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Abstract

Small-diameter single-wall carbon nanotubes (SWCNTs) are desirable in a variety of
applications requiring electronic bandgaps greater than 1 eV. Here we utilize an Autonomous
Research System (ARES)—an automated, high throughput, laser-induced CVD system with in
situ Raman spectral feedback—to study the role of Ru promotion of Co catalysts in the growth of
small-diameter SWCNTs. By performing over 200 growth experiments in ARES with different
feedstocks and extensive multi-excitation Raman spectroscopic characterization, we demonstrate
that Ru-promoted Co catalyst nearly doubles the selectivity of small-diameter SWCNTs
(diameters below 1nm) at 750°C in comparison to Co. At higher temperatures between 800 and
850°C, Ru stabilizes Co catalyst nanoparticles and increases the selectivity of small-diameter
SWCNTs by almost a factor of three. Results reveal that SWCNT diameters are not only
dependent on catalyst properties but also on the type of feedstock as selectivity towards small-
diameter SWCNTs decreases in the following order: ethylene > acetylene > FTS-GP (Fischer-
Tropsch synthesis gaseous product mixture). Density functional theory (DFT) calculations with
13- and 55-atom CoxRuy clusters (ranging from 0% to 22% Ru content) reveal increases in
cluster cohesive energies (Ec) with Ru content, irrespective of the exact location of Ru atoms in
the clusters. As these findings are indicative of increases in melting temperature and reduction in
atom mobility with Ru content, they are consistent with the presence of ~10% Ru in our Co
catalyst increasing sintering resistance, stability of small nanoparticles, and the observed high

selectivity toward small-diameter SWCNTs.



1. Introduction

Owing to their high carrier mobility, semiconducting single-wall carbon nanotubes
(SWCNTs) are well-suited as building blocks in a wide range of electronic applications from
nanoscale transistors,!™ flexible electronics,’!'! and chemical and biological sensors to clean
energy harvesting and storage devices.!>!” These applications require SWCNTSs with band gaps
larger than 1 eV. However, due to the inverse relationship between nanotube diameter and band
gap, nominally semiconducting SWCNTs with large diameters feature small band gaps that in
practice make them semi-metallic.'® Indeed, based on theoretical calculations,' to obtain the
desired larger than 1 eV band gap requires the SWCNT diameter to be less than 1 nm. The
challenge is that SWCNT synthesis, using scalable methods such chemical vapor deposition
(CVD) aided by conventional catalysts (Fe or Co supported on Al>O3), usually results in wide
diameter distributions, with nanotubes ranging from 0.7 nm to 3 nm.?*! Moreover, approaches
such as the growth of self-supporting vertically aligned SWCNTs (i.e., SWCNT carpets or
forests) using conventional catalysts is particularly prone to producing SWCNTs that tend

toward larger diameters. (> 1.5 nm).?>"%

Although numerous post-processing techniques such as DNA wrapping,®® density-
gradient ultracentrifugation,?’” gel chromatography,?® and aqueous two-phase extraction*” have
been proposed to effectively sort SWCNTSs by diameter, these methods are low throughput and
ultimately induce defects that degrade the nanotubes electronic properties. Therefore, to unleash
the full potential of SWCNTSs as components of electronic devices, a critical challenge that needs
to be addressed is the development of reliable approaches for scalable selective synthesis of
small-diameter, semiconducting SWCNTs (< 1 nm), as this would reduce the need for

throughput-limiting postprocessing altogether.?° The central strategy for reducing nanotube



diameter during CVD synthesis is to minimize the catalyst particle size. The hypothesis that
drives this strategy is the intimate relationship between the catalyst particle and SWCNT
structure growing from it. For instance, molecular simulations modeling SWCNT growth make
visually apparent the correlation between nanoparticle and nanotube diameter.?! Furthermore,
the correlation between size of the catalyst particle and SWCNT diameter is also supported by

several experimental studies.?! 3233

One method of controlling catalyst size in general involves incorporating high-melting-
point transition metals into the catalyst, either as a promoter or co-catalyst (bimetallic catalyst),
to enhance catalyst stability by suppressing sintering. The efficacy of this strategy has been
demonstrated in several heterogeneous catalytic reactions such as methane oxidation and Fischer
Tropsch Synthesis (FTS).>**! Cui et al.** showed that a Mo promoter reduced sintering of Fe
catalyst in FTS, resulting in high catalytic activity, while Cao et al.** found that the addition of
Rh promoter enhanced the thermal stability of Pt nanoparticles. In other studies, the introduction
of a Ru promoter has been demonstrated to reduce catalyst sintering in numerous catalytic
processes.>> 3738 41 The unique ability of high-melting-point transition metals to reduce catalyst
sintering has been applied to CVD synthesis of small-diameter SWCNTs. The first work utilizing
high-melting-point transition metal for growth of SWCNTSs was the CoMoCAT process, which
utilized Mo to reduce sintering of Co catalyst during gas-phase growth of SWCNTs via CO
disproportionation.** *> The CoMoCAT catalyst reduced the average SWCNT diameter by ~0.1
nm compared to SWCNTs produced from other well-established approaches such as the HIPCO
process (0.81 nm vs. 0.93 nm). For alcohol CVD, Maruyama and coworkers demonstrated the
use of the anchoring effect of Cu in Co-Cu bimetallic catalyst.** Despite successes in SWCNT

synthesis, the wide parameter space of growth conditions has largely been unexplored to date.



