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ABSTRACT: In situ dynamic imaging, using an environmental transmission electron
microscope, was employed to evaluate the catalytic activity of Au/SiO;, Ni/SiO; and Au-Ni/SiO,
nanoparticles for the formation of 1-D carbon nanostructures such as carbon nanofibres (CNFs)
and nanotubes (CNTs). While pure-Au thin-film samples were inactive for carbon deposition at
520 °C in 0.4 Pa of C,H,, multiwalled CNTs formed from Ni thin films samples under these
conditions. The number of nano-particles active for CNF and CNT formation increased for thin
films containing 0.1 mole fraction and 0.2 mole fraction of Au, but decreased as the overall Au
content in thin-flims was increased above 0.5 mole fraction. Multiwalled CNTs formed with a
root growth mechanism for pure Ni samples, while with the addition of 0.1 mole fraction or 0.2
mole fraction of Au, CNFs were formed via a tip growth mechanism at 520 °C. Single-walled
CNTs formed at temperatures above 600 °C in samples doped with less than 0.2 mole fraction of
Au. Ex situ analysis via high-resolution scanning transmission electron microscopy (STEM) and
energy-dispersive X-ray spectroscopy (EDS) revealed that catalytically active particles exhibit a
heterogeneous distribution of Au and Ni, where only a small fraction of the overall Au content
was found in the portion of each particle actively involved in the nucleation of graphitic layers.
Instead, the majority of the Au was found to be segregated to an inactive capping structure at one
the end of the particles. Using density-functional theory calculations we show that the activation
energy for bulk diffusion of carbon in Ni reduces from =1.62 eV for pure Ni to 0.07 eV with the
addition of small amounts (= 0.06 mole fraction) of Au. This suggests that the enhancement of
C diffusion through the bulk of the particles may be responsible for improving the number of

particles active for nucleating the 1-D carbon nanostructures and thereby the yield.
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BRIEFS: (A) High resolution image extracted from a video recorded at 520 °C in 0.4 Pa of C;H,
pressure showing the inactive cap and active part for carbon nanoibers (CNFs); Fourier
transform (inserted) from the boxed area confirmed the formation of Ni3C during the growth. (B)
High angle annular dark-field image and (C) EDS chemical map showing that the inactive cap is

Au-rich while active part of the catalyst particle is Ni-rich.

Since Haruta et al.[1] reported unexpectedly high catalytic activity of Au nanoparticles for CO
oxidation at relatively low temperatures (=70 °C), there has been a tremendous increase in
research on gold catalysis. The catalytic activity of Au is strongly related to the particle size,
such that it is observed to decrease at elevated temperatures due to particle sintering and thereby
decrease in the surface area. This is especially true for inactive supports (SiO,, Al,Os, etc.), over
which Au is known to be highly mobile. One way to reduce the mobility of Au is to use an active
support, such as TiO,[2] or CeO,.[3] Another is to keep the Au content low by alloying it with
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other metals such as Pd [4] or Pt.[5, 6] For example, an active support (e.g. ceria) improves
selective reduction of a nitro group in the presence of other reducible functions,[3] while the
alloying of Au with Pd improves the selective oxidation of H, to form H,O, and of benzyl
alcohol to benzaldehyde,[6]

The above-mentioned results have motivated a number of researchers to investigate the
catalytic activity of Au and Au-Ni nanoparticles on various supports for the decomposition of
hydrocarbons and subsequent synthesis of carbon nanotubes (CNTSs).[7-11] Thus far,
contradictory results have been reported for both the catalytic activity of Au for hydrocarbon
dissociation and the nature of the ensuing carbon deposition. For example, the growth of single-
walled CNTs (SWCNTs) from Au nanoparticles under special synthesis conditions has been
reported by some groups [8, 12, 13] but Yoshihara et al. [14] found that Au had only a limited
activity for CNT formation compared to Fe and Co-particles on various supports. Hsu et al. [9]
showed that the addition of Au to Ni reduced the density of CNTs formed, indicating that Au
inhibits CNT formation. Also, theoretical calculations predict that Au inhibits carbon deposition
on Ni catalyst particles by blocking the surface steps.[15]

Encouraged by our recent successes in obtaining unambiguous insight into the CNT nucleation
and growth mechanism,[16-18] we investigated the effect of doping Ni with Au on the formation
of 1-D carbon structures (CNTs and CNFs) by in situ and ex situ transmission electron
microscopy (TEM) techniques (high-resolution imaging, energy-dispersive X-ray spectroscopy
(EDS)) and density-functional theory (DFT) calculations.

