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a b s t r a c t
We review our in-situ X-ray photoemission (XPS) and in-situ transmission electron microscopy studies
which determined that the catalyst is in the metallic state for Fe, Co and Ni catalysts. We show that the
existence of surface carbide phases in related catalytic reactions could account for the observation of carbide
peaks in XPS. The observed catalytic activity of gold is discussed in terms of carbon solubility, reaction rates,
and surface coordination numbers.
© 2009 Elsevier B.V. All rights reserved.

Carbon nanotubes can be grown by three methods, laser ablation,
carbon arc and chemical vapour deposition (CVD). CVD is the most
interesting for applications, because it can be used for bulk growth or
for applications requiring the growth of nanotubes bound to a surface
[1–10]. CVD uses a catalyst to promote growth. In order to optimise
the CVD process, it is important to understand how the catalyst works,
and what is the nature of the catalyst. Although it is supplied in the
experiment as a metal, is the active form of the catalyst a metal, oxide
or a carbide? Is a solid or liquid form necessary for single wall carbon
nanotubes? Carbon nanotubes have been grown for 50 years, and it is
also useful to recognise the early catalyst literature in which it was
often desired to stop the growth of ‘ﬁlamentous carbon’ [11,12]. There
is also a desire to know which elements are capable of catalysing CNT
growth in the wider sense. The most active catalysts for carbon
nanotube growth are the iron group elements Fe, Co and Ni. A wide
range of other transition metals such as Mo, Ru, Rh, Pd, etc are also
active [13–15], to varying degrees. Recently even the noble metal gold
was found to be able to catalyst growth, contradicting some
predictions. We study here the catalytic process by a combination of
in-situ photoemission and previous in-situ electron microscopy,
together with a range of processing studies. Mechanisms are discussed
in terms to the results and the standard catalyst literature.
The question of whether a catalyst is in the solid or liquid form
arises as follows. In the laser or arc methods, a high temperature gas of
carbon and metal is created which is then condensed, which is
followed by nanotube growth. In-situ optical measurements have
followed the condensation process and found that single wall
nanotubes (SWNTs) grow on condensed clusters at temperatures
above the catalyst solidiﬁcation temperature [16].
Growth on solid surfaces usually involves much lower temperatures. However, the melting temperature of the catalyst is lowered by
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two effects. First, the melting temperature is depressed by the Gibbs–
Thomson effect for small diameter particles [17],
ΔTm =

2Tm γ
Lρr

where Tm is the melting temperature in K, γ is the surface tension, L is
the latent heat, ρ is the density and r is the particle radius. Second, the
melting point is depressed by forming a eutectic with carbon. In the
laser or arc method, more than one nanotube grows from each particle
[18], so the catalyst nanoparticles tend to be larger. On the other hand,
for CVD, a single nanotube tends to grow from each catalyst
nanoparticle [19] so the diameter of the catalyst tends to equal that
of the resulting nanotube. Thus the typical nanoparticle diameters are
smaller, of order 1–2 nm. This can reduce melting temperatures by up
to 700–800 °C, down to 550 °C (Fig. 1), a signiﬁcant reduction. This
trend has been conﬁrmed by molecular dynamics simulations [20,21].
In addition some thermal measurements have shown the presence of
a liquid phase for SWNT growth [22].

Fig. 1. Calculated melting points of Ni as a function of particle size, data from Bolton [20].
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Fig. 2. TEM image of Ni catalyst nanoparticle at 480 °C and 360 °C showing lattice planes of a crystal.

For bulk CVD such as in the injection methods for growing SWNTs
which use temperatures of order 1000 °C [23,24], the catalyst is likely
to be in the liquid state. For low temperature CVD on surfaces, recent
in-situ transmission electron microscopy studies of growth [25] at
480 °C as in Fig. 2 shows the presence of lattice planes in the catalyst
nanoparticles, which suggests that the catalyst has remained in the
solid state. These same experiments also show that the catalyst
particle undergoes severe mechanical re-shaping during the tip
growth of multi-wall nanotubes [25–27]. This can give the impression
that the catalyst is liquid. However, this re-shaping occurs by creep in
the solid state because of the large forces exerted by the surrounding
carbon tube, and it is compatible with a solid form. The creep rate by
power law creep increases for nano-meter sized particles [28]. The
catalyst is solid in the remaining data.
The chemical state of the catalyst is important for optimising the
catalyst. The nature of the catalyst is often derived by TEM or diffraction measurements of the lattice constant of catalyst after growth.
However, during growth the catalyst contains excess carbon, which,
on cooling, can precipitate as a carbide phase [29] as the carbon
solubility limit drops. A second problem is that metal and carbide
phases can have rather similar lattice constants, so they are not so easy
to distinguish by diffraction especially if the particles are small, and
the lattice constant could be distorted by their small size. If TEM is
used, care must be taken that the projection is correctly oriented
against the lattice planes. For these reasons, the most reliable method

