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Electroless deposition
pper) nanoparticles as a function of deposition time was examined in electroless
deposition of metal on multi-walled carbon nanotubes (MWCNTs). Silver (or copper) deposited MWCNTs
were prepared using successively, surface oxidation, tin-palladium activation, hydrochloric acid-acceleration,
and ELD of silver (or copper). The results show that nanoparticles of face-centered cubic silver (or copper)
were deposited initially on the interior surface of a MWCNT (~50 nm in inner diameter) but later on its
exterior surface. The percentage silver (or copper) in the coated MWCNTs increased from 7.0 (6.7) to 28.2
(25.5) wt.% by weight for a deposition time ranging from 3 to 10 min. The average diameter of silver (copper)
nanoparticles increased from 1.3 (1.1) to 2.6 (2.3) nm, while the surface area and pore volume decreased from
261 to 144 (81) m2/g and from 1.02 to 0.38 (0.27) cm3/g, respectively. However, there was no silver deposition
on the interior surface of a thin-MWCNT (~5 nm in inner diameter) observed because the capillarity
decreases with decreasing tube diameter.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Multi-walled carbon nanotube (MWCNT) is an ideal raw material
for various applications owing to its outstanding properties [1]. Its
high length:diameter ratio, strength, flexibility [2], unique conductiv-
ity [3], and other properties have led many to envision its application
in areas like reinforced polymer composites [4] and nanosized
electronic devices. Metal particle-supported MWCNTs are expected
to be potential future materials [5–7] for hydrogenation catalysis or as
materials in fuel cells, Li-ion batteries, supercapacitors, magnetic
recording, reinforcements or for microwave absorption [5,8,9].
Various metal nanoparticles have been reported recently, such as Cu
[9,10], Ni [11], Pt [12,13], and Au [3,13,14]. Previous approaches to
functionalizing of MWCNTs with metal nanoparticles [15–19] include
physical evaporation, attachment after the oxidation of nanotubes,
ering, Yonsei University, Seoul
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solid state reaction with metal salts at elevated temperatures, and
electroless deposition (ELD) from salt solutions using reducing agents
or catalyst [15,20,21].

ELD is of particular interest because its simplicity can facilitate the
large-scale production of nanotube-nanoparticle hybrids [4,7,22]. The
ELD technique is particularly appealing because of its low cost,
inherent selectivity and ability to deposit high quality films on very
thin seed layers [23]. Thus far experimental studies have focused
mainly on final or fully-metal depositedMWCNTs and their specialized
applications. However,morphology of nanoparticleswith process time
or other factors (e.g. kinetics of the deposition process) has not been
examined. The detailed structure and location of metal nanoparticles
along a nanotube play an important role in determining the final
assembled structure and its performance [24]. Therefore, studies on
the morphology of metallic nanoparticles as a function of deposition
time during the ELD process are needed in order to gain better
understanding of the metal deposition of MWCNTs.

In this paper, silver (or copper) deposited MWCNTs were prepared
using successively, surface oxidation (nitric acid-treatment), Sn–Pd
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activation, hydrochloric acid-acceleration, and ELD of silver (or
copper). High resolution transmission electron microscopy (HRTEM),
energy dispersive X-ray spectroscopy (EDX) and X-ray diffraction
(XRD) were used to characterize the morphology and structure of the
coated MWCNTs. The textural properties of the MWCNTs during the
ELD process were examined using the Brunauer, Emmett, and Teller
(BET) method [25].