In situ observations of the nucleation and growth of 1-D carbon nanostructures by catalytic
chemical vapor deposition (CVD) from an acetylene (C,H,) source were performed using a
Tecnai F20* environmental scanning/transmission electron microscope (ESTEM) equipped with
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an electron energy-loss spectrometer.[19] Au and Ni thin films#£ 1 nm to = 2 nm thick) with
varying Au content (O mole fraction (OM), 0.1 mole fraction (0.1M), 0.2 mole fraction (0.2M),
0.5 mole fraction (0.5M), 0.8 mole fraction (0.8M) and 1 mole fraction (1M)) were deposited by
physical vapor deposition of pristine metals on perforated SiO, films supported on 200-mesh
molybdenum TEM grids. Pure-Ni and pure-Au samples, synthesized in the same manner, were
used to compare the activity of Au and Ni nanoparticles for the formation of 1-D carbon
structures. These two end members of the series provided the base line for the activity of pristine
nanoparticles by which to gauge the other films in the series. Samples of each film were loaded
on a TEM heating holder and introduced in to the ESTEM column. TEM images from Ni films
(Figure l1a) show the existence of a uniform contrast, typical of film morphology. Low-
magnification scanning transmission electron microscopy (STEM) images confirmed that pure
Au films dewetted from the SiO, substrate at room temperature forming 4 nm to 7 nm diameter
particles while pure-Ni films balled up into 2 nm to 4 nm diameter particles only upon heating (=
200 °C) (Supporting information 1A). Analyses of the Au-doped Ni specimens showed that
increasing the overall Au content from 0.2 mole fraction to 0.8 mole fraction increased the extent
of dewetting of the films resulting in the formation of Au nanoparticles at RT (Figure 1b-d).
Samples were held at the reaction temperature 4025 min. in order to (a) stabilize the

temperature and (b) complete the reduction of any NiO to Ni in the high vacuum#£ 10 ™ Pa) of
the ETEM column.[20] C,H; was then introduced in the ESTEM sample area and a pressure of =
0.4 Pa was maintained for 15 min (from here on referred to as the growth condition). Low
magnification bright-field TEM images, digital video, selected-area electron diffraction patterns
(SAED) and electron energy-loss spectra (EELS) were recorded from samples at room

