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Electronic and optical properties of single-walled carbon nanotubes (SWCNTs) correlate with their chiral structures. Many applications need chirally pure
SWCNTSs that current synthesis methods cannot produce. Here, we show a sulfate-promoted C050,/Si0, catalyst, which selectively grows large-diameter
(9,8) nanotubes at 1.17 nm with 51.7% abundance among semiconducting tubes and 33.5% over all tube species. After reduction in H, at 540 °C, the
catalyst containing 1 wt % Co has a carbon yield of 3.8 wt %, in which more than 90% is SWCNT. As compared to other Co catalysts used for SWCNT growth,
the C050,/5i0, catalyst is unique with a narrow Co reduction window under H, centered at 470 °C, which can be attributed to the reduction of highly
dispersed C0S0,. X-ray absorption spectroscopy (XAS) results suggested the formation of Co particles with an average size of 1.23 nm, which matches the
diameter of (9,8) tubes. Density functional theory study indicated that the diameter of structurally stable pure Co particles is scattered, matching the most
abundant chiral tubes, such as (6,5) and (9,8). Moreover, the formation of such large Co particles on the 050,/Si0, catalyst depends on sulfur in the
catalyst. XAS results showed that sulfur content in the catalyst changes after catalyst reduction at different conditions, which correlates with the change in
(n,m) selectivity observed. We proposed that the potential roles of sulfur could be limiting the aggregation of Co atoms and/or forming Co—S compounds,
which enables the chiral selectivity toward (9,8) tubes. This work demonstrates that catalysts promoted with sulfur compounds have potentials to be

further developed for chiral-selective growth of SWCNTSs.
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obstacle for SWCNT applications is that the
current synthesis methods produce SWCNTs
with different (n,m) structures, leading to mix-
tures with distinct electronic properties ran-
ging from metal to semiconductors with
different band gaps.? Although single chirality
nanotubes can be separated from SWCNT
mixtures through different techniques,®® the
yield, scalability, and cost of such separation, as
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carbon-containing feedstocks, annealing defects of
growing nanotubes, preventing SWCNT tip closure,
terminating edge dangling bonds, and providing
critical carbon density.2~'® It has been suggested
that chirality selectivity is related to the nucleation
of carbon species on catalytic particles'>%2%2! and the
different growth rates depending on the chiral angle
of tubes.'*'*?2724 Thys, catalytic particle composi-
tion and growth conditions may change the chiral
selectivity. Several catalysts have shown chiral-specific
growth, including Co/Mo,*® Fe/Co,% Fe/Ru,”” Fe/Ni,*®
Fe/Cu,” Co/Pt,* Co/Si*>' Co/Ni-MCM-41,>**% and Co-
TUD-13* Their selectivity can be tuned to some
extent by temperature,®?¢ catalyst support,®®*” car-
bon feedstock,***® pressure,®® and crystal plane.*
However, most current chiral-specific growth is re-
stricted to one or two small-diameter chiral SWCNTs,
such as (6,5) and (7,5). For example, the Co—Mo catalyst
yields 62% of (6,5) and (7,5) tubes together (and 55%
of (6,5)) among all semiconducting species.>> Besides,
the total carbon (SWCNT) yield of many reported chiral-
specific growth is very low, resulting in the difficulty
in achieving scalable production of desired SWCNTs.
Recent experimental reports suggest that when 0,,*'
C0,* or NH;* is introduced in synthetic conditions,
some large-diameter SWCNTs can be synthesized
with either metallicity selectivity or narrow chiral distri-
bution.*? Nevertheless, considering that there are more
than 100 different chiral SWCNTs with diameters just
between 0.6 and 1.5 nm, novel catalysts with specific
single chirality selectivity are highly pursued.

In this work, we show that a novel sulfate-promoted
catalyst has excellent selectivity toward large-diameter
(9,8) nanotubes. SWCNTs were characterized by com-
prehensive characterization techniques, including
Raman, photoluminescence (PL), UV—vis—near-infrared
(UV—vis—NIR) spectroscopy, thermogravimetric analysis
(TGA), transmission electron microscopy (TEM) and
atomic force microscopy (AFM). The catalysts were
analyzed by scanning electron microscopy (SEM), TEM,
X-ray diffraction (XRD), nitrogen physisorption, UV—vis
spectroscopy, H, temperature-programmed reduction
(H,-TPR), X-ray absorption spectroscopy (XAS) at the
Co K-edge and the sulfur K-edge. Theoretical simulation
of Co, particles was carried out. Possible mechanisms
were proposed to explain the chiral selectivity toward
(9,8) tubes and the plausible contribution of sulfur to the
chiral selectivity.