As a result, the complex relationship between catalyst promotion, type of feedstock, SWCNT

diameter, and growth temperature is still poorly understood.

In light of the breadth of parameters that affect CVD growth, rapid experimentation is a
powerful tool for investigating favorable conditions that promote selective growth of small-
diameter SWCNTSs. Here we utilize an Autonomous Research System (ARES)—an automated,
high throughput, laser-induced CVD system with in situ Raman spectral feedback—to probe the
combined role of Ru as a catalyst promoter and type of feedstock in the growth of small-diameter
SWCNTs using conventional feedstocks (ethylene and acetylene) and a gaseous product mixture
from Fischer-Tropsch synthesis (FTS-GP),?> **¢ our new feedstock that offers potential for
scale-up. We demonstrate through over 200 growth experiments that the deposition of 0.1-nm-
thick Ru on a Co catalyst film (1nm total thickness) nearly doubles the selectivity of SWCNTs
with diameters below 1nm as determined by multi-excitation Raman spectroscopy. Furthermore,
Ru stabilizes Co catalyst particles at elevated temperatures, increasing the selectivity of small-
diameter SWCNTs by almost a factor of three at temperatures between 800°C and 850°C in
comparison to Co. A mechanistic understanding of the observed phenomenon has been
developed with support from density functional theory (DFT), which attributes the reduced
diameters to the increased cohesive energy of catalyst particles. Higher Ru amounts (20% and
100%) are also probed to develop a deeper understanding of the role of Ru in SWCNT growth.
These findings clearly highlight the importance of Ru promotion of Co for small-diameter
SWCNT growth, which opens the door for future applications requiring small diameter

SWCNTs.



2. Experimental Section

2.1. Preparation of catalyst substrates

The substrates used for growth in ARES contain silicon micropillars fabricated by
reactive ion etching. A substrate contains a 12x12 array of patches, each of which consists of a
5x5 array of 10-pm-diameter, 10-pm-high silicon pillars on an SiO; underlayer. The pillars were
coated with an alumina layer (10 nm thick) by atomic layer deposition. Additional experiments
were also performed using alumina deposited by ion beam sputtering (IBS/e) and the results are
summarized in the Supporting Information. Substrates with the different catalysts (Co, Co-Ru
and Ru) were deposited using IBS/e. For Co or Ru, a 1-nm-thick Co or Ru film was deposited on
the alumina-coated layer, while for Co-Ru, a 0.9-nm-thick Co film was deposited followed by a
0.1-nm-thick Ru film (the thicknesses were adjusted accordingly for Co-Ru with 20 wt% Ru). A
unique feature of ARES is that each pillar behaves as a microreactor and can be rapidly heated to
the growth temperature within a fraction of a second due to the poor thermal conductivity of
Si0O2 and the small thermal mass of the pillars. Further description of the ARES system is

presented elsewhere.*’
2.2. SWCNT growth in ARES

The ARES system (Figure 1) utilizes a high power (6 W, Verdi) laser (532 nm) that
serves as the heat and Raman excitation sources. Each substrate contains several silicon
micropillars (fabricated by reactive ion etching) that are thermally isolated by a silicon dioxide
underlayer. During each growth experiment, a micropillar was heated to the growth temperature
by regulating the laser power. The laser enables instantaneous heating of the micropillar and de-
wetting of the catalyst film without requiring an annealing step. The temperature resolution is

+10-15 °C. Conventional carbon feedstocks (ethylene and 1% acetylene in helium) and our
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recently developed feedstock (FTS-GP) were used for this investigation. FTS-GP has the ability
to support high growth rate and exceptionally long catalyst lifetime.> ***¢ Over the duration of
an experiment, growth rate, yield, and temperature can be monitored via in-situ Raman
spectroscopy using the same laser for heating. Raman spectra were acquired every 5 s and
experiments were allowed to progress until SWCNT growth seemed to terminate, which was
evidenced by a plateauing of the intensity of the SWCNT Raman peak (G band). The red shift of
the Raman peak frequency was used to estimate the growth temperatures. When the growth
appears to have terminated, the temperature can be reduced before moving to the next
micropillar on the substrate. Raman spectra were collected before and after growth on each
micropillar, enabling baseline subtraction for examination of radial breathing modes (RBMs), G-

band, and D-band.
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Figure 1. Schematic illustration of ARES, a high throughput laser-induced
CVD system capable of in-situ Raman spectroscopy.

