
Selective Deposition of Metal
Nanoparticles Inside or Outside
Multiwalled Carbon Nanotubes
Jean-Philippe Tessonnier,† Ovidiu Ersen,‡ Gisela Weinberg,† Cuong Pham-Huu,§ Dang Sheng Su,†,* and
Robert Schlögl†
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C
arbon nanotubes (CNTs) present ex-
ceptional physical properties that
make them suitable for applications

in very different fields like medicine, elec-
tronics, polymers, or catalysis.1�3 Their ex-
ceptional mechanical, thermal, and elec-
tronic properties, along with the possibility
to chemically modify their surface by dop-
ing or grafting,4,5 make them a platform for
various applications. In the early days of
their discovery, several groups studied the
filling of multiwalled carbon nanotubes
(MWCNTs) with metals, metal alloys, and
even metal oxides.6,7 The filling was per-
formed on the basis of the capillary forces
that suck a molten salt or a solution contain-
ing a metal precursor inside the tubule.8

This technique was further developed and
used to investigate the properties of a large
range of confined materials, including metal
oxide nanoparticles,9 magnetic nanoparti-
cles,10 fluorescent nanoparticles,11 ionic liq-
uids,12 organometallic molecules,13 poly-
mers,14 C60,15 and even carbon nanofibers.16

It allowed the investigation of properties of
materials when nanosized.17

Catalysis witnessed a real explosion in in-
vestigations using carbon nanotubes as
catalyst support. The early synthesis meth-
ods invented to prepare metal/metal oxide
nanowires were successfully used to deco-
rate the CNTs with nanoparticles, thus using
CNTs as catalyst support.2 It is worth not-
ing that CNT-based catalysts often show
higher activity and/or selectivity than cata-
lysts made of the same active phase but de-
posited on other supports, like alumina,
silica, or even activated carbon.2,18 The rea-
sons for this particular behavior are their
particular electronic properties, their high
thermal conductivity, the high accessibility

of the active phase, and the absence of
any microporosity, thus eliminating diffu-
sion and intraparticle mass transfer limita-
tions. Much work has been done since then
to optimize the decoration of the CNTs in
terms of dispersion and control of the par-
ticle size distribution. The techniques devel-
oped allow the attachment of nanoparti-
cles to the CNT surface without distinction
between inner and outer surface, that is, in-
side or outside the tubular structure. Sev-
eral groups however suggested that the
curvature and the aspect ratio of the tubes
might play some role on the catalytic prop-
erties of the metal nanoparticles.2,19�21

The curvature affects the metal�
support interaction and the electronic struc-
ture of the metal and hence its catalytic ac-
tivity. The resulting double-bond localiza-
tion of � electron density as compared to
graphite enhances the s-character of the
carbon�carbon bond compared to a pla-
nar sp2 interaction.22 On the other hand,
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ABSTRACT A general method is described for the deposition of metal nanoparticles selectively either inside

or outside of carbon nanotubes (CNTs). The method is based on the difference in the interface energies of organic

and aqueous solutions with the CNT surface. Because of their lipophilic character, the organic solvent better wets

the surface of the nanotubes compared to water and penetrates into the inner volume. The precise control of the

volume of each phase allows filling the CNT with the organic phase and covering its outer surface with the aqueous

one. Hence, metal nanoparticles can be put with high selectivity either inside or outside the CNT, just by choosing

in which solvent the metal precursor is dissolved. SEM, TEM, and 3D-TEM investigations show that a selectivity in

localization close to 75% can be reached by this technique. The nanoparticles are homogeneously dispersed and

present a narrow size distribution, centered on 5 nm. In this way, one can decorate either the inner or the outer

surface of open CNTs, without the need of discriminating the diameter of the opening and without any further step

of functionalization than a treatment with nitric acid.
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the tubular inner core is expected to yield to confine-

ment effects similar to those existing inside the pores

of zeolites.23 Diffusion of molecules inside wide pores

happens similarly to water flowing through a pipe. It

conventionally takes place following the Poiseuille

mode of diffusion, where molecule�molecule colli-

sions are much higher than molecule�wall collisions.