2. Experimental

MWCNTs synthesized by a Korean company (Nanokarbon Co., Ltd.)
were used for experiments. The mean inner diameter and length of
the MWCNTs were ~50 nm and 20 μm, respectively. Fig. 1a shows the
experimental procedure for silver (or copper) ELD onto the MWCNTs.
Due to the strongly hydrophobic nature ofMWCNTs, it was essential to
activate their surfaces prior to the ELD process for bonding metal
particles to them [26]. The cleaning and surface modification of
the MWCNTs were carried out using a nitric acid (16 M) solution to
Fig. 1. (a) Processes for metallization. (b)
produce adequate interface strength between the nanotubes and
metals. The acid treatment was reported to produce –COOH, –OH, –
CfO and other oxygen-containing functional groups [27] on the
surfaces of the MWCNTs [18,27–31]. Then the Sn–Pd activation of the
acid-treatedMWCNTs was carried out as proposed by Ang et al. [10,11]
to catalyze the surfaces of the MWCNTs and initiate the subsequent
ELD of silver (or copper). The MWCNTs were stirred in a solution
containing a mixture of 60 mL Sn–Pd colloid (28 mL of 0.5 M SnCl2,
28 mL of 0.025 M PdCl2, and 4 mL of 1 M HCl). In the Sn–Pd activation,
the catalysts were believed to be Sn–Pd alloy [11] nuclei surrounded
by a stabilizing layer of adsorbed Sn(+2) species (Tin chloride, oxide
and hydroxide). The acceleration step (using 1 M of HCl) was used to
remove the stabilizing layer of Sn(+2) species, which surrounds the
Sn–Pd colloid particles andmakes free their surface. After thewashing
step with 100 mL deionized (DI) water, the metallic Pd of the particles
so-naked was then used to catalyze the ELD process, the silver
(copper) ELD solution being in a metastable state. The metallic Pd
on the surfaces of the MWCNTs would reduce silver (copper) ions
Schematic of the microfiltration unit.
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to silver (copper) atoms, where silver (copper) was further formed
homogeneously (autocatalytic process). All processes including
the HNO3-treatment, Sn–Pd activation, and HCl acceleration, and
ELD were performed in a 200 mL microfiltration unit, as shown in
Fig. 1b. Each process time was determined by controlling the suction
rate of the vacuum pump. The process times for the HNO3-treatment,
Sn–Pd activation, and HCl-acceleration steps were 5, 6, and 3 min,
respectively.

After carrying out the pre-treatment processes, the MWCNTs
were immersed into a solution for the ELD of silver (or copper). The
silver ELD solution was a mixture of solutions A and B at a 1:1 (v/v)
ratio [32]. Solution A contained 2 g of AgNO3, 60 g of disodium
ethylenediamine-tetraacetate (Na2-EDTA), 88 mL of isopropyl alcohol,
12 mL of acetic acid and 400mL of NH3·H2O in 1 L of DI water. Solution
B contained 3 mL of hydrazine, 2 mL of mercerine and 400 mL of ethyl
alcohol in 1 L of DI water. The copper ELD solution was a mixture of
solutions C and D at a 10:1 (v/v) ratio [33]. Solution C contained 3 g of
CuSO4, 14 g of sodium potassium tartrate (Rochelle salt), and 4 g of
NaOH in 100 mL of DI water. Solution D was an aqueous formaldehyde
solution (37.2 wt.%). The pre-treated MWCNTs were immersed
into the mixture of solutions A and B (or solutions C and D) for 3–
10 min to allow silver (or copper) particles to deposit on the MWCNTs.
A microfiltration was performed through a polytetrafluoroethylene
(PTFE) membrane (Milipore, 0.22 μm pore size). Mechanical agitation
during each process enhanced the dispersion of MWCNTs in each
solution. All the above processes were operated at 20 °C. Finally, the
silver (or copper) coated MWCNTs were washed three times in DI
water and dried at 70 °C for 24 h.

A drop of a solvent containing the MWCNTs was placed onto carbon
coated copper grids. The morphology of the MWCNTs was analyzed
by transmission electron microscopy (TEM, JEM-2010) operated at
200 kV, HRTEM (JEM-3010) operated at 300 kV, and EDX (Oxford)
operated at 15 kV. The size distributions of themetallic silver (or copper)
were obtained by measuring the diameter Di of each particle from four
Fig. 2.Morphological and chemical analyses of MWCNTs. (a) HRTEM image of nitric acid-trea
image of silver coated MWCNTs (for 3 min). (d) HRTEM image of silver coated MWCNTs
distribution of silver particles on MWCNTs from the HRTEM image. (g) EDX spectrum of sil
micrographs on different parts of the grid (magnification of 160,000).
Depending on the experimental condition, the number of particles
measured, n, ranged from 50 to 400. The standard deviation, σ, was
calculated from the following equation:

σ ¼ ∑ Di−Dð Þ2
h i

= n−1½ �
n o1=2

ð1Þ

where D is the average diameter.
XRD of the coated MWCNT was carried out using a Rigaku RINT-

2100 diffractometer equippedwith a nickel thin film attachment using
Cu-Kα radiation (40 kV, 40 mA) having 0.15418 nm wavelength. The
2θ angles ranged from 10 to 90° with a speed of 4°/min by step
scanning at an interval of 0.08°. The average crystallite size of the
metallic silver (or copper) was calculated from the (111) diffraction
peak. It is known that the decrease in width of a XRD peak shows the
increase in size of the investigated crystal. The average crystallite size
(t) is given as follows by the Scherrer formula [34],

