 
gas/metal interfaces, and (11 I), (31 l), and 
(220) planes at the graphite/metal inter- 
faces. Further identification of these inter- 
facial planes would require a goniometer tilt 
stage in the TEM. To identify the (111) 

face, for example, SAD patterns at differ- 
ent tilt angles around the (111) axis are 
needed. The presence of the (111) reflection 
in all patterns would further confirm its ex- 
istence. Figure 6 shows the result for an- 
other fee metal, Co. The result shows that 
the (111) face is a possible metal/graphite 
interface and that (220) and (002) faces are 
possible gas/metal interfaces. The result for 
the bee structured a-Fe/filament is shown 
in Fig. 7. The orientations of the metal/ 
graphite interfaces could not be matched 
with the diffractions by all major planes 
with low Miller indices. However, the fol- 
lowing faces possibly existed at the gas/ 
metal interfaces: (loo), (llO), and (121). 
Figure 7 also showed that the filament was 
hollow. However, hollow filaments were 
observed only in conjunction with a drawn- 
out shaped tail in the metal particle, as 
shown typically in Figure 8. All metal parti- 
cles shown in Figs. 5-7 were encapsulated 
by a layer of carbon, due to the long “cok- 
ing’ ’ time. The encapsulation does not, 
however, interfere with the SAD results 
and their interpretations. As will be dis- 
cussed later, encapsulation terminates the 
filament growth process. 

EHMO: GraphitelMetal Epitaxy 

On the basis of Mulliken population anal- 
ysis, Siegbahn and co-workers (31) re- 
cently defined covalency and ionicity in 
chemical bonds to discuss their calculation 
results. Ionicity is related simply to the to- 
tal charge whereas covalency is propor- 
tional to the reduced overlap population 
(32). Since the difference in the electron 
affinities of Ni and C is only 0.7, the chemi- 
cal bond between Ni and C is mainly (88%) 
covalent. Therefore, the reduced overlap 
populations are used for comparing the rel- 
ative bond strengths between carbon and 
different Ni faces. 

EHMO calculations were performed for 
four Ni faces, each consisting of 9 atoms 
and 12 graphite adatoms (Fig. 3). The bond 
strengths are indicated by the reduced 
overlap populations, shown in Table 2. 



FIG. 5. (a and b) SAD pattern of nickel particle superimposed on the bright-field TEM image of Nii 
filament. 
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FIG. 6. SAD pattern of Co particle superimposed on the bright-field TEM image of Co/filament. 

These values are the sums of all Ni-C pair 
reduced overlap populations, summed over 
the whole ensemble. The strongest overlap 

TABLE 2 

EHMO Results for Total Reduced Overlap Popula- 
tions (OP) and Binding Energies (BE) between Graph- 
ite (12 Atoms) and Ni Faces (9 Atoms) 

Ni face (111) (311) (100) (110) 

OP 3.24 1.70 1.81 1.81 
BE (eV) -92.51 -65.09 -52.49 -49.24 

is between graphite and Ni(l1 I), giving a 
value of 3.24 whereas the values for the 
other three faces are between 1.70 and 1.8 1. 
This result indicates that Ni(ll1) provides 
the strongest binding to graphite and hence 
graphite/Ni( 111) is the most stable system. 

Since the reduced overlap populations of 
graphite and Ni(31 I), (1 lo), and (100) faces 
are nearly the same, further calculations on 
binding energies and electron transfers are 
needed to gain an insight into the differ- 
ences in interactions. the EHMO binding 
energy results are also summarized in Table 
2. The binding energy is taken as the net 
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FIG. 7. SAD pattern of cu-Fe particle superimposed on the bright-field TEM image of wFe/filament. 

difference between the total energy of the 
NYC ensemble and the energies of isolated 
Ni and graphite layers. As discussed in 
other applications of EHMO, significant 
differences exist between the calculated 
and the experimental values (20). The rela- 
tive values are, however, meaningful. The 

TABLE 3 

Frontier Orbital Energy Levels and Charge Distri- 
bution of Nickel in the 9Ni/12C Ni/Graphite Ensem- 
bles 

Ni face (111) (311) (100) (110) Graphite (0001) 

-HOMO, eV 9.953 9.988 9.961 10.244 10.476 
-LUMO, eV 9.939 9.963 9.780 9.399 9.423 
AE,, eV” 0.530 0.565 0.537 0.821 
A&, eV” 0.537 0.513 0.696 1.077 

i Qw 
1.060 0.797 0.424 0.426 

i=, 

a AEI = ~-WHOMO - .%UJMBOI; A& = [&,HOMO - 
ECNIIL~~~]. The summation Q is the net Ni atomic charges of 
the nine atoms. 

binding energy results (Table 2) indicate 
that the Ni(ll1) face is most favorable for 
graphite binding, followed in the order 

(111) > (311) > (100) > (110). 