When the size of the pore or of the pipe decreases, the

interaction of the molecules with the walls cannot be

neglected anymore.24 The flow then follows the Knud-

sen model. If the size of the pore is further decreased to

reach the dynamic diameter of molecules in the gas

phase, particular effects due to confinement of the mol-

ecule in the pore appear.25 These effects are well-known

in the case of zeolites which present cavities in the

range of 1�10 Å. They are extensively described in the

review of Derouane.23 The existence of similar effects in

larger pores, that is, in the nanometer range, was a mat-

ter of debate during several years. Recently, it was how-

ever demonstrated that they also exist in organized me-

soporous silicates like MCM-41 and SBA-15 that present

pores of few nanometers.26 Similar effects are thus sus-

pected to also exist inside CNTs.

To access this information and to be able to per-

form an investigation of the catalytic properties of met-

als inside or outside CNTs, one has to first master the

synthesis of metal nanoparticles selectively localized in-

side or outside of carbon nanotubes. Several groups al-

ready attempted such localized selective deposition.

Two main synthesis routes were suggested: (1) Deposi-

tion on CNTs of various diameters. It has been observed

that wetting and filling of the inner tubule becomes dif-

ficult if not impossible for CNTs with diameters below

30 nm. On the basis of this observation, Ma et al. deco-

rated CNTs of different diameters with Pt, inside for

large CNTs, outside for smaller ones, and tested the

catalytic activity for cinnamaldehyde hydrogenation.27

A variation of the catalytic behavior was reported. Un-

fortunately, by varying the tube diameter, both the cur-

vature and the size of the inner cavity are changed,

and hence no curvature/confinement effects can be de-

duced from the catalytic behavior. (2) Asymmetric func-

tionalization. The first asymmetric functionalization was

reported by Lee et al. who managed to graft different

functional groups on each tip of the same CNT.28 A

similar concept was used by Jiang et al. to perform

the asymmetric functionalization of the inner and

outer surface of opened CNTs.29 Chen et al. used oxi-

dation with nitric acid to functionalize caped CNTs

and, depending on the reaction conditions, to selec-

tively open their ends.30 Functionalization deeply

modifies the surface properties of the CNTs. How-

ever, none of these reports mentions effects on sup-

ported metal nanoparticles.

The characterization of the sample is not straightfor-

ward with respect to the localization of the supported

metal nanoparticles. Winter et al., as well as Ersen et al.,

demonstrated that metal nanoparticles supported on

CNTs are difficult to localize from conventional single

view TEM images because of ambiguous estimates of

projection effects.31,32 It is nearly impossible to deter-

mine the 3D location in a 2D image for particles that ap-

pear to be in the center of the tube or next to the in-

ner wall of the tube without tilting the specimen in the

TEM. Electron tomography (3D TEM) appears to be a

suitable technique that can clearly evidence the exact

location of the particle with respect to the nanotube

and further yields some statistics about the ratio of par-

ticles inside and outside the CNTs.

We present a novel and efficient method for deco-

rating carbon nanotubes with metal nanoparticles.

This method is based on the difference in the liquid/

solid interface energies of an aqueous and an organic

solution with the CNT surface. The efficiency of this

method to localize nanoparticles has been checked by

SEM, TEM, and 3D-TEM. This novel synthesis method al-

lows a selective localization of nanoparticles inside or

outside CNTs and thus the investigation of possible cur-

Figure 1. (A) SEM image of the pristine CNTs. Inset: HRTEM image of a CNT tip. (B) Statistical distribution of their outer
diameter.
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vature or confinement effects on the catalytic activ-
ity of transition metal nanoparticles.

RESULTS AND DISCUSSION
Structure and Chemistry of the CNT Support. The mor-

phology of the starting CNTs was first checked by
SEM and TEM. The images show that the pristine
MWCNTs have both ends opened and present
lengths up to several micrometers (Figure 1). Statis-
tical analysis, performed by measuring more than
300 tubes on calibrated SEM images, reveals that
they exhibit an outer diameter of 90 � 30 nm. TEM
images (inset of Figure 1A) show that their wall thick-
ness ranges between 5 and 20 nm, thus leaving an
empty channel of 20 to 50 nm. Their large inner diam-
eter facilitates the filling of the CNTs with either organic
or aqueous solutions. It is reported that metal nanopar-
ticles are mainly deposited outside CNTs when their in-
ner diameter is below 20�30 nm.27,32 Thus, we use CNTs
with large diameters to demonstrate the choice of local-
ization of metal particles inside or outside by selecting
the appropriate conditions of solvents. This allows us to
rule out exclusion effects of the CNT diameter on the lo-
calization of the deposits. Hence, we make sure that
the localization is only controlled by the synthesis
conditions.

