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A B S T R A C T

Vapor phase growth of gold, nickel and titanium metal nanoparticles on multiwall carbon

nanotube (MWCNT) buckypaper by sputtering was investigated. The size and distribution

of nanoparticles was dependent on the intrinsic binding energy of the metal elements,

but could be altered to mimic that of metals with different binding energies by in situ mod-

ification of the MWCNT surfaces by energetic metal ions or annealing of the buckypaper. A

range of average gold particle diameters from approximately 5–30 nm could be produced

depending on the intrinsic sputter process parameters (especially metal ion flux and

kinetic energy) and defect density of the MWCNT surfaces, which could also be controlled

by annealing prior to sputtering. The diameter of the MWCNTs had a significant influence

on the geometry of the nanoparticles. Particles were elongated along the nanotube axis for

tube diameters <30 nm. Remarkably strong alignment of the particles along the nanotube

axis was observed, especially for MWCNTs with higher defect densities.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Nanoparticle-decorated carbon nanotubes (CNTs) have been

thoroughly investigated as chemical and biological sensors

[1,2], surfaces for heterogenous catalysis [3], photovoltaics

[4], tips for scanning probe microscopy [5,6] and conformal

thermal or electrical contact interface materials for electron-

ics [7–9]. The particle morphology on the CNT sidewalls

strongly affects the properties and performance of metal–

nanotube composites for such applications. Often nanoparti-

cles are deposited by electrochemical methods, which gener-

ally require time consuming treatments with strong acid for

surface defect production, which can result in a compromise

of the intrinsic mechanical or transport properties of the

CNTs, inhibiting their multifunctionality [10]. Also, the elec-
er Ltd. All rights reserved
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trodeposition process is characterized by multiple parameters

that are challenging to control or scale up. Moreover, electro-

deposited films on CNT arrays often have high stresses,

resulting in cracking on film surface [11].

We have examined physical vapor deposition techniques

as scalable alternatives to electrochemical treatment for

growth of metal nanoparticles on the sidewalls of multi-wall

carbon nanotubes (MWCNTs) to further enable their use in

applications such as those described above. Reports of nano-

particle growth on nanotubes from thermally evaporated

materials were made as early as 2000, where Zhang et al.

showed morphologies of different metals on single wall CNTs

and discussed some aspects of metal nucleation and growth

kinetics specific to the CNT substrate [12]. A recent experi-

mental study by Scarselli et al. further highlighted the ther-
.
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modynamics of metal–nanotube interfaces dictating particle

size and morphology [13]. Their work employed thermal

evaporation of different metals for nanoparticle growth, with

observed changes in particle size (but not density) with depo-

sition time. Other studies of thermally evaporated nanoparti-

cles on nanotubes reported a weak size and areal density

dependence on exposure time to metal vapor, growth temper-

ature, or rf plasma pretreatment [14–16]. Prior studies

employing sputtered noble metal films on nanotube arrays

[7,11,17] identified island growth, followed by subsequent

coalescence as the mechanism of growth, but focused on per-

formance of the metallized arrays rather than processing-

structure relationships. Collectively, results from the studies

mentioned above indicate that the morphology of evaporated

metal particles or films on individual CNTs is less dependent

on process parameters than on the intrinsic properties of the

metals themselves, such as their surface energy, cohesion en-

ergy, or self-diffusion activation energy, relative to the same

respective values for the CNTs. Consideration of kinetic and

thermodynamic models of nucleation and growth, discussed

in review articles, such as Venables et al. [18] can provide in-

sight on vapor phase process variables (some of which may

not be accessible in thermal evaporation, such as ion fluxes)

