
C A R B O N 8 1 ( 2 0 1 5 ) 6 3 9 – 6 4 9

.sc ienced i rec t .com
Avai lab le a t www
ScienceDirect

journal homepage: www.elsevier .com/ locate /carbon
Low temperature growth of carbon nanotubes
on tetrahedral amorphous carbon using Fe–Cu
catalyst
http://dx.doi.org/10.1016/j.carbon.2014.10.001
0008-6223/� 2014 Elsevier Ltd. All rights reserved.

* Corresponding author.
R. Cartwright a, S. Esconjauregui a,*, D. Hardeman a, S. Bhardwaj b, R. Weatherup a,
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A B S T R A C T

We report the growth of carbon nanotubes on tetrahedral-amorphous carbon using a Fe–Cu

catalyst system at temperatures <500 �C. By X-ray photoemission spectroscopy, we show

that Cu forms an alloy with Fe during the process of catalyst pretreatment. This not only

dramatically enhances the catalytic activity of Fe towards the nucleation of nanotubes at

low temperatures, but simultaneously reduces its propensity to diffuse into the bulk of car-

bon-based substrates, thus minimising support damage. Such results prove the feasibility

of growing nanotubes directly on carbon fibres, highlighting their potential for use in com-

posites and fuel cell electrodes.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Owing to their unique properties including exceptional cur-

rent carrying capacity, high aspect ratio and surface area,

and high tensile strength and chemical stability, carbon nano-

tubes (CNTs) hold many potential applications in a wide

range of technologies. Examples include: use of nanotubes

in enhanced carbon fibre composites and fuel cell electrodes

[1–3], use as interconnects in electronic devices [4,5], and

use as sensor elements [6,7]. For applications such as com-

posites or fuel cell electrodes, there would be a distinct

advantage if the tubes are grown directly on carbon fibres,

yarns, or polymers, i.e., via a surface growth process [8,9].

Direct nanotube incorporation would allow for better adhe-

sion and electrical contact between tubes and fibres than
those obtained by dispersing tubes in composite resins along-

side fibres [10–13].

Whether on surfaces or bulk production, nanotube growth

is mostly performed by chemical vapour deposition (CVD). It

is the preferred synthesis technique as it assures scalability

and controllability of nanotube properties. On fibres and

other carbon-based materials, however, control over CNT

CVD remains challenging [14]. This is because the process

involves catalyst formation/activation at �600 to 800 �C,

and, at these temperatures, the metal catalysts may diffuse/

react with the carbon-based supports [15]. The interaction

often leads to catalyst diffusion and/or poisoning and ulti-

mately causes poor/no growth [16]. High temperatures

(�550 �C or higher) also give rise to damage of fibre surfaces,

thus deteriorating their mechanical properties [1,13]. This
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can be circumvented via the deposition of a layer, such as

Al2O3 or SiO2 [16–19], between the fibre and the catalyst, but

is detrimental to the nanotube adhesion to the support and/

or the conductive properties of the fibres. Reducing the

growth temperature and controlling the carbon/metal inter-

action are therefore two key requirements to make CNT

CVD compatible with composite and fuel cell technologies.

We have recently shown it is possible to grow nanotube

forests on sp2-rich carbon supports [20]. This has been

achieved by using a carbon support with 85:15 sp2:sp3 ratio

and pretreating the catalyst (Fe) in inert atmospheres. How-

ever, at an industrial scale, it might be difficult to exactly

reproduce this ratio on carbon fibres. It is therefore necessary

to further develop processes that facilitate nanotube growth

also on supports with different carbon contents, in particular

on those richer in sp3 carbon, such as tetrahedral-amorphous

carbon (ta-C) or diamond-like carbon. Herein we show how to

extend nanotube growth to a ta-C support as model system

using Fe–Cu co-catalysts, and explain why this is feasible.

