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Pseudomorphic Synthesis of Large-Particle CoMCM-41
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Large-particle (15 and 40m) Co—MCM-41 was synthesized using a pseudomorphic transformation.
To maintain the spherical shape of the parent silica particles, overcondensation of silanol groups has to
be avoided under a moderately basic synthesis condition. After 4 days of autoclaving°& W@ the
Co—MCM-41 synthesis solution of which the initial pH was adjusted to 12.0, nonruptured spherical
Co—MCM-41 particles, having one-dimensional pores in which Co ions are highly dispersed, were
successfully synthesized. The reduction stability of this catalyst was affected by Co ion location controlled
by pH adjustment and hydrogen spillover from residual cobalt oxide on the surface, which had not been
incorporated into the silica matrix.

Introduction MCM-41 particles can be considered as pseudomorphs of
the silica gel grains used in the synthesis. Each silica grain
can behave like a microreactor in which silica may be
dissolved by the alkaline solution, and silica species interact
with surfactant to form the MCM-41 pore structure, as in
the usual synthesis procedure. Pseudomorphic synthesis of
pure siliceous MCM-41 using large silica particles; B

um in diameter, was first introduced by Martin et al. in 2302,
applied to a separation medidhand expanded to MCM-

Metal ion incorporated MCM-41 is a useful and effective
catalyst for various catalytic reactions. The flexible frame-
work (noncrystalline) structure of MCM-41 enables relatively
facile introduction of a broad range of metal ions without
structural collapse. Isomorphous substitution of Si by various
metal ions of substantially improved physicochemical stabil-
ity of active components has resulted in improved catalysts

for several reactions.®However, small particle size with 489 These processes are for pure siliceous mesoporous
extremely high porosity, which results from the initial silica materials and utilize NaOH. However, for the application to
sources, may present unexpected challenges. For exampIeMCM_41 as a catalytic material, metal ion incorporated

the Ic_)w bulk_dgnsity of CeMCM-41 is_a_major barrier for . MCM-41, sodium has a negative effect in the substitution
use in a fluidized-bed reactor. A fluidized-bed reactor is of metal ions and catalytic reaction, as well as stability.

considered as a promising approach for the catalytic growth ;i distribution of metal ions through the pore surface

of carbon nagptu.tt))es. on Iail large slcaledwnh ahun]iform bedis a key property in the metal ion incorporated MCM-41
temperature distribution. For templated growth of @ nano- cohared 1o pure siliceous MCM-41,

structure, i.e., BMg and GaN, fewer defects and longer length In thi dv. theref di is introduced
are required to obtain the expected electrochemical proper-f n; IS stu é”t ere tc:.re, a nc;}n—s.o “;%ggij?l's |ntt1r.ohuce
ties. To satisfy these requirements, metal ion incorporated or the pseudomorphic synthesis o ~+1, whic

MCM-41 with large spherical particles consisting of pores me:jy bﬁ applitlad toa W,ide range of mgtal iodnsb. The physical
all the way through the particle with uniform distribution of and chemica propgrtles were myes’ugate Y temperature
metal ions is required. programmed reduction (TPR), nitrogen physisorption, and

The concept of pseudomorphism may be a synthesisscanmng electron micrograph (SEM) to suggest a set of

approach for large-particle MCM-41 catalyst applications. preferred synthesis conditions for obtaining a successful Co
) : . MCM-41 pseudomorph.

A pseudomorph, in mineralogy, is a crystal or other body

consisting of one mineral but having the form or shape of

another, a consequence of having been formed by substitu-

tion, or by chemical or physical alteration. In this study,

Experimental Section

A non-sodium process was used to synthesize-KBGM-41
following the detailed synthesis procedure described elsevihiére.
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Table 1. Sample List Investigated in This Study