that can be used to alter metal nanoparticle size, shape and

areal density. The Volmer–Weber model generally applies to

metal particle growth on graphite where metal atoms are

more strongly bound to each other than to the substrate. Dur-

ing Volmer–Weber growth, adatoms with sufficient kinetic en-

ergy move along the substrate surface during their lifetime to

form clusters, which then act as condensation centers for

other atoms. The clusters initially develop with an increase

in free energy until a critical size is reached, then growth pro-

ceeds with decreasing free energy. Clusters larger than the

critical size become stable, while smaller clusters remain

unstable until they accumulate the necessary number of

atoms. The effect of the metal cohesion energy of the depos-

ited material on the density of nuclei is considered in the Wal-

ton relation [19]:

no

No
¼ n1

No

� �jX
m

CjðmÞeðbEjðmÞÞ where b ¼ 1
jT

ð1Þ

where the number of viable nuclei (no) of critical size or larger

is given in terms of the growth temperature (T) and cohesive

energy for the metal atom with atoms of like kind (Ej). In Eq.

(1), No is the number of adsorption sites, k is the Boltzmann

constant, m is the type of cluster (identified by crystallo-

graphic orientation), Cj(m) is a statistical weight for each clus-

ter, and n1 is the number of clusters containing only one

atom. This dependence of no on Ej results from the change

in an incident atom’s potential energy as it is reduced by a va-

lue equivalent to that of the cohesive energy when that atom

is integrated into an established film nucleus. It has been

shown on diverse substrates that elemental metals with high-

er cohesive energies of 5–7 eV (such as titanium or nickel)

demonstrate higher nucleation densities than metals with

lower cohesive energies of �3 eV, such as gold, due to the

magnitude of this reduction in energy [20]. Naturally, the sur-

face energy (energy required to produce a new surface in a

collection of like atoms) scales with cohesive energy, and also

has a strong effect on metal morphology, as does diffusion
activation energy. Comparison of the metal–graphene interfa-

cial energy to the surface energy of the metal dictates its wet-

ting behavior; if the interfacial energy is comparable to the

surface energy, the metal will avoid contact with the sub-

strate and form an isolated island to minimize interfacial en-

ergy. Significantly lower interfacial energy values will drive

the metal to spread on the surface—for example, He et al. re-

ported negative values of calculated interfacial energies for

the (100) orientation of Ti grown on the 002 graphite surface,

resulting in uniform dispersal of Ti atoms as if they were ap-

plied to a Ti surface [20]. Based on this analysis, one would ex-

pect a lower areal density of larger metal particles to evolve

for metals with low binding energies and high diffusion rates.

This is consistent with the reports mentioned above for ther-

mally evaporated gold, while titanium and nickel are charac-

terized by more conformal, layer-like thin film growth.

As mentioned above, the cohesion energy of the metal is

related to its surface energy and the interfacial energy of

the metal nanoparticle with CNT substrates. While the intrin-

sic properties of the desired metal cannot be altered, the sur-

face energy of the nanotube substrate can, which is the

purpose of acid or plasma pretreatment prior to nanoparticle

growth. The relationship between defect density and nano-

particle density can be understood using thermodynamic

considerations. After Venables et al. [18], a viable 3-D nuclei

(a similar argument can also be made for 2-D nuclei) with

the critical number of atoms (j) has a free energy (DG(j)) that

can be described by:

DGðjÞ ¼ �jDlþ j2=3X ð2Þ

where Dl is the change in chemical potential (which in-

creases with the magnitude of the atomic metal vapor flux

to substrate) and X is related to the surface energy at the me-

tal–substrate interface:

X ¼ Cmcm þ Cmsðcms � csÞ ð3Þ

where C is related to the metal–CNT contact area and c is the

surface energy of the metal (m), substrate (s) or interface (ms).

By differentiating the free energy equation, the cluster size

with the maximum free energy (i, or critical cluster size) is

found to be related to the free energy term, X:

i ¼ 2X
3Dl

� �3

ð4Þ

If the surface energy of the substrate (cs) can be increased

(reducing the value of X) by increasing the defect density, the

critical cluster size is reduced. Therefore, it is expected that

nanoparticle size and density can be altered by introducing

defects on the CNT surface.

