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An Efficient Strategy to Drive Nanoparticles into Carbon Nanotubes
and the Remarkable Effect of Confinement on Their Catalytic

Performance*
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The possibility of using the inner cavity of a carbon nanotube
(CNT) as a nanoreactor of a few nanometers in diameter and
a few micrometers in length is an exciting challenge, which led
only a few years after the discovery of CNTs to the first
studies concerning their opening, filling, capillarity, and
wetting.!! The complete filling of CNTs, which allows for
the production of metallic nanowires® for electronic or
magnetic devices, has been mastered and well-documented.”!
However, the selective confinement of discrete nanoparticles
(NPs) in the CNT cavity is still a synthetic challenge. Success
in this endeavor could pave the way to interesting perspec-
tives for drug delivery or for performing chemistry in a
confined space while exploiting the unique CNT properties.
Owing to synthetic difficulties, few studies provide results on
confinement effects in CNTs. For example, the reactivity of
iron oxide NPs is increased (easy reduction), while that of
metallic iron NPs is decreased (difficult reoxidation) when
confined inside CNTs.!l Dimensionally confined phase tran-
sitions have been reported for water® and ionic liquids!®
encapsulated within CNTs. Heptene confined in CNTs shows
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a reduced reactivity towards atomic hydrogen,” and rhodium
NPs confined in CNTs are one order of magnitude more
active for ethanol production from syngas than their counter-
parts deposited on the convex CNT surface.”®! Furthermore,
the ultraefficient transport of water and gas through the
hydrophobic cavity of CNTs makes CNT membranes prom-
ising for many applications.”!

Currently, three main routes are used to introduce NPs
inside CNTs: 1) Incipient wetness impregnation techniques
rely on the filling of oxidized CNTs by capillarity with a
solution containing a metal salt!'">* or preformed NPs.'* X-
ray photoelectron spectroscopy (XPS)"! and 3D TEM™
studies have indicated that the fraction of metal present in
the inner cavity of CNTs is between 15 and 50%. More
selective filling of very large diameter (300 nm or larger)
carbon filaments by preformed NPs has been achieved.
2) Sublimation of a metal precursor can be used to introduce
it into the CNT cavity.'”] For these two methods, an improve-
ment in the confinement selectivity can be obtained if an
additional selective washing step is performed to eliminate
NPs deposited on the external surface.'” The main drawback
of these methods is that a significant amount of precursor is
lost during the synthesis. 3) Another multistep approach
consists of producing CNTs inside anodic aluminum oxide
membranes, filling the resulting template with a solution of
NPs, and dissolving the alumina membrane.'" This latter
method, however, suffers from scale-up difficulties.

Herein we report 1) a simple and efficient method for the
selective confinement of NPs in the inner cavity of CNTs, and
2) the effect of spatial confinement of bimetallic PtRu NPs on
their catalytic performance for the selective hydrogenation of
cinnamaldehyde. The strategy we have developed to selec-
tively confine NPs inside CNTs is based on surface chemistry
(Figure 1).

n-n interaction h 4

Figure 1. Strategy adopted to drive NPs into CNTs. PtRu NPs pink,
N red, O blue, C gray and green.
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The first step consists of the controlled preparation by an
organometallic route™ of NPs stabilized by a ligand possess-
ing two functionalities: one has an affinity for the surface of
the NPs and the other presents an affinity for the CNT
graphene layers (m—m interaction). We have chosen 4-(3-
phenylpropyl)pyridine (L) as ligand, as it may coordinate to
NPs by the nitrogen atom of the pyridine group and may
interact with the CNT surface through the phenyl ring. The
second step is the functionalization of CNT external surface to
introduce different surface species that should induce weak
interaction or repulsion between the NPs and CNT external
surface. Thus, we have introduced two kinds of functionalities
on CNT surface, carboxylic acid groups and amide groups
presenting a long alkyl chain.