Although the starting commercial CNTs were al-
ready purified and opened, HNO3 treatments were
used to create a variety of oxygen containing func-
tional groups on the sidewalls of the CNTs (Supporting
Information). As the starting nanotubes are already
opened, the nitric acid can wet and funtionalize the in-
ner wall and the outer wall of the CNTs simultaneously.
In addition, functionalization was done at 373 K with
an excess of nitric acid (500 mL for 10 g CNTs) over 16 h
to rule out any differences between functionalization
of the inner and the outer surfaces due to diffusion limi-
tations. In these mild conditions, we did not observe
any weight loss which would be an indication for
burnoff.

The functional groups were characterized by XPS
and TG/TDS (Supporting Information). The surface com-
position calculated from XP spectra was found to con-
tain 80 atom % C and 20 atom % O, thus confirming
that the surface has been extensively functionalized. CO
and CO2 profiles obtained during TDS exhibit several
peaks, representative of the variety of functional
groups. CO2 desorption was reported to arise from the
loss of carboxylic acid, carboxyl anhydride, and lactone
groups, whereas CO desorption originates from car-
boxyl anhydride, phenol, carbonyl, and ether
groups.33,34 The general shape of the TDS curves be-
tween 500 and 850 K indicate the presence of many
acidic groups, in agreement with previous work.33 Zeta
potential measurement (Supporting Information) con-
firms the preeminence of strong acidic groups, as the
zeta potential remains negative over the whole pH scale

from pH 1.5 to 9.5. Deprotonation of the functional
groups occurs whenever the HNO3-treated CNTs are in
contact with water, thus leaving a negatively charged
carbon surface. This surface charge improves signifi-
cantly the interaction between the CNT and metal cat-
ions of the precursors used during the subsequent im-
pregnation. The functional groups attract the Mx� ions
and help their dispersion, thus leading to metal nano-
particles evenly decorating the CNTs after calcination
and reduction.

Selective Deposition of Metal Nanoparticles Inside CNTs. In-
cipient wetness impregnation is a well-known tech-
nique used for catalyst preparation.35 A solid catalyst
support is brought in contact with a solution contain-
ing the metal precursor. The volume of this solution is
adjusted to the porous volume of the solid so that it to-
tally fills the pores, leaving the external surface almost
dry. This technique usually leads to a homogeneous
metal deposition, with a good dispersion and a narrow
particle size distribution.2 As most of the solution is lo-
cated in the pores during the impregnation process, it is
expected that most of the formed metal nanoparticles
will be inside the nanotube. Recently, Ersen et al. inves-
tigated samples prepared by incipient wetness impreg-
nation using tomography, that is, 3D-TEM.32 A 2D-TEM
image that shows particles only in the middle of the
tube could be interpreted as all the particles being in-
side the CNT. However, 3D-TEM investigation of the
same areas shows that these particles are actually
above and below the central channel. For example, a
3D-TEM investigation of a Pd/CNT sample prepared by
impregnation, using the same commercial CNTs as in
the present study, presented almost 50% of the par-
ticles on the outer surface. We prepared a 1 wt % Ni on
CNT sample by incipient wetness impregnation as refer-
ence. After impregnation, the sample was dried at 323
K for 10 h, then calcined in air at 623 K for 2 h, and fi-
nally, it was reduced in pure hydrogen at 673 K for 2 h.
Figure 2 shows the SEM images obtained in SE and in TE
mode. The TE detector of the SEM provides similar im-
ages as a TEM but with lower resolution. The main ad-
vantage compared to the TEM is that the same area can
be easily imaged in SE and TE mode at the same time.
This technique is particularly useful for CNTs decorated
with metal nanoparticles as it provides simultaneously