In this work, effects of particle growth temperature and

time on metal nanoparticle density and morphology were

investigated for metals selected to represent a broad range

of cohesive energies. Parameters to alter morphology for a gi-

ven metal with a fixed cohesive energy, such as nanotube

diameter (i.e., curvature) and CNT defect densities were

investigated. Also, the energy distributions of incident metal

ions and atoms were measured to evaluate their effects on

nanoparticle diameter and density, as the energy of incident

species was more than adequate to induce formation of de-

fects in nanotube sidewalls, reducing the interfacial energy

as discussed above.
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Investigations were conducted on buckypaper substrates,

made of an extruded sheet of multiwall carbon nanotubes

with their growth axes generally coplanar, but rotated in

essentially random directions. These substrates were espe-

cially useful for studying effects of curvature on metal nucle-

ation and growth as they were composed of MWCNTs with a

range of different diameters from �10 to 50 nm, providing the

means for a simple, combinatorial study relating curvature to

metal particle morphology. Characteristics of particles grown

on as received buckypaper substrates were compared to those

measured on highly oriented pyrolytic graphite (HOPG) and

annealed buckypaper to further evaluate effects of curvature

and defect density.

2. Experimental details

All nanoparticle growth experiments were conducted in an

ultra high vacuum (base pressure <5 · 10�9 Torr) processing

chamber. A direct current (dc) power supply was used for

sputtering metal from 3.0 cm, >99.99% pure elemental targets

with power of 10–20 W in 10 mTorr ultra high purity argon. A

deposition rate of approximately 1 Å s�1 was measured for all

metals using a combination of profilometry measurements

coupled with high resolution scanning electron microscopy

(SEM) observations of thin film cross sections of samples

deposited simultaneously on silicon wafers alongside

MWCNT buckypaper substrates. Samples were mounted to

an Inconel plate which was heated to the desired temperature

by a thermionic filament aimed at the backside of the metal

plate. The surface temperature was actively controlled via

feedback from a calibrated pyrometer. To examine effects of

ion flux on metal morphology, a high power impulse magne-

tron sputtering (HiPIMS) power supply was also used to apply

multi-kilowatt pulses to the sputtering targets, but with the

duty factor adjusted to provide the same average power as

the dc magnetron sputtering process. The metal ion and atom

energy distributions at the electrically grounded substrate

were measured with a Hiden Analytical Ltd. electrostatic

quadrupole plasma (EQP) analyzer, which relies on a 45� field

sector analyzer for energy distribution measurement of ions

of a particular mass when used in-line with a quadrupole

spectrometer. Data was collected during magnetron sputter-

ing of gold with dc and HiPIMS power supplies. The acquisi-

tion time was 200 ls for each energy increment of 0.1 eV,

allowing time-averaged collection over approximately 12

pulses for each data point. Substrates were 1 · 1 · 0.001 cm

foils cut from the same buckypaper sheet. Additional tests

were conducted on Grade 1 highly oriented pyrolitic graphite

(HOPG) from SPI Inc. A Sirion high resolution (SEM) was used

to observe nanoparticle morphology at high magnifications

on all substrates. Analysis of electron micrographs allowed

for measurement of particle size as well as areal density

and morphology. To measure average particle sizes, micro-

graphs were enlarged to enhance visibility of particles sized

close to the resolution limit of the microscope and counted

along 250 nm lengths MWCNTs with no less than five differ-

ent diameters. A sample of buckypaper was annealed at

2500 �C for 4 h to alter the defect density, as measured by Ra-

man spectroscopy. Transmission electron micrographs of the
annealed nanotubes were compared to those in the as-re-

ceived condition. Nanoparticles were grown simultaneously

on annealed and unannealed buckypaper to evaluate effects

of CNT defect density on nanoparticle nucleation.