Forming nanoparticles of typical nanotube catalysts (Ni,

Co, or Fe) directly on ta-C is more challenging than on amor-

phous carbon or other sp2-rich supports. Its higher sp3 con-

tent, makes ta-C very susceptible to dissolution into metals,

especially at CNT CVD conditions [21,22]. Furthermore, the

continued metal-catalysed transformation of sp3 carbon

towards more thermodynamically stable sp2 carbon [22] leads

the particles to eat into the bulk of ta-C. Yudusaka et al. [21]

and Steiner et al. [23] showed that this is significant for tem-

peratures above �550 �C and causes severe degradation of the

ta-C layer. At lower temperatures, on the other hand, restruc-

turing of the catalyst into nanoparticles and subsequent

growth by CVD are not readily achieved with a single metal

deposition (e.g., Fe). Instead, we show here that a Fe–Cu cata-

lyst system can achieve this lower temperature growth.

The combination of Fe with Cu is widely used as catalyst in

the Fischer–Tropsch process [24]. This process utilises oxide-

supported metallic catalysts (such as Ni, Co, or Fe) for the con-

version of CO and H2 into liquid hydrocarbons. Unlike, typical

nanotube catalysts, Fischer–Tropsch catalysts have the addi-

tion of another metal in low percentages as reaction promot-

ers [25–27]. This increases the stability of the catalyst,

accelerates the rate of reaction, and/or lowers the tempera-

ture of the process. With Fe-based catalysts, the typical pro-

moter is Cu. Advantageously, Cu lowers the temperature at

which the Fe can be reduced to its metallic [24,28,29], a step

combination which is also essential in CNT CVD on fibres

[20,30]. Using Fe–Cu as catalyst system, we find it is possible

to obtain nanotube growth on sp3-rich substrates at tempera-

tures below �500 �C. The addition of Cu lowers the reduction

temperature of Fe, thus diminishing its ability to eat into the

bulk of carbon substrates and damage them. Such results

extend the feasibility of growing nanotubes directly on carbon

fibres, hence increasing their potential for use in composites

and fuel cell electrodes.

2. Experimental

We use as support Si(100) coated with 300 nm of thermal SiO2,

on top of which we deposit 100 nm of ta-C (catalyst support).

The ta-C layer is deposited via a filtered cathodic vacuum arc
system (base pressure �10�7 mbar, deposition rate

�5 Å sec�1) which produces a film of typically 60–80% of sp3

carbon [31]. As catalyst, we thermal evaporate nominally

1 nm high-purity Fe and subsequently 0.1 nm high-purity

Cu, and either 1 nm Fe or 0.1 nm Cu only (base pressure

�4 · 10�7 mbar, evaporation rate of 0.1 Å sec�1, thickness

measured by a quartz crystal thickness monitor). Both metals

are evaporated sequentially without breaking the vacuum.

For comparison, we prepare samples using 10 nm of Al2O3

(instead of 100 nm of ta-C) coated with the same thicknesses

of Fe–Cu or Fe. After ta-C or Al2O3 deposition, the samples are

exposed to air.

For CNT growth, the samples are pretreated in a hot wall

CVD system (quartz furnace tube) at 400–750 �C in 1 bar

Ar:H2 (200:500 sccm). Once the desired temperature is

reached, the system is left for 5 min to ensure catalyst reduc-

tion. Subsequently, C2H2 (10 sccm) is added for a further

10 min. For specific experiments, we repeat the growth by

pretreating the catalyst in inert atmosphere (1 bar Ar,

200 sccm), followed by 3 min of Ar:H2 (200:500 sccm). After

nanotube growth, the samples are exposed to Ar (2000 sccm)

until room temperature is reached.

