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Abstract Co—Mo catalysts supported on four different
high surface area oxides (SiO,, Al,O5;, MgO, and TiO,)
were evaluated to investigate the (n,m) selectivity control
in single-walled carbon nanotube (SWCNT) synthesis.
Results from Raman spectroscopy and thermogravimetric
analysis showed that Co—Mo catalysts supported on SiO,
and MgO possessed good selectivity toward SWCNTs,
while photoluminescence and ultraviolet—visible—near-
infrared spectroscopy results indicated that these two cat-
alyst supports induced the same (n,m) selectivity to near-
armchair tubes, such as (6,5) and (7,5) tubes. Catalysts
supported on TiO, produced a mixture of multi-walled
carbon nanotubes (MWCNTs) and SWCNTSs, whereas
catalysts supported on Al,O; mainly grew MWCNTs.
Characterization of catalysts by ultraviolet—visible diffuse
reflectance spectroscopy suggested that the surface mor-
phology of metal clusters over different supports was not
directly responsible for the (n,m) selectivity. Analysis of
monometallic (Co or Mo) and bimetallic (Co-Mo) cata-
lysts using temperature program reduction demonstrated
that catalyst supports changed the reducibility of metal
species. The interaction between supports and Co/Mo
metals perturbed the synergistic effect between Co and Mo,
leading to the formation of different metal species that are
responsible for the observed distinction in SWCNT
synthesis.
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Introduction

The unique electrical and mechanical properties of single-
walled carbon nanotubes (SWCNTs) make them ideal
candidates for novel molecular devices of various appli-
cations [1]. Each (n,m) nanotube can be considered as a
distinct molecule with unique structure and property
because the n and m indices specify the unique manner in
which a single layer of graphite is rolled up seamlessly to
form the tube. Common SWCNT synthesis methods pro-
duce samples lacking structure and property uniformity.
This is one of the primary reasons why SWCNTs are rarely
used for commercial applications [2]. Significant efforts
have been dedicated to obtain monodisperse SWCNTSs
through selective synthesis and enrichment [3, 4]. Although
(n,m) selective growth has not matched or exceeded the
degree of control demonstrated by post-synthetic enrich-
ment approaches [3], (n,m) narrowly distributed samples
show some advantages over samples having a wider
diameter distribution in various enrichment processes [5,
6].

Synthesis of SWCNTSs in catalytic chemical vapor
deposition (CVD) appears promising due to its controlla-
bility and potential for high-yield productions [7]. However,
CVD SWCNT synthesis is an extremely sensitive catalytic
reaction. A narrow SWCNT growth condition window may
exist, in which the right balance is necessary between car-
bon supply and metal cluster nucleation for SWCNT growth
[8, 9]. By varying growth conditions, this dynamic balance
can be controlled to some extent, leading to the production
of SWCNTs with different (n,m) distributions. High tem-
perature facilitates the nucleation of metal clusters and
solubility of carbon in metal clusters, which changes the
nanotube diameter and (n,m) distribution [10-13]. The
synergistic effect between Co or Fe and Mo or Ru results in
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well-dispersed small metal clusters growing SWCNTSs with
narrow (n,m) distribution [10, 14, 15]. Higher carbon
monoxide (CO) pressures in a CVD reactor can supply
carbon sources faster to metal clusters, allowing production
of SWCNTs with smaller diameters [16]. Different carbon
precursors can also modify the carbon supply rate in
SWCNT growth, which result in tubes with different (r,m)
distribution [12, 17, 18]. Various crystal planes of sapphire
also affect the diameter and (n,m) distribution of SWCNTSs
when tubes are grown aligning on the surface [19, 20].

The SWCNT synthesis catalysts can be prepared by
dispersing metal ions on a catalyst support (e.g., a high
surface area oxide). Next, metal ions are reduced, which
nucleate into small clusters. Metal clusters trigger tube
growth under a carbon source. Various catalyst supports,
including SiO, [14], AlL,O3 [21], MgO [22], zeolites [23],
silica—alumina [24], clay [25], and MCM-41 [26], have
been utilized owing to their large surface area, high tem-
perature stability, and simplicity for removal by either acid
or alkaline [7]. Lolli et al. [12] have attempted to change
the (n,m) growth selection by modifying the morphology of
metal clusters via their interactions with different catalyst
supports. They compared the SWCNT growth from Co—Mo
catalysts supported on SiO, and MgO, and concluded that
smaller chiral angle tubes are produced from MgO-sup-
ported catalysts due to the stronger interaction between
MgO with Co [12]. Lamouroux et al. [7] further proposed
that a strong “metal-support interaction” is necessary to
limit the high temperature sintering of metal clusters, but
catalyst supports such as TiO,, which have been reported to
have strong interaction with supported metal particles [27],
have not been tested in SWCNT growth. Therefore, it is
useful to evaluate the feasibility of (n,m) selection control
through different catalyst supports, which may help to
achieve the ultimate goal of (n,m) selective growth of
SWCNTs.

