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a  b  s  t  r  a  c  t

The  mechanism  for carbon  formation  from  hydrocarbons  on  transition  metals,  proposed  40  years  ago,
is reassessed,  evaluating  the  role  of  surface  catalysis  and  bulk  diffusion.  Under  steady-state  conditions,
solid  state  reactions,  which  are  essential  to start-up  the  process,  will  be confined  to  carbon  growth.  The
dynamics  of  carbon  mass  transfer  is  discussed,  together  with  the  thermodynamic  equilibria  prevailing  at
the metal–gas  and  metal–graphite  interfaces.  The  reverse  process  of carbon  gasification  is  also  addressed.
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. Introduction

Carbon formation from hydrocarbons on metals was  the object
f several studies in the 1960s [1–5]. In the early 1970s there
as increased interest in understanding this reaction on Ni and

ther transition metals and alloys, since it was the cause for deac-
ivation of industrial catalysts, particularly in steam-reforming
eactions, and of fouling of reactor walls and heat exchanger sur-
aces. In this decade, David L. Trimm supervised several PhD theses
t Imperial College of Science and Technology, London, dealing
ith various aspects of this topic [6–11]. Most of the early studies

n carbon formation focused on the morphology of the deposits,
ough kinetic data being obtained by weighing the metal speci-
ens before and after exposure to the reactants [12–14].  Further

nsights into the mechanism of carbon formation (and gasification)
ere obtained when means were devised to follow the reaction

ontinuously. One such technique, developed at David Trimm’s
roup, involved the use of microbalances to obtain accurate data
o establish the reaction kinetics [6,9–11,15,16];  another tech-

ique, named Controlled Atmosphere Electron Microscopy (CAEM),
as developed by Baker and coworkers at about the same time,
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E-mail address: jlfig@fe.up.pt (J.L. Figueiredo).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.07.030
allowing for the in situ observation of the phenomena involved
[17,18].

It is quite remarkable that this subject has persisted for more
than 50 years as a hot topic for research; however, there has
been a shift in the focus. While the early studies attempted
to understand the reaction mechanism, in order to prevent or
minimize carbon deposition, in the 1980s and 1990s the empha-
sis was  on promoting the reaction to produce carbon materials,
namely filaments and vapor grown carbon fibers which found
important technological applications in composites [19–24].  The
discovery of carbon nanotubes in 1991 [25] provided an enor-
mous boost to the topic, since the mechanisms involved in
their synthesis by CVD share common features with the origi-
nal mechanisms proposed for carbon formation on metals [26].
In addition, the advent of the “hydrogen energy system” led
to increased attention being devoted to the catalytic decom-
position of methane as a clean method to produce CO-free
hydrogen for fuel cells, a subject which has been recently reviewed
[27].

Carbon formation from hydrocarbons (and syngas) on metals is
a complex process, involving surface catalysis coupled with solid
state reactions. A multidisciplinary approach is required to under-

stand all the phenomena involved. Despite the enormous progress
achieved in the past 50 years, it is recognized today that a unified
mechanism has not yet been proposed, some aspects still remaining
controversial [28].

dx.doi.org/10.1016/j.cattod.2011.07.030
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:jlfig@fe.up.pt
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In the present paper we reassess the general mechanism pro-
osed in the early 1970s, highlighting some of the original ideas and
ndings which originated from David Trimm’s group, in which the
uthors worked sequentially from 1969 to 1977. In order to focus
n the essentials, an Occam Razor’s approach, or law of parsimony,
hich David taught to one of us, will be adopted.

. Kinetics, general features
The rates of carbon deposition from hydrocarbons on metal foils
Ni, Fe, Co, steel, and alloys) show an acceleratory period and usu-
lly reach a steady state rate (Figs. 1 and 2). Hydrogen influences

ig. 1. Examples of transient kinetics in the deposition of carbon on Ni foils from 20
Pa  of cis-2-butene. A steady-state rate of deposition is reached and sustained for a
ong time.

dapted from ref. [6].

ig. 2. Schematic representation of different transient kinetics of nucleation and
cceleration. The acceleratory period may  be almost instantaneous (a) or slow (b),
ometimes even overshooting (c) the level of the steady-state rate (in the ordinate
xis  the rates are normalized by the steady-state rate). The time scale is necessarily
ariable; depending on the specific conditions, the transient period may  last minutes
r  a couple of hours.