The samples are characterised by scanning transmission

electron microscopy (STEM) and the images are used to derive

nanoparticle number density (SEM) or nanotube diameter

(when analysis performed in transmission mode). This is

cross-checked by high-resolution transmission electron

microscopy (HRTEM). The elemental composition of the parti-

cles is determined by energy dispersive spectroscopy (EDS) in

the SEM. For EDS characterisation, the tubes are removed

from the carbon support and placed onto a silicon nitride

membrane window grid. This is to avoid any copper interfer-

ence. The chemical state of the sample surfaces is analysed

by X-ray photoemission spectroscopy (XPS). All photoemis-

sion spectra are acquired at room temperature in normal

emission geometry using a conventional Mg X-ray source

(hm= 1253.6 eV) and a 120 mm hemispherical electron energy

analyser with an overall instrumental energy resolution of

0.7 eV. For data analysis, the photoelectron binding energy

(BE) is calibrated by fixing the Si 2p signal coming from the

bulk to 99.3 eV. The spectra are normalized to the incident

photon flux and are analysed by performing a non-linear

mean square fit of the data in the energy range of the studied

photoemission peaks following the Levenberg–Marquardt

algorithm. We use a Shirley background and reproduce the

photoemission intensity by using, as fit function, asymmetric

Doniach-Sunjic line shapes for the 2p levels of Fe and Cu.

When interpreting results, we consider oxidation effects

due to air exposure.

In order to interpret our nanotube growth results, we study

the Fe–Cu/ta-C and Fe/ta-C interaction by density functional

theory (DFT) calculations. All calculations are done with plane

wave pseudo-potential code CASTEP, using a PBE-style gener-

alized gradient. Transition state search is also performed with

CASTEP. The calculation parameters are the same as our pre-

vious work [20]. As the Fe–Cu alloy retains the BCC structure

of Fe when Cu concentration is less than that of Fe [32], we

build a supercell of 54 atoms with BCC structure. Fe and C

atoms are set free to relax to a residual force of less than

0.03 eV Å�1.
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3. Results

3.1. Comparison of nanotube growth using Fe–Cu, Fe and
Cu catalyst systems

Fig. 1 summarises the results of nanotube growth using Fe–Cu

and Fe catalyst systems. In both cases we use the same CVD

conditions. We find that only Fe–Cu allows the growth of

CNTs on ta-C below the critical degradation temperature of
b
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Fig. 1 – Nanotube growth on ta -C support. Pretreatment is done f

in Ar:H2:C2H2 (200:500:10 sccm). Heating up is done in reducing
carbon fibres of �550 �C. SEM reveals that Fe–Cu yields

nanotube growth between 450 and 650 �C (Fig. 1a–d), but the

lowest temperature we achieve repeatable, full-coverage

growth is 500 �C (Fig. 1b). The tube diameter (mean ± standard

deviation) is found to be 15.3 ± 2.6 nm. As the growth

temperature increases, the diameter decreases. For instance,

at 650 �C, it is 11.6 ± 1.9 nm. In all cases the tubes grow in

an entangled manner, so the nanotube area density cannot

be readily assessed. Outside the 500–650 �C interval, the
f

100nm

e
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g

100nm

h
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ta-C/Fe

or 5 min in 1 bar Ar:H2 (200:500 sccm) and growth for 10 min

atmosphere.
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growth is much poorer and tube density is very low (Fig. 1a

and d, respectively). At 450 �C the tubes are very short (less

than 100 nm), while at 750 �C, they can reach tens of microns.

This compares to the pure elemental Fe catalyst, where only

growth at 650 �C yields CNTs (Fig. 1g). The tubes also grow

entangled with diameters of 13.6 ± 1.8 nm. At any other

growth temperature, we only obtain very low density, defec-

tive structures, or no nucleation at all (Fig. 1e, f, and h). If

we use only 0.1 nm Cu as catalyst, no nanotube growth is

verified regardless of the CNT CVD conditions employed

(not shown here).