Figure 2. SEM images of the 1 wt % Ni/CNT sample prepared by incipient wet-
ness impregnation. The same area was acquired in SE (left) and TE (right) mode.
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an image of the external surface and an image of the in-
ner tubule. Figure 2 shows that many particles are lo-
cated outside the CNT, in agreement with Ersen et al.
We believe that during the incipient wetness impregna-
tion process, the aqueous solution containing the Ni
precursor mainly fills the inner channel. However, as the
surface tension of water (72 mN · m�1) is lower than
the critical surface tension of the CNTs (180 mN · m�1),36

wetting of the CNT surface with the Ni precursor solu-
tion cannot be avoided. The external surface of the
CNTs is also covered with solution, which leads after
drying to the calcination and reduction of Ni nanoparti-
cles on the outer surface.

We based our new synthesis procedure on the ideas
that (i) the CNT has a better affinity for organic solvents,
(ii) a solvent with a low surface tension (defined as the
surface energy of the liquid per unit area when in con-
tact with air) will easily wet and penetrate inside the
CNT, and (iii) a second, metal-free, solvent will remain
outside of the nanotube and protect its outer surface
from metal deposition if the liquid/solid interface en-
ergy is higher than the first solvent. Thus, we performed
a two-step synthesis (Scheme 1): 1 g CNTs are first im-
pregnated with an ethanol solution containing the
nickel nitrate precursor. The volume of the solution
was set to be lower than the porous volume of the CNT
(4 mL/gCNT instead of 6 mL/gCNT). Indeed, the porous vol-
ume of the CNTs originates from their inner channel
but also from the entanglement of the nanotubes,
which creates aggregated pores. These pores also con-
tribute to the total pore volume of the CNTs. Using a
volume of solution lower than the total pore volume
was expected to favor the filling of the CNTs over the
filling of the aggregates pores, which correspond to the

external surface of the CNTs. Hence, a higher selectiv-

ity was expected. Because of its low surface tension (22

mN · m�1), the ethanolic solution wets the nanotube

surface and fills the inner channel, as described by the

Young�Laplace equation.36 In a second step, 3 mL of

pure distilled water are then added. The functionaliza-

tion step with nitric acid created many oxygen-

containing groups which decrease the hydrophobic

character of the CNT surface and allow its wetting with

both organic and aqueous solvents (contact angle � �

90°). However, the intrinsic lipophilicity of the nano-

tubes leads to lower liquid/solid interface energies for

organic solvents than for aqueous ones. Therefore the

aqueous phase is expected to remain outside of the

nanotube and to displace the thin film of ethanolic so-

lution located on the outer surface to the inner channel.

The sample is dried at room temperature overnight

and then at 323 K for 10 h to remove any remaining

ethanol. The sample is finally calcined in air at 623 K for

2 h and reduced in pure hydrogen at 673 K for 2 h, as

for the reference sample prepared by the incipient wet-

ness method. TEM investigation (Figure 3) indicates

that almost all the Ni nanoparticles are located inside

the CNTs. SEM performed at low accelerating voltage

(surface sensitive) shows however that some particles

can still be found on the outer surface, hence proving

that conclusions established from TEM about the loca-

tion of metal nanoparticles on CNTs should always be

supported by another technique like SEM or 3D-TEM.

Selective Deposition of Metal Nanoparticles outside CNTs.

Decoration of the outer surface of closed CNTs is an

easy task. However, decorating selectively only the

outer surface of opened CNTs is far more challenging.

It is reported that filling nanotubes with a solution be-

comes more difficult when the diameter of the CNT de-

creases.27 For instance, small CNTs with diameters be-

low 30 nm could not be filled with a solution;

consequently decoration occurred only on the outer

surface.27 However, in our present work we used large

CNTs for which we already demonstrated that they can

be totally filled with any solution. The strategy in the

present work is slightly different: the inner channel

Scheme 1. Schematic view of a longitudinal cross section of
a carbon nanotube during the different steps for the selec-
tive deposition of nanoparticles inside CNTs: (a) impregna-
tion with the ethanolic solution containing the metal precur-
sor; (b) impregnation with distilled water to wash and
protect the outer surface from metal deposition; c) after dry-
ing, calcination, and reduction, metal particles are decorat-
ing the inner surface of the CNT with a high selectivity.

