
Manipulation of the catalyst-support interactions for inducing nanotube
forest growth
S. Esconjauregui, M. Fouquet, B. C. Bayer, S. Eslava, S. Khachadorian et al. 
 
Citation: J. Appl. Phys. 109, 044303 (2011); doi: 10.1063/1.3549813 
View online: http://dx.doi.org/10.1063/1.3549813 
View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/v109/i4 
Published by the American Institute of Physics. 
 
Related Articles
Local current mapping of single vertically aligned multi-walled carbon nanotube in a polymer matrix 
J. Appl. Phys. 112, 084327 (2012) 
Synthesis of silicon oxide nanowires and nanotubes with cobalt-palladium or palladium catalysts 
J. Appl. Phys. 112, 024312 (2012) 
Sulfur-mediated palladium catalyst immobilized on a GaAs surface 
J. Appl. Phys. 111, 124908 (2012) 
Effect of catalyst nanoparticle size on growth direction and morphology of InN nanowires 
AIP Advances 2, 022150 (2012) 
Complementary metal-oxide-semiconductor-compatible and self-aligned catalyst formation for carbon nanotube
synthesis and interconnect fabrication 
J. Appl. Phys. 111, 064310 (2012) 
 
Additional information on J. Appl. Phys.
Journal Homepage: http://jap.aip.org/ 
Journal Information: http://jap.aip.org/about/about_the_journal 
Top downloads: http://jap.aip.org/features/most_downloaded 
Information for Authors: http://jap.aip.org/authors 

Downloaded 07 Feb 2013 to 129.169.173.162. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://jap.aip.org/?ver=pdfcov
http://aipadvances.aip.org
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=S. Esconjauregui&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=M. Fouquet&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=B. C. Bayer&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=S. Eslava&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=S. Khachadorian&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3549813?ver=pdfcov
http://jap.aip.org/resource/1/JAPIAU/v109/i4?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4759349?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4737593?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4730377?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4729916?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3694678?ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://jap.aip.org/about/about_the_journal?ver=pdfcov
http://jap.aip.org/features/most_downloaded?ver=pdfcov
http://jap.aip.org/authors?ver=pdfcov


Manipulation of the catalyst-support interactions for inducing nanotube
forest growth

S. Esconjauregui,1 M. Fouquet,1 B. C. Bayer,1 S. Eslava,2 S. Khachadorian,3

S. Hofmann,1 and J. Robertson1,a)

1Department of Engineering, University of Cambridge, CB3 0FA Cambridge, United Kingdom
2Department of Chemistry, University of Cambridge, CB2 1EW Cambridge, United Kingdom
3Institut fur Festkorperphysik, Technische Universität Berlin, 10623 Berlin, Germany

(Received 21 November 2010; accepted 16 December 2010; published online 22 February 2011)

We show how an oxidative pretreatment of Fe, Co, or Ni growth catalyst on SiO2 support can be used

to switch the growth mode of carbon nanotubes from tip growth to root growth, thus favoring the

growth of dense, vertically aligned nanotube forests. The oxidative treatment creates a strong

catalyst–support interaction at the catalyst–silica interface, which limits the surface diffusion and

sintering of the catalyst nanoparticles and binds the catalyst to the SiO2 surface. This shows that the

alignment and growth mode of nanotubes can be controlled, increasing the range of support materials

giving dense nanotube forests. VC 2011 American Institute of Physics. [doi:10.1063/1.3549813]

I. INTRODUCTION

There is a great interest in controlling the growth of ver-

tically aligned carbon nanotubes (VACNTs), as nanotube

forests hold potential applications in many fields, including

interconnects, thermal management surfaces, biological sen-

sors, or vacuum electronic devices.1–5 The synthesis of

VACNTs is typically achieved by catalytic chemical vapor

deposition (CVD).6–9 We can generally control nanotube

properties, such as purity, diameter, or number of walls, by

an empirical optimization of the CVD conditions for a partic-

ular catalyst system. In contrast, the growth mode depends

mainly on the choice of the catalyst support, as this deter-

mines the catalyst–support interaction (CSI).10 If the interac-

tions are strong, as in the Fe–Al2O3 system, the catalyst

nanoparticles have low surface diffusion and yield surface-

bound VACNTs by root growth. If they are weak, as in

metal–SiO2 systems, the catalyst nanoparticles can diffuse

during pretreatment and growth, leading to tip growth of

entangled CNTs lying on the surface.

