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We present a study on CoCr–MCM-41 catalysts with stable nm-sized particles. The focus is their promot-
ing effect on the synthesis of Single-Wall Carbon Nanotubes (SWNT).

Bimetallic CoCr–MCM-41 catalysts were synthesized by combined grafting and incorporation of metals
in the framework. This synthesis allowed an increase in the maximum metal loading in the MCM-41
framework while maintaining nm-sized Co particles stable in high-temperature reactive environments.
The SWNT yield was increased by more than 100% from the Co–MCM-41 catalyst.

Cobalt is responsible for SWNT nucleation. The role of chromium is to anchor small cobalt particles dur-
ing reduction and prevent their sintering into large unreactive particles. A larger fraction of the cobalt in
the bimetallic catalysts becomes available for the SWNT synthesis when compared to the monometallic
one, leading to a significant yield increase. Another effect of the addition of Cr was a shift of the SWNT
diameter distribution to smaller nanotubes.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Since the discovery of carbon nanotubes, significant research in
the field of catalysis has been dedicated to attaining high yield and
selectivity in their synthesis by use of various catalytic systems
[1,2]. Many of these research efforts have been directed at
Single-Wall Carbon Nanotubes (SWNT). These interests were
fueled by the wide range of potential applications for these sys-
tems particularly in the field of nanoelectronics [3–5]. Commercial
applications are still hindered by the lack of uniformity in these
samples. By lack of uniformity, we imply variations in the diameter
and structural properties of SWNT in a given sample. The structural
properties of a nanotube are denoted by a pair of integers (n, m)
referring to the basis vectors of the underlying primitive lattice.
Both the tube diameter and its electronic properties, i.e. whether
it is semiconducting or metallic in nature, are given by the chiral
vector [6,7].

Bimetallic catalytic systems have been shown to be an efficient
way to obtain samples that are enriched in one or a few types of
SWNT [8–13]. Studies of the role of each metal in SWNT synthesis
are important. In many of these systems, one of the components is
responsible for the nucleation and growth of SWNT, while the co-
ll rights reserved.
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metal stabilizes small nucleating particles and possibly alters their
morphology. For example, Resasco and coworkers have obtained
narrow distributions of SWNT with a CoMo catalyst where the
(6, 5) tube is predominant. Mo was shown to stabilize small Co do-
mains [8].

We previously reported that addition of Cr influences the cata-
lytic behavior of the Co–MCM-41 system in SWNT synthesis. Par-
ticularly for an equimolar ratio between the two metal
components, we demonstrated increased selectivity and yield in
the co-incorporated bimetallic systems (CoCr–MCM-41) when
compared to the monometallic ones (Co–MCM-41). Certain SWNT
identities were preferentially obtained in the bimetallic catalysts,
and the mean diameter of the SWNT produced could be tuned
through reaction conditions. We explained this performance
through an anchoring effect of the Cr ions on the Co particles
responsible for nanotubes nucleation. A second factor deemed
responsible for the CoCr–MCM-41 catalytic performance was the
MCM-41 support. The high surface area, well-ordered mesoporous
MCM-41 support had an important role in producing systems with
stable chemical and physical properties [14,15].

A decreased rate of Co particles sintering under the synthesis
conditions was demonstrated. Sintering is undesirable since it cre-
ates large Co particles that are not thermodynamically or kineti-
cally favorable for production of SWNT. In consequence, the
fraction of Co in the catalyst that is involved in SWNT nucleation
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gets reduced. In fact, sintering poses a challenge for many catalytic
systems, and SWNT synthesis is particularly affected due to the
high reaction temperatures involved. An increase in the metal
loading which should correlate with an increased yield of carbon
nanotubes can actually lead to a decrease in both yield and selec-
tivity due to increased sintering.

The amount of metal that can be loaded in the MCM-41 struc-
ture is as well limited by the stability of the structure. For example,
a Co loading exceeding 4% can collapse the ordered MCM-41 struc-
ture greatly decreasing the efficiency of the catalysts in SWNT syn-
thesis because sintering is no longer prevented by the well-ordered
support [16,17].

In the Co–MCM-41 catalyst, the yield of carbon nanotubes in-
creased with the Co concentration up to a 3% load [18]. This posed
a challenge. The cobalt loading that would generate the highest
yield of SWNT (3%) cannot be achieved in the bimetallic catalysts
by isomorphous substitution without substantial loss of the tem-
plate stability since an equivalent amount of Cr also needs to be
loaded leading to a total metal load of 6%.

In the isomorphous substitution catalyst synthesis, high con-
centrations of transition cations substituted for silicon atoms are
predicted to interfere with the stability of the template and/or
the rate of cross-linking of the silica to disrupt the structure. Once
the structure is formed, it remains stable as long as only the surface
hydroxyls are reacted (as in the grafting process) which can accom-
modate higher metal loadings [19]. Based on this assumption, we
propose an alternate route of synthesis for the bimetallic catalysts
by combined grafting and isomorphous substitution, allowing for
higher metal loading while still maintaining the structural stability
of MCM-41. By this method, we were able to translate the forma-
tion of small, narrowly distributed particles to higher loadings of
metal in the bimetallic catalysts and significantly affect the SWNT
yield and selectivity resulting from these systems.

Stabilizing high loading Co catalysts with nm-sized particles
stable to high temperatures in reactive environments can be gen-
erally attractive for other catalytic applications such as the Fischer
Tropsch process, ethanol steam reforming, methanation or glycerol
hydrogenolysis [20–23].
2. Experimental

2.1. Catalyst synthesis

The catalysts were synthesized in two distinct steps. In the first
step, the monometallic Co–MCM-41 and Cr–MCM-41 were synthe-
sized by isomorphous substitution of silicon atoms. The other
metallic component of the catalytic system was added in a second
synthesis step by grafting. This combined synthesis method was
chosen for two reasons: first as discussed before, the incorporation
of higher than 4% metal loadings in the MCM-41 structure leads to
disruption of the structure stability. Second, if both metals would
be added by subsequent grafting, the second grafting procedure
can be less efficient due to the decrease of the available bonding
sites on the silica surface. In the following, the synthesis will be
discussed in the two separate steps.
2.1.1. Synthesis of the monometallic catalysts by isomorphous
substitution of silicon in the MCM-41 framework with Co or Cr

As base materials for all catalysts, two silica sources were used:
Cab–O–Sil M-5 from Sigma–Aldrich and tetramethyl ammonium
silicate (TMASi 10 wt.% silica) from Sachem Inc. The ratio between
the soluble silica and total silica was 0.3. The total silica amount
per batch of synthesized catalyst was 2.5 g. The metal sources used
were CoSO4 and Cr(NO3)3 both as a 6 wt.% solution in deionized
water. The quantity of added metal source solution was deter-
mined such that each metal represented 3 wt.% of the total silica.

