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ABSTRACT

The location of palladium nanoparticles on and inside the multiwalled carbon nanotubes channel is presented for the first time using electron
tomography (3D TEM). The palladium salt precursor was rapidly sucked inside the nanotube channel by means of capillarity that is favored
by the hydrophilic character of the tube wall after acidic treatment at low temperature. Statistical analysis indicates that the palladium particle s
were well dispersed and the palladium particle size was relatively homogeneous, ranging from 3 to 4 nm regardless of their location within
the nanotube, within the resolution limit of the technique for our experimental conditions, i.e., about 2 nm. Three-dimensional TEM analysis
also revealed that introduction of foreign elements inside the tube channel is strongly influenced by the diameter of the tube inner channel,
i.e., easy filling seems to occur with a tube channel g30 nm , whereas with tubes having a smaller channel (<15 nm), almost no filling by
capillarity occurred leading to the deposition of the metal particles only on the outer wall of the tube.

Introduction. Carbon nanotubes (CNTs) have received ever-
increasing scientific and industrial interest during the past
few years due to their exceptional physical and chemical
properties that render them suitable for numerous potential
applications ranging from living matter structure manipula-
tion to nanometer-sized computer circuits.1-4 Carbon nano-
tubes are formed by rolling graphene sheets with an open
tubular channel. The diameter of the tubular channel can vary
from few nanometers to several dozen depending on the
nature of the synthesis method, i.e., arc-discharge, laser
ablation, or catalytic chemical vapor deposition (CCVD).4-7

Carbon nanotubes usually exhibit an extremely high aspect
ratio (length-to-diameter ratio) ranging from 30 to more than
many thousands.8

It was expected that the tubular morphology and the high
aspect ratio of these carbon nanotubes could induce peculiar
properties of materials trapped inside the tube.9,10 In the wake
of their discovery, several attempts have been focused on
the introduction of foreign elements inside their empty tubule
with a hope of generating new composite materials with
atypical properties.11,12 The nanoparticles or nanowires
structures hosted inside the carbon nanotubes channel could

also be safely protected from the surrounding atmosphere
by the carbon nanotube wall, i.e., oxidation, which might
be crucial for their subsequence uses. Carbon nanotubes with
open ends display highly attractive capillarity properties that
allow them to be filled with several elements. The filling is
based on the low surface tension of the liquid with respect
to carbon nanotube and capillarity forces, which are the
driving forces aspirating the liquid into the nanotube chan-
nel.13

The tube filling can be conducted in different ways: (i)
high-temperature filling during the arc-discharge synthesis.
In this method, the filling was obtained by drilling the
graphite rod for the anode and filling it with a mixture of
graphite and a chosen foreign element in a powder form.14

The tubes were generated along with simultaneous filling
by the doped element. In such a method, the major drawback
is the inability to control the size of the filled material, which
generally has a nanowire morphology unusable for catalysis.
(ii) The second method is based on the use of pre-existing
carbon nanotubes, either with open or closed caps. The tubes
were opened by oxidation, while the filling is conducted
either by physical or chemical techniques. In this technique,
the tubes are treated in refluxing nitric acid containing a
soluble metal salt for various durations.15,16 The acidic
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solution containing nitrate salt allows the opening of the tube
tip and subsequent filling through capillarity. The filling can
also be achieved by stirring nanotubes with open ends in a
concentrated solution containing nitrate salts.17 Ensuing
reduction led to the formation of discreet metal nanoparticles
along the tube channel with diameter similar to the one of
the tube channel. Open nanotubes could also be directly filled
by capillarity with molten media having a surface tension
lower than 100-200 mN‚m-1, as established by Ebbesen.18