RESULTS AND DISCUSSION

The CoSO,/SiO, catalyst was prepared by impreg-
nating CoSO,4 on high surface area (254 m?/g) fumed
SiO, with ~1 wt % Co. The catalyst was used to catalyze
SWCNT growth in a continuous-flow tubular chemical
vapor deposition reactor. It was reduced in H, at 540 °C
before exposed to 6 bar CO at 780 °C. In another
experiment, the catalyst was reduced at 780 °C for

30 min and then exposed to CO. The collected solid
carbon products were first characterized by Raman
spectroscopy at three excitation wavelengths (785,
633, and 514 nm) shown in Figure 1a,b. The presence
of the radial breathing mode (RBM) peaks between
100 and 350 cm ™" and the low ratio of the D-to-G band
intensities indicated that samples consist primarily
of SWCNTs. The sample produced after reduction at
540 °C consists of fewer RBM peaks centered around
202—215 cm™' compared with the sample produced
after 780 °C reduction. The chiral indexes (n,m) of RBM
peaks are assigned based on empirical and theoretical
Kataura plots (see Figures S1—S4, Table S1, and de-
tailed discussion in the Supporting Information). The
most intense RBM peaks belong to (12,3), (9,9), (15,0),
(14,2), (13,4), (12,5), (13,3), (9,8), and (9, 7) tubes, which
are highlighted as red bars ((9,8) and (9,7) are shown
in blue) and hexagons in Figure 2. This result suggests
the diameter selectivity is around 1.17 nm in SWCNT
growth. Next, PL spectroscopy was used to assign the
(n,m) structure of semiconducting tubes. Figure 1c,d
shows contour plots of the PL intensity collected from
SWCNTs dispersed in 2 wt % sodium dodecyl benzene
sulfonate (SDBS) D,0 solution as a function of excita-
tion and emission. The relative abundance of semi-
conducting (n,m) tubes identified in Figure 1cd is
determined by their PL intensities. Results are listed
in Table S2 in the Supporting Information. Figure 1c
and Table S2a show that the catalyst is highly selective
to the single chiral (9,8) tube (51.7%) after 540 °C reduc-
tion. Several other (n,m) tubes (with relative abun-
dance >3%) are also detectable in Figure 1¢, such as
(9,7), (10,6), (10,8), (8,7), (10,9), and (6,5). Similar to
previous studies,®> %7 the existence of those species
suggests a strong selectivity toward high chiral angle
tubes in SWCNT growth. In contrast, the sample grown
after 780 °C reduction comprises numbers of (n,m)
tubes centered around (6,5) (16.3%) and (9,8) (17.5%).
To further evaluate the abundance of metallic tubes
which cannot be observed in PL analysis, UV—vis—NIR
absorbance spectrum of the sample produced after
catalyst reduction at 540 °C is shown in Figure 3a. The
label E3; (shaded yellow) indicates the excitonic optical
absorption bands for semiconducting SWCNTSs corre-
sponding to the first one-dimensional van Hove singu-
larities; the EY} and E3, (shaded purple) correspond to
the overlapping absorption bands of the first van Hove
singularities from metallic SWCNTs and the second
van Hove singularities from semiconducting SWCNTs.
Intense absorption peaks at 1416 and 816 nm corre-
spond to the first and second one-dimensional van
Hove singularity transitions of (9,8) tubes. Additional
absorption peaks below 700 nm may be assigned
to either the E}} transition of metallic tubes or ES,
transition of semiconducting tubes. We used a method
based on the electron—phonon interaction model**
to reconstruct the UV—vis—NIR absorbance spectrum
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Figure 1. (a,b) Raman spectra of SWCNTs under three excitation wavelengths for catalyst reduction at 540 and 780 °C,
respectively. The regions on the left between 100 and 350 cm ' correspond to RBM peaks, while the regions on the right
correspond to D and G bands. (c,d) PL contour plots as a function of excitation and emission energies from SDBS-dispersed
SWCNTSs grown after catalyst reduction at 540 and 780 °C, respectively. Major chiral tubes identified in PL are marked with

their (n,m) indexes.

(see Table S3 to S5 and detailed discussion in the
Supporting Information). The thin Lorentzian peaks
(black) in Figure 3b are from the contribution of indivi-
dual semiconducting tubes, calculated by using the
electron—phonon interaction model. Tubes with major
contributions are marked with their (n,m) indexes. The
thick solid line depicts the sum of all Lorentzian lines,
and red circles are experimental data points. Figure 3¢
shows the E}} and E3, spectral reconstruction by the
summation of the contribution from both semiconduct-
ing (black) and metallic (blue) SWCNTs. Other than (n,m)
tubes identified in Raman and PL, Figure 3b,c shows
a few additional peaks identified in absorption spectra,
including semiconducting (12,4), (14,3), and (15,1) and
metallic (9,6) and (10,10). Using the contribution from
each (n,m) tube obtained in reconstructing the absor-
bance spectrum, their relative abundance of (n,m) tubes
is shown in Figure 3d. It indicates that the dominant
semiconducting tubes identified in PL have much high-
er abundance as compared to additional metallic tubes
identified in absorption spectroscopy. Overall, the abun-
dance of (9,8) tubes is 33.5%, followed by (9,7) at 7.1%.
This further corroborates that the CoSO,/SiO, catalyst
is highly selective toward the (9,8) tube. The diameter of
produced SWCNTSs was also analyzed by TEM and AFM.

WANG ET AL.

As shown in Figure S5 in the Supporting Information,
the diameter of 45% tubes among ~100 measured ones
is between 1.15 and 1.20 nm. Similarly, Figure S6 shows
the height profiles of individual nanotubes deposited
on the mica surface with a height of ~1.2 nm. Both TEM
and AFM results agree with spectroscopic results.