Driven by this aim, four oxide catalyst supports,
including SiO,, Al,03, MgO, and TiO, were studied. Co—
Mo bimetallic catalyst was chosen because (1) its optimum
composition and metal loading have been systemically
studied; [28, 29] and (2) its effectiveness in growing
SWCNTSs with a narrow (n,m) distribution has been dem-
onstrated [14]. In order to systematically elucidate the
effect of catalyst supports, SWCNTs were synthesized
under the same growth condition while maintaining the
Co—Mo molar ratio and loading-to-surface-area ratio con-
stant for all the catalysts. The resulting carbon deposits
were evaluated by Raman spectroscopy, thermogravimetric
analysis (TGA), photoluminescence (PLE), and ultravio-
let—visible—near-infrared radiation (UV-vis—NIR) absorp-
tion spectroscopy. Ultraviolet—visible (UV-vis) diffuse
reflectance spectroscopy was used to measure the domain
size of transition-metal oxides. Reducibility of Co and Mo
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on different catalyst supports was characterized by H,-
temperature programmed reduction (H,-TPR).

Experimental methods
Preparation of catalysts

Bimetallic Co—Mo catalysts supported on different catalyst
supports (SiO,, Sigma-Aldrich, No. 288624; Al,O3,
Sigma-Aldrich, No. 267740; MgO, Sigma-Aldrich, No.
342793; and TiO,, Degussa, Aeroxide P25) were prepared
using the incipient wetness impregnation. The Co (from
Co(NOs), - 6H,0, Sigma-Aldrich, 99.999%) to Mo (from
(NH4)§Mo,0, - 4H,0, Sigma-Aldrich, 99.98%) molar
ratio was fixed at 1:3 molar ratios. Mo loading was
4.6 wt% for SiO,-supported catalysts with the surface area
of 480 m?/g. The metal contents for other supports, such as
AlL,O; (155 m?/g), MgO (145 m?/g), and TiO, (45 m?/g),
were adjusted according to the same loading-to-surface-
area ratio. In order to better clarify the role of catalytic
supports, monometallic catalysts, Co/support and Mo/sup-
port, were also prepared with identical Co or Mo loadings
compared to those of Co—Mo/support catalysts. After
impregnation, catalysts were dried overnight in an oven at
60 °C and then calcined for 3 h at 500 °C in air. Samples
prepared are listed in Table 1.

SWCNT synthesis

A certain amount of calcined catalysts (200 mg of SiO,-
supported catalysts) were loaded in a CVD reactor. The
weight of catalysts inside the reactor was varied to main-
tain a constant metal weight for each synthesis because
catalysts were prepared according to the same loading-to-
surface-area ratio. Catalysts were firstly prereduced under 1
bar flowing H, (50 sccm) using a temperature ramp of
10 °C/min to 500 °C. As soon as the temperature reached
500 °C, the reactor was purged through flowing Ar
(500 sccm), while the temperature was continually
increased to 800 °C. CO (the carbonyls removed by a
Nanochem Purifilter from Matheson Gas Products) was
induced (100 sccm) and kept at 6 bar for 1 h. Finally, the
reactor was cooled down to room temperature under
flowing Ar.

SWCNT characterization

The yield and purity of SWCNTSs was monitored by Raman
spectroscopy and TGA. Raman spectra of as-synthesized
SWCNTs were collected on a Renishaw Raman spectros-
copy equipped with both 514- and 633-nm lasers. TGA was
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Table 1 Synthesized Co, Mo, and Co—Mo catalysts supported on various catalyst supports

Support Metal content (wt%) Surface area (mz/g) Metal/surface area (pmol/mz)
Co Mo Co Mo

Co/SiO, SiO, 0.942 - 480 0.333 -

Mo/SiO, Sio, - 4.6 - 0.999
Co-Mo/SiO, Si0, 0.942 4.6 0.333 0.999
Co/Al,03 Al,O3 0.304 - 155 0.333 -

Mo/Al,04 Al,O4 - 1.486 - 0.999
Co-Mo/Al,O3 AlLO; 0.304 1.486 0.333 0.999
Co/MgO MgO 0.285 - 145 0.333 -

Mo/MgO MgO - 1.39 - 0.999
Co-Mo/MgO MgO 0.285 1.39 0.333 0.999
Co/TiO, TiO, 0.0883 - 45 0.333 -

Mo/TiO, TiO, - 0.431 - 0.999
Co-Mo/TiO, TiO, 0.0883 0.431 0.333 0.999

conducted on a PerkinElmer Diamond TG/DTA equip-
ment. For carbon deposits grown from Co-Mo/SiO,, SiO,
was removed by refluxing in 1.5 mol/L NaOH solution for
2 h before TGA. For carbon deposits grown from Co—Mo/
MgO, MgO was removed by washing with 2 mol/L. HCI
solution. On the other hand, for carbon deposits grown
from Co-Mo/Al,03 and Co-Mo/TiO,, as-synthesized cat-
alysts loaded with carbon were used in TGA since there is
no simple way to remove these two catalyst supports from
carbon deposits.

