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Reactions over catalysts confined in carbon nanotubes
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We review a new concept for modifying the redox properties of transition metals via confinement

within the channels of carbon nanotubes (CNTs), and thus tuning their catalytic performance.
Attention is also devoted to novel techniques for homogeneous dispersion of metal nanoparticles
inside CNTs since these are essential for optimization of the catalytic activity.

1. Introduction

Carbon is an important support material and has been widely
used in chemical industry to disperse precious metal catalysts
as small particles in order to obtain a higher number of
catalytically active metal atoms.! Carbon nanotubes (CNTSs),
which were only discovered in 1991, are considered to be a
promising alternative to the widely used activated carbons due
to their unique properties.” > They possess very good electrical
conductivity, mechanical strength, thermal stability and hy-
drogen storage capability.>* Studies have shown the benefits
of using CNTs as supports for dispersion of transition metal
catalysts on their outer surface in hydrogen involving reac-
tions such as hydrogenation and fuel cell electrocatalytic
reactions.*® Improved activities and/or product selectivities
have often been reported compared to e.g. Al,Os, SiO, and
even activated carbon supported catalysts. Recent reviews
have summarized significant progress in this field.>®
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What distinguishes CNTs from other carbon materials is
their nanochannels formed by graphene layers.> The channel
size ranges from as small as less than one nanometer up to a
hundred nanometers in diameter, which may provide an
intriguing confinement environment for nanocatalysts and
catalytic reactions. However, this has not been studied until
recently.

On the other hand, zeolites and other mesoporous materials
with a periodic pore structure of similar diameters e.g. SBA-15
have been extensively applied in catalysis.”'° Their small pores
restrict the growth of catalyst particles and prevent sintering at
high temperatures. Therefore, the well defined nanochannels
of CNTs are expected to provide a similar space restriction for
nanocatalysts. This restriction has been reported to influence
the structures and other properties of substances, which have
been introduced into the CNT channels, e.g. fullerenes and its
derivatives, water, alkali metals and halides."'™'* For example,
the lattice of KI crystals is distorted'? and water molecules
form a layered cylindrical structure with hydrogen-bonding in
a heptagonal ring,'® which do not exist in the bulk phase.

In addition, inside such small channels the interactions of
reactant and product molecules with the pore walls become
increasingly important and finally dominate compared to the
intermolecular interaction. This may alter the thermodynamics
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of a reaction."”” Furthermore, if metal catalysts are introduced
inside nanotubes, a unique metal-support interaction may result
because of the deformed sp? hybridization electron structure of
the graphene walls. Deviation from planarity causes m-electron
density to shift from the concave inner to the convex outer
surface, leading to an electron potential difference between inside
and outside of CNTs.'®" Thus, the metal-support interaction
inside CNTs may be different from the case with catalysts located
on the exterior surfaces of CNTs.***! For example, theoretical
simulation shows that transition metal atoms interact with CNT
walls differently from that with graphite layers with regard to
bonding sites, magnetic moments and charge-transfer direc-
tions.”” This opens up an opportunity to tune the catalytic
performance via confinement inside CNTs. >

Here we focus on a new concept, ie. reactions over
CNT-confined catalysts reviewing recent theoretical and ex-
perimental advances in this field. Since homogeneous disper-
sion of metal nanocatalysts particularly inside small CNTs is
essential to achieve optimized catalytic activity and is still a
great challenge for experimental study, novel techniques of
filling nanotubes with metal catalysts are discussed first. Then
we show that the redox properties of catalysts can be tuned
through the metal-support interaction inside CNTs. Conse-
quently their catalytic behavior is modified with respect to the
catalysts supported on the CNT exterior surfaces.

2. Tailoring of CNTs for catalytic applications
2.1 Techniques of filling CNTs

The one-dimensional tubular morphology of CNTs has trig-
gered wide interest in fabricating composite materials with
foreign substances inserted in the channels. Several techniques
have been developed for filling CNTs. For example, metals
have been introduced inside CNTs during arc discharge
growth of nanotubes.?>*® Both carbon and metal sources are
passed simultaneously through the arc discharge. The metals
crystallize on the cathode and CNTs grow around them.
This process is usually operated at rather high temperatures.
Thus the confined metals are frequently accompanied by
formation of their carbides as byproducts. In addition, the
resulting metals are often encapsulated completely inside the
carbon shell*>?® and will be inaccessible to reactants in
catalytic reactions.

Transition metals such as Fe and Co have been inserted in
the CNT channels by vapor deposition of volatile complexes,
e.g. ferrocene and cobaltocene.?’’ 2° The process usually in-
volves evacuation of the CNT channels followed by evapora-
tion and decomposition of the metallocenes to form metals
and carbon inside CNTs. However, a great deal of metal
complexes also deposit on the CNT exterior surfaces, which
need to be removed carefully. This is inconvenient for
controlling the metal loadings.