3. Results

Fig. 1 shows the morphology and distribution of (a–c) gold, (d–

f) nickel and (g–i) titanium nanoparticles on MWCNTs com-

prising the as-received buckypaper substrate. The average

particle diameter increased with the deposition temperature

for all metals, and decreased with reported cohesive energies

associated with nanoparticle elemental composition as dis-

cussed above. The particles were relatively large for gold (up

to �24 nm), while titanium particles showed diameters of less

than 5 nm and were difficult to resolve with the SEM for all

processing temperatures. The areal density of particles on

CNT sidewalls (Fig. 2) was related to the metal itself, as well

as the processing temperature, with the gold particle density

dropping nearly a factor of 10 when the temperature was in-

creased from 150 to 300 �C. Gold and nickel nanoparticles

demonstrated a clear geometry dependence on nanotube

diameter, where particles were generally elongated parallel

to the CNT axis. Fig. 3 indicates that the density of elongated

gold particles increases with decreasing nanotube diameters

by showing a count of particles along an arbitrary axial length

of a nanotube of the specified diameter for the sample pro-

cessed at 300 �C. For tubes of >30 nm diameter, the particles

are equiaxed or elongated in axial or radial directions with

essentially equivalent frequency. A better understanding of

substrate curvature effects on metal morphology was desired.

A 50 nm thick gold film was grown on a buckypaper and

atomically flat sample of HOPG using dc sputtering at 25 �C.

Particles were �2· larger in diameter for the HOPG samples

(�15 nm compared to 30 nm for the HOPG) as shown in Fig. 4.

At least two characteristics differentiate HOPG from the

nanotubes: the curvature and the nature and density of the

surface defects present. To better understand the role of de-

fects on nanoparticle diameter and areal density, a sample

of buckypaper was annealed in argon at 2500 �C for 4 h to re-

duce its defect density. Raman spectra and transmission elec-

tron micrographs of the as-received (b) and annealed (c)

buckypaper samples are shown in Fig. 5. The Raman data

were normalized to the 2D peak intensity. The reduction in

D to G peak intensity ratio (0.05 for annealed compared to

0.28 for as-received), coupled with the increased sidewall

alignment apparent in Fig. 5c indicate that annealing effec-

tively reduced defect density.

The energy distributions of Au+ ions measured at the sub-

strate location with the energy analyzer/mass spectrometer

for the two different magnetron sputtering processes (dc

and HiPIMS) are shown in Fig. 6. Characterization of the dc

magnetron sputtering discharge, with identical conditions

used to process the samples shown in Fig. 1a–c, is shown in

Fig. 6a. The intensity of the ion energy distribution is directly

proportional to the flux of ions arriving at the substrate dur-

ing nanoparticle growth. The ion flux is relatively low for

the dc process, and the maximum detected ion energy was

5 eV. Fig. 6b shows the kinetic energy distributions of Au+ ions



Fig. 1 – Scanning electron micrographs of buckypaper decorated with (a–c) gold, (d–f) nickel, and (g–i) titanium nanoparticles.

The temperature of the buckypaper during nanoparticle growth in indicated for each micrograph.

Fig. 3 – The number of particles elongated in the axial (black

squares) or radial (red circles) directions along a length of

approximately 250 nm along nanotubes of the specified

diameter. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of

this article.)

Fig. 2 – The areal density of clusters for each metal at the

specified temperature.
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arriving at the substrate when immersed in a magnetron

sputtering discharge generated with high power pulses (HiP-

MS) applied to the sputtering cathode at very low duty factor.