Fig. 3. Arrhenius plot of the steady-state rates of carbon deposition [6,15].  Three
kinetic regimes are observed: (I) at lower temperatures, the rate is independent of
the nature of the hydrocarbon used and of the gas pressures, showing an apparent
activation energy of about 33 kcal/mol; (II) At intermediate temperatures, the kinetic

regime shows a negative temperature dependency and 1st order with respect to H2

and hydrocarbon; (G) Pyrolytic gas phase carbon formation, in fact independent of
the nature of the solid surface.

the rate in various ways. On Ni foils, its presence is required for a
fast deposition to take place [6,15,16,29].

Initial kinetics reflect mostly the nucleation stage. Steady state
kinetics reflect the growth process when surface reaction and crys-
tal growth conditions are stable. Understanding the mechanism of
the growth process is the object of this paper.

The Arrhenius plots of the steady state rates of deposition from
hydrocarbons on Ni usually show three kinetic regions, as shown
in Fig. 3 [6,15,16]: region I, at lower temperatures (350–550 ◦C);
region II, at intermediate temperatures (550–650 ◦C); and region
G, at higher temperatures. The deposition in this latter region was
found to be due to gas phase pyrolytic carbon, and to be indepen-
dent of the substrate. Soot formed in the gas phase impinges on
the metal surface and in the reactor walls as well – it is not a cat-
alytic process. In region II surface reaction is probably controlling, in
view of the orders of reaction observed. The reason for the negative
activation energies observed is thought to be the effect of tempera-
ture on the surface concentration of the reactants, as mentioned in
the original paper [15]. Similar kinetic regions are found in carbon
formation on Co, Fe and steels [6,30,31].

The carbon deposits grown on metal foils at steady state usually
consist of filaments (up to a few hundreds of nanometers in diame-
ter) carrying a metal crystallite on top, although it is also possible to
find the metal crystallites in the middle. In any case, these crystal-
lites must be detached from the original metal foil. The same type
of carbon is found in regions I and II (Fig. 3).

The same general features are observed for carbon deposition
on supported Ni catalysts, but in this case there is no acceleratory
period and hydrogen is not needed for a fast deposition. More-
over, the same specific rates of carbon deposition (i.e., rates per
unit metal area) were determined for foils and supported catalysts
[9,32].

3. Bulk diffusion mechanism: an “Occam Razor’s” approach

A reassessment of the so-called bulk diffusion mechanism can
be made along the following lines, using the principle of parsimony,
the Occam Razor’s approach.
The reactions involved are a combination of surface catalysis
and solid state reactions. Again, to fully understand them, concepts
from the two areas are required. The overall kinetics, however, goes
together: at steady-state, all the steps proceed at the same rate, but
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Fig. 5. The three reaction steps (at the top of the figure) and the carbon profiles
in  the metal at the nucleation stage (N) and during steady-state growth in two
kinetic regimes: surface reaction control (II) and carbon bulk diffusion control (I).
For simplicity, a single solid state phase in the metal catalyst is assumed. The profile
transitions during nucleation (t) and when the temperature increases (T) – chang-
ing  the control to the surface reaction – are shown; ag and ac represent the carbon
ig. 4. Original model proposed for carbon formation on Ni [6].  A: Several modes
f  carbon formation observed on nickel foils; B: detail of carbon formation on a
etached crystallite, showing the reaction steps of the proposed mechanism.

he step which is farthest from equilibrium determines the rate and
he observed kinetics. The steps which are not rate-determining are
inetically disguised.

A description of various forms of carbon growth is presented
n Fig. 4 (taken from ref. [6],  p. 179). This was in fact the original
roposal of a mechanism of surface reaction followed by carbon
ulk diffusion and growth.

After due nucleation of the new carbon phase, a steady state
rowth step occurs, often for very long periods of time. This striking
eature deserves particular attention.

Carbon must be transported from the metal surface, where
ydrocarbon decomposition takes place, to the regions where
ucleation, in a graphitic form, has already taken place. In this way,
arbon does not accumulate on the metal surface, allowing for the
atalyst to remain active.

It is known that metal carbides can be formed under these condi-
ions. Let us assume first that a single solid phase (metal or carbide)
s involved in the carbon diffusion process – the stable phase under
eaction conditions – and that the geometry is one-dimensional.
he mechanism involves the following three steps: (1) catalytic
ecomposition of the hydrocarbon on the metal surface, generat-

ng chemisorbed carbon atoms; (2) diffusion of the carbon atoms
hrough the bulk of the metal (or carbide); (3) growth of the car-
on deposit. Under steady-state carbon growth, the rates of the 3
teps must be the same. The rate-controlling step will determine
he kinetics and will use the maximum carbon concentration gra-
ient possible. Fig. 5 represents carbon activity profiles across the
etal in three cases: during the nucleation stage (N), under bulk

iffusion control (I); and under surface reaction control (II).
During the nucleation stage, the solid phase will either be the

etal or a carbide, whichever is the stable phase under reaction
onditions. The constant carbon concentration profile will be in
quilibrium with the carbon activity at the surface. As the rate
ncreases and steady-state growth is reached, equilibrium on the
raphite side will equal the carbon solubility in the metal (or car-
ide) in equilibrium with graphite – the growing phase. When
ucleation is easy and fast, the transient profile may  not actually

each the level N.