sampled size fum) cobalt source sodium yes/no autoclaving time (days) initial pH silica source
SI-1 15
SI-2 40
CM-1 15 sodium hexanitro cobaltate Y 1 SI-1
CM-2 15 cobalt sulfate Y (NaOH) 1 SI-1
CM-3 15 cobalt sulfate N 6 11.5 SI-1 and TMAS;
CM-4 40 cobalt sulfate N 6 11.5 SI-2 and TMASI
CM-5 15 cobalt sulfate N 4 12.0 SI-1 and TMASI
CM-6 15 cobalt sulfate N 4 11.5 SI-1 and TMAS;
CM-7 15 cobalt sulfate N 4 11.0 SI-1 and TMASI
CM-8 15 cobalt sulfate N 4 10.5 SI-1 and TMASI
CM-9 0.2-0.3 cobalt sulfate N 6 115 Cab-O-Sil

asl-1: 15um parental silica; SI-2: 40m parental silica; CM-1: CoeMCM-41 synthesized using sodium hexanitro cobaltate as cobalt source, autoclaved
for 1 day at 100°C; CM-2: Co-MCM-41 synthesized using sodium hydroxide, autoclaved for 1 day aP@OCM-3: Co-MCM-41 synthesized using
SI-1 as a silica source, non-sodium process, initial-pH 1.5, autoclaved for 6 days at 10Q; CM-4: Co-MCM-41 synthesized using SI-2 as a silica
source, non-sodium process, initial pH11.5, autoclaved for 6 days at 100; CM-5: Co—-MCM-41 synthesized using SI-1 as a silica source, non-sodium
process, initial pH= 12.0, autoclaved for 4 days at 100; CM-6: Co-MCM-41 synthesized using SI-1 as a silica source, non-sodium process, initial pH
= 11.5, autoclaved for 4 days at 100; CM-7: Co-MCM-41 synthesized using Sl-1 as a silica source, non-sodium process, initialdHO, autoclaved
for 4 days at 100C; CM-8: Co—-MCM-41 synthesized using SI-1 as a silica source, non-sodium process, initial ph5, autoclaved for 4 days at 100
°C; CM-9: Co-MCM-41 synthesized using Cab-O-Sil as a silica source, non-sodium process, initralldtb, autoclaved for 6 days at 100. P TMASI
is tetramethylammonium silicate, (GANOH-2SiO,

Two different sizes of spherical silica, 18m (99.99% SiQ, analysis. All samples were coated with gold for 10 min (about 10
Kromasil, Eka Chem.) and 40m (99.9% SiQ, Fluka), were used nm of gold film thickness) before analysis. The acceleration voltage
as parent silica, and the resulting samples were compared to thewas 10 kV, and the spot size was 3 with 0.3 mm of working
sample synthesized using fumed silica, Cab-O-Sil (Sigma-Aldrich, distance.

0.2-0.3 um). All the Co-MCM-41 catalysts have the same

chemical composition ratio, which is Si:Co:surfactanOH= 1:0.01: Results and Discussion

0.27:86. Two sodium-containing samples were also prepared as

reference samples using NaOH and sodium hexanitro cobaltaie (Na ~ As mentioned above, the presence of Na cations has a
Co(NQy)s, Sigma-Aldrich), following the recipe reported by Martin - negative effect on the incorporation of some heteroatoms in
etal’ Table 1 shows a list of the synthesized samples in this study, the silica framework? For the synthesis of single-wall carbon
and each sample’s name was symbolized for convenience. Effectshgnotubes (SWNT), the uniform distribution of a single
of particle size and initial pH of the synthesis solution were species of Co ion (C0) in the silica framework is critical

investigated by assessing the reduction properties and stability, o .5 56 the quality of carbon nanotubes is directly related
physical structure, and morphology using TPRpiysisorption, to the reducibility of Co ions. The existence of Na ions in

and SEM, respectively. . - . .
The reduction stability and properties of the -@4CM-41 the synthesis solution may cause inhomogeneous incorpora-