Despite the many advances in the growth of nanotubes,

their alignment and growth mode are still dictated by mate-

rial selection. For bulk growth, the support could be chosen

from Al2O3, SiO2, MgO, or TiO2. However, for electronics

the growth surface is dictated by the application and might

need to be a metal, such as TiN, on which it has been diffi-

cult to enforce high-density root growth. To date, there have

been a few efforts to modify the CSIs and systematically pro-

mote the growth of VACNTs on surfaces that usually lead to

tip growth and entanglement.11–16 Recently Dijon et al.12

noted that oxygen plasma could cause the transition from tip

to root growth. However, the underlying mechanism of this

transition was not verified, so that the employed conditions

are valid only in their growth environment. We show here

how to control root growth by an oxidizing pretreatment

(OP) and explain why this happens. We used x-ray photoem-

ission spectroscopy (XPS) to show that this induces strong

catalyst-support interaction (SCSI) for metal–SiO2 interfaces

by forming interfacial Ni, Co, or Fe silicates. The strong

CSIs anchor the catalyst nanoparticles to SiO2, limiting their

surface diffusion and sintering, and this switches the growth

mode to root growth. This shows that the alignment and

growth mode of CNTs can be controlled. This expands the

range of support materials that can give VACNTs and it may

useful for the surface growth of other nanostructures.

II. METHODS

High-purity catalyst films of Ni, Co, and Fe of nominal

thicknesses of 0.5, 1, and 1.5 nm were evaporated onto

Si(100) coated with 100 nm of thermal SiO2. The samples

were annealed in a tube furnace at 500–800 �C, atmospheric

pressure, to restructure the catalyst. For OP, we use open air.

For reducing pretreatment (RP), we use H2:Ar (500:1000

SCCM, where SCCM denotes cubic centimeters per minute

at standard temperature and pressure). Immediately after ei-

ther annealing, the furnace is evacuated for 5 min with pure

Ar (>5000 SCCM) and CNT growth is carried out by purely

thermal CVD using C2H2:H2:Ar (10:100:1000 or

100:100:1000 SCCM, respectively), for a period of 15 min.

In all cases, the growth is terminated by purging the furnace

with Ar (>5000 SCCM), which is maintained during cooling

until reaching room temperature.

CNTs and substrates are characterized by scanning

transmission electron microscopy (STEM), high-resolution

transmission electron microscopy (HRTEM), atomic force

microscopy (AFM), and XPS. The chemical state of surface

samples is analyzed by XPS using a Surface Science Instru-

ments SSX-100 instrument doted of monochromatized Al Ka
radiation (hm ¼ 1486.6 eV) as the excitation source. An elec-

tron beam with energy below 10 eV is employed to minimize

sample charging. The C 1s line at 284.6 eV is used as a refer-

ence. For the spectra analysis, a least square fitting method

a)Author to whom correspondence should be addressed. Electronic mail:

jr@eng.cam.ac.uk.
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with mixed Gaussian/Lorentzian components is used. As

samples are exposed to ambient before SEM or XPS charac-

terization, we consider oxidation effects, e.g., Ni transforms

into NiO and Ni2O3 upon air exposure. Ni2O3 is a structural

defect of NiO, restricted to surface regions, and usually

forms prior to NiO due to its low kinetic energy.17 Co and Fe

present similar chemical behaviors, as they are members of

the same group in the 3d transition series.18 Nanoparticle

densities and sizes and CNT diameters are estimated from

STEM, AFM, and HRTEM images using IMAGEJ and GWYD-

DION software. O2 concentration is analyzed with a portable

O2 analyzer SERVOFLEX MiniMP 5200 Multipurpose.

III. RESULTS

Figure 1 summarizes the effect of OP and RP on CNT

growth. Cross-section STEM analysis shows that only sam-

ples receiving OP lead to the growth of VACNTs on SiO2

[Fig. 1(a)]. Closer inspection shows that neighboring CNTs

stick together by van der Waals forces, forming voids at the

top-most surface, which is typical of nanotube forests19 [Fig.