When drawing these profiles, we may  use either the activ-
ty (ai) or the chemical potential (�◦

i + RT lnai), or the Gibbs free
nergy. The driving force for diffusion is the difference in chemical
activities in equilibrium with the gas phase and graphite, respectively.

potential of carbon in the two  sides of the catalyst: in equilibrium
with the gas phase on one side, and with graphite on the other
side.

Let us now assume that the solid phase (S1) in equilibrium with
the gas is carbide, different from the solid phase (S2) in equilibrium
with graphite (metal or another carbide). In that case the profiles
of activity (and carbon concentration) will be as shown in Fig. 6.

Under reaction conditions, when graphite has not yet nucleated,
the carbide will in fact extend throughout the metal, because it
is the phase in equilibrium with the gas. But under steady-state
growth it will recede to a slab near the catalyst–gas interface.
The rate of carbon diffusion through the two  solid phases of the
catalyst must be the same. For that condition to be fulfilled, the
slope of carbon concentration in the two phases must be inversely
proportional to the respective carbon diffusivities (see Appendix
A and Fig. 10). In fact, to maximize the rate (i.e., the slope), the
thickness of the phase with lower carbon diffusivity must be
reduced to a minimum (selvedge). It must also be understood
that phase S1 in contact with phase S2 is probably unstable at
low carbon concentrations. It must then recede to an equilibrium
configuration.

A general case of carbon activity profile, with combined resis-
tance of all steps is shown in Fig. 7. Naturally, the equilibrium
carbon activities in the boundary limits (ag, ac) will change with
temperature.

At the metal/graphite interface, surface diffusion of carbon
atoms must be dominant and the process of growth is based on
dislocations and crystal defects. Indeed, the energy barrier for sur-

face diffusion has been calculated to be lower than that for bulk
diffusion [33].
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Fig. 6. The same as in Fig. 5, but considering two catalyst solid phases, S1 and S2.
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Fig. 8. Profiles of carbon activity through the catalyst (for simplicity. only one phase
is  shown) in carbon formation or gasification from CO/CO2 mixtures, according to the

mechanism remain the same.
he  thicknesses of the two  phases, l1 and l2, are proportional to the respective dif-
usivities of carbon atoms (see note in Appendix); ai is the carbon activity at the
arbide/metal boundary; ag , ac , N, I and II as in Figs. 3 and 5.

The mechanism of bulk diffusion for catalytic carbon gasification
s the reverse of the mechanism described above for carbon forma-
ion [9,34].  Direct evidence of the reversibility of these processes

as been observed and recorded using CAEM [35]. As an exam-
le, Fig. 8 shows carbon activity profiles for carbon formation or
asification from CO/CO2 mixtures.

ig. 7. General profile of the activities (or carbon concentrations) through the cat-
lyst when all steps offer resistances of the same order – no specific step controls
he  overall reaction rate; asg and asc represent the carbon activities prevailing at the
nterfaces with the gas and graphite phases, respectively.
relative pressures of the gases. A bulk diffusion kinetic control regime is assumed.

In real situations, the one dimensional geometry does not apply.
More complex geometry simulations are required, such as that
shown in Fig. 9 (taken from ref. [31]). But the principles and the
Fig. 9. Mechanism of carbon bulk diffusion in a catalyst particle during filament
growth (cylindrical geometry). (A) Possible iso-concentration lines (dashed lines)
and lines of flux (arrows) through the particle. (B) Carbon activity (concentration)
profiles for three different diffusion paths. Taken from [31], where a more elaborate
explanation can be found.
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Fig. 10. Examples of activity profiles with two  solid phases, S1 and S2, for a given
ratio of the diffusion gradient (D2/D1 = 10:1). Phase S1 will tend to recede to max-
imize the rate. The fastest carbon deposition corresponds practically to the single
phase gradient G0, with phase S1 reduced to a thin selvedge. For the opposite case
(

4

Calculations have shown that the high conductivity of met-
D1 > D2), the locus of the phase and gradient transition is of type II, as shown.