Figure 3. Representative TEM image of the sample “metal
inside” prepared by 2-step impregnation. Most of the Ni
nanoparticles seem to be inside the tubule.
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needs to be protected during the impregnation
with the solution containing the metal precursor.
Consequently, the two-step impregnation is as
follows (Scheme 2): we first perform an incipient
wetness impregnation with an organic solvent
A. This solvent has a low surface tension and con-
sequently wets and fills the tubes easily. An aque-
ous solution B which contains the metal precur-
sor is then added. Because of its higher liquid/
solid interface energy, this solution cannot
penetrate the CNTs. Thus, the channel remains
protected and decoration only happens on the
outer surface. This procedure might however not
be obvious as its efficiency depends on the bal-
ance of all the interface energies, that is, liquid/
solid for each of the solvents but also liquid/liq-
uid. Several parameters might influence the
choice of the solvent A. In particular, its miscibil-
ity with water and its boiling point might be two
critical factors. In the first case, the aqueous solu-
tion might penetrate into the tubes by diffusing
into the organic solvent. In the second case, if the
organic solvent evaporates faster than the aque-
ous solution, the later might be able to enter the
tubes. In both cases, it would result in an unselec-
tive decoration. In the present work, we tested
solvents with different boiling points and misci-
bility with water (Table 1). At least two different
solvents were tested for each couple of param-
eters, that is, octane and ethylbenzene for high boiling
point/low solubility, benzene and trichloromethane for
low boiling point/low solubility, etc. For each organic
solvent listed in Table 1, we first impregnated 1 g of
CNTs with a volume of this solvent (solvent A) corre-
sponding exactly to the total pore volume of the nano-
tubes (6 mL/gCNT in the present case). Organic solvents
often have a high vapor pressure; their evaporation is
fast. Therefore, the solvent A is put in excess in order to
guarantee the complete filling of the CNTs and the pro-
tection of the inner tubule from metal deposition. In a
second step, each sample was impregnated with the

aqueous solution containing the Ni precursor. Finally,

all samples were dried, calcined, and reduced in the

same conditions as previously. The SEM investigation

at low accelerating voltage shows that small nanoparti-

cles are homogeneously decorating the outer surface

of the CNTs (Figure 4). The choice of the solvent A af-

fected neither the Ni particle dispersion on the CNT sup-

port nor the particle size distribution. TEM investiga-

tion confirmed that particles with diameters ranging

from 3 to 10 nm are homogeneously decorating the

whole external surface of the CNTs (Figure 5). Conse-

quently, it appears that the physical properties of sol-

vent A do not have a significant impact on the final ma-

terial when synthesized under our conditions.
TABLE 1. Physical Properties of the Organic Solvents Used
for the Selective Deposition of Metal Nanoparticles on the
Outer Surface of the CNTs. Values Were Taken from the
CRC Handbook of Chemistry and Physics41

solvent � (mN · m�1)a solubility in
water (wt %)

boiling point (K)

water 71.99 / 373
octane 21.14 7.1 � 10�5 398
ethylbenzene 28.75 1.6 � 10�2 409
benzene 28.22 1.78 � 10�1 353
trichloromethane 26.67 8.0 � 10�1 334
ethylene glycol 47.99 soluble 469
N,N-dimethylformamide 37.10 soluble 426
ethanol 21.82 soluble 351
tetrahydrofuran 26.4 soluble 339

aSurface tension at 298 K.

Figure 4. SEM images of 1 wt % Ni/CNT samples “metal outside” prepared with
solvents of various boiling point and solubility in water (A, benzene; B, ethanol;
C, octane; D, N,N-dimethylformamide). The nature of the solvent affects neither
the dispersion nor the average particle size.