The (n,m) distribution of SWCNTSs was characterized by
PLE and UV-vis—NIR absorption spectroscopy. The PLE
was conducted on a Jobin-Yvon Nanolog-3 spectrofluo-
rometer with the excitation scanned from 300 to 850 nm
and the emission collected from 900 to 1,400 nm. The UV—
vis—NIR absorption spectra were measured on Varian Cary
5000 UV-vis—NIR spectrophotometer. The SWCNT sus-
pensions were obtained by recovering tubes from catalyst
supports and dispersing them in surfactant solutions. Car-
bon deposits (2 mg) were suspended in 5 mL of 2 wt%
sodium cholate (SC) (Sigma Ultra)/D,0O solution by soni-
cation using a cup-horn sonicator (SONICS, VCX-130) at
20 W for 1 h. After sonication, the suspensions were cen-
trifuged for 1 h at 80,000g to precipitate residual particles
and large aggregates of nanotubes. The stable semitrans-
parent dispersions were extracted for the subsequent
spectroscopy analysis.

Catalyst characterization

The Brunauer-Emmett-Teller (BET) surface areas of dif-
ferent supports were determined through N, adsorption/
desorption isotherms obtained with a static volumetric
instrument Autosorb-1C (Quanta Chrome). The morphol-
ogy of the metal clusters was investigated by UV—vis diffuse

reflectance spectroscopy using a Varian Cary 5000 UV-vis—
NIR spectrophotometer with a praying-mantis diffuse
reflectance accessory. Adopting the procedure described in a
previous study, the square root of Kubelka-Munk function
multiplied by the photon energy was plotted as a function of
photon energy [30]. The reflectance of BaSO, was used as a
reference. The reducibility of calcined catalysts was char-
acterized by H,-TPR using the thermal conductivity detector
(TCD) of a gas chromatography (Techcomp, 7900).
Approximately 200 mg of each sample was loaded into a
quartz cell. Prior to each TPR run, the sample cell was
purged with air at room temperature. The cell temperature
was increased to 500 °C at 5 °C/min, soaked for 1 h at
500 °C, and cooled to room temperature. This procedure
produces a clean surface before running the H,-TPR. The
gas flow was switched to 5 vol% H, in Ar, and the baseline
was monitored until it becomes stable. After baseline sta-
bilization, the sample cell was heated at 5 °C/min and held
for 30 min at 900 °C. An acetone trap was installed between
the sample cell and the TCD to condense water produced
during sample reduction.

Results and discussion
Raman spectroscopy of carbon deposits

Raman spectroscopy is commonly used for SWCNT
assessment. Figure 1 shows Raman spectra of carbon
deposits grown from Co—Mo catalysts supported on SiO,,
Al,O3, MgO, and TiO,. The radial breathing mode (RBM)
is the fingerprint for SWCNT structure identification [31].
Strong RBM peaks (between 100 and 400 cm™") are dis-
played in Fig. 1 for carbon deposits grown from Co-Mo
catalysts supported on SiO, and MgO. Under a 514-nm
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Fig. 1 Raman spectra of carbon
deposits grown from Co—-Mo
catalysts supported on SiO,,
Al,O3, MgO, and TiO,: a—d are - RBM
under 514-nm laser excitation;

(a) co-Mosio,

(€) co-Morsio, 633 nm

RBM D band s

Fd | G band

e-h are under 633-nm laser
excitation (b) co-Mo/Al O,

() co-Moial0,

— N

(¢) co-Mo/MgO

Intensity, a.u.

reduced at 500 °C
reduced at 550 °C

(g) Co-MoMgO

reduced at 500 °C
reduced at 550 °C L

Intensity, a.u.

(d) Co-MorTiO,

MM

h ) .
carbon+support ( ) Co I'\.I'It:llf'l'|02

) i [ S e o LA B e et B it —r r 1 1~ 1 """ T -7T1T°"
250 500 750 1000 1250 1500 1750 2000 250 500 750 1000 1250 1500 1750 2000

Raman Shift, cm’ Raman Shift, cm’

laser excitation (Fig. la, c¢), the dominant RBM peaks for
Co-Mo/SiO, and Co—-Mo/MgO are both centered at around
266 cm™ . It suggests that SWCNTSs grown from Co—Mo/
MgO are similar in diameter compared to tubes grown
from Co-Mo/SiO, because the RBM peak position is
inversely proportional to the diameter of SWCNT [31].
Raman spectra conducted under a 633-nm laser excitation
(Fig. le, g) also reveal that Co-Mo/SiO, and Co-Mo/MgO
grow the same tube species. The RBM peaks of tubes from
Co-Mo/MgO are more intense at the higher wavenumber
region (278 cmfl). Due to the resonance effect, it is dif-
ficult to accurately determine the (n,m) distribution of a
SWCNT sample using Raman spectroscopy. The (n,m)
distribution of SWCNTs produced on Co-Mo/SiO, and
Co-Mo/MgO were characterized by PLE and UV-vis—NIR
spectroscopy, which will be discussed later.

