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Abstract

Catalyst pretreatment and C@sgroportionation reaction conditions were observeditongly affect the diameter uniformity of single-
wall carbon nanotubes (SWNT) grown on Co-MCM-41 catalysts. The prereduction and CO disproportionation reaction temperatures were
varied systematically while the carbon loading and the SWNT diameter uniformity were monitored by TGA, Raman spectroscopy, and TEM.
The state of the catalyst during prereduction and the size of the cobalt clusters formed during the SWNT growth process were monitored by
in situ XANES during the prereduction of the Co-MCM-41, and ex BXAFS of catalyst samples waggiormed after carbon deposition.
These experiments allow development of correlations between the SWNT quality and the state of the catalyst. Control of the cobalt cluster
size in the Co-MCM-41 catalyst is critical to the SWNT diameter control. The size of the cobalt cluster changes with both the prereduction
and the SWNT synthesis temperatures. SWNT with a very narrow diameter distribution can be grown in Co-MCM-41 by controlling both
the prereduction and the reaction temperatures.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction corporated into the pore wall of the MCM-41 mesoporous
molecular sieve by isomorphous silicon substitution. During
Many recent experimentalglies have been dedicated to the SWNT growth process, cobalt is reduced and nucleates
the synthesis of single wall carbon nanotubes (SWNT) due into metallic clusters that initiate the growth of the carbon
to their special electronicral mechanical propertigd—3]. nanotubes.
SWNT growth techniques explored so far produce either a  Our previous investigations of SWNT growth by carbon
broad distribution of tube diamete4] or SWNT of a nar- monoxide disproportionation showed SWNT vyield, selec-
row diameter distribution at a certain average diameter sizetivity, and diameter uniformity to be strongly influenced
imposed by the process usgg6]. The electronic properties by both catalyst pretreatment and the SWNT growth re-
of the SWNT depend on their diameter and chirality. Most action conditions. Similar observations were previously re-
electronic applications require SWNT of uniform electronic ported by Resasco’s research group working with a different
properties. This requirement may be fulfilled by a synthesis catalytic system consisting of a silica-supported bimetal-
process growing SWNT of uniform diameter and structure. |jc cobalt-molybdenum particld8—10] The sensitivity of
We have recently developed a catalytic system that allows sywNT diameter distribution to growth temperature was also
engineered diameter control of the SWNT produced within 5qgressed by many other researctigis-14] The purpose
+0.05 nm[7]. Mean diameter can be varied over the range of the present contribution is to investigate the influence of
from 0.5 to 1 nm. The cobalt catalytic component is in- e hrocess variables on theagtivity and the diameter uni-
formity of SWNT produced in a monometallic Co-MCM-41
~ * Corresponding author. catalyst and how these are affected by the state of the cat-
E-mail address: lisa.pfefferle@yale.edu (L. Pfefferle). alyst. This is a first critical step toward the optimization of
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the synthesis conditions. The prereduction and reaction tem-2.3. TGA
peratures were varied systematically while monitoring the
carbon yield and selectivity, and the diameter uniformity of ~ Thermal gravimetric analysis (TGA) data were collected
the SWNT produced. The states of the cobalt catalyst in thein a Setaram Setsys 1750 instrument under oxygen flow.
MCM-41 material at different stages of pretreatment and re- Samples were held at 18Q for 1 h before initiating the
action were investigated by extended X-ray absorption fine temperature program. The weight change in the sample
structure (EXAFS), and X-ray absorption near-edge struc- was monitored over the temperature program from 150 to
ture (XANES) was carried out in situ during the prereduction 1000°C at 10°C/min for two successive ramps; the second
step. The ultimate goal is to understand the correlation be-was used as baseline correction for the first. A holey crucible
tween the state of the cobalt catalyst and the quality of the was used to limit mass-transfer interference.
SWNT produced.

2.4. Raman spectroscopy

Raman spectra of the as-synthesized SWNT without any
purification or pretreatment were recorded using an excita-
tion wavelength of 532 nm on a LabRam instrument from
Jobin Yvon Horiba equipped with an Olympus confocal mi-
croscope. The sample having the narrowest diameter distri-
bution was compared with spectra for multiple excitation
wavelength Raman previously reported to confirm these con-
clusiong[7].