These techniques are proven to be efficient for filling tubes
with relatively small inner diameter. The main drawback is
the need of prolonged acidic reflux treatment or the use of
molten media and the low selectivity toward deposition of
small metal particles inside the tube channel. (iii) Aqueous
filling of the nanotubes by capillarity under mild conditions
and at room temperature using a low surface tension liquid
(<200 mN‚m-1). This latter method allows the selective
deposition of the foreign element either in a dispersed
morphology (particles size ranging from 2 to 20 nm) for a
catalysis field or in nanowire morphology for other applica-
tions. Using this method, Pd particles with nanometers size
were successfully deposited in multiwalled carbon nano-
tubes19,20or CoFe2O4 nanowires cast inside a carbon nanotube
tubule were formed at relatively low temperature (from an
homogeneous aqueous solution of cobalt and iron nitrates)
compared to the one usually observed without the presence
of carbon nanotubes.22,23 The most attractive aspects of this
last filling method are its simplicity and its ease for scaling
up.

Recent reports dealing with the use of the active metallic
phase dispersed inside the inner channel of carbon nanotubes
have shown interesting properties in several catalytic pro-
cesses going from gas-phase to liquid-phase reactions, i.e.,
liquid-phase hydrogenation of cinnamaldehyde and gas-phase
selective oxidation of H2S into elemental sulfur.19,21,24,25In
addition, the complete absence of microporosity in the carbon
nanotubes makes them very attractive compared to the
traditional activated charcoal support in which the large
number of micropores greatly increases the diffusion phe-
nomena, especially in liquid-phase processes where the
diffusion limitation could be several orders of magnitude
higher than in the gas-phase reactions. The nanoscopic size
of the carbon nanotubes also allows them to overcome
attrition problems under vigorous stirring, which is frequently
encountered with liquid-phase reactions.

The most popular characterization technique for the study
of elements trapped inside carbon nanotubes is the transmis-
sion electron microscopy (TEM), which delivers a first
insight of the particle size and morphology provided by 2D
projections of the solid structure. Nevertheless, the real
location and morphology of the deposited foreign elements
are not fully established due to the 2D character of traditional
TEM images that are in fact projections of a 3D solid
structure.

De Jong and co-workers have pioneered the use of electron
tomography (here referred as 3D TEM) in the material field
to characterize the morphology and location of small metal
particles deposited inside zeolites or mesoporous networks.26-28

The authors used bright-field (BF) mode to obtain the 2D
images for volume reconstruction of the sample. Midgley et
al.29,30 have used a high-angle annular dark-field (HAADF)
mode based on scanning transmission electron microscopy
(STEM) to acquire the 2D projection series for 3D analysis.
Another imaging mode that has been recently demonstrated
to be suitable for tomographic analysis is energy-filtered
TEM (EFTEM).30-33 This technique allows generation of 3D
elemental maps by selecting electrons that have undergone
characteristics energy losses, but its application is still limited
because of the high electron doses involved in acquisition.
The obtained results have opened a new field for investigat-
ing the microstructure of solid materials with high spatial
resolution that could have a great impact on several fields
such as materials, i.e., nanomaterials for magnetic or
electronic applications, and catalysis, where the location and
microstructure of the deposited phase generally play a key
role on the final properties of the materials. For detailed
description on the different possibilities of electron tomog-
raphy in the study of materials, several devoted reviews have
already been published.34-36

However, it is noteworthy that the use of 3D TEM
technique to study the nanoparticles located within the carbon
nanotubes channel has not been so far reported despite the
ever-increasing research effort devoted to this field, especially
for catalytic applications.26-28 Palladium-based catalysts
supported on/in carbon nanotubes and carbon nanofibers have
been reported to be highly active and selective catalysts for
liquid-phase hydrogenation reaction19,20,37,38and thus, require
more detailed characterizations in order to clarify the catalyst
structure and the catalytic performance relationship. In the
present work, we describe the use of TEM tomography to
study the distribution and location of palladium particles with
respect to the carbon nanotube channel as well as the
influence of the inner diameter of the nanotube on the filling
process. The influence of the oxygenated functional groups
on the nanotube surface, generated by means of acidic
treatment, on the filling behavior will also be discussed.