The templating material was a 20 wt.% surfactant solution with
a 16 carbon atom alkyl chain length (C16H33(CH3)3NBr which was
ion exchanged with a Amberjet-400 (OH) resin from Sigma–
Aldrich.

The silica sources and the metal solution were mixed for
30 min, then the surfactant solution as well as a couple of drops
of Antifoam A concentrate (Sigma–Aldrich) was added. The mixing
was continued for another hour, then the solution pH was adjusted
to 11.5 using glacial acetic acid [24]. The synthesis solution was
subsequently transferred into a polypropylene bottle and auto-
claved at 115 �C for 6 days. After cooling to room temperature,
the resulting solid was recovered by filtration, washed with deion-
ized water, and dried over night at ambient conditions. The last
step in the synthesis was calcination at 540 �C for 5 h under flow-
ing air to remove the residual organics.
2.1.2. Synthesis of the bimetallic catalysts by grafting through atomic
layer deposition

The as-calcined monometallic catalysts (Co–MCM-41 and Cr–
MCM-41) were grafted with a second metallic component (Cr on
Co–MCM-41 and Co on Cr–MCM-41).

The metal precursors were Co(II) acetylacetonate and Cr(III)
acetylacetonate (in quantities determined such as the metal load-
ing of each metal on the MCM-41 would be 3 wt.%) dissolved in
150 mL of anhydrous toluene. The solution was refluxed at
110 �C for 3 h with nitrogen flowing through the apparatus to com-
pletely dissolve the precursor. The as-calcined monometallic cata-
lysts (500 mg) were simultaneously suspended in 80 mL of
anhydrous toluene and refluxed under flowing nitrogen to remove
any adsorbed water. The precursor solution was then added to the
monometallic catalyst suspension and refluxed for another 3 h un-
der nitrogen. The reaction mixture was cooled, filtered and washed
with toluene. The solids were dried and calcined in air at 540 �C.

Plain silica MCM-41 was also grafted with cobalt and with chro-
mium by the same procedure as detailed above. The list of all syn-
thesized catalysts is shown in Table 1.
2.2. Catalyst characterization

Nitrogen Physisorption Isotherms at 77 K were measured with a
Quantachrome Autosorb-3b static volumetric instrument. Prior to
measurement, the samples were outgased at 200 �C to a residual
pressure below 10�4 Torr. A Baratron pressure transducer
(0.001 Torr) was used for low pressure measurements. The specific
surface area was calculated following the BET method. The pore
size and pore size distribution were calculated by the BJH method
using the desorption branch of the isotherm.

Powder X-ray Diffraction of the samples was recorded on a
Bruker–Nonius Kappa CCD area detector X-ray diffractometer
equipped with a fully integrated 4-circle goniometer and FR590
3 kW sealed tube generator.

Temperature Programmed Reduction (TPR) – About 100 mg of
fresh catalyst was loaded into a quartz reactor and submitted to
a programmed temperature rise in a flow at atmospheric pressure
of 5% hydrogen diluted in argon. The reduction rates were contin-
uously measured by monitoring the composition of the gas at the
outlet of the reactor.

Extended X-ray Absorption Fine Structure (EXAFS) – X-ray absorp-
tion measurements were performed at the Co K-edge and at the Cr
K-edge. The experiments were carried out on line X18B at the
NSLS, 2.5 GeV storage ring, Brookhaven National Laboratory. Sam-
ples were pressed into self-supporting wafers and placed in a
stainless steel cell equipped with Kapton windows, a gas inlet



Table 1
Synthesized catalysts.

Catalyst Synthesis method

CogCr–MCM-41 3 wt.% Co grafted on 3 wt.% Cr–MCM-41 synthesized by
isomorphous substitution

CrgCo–MCM-41 3 wt.% Cr grafted on 3 wt.% Co–MCM-41 synthesized by
isomorphous substitution

Co–MCM-41 3 wt.% Co–MCM-41 synthesized by isomorphous
substitution

Cr–MCM-41 3 wt.% Cr–MCM-41 synthesized by isomorphous
substitution

CogMCM-41 3 wt.% Co grafted on MCM-41
CrgMCM-41 3 wt.% Cr grafted on MCM-41
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Fig. 1. N2 adsorption–desorption isotherms of the Co–MCM-41, CogMCM-41, CogCr
and CrgCo catalysts.

Table 2
Properties of monometallic and bimetallic catalysts obtained by nitrogen
physisorption.

Catalyst Calculated metal loading
(wt.%)

BET surface area
(m2/g)

Pore diameter
(Å)

Co–MCM-
41

3 1389 27.7

Cr–MCM-
41

3 1261 28.7

CogCr 6 1074 27.8
CrgCo 6 1036 27.3
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and outlet, and a heating unit allowing in situ gas treatments. De-
tails of the experimental procedure are given elsewhere [25].

2.3. SWNT synthesis

SWNT were synthesized by CO disproportionation using the co-
balt-containing catalysts. Chromium ions alone cannot initiate the
growth of carbon nanotubes since they do not reduce to zerovalent
state under the conditions employed in this experiment; therefore,
the monometallic Cr-containing catalysts were not used in the
SWNT synthesis.

About 200 mg of catalyst was employed per batch. The catalyst
was loaded in a quartz reactor with a 1.8-cm internal diameter,
which was placed in a ceramic fiber radiant heater.

The synthesis was carried out in two main steps. The first step is
the pre-reduction of the catalyst in hydrogen at atmospheric pres-
sure and 700 �C at a flow rate of 1000 cc/min. In this step, the metal
ions in the framework partially reduce their oxidation state. With-
out the pre-reduction step, cobalt is still reduced in CO, and nano-
tubes synthesis is still initiated. However, low carbon loadings are
obtained with decreased selectivity for SWNT because the atomi-
cally dispersed Co ions are not easily available to CO [16–18].
Pre-reduction is followed by the reaction step when pure CO at
700 �C and 80 psi. is flowed through the system at a rate of
1000 cc/min. In this phase, the cobalt is further reduced, and clus-
ters are formed that initiate the growth of SWNT as observed in
earlier studies using in situ X-ray absorption spectroscopy [4].