2. Experimental
2.1. Catalyst

A Co-MCM-41 catalyst with 1 wt% cobalt loading (an-
alyzed by inductively coupled plasma (ICP) at Galbraith
Laboratories, Inc.) was prepat following the procedure de-
scribed in Ref[15] using a hexadecyltrimethylammonium
bromide (GeH33(CH3)2NBr) as templating material. All
reagents used were reseagiade; the purity of the Cab-
O-Sil fumed silica source was 99.8% with chlorine as the
only identified impurity (78 ppm). Therefore, cobalt is of HR-TEM images of the fresh Co-MCM-41 and of SWNT
very high purity with respect to metals present in our cat- were collected on a Tecnai F20 200 kV microscope. The
alyst. The resulting catalyst showed a high structural order solid samples were dispersed in pure ethanol by sonication
with an average pore diameter (by the BJH methbél) and 0.05 ml of this suspension was dropped on a copper
of 2.85 nm and 0.1 nm full width at half-maximum pore mesh coated with an amorphous holey carbon film. The
size distribution. The pore-size distribution was determined ethanol evaporated prior to the TEM analysis.
from the nitrogen adsorption-desorption isotherms measured
at—196°C with a static volumetric instrument Autosorb-1C  2.6. X-ray absor ption spectroscopy
(Quanta Chrome).

2.5. High-resolution transmission electron microscopy
(HR-TEM)

All X-ray absorption data wre collected at beam line
X23A2, National Synchrotron Light Source, Brookhaven
National Laboratory. Two 30-cm-long ion chambers filled
with pure Nb were placed collinearly with the beam, in front

SWNT were synthesized by CO disproportionation. Fora ang pehind samples, to measure the incident befarasd
typical batch, 200 mg of fresh Co-MCM-41 was loaded into  transmissive beamsr. Two types of samples were mea-
a 10 mm internal diameter quartz reactor pIaCEd inan Omegasured: (|) ex situ Samp|es Consisting of Co-MCM-41 sam-
ceramic fiber radiant heater veh allows precise tempera-  ples loaded with carbon after reaction, and (ii) in situ fresh
ture control throughout the catalyst bed. Prior to exposure to co-MCM-41 samples during hydrogen reduction. For the ex
pure CO (99.5% from Airgas, CO passes through a carbonylsjtu samples, approximately 45 mg of carbon loaded Co-
trap to eliminate Fe pentadzonyl originating from the CO  MCM-41 was pressed into a rectangular wafer (c&. <
container before entering theactor) the catalyst was heated 1 c¢m) to form 0.5-mm-thick pellets. The thickness of pellets
in flowing hydrogen at 1 atm at 2@/min from room tem-  satisfied the condition that the absorption edge steps
perature to a desired reduction temperature in the 400 toat CoK absorption edges are smaller or equal to 1. EXAFS
700°C range and reduced isothermally for 30 min. After the of ex situ samples in transmission mode were recorded from
prereduction, the catalyst was purged with ultrahigh-purity 200 eV below to 1000 eV above the Goedge. The absorp-
argon (99.999% from Airgas) at the reduction temperature, tion edge of Co (7709 eV) was determined by placing a Co
and then heated from the reduction temperature to the de-foil between the ion chambers and this value was used for

2.2. SWNT synthesis

sired reaction temperature at 20/min in flowing argon.
SWNT were grown for 60 min at different temperatures
ranging from 650 to 900C under 6 atm CO pressure.

the edge energy calibration of each sample.
In situ hydrogen reduction experiments were performed
at 500 and 700C with the fresh Co-MCM-41 catalyst in
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order to monitor the state of the catalysts during the hydro- suggesting a wide diameter distribution. Most of the low-
gen pretreatment. At the end of these experiments the Cofrequency, weak RBM peaks were less intense when the
cluster size was determined by EXAFS at room tempera- catalyst was prereduced at 408D and were almost com-
ture. For the in situ experiments 50 mg of fresh Co-MCM-41 pletely removed after the cyst was prereduced at 600.

was pressed at 5 tons into a round self-supporting wafer As reduction temperature was further increased to°T)0
(1.5 cm in diameter) using a hydraulic pellet press. Wafers low-frequency RBM peaks corresponding to larger tubes in-
were placed into the stainlesgeel reaction chamber, which ~ creased again. These resutidicate that catalyst prereduc-
allowed in situ gas treatment and measurement. The cham+ion plays a crucial role for the quality of the SWNT grown
ber is equipped with beryllium windows (0.5 mm thick), gas with this method. The diameter uniformity of the nanotubes
inlet, outlet, liquid nitrogen cooling system, and heating ele- grown with the catalyst prereduced at S@was previously
ments in the sample holder. The temperature was monitoreddemonstrated with multiple excitation wavelength Raman
with a K thermocouple (Omega)aced near the center ofthe  spectroscopy7]. One sample was also analyzed by fluores-
sample holder. Pressure in the chamber was monitored by acence spectroscopy in the laboratory of professor Weisman
pressure gauge (Omega). During the in situ experiment theat Rice[17]. The florescence spectrum obtained using an
sample was heated in flowing hydrogen from room temper- excitation wavelength of 671 nm is shown Fig. 2 along
ature to the desired temperature a@pmin and reduced  With a graphene map showing the (n, m) tubes identified in
isothermally for 30 min. During this period, XANES data the fluorescence experiment, the average diameter observed
were continuously collected from 30 eV below to 50 eV in TEM experiments, and the largest and smallest diame-
above Cok edge, averaging 5 min per scan, for in situ mea- ters predicted by the multiple excitation wavelength Raman
surement of the state of the catalyst during reduction. After experiment described ifY]. Taking into account the RBM
the in situ reduction, samples were quickly cooled in He flow upshift by inter-tube or intrabundle interactions as discussed
to room temperature using a liquid nitrogen heat exchangerin [13], for the 532-nm laser used in this study, the main

in the chamber. EXAFS measments were then performed RBM peak at 256 cm' corresponds to tubes with diameter
to assess the size of the Co clusters formed. around 0.8-0.9 nm determined by several modified models