Experimental Section. Support Material.The carbon
nanotubes were supplied by Applied Sciences Ltd. (Ohio).
The carbon nanotubes have both ends opened and an average
inner diameter varying from 15 to 30 nm and lengths up to
several micrometers. The carbon nanotubes were treated at
80 °C in an aqueous solution of HNO3 (67 vol %) for 14 h
in order to remove the residual catalyst and to functionalize
the nanotube surface for further deposition of the active
phase.

Catalyst Preparation.The catalyst studied in the present
work consists of palladium nanoparticles deposited by
incipient wetness impregnation onto commercial multiwalled
carbon nanotubes with a metal loading of 10 wt %. The
palladium salt (Pd(NO3)2) was dissolved in an aqueous
solution at room temperature. The carbon nanotubes were
slowly dropped into the palladium solution until a pastelike
solid was obtained. The impregnated solid was allowed to
dry overnight at room temperature and was subsequently
reduced in flowing hydrogen at 400°C (heating rate of 2
°C‚min-1) for 1 h in order to decompose the salt precursor
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into its corresponding metal. The sample was left to cool to
room temperature in flowing hydrogen, then the hydrogen
flow was replaced by a mixture of O2 (1 vol %) diluted in
helium in order to passivate the metal surface before
removing it from the reactor.

Catalyst Characterization.Conventional 2D TEM analysis
was carried out on a Topcon 002B-UHR microscope working
at 200 kV accelerating voltage with a point-to-point resolu-
tion of 0.18 nm. For TEM observation, the samples were
ultrasonically dispersed in ethanol for 5 min, and a drop was
deposited onto a holey carbon membrane copper grid.

The tilt series for 3D analysis were acquired in bright-
field mode on a F20 TECNAI microscope (FEI Company)
using an accelerated voltage of 200 kV and a high-tilt sample
holder. Several series of 2D-TEM images were acquired
using a 2048 pixel× 2048 pixel cooled CCD array detector
in different places of the grid containing typical open-ended
nanotubes. Each series of projections was collected over a
tilt range of -65-65°, with an image recorded every 2°
between-40° and 40° and every 1° elsewhere, giving a total
of 91 images. During the acquisition, the TEM parameters
such as defocus, horizontal specimen shift, and specimen
tilt were controlled automatically. No evidence of irradiation
damage in the sample was observed during the acquisition.
Before acquisition of a tilt series of typical TEM images, a
drop of a solution containing well-dispersed gold nanopar-
ticles with a calibrated diameter of 5 or 10 nm was deposited
onto the holey carbon grid supporting the sample to make
the data treatment easier.

The tilt series data were treated for imaging processing
and reconstruction using IMOD software program from the
University of Colorado.39 Before reconstruction, the views
contained in a tilt series have to be aligned precisely with
respect to each other in order to find a fixed axis tilt for the
data set, the axis of which then passes through the center of
the reconstruction volume. A rough alignment is first
performed by the cross-correlation algorithm using the
nominal tilt angles, where the Fourier transforms of subse-
quent images are compared and the result is a series of pre-
aligned images. After that, a more precise alignment is
carried out by using a least-squares tracking procedure of
the position of gold nanoparticles dispersed on the grid
supporting the sample. These markers are picked or auto-
matically located on the pre-aligned images, and the program
tests their positions and recommends changes in the values
of tilt angles and tilt axis positions for each image. This test
is crucial and has to be run many times in order to obtain a
well aligned 2D image series with corrected tilt angles.

The volume reconstructions were then calculated from the
aligned projection series using a back-projection technique,40

the standard approach to tomographic reconstruction. Each
2D image is projected into a 3D reconstruction space back
along the tilt angle at which this image was recorded. The
superposition of these back-projected volumes from all
projection yields to an approximation of the original object.
A simple weighting filter is used in order to reduce the
artifacts related to an uneven and incomplete sampling of
angular range. Using the formula given by Midgley et al.30

concerning the resolutions in tomograms, we have estimated
the 3D spatial resolution with our geometrical parameters
in data acquisition and characteristics of the specimen. In
the direction perpendicular to the electron beam, the resolu-
tion was about 1.5-2 nm, whereas in the parallel direction,
deterioration by a supplementary factor due to the limited
tilt angle triggered a little lower resolution of about 2-2.5
nm.