Due to the tubular morphology of CNTs, liquids can be
sucked into the channels because of the capillary forces. Filling
depends on the pressure difference across the liquid—vapor
interface, which is related to the surface tension of the liquid
and the contact angle between the liquid and the CNT pore
walls.>*3! It has been predicted that liquids with a surface

tension below 100-200 mN m~' can wet CNTs and can be
filled inside the channels at atmospheric pressure through an
open end.*

Ajayan et al. first reported filling MWNTSs with low melting
metals such as lead and bismuth in the presence of oxygen.*>
Through oxidation of carbon by oxygen the nanotubes were
opened and the liquid was drawn in to the channels by the
capillary forces. Ugarte et al. introduced silver into CNTs
using molten salt AgNO; followed by decomposition under
the electron microscope beam.!” Recently, Chernysheva e al.
inserted molten Cul in nanotubes under vacuum.*® This
technique is limited to metals and metal salts with low melting
points.

However, most of the filled materials resulting from the
above techniques often exist in the form of nanowires, rods or
particles mixed with wires and rods.>>***? Such inhomo-
geneous dispersion of catalysts with varying dimensions is
not preferred for catalytic reactions with respect to activity
and selectivity. Furthermore, the CNT channels seem to be
frequently blocked by these wires or rods, which will cause the
metals at the inner part of the channels to be not easily
accessible to reactants and significant diffusion resistances
for products out of the channels.

Wet chemistry methods using inorganic or organic solutions
containing metal precursors appear to be simpler and more
versatile for filling CNTs.3* 3% They are suitable for most
metals and metal oxides and are more likely to achieve
homogeneously distributed nanoparticles.>® Tsang et al. intro-
duced NiO and UO,,, crystals inside CNTs by refluxing
nickel nitrate and uranyl nitrate, respectively, in nitric acid
solution followed by heat-treatment.>* Chu et al. reported that
AgNOj3 and AuCl; were introduced in nanotubes by stirring a
mixture of the previously opened nanotubes with an excess
concentrated aqueous solution of metal salts.>> For example,
Fig. 1 shows Ag crystals inside CNTs obtained by decomposi-
tion of the incorporated AgNO; upon heat-treatment.*

However, difficulties are often encountered during fill-
ing!”13¢ and the filling efficiency has been low so far. Very
often only a small amount of tubes are filled and a relatively
large portion of metals are deposited on the outside of CNTs.
In particular filling nanotubes with a diameter smaller than
10 nm, which should be most interesting for confining

Fig. 1 HRTEM image of Ag crystals filled in a carbon nanotube.’
Reprinted with permission from ref. 35. Copyright 1996, American
Chemical Society.
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nanocatalysts, is not often successful at atmospheric pressure
yet even if low surface tension liquids such as ethanol and
isopropanol have been used.>® This is due to effects such as
wall characteristics, interaction of the liquid with the wall, and
the dynamics of wetting and filling in small pores.'”*" A recent
interesting study reported by Khlobystov er al. showed that
fullerenes can be carried into nanotubes using supercritical
CO, as a medium, which has no surface tension, very low
viscosity and high diffusivity.!' This has been achieved by
immersing a mixture of nanotubes and fullerenes into the fluid
under 100-150 kbar pressure.

In addition, the channels of the opened CNTs are usually
filled with air, which opposes the entry of solution into the
channels.?!"*® So does amorphous carbon inside tubes, which
usually forms during CNT growth but cannot be completely
removed during purification. For example, Ajayan et al. found
it very difficult to fill open tubes with the low surface tension
liquid lead even under vacuum in the absence of oxygen.*? No
filling was observed but the peripheries of the open tube ends
seemed to become decorated with metals.

Furthermore, the transport resistance the liquid encounters
within several micrometer long channels of CNTs cannot be
neglected, which may also hinder filling. Likewise, long chan-
nels will cause transport resistances for reactants and products
if the reaction takes place inside nanotubes. Thus shorter
CNTs with better wetting properties are preferred for filling
of catalysts and for catalytic reactions. For this purpose, we
have developed a novel pre-treatment process, which includes
purification, surface decoration and controlled cutting of
nanotubes to a desired length.

2.2 Purification and cutting of CNTs

Scheme 1 describes the process we have developed for
pre-treatment of CNTs in order to facilitate homogeneous
dispersion of nanocatalysts inside nanotubes.*” Pristine CNTs
usually have closed ends and contain impurities such as
residual catalysts and amorphous carbon, which have formed
during CNT growth and need to be removed prior to deposi-
tion of catalysts. Treatment in e.g. concentrated nitric acid is a
well practised process, which does not only purify CNTs
but also opens their caps.>'**3¢ Furthermore, carboxylic,
carbonyl and hydroxyl groups are introduced on their sur-
faces, which provide nucleation sites for subsequent deposition
of metal species.*’*® In addition, the resulting CNTs become
more wettable in polar solvents such as water, which will

facilitate the following filling of the channels using wet chem-
istry methods.