This order agrees in general with the exper- 
imental orders for graphite formation on Ni 
(32, 33). The results of LaCava et al. (33) 
are (111) > (100) > (110) > (311), and the 
results of Kehrer and Leidheizer (32) are 
(111) > (110) > (100). 

The results on frontier orbital energy lev- 
els of different Ni faces and charge distribu- 
tions between Ni and C are given in Table 
3. The results on net charge (CQ) clearly 
show that Ni( 111) donates the most elec- 
trons to graphite, with a net charge as high 
as 1.06. Ni(311) is the next, with 0.80, fol- 
lowed by Ni( 100) and Ni( 110) with approxi- 
mately 0.42. The results on electron trans- 
fer and those of binding energy are 
consistent. The frontier energy levels may 
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FIG. 8. TEM micrograph of a hollow filament grown on cr-Fe/A&O, with 1 atm CH4 at 700°C for 2 h. 

be used to gain insight into the electron 
transfer mechanism. Data on highest occu- 
pied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) are 
also given in Table 3. A E’s indicate the rel- 
ative ease of electron transfer from HOMO 
to LUMO. The interactions between the 
HOMO of Ni and the LUMO of C are 
clearly most important in the overall elec- 
tron transfer. For Ni(l lo), AE, is substan- 
tially greater than AE,, indicating a lack of 
ease for electron transfer from Ni to C, 
whereas the situation is different for 
Ni(lll) and Ni(311 ). 

EHMO: COINi Reactivity 

EHMO calculations have also been per- 
formed on the same four Ni faces in order 
to gain an understanding of the relative cat- 
alytic activities of these faces in decompo- 
sition of hydrocarbons. Literature data 
have shown that CH4 and CO have the 

same relative reactivities on different Ni 
faces. CO has been chosen for this work 
because of its structural simplicity. 

The EHMO results are shown in Table 4. 
The C=O bond strength is weakened on all 
four Ni faces, as seen in a comparison of 
the reduced overlap populations between 
carbon and oxygen for the adsorbed and 

TABLE 4 

Overlap Populations and Net Charges on Different 
Ni Faces 

CO/Ni face Overlap Overlap Avg. net 
population population charge of CO 

of c-o of Ni-C 

(110) 1.338 0.691 -0.20 
(1W 1.369 0.707 -0.13 
(111) 1.387 0.657 -0.11 
(311) 1.404 0.667 -0.08 
Free CO 1.449 
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free CO. Thus, activation of CO occurs on 
all four faces. The degree of activation fol- 
lows the order 

Ni(ll0) > (100) > (111) > (311). 

The same order is also followed for the net 
charges of CO, also given in Table 4. A 
higher net charge (electron transfer from Ni 
to CO) results in a higher activation of CO. 
The charge transfer is through a c--~T coor- 
dinative adsorption mechanism (29) as de- 
scribed as follows. The lone pair electrons 
of carbon first interact with the empty d- 
orbital of Ni. This is followed by the inter- 
action between the occupied d-orbital of Ni 
and the 7r* antibonding orbital of CO. Thus, 
the activation of CO depends on the net 
electron transfer to the 7~* antibonding or- 
bital of CO. The relative activities of the 
four Ni faces for CO dissociation are 
clearly indicated by the aforementioned or- 
der for CO activation. 

The relative activities of three Ni faces 
for decomposition of CH4 have been stud- 
ied at 10e2 Torr and temperatures up to 
345°C (34). The activity of Ni(l10) is higher 
than that of Ni( IOO), and Ni(ll1) does not 
display activity under these conditions. 
One of the two types of carbon formed on 
the surface readily diffuses into the bulk. 
The relative activities of Ni(ll1) and 
Ni(ll0) have also been studied for acety- 
lene decomposition (0.5 Tori-, 1OOoOC) (35). 
Again, only Ni( 110) is active and no activity 
is shown by Ni( 111). In both of these stud- 
ies on relative activities (34, 35) thin single- 
crystal plates were used, with the desired 
crystal face being the predominant face 
exposed to the gas phase. Kehrer and 
Leidheiser (32), on the other hand, studied 
carbon deposition from CO on a single- 
crystal sphere, with all crystal faces ex- 
posed. They observed the most carbon de- 
position on the Ni( 111) region on the sphere 
and little on (110) and (100) regions. The 
activity of carbon far exceeded unity in all 
studies. The results of this study were 
likely on the relative epitaxies, not on the 
relative activities: CO decomposed on the 
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FIG. 9. Equilibria between surface carbon on 
Ni(ll1) and bulk C/Ni solid solutions (doped at two 
different levels). C,, monolayer carbon; Tr, precipita- 
tion temperature; T,, segregation temperature. Shaded 
areas are for multilayer graphite precipitation which 
causes the Ni substratum face to reconstruct for epi- 
taxy with graphite (0001) face. 

more active faces into carbon, followed by 
diffusion through the bulk or on the surface 
to the (111) region where graphite was 
formed. 