3.2. Nanoparticle formation of Fe–Cu and Fe catalyst films

Fig. 2 compares nanoparticle formation using both catalyst

systems under identical annealing conditions. In agreement

with the growth results (Fig. 1), we observe the formation of

high-density, homogeneously-sized particles only at low tem-

peratures, particularly on Fe–Cu films. At 450 �C, we deter-

mine a lateral size distribution (mean ± standard deviation)

of 9.8 ± 0.8 nm, and at 500 �C, 10.6 ± 1.1 nm, Fig. 2a and b,

respectively. The number densities of these nanoparticles

are respectively (1.3 ± 0.7) · 1011 and (1.1 ± 0.5) · 1011 cm�2. At

higher temperatures the films restructure into particles with

a broader distribution of sizes and lower number densities,

Fig. 2c and d, respectively. For instance, at 750 �C, the Fe–Cu

films restructure into nanoparticles of 17.6 ± 3.9 nm with a

number density of (1.1 ± 0.3) · 1010 cm�2. The significant

reduction in number density, without a commensurate

increase in lateral size, indicates that at high temperatures

the particles tend to be dissolved into the ta-C. We cannot

fully rule out other processes such as Ostwald ripening, but

it is unlikely to occur since the particles do not significantly

increase their size. The particle diffusion not only damages

the support, but eventually prevents full coverage growth

(compare, for example, Fig. 2a against Fig. 2d). For the pure

elemental Fe, we do not find significant differences between

particles formed at low temperatures. The particles appear

to be as homogenous and as dense as those in the Fe–Cu films

(Fig. 2e and f). However, at higher temperatures (650 and

750 �C), the particles are much larger, and the ta-C support

is found to contain holes (arrow indication, Fig. 2h), indicating

the particles have diffused during film restructuring.

3.3. Analysis of Fe–Cu and Fe catalyst films by XPS and
EDS

Fig. 3a–d show XPS analysis of both catalyst systems. We find

that the Fe alloys with Cu during catalyst pretreatment. For

the as-deposited Fe (1.0 nm) on ta-C (i.e., without any Cu addi-

tion) the Fe 2p spectrum possesses three main components,

Fig. 3a. They are assigned to Fe0, Fe2+, and Fe3+, respectively

centred at 706.8, 710.0, and 711.1 eV. We also observe a satel-

lite component at �720 eV which is related to the formation

of Fe2O3 during air exposure [33,34]. The addition of 0.1 nm

of Cu leads to four main differences: (i) the Fe0 component

at �707 eV disappears, (ii) the Fe3+ shifts by �1.1 eV, (iii) there

is new component at �712.4 eV, and (iv) the total intensity is

about five times greater than that on elemental Fe. Both

the disappearance of the Fe0 peak and the shift in the Fe3+
component indicate a strong Fe–Cu interaction, forming a

bimetallic oxide following air exposure [35,36]. The BE of

�712.4 eV can indeed be associated to copper–iron oxide state

(CuFe2O4). The fact that the intensity of the Fe 2p peak for Fe–

Cu is five times greater than that for Fe indicates that the ele-

mental Fe has diffused into ta-C during deposition. This also

explains why metallic Fe is observed as partial Fe diffusion

into ta-C prevents its complete oxidation.

After in-situ annealing, the chemical states of the two cat-

alyst systems are more distinct. In the case of the elemental

Fe, the Fe 2p spectrum shows the same components, but

the total intensity has decreased even further, by approxi-

mately 5 times. This indicates that most of the Fe has diffused

into the ta-C support. This is also supported by the fact that,

even after subsequent air exposure, Fe can be observed in its

metallic state. In the case of Fe/Cu, we observe that the total

Fe 2p intensity is also smaller than the original one, and com-

parable to that of the as-deposited elemental Fe. Both oxide

components (F2O3, Fe) are still present. However, the CuFe2O4

component has vanished and the Fe0 component has shifted

from 707.4 to �706.8 eV. These changes indicate that CuFe2O4

has been reduced and an alloy between Fe and Cu has been

formed. This is confirmed from both the Cu 2p and O 1s core

levels, Fig. 3b and c, respectively.

After deposition and transfer in air, the Cu 2p spectrum

shows a single component at �935.5 eV, Fig. 3b. This along

with the absence of peaks at 930.4 eV (Cu0) and at 932.7 eV

(Cu1+) indicates that Cu is fully oxidized in its Cu2+ state.