Many efforts have been made previously to cut long nano-
tubes. For example, AFM tips have been successfully used for
cutting individual CNTs.*> Similarly, a single-walled CNT
(SWNT) bundle has been cut with a TEM electron beam.*
Multi-walled CNTs (MWNTs) can be cut by ball milling, but
this usually takes a rather long time e.g. over 10 h to obtain
tubes shorter than 1 pm.*' Cutting can also be achieved via
oxidation of CNTs, e.g. by reaction with a large amount of
NiO at 900 °C, with air at 600 °C or a concentrated H,SO4—
HNO; mixture.**** However, direct oxidation with air and in
concentrated acid solution are not easy to control and they
often lead to a significant weight loss. Recently, a method
using a so-called piranha solution with 4 : 1 vol. ratio of 96%
H,S04-30% H,0, was reported for cutting of SWNTs at
room temperature, which resulted in a rather small weight loss
(~15%).*> We have previously treated our CNTs by refluxing
them in 68% HNO; at 120 °C, resulting in 0.7-1.2 um long
nanotubes and a weight loss around 40%. The weight loss
became greater if we wanted to cut nanotubes shorter. There-
fore we decided to develop a process to control cutting of long
MWNTSs via catalytic oxidation with reduced losses.*’

Ag was used as catalyst for oxidative cutting since it is
known to catalyze oxidation of hydrocarbon compounds.*®
CNTs were impregnated with AgINOj; followed by decomposi-
tion to Ag at 300 °C in Ar. Thus Ag particles formed with a
particle size of 10-15 nm on the CNT exterior surfaces.
Catalytic oxidation of Ag/CNTs was carried out in a 5 vol%
O,—Ar stream. Small pits formed around the positions where
the catalyst particles were located due to oxidative etching of
carbon. The subsequent ultrasound treatment in diluted nitric
acid solution (2 M) removed the Ag catalysts and completed
the breaking of nanotubes around the pits. Since oxidation
caused a loss of CNTs, care was taken to choose suitable
oxidation conditions, i.e. temperature and duration, which
were sufficient to achieve cutting and yet not too severe to lose
too many CNTs. The weight loss is usually around 20%.%’

The length of nanotubes can be controlled by varying
the loading of Ag. Fig. 2 shows that over 80% tubes are
200500 nm long when the Ag loading is 5 wt% and oxidized
for 105 min at 300 °C. With 2 wt% Ag, the resulting nanotubes
are longer after cutting. Around 65% tubes are in the range of
500 nm to 1.0 pm. Further decreasing the Ag loading to
0.5 wt%, most of the tubes are longer than 1.5 pm.
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Scheme 1 Controlled cutting of CNTs and filling of nanocatalysts.3’
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Fig. 2 Length distribution of CNTs after oxidation catalyzed by
Ag/CNT with a varying Ag loading.”’

2.3 Homogeneous dispersion of catalyst nanoparticles inside
tailor-made CNTs

Oxidatively cut CNTs discussed above are short and opened,
and their surfaces are decorated with oxygen containing
groups. They can be readily wet by hydrophilic solvents.
Therefore, we used a wet chemistry method for introducing
metal nanoparticles inside CNTs. Considering the difficulties
encountered previously during filling small nanotubes,'”-3!3
ultrasonic treatment and extended stirring were employed to
aid the capillary actions. Using this method, iron oxide,
rhodium and ruthenium nanoparticles have been introduced
inside the CNT channels at a rather high efficiency.?*-**%7

Taking filling of ruthenium as an example, acetone
was chosen as a solvent for RuCls since its surface tension
(26 mN m ") is far below the cut-off value for wetting CNTs.>’
CNTs with 4-8 nm inner diameter were immersed in RuCl;/
acetone solution, which was subjected to ultrasonic treatment
and extended stirring. This facilitated expulsion of the air out
of the CNT channels. Thus the solution could migrate into the
channels. In addition, extended stirring allowed slow evapora-
tion of acetone outside of the nanotubes. Driven by the
increasing concentration gradient more RuCl; entered the
channels during this process. Following drying and reduction
in H, for 5 h at 450 °C Ru/CNTs were obtained. From visual
inspection of the sample under TEM, one can see that most
particles (over 80%) have been introduced in CNTs. The
particles are fairly uniform and most of them are in a range
of 2-4 nm, which leaves sufficient space for diffusion of
reactants and products in and out of the channels. This
contrasts to earlier filling studies where the inner part of the
CNT channels was almost completely blocked with e.g. NiO
and Ag nanorods and particles.>** Fig. 3 shows TEM images
of such a composite material at different magnifications.
Rotating the specimen under the microscope in two directions
with respect to the electron beam confirmed the location of the
majority of the particles inside the CNT channels.?’

Fig. 3 TEM images of Ru nanocatalysts homogeneously dispersed

inside the CNT channels at different magnifications.?’