temperature (as deposited), at the reaction temperature, and after CVD. Figures 2a and 2b show
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typical low-magnification images recorded from pure-Au and pure-Ni thin-film samples,
respectively, after they had been subjected to the growth conditions at 520 °C. Multiwalled
carbon nanotubes (marked by arrows) were present all over the Ni samples while no carbon
containing structures were observed for the pure-Au samples. The carbon-K edge is clearly
present in the electron energy-loss spectra (EELS) collected from the pure-Ni samples after
growth (supplementary information 1B) at the reaction temperature, and the near-edge structure
is typical of the one reported for graphitic carbon.[21]. However, no such signal was observed in
the spectra acquired at reaction temperature after sample Au specimen was subjected to identical
growth conditions (supporting information 1B). Further ex situ analyses, were performed by
collecting TEM images, SAED patterns and EELS data from several regions not under
observation during synthesis (i.e. not exposed to electron beam under synthesis conditions), and
these results confirmed that the pure Au samples were inactive for any form of C deposition.
Next, we subjected samples with varying Au/Ni atomic ratios (0.1 M to 0.8M) to the same
reaction conditions as described above (details provided in the experimental section) in order to
further investigate the role of Au in the formation of 1-D carbon structures. Low-magnification,
room-temperature TEM images show that the dewetting of the as deposited films increased with
increasing Au content in the films (Figures 1b-d). However, the particle size at the reaction
temperature was not observed to change appreciably (Supporting information 1A). In situ digital
video, recorded under reaction conditions, shows an appreciable increase in the number of tubes
nucleating in the viewing region for the 0.1 M and 0.2 M samples (see supporting information 2).
The samples with 0.1 mole fraction of Au contained both small and large diameter tubular
structures while a more uniform tube diameter-distribution was observed for samples with 0.2
mole fraction of Au (Figure 2c and 2d, respectively). TEM images, recorded at low
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magnification after the reaction, reveal the formation of an entangled network of tubular
structures with catalyst particles at their tips indicating that the structures are developing via the
tip-growth mechanism as observed in the videos (Figure 2c and 2d; supporting information 2).
The number of tubular structures per unit area is clearly much higher for these two samples
compared to that found with higher Au loadings (0.5M, and 0.8M, Figure 2e and 2f,
respectively), the latter of which exhibited negligible tube formation. It is very tempting to
calculate the relative activity of nanoparticles from such images, but such an approach will be
subject to large uncertainties as the 2-D data available from TEM images is not sufficient to
calculate particle size and density and thereby surface area with high accuracy due to the small
spatial sampling. However, it is clear that low levels of Au doping in Ni increases both the linear
growth rate and number of tubes formed.

Au doping also affected the growth mechanism and structure of the resulting tubes. High-
resolution images and video data revealed the formation of multiwalled tubes by the root growth
mechanism with a low defects density for pure Ni catalyst samples at 520 °C (inset in Figure 2Db).
However, tubes with ‘herring-bone’ (cones) and ‘bamboo’ structures formed by the tip-growth
mechanism for samples containing 0.1 mole fraction and 0.2 mole fraction of Au (inset in Figure
2d, Supporting information 2). Similar growth mechanisms and structures have been observed
for Ni samples during in situ observations, but at lower reaction temperatures (460 °C to 480
°C).[18, 22] On the other hand, a mixture of multi-walled and single-walled carbon nanotubes
formed when the Ni thin films with 0.2 mole fraction of Au were heated to temperatures above
600 °C. Finally, at 800 °C, samples with the same overall composition produced straight
SWCNTs which grew parallel and perpendicular to the beam direction as shown in Figure 2g.
This differs from our previous observations using a pure Ni catalyst, where the transition to
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mostly SWCNTs occurred at lower temperature (600 °C).[17] Our current results indicate that,
whereas Au doping increases the catalytic activity of Ni nanoparticles, it also increases the
reaction temperature for 1-D nanostructure formation.

The presence of Au in catalytically active nanoparticles was further confirmed by ex situ EDS
data collected from the samples with two different nominal compositions in STEM mode, and
typical images obtained are shown in Figure 3. A contrast difference at the tip and surface of the
catalyst particles in the high-angle annular dark field (HAADF) STEM images indicated a
heterogeneous distribution of Ni and Au within the particle where heavier Au-rich areas are
brighter compared to Ni-rich regions (Figure 3a) due to the atomic number dependence of high-
angle electron scattering. Elemental maps were obtained using EDS spectrum imaging in
conjunction with principle component analysis (PCA), which identified three significant
components as shown in Figure 3. The first of these was Ni-rich (Figure 3b) and was
concentrated at the center of the catalyst particle, while the second was Au-rich (Figure 3c) and
was present mostly at the surface of the particle. The latter component contained two distinct
areas, the first of which describes a thin Au-rich layer surrounding the Ni-rich core in the lower
half of the particle, while the second area was larger and was present only at one end of the
elongated particle which extended outside of the C nanostructure itself (Figure 3d). The third, C-
rich region was associated with the CNT grown from the particle, emphasized by blue color in
Figure 3d.