The carbon yield is an important criterion for evalu-
ating catalysts used in SWCNT growth. It is necessary
to achieve not only good chiral selectivity but also
adequate nanotube yield so that scalable production
process can be further developed. TGA was used to
determine the yield of carbon species. Figure 4 shows
the TG and differential TG (DTG) profiles of carbon
deposits on catalysts after two reduction conditions.
The total carbon yields (the weight loss between
200 and 1000 °C) are 3.8 and 3.5 wt % for the 540
and 780 °C reduction, respectively. The Co loading on
the SiO, substrate is ~1 wt %, thus the CoSO,/SiO,
catalyst has the carbon/metal ratio of 3.8. On the basis
of the Raman spectroscopy results shown in Figure 1a,
the dominant DTG peak at 560 °C in Figure 4a can be
attributed to the oxidation of SWCNTs, which counts
for more than 90% of the total carbon deposits based
on the integrated peak areas. There are multiple DTG
peaks of different carbon species in Figure 4b. The peak
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Figure 2. (a) Relative abundance of (n,m) SWCNTSs produced
from the CoS0,/SiO, catalyst after catalyst reduction at
540 °C. They are identified by the three characterization
techniques. Blue, PL; red, Raman; yellow, absorption. (b)
Two-dimensional projected chirality map of SWCNTs. Most
of (n,m) species produced in the work are at larger diameter
around 1.17 nm, as compared to previous chiral selectivity
synthesis studies usually around 0.76 nm.

around 300 °C can be credited to the oxidation of
amorphous carbon. The peak at 520 °C is contributed
by SWCNTs. The peak above 800 °C may come from the
oxidation of graphite layers covering large Co particles.
We compared the result in this work with a number of
previous SWCNT chiral selectivity growth studies, as listed
in Table S6 in the Supporting Information. Especially,
compared to the Co-TUD-1 catalyst,** which has similar
chiral selectivity toward (9,8) tubes, the carbon yield of
the CoSO,/SiO; catalyst is more than twice that of the
Co-TUD-1 catalyst (1.5 wt %). Moreover, it would take
3 days to synthesize the Co-TUD-1 catalyst through aging,
drying, and hydrothermal treatments, while the CoSO,/SiO,
catalyst can be produced by impregnation within 12 h.
Overall, the CoSO,/SiO, catalyst shows several advantages:
first, it provides a unique single chiral selectivity toward
a large diameter tube; second, this catalyst has an
adequate SWCNT yield, which is important for scalable
production of SWCNTSs; and third, it is easy to synthesize,
as compared to many mesoporous catalysts.

To better understand the CoSO,/SiO, catalyst, we
first characterized its morphology by SEM and TEM.

WANG ET AL.

Figure 5a shows that fresh catalyst is composed of
small SiO, particles. Figure 5e indicates that the size
of these solid SiO, particles is around 20 nm. They
aggregate together to form a porous composite. After
catalyst reduction at 540 °C and SWCNT growth, the
catalyst shows no noticeable morphological changes
(see Figure 5b,c). This is because the fumed SiO,
particles are produced by the flame hydrolysis of
chlorosilanes at high temperature, and they are usually
stable after high-temperature treatments. Figure 5c
shows a large amount of SWCNTs on the surface
of aggregated SiO, particles. Figure 5f indicates that
SWCNTSs grow from Co particles on/in SiO; particles and
aggregate together into small bundles of 10—20 nm in
diameter. Very few Co particles can be easily observed in
our TEM analysis of the catalysts after temperature was
reduced to 540 °C or after SWCNT growth. We suspect
that Co particles could be embedded under or near
the surface of SiO, particles. This also suggests that
Co species are well-dispersed on SiO, particles. After
SWCNT growth, SiO, particles can be easily dissolved by
refluxing in NaOH aqueous solution. Figure 5d shows
dense SWCNT networks on filter paper after SiO, re-
moval. We further characterized the physicochemical
properties of the catalyst by XRD, nitrogen physisorp-
tion, UV—vis spectroscopy, and H,-TPR. Figure 6a shows
a broad diffraction peak near 26 = 21° originating from
SiO, supports, suggesting the absence of Co oxides
(Co0,) or bulk Co silicates. Figure 6b shows that the
catalyst is a porous material with a pore size around
32 nm. The pores are likely the gaps among SiO,
particles in the catalyst aggregate. It has a surface area
of 208 m%/g and a large pore volume of 1.54 mL/g.
UV—vis spectra in Figure 6¢ designate the local environ-
ment of Co species on SiO,. Similar to the pure CoSO,,
the catalyst shows a broad peak ascribed to the *T;y —
*T,4(P) transition of octahedral Co®" ions. In contrast to
Co30,, the catalyst does not have absorption peaks at
410 and 710 nm. This is also different from the UV—vis
spectrum of the Co-TUD-1 catalyst, which displays a
minor peak shoulder at 660 nm and two broad peaks
at 410 and 710 nm, pointing to the existence of tetra-
hedral Co?" and octahedral Co®>" ions3%** The H,-TPR
profile of the catalyst in Figure 6d shows a sharp reduc-
tion peak centered at 470 °C. This is different from
common CoO, catalysts, which are usually reduced
below 400 °C, as sketched by the two CoO, references
(CoO and Cos0y,). In comparison, pure CoSO, powder is
reduced at 584 °C, suggesting that the reduction peak at
470 °C is credited to the reductive decomposition of
highly dispersed CoSO,. These results show that the
C0S0,/Si0, catalyst has unique physicochemical proper-
ties, as compared with other Co catalysts,>>>3 with a
very narrow Co reduction window.
The narrow reduction window suggests that Co
particles with a narrow size distribution may have been
formed. Previous experimental and theoretical studies
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Figure 3. (a) UV—vis—NIR absorbance spectra of SDBS-dispersed SWCNTs grown after catalyst reduction at 540 °C before and
after baseline subtraction. (b) ES, spectral reconstruction by the summation of the contribution from each (n,m) semiconducting
SWCNT (Lorentzian peaks in black). (c) E}} and ES, spectral reconstruction by the summation of the contribution from both
semiconducting (black) and metallic (blue) SWCNTs. The (n,m) indexes, thick solid line and red circles represent the same as in
(b). (d) Relative abundance of both semiconducting (black) and metallic (blue) (n,m) SWCNTs obtained from the reconstruction

of absorption spectra.