2.4 Dispersion of catalyst nanoparticles on the exterior
surfaces of opened CNTs

In order to understand better the effect of confining nanocatalysts
inside the CNT channels, it is essential to obtain a catalyst for
comparison with metal particles dispersed exclusively on the CNT
exterior surfaces. An easy way to achieve this goal is to use the
nanotubes with closed ends, as shown in our previous studies.”>**
However, the closed CNTs may exhibit different characteristics
from the shortened and opened nanotubes concerning purity,
surface area and different amount of surface oxygen groups due
to different pretreatment they have gone through. This could
affect the dispersion and the properties of metal catalysts, and
hence the catalytic performance. Therefore it is desirable to use
the same opened CNTs for inside and outside deposition of metal
catalysts. However, the short and opened CNTs can be partially
filled with the metal precursor solution because of the capillary
actions. Thus, the ingress of catalyst particles cannot be avoided
following standard wet chemistry procedures.

Therefore, it is vital to block the CNT channels temporarily
so that only the exterior surfaces of opened CNTs are deco-
rated with metal species. We first filled the CNT channels with
an organic solvent e.g. xylene, which is immiscible with the
solvent for RuCl; here (water). This prevented RuCls/water
from infiltrating the channels when aqueous RuCl; solution
was added. In the presence of NH3-H,O/NH4HCO3;, the
xylene-filled CNTs transferred into and were well dispersed
in RuCl; aqueous solution. The higher boiling point of xylene
allowed the preferential evaporation of water on the outside of
CNTs. Consequently, ruthenium deposited on the CNT ex-
terior surface while the channels remained occupied by xylene.
Then xylene was removed by further drying. Fig. 4 shows that

Fig. 4 TEM images of Ru particles dispersed on the exterior surfaces
of opened CNTs at different magnifications.>’
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most particles are well distributed on the CNT exterior
surfaces in the resulting sample and their sizes are rather
uniform (2-5 nm). Rotating the specimen under the electron
microscope confirms the outside locations of Ru particles.’
These processes for the selective dispersion of nanoparticles
inside or outside of CNTs are applicable to many other metals
and metal oxides and thus provide the basis for further
experimental studies of the CNT confinement in catalysis.

3. Redox properties of nanomaterials confined
inside CNTs

Transition metals are known to interact with graphite through
hybridization of their d orbitals with carbon p. orbitals.?? The
deformation of sp® hybridization in the graphene walls causes
7 electron density to shift from the concave surface to the
convex surface.2>'*!® The contour plot in Fig. 5 shows the
charge density for a (6,0) nanotube, which has been obtained
from a theoretical study.*’” Thus a different electron potential
forms inside and outside of CNTs. When a transition metal is
placed in the CNT interior, it should interact with the gra-
phene surface in a different way from that located on the CNT
exterior. Theoretical studies have suggested a small charge
transfer between transition metal atoms and SWNTs,?>484°
although there is yet little experimental evidence for such an
interaction. Therefore we turned our attention first to the
redox behavior of CNT-encapsulated model Fe catalysts.

3.1 Reduction of iron oxide inside CNTs

We introduced iron oxide nanoparticles into the CNT chan-
nels (inner diameter of 4-8 nm, outer diameter of 10-20 nm)
and studied their reduction properties in comparison to those
dispersed on the exterior surfaces of CNTs.?%?! Tron oxide is
known to be reducible by carbon at high temperatures giving
CO and metallic iron as products. The same happened to
Fe,O3 confined inside CNTs but they were reduced by CNTs

(eqn (1)).

Fe,O;3 + CNTs —» Fe + CO (1)
We observed that the reduction of Fe,O3; nanoparticles was
significantly facilitated inside CNTs compared to those on the

outside. In situ HRTEM indicated that the CNT-confined
Fe,0; particles transformed to metallic iron at 600 °C while

Fig. 5 Contour for the charge density of a (6,0) tube in a plane
perpendicular to the tube axis with the circle representing a cross
section where six carbon atoms are located.*” Reprinted with permis-
sion from ref. 47. Copyright 1994, American Physical Society.

Fe IT101.5
198A .~

Fig. 6 In situ HRTEM images of Fe,O3;/CNTs at (a) 20 °C and
(b) 600 °C. (al) and (bl) show outer while (a2) and (b2) inner particles
with typical crystal planes.® Reprinted with permission from ref. 20.
Copyright 2006, American Chemical Society.

the outside particles remained oxidic at this temperature
(Fig. 6).2° Note that the particle size in both samples was
comparable. Temperature programmed reaction in inert gas
showed that the reduction temperature of the outside iron
oxide was 800 °C and confirmed the reduction at 600 °C for
the inside particles. Interestingly, the reduction temperature of
the confined Fe,O; decreased with the inner diameter of
CNTs. As demonstrated in Fig. 7, inside CNTs with an inner
diameter of 2-5 nm the reduction of Fe,O; took place at
584 °C but only at 620 °C for that inside 8-12 nm inner
diameter nanotubes. This was further confirmed by in situ
XRD and Raman spectroscopy.?' A similar effect was recently
reported for Fe304 nanowires, which were reduced to metallic
iron inside CNTs at 570 °C, in comparison to reduction of

outside particles
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Fig. 7 Reduction behaviour of Fe,Os confined in CNTs with a
varying diameter in comparison to that on the exterior surface.’!
Reprinted with permission from ref. 21. Copyright 2007, American
Chemical Society.
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powdered Fe3;O4 mechanically mixed with CNTs at a
temperature higher than 700 °C.>°

3.2 Oxidation of metallic iron particles inside CNTs

Oxidation of metallic Fe nanoparticles confined inside CNTs
(inner diameter 4-8 nm) was found to be retarded in compar-
ison to that of outside Fe particles, as shown by in situ XRD
and gravimetric measurements with an online microbalance.?'
The overall activation energy for oxidation of the inside Fe
was estimated to be 18 and 14 kJ mol™' for the outside Fe
particles, in comparison to 32 kJ mol~"! for bulk Fe.?!*!