A fast-Fourier transform (FFT or diffractogram) from the area marked A, in a typical high-
resolution HAADF, (Figure 4, inset a) shows spots characteristic of both Au{111} (0.236 nm) as
well as Ni{111} (0.204 nm) lattice spacings. In contrast, an FFT obtained from the area marked

B shows the presence of predominantly Ni{111} lattice fringes. However, the existence of bright
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nanoscale features on the surface of the particle in the HAADF image indicates the presence of
Au nanoclusters (supporting information 1C). These results agree with the density functional
theory (DFT) calculations reporting the migration of Au atoms from the center of the Ni particle
to the surface. [23]

These observations were further confirmed by SAED patterns collected from the samples at
room temperature (RT), during heating, and after CVD. Broad diffraction rings corresponding to
Ni-111 (0.204 nm) and Ni-200 (0.179 nm) lattice spacings, respectively, were present in as-
deposited Ni films (Figure 5a). The formation of nanocrystals after dewetting of the film at 520
°C resulted in the presence of rings with sharp spots (figure 5b). The diffraction ring at 0.35 nm,
corresponding to the graphite-111 lattice spacing for CNTs, appears after the sample has been
subjected to reaction conditions (Figure 5c¢), which is consistent with the previously discussed
EELS data. The diffraction patterns from the samples containing 0.2 mole fraction of Au were
observed to follow a similar pattern, except for the appearance of extra diffraction spots with
0.225 nm lattice spacing (Figure 5d). These spots could not be definitively indexed as either the
Ni or Au structure but could be indexed as the {110} lattice-spacing from the Ni3C structure.
Further evidence for the formation of NisC during growth was obtained from the high-resolution
images extracted from a video sequence as shown in Figure 5e. A FFT from the boxed area
marked in the image (inset in Figure 5e) could be unambiguously indexed as originating from the
NisC structure. Although Ducati et al. [24] have reported the existence of a nickel-carbide
structure from high-resolution images of CNT samples, generally it has not been observed. NizC
has been reported to form as a meta-stable compound between 200 °C[25] and 265 °C[26] and to
decompose above 300 °C.[27] We believe that we can observe this meta-stable phase if our

experimental conditions are under a dynamic equilibrium for the following reaction:



3Ni+C <> Ni,C

where the continuous flux of carbon, generated by decomposition of C,H,, favors the formation
of Ni3C while the high temperature (> 520 °C) favors its decomposition. Similarly, the formation
of iron carbide (FesC) during CNT synthesis from Fe catalyst nanoparticles has also been
reported.[28, 29] It is not surprising that metal carbides form prior to the CNT growth as the high
carbon affinity of 3d transition metals is reflected by their low enthalpy of carbide formation.[30]
Ni et al. have reported a direct relationship between CNT formation and metal carbide
decomposition temperature for Ni, Co, and Fe catalysts.[31] Our observations confirm that metal
carbide formation precedes the CNT or CNF nucleation and may be an intermediate step.
However, the catalytic activity of these metal carbides for hydrocarbon dissociation is yet to be
confirmed.

As we know, 1-D carbon nanostructure formation by CVD is a multi-step process: (1) a carbon
precursor, such as C,H,, is adsorbed and decomposed on the catalyst surface; [32] decomposed
carbon atoms diffuse on the surface or through the bulk of catalyst particle; [20] carbon atoms
join to form graphene layers; [32] [32] these layers convert into 1-D structures such as CNFs and
CNTs. Therefore, increasing the rate of these steps (or at least the rate-limiting one) will result in
improving the activity/yield of carbon nanostructure formation. Our previous results have shown
that the fraction of the carbon consumed for the measured CNTs growth rates for pure Ni catalyst
particles is less than 0.039, of the available carbon flux (with a mean value of 0.024 + 0.01),
from which we infer that the 1% step is not the rate limiting step for Ni.[17] Moreover,
experimental results and theoretical calculations have shown that the addition of Au to a Ni

surface reduces the acetylene decomposition rate,[7, 11, 23] so we can also rule out the
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possibility that Au doping improves the first step and further confirm that it is not the rate
limiting.