The Au+ ion flux is approximately 104· higher and the maxi-



Fig. 4 – Differences in nanoparticle morphology for gold

grown simultaneously on buckypaper and HOPG samples.
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mum ion energy was approximately 15 eV. Nanoparticles

were grown on the same samples characterized in Fig. 4 for

both dc and HiPIMS processes. Fig. 7a shows gold nanoparti-

cles grown with dc magnetron power on the annealed bucky-

paper substrate. The particle growth conditions were

equivalent to those used to generate Fig. 1b, with the sub-

strate at 150 �C and a nominal thickness of 3 nm. Comparison

of Fig. 7a to Fig. 1b reveals that annealing results in slightly

larger mean particle sizes (�30 nm compared to �20 nm).

Fig. 7b shows annealed buckypaper decorated with nanopar-

ticles grown with the HIPIMS process at 150 �C. The average
(b)

(a)

Fig. 5 – Raman spectra (a) and accompanying transmission elec

buckypaper.
particle size is reduced to approximately 12 nm. When the

particles are grown on the as-received buckypaper using the

HIPIMS process at 150 �C (Fig. 7c) the particles are smaller

(4 nm on average), and highly ordered along the CNT axis.

The particles deposited during HIPMS processing are much

less likely to show elongation along the axis than those grown

using lower energy, DC sputtering. Occasionally, hexagonal

patterns for the nanoparticles are clearly observed (two

examples are marked on Fig. 7c). More often, partial hexagons

with one or more elongated vertices are present on CNT side-

wall surfaces. Fig. 7 also shows the Raman spectra of the gold

nanoparticle decorated buckypaper samples. The D/G peak

intensity ratio increases from left to right. DC sputtering on

annealed buckypaper restored the D/G intensity ratio to

approximately that of the as-received substrate.
4. Discussion

The shape, diameter and distribution of the nanoparticles dif-

fered for each metal, even when processing conditions and

substrates were identical (Fig. 1). Qualitative agreement with

models for nucleation density and growth kinetics was ob-

served, where particle density increased with the cohesion

energy of the metal, and particle size decreased. The drop

in nanoparticle density was more pronounced for gold than

for the other metals, with a significant drop at 300 �C, sug-

gesting a different mechanism of particle coarsening. This

was likely Ostwald ripening, due to the higher mobility of

the gold clusters.
(c)

tron micrographs for (b) as-received and (c) annealed



(a) (b) (c)

Fig. 7 – Scanning electron micrographs and accompanying Raman spectra for (a) annealed buckypaper with dc nanoparticle

growth, (b) annealed buckypaper with HiPIMS growth, and (c) as-received buckypaper with HiPIMS growth. The D/G intensity

ratios suggest decreasing particle size with increasing CNT defect density.

(a) (b)

Fig. 6 – Au+ ion energy distributions measured for (a) dc and (b) HiPIMS processing conditions.
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Theoretical concepts related to the observed elongation of

the particles along the CNT axis for smaller diameter tubes

have been discussed in the literature, and a review of prior

studies on thermally evaporated gold particles seem to indi-

cate similar morphologies, with axial elongation [12,13,15].

The molecular dynamics simulation results of Shu and Gong

[21], which are also insightfully discussed by Wu et al. [22], re-

ported that diffusion paths and barriers were strongly curva-

ture (and chirality) dependent. They reported that atoms

adsorbed on the exterior of armchair nanotubes should dem-

onstrate weaker barriers to axial diffusion compared to radial

diffusion, and related the behavior induced by positive curva-

ture of the nanotube sidewall exterior to that shown for par-

ticles diffusing on surfaces under tensile strain. Subsequent

studies based on density functional calculations by Gulseren

et al. [23] relate curvature to the binding energy of foreign

atoms in terms of changes in band structure (with a R�1

dependence), resulting in decreased mobility of adsorbed

atoms during nanoparticle growth.
The activation energy for gold diffusion on nanotube side-