In order to separately evaluate the impact of the spatial
restriction, SBA-15 and an activated carbon (XC-72) were
chosen as supports for comparison. SBA-15 is a siliceous
material with a periodic pore structure with an average
diameter 6-7 nm and a pore length 300-600 nm. Thus it is
comparable to the channel morphology of CNTs used here
(inner diameter of 4-8 nm and length of 200-500 nm). It
should offer a similar dimensional confinement for iron. XC-72
is a commercial carbon with a surface area (237 m? g~!) similar
to CNTs (228 m” g~ ') and a rather high degree of graphitiza-
tion. Thus XC-72 provides a good comparison to CNTs, in
particular to the case of the CNT outer surface. The results
showed that the oxidation temperature of Fe particles in-
creased in the following order: inside SBA-15 channels < on
XC-72 ~ on outer surface of CNTs < inside CNT channels.>!
A much faster oxidation rate of Fe particles in SBA-15 than in
CNTs indicates that the oxygen diffusion into the CNT
channels is not the main cause for the retarded oxidation of
confined iron. The interaction of iron with the interior surfaces
of CNTs likely plays a more important role.

Su et al. recently also observed a relatively high degree of
reduction and good stability of Ru nanoparticles against
oxidation, which were partially encapsulated inside the pores
of a mesoporous carbon.> That carbon was synthesized using
SBA-15 silica as a template and it has an inverse replica
structure. Those authors also attributed the modified redox
behavior to the interaction of Ru with the pore walls of
carbon.

3.3 Characterization of the interaction of iron and iron oxide
with CNT surfaces

The interaction of the confined iron oxide with CNTs was
characterized by Raman spectroscopy (Fig. 8).2' A red-shift of
the most intense E, Fe-O band was observed for the Fe,O3
nanoparticles on the outer CNT walls with respect to bulk
Fe,03, in agreement with the general observation for Fe,O3
nanoparticles in earlier reports.>>>* However, this frequency
shift was reversed when the Fe,O; particles were moved from
the exterior to the interior of 8-12 nm inner diameter CNTs. It
further blue-shifted when the inner diameter became smaller.
Although the particle size declined accordingly with the down-
sized CNT channels, the stepwise blue-shift of the Fe-O band
here does not line up with the red shift generally reported for
nanosized Fe,Os,%>* implying the presence of an interaction
of the Fe,O5 particles with the inner CNT surface. Further-
more, this interaction becomes stronger within smaller CNTs.
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Fig. 8 Fe-O Raman band of Fe,O3 confined in CNTs with a varying
diameter.?! Reprinted with permission from ref. 21. Copyright 2007,
American Chemical Society.

Therefore the distinct redox behavior of the interior Fe,O3
and Fe compared to the exterior ones can be at least partially
attributed to the electronic interaction between metals and the
CNT concave and convex surfaces. Inside smaller nanotubes
the interaction between metals and graphene surfaces could
become stronger since the sp> hybridization is more severely
deformed. This can explain the more facile reduction of iron
oxide inside smaller nanotubes.?! Su ez al. also attributed the
impeded oxidation of Ru particles inside the pores of meso-
porous carbon to the electronic interaction of Ru with curved
graphene surfaces analogous to the CNT interior.>

Modification of the redox properties of metal particles
inside CNTs may be a general characteristic. It can be
exploited in catalysis, in particular for reactions which are
sensitive to the electronic state of metal species. For example,
hydrogen involving reactions e.g. syngas conversion, ammonia
synthesis and catalysis in fuel cells are known to require
reduced metals as catalysts. Furthermore, reduced transition
metals can enhance the hydrogen adsorption/desorption cap-
ability of CNTs, which themselves have also been extensively
studied as hydrogen storage materials.> Together these un-
ique features may facilitate particularly hydrogen involving
reactions over CNT-confined catalysts.