[18-20] which is consistent with fluorescence, multiple ex-
citation wavelength Raman, and TEM results. These results
show that the diameter uniformity of the SWNT samples
grown in Co-MCM-41 can be assessed using the 532-nm
laser. The wider diameter distribution suggested by the Ra-

: . man spectra of the SWNT grown without catalyst prereduc-
the influence of the pretreatment and synthesis temperature%on was confirmed by TEM. Moreover, the increase in the

on the overall carbon vield, and the selectivity and diameter j.yg gy ot ine REM pealcat 256 crhas the reduction tem-
y P ' perature increased from 400 to 600 is likely due to the

tigated before and after reaction and in situ during re'duction increase of the selectivity for the SWNT identified in fluo-
at twq temperatures by EXAFS and ?(ANES. We will fqr- rescence.
Fher discuss the. effect of each investigated process variable TGA analysis was used to characterize the total car-
in separate sections below. bon loading. Temperature-programmed oxidation was pre-
viously used to distinguish among different carbon species
3.1. Hydrogen pretreatment in sampleg8]. While the amorphous carbon is completely
oxidized at temperatures below 380 and graphite burns
SWNT were grown for 60 min with the catalyst heated to above 750C, the oxidation temperature of the SWNT has
800°C in argon flow or with hydrogen prereduction at differ- peen observed to vary considerably for samples prepared
ent temperatures, as described in the experimental sectionunder different condition§21,22] The wide range of the
The Raman spectra recordediwthe catalysts after SWNT ~ SWNT oxidation temperatures have been attributed to the
growth as a function of different catalyst pretreatment con- differences in the catalytic activity of the metallic particles
ditions are given irFig. 1L Each spectrum was obtained as present in the SWNT sampl¢23]. The presence of tubes
the average of five spectra recorded at different locations onboth inside and outside the pores of the MCM-41 catalyst
the same sample. All spectra showed three types of spectramay induce oxygen mass-transfer limitations and broaden
features: the Raman breathing mode peaks at approximatelythe distribution of SWNT oxidation temperatures. We only
256 cnT! characteristic for the SWNT, the D band around used the TPO data collected in our TGA instrument as a
1300 cnt?! assigned to disordered carbon species, and themeasure of total carbon loading. The total carbon loading
peak complex between 1560 and 1600 ¢énknown as the is given inFig. 3for samples synthesized at different prere-
G band, which is characteristic for ordered carbon speciesduction temperatures. In aggment with the Raman spectra
such as carbon nanotubes and graphite. in Fig. 1, the carbon yield increased as the prereduction tem-
The Raman spectrum for the sample without prereduc- perature increased. This behavior is consistent with metallic
tion in Fig. 1 shows several weak peaks in the RBM region cobalt clusters initiating the growth of SWNT; more cobalt

3. Resultsand discussion

The experiments were designed to systematically follow
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Fig. 1. Raman spectra recorded after SWNT growth with catalyst samples prereduced at different temperatures. The inset shows an enlargenment of the Ra
breathing mode region.

clusters are generated at higlprereduction temperatures plateau temperatures were used, 500 and°@)Q@o probe
and produce more SWNT. However, as the concentrationthe effect of higher prereduction temperature on the forma-
of metallic cobalt increases in the MCM-41 pores, its nu- tion of cobalt clusters. XANES spectra were calibrated to
cleation in larger clusters becomes important and SWNT the same energy grid using a cobalt foil reference.
diameter distribution becomes wider. Spectra were normalized by FEFFHZ4]. Cobalt foil in
Whether the metallic cobalt clusters are generated dur-the XANES region was also included kig. 4 for compar-
ing prereduction or during subsequent exposure to CO is notison. The spectral features associated with different cobalt
clear from the experiments described above. Therefore, westates were observed clearly during the reduction process.
employed in situ XANES spectroscopy during hydrogen re- First, a preedge peak near 7710 eV related to metallic cobalt
duction to investigate the effect of hydrogen pretreatment on was seen to develop as the temperature was increased. After
the state of the cobalt in the Co-MCM-41. The results of this reduction at 500C for 30 min, the preedge peak was similar
investigation were then correlated with the carbon yield dis- to that observed with the fresh catalyst, suggesting incom-
cussed above. plete reduction of Co to the metallic state, while after reduc-
The normalized in situ XANES data collected dur- tion at 700°C a clear metallic preedge peak emerged, sug-
ing the hydrogen temperatuprogrammed reduction of  gesting the presence of fully reduced metallic cobalt clusters.
Co-MCM-41 are shown iffrig. 4. The temperature program  In addition to the preedge feature, the evolution of the white
followed the same pretreatment program used for the cata-line at 7725 eV also correlates with the state of the cobalt
lysts prior to SWNT synthesis described above. Two 30-min in the catalyst. The intensity of the white line, which char-
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Fig. 2. Fluorescence spectra fora SWNT sample grown in Co-MCM-41 pretreated°dt §®8l, and exposed for 60 min to 6 atm CO at 78D. The graphene
map shows the tubes identified in fluorescence, the average tube dianteteniced by TEM, and the diameter range determined from a multiexcitation
wavelength Raman experiment reported elsewfidre