1(b)]. HRTEM shows that there are no nanoparticles at the

nanotube tips, suggesting root growth [Fig. 1(c)]. The CNTs

are multiwalled with parallel, well-graphitized walls [Fig.

1(c inset)]. The 1 nm Ni film gives a narrow CNT diameter

distribution of 11.260.8 nm.

These results compare to the entangled, unaligned

CNTs that grow for RP samples [Fig. 1(d)]. Top-view

SEM images show that RP samples consist of a corrugated

film of entangled tubes, which easily lifts off the SiO2

[Fig. 1(e)]. HRTEM images show that the CNTs are defec-

tive multiwalled nanotubes, encapsulating a long thin cata-

lyst nanoparticle, characteristic of tip growth20 [Fig. (1f)].

Due to the lack of directionality in the growth in the RP

case, we can only determine their diameter and not their

length. The 1 nm Ni film gives a diameter distribution of

32.6 6 3.1 nm, much larger than for OP growth, for the

same initial catalyst thickness. This indicates that consider-

able sintering has occurred.

These two nanotube morphologies nucleate from cata-

lyst nanoparticles with different properties (Fig. 2). VACNTs

nucleate from nanoparticles obtained by OP, which have a

uniform size distribution [Fig. 2(a)]. For OP, a 0.5 nm Ni

film gives an average nanoparticle height of 2 nm and sur-

face density of (1.3 6 0.1)� 1011 cm�2. XPS analysis shows

a Ni 2p3/2 core level with three components, with maxima at

854.3, 856.1, and 856.7 eV, respectively attributed to NiO,

Ni2O3, and NiSiO3, but no Ni metal [Fig. 2(b)]. NiSiO3 is

the silicate compound and its Ni 2p3/2 spectrum has a high

FIG. 1. (a) Cross section and (b) high-magnifi-

cation top-view SEM images of CNTs grown for

10 min at 650 �C in atmospheric pressure on 1

nm Ni film subject to OP. (d) High- and (e) low-

magnification top-view SEM images of CNTs

grown at same conditions, except for RP. [(c)

and (e)] HRTEM images of these tubes.
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binding energy close to that of SiO2 in the O 1s spectrum

(Table I).21 As additional peaks are not detected for Ni 2p3/2

and O 1s spectra, or the Si 2p spectrum (not shown), the

presence of NiSiO3 must be due to a chemical reaction at the

Ni–SiO2 interface. This interfacial reaction implies a strong

CSI, as O atoms bond to both Ni and Si. We conclude that

metallic Ni was consumed by oxidation or by reacting with

SiO2 [Fig. 2(c)]. As oxidation occurred during the pretreat-

ment, further nanoparticle enlargement is not expected upon

air exposure.

Entangled CNTs in contrast nucleate from the less uni-

form, lower density nanoparticles obtained by RP [Fig. 2(d)].

The 0.5 nm Ni film gives an average nanoparticle height of 7

nm with a surface density of (6.7 6 0.4)� 1010 cm�2. The

XPS spectra show a different core-level signature. The Ni

2p3/2 core level has three lines, with a binding energy of

852.6, 854.2, and 856.2 eV, associated with metallic Ni, NiO,

and Ni2O3, respectively [Fig. 2(e)]. The presence of a Ni

peak indicates that the Ni nanoparticles are not fully oxidized,

but covered by a Ni oxide shell. The same Ni oxides and

strong SiO2 signals are seen in the O 1s spectrum (Table I).

The absence of additional peaks on these spectra and the Si

2p spectrum indicate that an absence of interactions between

Ni and SiO2 (silicidation, silication, or alloying). Hence, this

sample consists of metallic Ni nanoparticles only [Fig. 2(f)],

which oxidize upon exposure to air. Because of oxidation

before the AFM measurement, the actual height of the nano-

particles after pretreatment is less than 7 nm.

The Co and Fe samples show the same patterns of

homogeneous nanoparticle size and higher number densities

for OP compared to RP. XPS shows the formation of Co or

Fe silicates for OP (Table I). The silicate signal is not

observed for metal films thicker than �1 nm, which is attrib-

uted to the XPS escape depth. Co and Fe films show growth

results similar to those of Ni films for each pretreatment

(Table I).