There are two main possibilities to visualize and analyze
the reconstructed volume. The first is the visualization and
the analysis of 2D slices corresponding to transverse sections
through the reconstruction. The slices are easily interpreted,
but the overall visualization of the sample is more difficult
due to its high 3D geometrical character. On the other hand,
an accurate analysis of the nanoparticle size cannot be
performed from an individual slice. The second way is the
surface rendering of a well-defined object present in the
reconstruction, i.e., to build a corresponding 3D model. To
obtain it, preliminary steps are sometimes necessary in order
to enhance the image contrast. Different contributions to the
volume data are successfully separated, in our case the carbon
nanotube, the Pd and Au nanoparticles, and the amorphous
residual phase coming from the ethanol solution used to
disperse the carbon nanotubes on the carbon grid. These
contributions were obtained by selecting different bands of
gray values of the voxels contained in the volume data (which
correspond in fact to the different objects) and assigning them
defined colors. The data segmentation process described
above is followed by a surface rendering, and the resultant
surfaces are finally displayed in a 3D model.

Results and Discussion.Support Characterization.The
carbon nanotubes surface was also covered with numerous
functional groups that were probably formed during the
acidic treatment to remove the remaining catalyst.41,42 It is
well-known that all carbon forms are metastable against
oxidizing agents, i.e., oxygen, nitric acid, sulfuric acid, aqua
regia, etc. The reaction led to the formation of oxygen
functional groups43-45 with a wide variety, i.e., carboxylic
acid, phenolic, acid anhydride, lactone, or quinoid (carbonyl),
especially at low-temperature treatment, which is propitious
to the formation of complex carbon oxygen groups.46 The
density of the oxygenated functional groups also tightly
depends on the density of the defects on the carbon surface.
These oxygenated groups interact with polar molecules and
render more hydrophilic the treated carbon surface.47,48These
groups can be clearly observed by the XPS spectrum
recorded on the carbon nanotubes (Figure 1).

Classical TEM investigation carried out in bright-field
mode on the raw material indicated the presence of a straight
channel in the middle of the carbon nanotubes (Figure 2).
Some encapsulated material corresponding probably to a
residual phase can be also distinguished inside the channel
(white arrows on the figure). The TEM analysis reveals also
the presence of some graphite encapsulated iron-based
catalysts that were not effectively removed during the acidic
treatment. These iron-based particles were hermetically
wrapped with several graphene layers and thus were not
accessible for neither liquid nor gas-phase medium. Such
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phenomenon is frequently observed in the case of carbon
nanotubes grown from iron catalyst.49,50 According to the
work of Emmenegger and al.50 an iron-based catalyst was
encapsulated by graphite layers before reaching the critical
dimension for growing carbon nanotube and thus become
inactive for carbon nucleation sites.

Pd/CNTs Characterization by 2D TEM.In Figure 2B is
presented a traditional 2D TEM of the sample. The pal-
ladium, i.e., small particles, seems to be homogeneously
dispersed throughout the support. Round-shaped bigger
particles were gold nanoparticles deposited on the sample
for the final alignment of the 2D series images. However,
because this image is only a 2D projection of the whole
sample, one cannot attribute the exact location of the
palladium particles with respect to the carbon nanotubes
morphology, i.e., inside the channel or on the outer surface.
The individual morphology (individual particles or ag-
gregates) of the metal particle cannot be easily solved due
to the low contrast of 2D images obtained by projecting a
relatively thick 3D sample on a planar surface. The presence
of trapped residues (coming from the ethanol employed as
dispersant solvent) inside the carbon nanotube channel can
be visible with, however, a relatively low contrast. TEM
observation of the same samples (the CNT and the CNT with

Pd particles) without sonication in the ethanol (dry deposition
sample) clearly indicates the absence of such a meniscus
inside the nanotube channel and thus confirms that these
residues were formed during the drying process after the
nanotubes were filled by ethanol during the sonication
dispersion step.