The peak can be attributed to the formation of CuFe2O4 and

CuO [37]. After annealing, we observe the formation of a

new peak at �932.5 eV. This corresponds to Cu1+ state and

indicates Cu has alloyed with Fe, in agreement with the Fe

2p spectrum. The transition from CuFe2O4 to Fe–Cu alloy after

annealing is also inferred from the O 1s core level, Fig. 3c.

After Fe deposition, the O 1s spectrum shows two main peaks

at 532 eV (SiO2) and �535.5 eV (FexOy). Adding Cu, the O 1s

spectrum shows a new component at �531 eV which is

related to the formation of CuFe2O4. After annealing, this

peak disappears and only that related to SiO2 remains. We

note that the components associated with CuO and FexOy

may also be present, but with very low intensities.

For a further confirmation of alloy formation between Fe

and Cu after annealing, we acquire valence band spectra of

all samples, Fig. 3d. The valence band of as-deposited Fe

shows a peak at �5 eV from the Fermi level, which is due to

Fe 3d electrons. After Cu deposition, the Fe peak broadens

and two additional components appear: (i) at �3 eV (Cu 3d

electrons) and (ii) at �10 eV (Cu satellite) [38], in agreement

with the formation of CuFe2O4 observed by photoemission.

We would also expect an oxide peak to be present at �7 eV

due to O 2p electrons, but note that it is not resolved here,

and may relate to unoxidised subsurface layers being primar-

ily probed, given the information depth associated with the

Mg ka X-ray source. After annealing, the main Fe peak shifts

by �2 eV, and has no features of Cu 3d or 2p (respectively

expected at �10 and �7 eV). This clearly confirms the pres-

ence of a new component, which we assign to Fe–Cu alloy,

in agreement with the Fe 2p, Cu 2p and O 1s core level spectra.

We argue this alloy is crucial for accomplishing the nanotube

growth results on ta-C support, as shown in Fig. 1. Given the
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low Cu solubility in Fe (�0.2 wt% at 500 �C) [39], some Cu may

have also precipitated as metallic Cu. In order to crosscheck

the bimetallic nature of the catalyst particles, we also deter-

mine the particle composition by EDS. We first remove the

tubes from the carbon substrate, placed them on silicon

nitride window grids, we examine isolated tubes with inter-

ference from the background. We observe that the particles

do consist of both Fe and Cu components, Fig. 3e and f, hence
confirming Fe and Cu inter-diffusion during catalyst

preparation.

4. Discussion

Figs. 1 and 2 highlight the advantage of using an alloyed

Fe–Cu catalyst for nanotube growth on ta-C. Growth is

achievable at �500 �C or below as the Fe–Cu thin films can
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particles consist of Fe and Cu. (A color version of this figure can be viewed online.)
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be restructured into nanoparticles, Fig. 2b, and catalytically

activated at those temperatures, Fig. 1b. Such temperatures

have the advantage of both inhibiting ta-C damage and also

minimising Fe diffusion into its bulk. We consider this in

detail in the following subsections.

4.1. Catalyst formation/activation

We first examine the processes of nanoparticle formation and

activation at low temperatures. For thin films of metals

(6 1 nm), a temperature of �500 �C is sufficient to restructure

it into nanoparticles [40]. The activation of the particles is

achieved when the metal is fully reduced to its metallic state.

In the traditional Al2O3/Fe catalyst configuration, Fe reduction

is achieved at temperatures typically higher than �600 �C [41].

