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Structural Peculiarities of Mesostructured Carbons Obtained by
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Mesostructured carbon materials were obtained by nanocasting MCM-48 and SBA-15 ordered
mesoporous silica templates via two carbon infiltration routes: a liquid-phase process (LPI) using sucrose
solution or a gas-phase chemical vapor infiltration (CVI) process using propene. The structural
characteristics of the carbon replicas were investigated by synchrotron low-angle X-ray diffraction
(LAXRD) analysis in combination with transmission electron microscopy (TEM). The materials obtained
by the liquid-phase process demonstrated a long-range mesoscopic order at relatively low carbon loading
(ca. 35 wt % in SIQC composite), with their structural elements being essentially shrunk compared to
that of the templates. The CVI replicas at similar low infiltration content were found to be only partly
organized within nanodomains, but at bigger carbon loading (ca. 50 wt %) highly ordered mesostructures
displaying up to ten nonzero XRD reflections were obtained. Moreover, these materials were shown to
have thicker frameworks faithfully replicating their templates. Particular features of the CVI replica of
MCM-48 were an amorphous carbon shell on the external particle surface and a gradient of the
nanoframework displacement. The carbon replicas of SBA-15 were characterized by a semitubular
structure.

Introduction carbon replica displays, in principle, a reverse porosity of

) L the starting host material. Numerous templates with con-

The control of porosity for porous carbon materials is @ y,jaq porosity have been tested for the preparation of carbon

breakthrough challenge for the carbon research Commun'ty'replicas by this nanocasting process using crystallized
Different processes were developed to tailor the pore Sizemicroporous compounds such as zeoliteslays? and

distributiort either in t_he ‘micro- or mesoporous ranges. mesoporous (organized or disordered) silic@be last type

Among them, the activation of carbon by a physical or ot aterials are very versatile moulds since their synthesis
chemical route is the most common procedure since activatedg | all-controlled and can lead to ordered mesoporous
carbons are of major industrial significance as adsorbents’structures with a narrow pore size distribution over a large
for their highly developed internal surface area and porosity. range (2-15 nm), controlled pore features (channel, cage),
Despite tremendous efforts devoted to the development Ofconnectivity (one-dimensional (1D) or three-dimensional
preparative methods, strict control of the pore structure of (3D)), symmetry, and tailored wall thickness. Moreover, the
activated carbons is still unavailable. An alternative route resulting mesoporous carbon replicas may display high
consists of the use of a hard template, also called exo-
template? which is impregnated with carbon and then (3) (a) Kyotani, T.; Nagai, T.; Inoue, S.; Tomita, &hem. Mater1997
selectively removed by chemical etching. The resulting ?é)eggbggz]i’s‘}h?fﬂedrw';TfyToém't'a’T'ATé’ﬁ;';?j ﬁi{gﬁf&gfé?gigg
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specific surface areas (up to 180G/g) and pore volume  structure with shrunk lattice and lower symmetry (space gidup

(up to 1.5 cr¥/g) that make them attractive candidates for or lower)1014 The latter fact was revealed from LAXRD powder
potential applications as energy storage materials andpatterns due to the appearance of a strong low-angle diffraction
electrodes for supercapacitéramong the templates, MCM- peak (indexed as 110) thaF was r.elated to the transformation of the
48" and SBA-15 are the most extensively used materials mesostructure after the dissolution of the template wall. Further

for the preparation of organized mesoporous carbons (OMC)StUd'eS using TEM and LAXRD structural mOde"ng. S.howed that
. the enantiomeric carbon subframeworks formed within the pores
by nanocasting.

of the MCM-48 template were homogeneously displaced with
In this study, these two templates were selected becausegespect to one another without significant distortions after the
of their different porous characteristics, symmetry, and dissolution of the silica wall of the templat&!® The structural
specific structural transformation of respective carbon rep- modification led to the decrease of symmetry and to the appearance
licas (see below). Moreover, the existence of an ordering of of the (110) XRD peak. This feature was confirmed by the use of
the porosity makes also these materials attractive as modepartially disorganized MCM-48 templates with interconnecting
objects for studying their physicochemical properties and micropores between the two interwoven pore netwéfks. that

those of their carbon replicas. It is worth noting that the case, the infiltration of micropores with carbon led to the formation
influence of carbon precursor. on the final properties of of connecting bridges between the carbon subframeworks, which

L . . . ' prevented their displacement; the culté@d space group of the
carbon rep!lca is oﬁen (jescrlbed in the lllterature, but iN- MCM-48 was retained and no (110) XRD peak could then be
depth studies of the infiltration mechanism and peculiar ygotected.