Figure 1b and f show that carbon deposits from Co—Mo/
Al,O3 have no RBM peaks, suggesting that Co-Mo/Al,O3
is not selective for SWCNT growth. Furthermore, the
single-peak featured G bands (1,590 cm™") and the intense
D bands (1,310 cmfl) on Fig. 1b and f demonstrate the
presence of multi-walled carbon nanotubes (MWCNTSs) or
graphite [32]. For carbon deposits grown on Co—Mo/TiO,,
Raman spectra of carbon deposits, shown in Fig. 1d and h,
are strongly affected by Raman features of TiO, support.
TiO, was characterized to elucidate its impact on Raman
spectra. Degussa P25 used is a mixture of 80% anatase and
20% rutile. The Raman spectrum (gray curve in Fig. 1d)
from fresh TiO, displays several peaks, similar to previous
studies [33]. However, after impregnating metal ions, cal-
cination, and SWCNT growth, Raman spectrum in the
RBM region of Co-Mo/TiO, resembles that of pure rutile
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TiO, [33]. The structural change of TiO, is beyond the
scope of this study. An important message is that the RBM
peaks on Fig. 1d are mainly contributed by TiO, rather
than SWCNTSs. Based on the shape of G band and D band
on Fig. 1d and h, we conclude that Co—-Mo/TiO, is more
selective for MWCNT growth than SWCNT growth.

TGA of carbon deposits

In order to further verify the results obtained by Raman
spectroscopy, TGA was applied to distinguish carbon
species in the carbon deposits produced. TGA profiles of
carbon nanotube samples can be categorized into three
oxidation regions: amorphous carbon below 300 °C, car-
bon nanotubes (SWCNTs and MWCNTSs) between 400 and
700 °C, and graphite above 800 °C [34]. When metal
residues are present, positive peaks may appear in the
differential thermogravimetric (DTG) profiles due to the
weight increase of samples from the oxidation of metal
residues. Moreover, metal residues can catalyze the oxi-
dation of carbon species, and oxidation temperatures of
carbon species may shift significantly [8, 35]. This com-
plicates the assignment of SWCNT and MWCNT peaks in
a TGA profile. Figure 2 shows the TGA profiles of carbon
deposits grown from four different supports. In Fig. 2a,
weak peaks from amorphous carbon (below 300 °C) can be
observed. Both the two major DTG peaks centered at 420
and 530 °C can be assigned to SWCNTs, as in the case of a
previous study [8]. The two oxidation peaks from
SWCNTs are caused by different interactions between
SWCNTs and metal residues. The weak and broad peaks
around 800 °C come from Mo residues. Figure 2b
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Fig. 2 TGA of carbon deposits from: a Co-Mo/SiO,; b Co-Mo/
Al O3; ¢ Co-Mo/MgO; d Co-Mo/TiO,. Weight loss profiles are
dotted lines, while the corresponding DTG profiles are solid lines.
The proposed temperature regions for oxidation of SWCNTs and
MWCNTs are highlighted in light gray and dark gray, respectively

demonstrates that carbon deposits grown on Co-Mo/Al,O3
are mainly amorphous carbon and MWCNTs; this is con-
sistent with Raman results presented in Fig. 1. Figure 2¢
illustrates that most carbon deposits grown on Co-Mo/
MgO are SWCNTs, having one oxidation peak at 460 °C.
The DTG results in Fig. 2d demonstrate the presence of
MWCNTs in carbon deposits grown from Co—-Mo/TiO,,
which is consistent with Raman results shown in Fig. 1.
Moreover, DTG in Fig. 2d also indicates the presence of
SWCNTs.

(n,m) distribution of SWCNTs

Since only Co—Mo/SiO, and Co-Mo/MgO are selective to
SWCNTs, as indicated by Raman spectroscopy and TGA,
further evaluation toward their (n,m) and diameter distri-
butions were conducted on these two samples. The reso-
nance behavior of both excitation and emission events
results in spikes corresponding to transition pairs from
individual (n,m) SWCNTs. The PLE maps in Fig. 3 show