In the past, it has been proposed that CNT nucleation and growth follows the vapor-liquid-
solid (VLS) nucleation and growth process, where C diffusion through the liquid catalyst particle
will be thermodynamically favorable (2" step).[33] However, our observations (Supporting
information 2) confirm the earlier in situ TEM reports that in spite of the high mobility of the
catalyst particle, it is solid (crystalline) during the formation of 1-D carbon structures.[18, 22, 29,
34] Therefore carbon diffusion either on catalyst surface or in the bulk or both must be
considered for crystalline particles. The surface diffusion barrier for Ni{111} and Ni{110}
surface is calculated to be 0.5 eV and 0.4 eV respectively.[35, 36] For bulk diffusion, Siegel and
Hamilton have shown that interstitial C in Ni favors the octahedral site over the tetrahedral site,
as it is 1.59 eV lower in energy. [37] The diffusion path from one octahedral site to another
octahedral site with the lowest energy barrier passes through a tetrahedral site, so the difference
in energies between these two sites is the diffusion energy barrier, and the reported values in the
literature for C bulk diffusion in Ni vary between 1.59 eV and 1.7 eV.[22, 35-37] As these values
are much higher than for surface diffusion (0.5 eV and 0.4 eV for 111 and 110 surface,
respectively), surface diffusion has been accepted as the energetically favorable diffusion path
for C in a Ni catalyst.[22, 36]

Based on Siegel and Hamilton’s argument we can deduce that carbon bulk diffusion will be
favored in a metal lattice only if the energy for C in tetrahedral sites is equal to or nearly equal to
that for the octahedral site. The energy for these two sites is very much dependent on the nature
of the metal. For example, the energy for a C atom to move from an octahedral to a tetrahedral
site in a bcc-Fe lattice is lower (0.86 eV) compared to that for fcc-Ni (1.59 ev — 1.7 eV).[37, 38]
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In this context, it is interesting to note that Fe is also one of the preferred catalysts for obtaining a
high-density of CNTs, i.e. for forest growth.[39, 40] By comparing the Ni and Fe catalyst system
we can assume that the lower barrier for C bulk diffusion in Fe increases the number of active
particles for CNT synthesis. Since Au doping in the Ni catalyst also improves the density of
CNTs formed, it is possible that inclusion of Au in Ni nanoparticles enhances the rate of C
diffusion through the bulk in the metal lattice (step 2).

To test the hypothesis, we modeled the energy barriers between C in tetrahedral and octahedral
sites in pure-Au and various Au-Ni clusters using a supercell constructed from 2x2x2 perfect
crystal fcc cells with a total of 32 atoms. In some cases a 3x3x3 supercell with 108 atoms was
also used. The energies were calculated using the Vienna ab initio simulation package (VASP)
density functional code using the generalized gradient approximation-projector-augmented wave
(GGA-PAW) pseudopotentials.[41] A 3 x 3 x 3 grid was used for k space sampling and total
energies were converged to 10° eV. For pure gold the octahedral site was lower in energy than
the tetrahedral site by 0.16 eV. This is a very low barrier for diffusion suggesting that C bulk
diffusion in pure Au may be quite fast.

Our calculations suggest that Au and Ni do not form an alloy but segregate into separate
phases, and this is consistent with reports of previous calculations.[42] Using GGA we found
that the NizAu ordered alloy has 1.0 eV per atom higher energy than the segregated phases, while
local density approximation (LDA) calculations suggest that it is only 0.35 eV higher in energy
when using the PAW potentials. In addition clusters of Au in Ni, as we observed using STEM
imaging (Figure 3), might be stabilized by the presence of the C impurity. To explore these
possibilities, we investigated a range of clusters with between 1 and 12 Au atoms in either the 2
X 2 X2 or 3x 3 x 3 Ni supercells.
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We found three possible stable configurations, based on a single C atom octahedrally
coordinated by 6 metal atoms. The first of these consisted of a single Au atom among the 6 metal
atoms (1Au-5Ni), another with two Au atoms among the 6 metal atoms (2Au-4Ni), and finally a
configuration where all 6 metal atoms octahedrally coordinating the C atom were Au (6Au)
(Supplementary information 1D). In the tetrahedral configurations, all the nearest neighbors were
Ni except in the case where C is octahedrally coordinated by Au atoms only and when two of the
nearest neighbors were Au (Supplementary Information 1D and Table 1). Even one Au atom
among the six atoms coordinating C in the octahedral site lowers the energy barrier for C
diffusion substantially from 1.59 eV to 0.74 eV. In the configurations with 2 Au atoms, the
tetrahedral site is slightly lower in energy (-175.34 eV) than the octahedral site (-175.41 eV).
Diffusion then proceeds from one tetrahedral site to another via an octahedral site. The
calculation for the case where the octahedral site is entirely surrounded by Au (6Au) indicates
that there is reasonable convergence with respect to the size of the supercell, but there is still a
large barrier for C diffusion (1.21 eV, Table 1).