However, for our Fe–Cu system, the activation appears to be

completed even at 500 �C (Fig. 1). Although the reduction

mechanism is not fully understood, there exist several reports

of a Cu-induced low-temperature reduction of Fe [28,29]. It

has been suggested it is related to the oxygen affinity (which

is different for both metals). The oxygen affinity of Cu is much

lower than that of Fe, and that is reflected in the enthalpy of

formation of the metal oxides. FeO, Fe2O3, and Fe3O4 have

enthalpies of formation of �272, �822.2, and �1120.9 kJ mol�1,

respectively, while Cu oxides possess much lower values:

�155.2 kJ mol�1 for CuO and �166.7 kJ mol�1 for Cu2O. This

implies that Cu1+ or Cu2+ states can be reduced at tempera-

tures lower than those necessary for reducing Fe2+ or Fe3+ to

Fe0. In fact, Cu in the Fe–Cu system is likely to be fully reduced

at �200 �C [28]. Cu in its pure metallic state is able to absorb H2

onto its surface from the CNT CVD atmosphere [28]. This

means that the Cu surface could be decorated with adsorbed

hydrogen. Being alloyed with Fe, and in direct contact with

Fe oxides, the Cu surface can act as a sink for the reduction

of Fe. This facilitates Fe reduction at lower temperatures than

for elemental Fe.

Using ex-situ XPS characterisation as performed herein

(Fig. 3), it is challenging to determine the actual mechanism

and exact temperature of reduction of the Fe–Cu alloy. So, to

further confirm the low temperature activation of Fe–Cu for

nanotube synthesis, we perform growth with the Fe–Cu cata-

lyst deposited on Al2O3 substrates using no hydrogen during

heating. We perform all experiments between 400 and

500 �C, and again, benchmark the results against those

obtained on elemental Fe. The heating is done in an inert

atmosphere (1 bar of Ar) followed by 3 min of Ar:H2

(200:500 sccm). The rest of the CVD conditions are as in

Fig. 1. The growth results are summarised in Fig. 4. SEM

shows Fe–Cu is active at temperatures as low as 450 �C,

Fig. 4b. At 425 �C, the samples are covered by low-density

structures, typical of defective tubes or fibres grown at

low temperatures Fig. 4a. As the temperatures increase to

450/500 �C, the samples become fully covered by tubes,

Fig. 4b–d. The higher the processing temperature, the smaller

the diameter of the tubes: 23.7 ± 4.3 nm at 450 �C and

16.8 ± 3.1 nm at 500 �C. The threshold appears to be at

425 �C, as the 400 �C sample has no apparent growth (not

shown here). This compares to elemental Fe, where we only

observe sporadic growth at 500 �C, Fig. 4h. Lower tempera-

tures only show the as-formed nanoparticles, but no tube
nucleation, Fig. 4e and g. On this basis, we can confirm we

have a Cu-induced reduction of growth temperature across

different substrates. It can therefore safely be assumed that

Cu facilitates Fe reduction to the required metallic state for

nanotube nucleation and growth.

Note that despite being catalytically active, Fe–Cu on Al2O3

does not yield vertical alignment in the range 425–500 �C and

present CVD conditions, Fig. 4a–d. We expect further optimi-

sation is required to yield forests at such low temperatures. If

this were possible, it could then be extended beyond use in

carbon fibre composite materials. It could become a viable

route to low temperature growth for other envisaged applica-

tions of nanotubes (e.g., interconnects in microelectronic

devices) for which forests are essential.

4.2. Inhibition of ta-C support degradation

We now examine how using Fe–Cu minimises the degrada-

tion of the ta-C support. Our nanoparticle formation and

growth results also show that lowering the growth tempera-

ture is critical for minimising damage on carbon supports

and bulk diffusion of the catalyst. Steiner et al. [23] suggested

that as well as Fe-induced degradation of the carbon fibres,

there is also a mechano-chemical degradation that is exacer-

bated at high temperatures. By performing tensile strength

measurements at various temperatures, they observed this

temperature is �550 �C. This correlates well with our observa-

tions of ta-C degradation at temperatures greater than

�550 �C, especially when using elemental Fe (Fig. 2f and h).