that SWCNTs with narrow (n,m) distribution were pro-
duced using both Co-Mo/SiO, and Co-Mo/MgO. In order
to confirm that the observed narrow (n,m) distribution is
not induced by our dispersion or centrifugation, SWCNTSs
were also dispersed by two other surfactants separately:
sodium dodecyl benzene sulfonate (SDBS) and sodium
dodecyl sulfate (SDS). Furthermore, the dispersed SWCNT
solutions were centrifuged under different centrifugation
forces ranging from 20,000 to 120,000g prior to PLE
studies. In subsequent PLE studies, no significant changes
in their (n,m) distribution were observed as compared to
those results shown in Fig. 3. In order to estimate the
abundance of various (n,m) tubes, we assume that PLE
intensities are proportional to tube abundances. PLE effi-
ciencies of various (n,m) species were not considered here
because a recent experimental study on individual tubes
recommends that the actual PLE efficiency differences
among various (n,m) species may not be as large as the
theoretical estimations of a previous study [36]. In order to
minimize the influence of varying spectrum backgrounds,
PLE intensities were determined from the amplitude of the
partial derivatives of each single emission profile extracted
from PLE maps [37]. Figure 3d—f present the (n,m) abun-
dance for each species identified in PLE maps as a function
of its diameter. The abundance and the properties of
identified (n,m) species are also listed in Table 2. Based on
PLE maps, (7,5) is the most dominating species, and
SWCNTs from both Co—-Mo/Si0, and Co-Mo/MgO have a
narrow diameter distribution.

The dispersed SWCNT solutions were also character-
ized by UV-vis—-NIR absorption spectroscopy. The UV—
vis—NIR spectra shown in Fig. 4 reaffirmed that SWCNTSs
from Co—Mo/MgO contain more tube species with smaller
diameter than those from Co—Mo/SiO,. More specifically,
SWCNTs from Co-Mo/MgO contains more (8,3) and (6,5)
tubes, as highlighted in light gray color. The highlighted
light gray color peaks (from (8,3) and (6,5) tubes) of
spectra b and c in Fig. 4 are more intense relative to the
gray color peaks from (7,5) tubes. This is different from the
PLE results in Fig. 3, in which peaks from (7,5) tubes have
the highest intensity. The similar differences between UV—
vis—NIR and PLE have been observed in our previous study
[16]. There are two reasons which may explain the
apparent discrepancy between UV-vis—NIR and PLE
results: (1) The absorption peaks of (6,5) and (8,3) tubes
are overlapped. Both (8,3) and (6,5) may contribute to the
same broad absorption peak in UV—-vis—NIR spectra, while
they are clearly separated in PLE maps. (2) Different (n,m)
species have different absorption and PLE efficiency,
which may lead to dissimilar peak intensities in UV—vis—
NIR and PLE spectroscopy. Further detailed study is
required to elucidate the intensity variation among various
(n,m) tubes in UV-vis—NIR and PLE spectroscopy.
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Fig. 3 Two-dimensional
excitation versus emission PLE
contour maps of SWCNTs
from: a Co—Mo/SiO,,
prereduced at 500 °C;

b Co—-Mo/MgO, prereduced at
500 °C; and ¢ Co-Mo/MgO,
prereduced at 550 °C.
Calculated diameter distribution
histograms of SWCNTs
obtained from corresponding
PLE contour maps: d from a;
e from b; and f from ¢
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Table 2 Abundance of (n,m) tubes from Co-Mo/SiO, and Co—-Mo/MgO determined by PLE

(n,m) Diameter (nm) Chiral angle (degree) E$; (nm) E5, (nm) Si0,, 500 °C MgO, 500 °C MgO, 550 °C
6,5) 0.757 27.0 986 570 13.46 18.76 18.79
8,3) 0.782 153 962 666 4.30 10.98 12.35
9,2) 0.806 9.8 1,144 552 0.00 2.79 3.34
(7,5) 0.829 24.5 1,036 646 30.68 39.92 36.75
8,4) 0.840 19.1 1,120 590 8.66 11.46 12.81
(10,2) 0.884 8.9 1,070 736 4.83 2.69 2.44
(7,6) 0.895 27.5 1,134 648 13.96 4.81 4.69
9.4) 0916 17.5 1,112 726 7.94 2.60 1.90
(10,3) 0.936 12.7 1,258 648 1.58 1.20 0.91
(8,6) 0.966 253 1,182 722 10.49 2.40 3.06
9,5) 0.976 20.6 1,254 680 2.65 0.60 0.72
8,7 1.032 27.8 1,274 732 1.46 1.79 2.24

. ® Excitation and absorption energies, respectively, of (n,m) tubes were determined by spike positions observed on PLE maps shown in Fig. 3

As claimed by Lolli et al. [12], MgO-supported catalysts
are more selective to small chiral angle tubes (e.g., (8,4))
compared to SiO,-supported catalysts. Their claim was
obtained by evaluating (n,m) abundance through fitting
absorption spectra of different samples [12]. However, we
find that their absorption spectrum-fitting method may have
underestimated the abundance of smaller chiral angle tubes
(e.g., (8,3)) produced from SiO,-supported catalysts. As
illustrated in Fig. 5, (8,3) has a similar diameter as (6,5),
while (8,4) has a similar diameter as (7,5). E;; transition
energies of (7,5) and (8,4) are quite different at 1,028 and
1,116 nm, respectively, as listed in Table 2. It is relatively
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simple to differentiate the contribution from those two
species on absorption spectra. However, E;; transition
energies of (6,5) and (8,3) are closer at 989 and 955 nm,
respectively, which makes them harder to be deconvolved
from absorption spectra, as illustrated in Fig. 4. In contrast,
PLE results in Fig. 3 clearly highlight the existence of (8,3)
tubes from SiO,-supported catalysts. As shown in Fig. 5,
(8,3) has even smaller chiral angle than (8,4) (15.3 vs.
19.1°). Therefore, we conclude that the MgO-supported
catalysts do not possess particular selectivity toward
smaller chiral angle tubes compared to SiO,-supported
catalysts.
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Fig. 4 UV-vis-NIR spectra of SC-dispersed SWCNTs from: a Co-
Mo/SiO,; b Co-Mo/MgO reduced at 500 °C; and ¢ Co—-Mo/MgO
reduced at 550 °C. The relative absorption peaks at E;; transitions for
tubes with different diameters are highlighted