SWCNT growth is generally modeled by a self-exhausting exponential decay model
(Equation 1) as the growth is characterized by a high growth rate at the beginning that

subsequently diminishes until complete growth cessation occurs.*® This model has been used in



previous studies for the analysis of SWCNT growth kinetics in ARES.*”#*->3 The model used is

given as

t

G(t) = vr(1-e77) (1)

where G represents area under the G-band at various times, ¢, while fitting parameters v and 7

represent the initial growth rate and catalyst lifetime, respectively.

Ex-situ Raman characterization of growth products was performed with a Renishaw
InVia Raman microscope with a 633 nm excitation source for all pillars. In addition, multi-
excitation Raman characterization was performed on selected pillars using 514, 633, 785, and
1064 nm excitation lasers. These additional laser excitations allow the measurement of the
majority of the chiralities grown by CVD. The ex-situ Raman spectra also allowed for improved
analysis of the RBMs due to the smaller spot size when compared to those obtained in ARES (1
um vs. 10 um). Each pillar was analyzed via a 10x10 array of spectra collected over the entire
surface of the pillar. The 100 spectra collected were averaged and the resulting spectrum was
analyzed, providing representative RBM data on the surface of each pillar. The combined use of
Raman data collected from the 532 nm laser (ARES) and 633 nm laser (Renishaw) in our
analysis increased our data integrity and reliability of our findings. The morphology and density
of SWCNTs grown on the pillars were further characterized with a Hitachi S5200 field-emission

scanning electron microscope (SEM) operated at 5 kV.

Statistical analysis was performed on the Raman data to demonstrate the difference in
selectivity toward small-diameter SWCNTs for growth on Co and Co-Ru catalysts. Variables
considered include excitation wavelength (532 nm vs. 633 nm excitation), catalyst type (Co vs.

Co-Ru), and growth temperature range (650 — 699°C, 700 — 749°C, 750 — 799°C, and 800 —



850°C). Weighted average RBM values were calculated by summing the products of the
integrated peak area for each RBM and the peak location, and dividing by the sum of the peak
areas. Error bars have been included to show standard deviation. The average selectivity towards
small-diameter SWCNTS for each experiment performed at each temperature range was
calculated for each catalyst and Raman excitation wavelength. The average selectivity values at
Raman excitation wavelengths of 532 nm and 633 nm were subsequently averaged to be more
representative of the small-diameter SWCNT selectivity at each temperature range for the
respective catalysts. In total, over 300 unique data points were analyzed. Comparison of the
selectivity of Co and Co-Ru was performed by averaging the previously calculated values across
all temperature ranges. Analysis of SWCNT diameter selectivity for the different feedstocks was

also calculated and included in the Supporting Information.
2.3. Computational analysis methods

Spin-polarized, plane-wave density functional theory (DFT) cluster optimizations were
performed using the Vienna ab initio simulation package (VASP 5.4.1).>*¢ The plane wave
basis set to construct the solution to the Kohn-Sham equations was built using an energy cutoff
of' 400 eV. Electronic and atomic structure were solved using an iterative procedure, with the
electronic structure for a given geometry was considered solved when the energy difference for
the electronic structures of two consecutive iterations was lower than 10 eV. The geometry was
considered optimized once the energy difference for the geometries of two consecutive iterations
is lower than 107 eV. The generalized-gradient approximation (GGA) functional, Perdew-Burke-
Ernzerhof (PBE)*” was used to model electron exchange and correlation. Dispersion forces were
modeled explicitly using the D2 correction by Grimme.>® The core electrons were modeled using

the projected-augmented wave method (PAW).>-? During the optimizations, 13-atom or 55-



atom clusters were placed at the center of an orthorhombic 30 A x 31 A x 32 A supercell, and
calculations were made at the gamma point, with Gaussian smearing using a 0.03 smearing
parameter.®! The cluster sizes for this study were selected for their highly symmetric and stable

structures, and diameter within the range of interest for the experimental work.®?
3. Results
3.1. SWCNT growth in ARES using different feedstocks

Raman spectra collected in situ during SWCNT growth in ARES were used to probe the
diameter distributions. The RBM regions, between 100 and 360 cm™!, were deconvoluted with
several peak components (Lorentzian) to obtain peak frequencies. Representative Raman spectra
and peak fitting of the RBM peaks for SWCNTs grown on Co and Co-Ru are shown in Figure
S1. Figures 2a-c show the weighted average RBM values as a function of temperature for Co and
Co-Ru using 532 nm and 633 nm laser excitations as well as the combined average of the two

datasets.
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Figure 2. Weighted average RBM frequency data acquired with 532 nm (a) and 633 nm (b) laser
excitations at different growth temperature. (c) Approximation of the true RBM frequency
distribution in each temperature bracket by averaging data in (a) and (b). (d) Mean of weighted
average RBM frequency data in (c) for Co and Co-Ru. Histograms of relative frequency of RBM
peaks as a function of peak location for Co and Co-Ru using 532 nm (e) and 633 nm (f) laser
excitations; the relative frequency is the percentage of each RBM peak area to the total RBM peak