4. Tuning the catalytic activity of CNT-confined
nanocatalysts

4.1 Reactions without additional catalysts inside CNTs

Several theoretical studies have suggested that chemical reac-
tions can be influenced by confinement inside CNT channels
alone. This is attributed to the significantly reduced reaction
volume, and the interaction of reactants and products with the
internal surface of CNTs.>*® For example, the D and H,
exchange reaction to form HD and H has been predicted to be
enhanced considerably inside CNTs compared to the gas
phase.>® Furthermore the reaction probabilities were consid-
erably higher inside smaller CNTs. This enhancement was
attributed to be steric in nature, having to do with the
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alignment of the H, along the tube axis. Another theoretical
study suggested that the isomerization of n-butane, 1-butene
and 1,3-butadiene should be significantly modified due to the
steric hindrance inside CNTs with a pore size comparable to
the molecules dimensions.>’

CNTs are known to possess large electronic polarizability
and thus the interaction with dipolar species may also affect
reactions. One typical example is the Menshutkin SN2 reac-
tion, where two neutral molecules, NH; and CH;Cl, combine
to give a charged product [HsNCH5] " [Cl]”. Theoretical cal-
culations suggested that dipolar species confined within nano-
tubes can interact with them via an induced image dipole on
the CNTs.>® Thus, the product species are stabilized inside
CNTs with a significantly reduced reaction volume relative to
the gas phase, making the overall reaction more favorable. For
example, the reaction endothermicity is reduced by more than
23 kcal mol~! within the (9,0) nanotubes. The activation
energy is also significantly reduced compared to that in the
gas phase.

Santiso et al. also predicted from theoretical studies using
the reactive Monte Carlo (RxXMC) method that the equili-
brium of chemical reactions can be influenced inside the CNT
channels.!® For instance, they suggested that the yield of
ammonia synthesis is enhanced compared to that in the gas
phase largely due to the selective adsorption of ammonia
inside CNTs.

An interesting experimental study was recently carried out
by Kondratyuk and Yates on the reaction between 1-heptene
and hydrogen atoms.'® They demonstrated that the reactivity
can be suppressed in the interior of SWNTs due to the
nanotube walls shielding heptene molecules from the reactive
atomic H species. Thus a kinetic hurdle is created for the
incoming molecule: finding the point of entry into the nano-
tube, entering the nanotube, and diffusing inside the nanotube
to react with the adsorbate there.

However, chemical reactions over nanocatalysts confined
inside the CNT channels can be expected to exhibit a different
behavior not only because of the space restriction, and inter-
action of reactants and products with the CNT walls, but also
because of the modified redox properties of metal catalysts
inside CNTs.

4.2 Reactions over nanocatalysts confined inside CNTs

4.2.1 Early studies. Only few studies have been carried out
over catalysts confined inside CNTs so far. For example,
Zhang et al. deposited a HRh(CO)(PPhs); complex catalyst
on opened and closed CNTs, respectively, for hydroformyla-
tion of propene.”® The reaction gave a turnover frequency
(TOF) of 0.10 s~' and molar ratio of the normal/branched
product (n/i) = 9 over the opened nanotube catalyst in
comparison to a TOF of 0.06 s™' and (n/i) =6.0 over the
closed CNT catalyst. The authors proposed that the CNT
channel size ~3—4 nm fitted well with the size of Rh complexes
(~1.8 nm) and thus favored the regioselectivity to reaction
intermediates of the product butylaldehyde due to the spatio-
restraint.”® In addition, they proposed that the delocalized
valence electrons of the graphene layer of CNTs interacted
with the phenyl rings of PPh; ligands and thus might favor

electron donation from the coordinated PPh; ligands to Rh,
which could also help improving the activity by comparison to
catalysts supported on other porous materials e.g. SiO, and
activated carbon.> Although no direct evidence was provided
about the exact location of Rh catalysts over the opened
CNTs, one can assume that at least part of the Rh complexes
were inside the channels in comparison to the catalyst over the
closed nanotubes.

In another study Pd particles were introduced inside CNTs
with an inner diameter of 5-10 nm for benzene hydrogena-
tion.®” The TOF of benzene was double of that over Y zeolite
and activated carbon supported catalysts although Y and AC
have much higher specific surface areas than CNTs. The
authors attributed this enhancement to the large pore diameter
and the capillary action of nanotubes, which benefited the
wetting and conversion of the liquid reactant.

CNTs with an average inner diameter of 40 nm were also
used to confine Pd particles as catalysts for liquid phase
selective hydrogenation of cinnamaldehyde.®! The conversion
was similar to that over activated carbon supported catalysts,
but the selectivity differed significantly. Only 10% fully hydro-
genated alcohol was obtained and the rest was the aldehyde
with selective C—=C hydrogenation on the CNT catalyst, while
on the activated carbon catalyst these two products were in
equal proportion.

Nhut et al. deposited Ni,S inside CNTs with an inner
diameter of 50-80 nm (Fig. 9(a)) and used it as a catalyst for
oxidation of H,S to form S and H,0.%? The confined Ni,S
exhibited an enhanced activity compared to an SiC grain-
supported catalyst. The authors attributed this to the surface
characteristics of CNTs. They argued, based on the evidence
from TEM images shown in Fig. 9(b), that water produced
from the reaction condensed inside tubes, which washed the
solid sulfur from the active site on the inner surface to the
outside of CNTs. Consequently the catalyst deactivation due
to sulfur plugging was alleviated with respect to purely hydro-
phobic or hydrophilic supports such as SiC, graphite or
alumina.®