and the Co-0O shells being 4.86 and 1.73, respectively. The

analysis of the EXAFS spectrais discussed in a separate sec-
St tion below.

/. Fig. 1shows that SWNT can be synthesized even without
® catalyst prereduction. However, prereduction increases the
carbon yield, suggesting that hydrogen prereduction may be
more effective in the extractive reduction of cobalt and/or
P make the cobalt ions more susceptible to further reduc-
tion in a CO environment during SWNT synthesis. This
2 | allows more cobalt clusters to form and initiate the growth

No reduction of SWNT. On the other hand, complete reduction to metal
""""""""""""""""""""""""""""""""""""""""""""""""" leads to the formation of metallic clusters during the pre-
reduction treatment. These clusters may sinter into larger

: : : : : : : clusters during heating to the SWNT synthesis temperature,
400 R5°° . 600 700 which will grow SWNT of larger diameters with a broader

eduction temperature, C R 2 . X .
diameter distribution, consistent with the presence of lower
Fig. 3. The carbon yield as a functiofithe catalyst prereduction tempera- ~ frequency RBM peaks observed in the Raman spectra of the
ture. sample prereduced at 700 in Fig. 1 The effect of hydro-
gen reduction temperature on the size and state of cobalt

acterizes cobalt ions, slightly decreased during reduction atclusters formed on Co-MCM-41 is discussed in more detail
500°C, suggesting the cobalt is partially reduced by hydro- €lsewherg25]. From these results it becomes evident that
gen at this temperature by removing some of the oxygen the silica matrix in the Co-MCM-41 impedes rapid cobalt
from its coordination sphere and creating oxygen vacancies.reduction, leading to slow reduction of cobalt and the for-
During reduction for 30 min at 700C, however, the inten- ~ mation of small cobalt clusters highly selective for SWNT
sity of the white line decreasl significantly and a preedge synthesis, consistent with our previous repris It should
spectral feature became appareagiving evidence for the  be noted here that the silica matrix in the Co-MCM-41 may
presence of some completely reduced cobalt clusters. Theplay a similar role to that of molybdenum in the Co—Mo
analysis of the EXAFS spectracorded at room tempera- catalyst, which stabilizes the Co in a cobalt molybdate-like
ture with the sample prereduced at P@also confirmed  compound9].

the presence of coexisting oxidized and completely reduced  Without hydrogen reduction, cobalt was slowly reduced
cobalt species, with the coordination numbers for the Co—Co by CO even at elevated temperatures up to°@Qesulting

Total carbon loading, wt%
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Fig. 4. Normalized XANES spectra near the &b edge recorded during the temperature-paogmed reduction of Co-MCM-41 in hydrogen at 500
and 700°C.

in a weak RBM feature and low carbon loading. When the
catalyst is prereduced in hydrogen at too high a temperature
(e.g., 900C), cobalt aggregates into large particles outside
the MCM-41 pores resulting in poor selectivity for SWNT.
By controlling the hydrogen prereduction at specified con-
ditions, we can produce partially reduced cobalt and obtain .
small Co clusters of a narrow size distribution highly selec- so°c
tive for SWNT. We have observed that the reducibility of the 850°C

cobalt is affected by pore size and template synthesis con- s00°c A/Aff

ditions; thus, the optimum prereduction conditions must be ;gg°g

determined for each set of synthesis variables. ) o ﬁw
Prereduction at 500C has been used for further investi- eeoe

gation of the influence of the SWNT synthesis temperature

on the SWNT growth process performance.