Fig. 5 (n,m) maps of SWCNTs from Co-Mo/SiO, and Co—-Mo/MgO.
Tubes detected in PLE were highlighted in gray and black colors

The role of supports in (n,m) selective SWCNT growth

There are two unexpected findings in our SWCNT char-
acterization results: (1) MgO- and SiO,-supported catalysts
produce SWCNTs with similar (n,m) distribution, although
MgO is known to interact more strongly with Co than SiO»,,
and to form solid solutions with Co ions [12]. (2) TiO,-
supported catalysts are not (n,m) selective, although
reducible TiO, exhibits strong interaction with group VIII
metals [27]. The influence of the catalyst supports on the
stabilization of metal particles usually can be explained by
several dynamic processes such as: encapsulation or
mechanical trapping, formation of new chemical com-
pounds, alloying with the elements constituting the lattice
of support, and anchoring of the metal particle by the
surface sites [38].

Lolli et al. [12] reported that domain size of small metal
oxides can be changed because of the different interactions
between supports and metals leading to the growth of
SWCNTs at different chiral angles. However, our results in
PLE and UV-vis-NIR studies present a different trend.
In order to clarify the influence of metal oxide domain size
changes, we applied the UV-vis diffusive reflectance
spectroscopy to measure the band energy gap of catalysts,
which is inversely proportional to the metal-oxide domain
size. As recommended [12, 30], we used the square root of
the Kubelka-Munk function multiplied by the photon
energy, and plotted the resulting function versus the photon
energy. The spectral data for calcined Co-Mo catalysts
supported on four different catalyst supports are shown in
Fig. 6. Energy gaps of two references (indicated in Fig. 6)
were also calculated to validate our experimental proce-
dure. SiO,-supported catalysts have a band gap of 3.25 eV,
while MgO-supported catalysts have a band gap of 3.4 eV,
indicating that MgO-supported catalysts have a smaller
metal-oxide domain size than SiO,-supported catalysts.
However, disordered metal clusters on MgO do not pro-
duce SWCNTs significantly different from those found on
Si0,. Apart from this, Al,Os-supported catalyst has a
smaller metal oxide domain size (band gap of 3.6 eV) than
than TiO,-supported catalyst (band gap of 2.94 eV);
however, both TiO,- and Al,O3-supported catalysts are not
selective to SWCNT growth. These results consistently
demonstrate that different domain sizes of metal oxides
induced by various catalyst supports are not directly
responsible for the (n,m) selective growth of SWCNTs.

The chemistry of the metal-support interaction is one of
the key factors to understand the catalytic performance of

10 —
—=a— Co-Mo/SiO,
S
8 - —0— Co-Mo/AlLO, ‘oa,
—e— Co-Mo/MgO ‘;V /
—4— Co-Mo/TiO,
g 7
= 61
=
2" (NH,);Mo0, - 3.1 eV
L 44
2
NaMoO,- 4.1 eV
0 . . A ¢ r , .
1 2 3 4 5 6
Energy, eV

Fig. 6 Diffusive reflectance band-gap extrapolation for Co-Mo
catalysts supported on four different catalyst supports. Gaps for two
reference compounds are pointed using arrows
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different catalysts [38]. TPR is a useful characterization
technique for investigating the chemistry of the metal-
support interaction and surface chemical information (e.g.,
material species, stability, and metal distribution) [39].
Figure 7 shows the TPR profiles of metal species on four
catalyst supports. For each support, monometallic Co and
Mo catalysts were compared to bimetallic Co—Mo catalysts
in order to reveal the possible synergistic effect between
Co and Mo.