These calculations show that the C bulk diffusion barrier is the lowest for = 0.06 mole fraction
of Au in Ni. As discussed previously, ex-situ characterization of active particles showed that
after CVD growth, Au and Ni are heterogeneously distributed within the metal particles (Figure
3, 4 and Sl # 1C). From the HAADF intensity, which carries atomic number dependence, we see
that there is a Au-rich cap region in the active particle (Figure 3c). This region extends beyond
the C nanostructure itself, suggesting that it is inactive for nanotube nucleation. In addition, Au
rich regions are also present on the surface (Figure 4) of the particles in the part that is enclosed
by the C nanostructure (i.e. the active region for the nucleation of graphitic structures). The

relative size of these regions suggests that only a fraction of the overall Au content may be
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present in the active part of the catalyst particles (Figure 3d). To assess the degree of segregation,
we have semi-quantitatively analyzed the EDS data acquired from the Au-Ni particles, using Au-
L/Ni-K, X-ray peak intensity ratios from different regions. This analysis indicates that in the
catalytically active part of the particles (Ni rich region, Figure 1b) the Ni/Au ratio is’ 7 times
larger than the inactive portion (Au rich region, Figure 1c). Moreover, this ratio increases to = 10
times larger if the surface layer is excluded and only the central part (marked as square in Figure
3b) of the lower part of the particle is considered. This suggests that the surface of the active
region is further enriched with Au rich compared to the central part, which is consistent with the
STEM image contrast discussed previously. Assuming that the overall Au-content in the particle
is the nominal loading of 0.2 mole fraction, the Au content in Ni rich regions will be betweenr:
0.08 (within the square marked in Figure 1c) and 0.09 (overall active region). These values
agree well, within the error of the measurements, to the calculated values that will favor bulk
diffusion of C (0.06 mole fraction). We can therefore explain the increased activity for CNF or
CNTs formation observed here by the low barrier for C bulk diffusion in the Au doped Ni
sample. As we know the Ni surfaces play an important role in dissociating hydrocarbons and Au
is reported to be inactive for hydrocarbon dissociation and carbon deposition,[11] i.e. Au doping
does not improve C formation, so it must improve C incorporation in the catalyst to form a
carbide that in turn promotes the formation of CNTs and CNFs.

In conclusion, we show that the overall activity of Ni catalyst particles, i.e. the number of
particles active for tube formation, is improved by the addition of a small amount (below 0.2
mole fraction) of Au. Although most of Au segregates to form Au rich cap, a small amount of Au
IS present in the active region of the particles. The addition of Au to Ni increases the temperature
for the formation of carbon nanofibers with a ‘herring bone’ structure and CNTs. It also
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increases the temperature for tip- growth to 600 °C compared to 480 °C for pure Ni. We also
show that the structure of the catalyst particle is NisC during growth instead of fcc-Ni that has
been assumed up to now. We believe that carbides are observed due to the dynamic equilibrium
conditions present under the reaction condition. Based on our DFT calculations, we propose that
small levels of Au doping increases the number of particles active for CNF and CNT formation,
resulting in higher yield, due to the negligible energy barrier (0.07 eV) for C bulk diffusion

compared to pure Ni (1.62 eV).
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SUPPORTING INFORMATION PARAGRAPH