Phase Segregation and Surface 
Reconstruction 

The precipitation of carbon from C/Ni 
solid solution has been studied extensively 
by Blakely and co-workers (14, 15>, and 
their results are important in our under- 
standing of the filament growth process. 
The results relevant to this study are de- 
picted in Fig. 9. A nickel doped with 
0.237at.% carbon, i.e., the saturated con- 
centration at 7Oo”C, will be used for discus- 
sion. As the sample is cooled to approxi- 
mately 810°C a sharp phase transition 
occurs resulting in a condensed carbon 
phase on the Ni(ll1) face. The density of 
the surface carbon is approximately mono- 
layer. The structure of this “monolayer” 
is, however, not identical to that of graphite 
based on LEED results (24). This sharp 
monolayer carbon transition also occurs on 
(IlO), (311), and the (111) vicinal faces of 
Ni, but a smooth transition was obtained 
for (100) face (14, 15). The monolayer 
phase is stable over a temperature span of 
approximately 110°C upon further cooling, 
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until the carbon saturation temperature is 
reached. At the saturation temperature, 
multilayer single-crystal graphite precipi- 
tates and, more importantly, the sub- 
stratum Ni surfaces reconstruct to mainly 
(111) and (3 11) faces to provide epitaxial fits 
with the (0001) graphite face. Such surface 
reconstruction seems to be related to that 
taking place on clean or carbon covered 
surfaces (36). 

Relating the results of Blakely et al. and 
our results on TEM/SAD and EHMO cal- 
culations, the faces for phase segregation 
and the reconstructed faces identified by 
Blakely et al. coincide with the graphite/ 
metal interfaces. The most active faces 
(i.e., 100 and 110) are the gas/metal inter- 
faces. Carbon formed on these faces dif- 
fuses into the bulk (34) and precipitates on 
the graphite/metal interfaces. The agree- 
ment of these results provides good evi- 
dence that the growth of filaments proceeds 
by the sequence of carbon dissolutiomdif- 
fusion/precipitation. Surface reconstruc- 
tion occurs upon graphite precipitation. 
Possible epitaxial relationship for (0001) 
graphite and Ni( 111) and Ni(311) are shown 
in Fig. 3. 

As mentioned, the metal particles were 
faceted upon filament growth. It seems 
likely that the faceting was caused by the 
surface reconstruction upon graphite pre- 
cipitation. 

Much has been published on the catalytic 
activities of different faces of metals and for 
CO and CH4 decomposition. Large pieces 
of single crystals (mm sizes) were used. 
However, comparison between the large 
single-crystal (sizes in mm) results and 
those on filament growth may not be mean- 
ingful. Filament growth requires a small 
crystal size (R) (below OS pm in size) and 
consequently a large diffusion time con- 
stant, DIR2, where D is the diffusivity of 
carbon in metal. (The reciprocal of the time 
constant is an indication of the time re- 
quired for diffusion through the metal.) A 
small time constant, as in large crystals, 
results in an increased diffusion resistance 

relative to the surface decomposition rate, 
and consequently causes carbon buildup on 
the surface. This is similar to carbon “en- 
capsulation” on small particles which ter- 
minates the filament growth process. 

Driving Force and Mechanism for 
Filament Growth 

Continual filament growth requires sus- 
tained diffusion of carbon, The hypothesis 
of a concentration-driven process was pro- 
posed (37) based on the work of Wada et 
al. (38) and that of Lander et al. (39). It was 
deduced, from the latter work, that super- 
saturation of carbon in nickel could occur 
at the gas/nickel interface when the activity 
of carbon in the gas phase exceeded unity 
(37). In the work reported in Refs. (38) and 
(39), H2/CH4 mixtures were used to carbu- 
rize Ni. The activity of carbon in the gas 
phase, a,, is given by 

PC& 
a,=Kr 

for the equilibrium CH4 G C + 2H2, where 
K is the equilibrium constant and P is par- 
tial pressure. Wada et al. kept a, 5 1 in 
their experiments and did observe, in one 
experiment, that graphite precipitated on 
Ni surface when a HJCH4 mixture corre- 
sponding to a, = 1.03 was used (38). They 
further showed a sizable scatter among the 
published data on the solubility of graphite 
in nickel. Comparing with the more recent 
data by Eizenberg and Blakely (15), the 
published solubility data for C/Ni follow 
the order Eizenberg/Blakely = Dunn et al. 
(40) > Lander et al. > Wada et al. The 
original hypothesis of a concentration- 
driven mechanism was based on the as- 
sumption that the difference between the 
data of Lander et al. and those of Wada et 
al. was due to supersaturation (37), be- 
cause Lander et al. used a 25175 CH4/HZ 
mixture where a, > 1. However, the data 
reported by Eizenberg and Blakely and by 
Dunn et al. were both equilibrium values 
with no supersaturation, and their values 
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were all higher than those of Wada et al. 
Moreover, carbon filament growth seems to 
occur on all transition metals whereas su- 
persaturation does not. Thus, the basis for 
the hypothesis of a concentration-driven 
mechanism remains to be proven. 