samples were investigated by a hydrogen TPR technique using ation of Co ions in the framework, resulting in different
thermal conductivity detector (TCD) of a gas chromatograph (6890 Species of Co having different reduction stability. This
plus, Agilent). Approximately 200 mg of each sample was loaded heterogeneity in the reduction properties produces different
into a quartz cell. Prior to each TPR run, the sample cell was purgedsizes of carbon nanotubes and shows low selectivity to
by ultra zero grade air at room temperature, and then the temperatureSWNT. The importance of the chemical purity was discussed
was increased to 500C at 5°C/min, soaked fol h at thesame in detail elsewheré®

temperature, and cooled to room temperature. This proced.ure To investigate the effect of sodium ions on the reduction

produces a clean surface with a uniform d_egree of dehydration behavior of Ce-MCM-41, two sodium-containing Ge

before running the TPR. The gas flow was switched to 5% hydrogen . . .
MCM-41 samples were synthesized following Martin et al.

in argon balance, and the baseline was monitored until stable. After ) ) ) .
baseline stabilization, the sample cell was heated & min up The chemical properties and reduction behavior were the

to 850 °C and held fo 1 h at thesame temperature to ensure Priorities of this study. Figure 1 shows the hydrogen TPR
complete cobalt reduction. An acetone-dry ice trap was installed results of the sodium-containing EMCM-41 samples,
between the sample cell and the TCD to condense water, producedM-1 and CM-2, and non-sodium-containing -€&CM-
by sample reduction. 41 samples, CM-3, CM-4, and CM-9. (For a detailed
Nitrogen physisorption was carried out-al96 °C with a static description of the sample symbols, see Table 1.) When the
volumetric instrument Autosorb-3B (Quantachrome) to obtain samples contain sodium, CM-1 and CM-2, there are two
physical information on the CeMCM-41 samples synthesized gitferent distinct reduction peaks in the reduction range of
under different conditions. Prior to measurement, the4samp|es Werensn_sodium samples, indicating nonhomogeneous distribu-
outgassed at 200 to a residual pressure belowd10™ Torr. A tion of cobalt ions in the sample. This may be attributed to

Baratron pressure transducer (0.6AD Torr) was used for low- th it in the i h bstituti f sili
pressure measurements. The pore volume and porosity were € competition in the 1Isomorphous substitution of silica

calculated from the desorption isotherms using the BJH method. P&tween Co and sodium ions during the synthesis procedure.
Although the BJH method underestimates the mesopore size, theNonhomogeneity in reduction of GMCM-41 produces
pore size distribution determined in our study provides reliable Multiple sizes of cobalt metal clusters on the surface under
results that can be used for the relative comparison of the the reaction conditions of SWNT, resulting in a broad range
synthesized samplés.

The morphology of CeMCM-41 pseudomorphs and parent (12) pena, M. L. Kan, Q.; Corma, A.; Rey, Microporous Mesoporous
silica was observed by SEM (XL-30 ESEM-FEG, FEI Company) Mater. 2001, 44, 9.
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simultaneous control of condensation time and the initial pH
of the synthesis solution is critical. For a parent silica with
a low initial pore volume, the particles cannot accommodate
the formation of MCM-41 and burst during the synthésis.
The pore volumes of parent silica used in this study were
1.29 cnd/g for SI-1 and 0.87 ci#fg for SI-2, which are greater
than those reported elsewhéréhus, only autoclaving time
and pH effects are considered in this study. Figure 3, SEM
pictures of the parent silica and the €8ICM-41 pseudo-
morphs, confirm particle rupture as a result of overconden-
sation of silanol groups. The sodium-containing samples,
CM-1 and CM-2, show a significant amount of amorphous
silica resulting from particle rupture under a highly basic
synthesis condition, although these samples were autoclaved
[ et . : for only 1 day. This amorphous silica contributes to the
300 400 500 600 700 800 Thrat850°C increase of nitrogen adsorption volume at a high relative
Temperature (°C) pressure. By a simple nitrogen physisorption, therefore, the