area.
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Analysis of the Raman spectra acquired with 532 nm and 633 nm excitations
(summarized in Figure 2) indicates growth on Co-Ru results in RBM peaks with significantly
higher frequencies (corresponding to smaller SWCNT diameters) relative to growth on Co at all
growth temperature ranges evaluated. While average RBM frequencies decrease with increasing
temperature, Co-Ru is much less temperature dependent than Co (Figures la -c). The average
RBM frequency for Co in the temperature range of 650-699 °C is 227 cm’!, but decreases to 202
cm’! at a higher temperature range (800-850 °C). On the other hand, growth on Co-Ru results in
average RBM frequencies of 249 cm™ and 236 cm™ in the lowest and highest temperature
ranges, respectively. Figure 2d shows the average RBM frequency for Co and Co-Ru obtained by
averaging data in Figure 2c. Co-Ru exhibits a higher average RBM frequency (244 cm’1) than
Co (217 cm™). Figures 2e and f show the average RBM components for all experiments
performed on Co and Co-Ru using both laser excitations. It is clear from the histograms that
spectra associated with Co-Ru have much higher relative frequency of RBM peaks
corresponding to small SWCNT diameters, including a significant increase in RBMs > 290 cm™!,
which are almost non-existent for growth on Co. It should be noted that these RBM peak
positions fluctuate +/- 3 cm™! from spectra to spectra and likely represent several RBMs each.
Additional analysis of RBM frequencies, including their analysis as a function of growth

temperature and type of feedstock is summarized in Figures S2-S4.

It has been well established that RBM frequencies of SWCNTSs are diameter
dependent.®-7? The following equation can be used to approximate SWCNT diameters from

RBM peaks:
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C
WRrBM = ;1 + C, (2)

where C; and C; are constants. Based on SEM evidence of the formation small tube bundles in
our work, SWCNT diameters were calculated using Ci = 234 and C; = 10.%*% Detailed analysis
of Equation 2 is included in the Supporting Information including the effects of SWCNT

diameter, bundling interactions, and bundle size on appropriate C> values.

Selectivity of the catalysts toward growth of small-diameter SWCNTSs was calculated
from the fraction of the integrated intensities of all peak components below a diameter of 1 nm to
the total integrated intensity of all fitted peak components in the RBM region between 100 and

360 cm’! (Equation 3):

Integrated area of RBM peaks corresponding to < 1nm

PP 3
Selectivity Total integrated area of all RBM peaks ®

Representative SEM images of SWCNT bundles grown on pillars coated with Co and Co-Ru
catalysts using ethylene as a feedstock reveal uniform growth across the entire catalyst surface
with a higher density of SWCNTSs grown on pillars coated with Co catalyst (Figure 3a) than

pillars with Co-Ru catalyst (Figure 3b).
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Figure 3. SEM images showing density of SWCNTs grown on Co (a) and Co-Ru (b) catalysts. Plots

of selectivity toward small-diameter SWCNTs as a function of growth temperature using different

feedstocks on Co (c) and Co-Ru (d) catalysts (calculated from Raman spectra acquired with 532 nm

laser excitation). Heat/contour plots illustrating selectivity (in ¢ and d) and G-band area (proxy for

abundance of SWCNT growth) versus growth temperature for Co (e) and Co-Ru (f) catalysts using

growth results for ethylene and acetylene.
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Figure 3 (c-d) shows calculated selectivity toward small-diameter SWCNTSs grown on Co
and Co-Ru as a function of growth temperature for the different feedstocks (ethylene, FTS-GP,
and acetylene) obtained using an excitation wavelength of 532 nm; the selectivity calculated
from spectra obtained with 633 nm laser excitation are shown in Figure S5. SWCNTSs grown on
Co catalyst using ethylene or acetylene as a feedstock exhibited a maximum selectivity of 0.35 at
~700°C, whereas growth on the same catalyst using FTS-GP showed substantially lower
selectivity (< 0.05) at all temperatures. On the other hand, SWCNTSs grown on Co-Ru reached a
maximum selectivity of 0.6 for ethylene, 0.57 for acetylene, and 0.42 for FTS-GP. It is evident
from these results there is improved selectivity toward growth of small-diameter SWCNTSs on
Co-Ru catalyst even with FTS-GP as the feedstock. A clear trend of the scatterplots emerges for
pure Co (using either acetylene or ethylene) with selectivity initially increasing with growth
temperature from 600°C and peaking around 725°C and then decreasing with further increase in
temperature. Using Ru as a catalyst promoter resulted in scattered selectivity data at the different
temperatures; unlike acetylene, the trend that emerges for ethylene and FTS-GP is somewhat
similar to that observed when Co catalyst is used. The spread in the data when Ru is present may
be attributed to several factors including reduced density of tube nucleation and non-uniformity
in the distribution of Ru in individual catalyst nanoparticles. The latter may lead to a slightly
wider distribution of catalyst sizes that are comparatively smaller in size than those formed on
Co. It is clear from these results that selectivity towards small-diameter SWCNTSs decreases in
the following order: ethylene > acetylene > FTS-GP. The effects of different values of C; and C»
on the selectivity are summarized in Figure S6. Further analysis of selectivity using ethylene and
acetylene (Figure S7) shows the higher small-diameter selectivity of ethylene over acetylene and