Figure 5. TEM images obtained for the samples “metal outside” prepared
with different organic solvents: ethylene glycol (left), tetrahydrofuran (right).
The nature of the solvent affects neither the dispersion nor the particle size.
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Additional experiments that are not reported here how-
ever show that the boiling point of solvent A has an ef-
fect if the initial drying step is done at higher tempera-
ture, for example, at a temperature close to or higher
than the boiling point of the solvent. In this case, sol-
vent A evaporates and therefore no longer protects the
inner channel. The aqueous solution containing the Ni
then goes into the nanotube by capillarity, thus leading
to a loss of selectivity. From Table 1, it is also worth not-
ing that other parameters, like the polaritiy of solvent
A, do not seem to play a role during the synthesis. The
similar dispersion and size distribution of the Ni par-
ticles for all samples make us conclude that the organic
solvent neither chemically modifies the external sur-
face of the CNTs nor interacts with the Ni-containing
aqueous solution. The organic solvent seems to go into
the nanotube, fill the tubule, and remain inside as
expected.

SEM and TEM together provide clear information
about metal dispersion and particle size distribution.
TEM can also provide additional information about the
location of the particles inside/outside the CNTs when
tilting the sample, that is, by rotating one CNT around
its axis and taking a series of images. Tilting the sample
allows images to be taken from the same area but with
different perspectives, giving reliable information on
the location of the particles: particles inside the tube
will move but their motion will be restricted to the in-
ner tubule; particles that are in the middle of the tube
but outside will progressively move toward the outer
wall and will finally reach it and cross it (Figure 6). A
video made of 16 images obtained by tilting the sample
from �35° to �40° with steps of 5° can be found as
Supporting Information.

Figure 6. TEM tilt series obtained by tilting the sample “metal outside”
prepared with octane from �35° to �40°.

Figure 7. (A) Typical 2D-TEM image of the sample “metal inside”,
used to reconstruct its volume. (B) Longitudinal section through the
reconstructed volume. (C) Modeling of the reconstructed volume:
(pink) carbon nanotube, (red) Ni particles inside the tube, (blue) Ni
particles on the external surface).

Scheme 2. Schematic view of a longitudinal cross section of
a carbon nanotube during the different steps for the selec-
tive deposition of nanoparticles outside CNTs: (a) impregna-
tion with the organic solvent to protect the inner tubule
from metal deposition; (b) impregnation with the aqueous
solution containing the metal precursor; (c) after drying, cal-
cination, and reduction, metal particles are decorating the
outer surface of the CNT with a high selectivity.
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Quantitative Analysis of the Nanoparticles Ratio inside/outside
the CNTs. 3D-TEM, as for every tomographic technique,
relies on the volume reconstruction of an object
through one or several projection series. 3D electron
microscopy has been used mainly in biology.37 Since a
few years, some research teams working in the field of
materials science try to explore its possibilities and ad-
vantages, for example for determining the 3D structure
of catalysts.38,39 Shortly, it consists in taking a series of
TEM images when tilting the specimen with respect to
the electron beam around a tilt axis. Once the series of
projections recorded, the reconstruction of the object is
calculated by specific algorithms and finally it can give
rise to a 3D model of the sample structure. In our case,
the use of this technique gives statistical data about the
location of the nanoparticles and their size, as well as
distinguishing between the inner and outer parts of the
CNTs in order to estimate the ratio of the nanoparti-
cles inserted in the tubes.

To estimate more accurately the efficiency of the fill-
ing process and to validate the hypothesis of a high se-
lectivity inside/outside of the particles, we performed
3D-TEM analyses of representative CNTs for the two
types of samples. For the sample “metal inside”, a typi-
cal 2D image used to reconstruct the volume of the
whole object is shown in Figure 7A. From such a bright-
field image, it is obviously not possible to determine
the location of the Ni nanoparticles, but even their ob-
servation and analysis is quite difficult, due to a differ-
ence in mass�thickness contrast not high enough be-
tween Ni and C. In the sections through the
reconstructed volume (a longitudinal section is pre-
sented in Figure 7B), the individual analysis of their size
is facilitated by the increase of the signal-to-noise ratio
due to the redundancy of information coming from sev-
eral images. However, the main goal of this technique
here is related to the estimation of the ratio inside/out-
side of the Ni particles. Using the 3D positions of these
particles with respect to the inner and outer surfaces of
the tube obtained by modeling, we separated the in-
side/outside particles (in red and in blue in Figure 7C,
respectively) and calculated the corresponding ratio: for
this sample, near 75% of the Ni particles are thus lo-
cated inside the tube. According to this ratio, one could
state that even by using the two-step impregnation it
is not always possible to reach a totally selective deco-
ration, as some residual metal particles still remain on
the outer surface of the support. However, it is notewor-
thy that by using the present deposition technique a
significant improvement was achieved compared to the
classical incipient wetness impregnation method,32