Fig. 3. X-ray photoemission spectra of the Ni 2p edge of a nominal 0.13 nm thick Ni
ﬁlm on a SiO2 support as it is thermally annealed from 200 °C to 500 °C in a vacuum of
10− 6 mbar. The 3+ peak is due to Ni2O3, the metal peak is due to Ni metal from [31].

is to use a combination of in-situ photoemission and in-situ TEM
measurements [25,30–32]. In this way, the measurements are carried
out at realistic temperatures and carbon activities.
We have previously carried out a series of in-situ photoemission
measurements of the carbon 1 s core level and the metal core levels
before and during nanotube growth, with growth carried out at low
(2 × 10− 7 mbar) and moderate (2 × 10− 3 mbar) acetylene pressures
[25,30,31]. Fig. 3 shows the Ni 2p core level spectra of a nominally
0.13 nm thick Ni ﬁlm on a SiO2 support as the ﬁlm is heated up in a
vacuum of 10− 6 mbar [31]. Initially, the spectrum is dominated by the
Ni3+ peak at 856 eV. Above 200 °C, this peak reduces, and the Ni metal
peak at 852.6 eV appears and dominates. Thus, the nominal Ni ﬁlm has

Fig. 4. Evolution of the C 1 s spectrum for growth of nanotubes on Ni on SiO2 at
10− 6 mbar of acetylene at 580 °C, after [25].
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Fig. 5. Evolution of the C 1 s and Ni 2p spectra before, during an after growth on Ni on a SiO2 support at 10− 3 mbar acetylene at 500 °C, from [31].

changed under vacuum annealing from that of a surface oxide to that
of a metal.
Fig. 4 shows the evolution of the carbon 1 s core level of growth on
a Ni catalyst on SiO2 support with exposure to undiluted acetylene at a
pressure of 2 × 10− 7 mbar at 580 °C [25]. (The catalyst had previously
been exposed to 1 mbar ammonia at 480 °C to reduce any oxide.) We

see that initially there is a peak at 282.6 eV which shifts to 283.2 eV,
and after about 100 s, a new peak at 284.5 eV appears and it begins to
dominate. The 282.6 eV peak was assigned to surface carbon, and the
283.2 eV peak to a surface carbide phase, following the literature. The
284.5 eV is due to sp2 carbon and corresponds to the over-growth of
carbon nanotubes, after an induction period.

Fig. 6. Evolution of the C 1 s and Fe 2p spectra before, during an after growth on Fe on a SiO2 support at 10− 3 mbar acetylene at 500 °C, from [31].
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Fig. 9. Heats of formation of transition metal carbides, per C atom across the transition
metal series.

Fig. 7. Schematic of reactions and processes on a catalytic nano-particle during
nanotube growth (tip growth illustrated).

Fig. 5 shows the Ni and C core levels of a Ni catalyst on SiO2 support
after exposure to acetylene at 2 × 10− 3 mbar pressure at 500 °C [31].
The Ni spectrum is dominated by the peak at 852.6 eV which
corresponds to Ni metal, and the carbon spectrum is dominated by a
284.3 eV peak which corresponds to the sp2 carbon of nanotube walls.
The carbide peak of Fig. 4 is not seen. This is because the growth rate is
higher. These spectra (Figs. 4 and 5) suggest that the Ni catalyst is in
the form of metal during growth, not as an oxide or a carbide.
Fig. 6(a) shows the spectrum of a nominal 0.3 nm thick Fe ﬁlm on
SiO2 support after annealing at 580 °C in vacuum of 2 × 10− 10 mbar
[31]. The Fe is in metallic form here. Note that this pressure is much
lower than that used to reduce the Ni oxide.
Fig. 6(b) shows the Fe and C core levels during growth of
nanotubes on Fe at 500 °C at an acetylene pressure of 2 × 10− 3 mbar
[31]. The Fe peak is dominated during and after growth by the peak at
707.3 eV due to Fe metal. There are weak features in the 711–709 eV
range which would be due to Fe oxides, but only before growth starts.
The carbon spectrum is dominated by the peak at 284.6–284.5 eV due
to sp2 carbon. This suggests that Fe may initially be as a (surface)
oxide, but during growth it is in the metallic state. It is not as a carbide.
Our data suggest that for the main nanotube growth catalysts, the
active state is the metal. This is consistent with most recent work. On
the other hand, we should note that in-situ photoemission measurements of Arcos [33,34] favoured the oxide form. Yoshida et al. [52] also
show TEM evidence in favour of a carbide catalyst.
The results help to explain the behaviour of Fe, Co and Ni catalysts.
Ni is a frequently used catalyst, which is active over a wide tempera-

Fig. 8. Schematic of partial reactions during a catalysed reaction.