2.4. SWNT characterization

Thermal Gravimetric Analysis (TGA) data were collected in a
Setaram Setsys 1750 instrument under air flow. Samples were held
at 150 �C in pure argon for 1 h to dehydrate before initiating the
temperature program. The initial weight change in the sample
was monitored between 150 and 1000 �C at 10 �C/min for two suc-
cessive ramps. The second ramp was used as baseline correction
for the first.

Raman Spectroscopy – Raman spectra of the as-synthesized
SWNT samples were recorded using a Jasco LASER Raman Spectro-
photometer NRS-3000 Series. Spectra were recorded using 785-
and 532-nm excitation laser wavelengths. Each of the spectra rep-
resents an average of 10 scans taken on different points of the
sample.

Transmission Electron Microscopy (TEM) – TEM images of the
samples were recorded using a Tecnai F12 120 kV microscope.
The sample, sonicated in ethanol, was dispersed prior to imaging
on a holey carbon grid.

Fluorescence spectroscopy – In 10 mL of 1 wt.% sodium dodecyl
benzene sulfonate in D2O was dispersed 0.5 mg of sample that
has been treated with a NaOH solution to remove the silica frame-
work and sonicated with a tip sonicator at 80% amplitude for 1 h.
The suspension was then centrifuged at 100,000g for 1 h, and
80% of the supernatant was decanted for measurement. Photolumi-
nescence (PL) maps were collected on a Jobin–Yvon Nanolog 3
spectrofluorometer equipped with an IGA NIR detector.
3. Results and discussion

3.1. Catalyst characterization

Nitrogen adsorption–desorption isotherms of the bimetallic
catalysts and the corresponding BJH pore size distribution are
shown in Fig. 1 and Table 2. A comparison is made with the incor-
porated monometallic catalysts that were used as base for adding
the second metal component.

All isotherms show a sharp inflection at relative pressure P/Po in
the range 0.3–0.4 characteristic of type IV isotherms [26]. In the
pore size distribution plot (inset in Fig. 1), a narrow peak around
28 Å is indicative of uniform pore size. A note should be made that
all measured isotherms are similar in shape to the siliceous MCM-
41, showing good mesoporous structure to be retained during cat-
alysts synthesis [27].

The bimetallic catalysts show an approximate 20% decrease in
BET surface area when compared to the monometallic ones. Two
factors can contribute to the surface area decrease. The higher me-
tal loading independent of the synthesis method can decrease the
surface area. Second, as a result of the grafting process, a decrease
in the surface area occurs as a result of hydroxyl condensation. To
support this second assumption, we collected nitrogen physisorp-
tion data for the CogMCM-41 catalyst (results not shown here). The
resulting surface area was 1134 m2/g, lower by about 17% than the
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Co–MCM-41 catalyst even though both catalysts had the same me-
tal loading.

A decrease in pore size (around 0.4 Å for CrgCo and 0.9 Å for
CogCr) is noted after grafting of the second metal. This can be
attributed to pore surface reconstruction due to dehydroxylation
rather than an additional layer of metal formed inside the pore,
which would have led to a more significant shift on the pore diam-
eter. We assume the grafted metal to be embedded in the pore
wall, and this will be shown by TPR.

To assess the efficiency of our method, a catalyst containing 3%
Co and 3% Cr was synthesized by isomorphous substitution of both
metals in the MCM-41 framework. The surface area determined by
nitrogen physisorption (Fig. S1 of Supporting information) was
521 m2/g. This is less than 50% of the surface area of the bimetallic
catalysts with the same loading synthesized by combined isomor-
phous substitution and grafting.

All powder XRD patterns (Fig. 2) exhibit four hkl diffraction
peaks characteristic of the highly ordered structure of the MCM-
41. The first peak in all patterns is related to the (1 0 0) plane of
the template and has the highest intensity in all samples. In addi-
tion, the secondary reflections at higher 2h due to the (1 1 0),
(2 0 0) and (2 1 0) planes are also recorded in all patterns and
shown here. The (2 1 0) reflection is very weak. These peaks are
characteristic for the long-range order of the mesoporous MCM-
41 [28] (see Fig. 3).
Fig. 3. TEM images of the as-synthesized bimeta
Some decrease in the peak intensities can be noted in the bime-
tallic catalysts most likely due to the increase in the metal concen-
tration. Nevertheless, the ordered structure of the MCM-41
template is demonstrated by XRD in the bimetallic catalysts. In
contrast, the bimetallic catalyst synthesized by co-incorporation
of the two metals at the same loading as the bimetallic CogCr
and CrgCo catalysts did not show the higher angle reflection peaks.
TEM images collected on this catalyst showed large crystals resid-
ing on the surface most likely unincorporated metal (Figs. S2 and
S3 of the Supporting information).

TEM images of the as-synthesized bimetallic catalysts through
combined incorporation and grafting are shown in Fig. 2. The
images show uniform, well-defined structures. Hexagonal chan-
nels around 3 nm in diameter, characteristic of well-ordered
MCM-41, are noted, in good agreement with the nitrogen physi-
sorption results.

The reduction profiles of all catalysts are shown in Fig. 4. Both
the Co–MCM-41 sample and the CogMCM-41 sample show reduc-
tion of Co ions at temperatures around 850 �C. This temperature is
characteristic of the Co2+ ions reduction to zerovalent state
[14,16,17]. In the Co–MCM-41 catalyst, the Co ions are expected
to be atomically dispersed within the silica pore wall, while in
the CogMCM-41 catalyst, they are dispersed and anchored to the
surface by Co–O–Si oxo bridges [14,16,17,29]. The elevated reduc-
tion temperature of the Co ions is indicative of good dispersion and
incorporation/anchoring. Surface residing, undispersed Co oxides
would reduce at lower temperature (under 400 �C) [30,31].

