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One of the factors contributing to the slow progress in carbon nanotube (CNT) fields is the lack of
understanding and control of catalyst evolution behavior. Lack of control over catalyst evolution may
lead to unfavorable outcomes (i.e. catalyst coarsening and Ostwald ripening) which impede the growth
of small-diameter CNTs. A strategy used to control catalyst diameter and evolution is to choose a
catalyst support which hinders evolution. Examples of these are either bulk or porous oxides (i.e. silicon,
aluminum, or magnesium).[1, 2] Porous aluminosilicates, namely zeolites, have been used to grow very
small-diameter CNTs with control over chirality as well as diameter distribution by tuning the chemical
state and diameter of the catalyst nanoparticles.[3-7]
Here, environmental transmission electron microscope (ETEM) was used to reveal how 2D zeolite
supports bias the population density of catalyst nanoparticles. To do so, the catalyst/support system was
monitored during the reducing and growth stages using conditions analog to chemical vapor deposition
growth experiments – H2 for reduction, C2H2 for growth, a temperature of 850°-900°C, and a thin
cobalt catalyst layer. The TEM micrographs obtained at 900°C (Figure 1a) were processed using fast
Fourier transform (FFT) filtering and inversion procedures in Gatan’s Digital Micrograph (DM) suite.[8]
We extracted the components corresponding to the 2D zeolite films (Figure 1b) and the nanoparticles
(Figure 1c) using either a spot filter (SF-) or band pass filter (BPF-), respectively. The inverted FFT
(iFFT) images were then overlaid to yield composite images (Figure 1b) to highlight the catalyst/support
registry.
ETEM micrographs showed that the 2D zeolites stabilized the catalyst nanoparticles, effectively
hindering catalyst evolution (i.e. Ostwald ripening and coalescence) and promoting the subsistence of
small-diameter nanoparticles. The formation of catalyst particles was seen to take place primarily during
the reduction stage, with little evolution beyond reduction. The resulting nanoparticle population
exhibited a very narrow size distributions. Image processing of micrographs collected at the onset of
growth revealed that the nanoparticles were preferentially docked to a discrete number of pores –with
docking to one, three, and four pores being the most prominent, suggesting that support registry biases
nanoparticle evolution. The formation of nanoparticles with energetically-costly form factors (i.e. oval
particles docked to two pores) on the zeolites further stresses the influence of the 2D zeolite support
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during evolution. These results reinforce the need for appropriate catalyst/support interactions to control
CNT growth outcome.
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Figure 1. Zeolite registry biases nanoparticle diameters. The raw (a), filtered (d-c), and composite (d)
micrographs show the docking of catalyst nanoparticles to three pores of the 2D zeolite. Panels b and c
correspond to the spot filtered (SF-) and band pass filtered (BPF-) inverse FFTs (iFFTs); these highlight
the zeolite pores (b) and catalyst nanoparticles (c). The composite RGB (d) obtained from overlaying (b)
and (c) emphasizes the catalyst/support registry. The scale bar below panel d corresponds to 10nm.
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