Co-Ru over Co.
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To compare the catalyst activity (in terms of SWCNT yield) and SWCNT diameter
selectivity of Co and Co-Ru catalysts, heat plots showing selectivity to small-diameter SWCNTs
(adapted from Figure 3 (¢) and (d)) and SWCNT yield (or density) as functions of growth
temperature as shown in Figure 3e and f. The analysis focuses on experiments utilizing ethylene
and acetylene as feedstocks due to their overall high selectivity toward small-diameter SWCNTs.
The integrated intensity of the G-band from the Raman spectrum collected at the end of each
growth is used as a proxy for the yield of SWCNTSs deposited on the catalyst-coated pillars. The
SWCNT yield obtained from the G-band signal in ARES was verified by SEM and is consistent
with previous studies.** *->° The SWCNT structures were not characterized by TEM due to the
challenge associated with removing SWCNTs from individual micropillars without destroying
the pillars and contaminating the SWCNT samples. Growth conditions favorable for high yield
of small-diameter SWCNTSs can be discerned from the heat plots. Growth on Co catalyst yielded
SWCNTs with a maximum G-band area of ~8.0 x 10°, but with a selectivity ~0.2; whereas
growth on Co-Ru resulted in a lower maximum G-band area of ~3.5 x 10°, but with a much
higher selectivity ~0.4. The maximum yield on Co catalyst occurs at temperatures between 725
and 775°C, which is higher than the temperature range that supports the highest selectivity
toward small-diameter SWCNTs (675 — 725°C, Figure 3c¢). In contrast, for Co-Ru catalyst, both
SWCNT yield and selectivity were maximized at a temperature range of 725 — 775°C. We note
that the maximum selectivity achieved for growth on Co-Ru is nearly twice that achieved on Co
alone, whereas SWCNT yield on Co was two times higher than that on Co-Ru catalyst; this
increased selectivity supports the hypothesis that the presence of Ru increases sintering
resistance of catalysts and decreases the formation of large particles, and thus the yield of large-

diameter SWCNTs. We conclude that using ethylene or acetylene as a feedstock under a
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temperature range of 700-750°C favors the growth of small-diameter SWCNTs with Co-Ru

being more selective and Co more active in terms of SWCNT yield.

To further understand the effect of Ru on catalytic activity during SWCNT growth, we
fitted the growth curves at different growth temperatures for the various feedstock-catalyst
combinations (Figures 4 a-d) to Equation 1: (a) ethylene and Co, (b) ethylene and Co-Ru, (c)
acetylene and Co, and (d) acetylene and Co-Ru. The goodness of fit (R?) for the analysis
involving data from 20 experiments had an average value of 0.98. Figures 4¢ and f along with
the average values of the fitting parameters (v and 1), summarized in Table S1, suggest that the
presence of Ru increases the growth rate of SWCNTSs, but with a decreased catalyst lifetime.
Conversely, for pure Co a longer catalyst lifetime and lower growth rate are observed. The
optimum temperature whereby catalyst lifetime and growth rate are maximized for both Co and

Co-Ru is ~750°C.
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Figure 4. Plots of SWCNT yield as a function of growth time using different feedstock-catalyst

combinations: (a) ethylene and Co, (b) ethylene and Co-Ru, (c) acetylene and Co, and (d) acetylene

and Co-Ru. The solid lines represent curve fitting of the radioactive decay model (Equation 1).

Scatter plots of initial growth rate (e) and catalyst lifetime (f), obtained by fitting plots a-d to

Equation 1, as a function of growth temperature.
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3.2. Multi-excitation Raman spectroscopic characterization of SWCNTs grown with ethylene

Due to the high selectivity towards small-diameter SWCNTSs shown by ethylene, it was
used in subsequent experiments to probe the diameter distributions of SWCNTs grown on Co
and Co-Ru. SWCNT samples obtained using ethylene as a feedstock were further characterized
ex situ by multi-excitation Raman spectroscopy (Figure 5). Green shades are added to the spectra
to indicate the RBM frequencies corresponding to small diameter (< Inm) SWCNTs. Figures 5a
and 5b highlight the difference in RBM frequencies and intensities for SWCNTSs grown on Co
and Co-Ru with ethylene precursor. Interestingly, for each pair of SWCNT spectra on Co and
Co-Ru acquired with the same excitation energy, there is an increase in the number of RBM
peaks observed at higher frequencies for SWCNTs grown on Co-Ru catalyst. In addition, RBM
peaks with the same frequency in the shaded region with diameters < 1 nm for the same
excitation wavelength are characterized by different intensities, with SWCNTSs grown on Co-Ru
exhibiting a higher intensity. For instance, in Figure 5a, there is a weak intensity peak at ~300
cm! in the spectrum collected with 785 nm excitation, however in Figure 5b, the peak becomes
prominent—an observation that occurs simultaneously with the disappearance of the peak at
~150 cm™!. In the spectra acquired with the 633 nm laser, there is substantial increase in the
intensities of peaks at ~255 cm™! and ~285 cm™!, relative to the peaks below 250 cm™. A similar
trend is observed for spectra acquired with the 514 nm laser. Although there were no observable
RBMs below 250 cm™ for spectra acquired with the 1064 nm laser, peaks that appear above 300
cm! exhibit substantial increase in intensity. Multi-excitation Raman spectra for growth
experiments using acetylene are shown in Figure S8. Ru appears to increase the selectivity of
small-diameter SWCNTs by decreasing the relative amount of large-diameter SWCNTs and