features related to the precursors (liquid or gaseous) are the SBA-15 silica matrix presents a hexagonal array of meso-
barely reported. Here we present detailed low-angle X-ray pores interconnected by disordered micropores, leading to a three-
diffraction (LAXRD) and transmission electron microscopy dimensional porous structure that can be templated into ordered
(TEM) structural investigations of a series of ordered mesoporous carbon replicisAccording to the nanocasting process
mesoporous carbons. These materials were obtained byconditions and due to the larger pore size (above 5 nm) of SBA-15
nanocasting via chemical vapor infiltration (CVI) and liquid compared to that of MCM-48, both volume and surface templating
phase infiltration (LPI) of the above-mentioned templates. ¢an be achieved that yield ordered carbon mfaterials formed of either
The geometric characteristics of the carbon replicas deter-r0d-type or tube-type structures, respectively. In the case of
mined from LAXRD structural modeling are compared and Sufficient carbon content infiltrated (e.g., sucréer 2 cycles of
discussed with those revealed by TEM. The information f_urfuryl alcohol mpregngﬂo_ﬁ? or a long chemical vapor deposi-

. . . . . tion?%) the carbon material is formed of nanorods. The tube-type
obtained gives explanations to the differences in the Strucwralmorphology can be achieved under more specific conditions, with
characteristics of the CVI and LPI carbon materials and t0 4 |ower carbon content (e.g., a single furfuryl impregnation or a
the pl‘OCGSS Of the'r fOFmatIOI'l A tentative deSCI’IptIOH Of the short-time chemical vapor deposmon)’ a pre“m”']ary Cata|yst
infiltration mechanism according to the carbon nanocasting deposited onto the silica mesopore surface, or in a specific
route is presented. The adsorption characteristics of thecarbonization atmosphere. For instance, carbon nanopipes were
ordered mesostructured carbon materials will be reportedobtained by carbonizing a polymerized furfuryl alcohol precursor
elsewhere. under vacuurt (the ordered material was then denoted as CMK-
5), or via a cobalt-catalyzed chemical vapor deposition of carbon
using ethené? Carbon replicas intermediate between nanorods and
nanopipes were also obtained using a single furfuryl alcohol

Description of Templates and Their Replication. MCM-48 infiltration followed by carbonization under nitrogen instead of in
mesoporous silica matrix has a three-dimensionally ordered cubic Vacuum:* The peculiar feature of LAXRD patterns of carbon
pore system witha3d symmetry space grouplt is composed of nanopipe replicas is the inverse ratio between the intensity of
two interwoven non-interconnecting porous networks forming an reflect_lons (10) and (11) attributed to the internal structure of these
enantiomeric pair. This bicontinuous periodic structure can be Materials®
approximated by a triply periodic minimal surface called in that ~ Materials. MCM-48 silica material was prepared according to
case also Gyroid minimal surfa8eThe corresponding carbon the procedure described by Schumacher &t ahd Kim et ak*
replicas obtained with sucro&e divinyloenzenél pitch!? and

phenolic resif as liquid carbon precursors display an ordered cubic (14) Solovyov, L. A.; Zaikovskii, V. I.; Shmakov, A. N.; Belousov, O. V.;
Ryoo, R.J. Phys. Chem. R002 106, 12198.
(15) Kaneda, M.; Tsubakiyama, T.; Carlsson, A.; Sakamoto, Y.; Ohsuna,