High-resolution TEM investigation was also carried out
in order to get more insight about the location of the
palladium particles. The corresponding images are presented
in Figure 3. However, due to the superimposition of the
carbon nanotube wall and palladium particles, the distinction
between the different palladium particles, especially those
located next to or inside the nanotube channel, is not obvious.
Only the particles located on the outer surface and well
oriented with respect to the electron beam can be viewed
accurately in HR-TEM (Figure 3). TEM analysis indicates
that the dispersion was relatively high, as palladium particles
were evenly distributed across the tube surface with an
average particle size of ca. 5 nm in the case of the sample
studied using this classical technique. This high dispersion
was attributed to the presence of a large number of
oxygenated functional groups on the nanotube surface, which
provide anchoring sites for the supported species.47,48De Jong
and co-workers51 have reported during their study on the
deposition of cobalt particles on the hollow carbon nanofibers
surface that, without a postsynthesis acidic treatment to create
surface oxygenated groups, the cobalt particle dispersion was
relatively poor, i.e., 300 nm instead of 3-4 nm in the case
of acidic treatment. Such observation could be directly linked
to the low interaction between the nanofiber surface without
oxygen functional groups and the deposited metal phase. The
hydrophobic character of the carbon nanofibers without
acidic treatment could be also responsible for this low
dispersion due to the low surface wetting.

Pd/CNTs Characterization by 3D TEM.Examples of slices
through the reconstructed volume are presented in Figure 4.
These transverse sections through the sample are character-
ized by a contrast enhancement with respect to initial
projections (a typical example is given in Figure 4A).
However, we can observe in the transverse sections perpen-
dicular to the tilt axis (Figure 4G) some lack in information,
especially on the top and bottom parts of the object, due to
the limited tilt angle, which induces a small blurring of the

Figure 1. XPS C 1s spectrum showing the presence of several
functional groups on the carbon nanotubes surface consecutive to
the acidic treatment. These functional groups were expected to
provide anchorage sites for the deposited metal active phase.

Figure 2. (A) Typical TEM image of a carbon nanotube showing its straight channel and also the presence of a foreign phase inside the
tube indicated by arrows. (B) 2D TEM image of a Pd/MWNT. The projected image renders almost impossible the interpretation of the
metal particles location and their microstructure along the thickness of the sample.
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reconstruction and thus a relatively bad definition of the
boundaries of the nano-object in these areas.

A quick analysis of the reconstructed volume confirms
the presence of individual metal particles instead of ag-
gregates. Moreover, in the transverse sections, the presence
of an amorphous phase was observed inside and also on the
outer surface of the carbon nanotube (Figure 4F), but with
a higher accuracy than with a 2D TEM image (taken into
account the fact that the signal-to-noise ratio is higher in a
section from the reconstructed volume than in a projection).
The starting point of this residual phase was the ethanol
solution used to disperse the carbon nanotubes on the TEM
membrane grid in order to ease their observation. After air-
drying, a soluble material, initially dissolved in ethanol
solution, penetrates inside the tube or remains on the outer
surface, keeping the memory of the wetting of two surfaces
by the ethanol solution, as can be observed on the images
(Figure 4B-E). Moreover, inside the nanotube channel, the
transverse sections analysis highlights the presence of some
elliptical air cavities trapped by this residual phase, that are
much more visible once again with respect to 2D projections
(Figure 4G). The presence of these air cavities as well as
the very low contact angles between some of these cavities
and the carbon wall indicate the high degree of wetting.
Gogotsi and co-workers52 have reported similar results during
their study of the behavior of water inside open carbon
nanopipes, with an average inner diameter of ca. 250 nm,
formed by CVD inside the alumina porous membrane. The
SEM and TEM studies revealed that the CNT wall was
highly disordered and hydrophilic, which allowed easy filling
by water. The authors have observed that, due to the
imperfect circularity of their nanotubes, meniscuses with
asymmetric faces were observed.