The alternative hypothesis is the temper- 
ature-driven mechanism originally pro- 
posed by Baker et al. (41). Central to the 
Baker hypothesis is the exothermic heat of 
decomposition at the gas/metal interface. 
The precipitation of graphite at the “rear” 
face is endothermic (40.5 kJ/mol), thus pro- 
viding a heat sink and sustaining the exo- 
thermic decomposition and carbon dissolu- 
tion at the opposite face (41). Experiments 
with two-dimensional thin films with one 
side insulated from the hydrocarbon gases 
showed that carbon diffusion occurred only 
for exothermic decompositions, and not for 
endothermic decompositions (42). How- 
ever, filaments have been observed on 
metal powders from endothermic decom- 
positions, e.g., decompositions of CH4, 
C4Hr0, C6H14, and butenes. Thus, major dif- 
ferences exist between carbon deposition 
on fine particles and that on two-dimen- 
sional films. Heat transfer from the sur- 
roundings to the metal is primarily by radia- 
tion at the reaction temperatures. For an 
equal area of gas/metal interface, the radia- 
tion received by a particle is much greater 
than that by a thin film. Consequently, for 
fine particles, exothermality is not a neces- 
sary condition for sustained carbon diffu- 
sion, becuase the large amount of radiation 
can compensate for the endothermic heat of 
reaction. 

From the above discussion and the 
results obtained in this work, a different 
temperature-driven mechanism for filament 
growth seems reasonable, as described be- 
low. A temperature gradient across the par- 
ticle may be maintained by the endothermic 
graphite precipitation at the graphite/metal 
interface and the exothermic carbon disso- 
lution at the gas/metal interface. For endo- 
thermic decomposition, the heat may be 
supplied by the radiation from the sur- 

roundings to the gas/metal interace. Graph- 
ite precipitation at the cooler graphite/ 
metal interface creates a sink for carbon 
diffusion. The onset of the precipitation is, 
however, not understood. From the results 
of Blakely et al. (14-16), phase segregation 
(to form a monolayer of carbon) occurs on 
many faces when the carbon concentration 
in the metal is well below its saturation, 
e.g., at about one-half of the saturation sol- 
ubility for C/Ni. Further decomposition/ 
dissolution brings the concentration in the 
particle to saturation, which represents a 
highly unstable state. A slight perturbation 
would initiate the graphite precipitation 
process, which continues until all gas/metal 
interfaces are encapsulated. The initiation 
and encapsulation processes are poorly un- 
derstood at present. 

CONCLUSION 

A study is made on carbon filament 
growth on fine particles (<OS ,um in size) of 
a-Fe, Co, and Ni from CH4 at 700°C. The 
metal particles are faceted single crystals 
after filament growth. TEM/SAD results 
show that the (100) and (110) faces are 
among the gas/metal interfaces and the 
(111) and (3 11) faces are among the graph- 
ite/metal interfaces. EHMO calculations 
indicate that the Ni(ll1) and (311) faces 
provide the strongest epitaxial covalent 
bonds with the basal plane of graphite, and 
the Ni(lOO) and (110) faces are most active 
in decomposition to form carbon. On the 
basis of these results and the literature in- 
formation on carbon segregation and pre- 
cipitation as well as metal surface recon- 
struction upon carbon segregation, the 
following mechanistic steps are suggested 
for carbon filament growth. Carbon is first 
formed and dissolved in metal, followed by 
graphite/metal segregation and metal re- 
construction/faceting. This is the period 
observed as the incubation period. The en- 
suing step is a steady-state filament growth 
period involving decomposition of hydro- 
carbon on the gas/metal interfaces and 
graphite precipitation on the graphite/metal 
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interfaces. This step continues until the 
gas/metal interfaces are encapsulated by 
carbon. The basis for the concentration- 
driven mechanism for steady-state filament 
growth as suggested in the literature is in- 
adequate. A temperature-driven mecha- 
nism without resorting to surface reaction 
exothermality is proposed. These two driv- 
ing forces are not mutually exclusive and 
may both contribute to filament growth. 
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