. Evidence and remarks

4.1 The kinetic studies using microbalances in the 1970s enabled
a better understanding of the reactions of carbon formation
and gasification on metals. Rates of nucleation, orders of reac-
tion, and activation energies were studied over a wide range of
temperatures and pressures. Comprehensive studies with var-
ious metals and alloys and various reactant gases were carried
out. In addition, the role of H2 in carbon deposition reactions
was investigated. This work, coupled with post reaction SEM
and TEM observations, led to the original proposal of the bulk
diffusion mechanism [6].

4.2 Formal proof that bulk diffusion is involved in carbon deposi-
tion reactions has been presented in a series of experiments
with a Ni single crystal foil, clean or previously covered with
layers of carbon in a coating unit in one or in both faces [36].
The initial presence of carbon in one of the Ni faces inhibits
nucleation and growth in the other face; that is, the pre-
existence of active carbon sinks decreases its concentration
in the metal, hindering conditions for nucleation even at con-
siderable distances.

4.3 Consensus on the existence of a concentration driven mech-
anism seems to have gathered wide support along the years
[28,37–42]. The appreciation that a unified mechanism has
not yet been proposed [28] may  be misleading. The detailed
mechanisms for the surface reaction step and for the carbon
growth step are certainly different for different reactants and
for different catalysts, but the common features of the gen-

eral mechanism can be established. Then, for each particular
system, it is necessary to understand each one of the 3 steps –
surface reaction, bulk diffusion, carbon/graphite growth. This
y 178 (2011) 110– 116

includes the surface chemical reactions, the nature of the solid
phases present and the details of the carbon growth mecha-
nism. Changing the temperature of the reaction may  change
the phases (carbides/metal) operating during reaction, which
may  not be stable or even metastable at room temperature.
Thus, in situ TEM and X-ray studies are important to provide
evidence under reaction conditions.

4.4 The role of the various crystal faces for each of the steps (front
and rear of the metal particle) has been evidenced or discussed
by several authors and for several systems [38,43–45].

4.5 In carbon deposition on Ni foils from butene/H2 mixtures in
batch experiments there is a delay in the speeding up of the
process when H2 is admitted first. The reducing effect of H2
retards the nucleation. However, H2 is required for a quick
deposition to take place (fast surface reaction step). It was
also found that a long annealing period speeds up the process
once the gases are admitted [6].

4.6 The acceleratory period shown in Fig. 2 was never observed
in the case of supported metals, in spite of the otherwise
similar features of the carbon deposition process [32]. Also,
hydrogen did not affect the deposition rates, at least in the
kinetic regime I (cf. Fig. 3). In this case, the catalyst consists
of metal crystallites dispersed on a support, while with metal
foils the crystallites must be detached before carbon filaments
can grow. This detachment may  involve preferential nucle-
ation of carbon at grain boundaries, during the initial stages
of the process, which is known to be favoured by hydrogen
[46]. Therefore, both the hydrogen effect and the accelera-
tory periods observed with metal foils may be related to the
detachment of crystallites.

4.7 The bulk diffusion mechanism discussed above describes the
growth of (filamentous) carbon deposits under steady-state,
i.e., at constant rate of deposition. However, when the car-
bon activity in the gas phase increases (due to the increase of
temperature or hydrocarbon concentration or the decrease
of hydrogen concentration) the formation of a graphitic
deposit may  occur at the metal–gas interface, the so-called
“encapsulating carbon” [18], which obviously leads to catalyst
deactivation and stops filament growth.

4.8 The role of carbides was  controversial in the earlier discus-
sions of the carbon formation mechanism, but it is now widely
accepted that surface carbides are involved in carbon forma-
tion from hydrocarbons on Ni [47–49].  The formation of a
surface carbide was  invoked to explain the observed rates of
carbon formation on Ni catalysts [9,32].  de Bokx et al. [50] pro-
posed quite a different mechanism, involving the formation
and continuous decomposition of an unstable, intermediate
bulk carbide. A more elaborated proposal considering the for-
mation of an unstable surface carbide was proposed by Alstrup
[38]. In fact, as discussed in this work, under steady state
growth conditions the presence of a surface carbide and the
bulk diffusion mechanism seem more consistent.

4.9 The rate of growth of carbon filaments was  found to be
inversely proportional to the square root of the diameter of
the metal catalyst particles, which was taken as evidence for
a diffusion controlled mechanism [51].