We attribute this to the lower solubility of carbon in a com-

bined Fe–Cu catalyst. While Fe is a reactive metal that can

readily dissolve carbon and catalyse its transformation into

graphitic carbon, Cu is much more inert, and hence interacts

less with a carbon substrate. We argue the interaction of the

Fe–Cu alloy with ta-C is crucial for achieving the results

shown herein. The interaction depends on the chemical bond

strength, the mechanical bond strength, and the carbon solu-

bility in the metal/alloy [42], which can be inferred from the

Fe–C and Cu–C phase diagrams. The binary phase diagram

of Cu–C shows that a negligible amount of carbon is able to

dissolve in Cu [43] (below 0.0007 at% of C dissolvable in Cu

at 1000 �C [44]). However, in the case of Fe, at similar temper-

atures, Fe and C form the austenite FCC phase in which up to

2.14 at% of carbon can be dissolved in Fe [45]. At 729 �C, the

BCC a-ferrite phase is more stable, up to around 0.022 at% car-

bon, which is well above the carbon solubility limit in Cu. For

many applications, high interfacial bond strength is impor-

tant to efficiently transfer load from the matrix to the fibres

[46]. However, too strong a chemical bond or too much disso-

lution tends to degrade the strength of the underlying fibres.

The 10:1 Fe–Cu ratio (in nm) used herein is found to be appro-

priated for nanoparticle formation and nanotube growth

without damaging the ta-C support.

In addition to solubility, the interfacial interaction

between the metal catalyst and carbon must be taken into

account. Ellis et al. [47] have studied the interface by

experimental and computational techniques. They found that

the wetting of carbon by Cu is very limited, mainly due to a

poor Cu–C interaction. This suggests that elemental Cu

nanoparticles will be highly mobile on ta-C substrate, and
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therefore liable to easily sintering during CNT CVD, but not to

significantly eat into the bulk of ta-C. However, by adding Fe

to Cu, they managed to increase the interfacial bonding

strength as Fe interacts much more strongly with carbon,

which is attributed to the formation of Fe3C. In other works

targeting carbon fibre–Cu composites [42], Fe has been used

to increase the strength of adhesion between the Cu matrix

and the carbon fibres. In comparison to elemental Fe, the

10:1 Fe–Cu ratio (in thickness) reduces the strength of interac-

tion, and thus inhibits ta-C substrate degradation.
Finally, it is also important the effect of Cu on the Fe–C

interaction. Cu determines the composition of the nanoparti-

cles and so their catalytic activity. Wielers et al. [29] observed

that, compared to elemental Fe, the Fe–Cu alloy catalyst dra-

matically reduces the interaction with a carbon-based sub-

strate. Similarly in our case, the addition of Cu efficiently

suppresses ta-C degradation, even at 750 �C. We further

assess this by performing DFT calculations of the Fe–Cu/

ta-C and Fe/ta-C interaction. We compare the BE between C

and Fe atoms when surrounded or not by a Cu atom. The
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atomic concentration of Cu in Fe–Cu is less than 10% so that
one C atom has only one Cu nearest neighbour. We observe
that the solution enthalpy increases from 0.70 eV in the case
of elemental Fe to 4.06 eV in the Fe–Cu case, when just one Cu
atom is next to Fe at the lattice. This is reasonable because of
the larger radius of Cu compared with that of Fe in its neutral
state, which compresses the interstitial sites signi�cantly. As
the solubility of C in Cu is two orders of magnitude smaller
than that of Fe, the carbon binding in Fe becomes much
lower when Cu neighbours Fe. This explains why Fe–Cu
nanoparticles are less damaging to the ta-C substrate, due
to the high solution enthalpy.

4.3. Restructuring of Fe–Cu on ta-C in an inert atmosphere

Lastly, we evaluate the growth of nanotubes using inert atmo-
spheres during catalyst formation. The typical reducing gases
(H2 or NH 3) accelerate the degradation of carbon �bres by
causing Fe catalysed hydrogenation or reverse CVD. Accord-
ing to Campos et al. [48] using a reducing ambient affects
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