Experimental Section

(6) (a) Lee, J.; Yoon, S.; Hyeon, T.; Oh, S. M.; Kim, K. Bhem. T.; Terasaki, O.; Joo, S. H.; Ryoo, R. Phys. Chem. R002 106,
Communl1999 2177. (b) Vix-Guterl, C.; Saadallah, S.; Frackowiak, 1256.
E.; Jurewicz, K.; Reda, M.; Parmentier, J.; Patarin, Jgu® F.Mater. (16) Yang, H.; Shi, Q.; Liu, X.; Xie, S.; Jiang, D.; Zhang, F.; Yu, C.; Tu,
Sci. Eng. B2004 108, 148. (c) Jurewicz, K.; Vix-Guterl, C; B.; Zhao, D.Chem. Commur2002 2842.
Frackowiak, E.; Saadhallah, S.; Reda, M.; Parmentier, J.; Patarin, J.; (17) Ryoo, R.; Ko, C. H.; Kruk, M.; Antochshuk, V.; Jaroniec, 81.Phys.
Beguin, F.J. Phys. Chem. Solid&004 65, 287. Chem. B200Q 104, 11465.
(7) Monnier, A.; Scfith, F.; Huo, Q.; Kumar, D.; Margolese, D.; Maxwell, (18) Jun, S.; Joo, S. H.; Ryoo, R.; Kruk, M.; Jaroniec, M.; Liu, Z.; Ohsuna,
R. S.; Stucky, G. D.; Krishnamurty, M.; Petroff, P.; Firouzi, A,; T.; Terasaki, OJ. Am. Chem. So@00Q 122 10712.
Janicke, M.; Chmelka, B. FSciencel993 261, 1299. (19) Fuertes, A. BMicroporous Mesoporous MateR004 67, 273.
(8) Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Frederickson, G. H.; Chemlka, (20) Zhang, W.-H.; Liang, C.; Sun, H.; Shen, Z.; Guan, Y.; Ying, P.; Li,
B. F.; Stucky, G. D.Sciencel998 279, 548. C. Adv. Mater. 2002 14, 1776.
(9) Alfredsson, V.; Anderson, M. WChem. Mater1996 8, 1141. (21) Joo, S. H.; Choi, S. J.; Oh, I.; Kwak, J.; Liu, Z.; Terasaki, O.; Ryoo,
(10) Ryoo, R.; Joo, S. H.; Jun, $. Phys. Chem B999 103 7743. R. Nature 2001, 412, 169.
(11) Yoon, S. B.; Kim, J. Y.; Yu, J.-SChem. Commur001, 559. (22) Solovyov, L. A.; Kim, T.-W.; Kleitz, F.; Terasaki, O.; Ryoo, BRhem.
(12) Vix-Guterl, C.; Saadhallah, S.; Vidal, L.; Reda, M.; Parmentier, J.; Mater. 2004 16, 2274.
Patarin, JJ. Mater. Chem2003 13, 2535. (23) Schumacher, K.; Von Hohenesche, C.; Unger, K. K.; Ulrich, R.; Du
(13) Lee, J.; Yoon, S.; Hyeo, T.; Oh, S. M.; Kim, K. Bhem. Commun Chesne, A.; Wiesner, U.; Spiess, H. Wdv. Mater.1999 11, 1194.

1999 2177. (24) Kim, J.-M.; Kim, S.-K.; Ryoo, RChem. Commuril998 259.
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SBA-15 was synthesized at 353 K using the process detailed by
Galarneau et & The as-made materials were calcined in air at
823 K for 6 h toremove the organic species occluded in the pores.
Both matrixes were infiltrated by LPI or CVI using a sucrose
solution or propene, respectively. The former impregnation method
(LPI) was the one described by Ryoo et'&Briefly, the silica
matrixes were impregnated twice with a sucrose solution containing
the maximum quantity of sucrose allowed by the pore volume of
the inorganic template. After the sucrose carbonization (1173 K
for 3 h under vacuum), the carbon represented around 35 wt % in
the SiQ/C composite material, both templates having similar pore
volume ¢~1 cnP/g). In the second method (CVI) described
elsewhere? the silica templates were placed in a horizontal reactor
and put into contact with propene (2.5 vol % in an argon flow) at
1020 K. The duration of the carbon deposition varied from 10 to
24 h for the carbon content from 20 up to 50 wt % in the SO
materials. The carbon content in the O composites was
determined by thermogravimetry in air. For all 210 composites,
the carbon materials were collected after the dissolution of the silica
matrix in HF. EDX analysis indicated that no silica remained in
the carbon material after the HF treatment. The carbon replicas
thus obtained are denOtederQ)Iateprecursorm% of carbon

Characterization Methods. TEM studies were performed on a
TOPCON-002B microscope with acceleration voltage of 200 kV.

The samples were dispersed in ethanol using ultrasonic method anj

the suspension was subsequently dropped onto a copper gri
recovered by a carbon thin layer. To obtain a better and more

Parmentier et al.
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Figure 1. Model of density distribution for CVI carbon replica of SBA-
15. The hexagonal unit cell is outlined by dashed lines.

The LAXRD structure analysis of the materials was done by
applying the continuous density function (CDF) technigti&éhe
diffraction patterns were modeled by using the Rietveld full-profile
approach? The refinement of structural parameters was performed
by the derivative difference minimization (DDM) meth&tyhich
allowed concentrating the refinement on the pure Bragg-diffraction
component independently of the amorphous background scattering
modulations. The integrated diffraction intensities for the Fourier
density map calculations were extracted from the observed LAXRD
patterns by the DDM decomposition procedéteThe phases
necessary for the Fourier maps were derived from the refined
structure models. The internal structural disorder was allowed for
by applying the DebyeWaller factor. For each type of template,
he structure models were built to take into account their specific
eatures.

The structure of the SBA-15 template was described by a simple

realistic image of the carbon replicas, some analyses were done orfnodel of empty pores and continuous walls similar to that applied

thin sections obtained by cutting the sample with an ultramicrotome.