ty, a.u

100 150 200 250 300 350 400

Intens

3.2. SWNT synthesis temperature |

First, the effect of reaction temperature on the quality of
SWNT was investigated. Ramapectra recorded for SWNT \
samples resulting from synthesis at different reaction tem- J :
peratures are given iRig. 5. Each spectrum is the average | -
of five spectra recorded at difent locations in the same St T
sample. The ratio between the areas of the D and G bands "\RBM
(Ip/Ic) was used as a purity index to qualitatively assess . .
the amount of defective carbon in samples reacted at differ- 300 600
ent temperatures. It should be noted here that this is only a Raman shift, cm
relative assessment as these bands arise from both resonant

and nonresonant contributions. Fig. 5. Raman spectra recorded for catalyst samples after SWNT synthesis
All of the Co-MCM-41 samples were prereduced at at different temperatures using a catalyst pretreated 30 min in hydrogen
° . . at 500°C. The inset shows an enlargement of the Raman breathing mode
500°C and reacted for 60 min at 6 atm with pure CO at region.
constant temperatures ranging from 650 to 900AIl of

these catalysts produced SWNT. From the spectral features

in the RBM region inFig. 5 the Raman spectra of the analysis. As the reaction tenagure increases, the peaks in
sample reacted at 63C shows many weak peaks over a the RBM region become stronger with a narrow, single peak
broad region indicative of a broad diameter distribution. The centered at 256 crt. The diameter uniformity of the nano-
wide distribution of tube diaeters was also evidentin TEM  tubes suggested by the Raman spectra obtained using the

D G

900 1200 1500 1800
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Fig. 6. TEM images showing the diameter distribution of SWNT synthesized &t@%A) and 900°C (B).

532-nm laser was confirmed by TEM experiments on sev-  g30F g

eral grids with specimens grown in different batches under @
identical experimental conditions, and by a multiple exci- ~ 0-25T
tation wavelength Raman spectroscopy experiment on one 020F
of these samples as reported elsewH&ie The diameter o
distribution becomes broades the reaction temperatures —0.15r u
increases beyond 75C, with spectra recorded for the sam-

- . . 010
ple obtained after reaction at 990 showing several peaks, -
indicative of SWNT of several diameters. The wide diameter  0.05 \
distribution resulting after reaction at 990 was also con- I -

0.00} —n u

firmed by TEM; an example of the images is showfig. 6.
Note that the SWNT synthesized at 78D(micrograph Ain

. . [ J
Fig. 6) are in a close-packed hexagonal arrangement, charac- , 4.0t ®)
teristic of tubular structures having uniform diametg§].
®
/.

By contrast, the tubes imaged in the sample grown af@00
(image B inFig. 6) give evidence of tubes of several dif-
ferent diameters. Observation of several peaks in the RBM
region for the SWNT grown with the Co-MCM-41 catalyst
is direct evidence that thed®an spectroscopy using the
532-nm laser line is sensitive to the broadening of the diam-
eter distribution of the SWNT in our samples, and can be
used as a relative measure of diameter uniformity. . . . . . |
The total carbon loading is shown Kig. 7 for the sam- 650 700 750 800 850 900
ples synthesized at different temperatures, along with the
purity index defined above. As the SWNT synthesis temper-
ature increased from 650 to 90G, the purity indexip/Ic Fig. 7. Variation of the puritylp/Ig index (a) and of the total carbon
decreased from 0.29 to less than 0.01, suggesting the amountield (b) as functions of the\BNT synthesis temperature.
of ordered carbon (SWNT or graphite) increased with in-
creasing temperature. The tbtarbon loading determined  results suggest that at higher temperatures the Co-MCM-41
by TGA increased from 2.1 to 4.1% when the reaction tem- is less active for carbon deposition. The temperature cor-
perature increased from 650 to 800, then decreased to  responding to the maximum carbon yield was observed to
2.1% as reaction temperature increased to°@)Owhich increase as the pore size of the MCM-41 template decreases,
indicates a maximum in the carbon yield at approximately and this effect is most likely related to the reducibility of the
800°C. Although the decrease of the carbon yield at tem- metal in the MCM-41 framework which was observed to de-
peratures higher than 80C may convolute the effect of the  crease as the pore size decred26k
thermodynamic equilibrium of the CO disproportionation A broader distribution of SWNT diameter, as determined
reaction which is disfavored by higher temperatures, theseby Raman spectroscopy using the 532-nm laser excita-