The pristine CNTs, denoted CNT1, present a specific
surface area of 38m’g™', a mesoporous volume of
0.15cm?g™!, a mean pore diameter of 16 nm (inner hollow
cavities and aggregated pores formed by interaction of
isolated CNTs), an average external diameter of 80 nm, and
an average internal diameter of 40 nm, and they do not
present graphene layers perpendicular to the CNT axis. To
facilitate the introduction of NPs into the CNT cavity, the
CNTs were segmented (0.1-1 um) by ball-milling to open
both their ends (see the Supporting Information). The
functionalization of the segmented CNT1 surface with
carboxylic acid groups was achieved by nitric acid oxida-
tion,?!! yielding CNT2. To graft moieties terminated by long
alkyl chains onto the CNT surface, CNT2 was treated with
thionyl chloride to produce acetyl chloride groups and further
treated with hexadecylamine (HDA) to produce the amide
surface groups of CNT3 (Figure2). CNT1-3 have been
characterized by TEM, IR spectroscopy, thermogravimetric
analysis, elemental analysis, chemical titration, and XPS.

w
.‘&
™
‘_ﬁ.
™
™
.‘R
-
b) CNT1 b CNTZ “1‘, CNT3
& . o = = & 2
252 NI 252 METE 25258
Y Y ety B B ey S Bl B

bes” Bdl” B 2,
2222 Y 22229
Figure 2. a) TEM micrograph of CNT3; the inset shows an enlarge-

ment of the CNT wall, scale bar 10 nm. b) CNT functionalization:
1) HNO; oxidation at 413 K for 3 h; 2) SOCI, and HDA.

As-received CNT1 nanotubes are open and present a low
amount of surface oxygen functionalities (Table 1). Nitric acid
treatment allows the introduction of polar hydrophilic surface
groups, mainly carboxylic acid groups but also phenol,
carbonyl, and quinone functionalities.”? The duration of
this treatment was limited to 3h to avoid internal surface
functionalization; this treatment also induces a burn-off of
approximately 3 %, as evidenced by the results of elemental
analysis (Table 1). The concentration of surface carboxylic
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Table 1: Elemental and XPS analyses of as-received and functionalized
CNTs.

XPS [atom %] Elemental analysis [wt %)

C (6] N @ O N
CNT1 98.6 1.4 - 96.3 0.4 0.6
CNT2 86.1 13.9 - 83.2 8 0.5
CNT3 90.2 9.8 - 88.8 33 1.1

acid groups in CNT2 is 1 mmol g™, as determined by chemical
titration (see the Supporting Information).” The reaction of
surface carboxyl and phenol groups of CNT-2 with thionyl
chloride leads to acetyl moieties.**! Hexadecylamine reacts
with the acetyl groups to produce the amide species, but it can
also react with carbonyl groups to produce the imine
functionality.”! The effective grafting of the long alkyl
chain onto the CNT3 surface has been verified by IR
spectroscopy. Besides the bands at 1580 cm™' from CNT
skeletal in-plane vibration and at 1721 cm™ attributed to the
Vasym(COOH) of carboxylic acid groups (from hydrolysis of
some acetyl chloride groups?), the spectra of CNT3 show a
band at 1635 cm ™' consistent with the amide functionality and
the aliphatic C—H stretching bands located between 2850 and
2950 cm™' (see the Supporting Information). The bulk
quantitative (elemental analysis) and surface semiquantita-
tive (XPS) analyses confirm the functionalization of CNTs
(Table 1). Furthermore, thermogravimetric analyses under air
and under nitrogen show that around 50 % of the carboxylic
acid groups have reacted with HDA (see the Supporting
Information).

Platinum-ruthenium nanoparticles were prepared at
room temperature through the co-decomposition of [Ru(n’-
1,5-cod)(n’-1,3,5-cot)] (cod =cyclooctadiene; cot = cyclo-
octatriene) and [Pt(CH;),(n*-1,5-cod)] in the presence of L
under dihydrogen, using a procedure similar to previously
reported ones (see the Supporting Information).?”! Under
these conditions, small and homogeneously dispersed nano-
particles showing a quite narrow size distribution around a
mean diameter of 2.2 + 0.7 nm were obtained (Figure 3). The
weight elemental composition of these NPs is Pt 40%, Ru
18%, and L 42%. Even if we do not yet know if they are
alloyed or core—shell NPs, X-ray microanalysis confirms the

Figure 3. a) TEM and b) HREM images of PtRu NPs. The inset in (b)
shows the energy-dispersive X-ray spectrum. The points marked 1, 2,
and 3 in (a) highlight the particles selected for EDX spectra.
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bimetallic nature of these nanoparticles (Figure 3). Although
we have not yet studied the coordination of L. on PtRu NPs, a
recent report has shown that L can coordinate on Ru NPs.*!