4.2.2 Local concentration of CO and H, inside CNTs.
Recently, we have begun to study syngas conversions over
catalysts confined in CNTs to liquid fuels and oxygenates

b

100 nm

Fig. 9 TEM image for Ni,S encapsulated inside the CNT channels
(a) before reaction; (b) after reaction.®®> Reprinted with permission
from ref. 62. Copyright 2003, Elsevier.
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which are considered to be promising routes for utilization of
coal, natural gas and biomass. As the first step we did
simulations on the local concentration of CO and H, inside
CNTs because that could play a role in the reaction.®® First-
principle and Monte Carlo calculations show that both CO
and H, molecules have higher binding energies in the CNT
interior than on the exterior. This is in agreement with similar
findings of Kondratyuk and Yates.'* They looked at different
binding sites in SWNTs: the nanotube interior and exterior
surface, and the groove sites on the outside of the bundles
where a pair of nanotubes meet. They observed that the
binding strength of different adsorption sites for molecules
such as CF, and 1-heptene exhibited a hierarchy, interior >
groove > exterior sites.

Due to the higher binding energies of CO and H, molecules
in the CNT interior,®® they are enriched inside the channels
with respect to the outside (Scheme 2) when CNTs are placed
in the CO and H, atmosphere. This enrichment becomes
greater inside smaller nanotubes. The increased local concen-
tration of reactants could help accelerate the reaction rate.

4.2.3 Fischer-Tropsch synthesis (FTS) to liquid fuels. Syn-
gas conversion via FTS was chosen as a probe reaction
because its activity is known to be related to the structural
and electronic properties of the catalysts.>»** In particular,
formation of carbides is deemed to be essential to obtain high
FTS activity. Fig. 10(a) shows that the CO conversion over the
encapsulated iron catalyst (shown as bars with filled patterns)
was almost 1.5 times that over the outside iron catalyst (empty
bars).>* The confined catalyst favored selective conversion to
long chain hydrocarbons, for example those containing five
and more carbon atoms (expressed as Cs.). Thus the yield of
Cs. hydrocarbons was twice that over the outside catalyst.
Furthermore, the yield was six times higher than that over iron
supported on the XC-72 activated carbon with similarly high
surface area.

Characterization of the catalysts by TPR both in H, and CO
showed a significant difference in the reducibility.23 Fe,O5 was
reduced stepwise in H,, first converted to FeO and then to
metallic Fe. Each reduction step for the confined catalyst
occurred at a temperature ca 100 °C lower than that for the
outside catalyst regardless of the reducing agent. This is

Scheme 2 Schematic description for CNT-induced CO and H,
distribution inside and outside the channels.
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Fig. 10 (a) FTS activity of Fe-in-CNT and Fe-our-CNT at 280 °C
and 50 bar. (b) Comparison of the iron carbide/iron oxide ratio at

9 bar.?® Reprinted with permission from ref. 23. Copyright 2008,
American Chemical Society.

remarkable considering that the diffusion of H, or CO in
CNTs may slow down the reaction to a certain extent inside
with respect to that on the freely accessible CNT outer
surfaces. It indicates that the reducibility of the CNT-
encapsulated iron oxide has been significantly improved. This
should favor the formation of iron carbide under reaction
conditions.

This was confirmed by in situ XRD characterization
when iron was exposed to syngas under FTS conditions.?
As shown in Fig. 10(b), the CNT confined iron catalyst
exhibited an obviously higher iron carbide/iron oxide ratio
in comparison to the outside catalyst. This was due to the
interaction of metallic iron with dissociated CO. The improved
reducibility favored formation of more iron carbides.
A monotonic correlation between the carburization extent
and the activity had been frequently observed in earlier studies
using XRD and Mébssbauer spectroscopy.>%® Therefore,
the higher syngas conversion activity obtained over the
CNT-confined iron catalyst can be at least partly attributed
to its higher carbide content due to better reducibility.

4.2.4 Syngas conversion to C, oxygenates. Another reac-
tion we looked at was syngas conversion to C, oxygenates
such as ethanol, acetic acid and acetaldehyde, which is known
to be catalyzed by reduced Rh. Mn is often used as an additive
to promote the conversion and selectivity to oxygenates.
Therefore, a bicomponent Rh—Mn catalyst was introduced
into the CNT channels (Fig. 11(a)).?* A remarkable
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Fig. 11 (a) TEM image of the CNT confined bicomponent RhMn
catalyst. (b) Activity of RhMn-in-CNT and RhMn-ous-CNT in syngas
conversion at 320 °C and 30 bar.>*

C2 oxygenates formation o

2

enhancement of the catalytic activity was observed compared
to the catalyst with RhMn dispersed on the CNT exterior
surfaces (Fig. 11(b)). Again SBA-15 was chosen as a support
for comparison and again the SBA-15 supported catalyst
exhibited a much lower activity under the same reaction
conditions.**

Characterization of the catalysts with TEM showed that the
small channels of CNTs had effectively prevented the sintering
of metal particles during reaction. For example, the fresh
confined Rh—Mn catalyst had a particle size 1-2 nm. They
grew to 4-5 nm after 120 h reaction time on stream, which fell
in the range of the CNT internal diameter (4-8 nm).>* In
comparison, the outside RhMn catalyst had a particle size of
2-3 nm prior to reaction and 5-8 nm after reaction, which was
not significantly larger than that of the confined catalyst.
However, the catalytic activity was by far lower than that of
the inside catalyst. Therefore, the particle size cannot be the
only factor determining the catalytic activity here.