Figure 1. Hydrogen temperature-programmed reduction (TPR) profiles of degree of rupture of spherical silica can be estimated.
Co—MCM-41 samples synthesized pseudomorphically. (For sample iden-  To avoid particle rupture by overcondensation and highly
tification, see Table 1.) basic conditions, 4 days of autoclaving was utilized instead
of 6 days, and the initial pH of the CaMICM-41 synthesis
solution was adjusted from 10.5 to 12.0 in steps of 0.5. Figure
4 shows SEM images of these samples (CM-5, CM-6, CM-
7, and CM-8) compared to the parent silica (SI-1) and CM-3
(initial pH = 11.5 and autoclaved for 6 days). All four €o
MCM-41 samples (CM-5, CM-6, CM-7, and CM-8) maintain
the morphology of the parent silica without significant
rupture, which can be clearly distinguished from CM-3
(Figure 4b). Less deformation of particles can be noted as
the initial pH decreases, which was as predicted. However,
less dissolution of silica inside the particle might happen
under lower pH, resulting in incomplete formation of -€o
MCM-41 physically and chemically. Therefore, further
characterizations of these samples were performed using
nitrogen physisorption for physical properties and hydrogen
TPR for chemical properties.

Hydrogen consumption (a.u.)

of tube sizes and/or showing low selectivity for SWNT.
Therefore, the sodium-containing samples are excluded from
further consideration here. On the other hand;-GCM-

41 pseudomorphs synthesized by a non-sodium-containing
method, CM-3 and CM-4, show the same homogeneous
reduction patterns of Cb ions as the sample used for the
synthesis of high-quality SWNT earlier, CM#9%12 This
suggests that CoMCM-41 pseudomorphs may be directly
applied to the synthesis of SWNT.

Nitrogen physisorption was performed with CM-3 and
CM-4, and the results were compared to those of the parent
silicas, Sl-1 and SI-2, as shown in Figure 2. Spherical parent
silica having diameters of 15 and 4@ show a broad pore
size distribution because there is no regular structure
developed inside the particles. However, after autoclaving
for 6 days with a templating material and pH adjustment, a ) i i . )
distinct capillary condensation appears in the isotherms and Nitrogen physisorption, as shown in Figure 5, was
a narrow pore size distribution developed, which averaged Performed for Ce-MCM-41 pseudomorphs synthesized
around 30 A regardless of the particle size. This indicates, Under the different initial pH for 4 days and compared with
at least from the physical point of view, that a successful Parent silica (SI-1). Parent silica shows a hysteresis loop
synthesis of CeMCM-41 has been achieved, and pseudo- around a relative pressure equal to 0.7, which represents

morphs are confirmed by the SEM morphology. There is no YPical ink-bottle-shaped pores. There is no further phys-
visual difference in the nitrogen physisorption results of isorption at high relative pressure, caused by interparticle

CM-3 and CM-4, although the parent silica of two samples SPace, because of the clean spherical ;hape, as seen in SEM
has different particle sizes and physical structure inside the'mages. If, therefore, there were particle rupture, random
silica spheres, as shown in Figure 2. The nitrogen adsorptionShapes of amorphous silica would create space between
volume of CM-3 and CM-4 neap/p, = 1 increases as partlples, resulting in adsqrptlon volume increase at hlgh
compared to that of the parent silica, which may be due to re_Iat_|ve pressure. _Parent S|I|_ca also ShOWS a broad pore size
newly created interparticle space caused by rupture of somedistribution, showing the highest fraction around 80 A.
spherical particles after 6 days of autoclaving. Each particle HOWever, after a successful pseudomorphic synthesis 6f Co
behaves like a microreactor in which silica is dissolved by MCM-41, the maximum volume fraction of the pore size
the basic solution and silicate species interact with the Shifted to 30 A, showing a narrow distribution. Figure 5a
surfactant to form the MCM-41 structufef the autoclaving ~ d0€S not show a sudden increase in adsorption volume,
time is too long, the spherical structure may be destroyed regardless of the initial pH, in the high relative pressure range

by overcondensation of the silanol groups, and this also canUnlike the samples autoclaved for & days (Figure 2),
happen at high pH of the initial solution. Therefore, Suggesting no significant particle rupture. Another parameter
measurable from the isotherm shape is the degree of