Experimental: 1 nm to 2 nm of thin metal films of varying compositions were deposited on
perforated SiOy thin films supported on Mo TEM grids. Mo grids were chosen due to their high
melting point (2623 °C) compared to the growth temperature. Samples were loaded in a TEM
holder equipped with a heating furnace and inserted in ETEM column. Low- and high-

magnification TEM and STEM images, selected area electron diffraction (SAED) patterns and
15



electron energy-loss spectroscopy (EELS) data from several regions were recorded at room
temperature. The same set of data was also collected after heating the samples to growth
temperature of 520 °C, 600 °C and 800 °C in vacuum ( 10™ Pa). Samples were held at the
growth temperature for 20 min to 25 min to stabilize the temperature and to reduce the sample
drift. 0.4 Pa of C,H, was then introduced in the sample region of the ETEM and digital video of
the nucleation and growth process was recorded at the rate of 15 frames s*. TEM images and
SAED patters from various regions were also recorded under reaction conditions. C,H, flow was
stopped after 15 min and the sample area was evacuated back to the high vacuum condition.
EELS data was collected under high vacuum conditions in order to avoid the contribution of the
C signal from the gas to the signal from the sample. Samples were then stored and further
analyzed to make sure that electron beam did not affect our in situ observations. Energy-
dispersive X-ray spectroscopy (EDS) was also collected, ex situ, using a probe corrected

TEM/STEM.
Supporting Information:

1A. Typical electron energy loss spectra collected after carbon nanostructure growth from (top)
pure Ni, (center) Ni with 0.2 mole fraction of Au, and pure Au samples. Background subtracted
C-K edge showing the sharp pre-edge feature, also known as the pi* peak that is indicative of a

graphitic structure, is inset in the upper left hand corner for each spectrum.

1B. Annular dark-field (ADF) images recorded in STEM mode from Ni thin film samples
containing 0.1 mole fraction of Au showing that Au nanoparticles (bright particles marked by
arrows in the top left) are present in as deposited films. Nickel particles, less intense than Au due
to their lower atomic number, can be seen in the sample heated to 200 °C. Au particle size does
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not change appreciably upon further heating up to 520 °C but the intensity from the Ni particles
increases. Au and Ni co-exist in some of the particles after CNT growth. Note that the shape of

the particle also changes during growth (Lower right panel).

1C. High-angle annular dark-field (HAADF) images recorded ex situ after carbon nanostructure
growth from the Ni sample containing 0.2 mole fraction of Au showing the distribution of higher
intensity in the images due to Au. Note the existence of nano-size Au-rich regions in the circled

areas along with large Au rich regions in both images.

1D. Atomic models used for DFT calculations showing the location of carbon in tetrahedral and
octahedral sites for (left pair) 1 Au atom and 31 Ni atoms, (central pair) 2 Au atoms and 30 Ni
atoms, and (right pair) 6 Au and 26 Ni atoms. Note that the activation energy for carbon to move

from the octahedral to tetrahedral position progressively decreases from left to right.

Video-1. Digital video recorded at the rate of 15 frames s™ from 0.2 mole fraction of Au in Ni at
520 °C in 0.4 Pa of C;H,, Note multiple particles being active in forming 1-D nanostructure

simultaneously.
FIGURE CAPTIONS

Figurel. Low magnification TEM images recorded at room temperature (RT) from as-deposited
films. (@) Pure Ni films have almost uniform contrast that is typical of continuous film
morphology, (b) small particles, formed by dewetting, can be seen in the film with 0.2 mole
fraction Au. (c-d) The extent of dewetting and thereby formation of well defined particles at RT
increased as the Au content in Ni films increased from (c) 0.5 mole fraction to (d) 0.8 mole

fraction.
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Figure2. Low-magnification images recorded at room temperature after the samples have been
heated to 520 °C and exposed to 0.4 Pa of C,H, for 15 min to 20 min (growth condition). (a)
Pure Au, (b) pure Ni with high resolution image showing multi-walled CNTs that typically
formed during growth condition, (c) 0.1 mole fraction of Au in Ni, (d) 0.2 mole fraction of Au in
Ni, high resolution image of typical 1-D nanostructures formed during growth in inset in lower
right hand corner (e) 0.5 mole fraction of Au in Ni, and (f) 0.8 mole fraction of Au in Ni. (g)
HREM image showing formation of SWCNTSs (arrows mark the tubes growing perpendicular to
the image plane) at 800 °C for 0.2 mole fraction Au in Ni sample. Note the density of 1-D
nanostructure is a maximum for samples with 0.1 mole fraction and 0.2 mole fraction of Au.