For visualization, surface renderings were obtained using
a segmentation procedure from the reconstructed volume in
order to select contributions from the carbon nanotube, the
palladium and gold nanoparticles, and the residual phase.
The model as obtained is presented in Figure 5. The carbon
nanotube is highlighted in green, the residual layers from

the ethanol solution, inside and outside, in pink, and the gold
and palladium particles in red. According to the results
obtained by counting the particles, more than 50% of the
palladium particles observed in the reconstruction (with a
diameter higher than our resolution limit, about 2-2.5 nm)
were located within the channel of the nanotube. A qualita-
tive analysis of the particle sizes shows the presence of two
different populations of particles: one with the mean size
of about 3( 0.5 nm, the second with a mean diameter of 4
( 0.5 nm. We underline here that it is very difficult to
perform a complete statistical analysis of the particle size
because the errors bars are large due to the proximity of the
resolution limits and to the blurring effect in the reconstruc-
tion. However, the analysis of the geometrical positions of
the inside Pd nanoparticles shows that their distribution along
the tube axis is relatively homogeneous, with a density of
about 0.13 particles per nanometer.

The high efficiency for filling was attributed to the
relatively large inner diameter of the tube and to the low
surface tension of the solvent used for particle insertion,
water with a surface tension of 72 mN‚m-1, which favors
the filling by capillarity forces. It has been reported
elsewhere53 that compounds with low surface tension (<190
mN‚m-1) could wet graphite and allow a good filling. In
Figure 6 is presented a planar projection from contributions
of the Pd and Au particles obtained by data segmentation of
the reconstructed volume. According to this image, the Pd
particles were extremely homogeneous in size regardless of
their location with respect to the tube surface. Similar
observations have also been reported by Winter and al.51

during their study of the deposition of Pt and Co particles
on the hollow carbon nanofibers. Such a result indicates that
the interaction between the tube surface, either outer or inner,
and the deposited metal was mainly coming from theπ
interaction with the graphene plane of the tube wall according
to the literature.54,55 The intrinsic properties of metals are
generally altered due to the electronic interactions between
the deposited metal and theπ-electrons of graphite, especially
when the diameter of the metal is smaller than 10 nm.56-60

Figure 3. High-resolution 2D TEM micrographs of palladium supported on/in carbon nanotube. Only the Pd particles located on the outer
surface can be visualized accurately.
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Figure 4. (A) Typical 2D TEM image (one of the projections of the object) from the tilt series used to reconstruct its volume. (B-E)
Transverse sections through the reconstructed volume showing the location of the palladium particles along the carbon nanotube. The
volume was obtained by reconstruction from a series of 91 classical electron microscopy images. The round-shaped particles with 10 nm
in diameter are the gold particles deposited on the sample for 3D TEM calibration. (F) Section with a higher magnification to highlight the
presence of an amorphous phase coming from ethanol inside the CNT channel and on its outer surface. (G) Transverse section perpendicular
to the tube axis (which is parallel to the tilt axis) showing the good wetting of the inner tube wall by the liquidlike phase coming from
ethanol solution.
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According to the wetting of the nanotube surface, it seems
that both the outer and inner surfaces of the nanotube are
similar in terms of hydrophilicity.

Influence of the Inner Diameter on the Filling.The
behavior of fluids in nanotubes is expected to be greatly
differing from the one occurring in traditional systems and
to be strongly influenced by the inner diameter of the tube.
To verify the influence of the diameter of nanotubes, a test
was carried out on carbon nanotubes with a smaller diameter,
i.e., 15 nm instead of 30 nm. A typical 2D image recorded
in high angle annular dark-field mode (HAADF) is presented
in Figure 7. Again, the 2D character of as obtained images

renders less obvious the attribution of the palladium particles
location with respect to the CNT channel.