The Cr ions reduce at around 400–450 �C in the Cr–MCM-41 and
CrgMCM-41 catalysts. We assume the initial oxidation state of the
chromium in the catalyst to be 6+ for both the incorporated and
the grafted samples [14,29]. In the Cr-containing monometallic
catalysts (Cr–MCM-41 and CrgMCM-41), this was confirmed as
well by the intense yellow color. The oxidation state reduces to
2+ during TPR. Further reduction is not thermodynamically favor-
able at the conditions employed in this experiment [32,33].

The reduction of both incorporated and grafted Co ions takes
place at around the same temperature. This is surprising because
grafted ions are on the surface of the silica pore wall, more acces-
sible to hydrogen and in consequence more available for reduction.
Since the reduction pattern of Co ions in both samples follows the
same trend, we can assume that in Co–MCM-41 sample, the incor-
porated ions are close to the silica pore wall as opposed to its
depth. This makes the stability against reduction of the incorpo-
rated ions close to the one of the grafted ions.

The different precursors used in the synthesis need to be taken
into account. Acetylacetonates are very suitable for grafting proce-
dures but cannot be used in the direct synthesis method due to
llic CogCr (left) and CrgCo (right) catalysts.
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their insolubility in water. Use of organic precursors for synthesis
of Co–MCM-41 instead of inorganic ones lead to a better dispersion
of the metal ions in the framework, increasing their stability [34].
Both of these factors can have an effect on the reducibility and can
explain why the grafted and incorporated samples have similar
reduction temperatures.

In the bimetallic catalysts, two opposite effects are noted when
comparing the reduction of the Co and Cr ions to the reduction of
their monometallic counterpart. First, the reduction of the Cr ions
takes place at a lower temperature (around 300 �C as opposed to
400–450 in the monometallic samples). Second, the maximum
reduction rate of the Co ions is shifted to a higher temperature than
in the monometallic catalysts. This behavior indicates a direct
interaction between the Co and Cr ions in the framework. Most
likely a CoCrO4 mixed oxide type structure is formed. This interac-
tion was observed in our previous studies by XAS measurements in
co-incorporated CoCr–MCM-41 catalysts [14] as well as the current
work. Resasco and coworkers showed the formation of similar
mixed oxides structures in the synthesis of both CoMo and CoW
bimetallic catalysts supported on SiO2 [8,9]. The pattern noted in
all these studies was reduction of the hexavalent metal (Cr, Mo,
W) at lower temperature, while Co ions reduction shifted to higher
temperature than in the corresponding monometallic catalysts.

Studies conducted on different chromium–cobalt spinels and
mixed oxide compounds have shown Co to be an accelerant of
the Cr6+–Cr2+ reduction [9,35]. This effect can only be seen if most
Co and Cr ions are in close proximity in the silica template. Some
weak reduction peaks around 450 �C observed in both bimetallic
catalysts can be attributed to Cr ions that are not interacting with
Co.

The reduced Cr ions act as anchoring sites for Co particles dur-
ing reduction. This translates into a slowed kinetics of the Co ions
reduction and implicitly an increase in their maximum reduction
rate temperature [14]. In both bimetallic catalysts, the maximum
reduction rate of the Co ions takes place at a temperature approx-
imately 50 �C higher than the monometallic catalysts.

X-ray absorption spectroscopy can be used to unravel the elec-
tronic and structural properties of the catalysts at different stages
in the SWNT synthesis process.

The XANES region of the EXAFS spectrum collected at the Co K-
edge for the as-calcined catalysts and known references (cobalt
oxides with different oxidation states and a commercial cobalt
chromate reference) are showed in Fig. 5a and a detail of the
pre-edge region is shown in Fig. 5b. All spectra are normalized
by the jump height at the Co K-edge and calibrated using the cobalt
foil standard edge energy at the first inflection point in the Co foil
calibration spectrum at 7709 eV. The spectra of all catalysts were
collected after dehydration under helium at 300 �C. The dehydra-
tion was necessary to remove all contributions that absorbed water
can possibly have on the Co–O coordination number and white-
line intensity.

A comparison between the XANES spectra for all synthesized
catalysts and references shows major contributions from Co2+.
Lim and coworkers showed that in the Co–MCM-41 catalysts, the
cobalt species consists of a mixture of tetrahedral and distorted
tetrahedral coordination of cobalt atoms [36]. A fitting of the first
Co–O coordination shell (Table S1 of Supporting information)
was performed using the IFFEFIT software. Cobalt–oxygen paths
from a known tetrahedrally coordinated compound (cobalt alumi-
nate) were used and the single-scattering assumption was made.
The resulting first shell coordination number was around 4 for all
catalysts, confirming the mostly tetrahedral environment of the
central Co atom.

We will further extend the discussion to the pre-edge region of
the EXAFS spectra in Fig. 5b. In the monometallic samples and
oxide references, the pre-edge peak at 7709 eV comes from the
1s–3d dipole forbidden transition in the central Co atom.

The bimetallic oxides have a different, distinct structure. Cha-
turvedi and coworkers [37–39] showed that two types of metal
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atoms appear in a mixed metal oxide of the kind (M1M2O4). Some
occupy mixed M1–O–M2–O rings, while others are involved in
monometallic M–O–M–O rings. Mixed metal oxides coordination
is structurally different from monometallic oxides. When com-
pared with the corresponding monometallic oxides, these mixed
species were shown, for example, to have a higher density of states
near the top of the valence bands.

An extra pre-edge feature appears in the CoCrO4 reference at
7714 eV due to a 1s–4p electronic transition. This feature has not
been identified in any of the monometallic Co catalysts. The bime-
tallic CogCr and CrgCo show a similar pre-edge feature, somewhat
more intense for the CogCr catalyst as evident from Fig. 5b. This
suggests that a mixed oxide-like coordination of Co and Cr forms
in the bimetallic systems during catalyst synthesis. The pre-edge
peak appearing at 7709 is present in the bimetallic catalysts and
is more intense than in the CoCrO4 reference compound. This likely
indicates that not all of the two metals are in the mixed oxide coor-
dination. However, they are in close proximity in the template,
probably separated by no more than two or three oxygen atoms
since the reducibility of the two metals is strongly affected when
compared to the monometallic catalysts as shown by TPR. The
mixed metal oxide coordination is present in both bimetallic oxi-
des regardless of the synthesis route (which was grafted versus
incorporated).