Low-angle XRD measurements were performed on the French
CRG beamline D2AM at the European Synchrotron Radiation
Facility (ESRF) in Grenoble (France). Details about experimental
setup and about data analysis were given in a previous pafer.
the present case, the domaingp¥alues,

47t sin(@/2)
=7

wheref and/ are the scattering angle and the X-ray wavelength,
respectively, ranges between ca. 0.5 and 10'nin order for the
width of the Bragg peaks to not be controlled by that of the incident
X-ray beam, it is necessary to adjust the beam optics for obtaining
a narrow spot. High peak resolution is achieved by seledtiagd
sample-to-detector distante 4 to optimal values. For the MCM-

48 silica and its corresponding carbon replicas, the Bragg peaks

are located between ca. 1 and 51inFor these samples, the X-ray
wavelengthl was fixed to 0.077 nm (energy equal to 16 keV) and
Ls—g was equal to 0.28 m. Under such conditions, the uncertainty
(41 pixel) on the position of the (211) peak (obtained by azimuthal
averaging of the powder pattern measured by a CCD camera)
corresponds te-1.25 x 1072 nm~! and tod + 0.03 nm in the real

space. For the (110) peak observed for the carbon replicas, the

uncertainty ord (=2x/q) is = 0.07 nm. The Bragg peaks of SBA-
15 silica and its carbon replicas are located at smalierlues (0.4
3.5 nnTl). For investigating these sampléswas fixed to 0.1 nm
(E = 12.4 keV) and_s_4 = 0.81 m. Uncertainty on the positiah
of the (110) peak+1 pixel, corresponding te-3.9 x 1073 nm™1)

is equal t0o£+0.05 nm.

to calcined MCM-41 mesoporous materigi§he variable structure
parameters were the lattice constant, the pore diameter, the pore
shape (degree of hexagonali&)and the DebyeWaller factor.

For MCM-48 silica template and its carbon replicas the density
distribution functions were chosen as described in ref 32 (eq 2)
and ref 14, respectively.

For the CVI carbon replicas of SBA-15, the attempts of modeling
the structures by the array of uniformly filled carbon nanorods, as
was previously done for CMK-%6 did not allow for achieving
satisfactory agreement between the observed and calculated LAXRD
patterns. The Fourier-map analysis revealed distinct density minima
in the centers of the carbon nanorods. To allow for this feature,
the density distribution in this material was approximated by a more
complex model function schematized in Figure 1. The structure is
based on a hexagonal arrangement of carbon quasi-nanopipes (QNP)
with high-density peripheral and core argasndp, characterized
by the internal and external diametdds and D.. These carbon
nanostructures are separated by a region of lower depsgity
representing the interconnections formed in the complementary
pores inside the SBA-15 template walls. The variable parameters
were the lattice constant, the diametBysandDe, the ratio po +
02)/(00 + p1), the QNP shape hexagonality, and the Debyéaller
factor. Unlike the nanopipe mesostructured carbons CMK?5,
the density of interconnectiong could not be explicitly determined
for the studied carbon materials since they do not have zero density
regions required as reference points. For the LPI replica of SBA-
15, the above-described quasi-pipe features were not found and
the density distribution was modeled by a simplified function with

p1 = p2.

(25) (a) Galarneau, A.; Cambon, H.; Di Renzo, F.; Ryoo, R.; Choi, M;
Fajula, F.New J. Chem2003 27, 73. (b) Galarneau, A.; Cambon,
H.; Di Renzo, F.; Fajula, FLangmuir2001, 17, 8328.

(26) Parmentier, J.; Patarin, J.; Dentzer, J.; Vix-GuterlC€am. Int.2002
28, 1.

(27) Ehrburger-Dolle, F.; Morfin, |.; Geissler, E.; Bley, F.; Livet, F.; Vix-
Guterl, C.; Saadhallah, S.; Parmentier, J.; Reda, M.; Patarin, J.; lllescu,
M.; Werckmann, JLangmuir2003 19, 4303 .

(28) (a) Solovyov, L. A.; Kirik, S. D.; Shmakov, A. N.; Romannikov, V.
N. Microporous Mesoporous Mate2001 44-45, 17. (b) Solovyov,
L. A; Kirik, S. D.; Shmakov, A. N.; Romannikov, V. NAdv. X-ray
Anal. 2001, 44, 110.

(29) Rietveld, H. M.J. Appl. Crystallogr.1969 2, 65.

(30) Solovyov, L. A.J. Appl. Crystallogr.2004 37, 743.

(31) Solovyov, L. A.; Astachov, A. M.; Molokeev, M. S.; Vasiliev, A. D.
Acta Crystallogr. B2005 61, 435.
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CMCM-48—propene-50%

CMCM-4&pmpene-35%

CMCM-4&sucmse-35%
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MCM-48 :
Figure 3. TEM micrograph of ultramicrotome section of sample
; ] : p Cwmcm-48-propene-35% Showing nanodomains with local ordering (view along
g, nm” the [111] direction). The inset represents the Fourier transform of the image.