The annealing results for RP are consistent with previ-

ous studies using similar metal–SiO2 systems and reducing

atmospheres.21,22 The observation of metal nanoparticles

with various sizes fits into the model of weak CSIs generally

reported for SiO2-supported metal films: that is physical

dewetting and restructuring into nanoparticles without chem-

ical interaction, followed by nanoparticle sintering due to

minimization of the surface free energy and the free energy

of the catalyst-support.23,24 This surface diffusion process

reflects the high surface free energy of Ni, Co, or Fe com-

pared to that of SiO2 and the high self-diffusivity of these

metals due to low adhesion energy to the SiO2 support.25,26

The annealing results observed for OP are typical of sys-

tems having SCSIs and demonstrate that OP induces a chem-

ical reaction at the metal–SiO2 interface. This chemical

reaction is a direct solid–solid reaction between metal oxides

(MOx) and SiOy (y ¼ 2 for SiO2 support) to form metal sili-

cates: MOxþSiOy!MSiO(xþy).
27 It occurs during OP

because oxygen atoms chemisorb at the metal–SiO2 interface

and form MOx; at high temperatures MOx and SiOy react to

form a silicate through the formation of M–O–Si bonds.28

These bonds are resistant to reduction under typical CNT

CVD conditions due to the different structures that the metal

silicates can form at the SiO2 surface.29 The metal cation can

incorporate into the silicate framework or form polymeric or

surface silicates [Figs. 3(a)–3(c)].30–32

FIG. 2. (Color online) [(a) and (d)] AFM topog-

raphy of SiO2-supported 0.5 nm Ni film pre-

treated for 5 min at 650 �C in atmospheric

pressure, under reducing or oxidizing environ-

ments, respectively. [(b) and (e)] XPS Ni 2p3/2

core level lines of (a) and (d) nanoparticles,

respectively. [(c) and (f)] Schematic representa-

tion of OP and RP nanoparticles, respectively.
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The formation, composition, and thermal stability of the

metal silicates can be predicted from their ternary phase dia-

grams [Figs. 3(d) and 3(e)].33 In Fig. 3(d) the dotted lines indi-

cate the different compositional areas where the MSiO(xþy)

and MOx are stable in direct contact with Si. Area (1) denotes

those silicate compositions with higher stabilities, as in OP.

Of these, only compositions with high O concentrations are

likely to prevent silicide formation, so that the probability of

silicidation increases for areas (2) and (3). This applies

equally to Ni, Co, and Fe.18 Although SiO2 is often regarded

as an inert support to these metals, SCSIs in the form of sili-

cates has been widely reported.34–37 Indeed, it is thermody-

namically favorable to form silicates at temperatures higher

than 400 �C in the presence of H2O (Refs. 38 and 39) or

500 �C in the presence of O2,40—as in OP. Figure 3(e) shows

the case for RP. As MOx is not formed at the metal interface,

silicidation is the most likely reaction to occur, especially in

the low O concentration region of area (1).

We note similar solid–solid reactions on many oxide-

supported metals. Examples include Cu on Al2O3,40 Au on

TiO2,41 or Fe on Al2O3.10 In the latter system, the SCSIs are

related to aluminate formation, where Fe–O–Al bonds form

at the Fe–Al2O3 interface.42,43 In all cases, these SCSIs have

similar effects on restructuring of thin metal films: they limit

the mobility of metal atoms and thus favor the formation of

more static, smaller nanoparticles with a narrow size

distribution.

To assess the mobility of OP nanoparticles, we studied

the stability of the metal–SiO2 interface after OP (1) by

doing significantly longer OP, up to 60 min and (2) by per-

forming RP after OP (C2H2:H2:Ar¼ 0:500:1000 SCCM).

For comparison, we carried out similar experiments on sam-

ples that had received RP. AFM analysis reveals no signifi-

cant changes in nanoparticle size or density on samples

previously subject to OP as process time increases [Figs.

4(a)–4(c)]. After OP, the 1 nm Ni film presents a nanopar-

ticle height of 9 nm [Fig. 4(a)], which increases only to 12

and 16 nm, after 15 min or 1 h OP posttreatment [Figs. 4(b)

and 4(c), respectively]. This compares to severe sintering

observed on any samples previously subjected to RP [Figs.