predict a linear correlation between catalyst particle
size and SWCNT diameter'®¢ 8 with their ratio
ranging from 1.1 to 1.6.*° The (9,8) tubes at 1.17 nm
produced after catalyst reduction at 540 °C suggest
that catalytic particles have a narrow diameter distri-
bution around 1.29—1.87 nm.*® To verify this hypoth-
esis, we investigated catalysts using XAS (see Methods
for details). XAS was used here because most small Co
particles are under the surface of SiO, particles, and it is
difficult to quantify their diameters by TEM. The near-
edge spectra (XANES) at the Co K-edge in Figure 7a
show that Co atoms in the fresh catalyst are oxidized
with a strong white line peak. After H, reduction and
SWCNT growth, the white line is reduced together with
the appearance of a strong pre-edge peak, showing the
formation of metal Co particles. The extended X-ray
absorption fine structure (EXAFS) of catalysts was Four-
ier transformed to r-space to separate the contribution
from different coordination shells of Co atoms. Figure 7b
shows that the fresh catalyst has a strong Co—O peak,
while the reduced catalyst after SWCNT growth has an
intense Co—Co peak. The spectrum in the r-space was
fitted using paths of metallic Co generated by the FEFF 9
program>° to obtain the first shell coordination number
(Nco_co), listed in Table 1. The catalyst reduced at

WANG ET AL.

540 °C after SWCNT growth has a N¢o_c, Of 7.04. The
difference in bond distances with respect to the theo-
retical references (dR) is —0.016. The Debye—Waller
factor (A¢?) is 0.007, indicating that the fit is within
acceptable limits. The first shell coordination number of
nanoparticles is a nonlinear function of particle size, which
has been used to quantify the nanoparticle size. Using a
(111)-truncated hemispherical cubic octahedron model,’
Figure 7c shows that the average size of Co particles
produced after catalyst reduction at 540 °C is 1.23 nm,
which matches the diameter of (9,8) tubes.

An intriguing question is why the selectivity of the
CoS0,4/SiO, catalyst is toward (9,8) tubes rather than
some other chiral species? We emphasized the tenta-
tive nature of the following explanation on the chiral
selectivity toward (9,8) tubes in the spirit of stimulating
further exploration in understanding the chiral selec-
tion mechanism in SWCNT growth. Previous theoreti-
cal studies on the structure stability of Ni,_ss>% and
the electric dipole polarizability experimental study
of Nijp_sg>2 and Pt,, (n = 13, 38, and 55)>* showed that
some nanoparticles with optimized structures are
more stable than others. Using the method of previous
studies,”>>® we investigated the structure of Co parti-
cles and found that the optimized stable Coq3, Coss,
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Figure 4. TGA and DTG profiles of carbon deposits synthe-
sized on the CoSO,/SiO, catalyst. (a) Catalyst reduction at
540 °C, and then SWCNT growth at 780 °C, (b) reduction at
780 °C for 30 min, and then SWCNT growth. The total carbon
yield is calculated from the weight loss between 200 and
1000 °C.

and Coq4; particles adopt an icosahedral geometry
(see Methods). The detailed calculated results, includ-
ing the average binding energy Ey,, bond lengths from
the central Co atom Rco._cen, and surface bond lengths
Rco_cor are listed in Table S7 in the Supporting Infor-
mation. As sketched in Figure 7d, the stable Co,3 and
Cos;s particles are comparable with carbon caps (cap 20
and cap (6,5)) at diameters of 6.2 and 8.3 A, respec-
tively. Very small SWCNTs extended from the “cap 20"
are unstable. Thus, they are seldom found in SWCNT
products. The (6,5) tube matching with the Cos; is the
most common species found in a number of (n,m)-
selective synthesis studies.”> 2”233 By adding one
complete atomic layer of Co atoms on the surface
of Coss, the Coqy4; particle is more stable than other
clusters in its diameter range. The cap (9,8) with a dia-
meter of 11.55 A fits well with the Co,4. There is a clear
match between the most abundant (n,m) species
(ie, (6,5) and (9,8)) and the stable Co particles
(i.e., Cs5 and Co447). The shift of (n,m) selectivity from
the small-diameter (6,5) tube to the larger diameter
(9,8) tube found in this study could be credited to the
jump in the diameter of Co particles with optimized
structures. We also noticed that many previous chirality-
selective growth studies managed to tune (n,m) selectivity

WANG ET AL.

to some extent,>**° but none can achieve continuous
changes of (n,m) selectivity over a wider diameter
range. This suggests that matching with stable catalytic
particles may be a fundamental requirement govern-
ing the growth of SWCNTSs. It highlights that the efforts
in achieving chiral-selective synthesis of SWCNTs
should focus on growing chiral tubes with diameters
similar to the most stable particles in their size
range under growth conditions, other than seeking
selectivity to random chiral structures. It should also be
noted that adsorption and diffusion of carbon species
during SWCNT growth can cause the reconstruction
of catalytic particles,”” ~>° which may also change the
(n,m) selectivity to some extent. This may explain why
tubes, such as (9,7), (10,6), and (10,9) near the main
(9,8), are also produced. Moreover, the chiral angle-
dependent growth rate?>?3 could also be the reason of
growing the large chiral angle (9,8) tubes, rather than
other (n,m) species at the same diameter with smaller
chiral angles.