Figure 7a presents TPR profiles of catalysts supported on
Si0,. The first two peaks on the TPR profile of Co supported
on Si0, are at 380 and 470 °C, respectively, which are due to
the Co reduction under H, according to these steps:
Co304 — CoO — Co [40]. Co oxides (Coz04 and CoO)
were formed during the calcination of catalysts. They can be
reduced at relatively low temperatures and are likely to form
large metal particles under high-temperature reduction
during SWCNT growth. The peak above 900 °C can be
attributable to the reduction of Co silicates (Co,SiO,4 and
C0,Si0y) [41]. Co silicates are formed through the strong
interaction between Co ions and SiO, support. Because of
their less reducibility, it is difficult to reduce Co silicates for
SWCNT growth. The TPR profile of monometallic Mo
supported on SiO; has one major peak at 770 °C, which can
be explained by the reduction of MoOj3 (formed in calcina-
tion) in two steps: MoO; — MoO, — Mo [42, 43]. With
the assistance of TPR profiles from monometallic Co and

Mo catalysts, the peaks on the TPR profile of Co-Mo cata-
lyst supported on SiO, can be allocated accordingly. It
should be noted that the peak of Co silicates is absent on the
TPR profile of Co-Mo catalyst. This may be due to the
presence of Mo, which may curb the interaction between Co
ions and SiO, to form Co silicates. Nonetheless, the most
important feature related to SWCNT growth is the new peak
at 575 °C, as highlighted in gray color. This peak can be
attributed to the reduction of CoMoO, adopting a route of
CoMo0O, —» CoMoO3; — CosMo — Co,Mos, in which Co
ions are well dispersed by Mo [41, 42]. The existence of
CoMoOy, has previously been verified by X-ray diffraction
[41, 42]. The highly dispersed Co ions are then further
reduced by CO forming small metal clusters that result in
(n,m) selective SWCNT synthesis.

Figure 7b shows TPR profiles of catalysts supported on
Al,Os;. It can be noted that the reduction peak at 570 °C for
monometallic Mo supported on Al,O3 is very small, as
compared with that in TPR profiles of catalysts supported
on SiO,. However, a large peak can be observed above
900 °C. Previous TPR and XRD studies on Mo catalysts
indicated that Al,O; interact strongly with Mo oxides to
form tetrahedral Mo species that are difficult to be reduced
[44]. This accounts for the Mo reduction peak above
900 °C. The TPR profile of Co—Mo catalyst supported on
Al,O5 also presents a large peak above 900 °C, suggesting
that most Mo species still interact strongly with Al,O3
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rather than Co. TPR peaks of Co oxides upshift to 535 °C,
which is still significantly lower than the 575 °C peak of
SiO,-supported catalyst. Therefore, we propose that there
is a strong interaction between Mo and Al,Oj;_ interrupting
the synergistic effect between Co and Mo. In the absence
of interaction with Mo, Co species are easily reduced to
form larger metal particles that are more selective for
MWCNTs than for SWCNTs.

Figure 7d also illustrates the interruption of the syner-
gistic effect between Co and Mo supported on TiO,. TiO,
possess strong interaction with metal species, which is
confirmed by the multiple peaks of monometallic Co and
Mo catalysts. No intense peaks exist between 500 and
600 °C on the TPR profile of Co—Mo catalyst. We propose
that the absence of these peaks is caused by the strong
interactions of Co or Mo with TiO, individually, which
disrupts the synergistic effect between Co and Mo. More-
over, part of Co oxides supported on TiO, can be easily
reduced, as indicated by the peak at 315 °C. Even though
some Co species (which are reduced at higher temperature)
can bring about the growth of SWCNTs, Co-Mo/TiO,
interactions produce large amount of MWCNTSs owing to
Co species being reduced at low reduction temperatures.

Figure 6c¢ illustrates different TPR profiles for catalysts
supported on MgO. A strong peak contributed by MgCo,0,4
species is observed at 635 °C for monometallic Co catalyst
[45]. The TPR profile of monometallic Mo catalyst also
shows one major peak that belongs to the reduction of
MoOs. The main peak of Co—Mo catalyst suggests a strong
interaction between Co and Mo. The reduction temperature
of CoMoOy, is upshifted by 70 °C compared to the SiO,-
supported Co—Mo catalyst (Fig. 7a). This upshifted tem-
perature may be the reason for a greater number of smaller
diameter SWCNTs being produced on MgO-supported
catalyst, as indicated in Fig. 3. Since the reduction tem-
perature of the monometallic Co catalyst on MgO is almost
the same as the Co—Mo catalyst, an intriguing question may
arise: whether or not Co/MgO and Co—-Mo/MgO have the
same performance in SWCNT synthesis? In order to find an
answer this question, we tested Co/MgO in SWCNT
growth. After 500 °C prereduction in H, and growth under
CO at 800 °C, small amount of carbon deposits were
observed. The MWCNTs were the main species inside this
carbon deposits, suggesting that the MgCo,0,4 species
formed on Co/MgO are different from Co ions dispersed by
Mo from Co-Mo/MgO. This finding also confirms that the
synergistic effect between Co and Mo is critical for good
SWCNT selectivity.

In our SWCNT synthesis experiments, all the catalysts
have been prereduced in H, at 500 °C for better compari-
son among different samples. Based on the TPR profile of
MgO-supported catalysts in Fig. 7c, 500 °C may not
be the optimum reduction temperature for Co—-Mo/MgO.