4(d)–4(f)]. The 1 nm Ni film shows a nanoparticle height of

14 nm after RP [Fig. 4(d)], which, after a longer RP of 15

and 60 min, increases to 24 and 46 nm [Figs. 4(e) and 4(f),

respectively]. Accordingly, the nanoparticle number density

decreases from (1.1 6 0.7)�1010 to (8.2 6 0.6)�109 cm�2

and then to (0.9 6 0.2)�109 cm�2. This set of experiments

shows that chemically anchoring metal nanoparticles limits

the surface diffusion and sintering of nanoparticles. Figure 5

shows schematically the OP and RP scenarios.

We next analyze how anchoring nanoparticles influen-

ces nanotube CVD. The results show that, despite oxidation

and chemical immobilization to SiO2, the more static OP

nanoparticles are still as catalytically active as those from

RP (Fig. 1). Metal oxide nanoparticles, however, require

activation by at least partial surface reduction, as catalyst

FIG. 3. [(a)–(c)] Schematic representations of possible metal silicate struc-

tures: metal cation incorporation into silicate framework, polymeric silicate,

and surface silicate, respectively. (d) Typical phase diagram of a ternary

M–O–Si system. (e) M–O–Si phase diagram for RP.

TABLE I. Species detected by XPS after RP or OP.

Species Peak position (eV)

Sample (film nm);

pretreatment

Ni 2p3/2

Ni (0): Ni 852.6 0.5, 1.0, 1.5; RP

Ni (II): NiO 854.2–854.3 0.5, 1.0, 1.5; OP, RP

Ni (III): Ni2O3 856.1–856.2 0.5, 1.0, 1.5; OP, RP

Ni (II): NiSiO3 856.7 0.5, 1.0; OP

O 1s

O2�: NiO 529.2–530.1 0.5, 1.0, 1.5; OP, RP

O2�: Ni2O3 531.0–531.3 0.5, 1.0, 1.5; OP, RP

O2�: NiSiO3 532.5 0.5, 1.0; OP

Co 2p3/2

Co (0): Co 778.2–778.6 0.5, 1.0, 1.5; RP

Co (II): CoO 780.4–780.6 0.5, 1.0, 1.5; OP, RP

Co (III): Co3O4 779.3–779.8 0.5, 1.0, 1.5; OP, RP

Co (II): Co2SiO4 781.5–781.9 0.5, 1.0; OP

O 1s

O2�: CoO 532.1–532.3 0.5, 1.0, 1.5; OP, RP

O2�: Co3O4 531.5–531.8 0.5, 1.0, 1.5; OP, RP

O2�: Co2SiO4 532.8 0.5, 1.0; OP

Fe 2p3/2

Fe (0): Fe 706.8–707.2 0.5, 1.0, 1.5; RP

Fe (II): FeO 708.5–709.2 0.5, 1.0, 1.5; OP, RP

Fe (III): Fe2O3 710.7–711.3 0.5, 1.0, 1.5; OP, RP

Fe (II): Fe2SiO4 712.4–712.5 0.5, 1.0; OP, RP

O 1s

O2�: FeO 529.6–529.8 0.5, 1.0, 1.5; OP, RP

O2�: Fe2O3 529.9–530.6 0.5, 1.0, 1.5; OP, RP

O2�: Fe2SiO4 532.1–532.6 0.5, 1.0; OP

044303-4 Esconjauregui et al. J. Appl. Phys. 109, 044303 (2011)
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nanoparticles are only active in their metallic state.10 In

order to determine the contribution of H2 to the activation of

OP nanoparticles, we exposed them to growth conditions

including C2H2 but not H2 (C2H2:H2:Ar¼ 10:0:1000 or

100:0:1000 SCCM). After a 15 min exposure, we only

observe very poor CNT nucleation for both conditions

(results not shown). Hence, we conclude that C2H2 is also ca-

pable of activating OP nanoparticles, but much less effec-

tively than H2. For this reason, we argue it is fundamental to

use a strong reducing agent (such H2 or NH3) as a carrier gas

in order to activate OP nanoparticles. The reactions of cata-

lyst reduction by H2 or C2H2 are, respectively: MxOyþ y
H2!xMþ yH2O and MxOyþ yC2H2!xMþ 2yCþ yH2O.