Also, the Au doping level mentioned is the overall content in the starting thin films.

Figure3. (a) Dark-field STEM images from 0.2 mole fraction of Au in Ni sample, recorded ex
situ after growth, and results of PCA of EDS spectrum image showing (b) Ni-rich, and (c) Au-
rich component images. (d) A color overlay (d) emphasizes the spatial extent of each of these
components (red = Ni-rich, green = Au-rich, blue = C-rich). Note that the signal associated with

the C nanostructure only surrounds the Ni rich region. Bar is 10 nm.

Figured. HAADF image showing the co-existence of Au, mostly on the surface, and Ni in the
bulk as confirmed by the FFT’s (diffractogram) obtained from regions marked A and B (inset in

the bottom right and top left corner) respectively. Bar is 10 nm.

Figureb. Selected area electron diffraction (SAED) patterns from pure Ni thin films recorded at
(a) room temperature, (b) at 520 °C and (c) at room temperature after growth. (d) SAED at room
temperature after growth from 0.2 mole fraction of Au in Ni is included for comparison. Arrows

indicate the presence of a 0.224 nm spacing that can be indexed as the {110} spacing from NisC.
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(e) FFT pattern (inset in lower left hand corner) from the boxed area marked in the high-

resolution image extracted from a video sequence during growth was indexed using NisC

structure.
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Table 1. Energy needed for C atom to move from Octahedral to Tetrahedral site for different Au-Ni
compositions

Total Number | Number | Mole Carbonin | Carbon in | Energy difference
Number of| of Au | of Ni fraction | tetrahedral | octahedral | between two sites
Atoms | Atoms | Atom site (eV) site (eV) | (diffusion barrier,
eV)
32 1 31 0.03125| -177.98 -178.72 0.74
32 2 30 0.0625 | -175.41 -175.34 0.07
32 6 26 0.1875 | -162.83 -161.62 1.21*

*With 6 Au atoms, the energy for octahedral-site is higher than for tetrahedral site.
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Supplementary information 1A

(Top left) Annular dark-field (ADF) images recorded in STEM mode from Ni thin film samples
containing 10 atom fraction of Au showing that Au nanoparticles (bright particles marked by
arrows in the top left), with an average size of 5.9 +1.0 nm are present in as deposited films. (To
right) Nickel particles with an average size of 3.8+1.0 nm, lighter than Au due to lower atomic
number, can be seen in the sample heated to 211 °C. (Bottom left) Au particle size does not
change appreciably upon further heating up to 520 °C but Ni particles increase slightly (4.3+1.3
nm) and become more pronounced. (Bottom right) Au and Ni co-exist in some of the particles
after CNT growth. Note that the shape of the particle also changes during growth.
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Supporting Information -1B:

Typical electron energy loss spectra collected after carbon nanostructure growth from (top) pure
Ni, (center) Ni with 20 atom fraction of Au, and (bottm) pure Au samples. Background
subtracted C-K edge is inset in the upper left hand corner for each spectra. Oxygen signal at 532
eV is from the support.
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Supporting information 1C:

High-angle annular dark-field images recorded ex-situ after carbon nanostructure growth from

the Ni sample containing 20 atom fraction of Au show the distribution of lighter contrast in the
images due to Au. Note the existence of nanosize Au particles in the circled region along with

large Au rich regions in both images.

«—>
0.74 eV

Supporting Information 1D:

Models used for DFT calculations showing C (black) in octahedral and tetrahedral sites (as
marked) for 32 atom cell with (left to right) 1 Au (yellow) and 31 Ni (silver), 2 Au and 30 Ni,
and 6 Au and 26 atoms respectively. Difference in energy for C stabilization between octahedral
and tetrahedral sites is given below each set.
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