4.10 Baker et al. [18] proposed a modified bulk diffusion theory
to explain in situ CAEM carbon deposition observations. They
suggested that the driving force for carbon bulk diffusion was
a temperature gradient, originating from the highly exother-
mic  decomposition of the hydrocarbon used (acetylene). This
proposal was  discarded by several authors [6,9,10,37,52,53].
als does not allow any significant temperature gradient
across small metal crystallites. Moreover, the temperature
gradient hypothesis cannot explain carbon formation from
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other hydrocarbons whose decomposition is endothermic (for
instance, in the case of methane).

.11 The above proposal for a mechanism [18] was  in fact incon-
sistent. A temperature gradient drives heat transfer, not mass
transfer. The rate dependence on temperature should then be
linear, not exponential. An Arrhenius law dependence, also
alleged in that paper, is not in fact compatible with the mod-
ified mechanism, as we carefully calculated in many systems
[6,9,10]. What is required to tune up the model when bulk
diffusion controls is to check the dependence on temperature
(which is approximately constant throughout the particles)
of the equilibrium carbon concentration values at the bound-
aries, in order to correct the activation energy expected from
carbon diffusivity data [6,10].

.12 As mentioned above, no relevant temperature gra-
dient may  exist on metal particles under reaction
conditions – heat transfer coefficients of metals are too
high [52]. However, in growing carbon fibers, the temper-
ature of the metal particle as a whole may  be higher than
the surrounding atmosphere. The particle may  even melt, as
observed by CAEM. This is more likely to happen when the
graphite fiber grows by layers: the conductivity of graphite
is much lower in the direction perpendicular to the layers.
But with nanotubes, heat transfer between metal and carbon
should be more efficient due to the orientation of the carbon
layers, parallel to the filament axis.

.13 A good thermodynamic discussion of the driving force across
the metal particle for carbon formation or gasification has
been presented by Snoeck et al. [39], but some of the activity
profiles shown therein are in fact incongruent. We  hope that
the approach of the present paper may  help to clarify certain
matters of transition states and of the conditions of operation
of the catalyst under carbon formation or gasification.

.14 In recent years, the advent of in situ high resolution TEM
techniques has allowed the direct observation of filament
growth at the nanoscale. For instance, in the decomposi-
tion of methane over supported nickel nano-crystals it was
found that carbon nanofibers develop through a reaction-
induced reshaping of the crystals [33,54]. Detailed ab initio
density-functional theory calculations [55] showed that the
energy barrier for carbon diffusion through the bulk of the
nano-crystals was significantly higher than that for surface
diffusion.

.15 Carbon deposits with filamentous morphology were desig-
nated as carbon whiskers or carbon filaments in the early
literature. The issue of terminology was discussed during a
summer school in 1989 [cf. ref. [23], pp. 559–562], lead-
ing eventually to proposal of the term “filamentous carbon”
[56]. Nevertheless, the term “carbon nanofibers”, introduced
by Rodríguez [57], is more frequent in the current litera-
ture. These changes in terminology may  explain why  so many
authors of recent publications seem to be unaware of the ear-
lier work on carbon formation. There is also much confusion
in the literature between carbon nanofibers and carbon nan-
otubes, a clarification that still needs to be done.

.16 Carbon formation (or gasification) on metals involves the
transport of carbon from surface reaction regions to the cat-
alyst/graphite interface. Bulk diffusion is probably the more
obvious, but certainly not the only form of mass transfer. The
present work is a contribution to clarify that mechanism.
ppendix A. Note on the bulk diffusion step

When two different phases prevail under reaction conditions at
he two “sides” of the catalyst, under steady-state the flux (J) of

[

[
[
[

y 178 (2011) 110– 116 115

carbon atoms must be the same through each phase. Let l1 and l2
be the thicknesses, D1 and D2 be the diffusivities and �a1 and �a2
be the activity differences in the two  phases. Then the flux must be:

J = D1
• �a1

l1
= D2

• �a2

l2
(1)

or:

D2

D1
= �a1/l1

�a2/l2
(2)

Conclusion: the slopes of the carbon activity profiles in each phase
must be inversely proportional to the respective carbon diffusiv-
ities. Fig. 10 shows, for a given ratio D1/D2, examples of activity
gradients and phase thicknesses obeying the mass transfer equilib-
rium condition of Eq. (2).

In addition to the above condition, the thickness of the carbide
will adjust to the minimum resistance (see Fig. 10). The fastest
rate for mass transfer is achieved with a thin selvedge of the
phase with the lowest carbon diffusivity. So, the acceleratory period
often observed before the steady state rate of carbon deposition
is reached may  include: carburization of the metal, nucleation of
graphite (with disruption of the metal, particularly in the case of
metal foils) and recess of the carbide to a thin selvedge.
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