that is, 75% of filling instead of 50%.
We performed a similar 3D-TEM analysis on the

sample “metal outside” prepared with benzene. Once
again, the precise localization of all the nanoparticles is
difficult from a 2D-TEM picture, even if the successive
TEM observations at different tilt angles suggest a pref-

erentially outside decoration of the tube. A typical pro-
jection of the object and several sections through the
volume as obtained from the reconstruction are pre-
sented in Figure 8. By extracting the nanoparticles and
nanotube contributions from the total volume, we ob-
tained the exact position of the nanoparticles with re-
spect to the outer surface and estimated thus the ratio
inside/outside in the case of the two-step impregnation
process proposed here. For this sample, the selectivity
of particles deposited on the outer surface is rather
high, close to 85%. The higher selectivity for the exter-
nal deposition was attributed to the fact that the aque-
ous solution evaporation on the outer surface was more
efficient, as all the solution is in direct contact with air.
The evaporation of the organic solvent is much slower
as it fills the tubule and it is in contact with air only at
the tube tips. For both types of samples, “metal inside”
and “metal outside”, the particle size ranges from 3 to 7
nm for the particles inside and 4 to 9 nm for the par-
ticles outside. These values are inline with the SEM and
TEM observations (Figures 3�6) and confirm that the
nature of the solvent affects neither the dispersion nor
the average particle size.

CONCLUSION
Selective, localized deposition of metal nanoparti-

cles on carbon nanotubes is possible by using a combi-
nation of organic and aqueous solvents. By testing dif-
ferent solvents we demonstrated that other parameters
like the miscibility with water and the boiling point
have no crucial effect in our synthesis conditions. The
difference in the liquid/solid interface energies of both
solvents with the CNT surface is a crucial parameter.
This method allows the avoidance of any additional
step of selected functionalization which is difficult,
time-consuming, and altering the surface chemistry of

Figure 8. (A) One of the 2D-TEM images from the tilts series used for
3D-TEM analysis of the sample “metal outside” prepared with ben-
zene. (B) Transeversal and a longitudinal sections through the vol-
ume obtained by reconstruction.
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the CNT walls. The two-step biphasic impregnation de-
scribed in the present work makes it possible to prepare
new materials for catalysis, magnetism, and electronics

where the inner and outer surface of the CNTs would
be decorated or covered with different materials, that
is, a layered structure.

EXPERIMENTAL SECTION
Carbon Nanotube Support. Carbon nanotubes were supplied by

Pyrograf Products, Inc. (OH). Their initial specific surface area,
measured by N2 adsorption at liquid N2 temperature, is 55 m2/g.
The CNTs were treated at 373 K with concentrated nitric acid
(65% HNO3) for 16 h in order to remove the residual catalyst and
carbon impurities and to functionalize the nanotube inner and
outer surfaces. Typically, 10 g of CNTs were treated with 500 mL
of concentrated nitric acid under vigorous stirring (500 rpm) in
a 1 L round bottomed flask equipped with a condenser. After
16 h, the mixture was allowed to cool down to room tempera-
ture. The CNTs were then filtered on a Büchner and were exten-
sively rinsed with distilled water (at least 1 L) until reaching a
neutral pH.