Two synthetic routes have been followed for the prepa-
ration of 5-23 wt % PtRu—~CNT samples. The first one consists
of a simple impregnation procedure performed on CNT1-3 in
THF, an organic solvent presenting a low surface tension
(26 mNm™"), which should wet and penetrate inside CNTs.
The samples prepared in this way were named PtRu@
CNT1-3. The second one consists of the co-decomposition
of the Pt and Ru precursors in the presence of L and CNT2
(PtRu/CNT2). It was performed to favor the nucleation of
NPs on the outer surface of CNTs; indeed, the presence of
surface COOH anchoring sites should enhance the nucleation
of PtRu NPs. TEM (Figure 4) and 3D TEM!"? (Figure 5) have

@

b)

Figure 4. 2D TEM images of a) 11 wt% PtRU@CNT1, b) 5wt%
PtRU@CNT?2, c) 23 wt% PtRU@CNT3, and d) 5 wt% PtRu/CNT2.

been used to determine the spatial location of PtRu NPs in
the different samples. For PtRu@CNT1, where m—x inter-
actions may occur on both the concave and convex surfaces,
the confinement of PtRu NPs is clearly not selective
(Figures 4a and 5b), and most of the NPs are visible on the
external surface. On this support, PtRu NPs are nicely
dispersed at 5wt% loading (not shown) and started to
agglomerate in aggregates of a few NPs at 11 wt % loading.
3D TEM performed on 11 % PtRu@CNT1 confirms that the
NPs are located on both the inside and outside of CNT1
(Figure 5b). Although a precise quantification is difficult to
establish, by analyzing the 3D TEM reconstructed volume of
the chosen CNT we have estimated that approximately 30 %
of the PtRu NPs are located inside the CNT1 -cavity.
Interestingly, the mean diameter of NPs located inside
CNT1 (1.6 nm) is smaller than that of NPs deposited on
CNT1 (2 nm; see the Supporting Information). For PtRu@
CNT2, the NPs show a tendency to agglomerate in large
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Figure 5. Top: examples of transverse sections extracted from the
reconstruction, middle: minimum-intensity projections of all sections
on the same plane to highlight the contribution of the NPs, and
bottom: modeling of the reconstruction of a) 5 wt% PtRu/CNT2,

b) 11 wt% PtRU@CNT1, and c) 23 wt% PtRu@CNT3. The large,
round-shape NPs on transverse sections and global projections are Au
NPs deposited before 3D TEM analysis to facilitate the treatment of
the tilt series for the reconstruction (see the Supporting Information):
violet PtRu NPs outside, red PtRu NPs inside, and yellow Au NPs.

aggregates of NPs on the outer surface of CNTs, regardless of
metal loading (Figure 4b). For these samples, fewer NPs are
confined in the interior of CNTs than for CNT1. For PtRu@
CNT3, a remarkable effect of CNT functionalization on NP
location was observed, since most of the NPs are located
inside CNTs, regardless of metal loading (5-23 wt % see the
Supporting Information). For the 23 % sample (Figure 4c),
3D TEM measurements show that 80 % of PtRu/L NPs are
confined in the inner cavity of the CNTs (Figure 5c), which is
a significant improvement compared to classical techniques.
There also, NPs located inside CNTs (2 nm) present a lower
mean diameter than the NPs deposited on CNT external
surface (2.5 nm; see the Supporting Information). The steric
hindrance arising from the long alkyl chain, in combination
with the weak interaction that should occur between the alkyl
groups of the CNT3 surface and PtRu/L NPs (Figure 1),
seems a reasonable explanation of these results. Between 5
and 11 wt % NPs, most of the PtRu NPs are located on the
internal graphene layers, and at higher loadings the CNT
inner cavity is really stuffed with NPs. At the highest loading
(23 wt %), m— interactions between the ligands of different
particles should prevail to stabilize the NPs. Finally, for PtRu/
CNT2 (Figure 4d), 3D TEM shows that around 90 % of the
nanoparticles are located on the external CNT surface
(Figure 5a). For that sample, for which preformed NPs have
not been used, the mean NP size is 2.2 nm, regardless of NP
location (see the Supporting Information).