To get more insight about the exact location of the metal
particles, a 3D analysis was carried out from a tilt series
recorded in HAADF mode using the same treatment as
described before (for the sample with 30 nm inner diameter).
We decided here to use the STEM-HAADF mode for the
acquisition of the tilt series in order to improve the quality
of the reconstruction of Pd nanoparticles in the calculated
volume of the whole object. In this particular mode, the
images are recorded in scanning mode and they are strongly
dependent on the atomic number of the components (Z-

Figure 5. Views of a 3D reconstruction model of the Pd/MWNTC showing the high efficiency in filling of the nanotubes by palladium
particles (in red, gold particles; blue, palladium particles; green, carbon nanotube; pink, amorphous residues from ethanol solution trapped
inside the nanotube channel and on the outer surface).

Figure 6. Planar projection acquired from the contributions of Pd (small particles) and Au (bigger particles) obtained by data segmentation
of the reconstructed volume.
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contrast imaging). Therefore, there is a tremendous improve-
ment in contrast and clarity in the reconstruction of the Pd
particles (heavy atoms) with respect to the carbon nanotube
and residual phase (light atoms). Consequently, the observa-
tion and analysis of the Pd nanoparticles become more
efficient. A view of the 3D model obtained by selecting
particles contributions is presented in Figure 8A and shows
the homogeneity in size of Pd nanoparticles (the bigger
particles are gold beads) that can be evidenced in the
reconstruction, within our resolution limits of 2-2.5 nm. Two
orthogonal views of the 3D models corresponding to both
carbon nanotube and particles are also presented in Figure
8B and C. Looking along the tube axis, one can easily
observe the location of the Pd particles with respect to the
CNT inner surface (represented by black circle in Figure
8B-D). In the case of tubes with smaller diameters, the
filling percentage was almost nil instead of more than 50%
for the tubes with larger diameters (Figure 8D), once again
within a resolution limit of about 2-2.5 nm. Decreasing the
inner diameter from 30 to 15 nm led to a significant drop in
filling, almost resulting in the exclusive deposition of
palladium particles on the outer wall of the carbon nanotubes.

It is thought that with smaller diameter the capillarity
forces were not strong enough to allow the complete filling
of the tube, leading to a significantly lower amount of metal
particles inside the inner channel. Ma and al.61 have reported
results on platinum filling into carbon nanotube with two
different inner diameters, i.e.,<10 nm and 60-100 nm, using
an incipient wetness method with an alcoholic solution of
platinum salt. The authors have observed that a complete
filling was occurring with nanotubes having an inner
diameter of 60-100 nm, whereas no filling at all was
happening with a tube of smaller inner diameter despite the
use of a relatively low surface tension solvent such as
ethanol. Apparently, a tube with a small inner channel
inhibits the filling by simple capillarity at mild conditions.
The observed results also explain why most of the filling
studies by capillarity have been conducted with carbon
nanopipes with diameter over 100 nm.

Ugarte and al.62 have reported that the capillarity of narrow
nanotubes is significantly reduced with respect to large inner
diameter and cavity size. During the filling process, the van
der Walls forces dominating the liquid-solid interactions

strongly depend on the polarizability of the wetted materials.
The polarizability of the concave graphite surface (inner wall)
is noticeably reduced compared to a planar graphite surface
and is determined by the diameter of the cavity. It is expected
that, under a certain value of inner diameter, almost no filling
should happen under our filling conditions, i.e., room
temperature with aqueous solution, resulting in a competitive
deposition of the metal particles on the outer surface of the
nanotube. Some published works63 have reported that carbon
nanotubes with small inner diameter could be filled under
more drastic conditions. Sloan and Green have recently
reported interesting results using vacuum diffusion or high-
temperature processes with either molten salts or acidic
medium.64 Carbon nanotubes with very small inner diameter,
i.e., 2 to 5 nm, can also be efficiently filled by water under
high pressure and temperature treatments in an autoclave.
Water was slowly filled inside the nanotube through defects
present along the tube wall during the hydrothermal treat-
ment.