increasing the relative amount of small-diameter SWCNTs, evidenced by the reduced intensities
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of RBM peaks associated with large-diameter SWCNTSs and increased intensities of those

associated with small-diameter SWCNTs (Figures 5 and S8).
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Figure 5. Multi-excitation Raman spectra of SWCNTs grown on Co (a) and Co-Ru (b) catalysts;
green shade highlights the small-diameter region (<I nm). (c) Plots of selectivity averages for small-
diameter SWCNTs on Co and Co-Ru catalysts. Data used for analysis were acquired with 532 nm
and 633 nm laser excitations over four temperature ranges (650-699 °C, 700-749 °C, 750-799 °C,
800-849°C). (d) Histogram of average selectivity across temperature ranges for Co and Co-Ru

catalysts. Error bars show standard deviations for the calculated average values.

The plots in Figure 5 (¢) clearly show the difference in selectivity toward small SWCNT
diameters for Co and Co-Ru catalysts as a function of growth temperature, calculated by

averaging selectivity data from Raman spectra acquired with 532 nm and 633 nm laser
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excitations. The separated statistical analysis and trends for data obtained using the two laser
excitations are shown in Figure S9. An important takeaway from the analysis is not only that the
Co-Ru catalyst leads to higher selectivity for small-diameter SWCNTs at all growth temperatures
investigated, but it is also less dependent on temperature. In fact, Co-Ru catalyst experiences
minimal decrease in selectivity even in the highest temperature range (800 - 850°C). In contrast,
Co catalyst experiences substantial drop-off in selectivity as temperature increases. The average
selectivity values combined over all the growth temperatures are plotted in Figure 5 (d) and show
that Ru as a catalyst promoter nearly doubles the selectivity of small-diameter SWCNTSs. Our
previous work revealed that catalyst activity during SWCNT growth is sensitive to the porosity

).”> To understand the effect of alumina

or type of alumina (based on the deposition technique
substrate porosity on catalyst behavior, we conducted additional experiments using Co and Co-
Fe catalysts supported on IBS/e-deposited alumina films (with higher porosity) of the same

thickness (10 nm) and the results (summarized in Figures S11-S14) are consistent with those

discussed so far for catalysts supported on ALD-deposited alumina films.
3.3. DFT calculations

To understand the promotion role of Ru in increasing selectivity toward growth of small-
diameter SWCNTs, we investigated the stability of Co and bimetallic CoxRuy clusters using
DFT calculations. These calculations focused on 13- and 55-atom clusters due to the high
stability and symmetry of their structures, with sizes relevant to our experiments ((less than 1
nm). The Ru content of these clusters is similar to those used in the ARES experiments (which is
10%), with content ranging between 8% and 11% from the 13- and 55-atom cases, respectively

(Co12Ru and Cos9Rus). However, to elucidate trends, calculations on pure Co clusters (Co13 and
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Coss), as well as on clusters with higher Ru content (Co43Rui2) were also performed. To obtain

the cohesive energy, Ec, we used:

Ecluster - NCoECo - NRuERu

E- = 3
¢ NC0+NRu ( )

The set of calculations on the 13-atom clusters are shown in Figure 6a, which shows the
strengthening of cluster cohesive energy upon the addition of Ru. Specifically, the cohesive
energy of the Coi2Ru (8% Ru content) is 0.1 eV stronger than for Coi3 (-3.4 eV for Coi2Ru vs -
3.3 eV for Coi3), which is expected to engender an increase in melting temperature and a
reduction in atom mobility. While the stability of the Coi2Ru cluster is slightly sensitive to the
positioning of the Ru atom in the cluster, notice that the abovementioned strengthening of the

cohesive energy occurs irrespective of whether the Ru atom is on the surface of the cluster

(Co12Ru]a) or in the bulk (Coi12Rul).