From the catalyst design perspective, a key task is
to find out what components in the CoSO,/SiO; cata-
lyst are responsible for stabilizing Co particles which
leads to the growth (9,8) tubes. Cobalt oxides (CoO,)
are usually reduced below 400 °C, leading to large
Co particles, which are easily covered by graphite
layers during SWCNT synthesis. On the other hand,
Co incorporated in some mesoporous SiO, templates,
such as MCM-41, or in cobalt silicates, is reduced at
temperature above 700 °C.°°~%? They would form
smaller Co particles, which are selective to smaller
diameter tubes, such as (6,5) and (7,5). In our previous
study of Co-TUD-1 catalyst,>* we proposed that Co
species on the mesoporous TUD-1 can nucleate in two
steps. First, Co®" ions are partially reduced in H, during
prereduction, but they are still dispersed in an isolated
manner on the large surface of TUD-1. Second, Co
atoms aggregate quickly into clusters under CO to
initiate SWCNT growth. Co ions are incorporated into
the amorphous silica walls of TUD-1, and the large
surface area of TUD-1 and the strong metal—support
interaction are sufficient in stabilizing these clusters
with a narrow diameter distribution at around 1.2 nm,
responsible for the growth of (9,8) nanotubes. How-
ever, the structure of the CoSO,/SiO, catalyst is very
different from the Co-TUD-1: first, Co ions cannot
be incorporated into solid SiO, particles by the im-
pregnation method; second, the surface area of the
CoS0,4/SiO, catalyst is much smaller (208 mz/g) as
compared to TUD-1 (740 m%/qg). Thus, the way the
C0S0,/Si0, catalyst controls the formation of Co particles
is expected to be different from that of the Co-TUD-1.
We further tested different Co precursors in catalyst
synthesis, including cobalt(ll) nitrate, cobalt(ll) acetate,
cobalt(ll) acetylacetonate, and cobalt(lll) acetylaceto-
nate. None of the above Co precursors deposited on
SiO, particles showed good selectivity toward (9,8)
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Figure 5. SEM (a—d) and TEM (e,f) images of catalysts and SWCNTs. (a) fresh catalyst; (b) catalyst after reduction in H, at 540 °C,
and then cooled to room temperature under He; (c) as-synthesized SWCNTs on catalyst; and (d) SWCNT films after SiO,
removal. The scale bars in (a—c) are 1 um and 100 nm in (d). (e) Same sample as (b), and (f) same sample as (c).

tubes. Thus, we propose that the narrow reduction
peak of the CoSO,/SiO, catalyst at 470 °C can be
credited to the reduction of highly dispersed CoSO,,
following the chemical reaction egs 1 and 2. We used
the reduction of Coz04 and CoO (chemical reaction
eqs 3 and 4) as references to quantify the H, consump-
tion in CoSO, reduction on the CoSO,/SiO, catalyst.
Stoichiometric ratio of H, needed for reducing the
same amount of Co ions in CoSO, over those in Cos0,
or CoO is 3.75—3 or 5—4, respectively. The integrated
reduction peak area ratio between CoSO,4 and Cos0, in
Figure 6d is 3.68, and the ratio between CoSO,4 and CoO
is 4.12. It is consistent with the proposed chemical
reaction equations. Moreover, the existence of reaction
eq 2 suggests that the presence of sulfur or SO, ions
is a contributing factor to stabilize Co particles on the
C0S0,/SiO, catalyst.

CoSO4 + 5H; — Co+H,S+4H,0 (1)
CoSO4 + 4H; — CoS +4H,0 (2)

WANG ET AL.

C0304 + 4H2 — 3Co+ 4H20 (3)

CoO + Hz — Co + Hzo (4)

Next, we verified the existence of sulfur compounds
in the catalyst during SWCNT synthesis by XAS and
elemental analysis. Figure 8a shows the XANES spectra
at sulfur K-edge of catalysts after different treatments.
The peak belonging to SO, ions decreases with the
increase of reduction temperature, and a small CoS
peak can be observed. We quantified sulfur contents in
catalysts by integrating the sulfur peak area of XANES
spectra. Figure 8b shows that sulfur content decreases
with increasing reduction temperature. This is further
corroborated by element analysis of sulfur. The sulfur
content in fresh catalyst is 0.65 wt %. After reduction at
540 °C, it drops to 0.36 wt %. In contrast, after reduction
at 780 °C, catalyst only contains 0.11 wt % of sulfur.
Figure 8, combining with the above SWCNT analysis,
suggests that the sulfur content correlates with the
(n,m) selectivity changes of the CoSO,/SiO, catalyst.
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Figure 6. Physicochemical properties of the CoSO,/SiO, catalyst. (a) X-ray diffraction pattern of the calcined CoSO,/SiO,
catalyst. (b) Nitrogen physisorption isotherms and pore size distribution (inset) of the catalyst. (c) UV—vis absorption spectra
of the catalyst and several references (Co304, CoSO,4 powders, and fumed SiO,). (d) H, temperature-programmed reduction
profiles of the catalyst and several Co references (Co30,4, CoO, and CoSO,).