However, the diameter of the palladium particles was not
affected by their location, in or out of the nanotube.
Moreover, the amorphous residues were observed on both

Figure 7. Typical STEM-HAADF image from the tilt series
recorded for 3D analysis on a carbon nanotube with an inner
diameter of 15 nm and palladium particles deposited on the outer
surface.

Figure 8. Three-dimensional models obtained from the recon-
structed volume on a carbon nanotube with an inner diameter of
about 15 nm. (A) View of 3D model obtained by selecting only
the Au and Pd nanoparticles contribution from the reconstruction.
(B) View along the tube axis of both nanoparticles and carbon
nanotube contributions. (C) View along the tube axis of the 3D
model corresponding to palladium nanoparticles only (nanotube with
15 nm diameter). (D) View along the tube axis of the 3D model
representing the gold and palladium nanoparticles for the carbon
nanotube with inner diameter of 30 nm. In Figures B, C, and D,
the inner surfaces of the tubes are indicated by circles.
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inner and outer surfaces with a high degree of wetting. That
indicates that the nature of two surfaces of the nanotube were
similar (surface decorated by oxygenated groups such as
-COOH,-COO,-OH, etc. during the postsynthesis acidic
treatment in order to remove the iron catalyst). Similar
observations were also reported by de Jong and co-workers51

during their study on palladium and cobalt particles deposited
on the hollow carbon nanofibers.

According to their results, carbon nanotubes with an inner
diameter at least equal to 30 nm can be successfully filled
with foreign elements under mild conditions. Decreasing the
diameter of the channel led to a less efficient filling as the
van der Walls interactions were less active.

Conclusion. According to 3D-TEM analysis, the filling
of carbon nanotubes by Pd nanoparticles using the capillarity
under mild conditions, i.e., aqueous solution and room
temperature, was strongly dependent on the inner diameter
of the tube: a filling efficiency of about 50% can be achieved
with tube having an inner diameter of ca. 30 nm, whereas it
became almost nil when the inner diameter of the tube was
decreased from 30 to 15 nm, within the resolution limit of
the technique in our experimental conditions, i.e., about 2
nm. Apparently, with small inner diameter, the repulsion
forces are stronger and thus fluid penetration by capillarity
is no longer observed.

The use of 3D-TEM technique is here crucial: it allows
one to obtain precisely the positions of nanoparticles with
respect to the carbon nanotube support and to calculate the
efficiency of the filling process. Moreover, if the nanotube
is filled or surrounded by a residual phase coming from a
liquid solution, the analysis of transverse sections of the
reconstructed volume allows one to obtain useful information
about the morphology of this complex system as well as the
wetting of the tube by the initial solution.

Three-dimensional TEM also allows one to confirm that,
after acidic treatment, both surfaces of the nanotube were
similar in nature, leading to a high dispersion of the Pd
particles with narrow size distribution. Similar results were
also observed in the case of filled CoFe2O4 or NiFe2O4

nanowires as a function of the tube diameter. Work is
ongoing to use 3D TEM to study the magnetic nanowires
casted inside carbon nanotubes in order to get more insight
about the real morphology and porosity of these nanowires.

In conclusion, one can state that 3D-TEM technique can
be an extremely useful technique to get access to the
morphology and location of metal nanoparticles within a
support, in particular in the case of carbon nanotubes, and
to thus provide more insight on the correlation between the
macroscopic properties of the material and its nanoscopic
structure. It can also be extremely efficient to estimate the
wetting behavior of liquid after filling the nanotube channel,
which could have a significant impact on the formation of
filling compounds during thermal treatment. It is thought that
such a technique could also be widely employed for other
nanoscopic tubular structured materials that become more
and more involved in the field of nanotechnology.
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