Raman spectroscopic charaterization of the CO-adsorbed
catalysts indicated that the activation of CO likely was mod-
ified inside CNTs. When the reduced catalysts were exposed to
CO at room temperature, two Raman bands corresponding to
the Rh—C and Mn-O bonds were observed on the confined
catalyst whereas only the Rh—C band appeared on the outside
catalyst.>* This can be explained again by the interaction of the
metals with CNTs.

RhMn in the CNT interior likely exists in a more reduced
state than that on the exterior. When CO is adsorbed on Rh
inside CNTs, the adjacent oxophilic Mn tends to attract the O
of the adsorbed CO leading to tilted adsorption forming the
Rh-C and Mn-O bonds. Such a tilted adsorption of CO
facilitates the dissociation of CO, which improves the activ-
ity.*”%® In contrast, the electronic structure of exterior CNT
surface approaches a planar graphite layer since the outer
diameter is around 10-20 nm. Thus the tendency of Mn to
accept oxidic CO donor electrons could be reduced in compar-
ison to that inside the electron-deficient interior of CNTs.
Consequently, the CNT confined catalyst could exhibit a
higher activity in CO conversion than the catalyst dispersed
on the CNT exterior surfaces.

The above examples show that the catalytic behavior of the
CNT confined iron and rhodium catalysts have been signifi-
cantly modified in comparison to those dispersed on the CNT
exterior surfaces and conventional porous materials such as

activated carbon and silica. Characterization suggests that the
interaction between metals and the graphene surfaces, and
locally higher concentration of reactants inside the CNT
channels may play important roles apart from the geometrical
restriction on metal particle size.

Summary and perspective

This article summarizes recent advances in confining metal
catalysts inside CNTs and reactions over them. The studies
show that the CNT channels provide an intriguing confine-
ment environment for nanocatalysts and catalytic reactions. In
addition to the effect of spatial restriction on the metal
particles and local concentration of reactants inside CNTs,
the redox properties of metal catalysts are modified due to the
interaction of the encapsulates with the interior CNT surfaces.
For example, the reduction of metal oxides is facilitated inside
CNTs with respect to those on the CNT exterior surfaces and
the extent of facilitation depends on the CNT diameters. Also,
the oxidation of CNT-confined metallic iron is retarded.
Modification of the redox properties of incorporated catalysts
is expected to be a general feature of CNTs. This provides a
novel approach to tune the catalytic behavior of metal cata-
lysts for reactions, which are sensitive to the electronic state of
the active components, e.g. syngas conversion, hydrogenation/
dehydrogenation of hydrocarbons, ammonia synthesis and
catalysis in fuel cell (Scheme 3).

Currently experimental studies of the reaction over CNT-
confined catalysts are essentially limited to MWNTSs because
they are easier to produce in a sufficiently large quantity than
e.g. SWNTs and DWNTs. In addition, techniques for filling
metal nanoparticles into MWNTs are more mature due to
their relatively larger internal diameters. However, from the
structural property point of view SWNTs and DWNTs are
more interesting for this application because they have a
higher degree of uniformity since they consist of only one or
two graphene sheets with less defects. In addition, their
diameter distribution is generally narrower (range of 1-3 nm),
while the diameters of MWNTSs are usually scattered over a
much wider range. Furthermore, the carbon sp> hybridization
becomes more deformed in SWNTs and DWNTs because of
their large curvatures,>>'% "8 which could lead to a stronger
interaction with metals. In contrast, the outer diameter of
MWNTs is usually larger than 10 nm and the electronic
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structure approaches that of a planar graphite layer. There-
fore, confinement inside SWNTs and DWNTs is anticipated to
have an even greater influence on the catalytic behavior.
Studies on these even more simple catalyst-CNT systems
may provide a deeper insight into the nature of the host—guest
interaction and the catalytic behavior of thus confined nano-
catalysts.

Another intriguing aspect of SWNTs is that they are either
metallic or semiconducting with a different electron structure
around the Fermi level.>® Therefore metal catalysts may be
modified in a different way by these two types of SWNTs.
However, this requires selective synthesis of metallic and
semiconducting SWNTs or efficient post-synthesis separation.
This is currently under investigation but still limited to a very
small scale.®’

Looking into the future, the few examples discussed here
show great promise and should stimulate further investiga-
tions on the effect of confining nanocatalysts inside CNTs. In
particular, the understanding of the nature of these confined
systems requires more advanced characterizations and theore-
tical studies on the interactions between metal particles, CNT
surfaces and gas molecules as well as transport behavior of gas
molecules inside such small channels.
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