@
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T

Total carbon loading, wt%
N w
3] o

o——9© ®

N
o
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Reaction temperature, °C
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rate of initiation of the SWNT growth, so that, before the
cobalt cluster initiates the growth of a SWNT, it migrates
and combines with other Co clusters to give larger metal-
lic clusters, mostly outside the MCM-41 pores. As the size
of the cobalt clusters increases, their selectivity for SWNT
decreases; they form a surface graphite layer which makes
them inactive for CO disproportionation. This is consistent
with lower carbon yield at synthesis temperatures higher
than 800°C and more graphite on the surface as the synthe-
sis temperature increases beyond 800Indeed, the TEM
micrograph inFig. 8 recorded with the sample reacted at
900°C gives clear evidence of the presence of large cobalt
particles covered with graphite. These particles cannot be
dissolved in HCI from the SWNT samples removed from
the template, likely becausegftompact graphite layer im-
pedes the access of the acid to the metallic particle. When a
prepurified SWNT sample was exposed to microwave radia-
tion, partial oxidation of the covering graphite layer resulted
allowing more cobalt to dissolve in a subsequent HCI treat-
ment.
Fig. 8. Transmission electron micraegth showing a large cobalt particle . If the proposgd mechgnlsm is valid, a slow cobalt reduc-
formed during reaction at 90T and covered with a continuous layer of  tION process during reaction produces smaller cobalt clusters
carbon. Arrows indicate the lattice spacing of the Co particle (1) and the at lower temperatures, highly selective for SWNT synthesis,
continuous carbon layer covering the Co particle (2). and the size of the cobalt clusters should vary with reac-
tion temperature. Such differences in the cobalt clusters size
tion wavelength, was previously reported by Resasco andwere investigated for samples reacted at different tempera-
co-workers for SWNT samples grown at higher tempera- tures by EXAFS. The X-ray absorption spectra were ana-
tures[27]. However, when compared to the Co—Mo catalyst, lyzed following the procedwr described elsewhe{29,30]
the Co-MCM-41 catalyst behaves differently with respect to in four steps. (1) The edge energies were referenced to the
the carbon yield observed in the same temperature rangeedge energy measured with the cobalt foil; background re-
The carbon yield obtained with the Co—Mo catalyst de- moval and edge-step normalization were performed using
creases as the SWNT growth temperature increases fromthe FEFFIT[24]. Full range spectra are shown fig. 9.
600 to 800 C [28]. The authors explained the decrease of (2) The white line features and the preedge peak details near
the carbon yield by an increased rate of catalyst deactiva-the CoK edge (7709 eV) were investigated as depicted in
tion at higher temperatures. The carbon yield observed with Fig. 10 (3) FEFFIT was subsequently used to fit the EXAFS
the Co-MCM-41 catalyst increased when the temperature function using paths for metallic and oxidized cobalt species
increased from 650 to 80 and only decreased as the tem- (Co, CgO4) as generated by the FEFF6 progrg8h]. The
perature further increased above 8@0 fitting was limited to & range of 2.2-10.0 AL, k weighted,
Along the lines of the proposed mechanism in which the with modified Hanning windowsfk = 1.0 A-1, and anr
initially atomically dispersed cobalt ions are partially re- range from 1.2 to 2.7 A. The parametric sensitivity analysis
duced in the pretreatment sggand then further reduced to  performed for different windowsR ranges, andk values
metallic cobalt clusters during SWNT growth, we explain showed that the fitting results were not significantly affected,
both the low carbon yield and the poor selectivity of the while the best fittings were obtained with the values given
sample reacted at 65C by the low number of Co clus- above. The fitting results are plotted fiig. 11and the re-
ters available for SWNT growth. As the reaction temperature sulting Co—Co and Co-O first shell coordination numbers
increases, the rate of cobalt reduction increases and morare given inTable 1and plotted against the reaction tem-
cobalt clusters nucleate to reach the optimal size for SWNT perature inFig. 12 (4) The Co—Co first shell coordination
growth. This is consistent with the carbon yield increasing as numbers were used to estimate the average cobalt clusters
the reaction temperature increases between 650 anttlB00 size in the Co-MCM-41 catalysts after reaction at different
However, as the temperature increases, so does the mobilitgemperatures.
of Co clusters in the MCM-41 pores and the rate of sintering,  Fig. 9ashows the reaction temperature-dependent nor-
in agreement with the hypothesis proposed by the Resascamalized absorption coefficient as a function of the scanning
group[27,28] On the other hand, as a cobalt cluster initiates energy. Several changes in the EXAFS were observed in this
the growth of a SWNT, it becomes covered with carbon and data. The fresh Co-MCM-41 has a strong white line cen-
cannot further sinter into larger metallic clusters. At a certain tered at 7725 eV, while the cobalt foil has only a very weak
temperature the rate of cobalt cluster formation surpasses thavhite line. The spectra recaed for samples reacted at dif-
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Fig. 9. EXAFS data for Co-MCM-41 catalysts after reaction at different temperatures. The fresh Co-MCM-41 and the cobalt foil are given as references.
(a) Normalized EXAFS data calibrated relative to the cobalt foil. (b) Fheveighted EXAFS data in the space.