Nanohybrids Synthesis. The porous volume of the support was
determined by impregnation of 1 g of CNTs with distilled water
until reaching the incipient wetness. It was found to be 6 mL/
gCNT. For the reference 1 wt % Ni/CNT sample prepared by incipi-
ent wetness, 50 mg of nickel nitrate hexahydrate
(Ni(NO3)2 · 6H2O, Acros) were first dissolved in 6 mL of distilled
water. The solution was then slowly added to 1 g of CNTs using
a Pasteur pipet, while continuously stirring the paste with a glass
stick. The mixture was dried at 323 K for 10 h. Then, it was cal-
cined in static air at 623 K for 2 h (heating ramp: 10 °C/min) in or-
der to decompose the nickel precursor and form nickel oxide
particles. Finally, the sample was reduced in flowing hydrogen
(50 mL/min) at 673 K for 2 h (heating ramp: 10 °C/min). The
sample with metal nanoparticles selectively deposited inside
the CNTs was synthesized as follows: 1 g of CNTs was first im-
pregnated with 4 mL of an ethanolic solution containing the
nickel nitrate precursor (50 mg of nickel nitrate hexahydrate dis-
solved in 4 mL of ethanol). The volume of the solution was set
to be lower than the porous volume of the CNT (4 mL/gCNT in-
stead of 6 mL/gCNT). In a second step, 3 mL of pure distilled wa-
ter are then added (see Scheme 1). The paste was dried, calcined,
and reduced in the same conditions as the reference sample.
For the samples with Ni nanoparticles selectively deposited out-
side, 1 g of CNTs was first impregnated with 6 mL of one of the
organic solvents listed in Table 1. In a second step, 4 mL of an
aqueous solution containing the Ni precursor were added. Dry-
ing, calcination, and reduction were performed in the same con-
ditions as for the reference sample. All solvents were ACS grade
and used without further purification. Additional comments con-
cerning the synthesis methods are found in the Results and Dis-
cussion section.

Nanohybrids Characterization. The zeta potential of the function-
alized CNTs was measured with a Malvern Zetasizer (Zen 3600)
at a constant temperature of 298 K. Functionalized CNTs were
dispersed in distilled water by ultrasonication. The pH of the CNT
solution was decreased from 9.5 to 1.5 in steps of 0.2 by adding
0.25 M hydrochloric acid. XPS measurements were carried out
using a modified LHS/SPECS EA200 MCD system equipped with
a Mg K� source (1253.6 eV, 168 W). The binding energy scale of
the system was calibrated using Au 4f7/2 	 84.0 eV and Cu 2p3/2

	 932.67 eV from foil samples. The powder samples were placed
as is in a stainless steel sample holder with a 0.6 mm deep rect-
angular well covering an area of (12 � 8) mm2. SEM images were
acquired with a Hitachi S4800 FEG microscope equipped with
SE (upper and lower), YAG-BSE and TE detectors, as well as an
EDS system for elemental analysis. The samples were typically
dispersed on a conductive carbon tape. SE images were acquired
at different accelerating voltages, that is, 2 and 15 kV. Images ac-
quired at 2 kV are more surface sensitive as the primary elec-
trons have an energy too low to penetrate deeply into the
sample. The image is mainly generated from secondary elec-
trons emitted from the surface of the sample. The samples were
also dispersed on holey carbon coated Cu grids to acquire im-

ages in transmitted electron (TE) mode. Conventional high reso-
lution TEM images were acquired with a Philips CM 200 LaB6

microscope operated at 200 kV. The tilt series for 3D-TEM experi-
ments were recorded in bright-field mode on a TECNAI F20 mi-
croscope, running at 200 kV high-voltage with a specific high tilt
holder allowing a maximum tilt angle of �70° around an axis
perpendicular to the beam direction. The acquisition process
was performed using the FEI eXplore3D acquisition software
which is able to change automatically the tilt angle, to correct
defocus and the shift of the object, and to record and store 2D
images. With tilt angles ranging from �65° to 65° and 2° incre-
ments between �30° and 30° and 1° elsewhere, the tilt series
consists of 101 images. A 2048 � 2048 pixels cooled CCD array
detector was used to store these images with an exposure time
of 1 s per image. No apparent irradiation damage on the speci-
men was observed during the total acquisition time of the tilt se-
ries. The reconstructed volumes were calculated using the
weighted back-projection algorithm implemented in the IMOD
software.40 The spatial resolution in the reconstructions esti-
mated for our acquisition parameters is about 2 nm along the
electron beam and 1.5 nm in the perpendicular directions. To de-
termine the exact positions of the nanoparticules with respect
to the inner and outer surface of the nanotube, we have mod-
eled the volume using a segmentation procedure based on the
gray-level intensities of the voxels.
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