) ) ) ] The six spots on the Fourier diffractogram correspond to 110-type reflections
Figure 2. LAXRD patterns of MCM-48 and its carbon replicas obtained  from the highly distorted and randomly displaced carbon framework.
with sucrose and propene precursors.

) ] Further details of the materials structure were derived from
Results and Discussion the LAXRD analysis. The results of the full-profile DDM
| refinement of the structures of MCM-48 silica template and
its CVI and LPI carbon replicas are illustrated by Figure 4.
This figure demonstrates a fair consistency between the
15 templates. The LAXRD patterns of MCM-48 and its observed and calculated LAXRQ patterns. The resultant
replicas are shown in Figure 2. The patterns demonstrateStrUCtural parameters are'summa'rlzed in Table 1. For MC.M'
noticeable differences in both positions and intensities of 48, the (_:alculated wall thlck_ness is 0.81 nm and the relative
diffraction peaks. For samplevGu_4s_sucrose 355 the (110) density increase between high- and low-curvature pore wall

XRD peak is well-resolved and is more intense than the (211) regions is refined to a value of 11%, which fully agrees with
peak. Moreover, the LAXRD pattern is considerably shifted results obtained in an earlier investigation for analogous
with r.espect to tiwat of MCM-48 due to the lattice shrinkage materials®? The diffraction peak resolution is similar for the

These features are characteristic of ex-sucrose carbon replicagvI Icarbcl)n repllrc;‘a (t?c’\"“‘s‘pmpz“*f]o"/”) Ca\t/r:d 'Itlz silica I
of MCM-48 (see Experimental Section). When propene is template. It may thus be assumed that YIelds a nearly

used as carbon precursor, the pattern of the carbon replicépondistorted carbon replica. The pattern obtained for the LPI

obtained with a similar carbon filling (35 wt %) exhibits "€PCa (Grem—ss-sucrose 353 1S less resolved, which points
only two shallow maxima in the regions of the (110) and to a larger structural distortion. Nevertheless, owing to the

(211) reflection positions. At a higher carbon loading (50 high resolution, high intensity, and properly adjusted wave-

wt %), the (211) and higher angle reflections are well- length of the synchrotron setup, up to eight nonzero

resolved whereas the (110) reflection still remains weak and reflections can be observed. The structure refinement for the
broad LPI ex-sucrose carbon replica reveals that its framework

. thickness (2.64 nm) is notably smaller than the estimated
The TEM micrograph of the fem—as—propene-35% Sample

) v ) template pore diameter (3.64 nm). Also, the value of the
(Figure 3) clearly reveals the existence of nanodomains (Ca'mutual subframework displacement (1.29 nm) exceeds the

30 nm in size) with a local mesoscale ordering derived from o 1ate wall thickness. Similar features were observed for
the template. The Fourier transform pattern of this image a sucrose-based carbon replica of MCM-48 in earlier

(insetin Figure 3) indicates that these domains are generally,ogaarcii In contrast, the framework thickness of the CVI
coherent.ThepoorlyresolvedXRDpatternoftp@,alélg_pmpenegg,% . carbon replica is close to the template pore diameter and
sample results, therefore, from the size-induced broadeningy,e g hramework displacement is even smaller than the silica
effect and the semiordering of nanodomains. These features, | hickness (which will be discussed later). Indeed, the
do not appear for the sucrose process with similar carbon|OW carbon filling with LPI (35 wt %) leads to carbon

filling because LPI is achieved through the entire template g5 ey orks that are thinner than those obtained by CVI (50
porosity, leading to continuous carbon frameworks and, \+ o4) Furthermore, these weak frameworks were subjected
therefore, to long-range ordering. With the increase of the y, 5 higher temperature treatment (1173 K) compared to those

carbon content in the CVI process, the coherent organized ¢ (e cy process (1023 K). Thus, the LPI-derived carbon
domains grow and overlap; a resulting long-range ordering

is then obtained, as revea_led by the LAXRD pattern of (32) Solovyov, L. A,; Belousov, O. V.; Dinnebier, R. E.; Shmakov, A. N,;
sample Gicm—4s-propene-s0% (Figure 2). Kirik, S. D. J. Phys. Chem. R005 109, 3233.

The various influences of both preparation routes (CV
and LPI) on the structural properties of the resulting carbon
materials were explored by nanocasting MCM-48 and SBA-
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Figure 4. Weighted and Lorenz-factor corrected observed (solid line),
calculated (dashed line), and difference (dotted line) LAXRD patterns for
samples MCM-48 (a), facm—48—propene-50% (D), @and Guem—as-sucrose-35% (C)
after CDFDDM structure refinement.