Table 1

Structure parameters of Co-MCM-41 catalysts from EXAFS fitting

Reaction temperature Co-O first shell Co—Cao first shell

CC) Nco-0? dR® (R) o2¢ Nco-co? dR® (R) o2¢
700 198+ 0.85 014+0.02 088 346+ 151 —0.05+0.02 116
750 131+ 0.60 014+ 0.02 089 501+1.26 —0.03+0.01 083
800 Q73+ 0.27 013+0.01 148 710+ 0.87 —0.02+0.01 080
850 024+0.20 012+0.02 194 862+ 0.85 —0.02+0.01 072
900 Q17+0.20 012+ 0.03 215 897+ 1.05 —0.02+0.01 071

& Nco-o average first shell coordination of cobalt—oxygen.

b 4R deviation from the effective half-path-lengfh (R is the interatomic distance for single scattering paths).
¢ 52(x10~2 A2) mean-square deviation iR.

d Neo-co average first shell coordination of cobalt.

ferent temperature were located between the spectrum of thek space. The shifts in the peak position and magnitude are
fresh Co-MCM-41 and that of the cobalt foil. The effect of related to both different cobalt states and cluster sizes. The
the reaction temperature is also illustrated by the changesspectrum recorded for the Co-MCM-41 reacted at 900

in EXAFS amplitude seen across the higher energy range.is close to that of the cobalt foil with respect to both posi-
Fig. 9bshows the same EXFAS data shownrFig. 9ain a tion and magnitude, suggesting that cobalt was almost com-
k2-weightedk space £ is the photoelectron wavenumber). pletely reduced after reaction at 90D, while the spectra of
The effect of the reaction temgaure is even more clearly the Co-MCM-41 reacted at 70C is very close to that of
presented irk space. The peaks for the cobalt foil (cobalt the fresh Co-MCM-41, showing that a significant fraction of
in a metallic state) and for the fresh Co-MCM-41 (Co in the cobaltis still in the oxidized state after reaction at this lower
oxidized state) exhibit different positions and magnitudes in temperature. The spectrum of the sample reacted at@00
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showed, as expected, an inteuiae state between those of

[ |
the samples reacted at 700 and 9G0 A ./ |
Fig. 10 illustrates the EXAFS spectra near the ®o PN le
edge (7709 eV) obtained with Co-MCM-41 samples after
A ||

reaction at different temperatures. The spectrum recorded s

with the Co foil reference is also given for comparison. The
preedge peaks indicate that cobalt in the fresh Co-MCM-41 |
is a mixture of C8* and CJd* in tetrahedral and dis-
torted tetrahedral coordinations with a pseudo-octahedralg | A
environment, most likely due to hydration, as discussed else-§ 5

| | -5
where[15]. The cobalt foil has a strong preedge peak as- / \ 1
L - ‘\_4

10

coordination number
Jaquinu UoIJBUIPIO0D 0D-00)

signed to metallic cobalt. The increase of the preedge feature A 4
for the Co-MCM-41 catalyst as the reaction temperature in- 4, s
creased constitutes direct evidence for the increase in the 700 750 800 850 800
cobalt reduction to metallic cobalt as SWNT are synthesized Reaction temperature, °C

at higher temperatures.

The white line feature is assigned to unfilled d states at the
Fermi level. For metals with completely filled d states (e.g.,
copper) the absorption edge is of the form of a simple step
function; the intensity of the white line increases with the atures, and thus were subsequently set constant at 5.57 eV
number of unfilled d statef82]. The changes in the white- ~ for the Co—Co shells and 2.41 eV for the Co-O shells. The
line intensity have been used to characterize the d-hole pop-Passive electron reduction factdif) was set to 0.9, as rec-
ulations in alloyg33]. For metallic cobalt the presence of 7 ommended by Rehr and co-work¢8§]. Consequently, the
electrons in d orbitals gives a weak white line, while for the fitting was performed having only the coordination numbers
oxidized cobalt with fewer electrons in d states the white line and the radial distance of each shell as variables.
is stronger. Partial reduction of cobalt in the Co-MCM-41  The k-weighted EXAFS spewt recorded with the sam-
catalyst during SWNT synthesis was evident from the de- ples after reaction at 700, 800, and 9@ are shown in
crease in the intensity of the white line between the fresh Fig. 11 along with the fitting results obtained using the
Co-MCM-41 and the completely reduced Co foil observed two theoretically calculated paths. There is good overall
in Fig. 10 The inset inFig. 10shows the variation of the in-  agreement between the fitting and the experimental data
tensity of the white line with the reaction temperature. The for all samples. The peaks related to the Co—-O bond de-
spectra of the fresh Co-MCM-41 and of the Co foil have creased when the reaction tempgareincreased, mostlikely
white-line intensities of 1.53 and 0.95, respectively. As the because of the higher degree of reduction in the samples re-
reaction temperature increases from 700 to 9DOthe in- acted at higher temperatures. In contrast, the intensity of the
tensity of the white line decreased from 1.44 to 1.00, clearly Co—Co peak increased for samples reacted at higher tem-
showing different degrees of cobalt reduction for reaction at peratures consistent with a higher degree of Co reduction to
different temperatures. Higheeaction temperatures cause Mmetallic clusters. The structural parameters resulting from
more cobalt reduction. After reaction at low temperatures the fitting using the two paths and their estimated errors
(lower than 750C), a large fraction of the cobalt remained are presented iffable 1 and the decrease of Co-O coor-
oxidized, consistent with the lower carbon yield observed in dination numbers and the increase of Co—Co coordination
Fig. 7. As the reaction temperature increased above’8)0  number with the increase of reaction temperature are illus-
the cobalt was almost quantitatively reduced. trated graphically irFig. 12