walls is estimated to be on the order of 0.2 eV. The lack of

elongation observed for HIPIMS deposited particles (Fig. 7) is

likely due to the large incident ion kinetic energy, as shown

in Fig. 7b, where a large fraction of adsorbed atoms have more

than enough energy to overcome the barriers associated with

radial diffusion, thereby having no effect on particle morphol-

ogy. The Raman spectra in Fig. 5 suggest higher metal ion

fluxes and energy incident on the CNTs created defects in

the substrate during nanoparticle growth, increasing the

nanoparticle density as discussed in Section 1. There are con-

flicting reports on the relationship between D/G peak inten-

sity ratios and defect densities. For example, Ref. [24] states

that no relationship exists while Ref. [25] (cited in Ref. [24])

concludes that the D/G ratio is a reliable indicator of defect

densities. The nucleation and growth phenomena we ob-

served in this work are consistent with the increased defect

densities presumably correlated to the D/G ratios we

measured.
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While the nanoparticles grown via sputtering demonstrate

some morphological similarities to thermally evaporated par-

ticles, their axial alignment is one remarkable difference. Un-

like thermal evaporation, energetic atoms deposited on CNT

sidewalls by HIPIMS demonstrate sufficient mobilities to mi-

grate to energetically favorable substrate sites. For the case

of gold, this site is reported to be above the carbon atoms

forming the vertices marked by the carbon atoms constituting

the nanotube [26]. Based on the hexagonal patterns called out

in Fig. 7c, it is assumed that alignment results from preferen-

tial cluster formation at point defects sites related atomic

positions of the carbon atoms comprising the outer nanotube.

Of course, the spacing between each hexagon comprising the

nanotubes is much less than the mean particle spacing along

the axis, however, study of the micrograph in Fig. 7c shows a

few near ‘‘perfect’’ hexagons, and many with one or two ver-

tices slightly misplaced, confounding the hexagonal symme-

try, and hinting at the nature of particle alignment. It also

may be possible to identify the chirality of the nanotubes

based on the pattern of these metal nanoparticles by interpre-

tation of the ‘‘twist’’ they demonstrate, which can be seen in

the two decorated MWNTs with highlighted hexagons in

Fig. 7c.

Finally, comparison of particle morphologies and areal

densities in Fig. 7 suggests that the intrinsic limitations of

metal nanoparticle morphologies on CNTs can be overcome

by altering the CNT surface energy during nanoparticle depo-

sition with the HiPIMS process. That is, as the particle sizes

decrease and areal density increases, gold particles start to

look more like titanium nanoparticles on the CNTs. The im-

pact of sidewall defect densities, which are necessary to in-

duce changes in particle characteristics, on the thermal and

electrical properties of CNT–metal composite materials will

be investigated in subsequent work.

5. Conclusions

Control of the areal density, diameter and morphology of me-

tal nanoparticles grown on as-received and annealed multi-

walled carbon nanotube sidewalls by sputtering was

demonstrated for gold, nickel and titanium. Different metals

were shown to have intrinsically different morphologies

depending on their cohesion energy. Metals with larger cohe-

sive energies exhibited a higher nanoparticle density and

smaller particle diameters. Particle characteristics could be

altered with temperature, total incident ion flux during pro-

cessing, or by initial CNT diameters. Consistent with kinetic

theory of nucleation and growth, higher nanoparticle growth

temperatures increased diameter and reduced particle densi-

ties. Higher metal ion fluxes and energy incident on the CNTs

created defects in the substrate during nanoparticle growth,

increasing nanoparticle density. Curvature in the substrate al-

tered the morphology of the nanoparticles, with higher densi-

ties of elongated gold particles growing on multiwalled

nanotubes with a diameter of 30 nm or less. Unlike thermal

evaporation, atoms deposited on CNT sidewalls by sputtering

demonstrate sufficient mobilities to migrate to high energy

defect sites, resulting in nanoparticle alignment along nano-

tube sidewalls. The extent of this alignment is reduced when

the nanotubes are annealed. The process used to grow the
nanoparticles is easily scalable to large arrays of CNTs, and

will be explored for adding multifunctionality to CNT-based

composites.
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