From the TPR result in Figure 6d, the reduction of
Co species under H, starts at 435 °C and completes at
530 °C. When catalyst is reduced at 540 °C, the
existence of sulfur compounds may stabilize reduced
Co atoms for forming Co particles with suitable diam-
eter and composition under CO. Such particles lead
to the selective growth of (9,8) tubes. In contrast, if the
reduction temperature is further increased to 780 °C,
sulfur compounds (e.g., SO4%~ ions) are removed from
the catalysts, and reduced Co atoms nucleate into
Co particles with various diameters, leading to SWCNTs
with a broader (n,m) distribution. The TGA result in
Figure 4b shows the formation of amorphous carbon
and graphite, resulting from Co particles of random
sizes.

Previous studies showed that, when suitable amounts
of sulfur are added in carbon precursors, it not only
promotes the growth rate and the yield of carbon
nanotubes but also strongly affects nanotube struc-
tures (such as shell number and diameter).*"%3~% One
study proposed a mechanism that sulfur (from thio-
phene or carbon disulfide added in gas phase) would
restrict the growth of Fe particles at ~1.6 nm for chiral-
selective growth of metallic (9,9) and (12,12) tubes.®®
They also suggested that sulfur may form C—S bonds at
the edge steps of the nanotube growth front, which
lowers the activation energy of Stone-Thrower-Wales
dislocation motion for SWCNT growth.®® In this study,
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sulfur compounds are directly impregnated on the cata-
lyst instead, and the growth temperature at 780 °C
is much lower than the previous study at 1200 °C%°
Thus, the Co particles would not be in a liquid state
during SWCNT growth. We propose that sulfur could
play two roles: First, the coexistence of sulfur atoms
near Co atoms may limit the aggregation of Co atoms,
which does not happen on catalysts prepared using
other Co precursors without sulfur. Second, sulfur atoms
may also form various Co—S compounds on Co parti-
cles, as indicated by the small CoS peak in XAS results
(Figure 8a). The Co—S compounds could enable the
specific chiral selectivity different from pure Co particles.
More studies are still ongoing in our lab to better under-
stand the detailed roles of sulfur on stabilizing Co particles
and the exact size, morphology, and composition of
chirally selective Co particles.

CONCLUSIONS

In this work, we show that the sulfate-promoted
CoS0,4/SiO, catalyst is highly selective in growing
large-diameter (9,8) SWCNTs. In contrast, the chiral
selectivity reported by most previous studies is re-
stricted to small-diameter (6,5) and (7,5) SWCNTSs. After
the catalyst is reduced in H, at 540 °C, it grows 51.7%
(by PL, 33.5% by absorption) of (9,8) tubes. The total
carbon yield over all catalyst materials used is 3.8 wt %,
in which at least 90% is SWCNTSs. The selectivity toward
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TABLE 1. Structure Parameters of the First Co—Co
Coordination Shell in Catalyst Determined from the EXAFS
Data (Figure 7b) at the Co K-Edge by Fitting Using FEFF 9

Co—Co first shell fitting results

A
0.007

Neo—co dr (&)

7.04 £ 0.86

catalyst

540 °C —0.016 & 0.007

(9,8) tubes disappears if the catalyst is reduced at 780 °C.
The uniqueness of the CoSO,/SiO, catalyst is that the
highly dispersed CoSQ, is reduced in a narrow window
near 470 °C. XAS results indicate the formation of Co
particles with average size of 1.23 nm, matching the
diameter of (9,8) tubes. Experimental and theoretical

METHODS

Catalyst Preparation. The CoSO,/SiO, catalyst was prepared by
the incipient wetness impregnation method, in which metal salt
dissolved in water is added to the catalyst support materials.
Cobalt(ll) sulfate heptahydrate (Sigma-Aldrich, =99% purity) was
first dissolved in deionized water and then added to CAB-O-SIL

WANG ET AL.

results suggest a correlation between the most abun-
dant (n,m) species and the stable Co particles of
scattered sizes. This suggests that growing chiral tubes
with diameters matching the most stable particles in
their size range could be much easier than seeking
selectivity to random chiral structures. Furthermore,
XAS results show that the sulfur content in the catalyst
changes after catalyst reduction at different conditions,
which correlates with the (n,m) selectivity change ob-
served. Sulfur compounds incorporated in catalyst pre-
paration may help to limit the aggregation of Co atoms
and/or form various Co—S compounds, which contri-
butes to the chiral selectivity. We expect that more
novel catalysts incorporated with sulfur compounds will
be developed to achieve chirally selective growth of

SWCNTs.