Both can take place simultaneously, though only the first is

the most effective for CNT nucleation. From the three eval-

uated metals, Ni is thermodynamically the most favorable to

be reduced at typical CNT CVD conditions.31 Nevertheless,

small fractions of metal oxides might still be present after

reduction. In situ TEM analysis of Ni during CNT CVD has

shown the presence of (111) lattice fringes assigned to Ni

atoms separated by 2.02 Å, but they might also be associated

with different Ni compounds such as Ni2O3(200).44

Although the physical/catalytic properties of pure metal and

metal oxides are different, we believe their presence in tiny

amounts may not significantly influence CNT growth, espe-

cially if present at the core of the nanoparticles. Therefore,

the global reaction for CNT growth is the same for both pre-

treatments: MþC2H2!MþCsolidþH2:.

On this basis, we argue that the variations in CNT mor-

phology and growth mode are only related to the induced

SCSIs. This can be explained by considering the twofold

function of the catalyst nanoparticles: They provide with an

active site for the decomposition of the carbon source (cata-

lytic activity itself) and simultaneously act as a template for

carbon precipitation and nanotube formation. The induced

SCSIs do not alter the catalytic activity of the nanoparticles,

but impact on their stability as templates for carbon precipi-

tation. OP nanoparticles have restricted mobility and there-

fore do not significantly sinter under pretreatment or growth

[Figs. 4(a)–4(c)]. Their density remains nearly constant

FIG. 4. AFM topography of SiO2-supported 1

nm Ni film receiving pretreatment at 750 �C in

atmospheric pressure for 5, 15, and 60 min, [(a)–

(c)] under oxidizing atmospheres and [(d)–(f)]

under reducing atmospheres, respectively.

FIG. 5. (Color online) Schematic representation of SiO2-supported metals

restructuring into nanoparticles under OP or RP and its influence on post-

treatment/CNT growth.
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during CNT nucleation and due to a crowding effect only nu-

cleate VACNTs. Moreover, since the nanoparticle size distri-

bution is narrow, all nanotubes should grow at similar rates,

as seen in Fig. 1(a). The anchoring effect also accounts for

base mode.

We also confirmed base growth for OP films by the in-

terrupted growth method.45 After OP, C2H2 flow is on for 1

min, stopped for 15 min, and then on for another 10 min.

During the 15 min interval we also decrease the temperature

form 700 to 550 �C. This creates a two-layer array of

VACNTs with different morphologies [Figs. 6(a) and 6(b)].

Straight VACNTs grow first (1 min growth at 700 �C) and

curly VACNTs afterwards (10 min growth at 550 �C) [Fig.

6(a)]. This confirms base growth and proves that the SCSIs

are overcome neither by CNT CVD, nor by the forces

exerted during the formation of the graphene layers as CNTs

nucleate and grow, as schematically depicted in Fig. 6(b).

Conversely, RP nanoparticles have higher mobility and

low adhesion on SiO2. This favors sintering during pretreat-

ment or growth and the formation of less-dense, larger nano-

particles. As a result, CNTs are seeded by different-sized

nanoparticles and grow at different rates. The “crowding

effect” cannot occur; hence no vertical alignment but only

entanglement is achieved. Because the catalyst easily loses

its contact with the support, this induces tip growth. We

repeated the experiments for base mode confirmation on RP

samples, but neither an increase in CNT length, nor in CNT

weight was observed (not shown here). This is in agreement

with tip growth observations; once the catalyst is encapsu-

lated, CNT growth does not recommence.46 The strong effect

of sintering is reflected in the CNT diameter distribution

(32.6 6 3.1 nm, for 1 nm Ni); in these experiments the sinter-

ing effect is dramatically enhanced by the use of a furnace

tube (hot wall CVD system) (Fig. 5).

IV. DISCUSSION

The OP results led us to examine previous reports of

CNT growth on SiO2 supports. SiO2 was widely used as sup-

port because it induces restructuring of thin metal films into

nanoparticles. However, there are conflicting growth results

for similar SiO2-supported catalysts and CVD conditions.