At the Cr K-edge (Fig. 6), all catalysts show a strong pre-edge
feature at 5992 eV. This feature attributed to the 1s–3d dipole for-
bidden transition is very intense for a non-central symmetric envi-
ronment of the Cr atom [40,41] such as the tetrahedral
coordination in CrO3 or CoCrO4. No other major differences are
noted between the monometallic and bimetallic catalysts. The
monometallic and bimetallic oxide references (CrO3 and CoCrO4)
have very similar XANES spectra as well. A Fourier transform of
the EXAFS data was performed using the IFFEFIT software
(Fig. S4 of Supporting information). The peak due to the first oxy-
gen coordination shell of Cr is essentially at the same R value
(1.6 Å) and has the same amplitude for all catalysts and references
samples.

Another function of the EXAFS data is that it can be used as a
base for determining the concentration of metal atoms in the
framework [42]. The physical meaning of the edge step is the
change in the absorption coefficient at the edge energy of one
atom, which is directly related to the atom concentration. In order
to calibrate the edge step with the metal concentration, we used a
series of measurements of monometallic Co–MCM-41 and Cr–
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Fig. 6. Cr K-edge XANES spectra of the monometallic and bimetallic catalysts and
known references.
MCM-41 samples with known concentrations of Co and Cr. These
samples were analyzed by ICP measurements at the Galbraith Lab-
oratories, and the metal concentration was determined as well by
TPR. With these three independent measurements, we were able to
construct a plot of Co and Cr concentration versus edge jump. A
note should be made that all these EXAFS measurements were per-
formed at identical conditions with the measurements discussed in
this paper. The ratios between TPR areas corresponding to Co and
Cr ions reduction also correspond very well with the EXAFS
approximation of the metal loading. Results are shown in Table 3.

All concentrations appear to be in a range that is close to the
proposed theoretical values. These results show that we have suc-
cessfully introduced higher loadings of metal (over 5.5% in both
bimetallic catalysts) without disrupting the MCM-41 framework.

The loading of Co and Cr is higher in the bimetallic catalysts
than in the monometallic Co–MCM-41 and Cr–MCM-41 that were
used as base for grafting. Also, the loading of Co in the CogMCM-41
catalyst is higher than the calculated value. As shown by Wang
et al. [19], during the grafting procedure, some loss of silica occurs
due to refluxing in toluene, which can account for the increased
metal load.

Pre-reduction of the catalyst samples under hydrogen plays an
important role in the synthesis process. Its purpose is to mobilize
the ions in the silica template, making them more susceptible to
interaction with carbon monoxide in the reaction phase [25]. The
pre-reduction temperature of catalysts in this study was based
on the TPR profiles. It is the temperature of the onset of the Co ions
reduction. We chose this temperature because it is high enough to
partially reduce the Co ions in the framework but not sufficient for
a complete reduction that can lead to further sintering of Co parti-
cles. Based on our previous experiments [15], the pre-reduction
temperature does not influence the structure of the resultant
SWNT; however, it does affect the yield. For this purpose, we have
carried out SWNT synthesis experiments at 600, 700 and 800 �C
while maintaining a constant reaction temperature of 700 �C. We
have found the highest carbon yield was obtained at the 700 �C
pre-reduction temperature (results not shown here).

XAFS spectroscopy is a useful spectroscopic technique that pro-
vides information on the electronic and structural properties of
catalysts under reaction conditions. As a complement to TPR, we
chose this technique to probe the changes that occur in the cata-
lysts under hydrogen at the same conditions as those employed
in our laboratory for the production of SWNT.

Fig. 7 shows the XANES region of the EXAFS spectrum collected
for all cobalt-containing catalysts after isothermal reduction in
hydrogen at 700 �C. The spectra collected for the Co foil was in-
cluded for comparison. The shape and position of the pre-edge
peak as well as the intensity of the white-line feature (a measure
of the density of empty states at the Fermi level) can be compared
with the Co foil. A higher degree of reduction is noted for the
monometallic samples (Co–MCM-41 and CogMCM-41) based on
the lower intensity of the white-line and the shape of the pre-edge
peak similar to that of the Co foil. The bimetallic catalysts appear to
be more resistant against reduction in agreement with the TPR re-
sults. The lesser reducibility is a consequence of the presence of the
anchoring effect of Cr in the framework.
Table 3
Metal loading determined from the EXAFS spectrum.

Catalyst Co concentration (wt.%) Cr concentration (wt.%)

CogCr–MCM-41 2.78 2.70
CrgCo–MCM-41 2.67 2.40
CogMCM-41 3.23 –
Co–MCM-41 2.46 –
Cr–MCM-41 – 2.62
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A fit of the EXAFS data collected after the in situ reduction of the
cobalt-containing catalysts was performed using the IFFEFIT pro-
gram in a K-range from 2 to 12.5 Å�1. Paths from both oxidized
and metallic Co calculated from FEFF 6.0 were used in the fit. Data
collected for the metallic Co foil and the Co oxides references were
used to determine the value of the amplitude functions used for
each path. The background was subtracted by means of cubic
spline function. Fourier transforms were performed using a param-
etrized Kaiser Window between 2 and 10 Å�1. Results are shown in
Table 4.

Co–Co bonds were present in all catalysts. A lesser degree of
reduction can be attributed to the bimetallic catalysts. Within
the limits of the uncertainty, the central Co atom has on average
1–2 less neighboring Co atoms in its coordination sphere in the
bimetallic catalysts than in the monometallic ones. The average
Co–O first shell coordination number is also higher for the bimetal-
lic catalysts than for the monometallic ones.

A note should be made that the coordination number deter-
mined from fitting should be corrected for the fraction of the re-
duced Co in the sample as the EXAFS spectrum is a volume
average of species, both reduced and oxidized. The actual Co–Co
coordination number might be somewhat larger than the one
determined from the fit; however, the trend of the reduction
among the different catalysts will not be changed.

The same isothermal reduction experiment was reproduced at
the Cr K-edge. The chosen pre-reduction temperature exceeds
the temperature range in which the Cr ions reduction takes place
as noted from the TPR. At this temperature, all Cr-containing cata-
lysts showed an identical behavior when exposed to hydrogen. As
an example, the XANES data collected during the in situ reduction
of the CrgCo catalyst is shown in Fig. 8. The same data collected for
the CogCr catalyst and the Cr–MCM-41 catalyst are shown in Figs.
S5 and S6 of Supporting Information.