Therefore, another batch of SWCNTSs was synthesized at
550 °C prereduction temperature in H, using Co-Mo/
MgO, considering that the reduction peak of CoMoOQy, is
upshifted by 70 °C. Raman spectra of the SWCNT samples
were shown in Fig. 1. Compared with spectra from
SWCNT samples reduced at 500 °C, a stronger RBM can
be found. This suggests that more SWCNTs were pro-
duced, because more metal Co clusters are available after
prereduction at a higher temperature. TGA profile in Fig. 2
also indicates that less amorphous carbon was produced,
hence it is more selective to SWCNTSs. Furthermore, no
considerable changes were observed in the (n,m) selectivity
in Figs. 3 and 4, indicating that the prereduction tempera-
ture change on Co—-Mo/MgO has no significant impact on
its (n,m) selectivity.

Based on TPR results and the structure of carbon pro-
duced on different catalyst supports, we propose that the
formation of CoM0Qy, in which Co ions are well dispersed
by Mo, is critical for a good SWCNT selectivity on cata-
lysts impregnated with Co. Previous studies have shown
that the selectivity of the Co—Mo catalyst strongly depends
on the stabilization of Co by Mo oxide. The non-interacting
Co phase is reduced to metallic Co that is not selective to
SWCNTs, while the Co phase interacting with Mo remains
as well-dispersed Co ions that are highly selective to
SWCNT production [46]. In this study, we further dem-
onstrate that cobalt oxides, cobalt silicates, and solid
solutions such as MgCo,0, are all not selective to SWCNT
growth. TPR results indicate that different catalyst supports
may perturb the interaction between Co and Mo species,
leading to the formation of different Co phases responsible
for the observed differences in carbon growth. That is, SiO,
and MgO supports enhance the selectivity toward
SWCNTs in a narrow diameter range between 0.75 and
0.85 nm, because the formation of well-dispersed Co-
MoOy. In contrast, Al,O3 and TiO, have strong interactions
with Co or Mo individually, which disrupts the synergistic
effect between Co and Mo. Co—Mo catalysts supported on
these two supports are not selective to SWCNTs.

Two conditions must be satisfied for the selective
growth of particular (n,m) tubes. First, metallic clusters
with narrow diameter distribution should be stabilized
during growth, which would manage the diameter variation
of SWCNTs. Second, the chiral angle of SWCNTs at a
particular diameter should be controlled. This study shows
that SiO, and MgO provide well-dispersed Co species on
Mo oxides, which result in Co clusters in a narrow diameter
range suitable for SWCNT growth with diameter between
0.75 and 0.85 nm under CO at 800 °C. However, we
cannot elucidate how the chiral angle is manipulated based
on current results. Several theoretical studies have pro-
posed that the nanotube chirality is controlled by the for-
mation of carbon cap structure on a metal nanoparticle
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catalyst [47, 48]. An interesting observation from this study
and previous publications [10, 14, 15, 17] is that most of
the narrow (n,m) selective SWCNT synthesis produces
tubes in the same near-armchair range including (6,5),
(7,5), and (7,6) tubes. A recent study has shown that near-
zigzag tubes can be grown on the A-plane of sapphire [19].
In contrast to the aligned growth on sapphire planes, oxide
supports examined in this study would have limited contact
with growing SWCNTs. Oxide catalyst supports are unli-
kely to change the chiral angle of tubes after the carbon cap
structures are formed on metal clusters. Thus, the role of
catalyst supports could be limited to regulate the formation
of metal clusters. More research is needed to understand
the chiral angle selectivity in SWCNT growth.

Finally, in terms of large scale SWCNT production, an
essential criterion for choosing a catalyst support lies in its
simplicity of removal after SWCNT growth. In this aspect,
SiO, and MgO are superior to TiO, and Al,O;. SiO, can be
removed by alkaline solution, while MgO can be removed
in dilute acid solution. Moreover, SiO, nanoparticles have
larger surface areas than MgO, which implies that more
metal ions can be loaded to produce more SWCNTSs using
the same amount of catlayts.

Conclusions

Co-Mo catalysts supported on four catalyst supports (SiO,,
Al,O3, MgO, and TiO,) were evaluated for SWCNT
growth. SiO,- and MgO-supported catalysts have good
selectivity toward SWCNTs; however, there are no sig-
nificant differences in their (n,m) selectivities. Both sup-
ports initiate the growth of near-armchair tubes; even
though MgO-supported catalysts produce more tubes with
slightly smaller diameter due to their less reducibility.
TiO,-supported catalysts produce a mixture of MWCNTs
and SWCNTs, while Al,Osz-supported catalysts mainly
produce MWCNTs. UV-vis diffuse reflectance spectros-
copy study of catalysts demonstrates that the domain size
of metal oxides on various supports is not directly
responsible for the (n,m) selectivity. TPR analyses of
monometallic catalysts (Co and Mo) and bimetallic cata-
lysts (Co-Mo) indicate that supports can change the
reducibility of metal species. The different supports may
perturb the interaction between Co and Mo species, leading
to the formation of diverse metal clusters responsible for
the distinction observed in SWCNT synthesis.
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