Because in Co-MCM-41 there is a mixture of &oand As previously reported, EXAFS has been widely used to
Co3t, there are two different Co—O bonds: a short Co—O determine the size of nanoparticles because of the strong and
bond in Ce0Os3 and a longer Co—O bondin CoO. FEFF6 gen- nonlinear correlation betweenetparticle diameter and the
erated two main Co—O paths from the crystalline structure of coordination number of atoms in small clustgfg We also
Co0304 [34] related to the two different Co—O bond lengths. used the Co—Co first shell coordination number fitted from
Using each of these two paths, and both of them simulta- EXAFS spectra recorded witbatalyst samples after reac-
neously, to fit the fresh Co-MCM-41 we observed that the tion at different temperatures to determine the approximate
path corresponding to the short Co—O bond gave an acceptsize of the cobalt cluster formed during SWNT growth in an
able fitting for a coordination number of 4, and adding the attempt to establish a correlation with the diameter distrib-
second path did not significantly improve the fitting. There- ution of SWNT produced. We have built(d11)-truncated
fore, we used only two scattering paths to fit the data: the hemispherical cuboctahedron model to correlate the cobalt
first Co—O path in CgO4 and the first Co—Co path in Co cluster diameter with the average first shell coordination
metal. The energy shifts for each shell were observed to number. The variation in the Co coordination number with
have small changes for samples reacted at different temperthe cluster size is given by the curve kig. 13 Average

Fig. 12. Coordination numbers of the first Co—O and Co—Co shells as a
function of reaction temperature, as fitted from the EXFAS spectra.



464

Cobalt clusters after reaction

251 at different temperatures

Cobalt Cluster Diameter, A
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Ne,.c, average first shell coordination number

Co-Ci

Fig. 13. Variation of the Co—Co coordination number with the first shell
with the cluster diameter determined for the colgali1)-truncated hemi-
spherical cubic octahedron model. The round gray symbols show the coor-
dination numbers determined frometanalysis of the EXAFS spectra.

coordination numbers for cobalt in Co-MCM-41 after reac-
tion are plotted on the theoretical curve along with approx-
imate cluster sizes. The rdsishow the expected increase
in cluster size as a function of reaction temperature with
a jump between 800 and 85Q. Correlating these results
with the Raman spectra Fig. 5provides a direct confirma-
tion of our hypothesis that small cobalt clusters form SWNT
of very narrow diameter distribution. However, it is impor-
tant to note here that, as discussed by Frenkel d8€],

the geometry of clusters with different sizes, shapes, or lat-
tice symmetries generate different coordination numbers.
Although the(111-truncated hemispherical cuboctahedron
model provides a good approximation, the cobalt clusters
may have different shapes. In fact, the shapes are likely
influenced by ultrasmall particles interacting with the pore
wall of the MCM-41 materialThese cluster diameters de-
termined by EXAFS only give an average approximation
for the cluster sizes. Also, as discussedh the metal-

lic particles formed outside the pore system are more likely
to sinter and grow into larger particles than those inside the

Y. Chen et al. / Journal of Catalysis 225 (2004) 453-465

4. Conclusions

A systematic investigation of the influence of the cata-
lyst pretreatment and nanotube synthesis temperature on the
characteristics of the SWNT alineter distribution produced
in Co-MCM-41 was carried out. The results obtained by
TGA, Raman spectroscopy, and HR-TEM, combined with
EXAFS and XANES spectroscopy suggest that the diame-
ter distribution and quality of SWNT in Co-MCM-41 can be
engineered by controlling colh@luster size through the hy-
drogen prereduction and the reaction temperature. Cobalt in
Co-MCM-41 becomes more active for SWNT growth after
partial reduction by hydrogen. The catalysts that are exces-
sively reduced prior to exposure to CO form SWNT with a
wider diameter distribution. A narrow distribution of SWNT
diameter can be achieved at an optimized prereduction and
reaction temperature, i.e., prereduction at 500-=&@nd
reaction at 750—800C. The control of cobalt cluster sizes
in Co-MCM-41 is the key to SWNT diameter control. The
Co?t isomorphously substituted for silica in the MCM-41
framework is stable under severe reaction conditions, al-
lowing slow reduction and nucleation of metallic clusters
for production of large carbon yields at high reaction tem-
peratures with high selectivity for SWNT and narrow tube
diameter distribution.
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