The strong pre-edge feature characteristic to the Cr6+ tetrahe-
dral coordination gets completely suppressed during exposure to
Table 4
Fitting results of the EXAFS data collected for the Co-containing catalysts after isothermal

Catalyst Average Co–O first shell coordination number Co–O bond distance

CogCr 2.6 ± 0.6 1.85
CrgCo 2.5 ± 0.8 1.85
CogMCM-41 1.7 ± 0.5 1.85
Co–MCM-41 1.4 ± 0.5 1.85
hydrogen. A positive shift in the main edge position is also indica-
tive of the coordination change that occurs during reduction. The
shape and main edge position of the final spectra (after reduction
for 30 min at 700 �C) agrees with the presence of isolated pseudo
octahedral Cr2+ in all catalysts [32,43].

Co particles have a double role in the SWNT synthesis. First,
they break the bonds of the carbon source and produce carbon
atoms. Second, they act as solvents for carbon, initiating the forma-
tion of SWNT when supersaturation is reached. The size and con-
formation of the nucleating metal particle is the key factor in
controlling the diameter and chirality of the resulting nanotubes.
Metallic particles of about 0.6–0.7 nm are the smallest responsible
for growth of well-ordered SWNT. At the opposite end, particles of
over 2.5–3 nm are more likely to deposit layers of graphite than
initiate the growth of SWNT [44,45].

EXAFS spectroscopy represents a good method for assessing the
average size of the cobalt particles formed during SWNT growth.
Since these particles are covered with carbon, their oxidation state
is preserved during exposure to atmospheric air. An ex situ mea-
surement of the as-reacted catalysts at the cobalt K-edge provides
reliable information on the average particle size. The XANES por-
tion of the EXAFS spectrum collected for the Co-containing cata-
lysts after carbon deposition is shown in Fig. 9. A clear pre-edge
peak characteristic of metallic Co is seen in all catalysts. The differ-
ence in intensity between the white-line of the reacted catalysts
and the metal foil can be attributed to formation of cobalt–carbon
bonds since the Co particles are saturated with carbon during
SWNT synthesis. The radial distribution function (inset in Fig. 9)
obtained by K2 Fourier transform of the EXAFS data shows the ma-
jor contribution from one backscatterer peak due to Co. The posi-
tion of the main peak at 2.45 Å corresponds to the Co–Co bond.

A simulation of the EXAFS spectrum was performed under the
same conditions employed for the fitting of the after-reduction
data. The results are shown in Table 5. The data suggest that no di-
reduction at 700 �C.

(Å) Average Co–Co first shell coordination number Co–Co bond distance (Å)

1.0 ± 0.6 2.45
1.9 ± 0.9 2.45
2.8 ± 0.5 2.45
3.9 ± 0.8 2.45
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Fig. 9. XANES spectrum of the Co-containing catalysts after carbon deposition.
Inset showing the radial distribution function (0 < R > 6 Å) after K2-weighed Fourier
transformation of the EXAFS data.

Table 5
Fitting results of the EXAFS data collected for the Co-containing catalysts after carbon
deposition.

Catalyst Co–O first shell
coordination
number

Co–Co first
shell
coordination
number

Estimated
particle
size (nm)

Co–MCM-41 0.58 ± 0.28 7.87 ± 0.45 1.51
Co grafted on MCM-41 0.71 ± 0.63 7.55 ± 0.65 1.39
Co grafted on Cr–MCM-41 0.88 ± 0.76 5.69 ± 0.77 0.92
Cr grafted on Co–MCM-41 0.79 ± 0.49 5.75 ± 0.62 0.94

C. Zoican Loebick et al. / Journal of Catalysis 271 (2010) 358–369 365
rect Co–Cr bonding takes place since the position and amplitude of
the main bond is the same in all samples; indifferent to the pres-
ence of Cr.

Fittings made considering Co–Cr bond formation in the first
coordination shell were, as expected, not consistent with the data.

In order to determine the approximate size of the Co clusters
from the average first shell Co–Co coordination number, we built
a (1 1 1)-truncated hemispherical cuboctahedron model [25]. The
results obtained from this model are shown in Table 5. The result-
ing size of the Co particles in the bimetallic catalysts is on average
50% lower than for the monometallic ones. This comes as a result
of the different rates of sintering of the Co particles due to the
anchoring effect of Cr. The average diameter of the resultant
nanotubes will be shown to shift to lower values in the bimetallic
catalysts, which is an evidence for smaller Co particles being
present.

There appears to be no major differences in the cobalt particle
size between the two bimetallic catalysts. The bimetallic interac-
tion effect is therefore valid independent of the synthesis route.
The average particle size estimated from the cuboctahedron model
is within the limits proposed to be favorable for SWNT growth in
all catalysts [43,44].

As noted before, the particle size is crucial for the diameter of
the resulting SWNT. It is possible that for a given particle size,
the resulting SWNT can have the same diameter, but different chi-
ral angles, i.e. different electronic properties. It has been shown
that formation of nanotubes of the same diameter and different
chirality does not occur in comparable proportion for catalyst par-
ticles of a given size. Growth is favored for the nanotube which has
the lowest (kinetic) activation energy [46,47]. This induces produc-
tion of high-angle chirality nanotubes. More important, this effect
is much more pronounced when the diameter of the resultant
nanotube is small. The growth mechanism of SWNT involves an
initial carbon cap formation on the metal particle, which subse-
quently determines the geometry of the tube. When the metal par-
ticles are small, the number of possible cap structures that can
form is also very small (the number of possible caps increases
exponentially with the particle size). Out of these possible cap
structures, those who favor higher chiral angle tubes tend to be
more stable. For example, Miyauchi et al. [47] have shown that
for a given particle size which can favor the production of either
the (6, 5) or the (9, 1) tubes (both have the same diameter), the
(6, 5) tube was predominant, while the (9, 1) tube had a very low
abundance. It is therefore very important for a controlled produc-
tion of SWNT to control the initiating particle size and reduce it to
a size that is still large enough to grow defect-free SWNT but small
enough to favor the production of only certain chiralities.