M-5 fumed silica with a surface area of 254 m?/g and a pore
volume of 0.89 mL/g. The total Co weight loading in the catalyst
is ~1.0 wt %. The mixture was first aged at room temperature for
1 h and afterward dried in an oven at 100 °C for 2 h. The dried
catalyst was further calcined under airflow of 20 sccm per gram of
catalyst from room temperature to 400 °C at 1 °C/min ramping
rate and then kept at 400 °C for 1 h.
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references. Four samples include (1) fresh catalyst; (2)
catalyst reduced in H, at 540 °C, and then cooled to room
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He. (b) Sulfur content in catalyst determined by element
analysis and integrated sulfur peak area of XANES spectra.
Four samples are the same as (a) and one more sample after
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SWCNT Synthesis. To catalyze SWCNT growth, 200 mg of the
C0S0,/SiO; catalyst was loaded in a ceramic boat at the center
of a horizontal chemical vapor deposition reactor. The catalyst
was first reduced under pure H, (1 bar, 50 sccm, 99.99% from
Alphagaz, Soxal), during which the reactor temperature was
increased from room temperature to an elevated temperature
at 20 °C/min. Once the reduction temperature reached 540 °C,
the reactor was purged by Ar (99.99% from Alphagaz, Soxal),
while its temperature was further increased to 780 °C. At 780 °C,
pressured CO (6 bar, 99.9% from Alphagaz, Soxal) was intro-
duced into the reactor at 200 sccm flow rate to initiate SWCNT
growth, and the growth time was 1 h. Carbonyl residues in CO
gas were removed by a purifier (Nanochem, Matheson Gas
Products) before entering the reactor. In another experiment,
the catalyst was reduced in H, from room temperature to 780 °C
and further reduced for 30 min at 780 °C before exposing to CO.

SWCNT Characterization. As-synthesized SWCNTs deposited on
the CoSO,/SiO, catalyst were first studied by Raman spectros-
copy. Raman spectra were collected with a Renishaw Raman-
scope in the backscattering configuration over a few random
spots on samples under 514, 633, and 785 nm lasers with the
integration time of 10 s. Laser energies of 2.5—5 mW were used
to prevent sample damages during the measurement. SWCNTs
were further refluxed in 1.5 mol/L NaOH aqueous solution to
dissolve the SiO, catalyst and then filtered on a nylon mem-
brane (0.2 um pores). We found no significant differences
between the Raman spectra of as-synthesized SWCNTs and
SWCNTSs on filter membranes after catalyst removal. To obtain
SWCNT suspensions, carbon deposits on filter membranes
were further dispersed in 2 wt % SDBS (Aldrich) D,O (99.9
atom % D, Sigma-Aldrich) solution by sonication in a cup-horn
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ultrasonicator (SONICS, VCX-130) at 20 W for 1 h. After sonica-
tion, SWCNT suspensions were centrifuged for 1 h at 50 000g.
SWCNT suspensions obtained after centrifugation were char-
acterized by PL and absorption spectroscopy. PL was conducted
on a Jobin-Yvon Nanolog-3 spectrofluorometer with the excita-
tion scanned from 450 to 950 nm and the emission collected
from 900 to 1600 nm. The UV—vis—NIR absorption spectra
were measured from 500 to 1600 nm on the Varian Cary 5000
spectrophotometer. TGA was used to determine the yield of
carbon species. As-synthesized SWCNTSs together with catalyst
substrates were characterized in TGA using a PerkinElmer
Diamond TG/DTA Instruments. In a typical TGA, about 2 mg of
the sample was loaded in an alumina pan. The sample was first
heated to 200 °C and held at 200 °C for 10 min under airflow
(200 sccm) to remove moisture. Afterward, its temperature was
continuously increased from 200 to 1000 °C at a 10 °C/min rate.
The weight loss of the sample was monitored and recorded as a
function of the temperature. The same procedure was repeated
after the sample was cooled to room temperature to obtain
the second weight—temperature curve for baseline correction.
The diameter of SWCNTs was also analyzed by TEM and AFM.
TEM images of as-synthesized SWCNTs were recorded on a
Philips Tecnai 12 microscope. SWCNT suspensions were drop-
cast on mica surfaces to form nanotube networks. AFM images
of nanotubes were recorded on a MFP3D microscope (Asylum
Research, Santa Barbara, CA) with a cantilever (Arrow NC,
Nanoworld) operating in the tapping mode.

Catalyst Characterization. The morphology, physical, and che-
mical properties of the CoSO,/SiO, catalyst were evaluated by
SEM, TEM, XRD, nitrogen physisorption, UV—vis diffuse reflec-
tance spectroscopy, H,-TPR, and element analysis. SEM images
were obtained by using JEOL field-emission SEM (JSM-6701F)
at 5 kV. TEM images were recorded on the Philips Tecnai 12
microscope. The solid samples were first dispersed in anhydrous
ethanol by bath sonication for 30 min, and then one drop of
the suspension was applied to a TEM grid covered with holey
carbon film. XRD measurement of CoSO,/SiO, catalyst powders
was carried out on a Bruker Axs D8 X-ray diffractometer (Cu Ko,
A=0.15,4 nm, 40 kV, 30 mA). Nitrogen adsorption—desorption
isotherms of the catalyst were measured at 77 K using a
Quantachrome Autosorb-6b static volumetric instrument. Prior
to the physisorption analysis, samples were degassed at 250 °C
under high vacuum (<0.01 mbar). The specific surface area was
calculated by the Brunauer, Emmet, and Teller (BET) method.
The pore size and pore size distribution were calculated by the
Barrett, Joyner, and Halenda (BJH) method using the desorption
branch of the isotherms. UV—vis diffuse reflectance spectra
of the CoSO,/SiO; catalyst and several references, such as Co;0,4
(Aldrich), CoSO, (Aldrich), and fumed silica (SiO,), were re-
corded on the Varian Cary 5000 spectrophotometer. The sam-
ples were first dried at 100 °C for 3 h, and then UV—vis spectra
were recorded in the range of 200—800 nm with BaSO, as a
reference. The reducibility of calcined catalysts was character-
ized by H,-TPR equipped with a thermal conductivity detector
(TCD) of a gas chromatography (Techcomp 7900). Two-hundred
milligrams of the catalyst or reference samples with equivalent
Co loadings was loaded into a quartz cell. CoO, Co30,4, and
CoSO, (Sigma-Aldrich) were used as reference samples in TPR
analysis. H, (5%) in Ar was introduced to the quartz cell at
30 sccm. Pure Ar gas was used as a reference for the TCD. After
the TCD baseline was stable, the temperature of the quartz cell
was increased to 950 °C at 5 °C/min and then held at 950 °C
for 30 min. An acetone—liquid N, trap was installed between
the quartz cell and the TCD to condense water or H,S produced
during the catalyst reduction. The weight concentration of sulfur
in the catalysts at different reduction conditions was determined
by an Elementarvario CHN elemental analyzer. Around 5 mg of
each treated catalyst was used for each test, and at least three
samples from each treatment condition were measured to obtain
the mean value.