t ¼ 0:9λ= FWHMð Þcosθ ð2Þ

where λ is the wavelength of the X-rays, FWHM is the full width at half
maximum reflection height (radians), and θ is the diffraction angle. The
nitrogen adsorption isotherms of the MWCNTs were measured using a
porosimeter (ASAP 2010, Micromeritics Ins. Corp., US) at 77.4 K at a
relative pressure ranging from10−6 to 1. Highpurity (99.9999%) nitrogen
was used. All the sampleswere out-gassed at 573 K for two hours before
each measurement. The specific surface area was determined using the
BETequation [25]. The total pore volumewas estimated based on theN2

volumeadsorbed at a relative saturationpressure (~0.996). Thepore size
distributionwasdeterminedusing theBarrett, Joyner, andHalenda (BJH)
method [35], which uses the area of the pore walls, and it employs the
Kelvin equation to determine the correlation between the relative N2

pressure in equilibrium and a porous solid with a pore size suitable for
capillary condensation to occur.
tedMWCNTs. (b) HRTEM image of Sn–Pd activated and accelerated MWCNTs. (c) HRTEM
(for 5 min). (e) HRTEM image of silver coated MWCNTs (for 10 min). (f) Particle size
ver deposited MWCNTs (for 5 min).



Fig. 4. Adsorption isotherms of silver coated MWCNTs.
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3. Results and discussion

3.1. Silver ELD on MWCNTs

Fig. 2a shows a HRTEM image of the acid-treated MWCNTs. Cracks
in the image were generated on the MWCNTs due to acid attack (see
arrows). Fig. 2b shows a HRTEM image of theMWCNTs after theywere
subjected to the activation and acceleration steps. Palladium particles
(seen as tiny black spots in Fig. 2b) were not densely distributed over
the tube-surfaces but were localized at various points along the tube,
as discussed by Ang et al. [10]. These catalytic Pd particles weremainly
0.8 nm in diameter while particles larger than 0.8 nm were detected
occasionally. Fig. 2c shows a HRTEM image of the MWCNTs after silver
ELD for 3min. At this stage, metallic silver, which appears as regions of
darker contrast in the image, was deposited selectively on the interior
surfaces of the MWCNTs due to the presence of concentrated chemical
species, such as functional groups, Sn–Pd catalysts, silver ions and
reductants on the interior surfaces. Capillary suction [36–38] might
help the chemical species concentrated onto the interior surfaces of
the MWCNTs. At the acid-treatment step, the interior surfaces of the
MWCNTs might be effectively attacked by the acid allowing the
formation of functional groups on the interior surfaces. In the
subsequent Sn–Pd activation step, colloidal Sn–Pd species were also
induced on the interior surfaces by capillary suction and then attached
to the functional groups by adsorption [39]. When the ELD time was
5 min, metallic silver was deposited in both the interior and exterior
surfaces of the MWCNTs, as shown in Fig. 2d. When the ELD time was
extended to 10 min (Fig. 2e), the silver deposition layer grew laterally
and vertically, completely covering the MWCNTs. For ELD of 5 and
10 min, the mean outer diameters of the coated MWCNTs were ~85
and ~105 nm, respectively. A closer examination of morphology of
metallic silver on the exterior surface of the MWCNT (inset of Fig. 2f)
revealed them to be agglomerates. According to image analyses, Fig. 2f
shows that the average diameters of the metallic silver after ELD for 3,
5, and 10 minwere 1.3±0.21, 1.9±0.33, and 2.6±0.34 nm, respectively.
Fig. 2g shows the EDX spectrum for the silver deposited MWCNTs
corresponding to Fig. 2d. The profile shows peaks for silver along with
peaks for carbon and iron. The iron originated from commercial
MWCNTs because iron had been used as the catalyst to synthesize the
MWCNTs. The observed oxygen peak might have originated from the
pre-treatment of the MWCNTs before silver ELD. Tin peaks were also
detected; they are due to the Sn–Pd activation process. Although
palladium was not detected by EDX, inductively coupled plasma
Fig. 3. XRD patterns of silver coated MWCNTs.
atomic emission spectroscopy (ICP-AES) analyses indicated a palla-
dium concentration of approximately 640 ppm, which was below the
EDX detection limit. The silver-to-carbon fraction increased from 7.00
to 28.20% in mass (1.37 to 5.98% in atom) when the ELD time was
increased from 3 to 10 min. Each mass ratio was measured using EDX
with a mapping mode for lower magnitude image (×1000) than those
in Fig. 2. The mass ratios were calibrated by blank data from pristine
TEM grid as a reference. An exact value of the mass ratios was checked
by inductively coupled plasma-atomic emission spectroscopy (ICP-
AES, Elan 6000, Perkin-Elmer, US) and compared to EDX quantified
results. The EDX results had ±7.4% error.