Resasco and coworkers have shown that for a bimetallic CoMo
system supported on amorphous silica, Mo reacts with CO forming
molybdenum carbide [8]. However, since the stable form of chro-
mium carbide had Cr in a 3+ oxidation form and since most ions
were seen to be in a 6+ oxidation state after carbon deposition
and air exposure, we can assume that no chromium carbide was
formed during SWNT synthesis.

3.2. Catalytic performance for SWNT synthesis

Thermal Gravimetric Analysis (TGA) is a widely employed
method for estimating both the carbon yield and the selectivity
of a catalyst toward SWNT compared to other byproducts of the
synthesis, amorphous carbon, multiwalled carbon nanotubes
(MWNT) and graphite [48–51]. The common interpretation for
the TGA data attributes the 300–350 �C temperature interval to
the oxidation of amorphous carbon, 400–650 �C to carbon nano-
tubes (single- and multi-walled) and higher temperatures (over
700 �C) to graphitic forms. Fig. 10 shows the inverted DTG spectra
(derivative of the TG variation with temperature) collected for the
as-reacted catalyst and normalized per mg carbon in the sample.

A slight weight increase at the beginning of the oxidation ramp
(around 200–300 �C) is attributed to the oxidation of the metal
components in the system. Oxidation of carbon in all samples oc-
curs in the temperature range characteristic of SWNT. The sample
synthesized on the Co–MCM-41 catalysts has two distinct oxida-
tion peaks in the interval 300–700 �C. This shape has been noted
before in TGA measurements of SWNT synthesized on Co–MCM-
41 and was seen to come mostly from the different displacement
of SWNT bundles in the framework (inside or outside the silica
pores) [42]. Our multiple TEM observations did not identify any
multiwalled carbon nanotubes in the sample. The TGA was also re-
peated after treatment with sodium hydroxide solution to remove
the silica template and hydrochloric acid to remove some of the
metal particles not coated with carbon. Consistent with our
hypothesis, the double peak shape converted to one single peak
(Figs. S7–S9 of Supporting information). This showed that different
tube bundles placement in the template and proximity to metal
particles is most likely responsible for the double peak shape of
the Co–MCM-41 in DTG.

The maximum rate of oxidation occurs at different tempera-
tures for SWNT synthesized on the different catalysts. This can
be seen as an effect of a number of factors. The presence of metal
components in the system can induce pre-combustion effects in
SWNT [48]. The total metal loading in the bimetallic catalysts is
twice that of the monometallic catalysts; therefore, the pre-com-
bustion effects are expected to be more important, i.e. a lower
maximum oxidation rate temperature is expected. Another factor
is the size of the carbon nanotubes. Since the size of the nucleating
particles is smaller in the bimetallic catalysts, it is expected that
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the average diameter of the synthesized SWNT is smaller. Smaller
tubes are expected to oxidize at lower temperatures [48]. Bundling
effects of SWNT are also of importance since larger bundles will be
more resistant to oxidation.

The total carbon yield has been determined from the weight
variation of the sample assuming that only carbon oxidized since
the other two constituents of the system (silica and metals) are sta-
ble over this temperature interval and is expressed as the mass of
total deposited carbon per mass of catalyst in Table 6. The selectiv-
ity for each carbonaceous species was determined based on the
weight variation in its assigned oxidation interval and represents
an approximate value.

A significant increase in the carbon yield is noted with the addi-
tion of Cr. The yield for both bimetallic catalysts is around the same
value 31–33%. When compared to the monometallic catalysts, an
increase by a factor of 2 from the Co–MCM-41 and a factor of al-
most 3 from the CogMCM-41 is noted. Selectivity toward carbon
nanotubes is also increased in the bimetallic catalysts. The high
yield is a consequence of the presence of Cr in the catalysts. As
noted before, the anchoring effect prevents sintering of Co parti-
cles. A larger fraction of the Co is therefore stabilized in the range
favorable for SWNT nucleation.

Stability of the template also plays an important role in the
yield increase. A CoCr–MCM-41 bimetallic catalyst synthesized
by co-incorporation of the same amount of metal as in the CogCr
and CrgCo catalysts showed a very poor structure due to the col-
lapse of the MCM-41. The carbon yield on this catalyst was under
10% (Table S2 of Supporting information).

A note should be made that in our previous investigations of
CoCr–MCM-41 catalysts synthesized by isomorphous substitution
of both metals in the framework within a 3% total metal load limit,
the highest carbon yield obtained was 9.5% [14].
Table 6
Thermal Gravimetric Analysis results for the as-reacted Co–MCM-41, CogMCM-41,
CogCr and CrgCo catalysts.

Catalyst Carbon yield (%) Selectivity (%)

Amorphous carbon SWNT Graphite

Co–MCM-41 14.8 2.8 91.5 5.7
CogMCM-41 11.3 5.3 85.8 8.9
CogCr 33.3 3.0 95.8 1.2
CrgCo 30.8 1.1 96.3 1.6
Raman Spectroscopy represents a good probe into the structure
of the quasi one-dimensional SWNT [52]. Fig. 11 shows the Raman
spectra collected at 785-nm laser wavelength for the as-reacted
catalysts. The spectra collected at 532-nm laser wavelength are
shown in Fig. S10 of Supporting information. The low frequency
Radial Breathing Mode (RBM) under 450 cm�1, the defect-induced
D-band around 1300 cm�1, and the 1D to 2D graphene sheet fold-
ing–induced G-band around 1600 cm�1 provide information on the
diameter and electronic properties of these materials [53,54]. The
RBM region is particularly of interest since it has a strong depen-
dence of the tube diameter.

The electronic density of states of SWNT displays van Hove sin-
gularities in the valence and conduction bands [55]. The Raman
signal of nanotubes is resonantly enhanced if the excitation energy
matches the separations between the pairs of Van Hove singulari-
ties in the one-dimensional electronic density of states of the
SWNT. A Raman spectrum will therefore only show a subset of
all the SWNT identities present in a given sample. As observed
by Pimenta et al. [56], a red shift in energy from the isolated nano-
tubes that is dependent on the tube diameter can occur for bun-
dled SWNT when compared to isolated ones due to laser heating.
The same authors recommend the formula RBM (cm�1) = 219/
(dt + 15) for determining the diameter of SWNT from the position
of the RBM peaks where dt is the tube diameter in nm.