(13) Ciuparu, D.; Chen, Y.: Lim, S.; Yang, Y. H.: Haller, G. L.: Pfefferle, M€SOpore formation inside the spherical particles. If meso-
L. J. Phys. Chem. B004 108 15565. pores are not formed completely through the inside particles,
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Figure 2. Nitrogen physisorption results of parent silica and-G4CM-41 pseudomorphs. (For sample identification, see Table 1.)

at half-maximum, fwhm= 2 A) and the highest volume
fraction of pore size around 30 A with unimodal pore size
distribution; CM-6, CM-7, and CM-8 exhibit a bimodal pore
size distribution attributed to the effect of unreacted parent
silica. Of course, the pseudocrystalline pore structure can
also be confirmed by XRD, which is illustrated for CM-5,
see Figure 6. These results demonstrate that the optimum
pseudomorphic synthesis conditions of-@dCM-41 with-

out particle rupture is 4 days of autoclaving under an initial
pH of 12.

Table 2 shows the physical properties of - @MCM-41
pseudomorphs and parent silica, which gives an idea of the
completeness of pseudomorphic transformation of the parent
silica. The surface area of parent silicas, SI-1 and SI-2, was
just above 500 fig, and it increases after pseudomorphic
transformation under different synthesis conditions. The
samples synthesized under the initial pH of 10.5 and 11.0
for 4 days show the lowest surface areas with the smallest

- mesoporosities. Mesoporosity was calculated from the ratio
Figure 3. Scanning electron micrograph (SEM) images of G4CM-41 between mesopore volume (pore volume of pores under 10
pseudomorphs and parent silica. (For sample identification, see Table 1.) . .

nm of pore diameter) and total pore volume. As predicted

a mixture of ink-bottle-shaped pores of parent silica and one- in the nitrogen physisorption, mesoporosity of CM-5 shows
dimensional mesopores of MCM-41, the isotherm would the highest value (94%) and is almost the same value as the
show both short capillary condensation and a hysteresis loopparent silica (96%), which suggests a complete transforma-
from MCM-41 and parent silica, respectively. The samples tion from parent silica to the MCM-41 structure, and results
synthesized under the initial pH from 10.5 to 11.5 (CM-8, in the highest surface area (1159/g). When the particles
CM-7, and CM-6) show both capillary condensations and are ruptured (CM-3 and CM-4) or incompletely transformed
hystereses, indicating incomplete MCM-41 pore structure (CM-6, CM-7, and CM-8), the mesoporosity cannot reach
formed inside the particle. However, CM-5, synthesized at the value of the parent silica. This suggests that each spherical
the initial pH= 12, shows no hysteresis and a large, steep silica particle was transformed into a MCM-41 structure, and
capillary condensation step without the sudden increase ofthe pores of MCM-41 are all the way through the particle.
adsorption volume at high relative pressure, suggesting mostBecause high dispersion of Co ions through the pores of
of the amorphous silica inside the particle was transformed MCM-41 has been proved! homogeneous dispersion of
to a one-dimensional MCM-41 pore structure after 4 days’ Co ions within the spherical particle along the pore walls
autoclaving. This sample also shows the narrowest (full-width may be possible. This may make it possible to use pseudo-
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Figure 4. Scanning electron micrograph (SEM) images of-G4CM-41 pseudomorphs and parent silica; effect of autoclaving time and pH adjustment.
(For sample identification, see Table 1.)
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Figure 5. Nitrogen physisorption results of parent silica and-G4CM-41 pseudomorphs; effect of autoclaving time and pH adjustment. (For sample
identification, see Table 1.)
morphic Ce-MCM-41 for the same purpose as powder-Co  locations of Co ions in the MCM-41 framewotkThat is,
MCM-41, but may allow it to be used in a fluidized-bed increasing initial pH of Ce MCM-41 improves the reduction
reactor. stability of Co ions because more Co ions could be
To investigate the Co species in €MICM-41 pseudo- incorporated in the silica framework of MCM-41 under
morphs and the reduction stability of these samples, hydrogenhigher pH. The same reduction stability pattern with the
TPR was carried out on the 4 day autoclaved samplesinitial pH is noted in Ce-MCM-41 pseudomorphs as shown
synthesized under different initial pH, and the results are in Figure 7. The reduction peak around 500, reduction
depicted in Figure 7. The initial pH of the synthesis solution of Cc®" that is the oxidized form of C6 in the framework!
significantly affects the reduction stability of EMCM- also increases as the initial pH decreases, which suggests
41, and the explanation is tentatively attributed to different that lowering the initial pH creates more subsurface Co ions
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Figure 8. Hydrogen temperature-programmed reduction (TPR) profiles of
Co—MCM-41 samples for the explanation of hydrogen spillover effect. (For
sample identification, see Table 1.)