ture range. On the other hand, Fe is favoured because it gives rise to
the highest density nanotube forests, that is it has the highest yield.
However, Fe is less active at low temperatures than Ni and, in surface
growth, it is less active at highest temperatures. We believe that the
decline in activity of Fe below 450 °C is due to it being still as an oxide.
FeOx can be formed during sample transfer or preparation and it is
more difﬁcult to reduce to the metallic form, as its heat of formation is
higher than that of NiO. Thus, it can be necessary to use ammonia to
reduce FeOx. On the other hand, Fe also has a metastable carbide,
while Ni has none. Thus, Fe catalyst could become slightly deactivated by the side reaction of carbide formation at higher temperatures. We have previously discussed the unusually high activity of Fe
on Al2O3 in forming vertically aligned nanotube mats [30].
What about other transition metal elements as catalysts? Other
transition metals have been found to work as catalysts, such as Ru, Re,
Rh, Pd, etc. Fig. 7 shows schematically the intermediate reactions in
nanotube growth. The precursor molecule absorbs on the catalyst
surface, dissociates, and sticks to the surface. This releases atomic C,
which dissolves in the bulk or surface of the catalyst. The C diffuses in
the bulk or over the surface. The C then precipitates on the opposite
surface to form the nanotube walls. This illustrates that the catalyst
must perform two key functions – hydrocarbon dissociation and
carbon solubility.
Catalytic activity is often linked to carbon solubility. However, the
highest solubilities occur for those metals, which form carbides. A
catalyst works by lowering the energy barrier to the overall reaction
(Fig. 8). This often occurs by forming intermediate species. On the
other hand, any intermediate species such as a carbide should not be
too stable, or it will not dissociate to give the product.

Fig. 10. TEM image of carbon nanotubes grown at 850 °C on Au catalyst.
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on subsurface C in Pd [36] suggests that the mechanism might involve
subsurface diffusion of C in gold.
Fig. 11 shows how we should think of the reaction kinetics. Gold
has a low solubility for carbon. But more importantly, it is less good at
dissociating the hydrocarbon precursors. This would limit reaction
rates at lower temperatures, but it can still give growth a higher
temperatures.
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Fig. 9 plots the formation energy of the carbides of the transition
metals, across the series. The metals on the left form stable carbides,
and this lowers their suitability to act as growth catalysts. The
transition metals Fe, Co and Ni form metastable or unstable carbides
and have a moderate C solubility, which is one reason that they act as
catalysts.
Hofmann et al. [35] studied the diffusion mechanism of carbon on a
Ni particle. They showed that carbon atoms diffuse on top of the closepacked (111) surface, whereas they diffuse sub-surface for the less
close packed (100) surface, especially across the open ridges. It turns
out that subsurface incorporation and diffusion of C in transition
metals is more general. The reason is that the Ni–C bond is quite strong.
However, C enters an octahedral interstitial site in the Ni lattice, which
requires a volume expansion. A surface site has fewer bonds than a
bulk interstitial site, but it requires the volume expansion. These leads
to the optimum site being a subsurface interstitial, which is fully
bonded, but which allows some relaxation by pushing up the surface
layer above it. This is consistent with recent depth-resolved photoemission spectra of hydrocarbon reactions on Pd surfaces, which
showed that the carbon actually lay 1–2 layers below the surface [36–
38]. Thus, the presence of a carbide signal in XPS does not necessary
mean the presence of a bulk carbide during growth, just a subsurface
carbide as in these reactions.
Hofmann [35] argued that surface (and subsurface) diffusion of C
was the most probable diffusion path for thermal CVD of SWNTs, as
well as in plasma enhanced CVD [39]. A similar conclusion was reached
by Raty et al. [40].
Gold is a noble metal. It was expected to be a poor catalyst for
nanotube growth because carbon is rather insoluble in bulk gold
(5 × 10− 4 wt.% at 730 °C). this is consistent with the calculations of
Raty et al. [39] who found that C atoms are unstable in the centre of a
gold cluster. Also C–Au bonds are weaker than on most transition
metals, so the nucleation cap would have difﬁculty to form [41,42].
Recently, it has been found that gold nano-particles can be active,
they are catalytic active for some oxidation reactions. There have been
two basic explanations. Firstly, while bulk gold is inactive, nanoparticles have a much larger surface area and much more of the atoms
are active surface atoms with low coordination [43]. This might also
alter their band structure. Second, electronegative metals can interact
with defects in the oxide support and lead to a charge transfer and the
Au− states catalyse reactions [44–46].
Experimentally, a number of groups have been able to grow carbon
nanotubes or carbon nanostructures using gold as a catalyst but with
low yield [47–51]. Radial breathing modes show that SWNTs are
formed in some cases. Fig. 10 shows a TEM image of CNTs grown by us
at 850 °C in acetylene. This requires that gold both catalyses
hydrocarbon dissociation and that C has a ﬁnite solubility. The work
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