Table 1. Structural Parameters Obtained by CDF-DDM
Refinement from LAXRD Data for MCM-48 Silica and Its Carbon

Replicag
sample a, nm torft, nm fd, nm
MCM-48P 8.90 0.81
CMCM74&propeneSO% 8.42 3.29 0.67
CMcM—48-sucrose-35% 7.58 2.64 1.29

a3, lattice parametet; silica wall thickness (for MCM-48)it, framework
thickness (for carbons) defined by eq 3 in ref Id; average mutual
displacement of the subframeworksThe pore diameter of MCM-48 can
be estimated ag/2 — t = 3.64 nm.

frameworks might be distorted more easily after the silica
wall dissolution. Furthermore, during the carbonization step,
the shrinkage of the sucrose precursor (73 voP3i§
significantly larger than that of the silica matrix (36 vol 96).

(33) Joo, S. H.; Jun, S.; Ryoo, Rlicroporous Mesoporous Mate2001,
153,44—45.

(34) Parmentier, J.; Vix-Guterl, C.; Gibot, P.; Reda, M.; lliescu, M.;
Werckmann, J.; Patarin, Blicroporous Mesoporous Mate2003 62,
87.

Parmentier et al.

It is likely that this large difference in shrinkage creates gaps
between the carbon subframeworks and the silica walls. Such
gaps might result in distorted and strained frameworks that
could again be rearranged during silica dissolution. These
features may explain the differences in the structural details
of the LPI- and CVI-produced carbon materials.

Figure 4b also shows that the (110) XRD peak of the CVI
carbon (sample fem-as—propene-50%) IS Substantially broad-
ened in comparison with the other reflections. Analysis of
the TEM image of that sample allows an explanation for
this observation. Indeed, the micrography (Figure 5b) clearly
shows that the particle is covered by a shell of amorphous
carbon unlike the one prepared by LPI (Figure 5a). Moreover,
two different TEM patterns are observed for the CVI
sample: one in the region close to the external shell (Region
A in Figure 5b) and the other in the interior of the particle
(Region B). The TEM simulations performed on the basis
of the structural model detailed in the Experimental Section
for MCM-48 carbon replicas clearly suggest that the regions
A and B correspond to the undisplaced and displaced carbon
subframeworks, respectively (Figure 5c¢). Therefore, it may
be concluded that the external amorphous carbon shell is
rigidly bonded with the carbon subframeworks, which
precludes their displacement at the vicinity of the outer
surface. This effect diminishes as the distance from the
surface increases, leading to a gradient in the framework
displacement for region A and a relatively constant displace-
ment in region B. The line profiles of angular averaged
Fourier diffractograms for regions A and B are shown in
Figure 6. These profiles demonstrate that a gradient of
displacement (region A) induces the broadening of the (110)
reflection which explains the similar feature observed in the
XRD pattern for the Gem—as—propene-s0% replica. This effect
is analogous to the selective broadening of XRD peaks for
crystalline materials containing structural defe€tsThe
subframework displacement has a major effect on the
intensity of the (110) reflection and a negligible effect on
the remaining reflections. Due to the gradient of displace-
ment, the coherent length (or size of regular structured
domains), determining the XRD peak width, is decreased
for the (110) reflection and remains nearly unchanged for
the remaining reflections, in accordance with the generalized
theory described in ref 35. In the case of LPI carbon replicas,
the frameworks are displaced uniformly, owing to the
absence of the outer amorphous shell, which accounts for
the absence of the selective XRD peak broadening in this
material.

The influence of the infiltration route on the structural
characteristics of the carbon replicas is further analyzed by
the study of the SBA-15 silica template and the correspond-
ing ordered mesoporous carbon replicas obtained by LPI and
CVI routes. Figure 7 shows that the low-angle setup used in
the present experiment allows one to see up to 10 nonzero
XRD reflections for the SBA-15 silica template, whereas only
3 or up to 5 XRD peaks have been generally observed for
ordered nanorod and nanopipe carbt8:36.37

As shown in Figure 7, the above-described density
distribution models for SBA-15 and its carbon replicas allow

(35) Solovyov, L. A.J. Appl. Crystallogr.200Q 33, 338.
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_ (a (b) ‘ c)

Displaced

Figure 5. TEM micrographs of Gicm—4s-sucrose-35% (&) and Gacm—as—propene-50% (D) samples viewed along the [111] direction and TEM simulations for
undisplaced and displaced framework models (c). The simulations were made by projecting the density distribution function for a unifornséimioée)

thickness onto a plane (the subframework displacement is 3.29 nm along [110]).

Table 2. Structural Parameters of the SBA-15 Template and Its

Regi Carbon Replicas Determined from LAXRD by CDF—DDM
gion A )

______ Region B Refinemeng

sample a,nm D¢, nm Di, nm (oo + p2)/po + p1) Hex, %

SBA-15 11.05 8.3 19
Cspa-15-propene-50% 10.52 8.0 3.6 0.82 23
CSBA7157sucrose35% 9.63 6.8 G 1° Ob

a3, the lattice parameteDe, Di, and po...02 are defined in Figure 1;
Hex is the degree of hexagonafityof the mesopore (for SBA-15) or the
quasi-nanorod shapeThese parameters were fixed.

