
















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.24

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).24 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.24 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.67,68 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 MWNTs 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 MWNTs are usually scattered over a

much wider range. Furthermore, the carbon sp2 hybridization

becomes more deformed in SWNTs and DWNTs because of

their large curvatures,2,3,16–18 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

Fig. 11 (a) TEM image of the CNT confined bicomponent RhMn

catalyst. (b) Activity of RhMn-in-CNT and RhMn-out-CNT in syngas

conversion at 320 1C and 30 bar.24

Scheme 3 A concept of tuning the properties of nanocatalysts and
hence their catalytic behavior via confinement inside CNTs.
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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.2,3 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.69

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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