Fig. 3 shows the XRD patterns highlighting the major diffraction
peaks of the metallic silver. All XRD peaks were indexed to the silver
face-centered-cubic (fcc) phase based on the joint committee on
powder diffraction standards (JCPDS) data. The peaks at 38.2, 44.3,
64.5, and 77.4° 2θ were assigned to the (111), (200), (220), and (311)
planes of the fcc phase of silver. The peak intensities increased with
increasing ELD time, which suggests that the metallic silver area
increasedwith increasing ELD time. The average crystallite sizes of the
metallic silver calculated using the Scherrer formula were 0.9±0.09,
1.1±0.20, and 1.8±0.19 nm for an ELD time of 3, 5, and 10 min,
respectively. The calculated sizes were smaller than those obtained
from the HRTEM observations (1.3±0.21, 1.9±0.33, and 2.6±0.34 nm
for 3, 5, and 10 min of ELD, respectively). However, these approximate
values are comparable to the mean silver sizes calculated by HRTEM
image analyses. As the Scherrer formula always tends to under-
estimate the real crystallite size [40], these results seem to favor the
hypothesis of the monocrystallinity of the metallic silver.
Table 1
Textural properties of silver coated MWCNTs

Items
samples

Total Microporous Mesoporous APDc (Å)

SAa

(m2/g)
PVb

(cm3/g)
SA
(m2/g)

PV
(cm3/g)

SA
(m2/g)

PV
(cm3/g)

Acid-treated 261±23 1.02±0.08 61 0.16 200 0.86 194±8
3 min 194±16 0.68±0.05 44 0.12 150 0.56 172±8
5 min 163±18 0.48±0.06 37 0.08 126 0.40 155±4
10 min 144±18 0.38±0.06 31 0.03 112 0.35 110±6

a Surface area.
b Pore volume.
c Average pore diameter.



Fig. 5. Morphological and chemical characterizations of copper coated MWCNTs. (a) HRTEM micrographs. (b) Particle size distribution. (c) EDX spectrum.
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Fig. 4 shows the nitrogen adsorption isotherms of MWCNTs at
77.4 K. The sharp increase in each curve from P/Po=0 to 0.05 was
attributed to rapid adsorption in the micropores of the MWCNTs. The
curve increased slowly from P/Po=0.05 to 0.85 due to capillary suction
at the site of the mesopores [41]. Fig. 4 also shows a sharp increase in
P/Po ranging from 0.9 to 0.99 due to strong capillary condensation.
Fig. 6. XRD patterns of copper coated MWCNTs.
All samples exhibited a type II adsorption isotherm according to the
international union of pure and applied chemistry (IUPAC) classifica-
tion, as reported by Rodriguez and Mackie et al. [42,43].

The amount of nitrogen adsorbedwas inversely proportional to the
ELD time. This was due to the blockage of pores in the MWCNTs by
Fig. 7. Adsorption isotherms of copper coated MWCNTs.



Table 2
Textural properties of copper coated MWCNTs

Items
samples

Total Microporous Mesoporous APDc (Å)

SAa

(m2/g)
PVb

(cm3/g)
SA
(m2/g)

PV
(cm3/g)

SA
(m2/g)

PV
(cm3/g)

3 min 203±25 0.77±0.04 33 0.07 170 0.70 177±11
5 min 147±21 0.62±0.05 24 0.03 123 0.60 172±6
10 min 81±8 0.27±0.02 9 0.02 72 0.25 138±6

a Surface area.
b Pore volume.
c Average pore diameter.
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silver particles, as shown by detailed results of BET analysis. Table 1
shows changes of surface areas and volumes of the micro and meso-
pores, and average pore diameter, with increasing ELD time. The ELD
of 3 min caused a large decrease in porosity with most of the
adsorptive sites being occupied within 3 min. However, the inherent
mesoporous feature of MWCNTs (volume of mesoporesNvolume of
micropores and average pore diameterN20 Å) [25] was retained,
regardless of ELD time.