211
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R F MY listed in Table 2 and Table 3, respectively. The density
_ _ ——= = e distribution Fourier maps (based on observed structure factors
fFO'?f;ZiSHSL'A”Zn%rCS'ﬁzn?ftggt?rtg,wna}gﬁ'ag\éeg?%?gureogg‘?r diffractograms 5 nd calculated phases) for the silica template and its carbon
replicas are shown at the bottom of Figure 7. The analysis

a satisfactory CDFDDM structure refinement for all the  of difference Fourier maps did not reveal additional structure

materials studied. The resulting structural parameters and thedetails such as the corona region in SBA#L6r other
corresponding structure factors (observed and calculated) ardeatures. The structure refinement results show that the pores
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Figure 7. Weighted and Lorentz-factor corrected observed (solid line), calculated (dashed line), and difference (dotted line) LAXRD patterns-after CDF
DDM refinement for samples SBA-15 () ska—15-propene-50% (D), and Gea—15-sucrose-35% (C). Respective density distribution maps are shown at the bottom.
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Table 3. Structure Factors () Derived from Observed LAXRD
Patterns by DDM Decomposition in Comparison with
Calculated Ones F)?

sample

SBA-15 C\SBA—l%propeneSO% CSBAfl&sucrose35%

hk [Fol Fe [Fol Fc [Fol Fe
01 100 —100.09 100 99.91 100 100.13
11 31.22 31.13 45.65 —45.80 20.11 —20.18
02 30.17 30.07 42,42 —42.21 26.23 —25.37
12 3.89 —3.88 6.64 6.59 219 —-3.17
03 7.79 —7.84 12.07 11.82 3.38 4.97
22 3.14 —3.60 3.92 5.20 5.04 4.80
13 1.23 —1.23 1.41 1.32 3.06
04 1.45 1.75 2.63 —3.07
23 1.67 1.99 2.22 —3.56
14 0.95 0.92 0.58 —-1.27

Re: 0.8% 2.1% 2.6%

aRg, the reliability factor characterizing the overall percent difference
between the observed and calculated structure factor modules.

of SBA-15 are not perfectly cylindrical, but have some
degree (ca. 20%) of shape hexagonality which is, however,
much lower than that determined for MCM-2%3°

Figure 7 also shows that the resolution of the XRD pattern
obtained for the CVI carbon replica is better than that of the
LPI one. This feature is an indication of the faithful
replication of the SBA-15 template by the soft CVI process
that also allows a high carbon filling into the mould (up to
50 wt %). Indeed, carbon deposition occurs at relatively low
temperature (1023 K) that precludes a substantial shrinkag
of the template. Therefore, the external diameter of the
carbon frameworlD, (8.0 nm) does not differ much from
the pore diameter of its SBA-15 moul®{ = 8.3 nm) and

even the degree of the shape hexagonality is maintained in

the replica.

The diameteD; of the inner low-density quasi-nanorod
region p, is quite large (3.6 nm) despite the high carbon
loading (50 wt %) into the template. The XRD refinement
and the Fourier map analysis show that the densitf the

inner region is far above zero. Since XRD gives information 90USIY 10 the Gicu—se—sucrose 35% _
pheterogeneous distortions of the carbon framework during

on an average structure, it may be concluded that this carbo
framework has an internal structure in-between nanopipes
and real nanorods. A similar explanation has already been
proposed by Fuert&sin the case of liquid infiltration of
furfuryl alcohol into SBA-15, followed by carbonization in
a nitrogen atmosphere. The CVI process does not distinguis
between the internal (pore) and the external particle surfaces
Therefore, carbon is deposited on both surfaces. For a low
carbon filling, the replica exhibits probably a tubular structure
poorly resolved due to the heterogeneity of the CVI process

€,

Parmentier et al.