Although most groups have reported CNT entanglement for

Fe-coated SiO2, Liu et al.47 have observed VACNTs in so-

called “super-aligned CNT arrays.” These VACNTs only

grew when Fe was pretreated in Ar (inert environment), but

not in H2 (reducing environment). From our results on the

effects of oxygen, we suggest that O2 was present in the case

of Liu et al.,47 which modified the Fe–SiO2 interactions and

induced VACNT growth on SiO2. This is confirmed by fur-

ther experiments. We first measured the O concentration in

atmospheric and low-pressure CVD configurations, includ-

ing pure Ar or N2, Ar–H2, N2–H2, and Ar-H2–C2H2 environ-

ments and different heating conditions. We found that at

atmospheric pressure and temperatures above 600 �C, the O2

concentration is as high as �0.8% for any gas environment.

We also observed that the heating rate has a great effect.

Starting from room temperature and under constant flow of

1000 SCCM of Ar at atmospheric pressure, the O2 concen-

tration at 650 �C is �0.7% for heating rates over 50 �C min-1

and only �0.4% for heating rates are 10 �C min�1 or lower.

These differences result from the fact that flowing Ar can

remove higher (though not all) amounts of O2. Only ultra-

high vacuum systems (pressures <10�5 mbar) can offer

nearly O2-free environments (<0.1%).

Further to O2 concentration measurements, we repeated

the CNT CVD conditions of Liu et al. using Fe–SiO2 sam-

ples in our furnace tube. Under their inert conditions the O2

concentration was as high as 0.5% and high enough to

induce strong Fe–SiO2 interactions, as revealed by XPS [Fig.

7(a)]. The binding energy line of the Fe 2p3/2 core level of a

sample subject to inert pretreatment shows three components

with maxima at 709.0, 710.7, and 712.5 eV, respectively

associated to FeO, Fe2O3, and Fe2SiO4. Again neither silici-

dation, nor other alloying was verified. Because of the strong

Fe–SiO2 interactions, we also observed the growth of

“aligned CNT arrays” [Fig. 7(b)], as in Liu et al.47 When

using RP instead, we only observed entanglement (not

shown here). Based on these results, we argue that the resid-

ual O2 concentration is a key parameter for CNT CVD. Like-

wise, the chemical state of the catalyst–support interface

actually controls the growth of nanotube forests.

A number of other groups have studied the transition

from tip to root growth. Li et al.,11 Hofmann et al.,13 Wang

et al.,14 and Gohier et al.15 noted that root growth occurred

only for smaller diameter nanotubes. Dijon et al.12 used oxy-

gen plasma to nucleate nanotubes by root growth. We have

verified the underlying mechanism of the transition from tip

to root growth by XPS. Normally, the nanotube diameter is

similar to the catalyst diameter, and the catalyst diameter is

proportional to the initial catalyst film thickness. But the key

point is that the same initial thickness can give rise to much

larger nanoparticles on SiO2 support, unless subjected to a

pretreatment such as OP. Dijon et al.12 also claimed that cap

nucleation is easier for tip growth for larger catalyst

FIG. 6. (Color online) (a) SEM image of CNTs grown on OP films for 1

min at 700 �C by supplying C2H2, then stopped for 15 min, and restarted for

another 10 min at 550 �C. (b) Schematic of this growth process for OP films.

FIG. 7. (Color online) (a) XPS Fe 2p3/2 core level lines of SiO2-supported 1

nm Fe film subject to Ar pretreatment for 15 min at 670 �C and atmospheric

pressure. (b) CNTs grown on nanoparticles characterized in (a) by the addi-

tion of H2 and C2H2.
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nanoparticles, whereas only root growth nucleation is possi-

ble for nanoparticles under 6 nm in diameter. Indeed, root

growth nucleation is possible for very small diameters if the

cap surface energy includes the reduction due to the forma-

tion of fivefold rings.48 However, by properly anchoring the

nanoparticles to the support, it is possible to grow forests of

nanotubes whose diameters are much larger. For our experi-

mental conditions, our VACNTs have a diameter of

11.2 6 0.8 nm and six to nine walls.

V. CONCLUSIONS

This study shows that by inducing SCSIs it is possible to

limit the catalyst mobility on the support and switch the surface

growth of CNTs from entanglement (by tip growth) to con-

trolled vertical alignment (by base growth). From a fundamen-

tal point of view, these findings demonstrate that alignment

and growth mode can be manipulated, as other parameters do.

From an applied prospective, they open up the possibility of

expanding the choice of support materials yielding VACNTs

for a wider range of potential applications. We believe the

“customization” of the CSIs might be of interest for the growth

of other nanostructures requiring static catalysts.
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