The set of calculations on the 55-atom clusters is shown in Figure 6b, which also shows
the strengthening of cluster cohesive energy upon the addition of Ru. Specifically, the cohesive
energy of Cos9Rus (roughly 11% Ru) is around 0.2 eV stronger than for Coss. Similar to the 13-
atom cluster case, the stability of the 55-atom cluster is slightly sensitive to the exact
arrangement of Ru atoms within the cluster. Yet, upon evaluation of six different configurations,
the strengthening of the cohesive energy was similar, suggesting the robustness of the effect. To

further confirm the trend of cohesive energy strengthening with Ru addition, we optimized a
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Cos3Ru; cluster (~22% Ru content). The cohesive energy was found to strengthen a further 0.2

eV upon the addition of six more Ru atoms.

a) Coy; Co,,RU-A Co,,Ru-B
@ o
@ ru
E; =-318 kd mol ! Ec =-327 kJ mol ! E; =-329 kJ mol!
b)
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Figure 6. (a) DFT optimization and calculation of cohesive energy, Ec, forl3- and 55-atom clusters
of Co and Co-Ru. a) Col3, Col2Ru (4) with adsorbed Ru atom, and Col2Ru (B) with Ru atom in the
bulk region of the cluster. (b) Co55, Co49Ru6 (A-F), Co43Rul2, which contain 0, 6, and 12 Ru
atoms, respectively. Configurations A through I were generated randomly and represent different
arrangement scenarios _for Ru on the cluster surface. Notably A represents the arrangement with the
Ru atoms most separated from each other, D represents the arrangement with most symmetric Ru
atom placement, and F represents the most segregated arrangement (notice all Ru atoms clustering

together).
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Based on the above calculations, it appears Ru addition consistently increases the
cohesive energy of the cluster—at least within the ranges experimentally tested—and that
strengthening occurs by about the same magnitude regardless of the exact Ru distribution within
the cluster. The results from these calculations are thus supportive of an increase in melting point
and reduction in atom mobility, which should increase the resistance to catalyst sintering. We
hypothesize the latter results in enhanced stability of small nanoparticles, which leads to higher

selectivity of small-diameter SWCNTs.
3.4. SWCNT growth in ARES using pure Ru or Co-Ru with a higher Ru amount

To develop a deeper understanding of the catalytic properties of Ru, we conducted further
experiments with pure Ru as a catalyst and a higher amount of Ru in Co-Ru catalysts and the
results are summarized in Figure 7. We note that growth on pillars with a 1-nm-thick catalyst
containing 20% Ru under conditions identical to those used for Co and Co-Ru (10% Ru) did not
appear to yield SWCNTs, due to the absence of RBMs in their Raman spectra (Figure 7a). The
results are likely related to the catalytic activity of the particles and not their stability, suggesting
there might be an optimal amount of Ru in Co catalyst that supports gopod SWCNT growth,
above which SWCNT growth might be inhibited. It is also possible SWCNT growth did not
occur on Co-Ru (20% Ru) because the standard conditions used were optimum for pure Co and
Co-Ru (10% Ru), not Co-Ru with higher Ru amount (20% Ru). To test this conjecture, we
implemented the 'supergrowth' approach,*® 7* well known for dramatically enhancing catalyst
activity and lifetime’* 7>”7® during CVD growth. Interestingly, upon introduction of ~11ppm
H>0, Co-Ru (20% Ru) that was inactive for SWCNT growth under standard conditions as shown
in Figure 7a, exhibited exceptional SWCNT growth (Figure 7b); however, the selectivity towards

small-diameter SWCNTs was comparable to that observed with Co catalyst.
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Figure 7. Heat plots of G-band intensity and small diameter SWCNT selectivity of growth
experiments performed on a Co-Ru catalyst (20% Ru) with ethylene and the addition of 0 ppm (a)
and 11lppm H>O (b). (c) Representative Raman spectra of SWCNTs grown on pure Ru catalyst with
ethylene in the absence and presence of water (11 ppm). (d) Representative Raman spectra of
SWCNTs grown on pure Ru catalysts under conditions that maximize small-diameter SWCNT

selectivity.

For comparison, we also conducted growth on pure Ru and the results are presented in Figures

7c¢ and d. Little to no growth was observed even at a moderate water concentration (295 ppm). At
extremely high-water concentrations (4000 ppm), growth of small-diameter SWCNTSs occurred,
although the total yield was extremely low (integrated G-band area < 7.0 x 10%). Further
optimization revealed that introducing a hydrogen-to-ethylene ratio of 2:1 yielded small-diameter
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SWCNTs at ratios comparable to that obtained on Co-Ru (10% Ru). It should be noted, however,
that growth on pure Ru required higher temperatures (900 - 950°C). Our results indicate that a
high-melting-point metal like Ru in its pure form or as a promoter can generate small-diameter

SWCNTs under optimum temperature and feedstock conditions.