infiltrated carbon, the same authors observed a progressive
disappearance of the tubular structure in favor of the nanorod
morphology. For our system, increasing the carbon content
from 35 to 50 wt % might lead to thicker carbon layer (with
local heterogeneities of the thickness) which reduces the
remaining pore diameter and precludes diffusion of the
carbonaceous gas species in the CVI process. Pores would
be then blocked, embedding carbon tubular structures, while
the remaining gas-accessible portion of mesopores would still
be filled with carbon. The carbon framework would then
consist of regions completely filled (nanorods) and regions
partly filled displaying a tubular structure (nanopipes). A
simple calculation in which the carbon filling is 50 wt %,
the silica and carbon density is equal to 2.2 and 1.8 §/cm
respectively, and the silica pore volume is 0.95%gm
indicates that only 60% of the template pore volume is filled
by carbon. It means that a large part of the porosity (40%)
remains unfilled in the SigdC composite. Therefore, the
carbon replica displays a porosity arising not only from the
silica wall dissolution but also from unfilled regions due to

a heterogeneous filling of the template or/and a tubular-like
morphology. These assumptions are partly confirmed by
TEM observations of a microtome section of the
Csga-15-propene-50% Sample (Figure 8) that give more details
of the internal structure. Indeed, this micrograph indicates
that the honeycomb structure contains numerous faults. These
defects could be attributed, at least partly (besides effects of
the ultra-microtome processing), to the heterogeneous and
incomplete filling of the template. Thus, the internal structure
of the material would consist of carbon nanorods (black
circles) and carbon nanopipes (white circles) connected by
bridges formed inside the connecting micropores of the
template walls.

The LPI replica (Gga-15-sucrose-359%) displays a less re-
solved XRD pattern compared to that of the CVI replica,
Cssa-15-propene-50% This feature may be explained, analo-
sample, by strong and

the nanocasting process. Indeed, the carbonization step takes
place with a high contraction of the carbon precursor that is
not totally accommodated by the silica matrix. Moreover,
the necessity of a second sucrose infiltration to reach a

psufficient carbon loading could lead to a heterogeneous filling

due to the difficulty of infiltrating the previously partly filled
mould. Thus, during carbonization, a strain gradient could
be applied on the silica mould that leads to a decrease of

the carbon replication quality. On the other hand, the high

in the absence of a catalyst. This typical tubular structure @nisotropy of the SBA-15 structure compared to that of

was already reported by different authors as being resultedMCM-48 could enhance an anisotropic shrinkage within the

from a cobalt-catalyzed chemical vapor deposition route and €&rPon framework. For all these reasons, the LPI carbon
only for low carbon loading® For higher amounts of replica displays a lower faithfulness to the template than the
CVI one as it is revealed by the loss of long-range

organization. The highly pronounced contraction of the

carbon precursor is also shown by the difference between
the diameter of the carbon nanordaisand the pore diameter

of the SBA-15 template. This feature suggests, as for LPI in
MCM-48, the existence of a gap between the silica and the
carbon network. Residual modulations of the difference

LAXRD profile after the DDM refinement for €5a-15-sucrose 35%

(36) Solovyov, L. A.; Shmakov, A. N.; Zaikovskii, V. I.; Joo, S. H.; Ryoo,
R. Carbon2002 40, 2477.

(37) Kruk, M.; Jaroniec, M.; Kim, T.-W.; Ryoo, RChem. Mater2003
15, 2815.

(38) Imperor-Clerc, M.; Davidson, P.; Davidson, A. Am. Chem. Soc.
200Q 122 11925.

(39) Solovyov, L. A.; Belousov, O. V.; Shmakov, A. N.; Zaikovskii, V. .;
Joo, S. H.; Ryoo, R.; Haddad, E.; Gedeon, A.; Kirik, SSBud. Surf.
Sci. Catal.2003 146, 299.
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Figure 8. TEM micrographs of an ultra-microtome slice 0§ga-15-propene-50% Sample showing carbon rods (black circles), carbon tubules (white circles),
and porosity arising from the silica wall dissolution (arrows).

(Figure 7¢) may indicate also the presence of disordered and/essentially shrunk and distorted structure with thinner

or a distorted regions in the material. framework elements compared to the CVI-based replicas.
A particular feature of the CVI carbon replica of SBA-15 is
Conclusions a semitubular structure resulting, presumably, from the

The present work shows that carbon precursors andheterogeneous template infiliration.
infiltration routes play a crucial role in the formation of ~ Owing to the use of the high-resolution synchrotron low-
carbon replica structures by influencing the mechanism of angle XRD setup and the modern methods of continuous
nanocasting. For the CVI process, the precursor does notdensity functiof® and derivative difference minimizatiéh
distinguish between the internal and the external surface,in combination with TEM analysis, good quality data and
which resulted in carbon deposition on both surfaces. For acomprehensive information about the structure of the inves-
low amount of the infiltrated precursor and in the absence tigated materials were obtained in the present work. Further
of a catalyst, the carbon layer is discontinuous because carborinvestigations are required to completely explain the influ-
deposition takes place preferentially on active sites. As a ence of carbon precursors on the porosity and anatomy of
result, the carbon replica exhibits only local organization, the nanocasted materials, and to propose a detailed mecha-
but the long-range ordering is disturbed. The LPI process nism of infiltration in relation to the experimentally observed
fills the template mesopores more uniformly, leaving the features.
external particle surface free of an amorphous shell. The
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