To get more macroscopic information on NP location, we
also performed XPS analyses on PtRu@CNT1, PtRu/CNT2,
and PtRu@CNT3 at various metal loadings (Figure 6). The
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Figure 6. External surface Pt content (atom %) in PtRU@CNT1, PtRu/
CNT2, and PtRu@CNT3 for different metal loadings (as determined
by XPS).

XPS data confirm the results obtained at the local scale by 3D
TEM. Moreover, it seems that below 11 wt% metal, the
percentage of NPs located inside CNT3 is close to 100 %. To
our knowledge, such a control of NP location in the inner
cavity or on the external surface of open-ended CNTs is
unprecedented.

To evaluate the effect of confinement of NPs on their
catalytic performance, we compared four catalytic systems
(PtRu@CNT1, PtRu@CNT3, PtRu/CNT2, and PtRu/L NPs)
for the reaction of selective hydrogenation of cinnamalde-
hyde (CAL). The targeted but thermodynamically unfavored
reaction is the hydrogenation of the carbonyl group to
produce the cinnamyl alcohol (COL). Alternative routes
involve the reduction of the olefinic C=C bond, leading to
hydrocinnamaldehyde (HCAL), and the complete hydro-
genation to produce the fully saturated hydrocinnamyl
alcohol (HCOL). Platinum,”?! platinum-based,***"! and
palladium™ catalysts on CNTs have already been investi-
gated for this reaction, and bimetallic systems”*>!! generally
permit higher selectivity towards COL than monometallic
ones.

Control experiments performed at 20 bar H, and 343 K
show that CNTs do not present any activity for this reaction.
In the presence of the catalysts, and under the reaction
conditions employed, the sole products of CAL hydrogena-
tion were COL, HCAL, and HCOL. Considering that the
tests were performed with NPs of the same size and with
CNTs of the same diameter, we noticed a remarkable effect of
NP location on both activity and selectivity (Table 2). First,
the presence of CNTs as a support allows an increase of both
activity and selectivity, since unsupported PtRu/L NPs are
significantly less active and selective. Furthermore, when NPs
are located mainly inside (PtRu@CNT3) and not outside
(PtRu/CNT2) CNTs, a very high selectivity towards COL
formation was observed. In fact, evidence for a linear
relationship between selectivity and the percentage of NPs
located inside CNTs have been established (see the Support-
ing Information).

Increasing the loading of NPs on CNT3 from 5 to 23 %
induces a further increase in selectivity towards COL to
100% and a decrease of the TOF to 41 h™'. Besides the high
concentration of NPs inside CNT3, a reasonable explanation
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Table 2: Catalytic results for cinnamaldehyde hydrogenation.!

Catalyst NPs % NP int. TOF[h™'] HCAL HCOL COL
dmean [nm]

PtRu/L NPs 2.2 - 30 50 15 35

PtRu/CNT2  2.2/2.2"1 10 56 33 8 59

PtRU@CNTT 1.6/2.2° 30 75 18 12 69

PtRU@CNT3 2/2.5" 80 85 0 5 95

[a] See the Supporting Information for experimental conditions. [b] dycan
of NPs inside/d,.., of NPs outside.

of the remarkable performance of this system could be the
adsorption properties of CNTs, which, particularly for CNT3
where the external surface is passivated by the long-chain
amide, should permit an increase in the concentration of CAL
around the active NPs present in the internal cavity. Indeed, it
has been shown that the activity of Pt catalysts increases with
the initial CAL concentration.”

Furthermore, it has been proposed that at high CAL
concentration the CAL molecules adsorb perpendicular to
the Pt surface with the aromatic ring in a parallel arrange-
ment, thereby enhancing the selectivity towards COL.P?
Finally, a higher concentration of active hydride species was
reported when Rh NPs were located inside rather than
outside CNTs.®! Thus, the confinement of CAL and NPs into
CNT3, for which the outside surface is functionalized with the
long alkyl chain, is expected to give the highest activity and
selectivity.

In conclusion, we report a simple and selective procedure,
based on molecular recognition, to build a nanoreactor
consisting of approximately 2 nm PtRu nanoparticles con-
fined in segmented CNTs of 40 nm internal diameter. These
nanocatalysts display excellent catalytic performance owing
to confinement of both the active phase and the reactants in
the inner cavity of CNTs.
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