At this excitation wavelength, two RBM signals are dominant in
the monometallic samples corresponding to diameters of 0.75–
0.9 nm. In the bimetallic samples, these two signals become sup-
pressed, and a dominant peak appears at higher RBM correspond-
ing to a diameter of around 0.57 nm. In accordance with the
determined average particle size, the SWNT distribution in the
bimetallic samples shifted to lower values.

The Intermediate Frequency Modes between 600 and
1200 cm�1 are also of interest. In the monometallic samples, a
few weak peaks appear in the interval 800–1200. In the bimetallic
samples, these peaks are much more intense and new features de-
velop. Although these features are not yet readily understood, it is
believed that their intensity will be greater for those nanotubes in
which the E11 and E22 transition energies are close in value such as
near-zigzag tubes. The intensity of the IFM’s was also seen to in-
crease with decreasing tube diameter [57].

The G-band mode has a distinct shape for the bimetallic cata-
lysts. It splits with two distinct lower intensity peaks at 1500
and 1540 cm�1. As noted by Jorio et al. [58], this is an effect of
250 500 750 1000 1250 1500 1750 2000
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Fig. 11. Resonant Raman Spectroscopy of SWNT synthesized on the monometallic
and bimetallic catalysts. Position of the most intense RBM features is marked by
dotted lines, and the corresponding SWNT diameter is shown.



Fig. 12. TEM images collected for the as-reacted catalysts without any further purification treatments. Some of the silica template is also visible in the images.
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the decrease in tube diameter. The high curvature of SWNT leads to
different force constants for G-band modes with atomic vibrations
along the tube axis when compared to modes with vibration in the
circumferential direction, which induces splitting of the G-band.

The ratio between the intensity of the G- and D-bands is high in
all samples, denoting a low density of defects in the SWNT synthe-
sized on all catalysts, in good agreement with the TGA
investigation.

TEM observations of the as-reacted catalysts support the Raman
results. SWNT imaged in the bimetallic catalysts had very small
diameter mostly between 0.55 and 0.70 nm as seen in Fig. 12. A
high abundance of SWNT in the sample was also noted in good
agreement with the high yield from the TGA results. Multiple
TEM observations did not show any tubes with diameter over
1 nm. The largest tube size distribution was observed for the Cog-
MCM-41 catalyst with tube diameters up to 2.5 nm.

To further investigate the shift in diameter distribution, we
have collected photoluminescence data for purified SWNT samples
synthesized on the Co–MCM-41, CogMCM-41, CogCr and CrgCo
catalysts. The PLE maps are shown in Fig. 13.

Fluorescence spectroscopy represents a good method for identi-
fying most (n, m) semiconducting SWNT and their relative abun-
dance [59,60]. Precise composition analysis is difficult at this
time due to the differences in models for the contribution of exci-
tonic processes to the electronic transitions but estimates are pos-
sible [59]. Table 7 shows the relative abundance determined from
the PLE data for the main (n, m) semiconducting SWNT.

From the analysis of the abundance data in Table 7, it is clear
that tubes of smaller diameter are predominant in the bimetallic
catalysts as was indicated by the Raman and TEM analysis. For
example, the (6, 5) and (8, 3) nanotubes both with diameter under
0.8 nm are more than twice more abundant in the bimetallic sam-
ples than in the monometallic ones. Also of interest is the appear-
ance of the (7, 3) nanotube in both bimetallic samples. This tube
has the smallest diameter that can be identified with our current
fluorescence setup.

Notably, the abundance of semiconducting SWNT with diame-
ter of under 0.8 nm represents 25% of the Co–MCM-41 sample,
30% of the CogMCM-41, 70% of CogCr and 66% of CrgCo. This is in
good agreement with the Raman and TEM data identifying a shift
in diameter distribution to smaller tubes in the bimetallic
catalysts.

A note should be made on the very small tubes identified by Ra-
man and TEM analysis. For example, the most intense RBM peak
that appears in the Raman spectra of bimetallic catalysts collected
Table 7
Relative abundance of main semiconducting tubes identified by fluorescence
spectroscopy.

Tube (n, m) Diameter (nm) Relative abundance (%)

Co–MCM-41 CogMCM-41 CogCr CrgCo

6, 5 0.757 15.8 21.0 32.0 36.5
9, 2 0.806 4.1 3.6 5.4 4.6
8, 4 0.840 11.0 9.6 6.5 6.6
11, 1 0.916 1.2 1.0 0.0 0.0
8, 3 0.782 9.2 8.9 23.3 16.9
7, 5 0.898 24.7 29.9 13.2 14.8
7, 6 0.895 11.2 7.2 4.5 4.1
10, 3 0.936 1.6 1.5 0.0 0.0
10, 2 0.884 4.0 2.5 0.0 1.1
9, 4 0.916 4.3 3.6 0.0 1.4
8, 6 0.966 4.4 4.4 1.8 1.6
8, 7 1.032 1.5 2.0 0.0 0.0
9, 5 0.976 1.8 2.0 0.0 0.0
11, 3 1.014 1.2 2.3 0.0 0.0
10, 5 1.050 0.9 1.3 0.0 0.0
7, 3 0.706 0.0 0 13.0 12.3
at 785-nm excitation is at 380 cm�1 corresponding to the (5, 4)
nanotube with a diameter of 0.556 nm [57]. As discussed, the
smallest tube we can identify in fluorescence is (7, 3). It is possible
that even smaller-diameter SWNT are present in the bimetallic
samples.

Small-diameter nanotubes are interesting because their high ra-
dius of curvature confers them unusual electronic properties such
as superconductivity at higher temperature than larger tubes. High
curvature is also associated with properties that vary dramatically
with applied force, enabling switches and non-volatile memories
[61,62].

4. Conclusion

In conclusion, we have demonstrated a novel synthesis route for
bimetallic CoCr–MCM-41 catalysts by combined incorporation and
grafting of two metals in the MCM-41 framework. We have sub-
stantially increased the maximum allowed metal loading in the
MCM-41 catalytic system while maintaining the structural proper-
ties of the MCM-41 framework. The order or method in which the
two metals are added to the MCM-41 structure did not appear to
make any difference in their catalytic properties.

High dispersion of Co nanoparticles was formed and found to be
stable in high-temperature reactive environments. These catalysts
were shown to both increase SWNT yield and allow synthesis of
narrow diameter distributions of small SWNT.
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