4. Discussion

The Co-Ru catalyst nanoparticles formed by annealing the deposited films (a Ru layer on
top of a Co layer) show higher selectivity toward small-diameter SWCNTSs. Based on the DFT
results, we hypothesize the presence of Ru in Co catalysts stabilizes small catalyst nanoparticles
or suppresses sintering, resulting in a higher number density of small catalyst nanoparticles and a
lower average catalyst size. To understand the role of Ru in catalyst evolution, similar as-
deposited and annealed Co (1 nm) and Co-Ru (0.9 nm Co, 0.1 nm Ru) films on silicon substrates
with alumina underlayers were studied; annealing was performed at 850°C in Ar/H> for 3, 10,
and 30 min using a conventional CVD. AFM topographic profiles of the catalysts (Figure S10)
reveal the average RMS roughness (proxy for feature height)’’’® formed on Co-Ru is slightly
lower than that of Co. The Co-Ru nanoparticles with smaller sizes nucleate SWCNTSs with a
much higher selectivity toward small-diameters and exhibit diminished overall SWCNT yield in
comparison to pure Co. Even though FTS-GP exhibits relatively lower selectivity towards small-
diameter SWCNTs, the promotion of Co with Ru leads to growth of small-diameter SWCNTs,
affirming the key role Ru plays in the nucleation of small-diameter SWCNTs. We speculate the
low yield observed for growth with FTS-GP on Co catalyst may be due to a number of reasons
including on-site generation of water®> * and the high-volume fraction of methane in FTS-GP.

The water generated in situ via a reaction between H> and CO may etch some small-diameter
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SWCNTs during nucleation or growth.”®? Gas phase reactions in ARES are extremely low or
nonexistent because it relies on heating from the laser. We therefore expect the utilization of
methane, a stable hydrocarbon and a major component (30 vol%) of FTS-GP, to be poor, thus
limiting the carbon flux to the catalyst and contributing to growth inhibition. In consistent with
this observation, we observed lower growth rate with FTS-GP in ARES.* When Ru is added to
Co as a promoter, nucleation of small-diameter SWCNTSs occurs with FTS-GP as a feedstock,
despite the oxidizing environment that is created by water generation, for two reasons: (1) There
is an increased number of small nanoparticles available for nucleation; and (2) Ru acts as an

electron donor, which may protect SWCNTs from oxidation during nucleation.

The high variability observed in selectivity of small-diameter SWCNTs for Co-Ru may
be due to the resulting catalyst nanoparticles not having equal amounts of Ru. It is unlikely the
intended one-atom thick layer of Ru obtained via ion beam sputtering was uniform across the
entire substrate. Possible clustering of Ru during deposition is expected to yield Co-Ru particles
with slightly different Ru amounts in the nanoparticles after dewetting and particle formation, a
phenomenon that has also been observed in Mo-on-Fe type catalysts.** The nonuniform amounts
of Ru in the resulting Co-Ru catalyst particles may cause a variation in their catalytic activity,
possibly due to the difference in their carbon solubility. Based on the DFT calculations, AFM
characterization of annealed catalyst films, and growth in ARES, a mechanistic understanding of
the role of Ru as a promoter of Co catalyst for SWCNT growth begins to take shape. As
discussed earlier, DFT calculations indicate the inclusion of Ru atoms in a Co cluster increases
cohesive energy, suggesting that smaller catalyst particles may be more resistant to sintering on a
support. AFM analysis of annealed catalyst films reveals dewetted catalyst particles are smaller

in the case of Co-Ru compared to pure Co, even at shorter time scales (3 min). The results
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support the idea that Ru stabilizes Co nanoparticles, resulting in growth of small-diameter
SWCNTs. In general, catalyst sintering is strongly dependent on temperature. Interestingly
SWCNT size in the case of the Co-Ru catalyst is much less dependent on temperature as opposed
to SWCNTs grown on pure Co. Our results indicate that the high melting point of Ru may be
responsible for the increased cohesive energy and subsequent catalyst stability observed under

SWCNT growth conditions.

5. Conclusions

In this work, rapid experimentation was used to probe favorable conditions that promote
selective growth of small-diameter SWCNTs via catalytic CVD. To minimize Co catalyst size
and enhance resistance to sintering, a high-melting-point metal (Ru) was used as a promoter of
Co catalyst. The addition of 10% Ru to a 1-nm thick Co (Co-Ru) catalyst increases the
selectivity of small-diameter SWCNTs, as calculated from Raman spectra collected using 532-
nm and 633-nm laser excitations. In addition, Ru appears to stabilize catalyst particle size at
elevated temperatures, as selectivity towards small-diameter SWCNTs is less temperature
dependent for growth on Co-Ru compared to Co. The results are supported by AFM data on
annealed catalyst films, which show slightly lower catalyst particle height on Co-Ru compared to
Co for time-scales representative of SWCNT growth in ARES. The reduction in catalyst particle
sintering has been attributed to an increase in cohesive energy in Co particles when Ru atoms are
included in the cluster, as calculated by DFT for 13-atom and 55-atom clusters. Growth on Co-
Ru resulted in lower overall SWCNT nucleation density compared to Co, whereas growth rates
on Co-Ru were higher than growth on Co, with lifetimes roughly three times shorter than those
for growth on Co. Furthermore, our results reveal that pure Ru or Co-Ru with a higher Ru

amount can support growth of small-diameter SWCNTSs under optimum temperature and water
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concentration. The study reveals important relationships between catalyst promotion using Ru,
type of feedstock, SWCNT diameter, and growth temperature. These findings highlight the role
of Ru as a promoter of Co and as a catalyst in the growth of small-diameter SWCNTSs, which

opens the door for future applications requiring small-diameter SWCNTs.
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