3.2. Copper ELD on MWCNTs

Fig. 5a shows HRTEM images of copper deposited MWCNTs when
the ELD time increased from 3 to 10 min. The metallic copper were
deposited selectively onto the interior surfaces of the MWCNTs. When
the ELD time was 5 min, metallic copper was deposited on both the
interior and exterior surfaces of the MWCNTs. The copper deposition
layer further grewwhen the ELD timewas prolonged to 10min. Fig. 5b
shows metallic copper size distribution and EDX spectrum. The
mean diameters of the metallic copper were 1.1±0.14, 1.7±0.18, and
2.3±0.31 nm for 3, 5, and 10 min of ELD time, respectively. The EDX
spectrum (Fig. 5c) showed peaks for copper, along with peaks for
carbon, oxygen, iron, and tin. The copper-to-carbon fraction was
increased from 6.66 to 25.51% in mass (0.90 to 4.60% in atom) when
the ELD time was increased from 3 to 10 min. Although there were
some minor differences in the metal-to-carbon fraction and average
crystallite size between silver and copper ELD, the deposition
morphology of metallic nanoparticles on the MWCNTs was similar
for both silver and copper.
Fig. 8. TEM micrographs of silver deposited thin-MWCNTs for (a) 3, (b) 5, and (c
Fig. 6 gives the XRD profiles showing the major diffraction peaks
for metallic copper. The peaks at 43.2, 50.3, and 74.1° 2θwere assigned
to the (111), (200), and (220) planes of the fcc phase of copper. The
average crystallite sizes of the metallic copper calculated using the
Scherrer formulawere 0.7±0.10, 1.9±0.22, and 1.4±0.18 nm for an ELD
time of 3, 5, and 10 min, respectively.

Fig. 7 shows the nitrogen adsorption isotherms of the copper
deposited MWCNTs at 77.4 K. All sampled exhibited a type II isotherm
according to the IUPAC classification [42,43]. The BET data of Table 2
show that the inherent mesoporous feature of MWCNTs (volume of
mesoporesNvolume of micropores and average pore diameterN20 Å)
[25] was also retained, as in the case of silver deposition, regardless of
ELD time.

3.3. Silver ELD on thin-MWCNTs

The TEM images (Fig. 8a–c) show that metallic silver (10–80 nm)
much larger than those in the Sections 3.1 and 3.2 (~1.5 nm) were
deposited only on the exterior surfaces of the thin-MWCNTs (~5 nm in
inner diameter and 10–20 μm in length; CMP-340F, Iljin Nanotech,
Korea) because the capillarity decreases with decreasing tube
diameter, as reported by Ugarte et al. [36], who suggested that the
capillarity depends on the inner diameter of theMWCNTs and that the
nanotube-liquid interface energy decreases with decreasing inner
diameter. The capillarity inside the tubular cavities and/or interstitial
spaces between CNTs is described as follows [44,45];

Ecapilarity ¼ −2rlcosθE ð3Þ

where Ecapilarity is the energy gain for the capillary filling of a CNT, r is
the radius of inner cavity, and l is the length of cavity.

Even though the inner diameters of the thin-MWCNTs were as
large as those used by Ugarte et al. [36,37] (~4 nm) for silver filling, the
difference between their results and oursmight be due to the different
reaction conditions (e-beam decomposition of silver nitrate vs ELD of
silver) and/ormass transfer inhibition by the formerly deposited silver
particles near the open end of the thin-MWCNTs, as shown in Fig. 8d.
The formation of metallic silver much larger than those in the Section
3.1 cases might be due to the high number of catalytically activated
sites. For thin-MWCNTs, unlike the Section 3.1 cases, the activated
sites would exist only on the exterior surfaces, so rapid nucleation and
) 10 min. (d) TEM image near open end of thin-MWCNTs (for 5 min of ELD).
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the subsequent deposition of silver on the exterior surfaces could be
achieved.

4. Concluding remarks

In this study, the effects of ELD time and diameter of amulti-walled
carbon nanotube on deposition characteristics of silver (or copper)
nanoparticles were investigated. Although there were some minor
differences, such as the metal-to-carbon fraction and average crystal-
lite size between silver and copper ELD, the deposition results were
similar for both silver and copper. When the ELD time was 3 min,
nanoparticles of fcc silver (or copper) were deposited on the interior
surface of a MWCNT (~50 nm in inner diameter). When the ELD time
was 5min, fcc silver (or copper) was deposited in both the interior and
exterior surfaces of the MWCNT. When the ELD time was extended to
10 min, fcc silver (or copper) deposition layer grew laterally and
vertically, completely covering the MWCNT. However, there was no
silver deposition on the interior surface of a thin-MWCNT (~5 nm in
inner diameter) observed because the capillarity decreases with
decreasing tube diameter.

In this study, metal-encapsulated (inner coating) MWCNTs, metal-
surrounded (outer coating) MWCNTs, and both metal-encapsulated
and surrounded MWCNTs were obtained, depending on ELD time and
tube diameter. Therefore, all depositions times led to structures with
features (nature of porosity, coverage, morphology, etc.) that are
promising for reservoirs in catalysis, fuel cells, sensors, data storage,
template synthesis, and etc., depending on type of metal and view of
unique structure of metal deposited MWCNTs.
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