A shift of the maximum reduction rate to lower temper-
ature with increased surface compound amount can be noted
in Figure 7. The reduction stability was explained eadfer,
by a different location of Co ions in the framework; however,
the relationship between surface compounds and reduction
stability cannot be overlooked. The possibility of hydrogen
spillovert* can be hypothesized to explain this relationship.
Surface compounds can be reduced at much lower temper-
ature than Co ions of the framework. The low-temperature
reduced metallic Co dissociates hydrogen molecules before
framework Co ions start to be reduced. The dissociated
hydrogen migrates on and into the surface participating in
the reduction process of Co ions, resulting in accelerating
the reduction rate of Co ions. To obtain evidence for this

Temperature (°C) _ _
Figure 7. Hydrogen temperature-programmed reduction (TPR) profiles of hypothesu;, 0.05 wt % Co (correspondlng to 5% of 1 wt %

Co—MCM-41 samples synthesized pseudomorphically; effect of autoclaving Co in MCM-41) was impregnhated on CM-9 using cobalt
time and pH adjustment. (For sample identification, see Table 1.) sulfate (CoS@7H:0), and hydrogen TPR was performed
with this sample without calcination to avoid cobalt silicate
formation on the surface. The reduction patterns before and
after addition of Co impregnation are compared in Figure 8.

Table 2. Bet Surface Area, Pore Volume, and Porosity of the
Co—MCM-41 Samples and Parent Silica

pore volume
mesopore _ total pore A s.ignificgnt amount of hydrogen consumption around 500
BETarea  volume volume mesoporosity °C is monitored, which might be from reduction of Co sulfate
samples  (m*g) (crm¥/g) (crm¥/g) (0) on the surface. This additional surface Co compound shifted
2:% gég é-gg é-gg gg the maximum reduction rate of Co ions in the silica matrix
CM-1 361 039 055 oy about_lOO"C lower than that of CM-9. This |nd|_cates that
CM-2 403 0.37 0.97 38 there is a hydrogen spillover effect when reducible surface
CM-3 1057 1.00 1.36 74 Co compounds coexist with Co ions in the silica matrix.
CM-4 1051 0.98 1.24 79
CM-5 1159 1.11 1.18 94 )
CM-6 1050 1.02 1.21 84 Conclusion
CM-7 872 0.87 1.21 72 ) ) .
CM-8 742 0.73 1.23 59 Pseudomorphic synthesis of EMCM-41 using 15 and

40 um spherical silica particles was successfully performed.

in the framework, resulting in a greater fraction being Autoclaving time and the initial pH of the synthesis solution

oxidized during sample calcination. The sample synthesizedwere crucial factors for obtaining nonruptured morphology
at the optimum condition, CM-5, shows the highest reduction and complete transformation of parent silica large particles
stability with narrowest temperature distribution, showing to the MCM-41 structure. These factors also affected the
the maximum reduction rate at 80C, which corresponds  distribution of Co ions in the MCM-41 structure, which is
to a shoulder on the high-temperature side of CM-6, without the key to some catalytic applications. The optimum auto-
Co*" on the surface, indicating most &dons are distributed
in the core of the silica wall.

(14) Vannice, M. A.; Neikam, W. CJ. Catal. 1971, 20, 260.
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