XAS Characterization and Analysis. The XAS spectra at the Co
K-edge were recorded at the Beamline X18B at Brookhaven
National Laboratory, USA. Three ex situ samples were measured,
including the fresh CoSO,/SiO; catalyst, the catalyst after SWCNT
growth by reduction at 540 °C, and a Co metal foil. For catalyst
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samples, catalyst fine powder was pressed at ~2 tons into a
round self-supporting wafer (1.5 cm in diameter) using a hy-
draulic pellet press to reach the optimum absorption thickness
(Aux ~ 1.0, Au is the absorption edge, x is the thickness of the
catalyst wafer). Spectra were collected in a transmission mode at
room temperature by scanning from 200 below to 1000 eV above
the Co K-edge using gas-filled ionization chamber detectors. The
monochromator of this beamline was a double-crystal Si(111)
with an energy resolution of approximately 0.2 eV. The XANES
spectra at the sulfur K-edge were recorded at the Beamline
X15B. Four catalyst samples after different treatment conditions
were measured. CoSO,-7H,0 and CoS were used as references.
The sample powder was brushed onto a thin strip of sulfur-free
kapton tape, uncovered, facing the beam at 45°. Spectra were
collected in a fluorescence mode at room temperature with the
energy range of 2460—2500 eV with the step of 0.2 eV. Pure sulfur
was used to calibrate the Si(111) monochromator.

The XAS experimental data at the Co K-edge were analyzed
using the IFEFFIT program®° in three steps. (1) The XAS func-
tion (y) was obtained by subtracting the post-edge background,
and then normalized with respect to the edge jump step. (2) The
normalized y(E) was transferred from energy space to photo-
electron wave vector k-space. The y(k) data were multiplied by
k? to compensate for the damping of oscillations in the high
k-region. Then the k*>-weighted (k) data in k-space ranging from
2 to 12.5 A" for the Co K-edge were Fourier transformed to
r-space to separate the contribution from the different coordina-
tion shells. (3) The spectra in the r-space between 1.1 and 3.35 A
were fitted using paths of metallic Co generated by the FEFF 9 to
obtain parameters, including the first shell coordination number
(Nco—co), bond distance (R), and the Debye—Waller factor (AP

Simulation of Co, Particles. The structures of a series of Co,, (n =
2,3,5,13,55, and 147) particles were fully relaxed to optimize
without any constraint. All spin-polarized computations were
performed with the Perdew—Burke—Ernzerhof (PBE) exchange
correlation function®” using the VASP code.®®%° The interaction
between an atomic core and electrons was described by the
projector-augmented wave method.”®”" The plane-wave basis
set energy cutoff was set to 400 eV. Periodic boundary condi-
tions were implemented with at least T nm vacuum to preclude
interactions between a cluster and its images. Simulation boxes
were 22 x 22 x C A (where Cis from 20 to 24 A) for different
calculated systems. The reciprocal space integration was per-
formed witha 1 x 1 x 1 k-point mesh for all calculated systems
with discrete characters. On the basis of previous studies,”>* Co
particles with icosahedral structures are lower in energy than
other structures. Co,3, Coss, and Coq4; adopt the icosahedral
geometry. Coq3 has one atom at the center and the other 12
identical atoms on the spherical shell surface with a coordina-
tion number of 6. The distance between the spherical shell and
the central atom is 2.32 A. The surface bond length is 2.44 A.
From the Co;; icosahedral structure, the Coss was built by
adding 30 atoms on the edge atoms of Co,3 with a coordination
of 8, and additional 12 atoms on the vertex atoms of Co;3 with a
coordination number of 6. Using the same methodology, Co14;
was built by adding 80 atoms on the edge atoms of Coss with
a coordination of 8, and additional 12 atoms on the vertex
atoms of Cos; with a coordination number of 6. Their di-
ameters successively increase from ~0.46 to ~0.93 and 1.22 nm,
respectively. The geometrical structure of these three clusters is
illustrated in Figure 7d. Co,, Cos, Cos clusters, and Co-bulk has also
been calculated as references.
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