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Abstract: Highly ordered mesoporous polymer—silica and carbon—silica nanocomposites with interpenetrat-
ing networks have been successfully synthesized by the evaporation-induced triconstituent co-assembly
method, wherein soluble resol polymer is used as an organic precursor, prehydrolyzed TEOS is used as
an inorganic precursor, and triblock copolymer F127 is used as a template. It is proposed for the first time
that ordered mesoporous nanocomposites have “reinforced concrete”-structured frameworks. By adjusting
the initial mass ratios of TEOS to resol, we determined the obtained nanocomposites possess continuous
composition with the ratios ranging from zero to infinity for the two constituents that are “homogeneously”
dispersed inside the pore walls. The presence of silicates in nanocomposites dramatically inhibits framework
shrinkage during the calcination, resulting in highly ordered large-pore mesoporous carbon—silica
nanocomposites. Combustion in air or etching in HF solution can remove carbon or silica from the carbon—
silica nanocomposites and yield ordered mesoporous pure silica or carbon frameworks. The process
generates plenty of small pores in carbon or/and silica pore walls. Ordered mesoporous carbons can then
be obtained with large pore sizes of ~6.7 nm, pore volumes of ~2.0 cm®/g, and high surface areas of
~2470 m?/g. The pore structures and textures can be controlled by varying the sizes and polymerization
degrees of two constituent precursors. Accordingly, by simply tuning the aging time of TEOS, ordered
mesoporous carbons with evident bimodal pores at 2.6 and 5.8 nm can be synthesized.

1. Introduction example, organieinorganic nanocomposites carry the advan-
tages both of organic polymers like flexibility, toughness,
hydrophobicity, and versatility for further functionalization, and
of inorganic components such as good mechanical and thermal
stability. Similarly, mesoporous carbesilica nanocomposites
can also improve thermal, chemical, conductive, and mechanical
properties. Confined-space effects inside the nanospace of
mesostructures would certainly modify the unique chemical
behaviors of polymersilica*~” and carbor-silica®~1° nano-

A broad range of scientific endeavors has established a
growing interest in nanoscience, mainly due to the new and
unpredictable properties of nanomaterials and the ability to
controllably design and fabricate materials on nanoscale. In these
regards, nanocomposites have drawn more and more attention.,
Two or more phases can be combined together that historically
have been viewed as very different and even incompatible, and

each of the domain sizes is below 100 nm. The resulting i hich h inspired chemists and material scientist
materials are more homogeneous than conventional hybridcompos' €s, which have nspired chemists and materal scientists
to create mesoporous nanocomposites. It would provide an

materials and generate remarkable and complementary proper- unity 1o devel terials f i licati
ties, which cannot be obtained in a single comporenhtor opportunity fo develop porous materials for spectiic appications,
such as in catalysis, adsorption, optics devices, and elec-
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Ordered mesoporous orgasisilica nanocomposites have (resols) are used as precursors, highly ordered mesostructures
been achieved by surface functionalizatiéf? encapsulation with covalent-bond polymer infinite frameworks can be easily
of organic moieties in the channels of mesoporous silica obtained from organieorganic assembly, which is comparable
materials}13 and direct synthesis of periodic mesoporous to that for mesoporous silica from inorgasigrganic assembly.
organosilicas (PMOS)? Functionalized mesoporous silicates can In addition, this approach to ordered mesoporous carbon
be synthesized either by using organosilanes and/or tetraethylmolecular sieves overcomes the shortages of conventional two-
orthosilicate (TEOS) as precursérsor by using functional step synthesis of mesoporous carbon replicas by nanoc#stifig,
surfactantd? One drawback is that organosilanes and functional which is laborious, time-consuming, and costly. However,
surfactants are expensive and difficult to obtain. Other draw- serious skeleton shrinkage during the high-temperature carbon-
backs are that organic functional groups may block the poresization procedure results in low surface areas, small pore sizes,
and their random distributions limit further applications. The and low pore volumes for mesoporous carbon products. An
pore-blocked problem also exists in the method of encapsulationimplied advantage for the incorporation of a rigid constituent
of organic moieties, especially polymers. It requires careful of silica in polymer-silica nanocomposites is the effective
control of the polymerization to avoid imbuing with poly- reduction of framework shrinkagéwhich would facilitate one
mers*13 An extra step is sometimes necessary to prepare silicato prepare carbosnsilica nanocomposites with large pore sizes.
frameworks. PMOs represent a new kind of ordered meso- Further removing silica can lead to large-pore mesoporous
structures derived from surfactant-templated condensation of carbons.

bridged bifunctional organosiloxane precursdfd?Integrating Herein, we demonstrate a triconstituent co-assembly approach
organic groups including methylene, ethane, ethylene, andto prepare well-ordered mesoporous polyrrfica and carbor
benzene into inorganic solid pore walls is achieved in one step, silica nanocomposites by using resols as a polymer precursor,
which leaves pore voids and improves the smooth accessibility silicate oligomers as an inorganic precursor, and triblock
of functional sites. Nevertheless, the bridged bifunctional copolymer F127 as a template. This process is easy and
organosiloxane precursors make the synthesis uneconomicreproducible. Hybrid nanocomposite products have “homoge-
Inherent hydrophobic character in high organic-content precur- neous” interpenetrating frameworks and large pore& % nm).

sors leads to either a phase separation or disordered materia controllable composition diagram in the nanocomposites can
als14.15 be drawn from O to 1, that the mass ratios of polymesin/

On the inheritance of synthetic procedures of orgasitica silica or carbon/silica range from zero to infinity. The presence
nanocomposites, direct carbonization and adding carbon particlesof rigid silicates in the nanocomposites can greatly reduce
to silica networks can yield mesoporous carbsilica nano- structural shrinkage during the calcination. After the removal
composites:'® Random distributions of two constituents, pore  of carbon by simple combustion or removal of silica by HF
blockage, or uneconomic processes are also derived. Co-etching from carbonsilica nanocomposites, ordered meso-
assembly of inorganic and organic phases from the-gel porous pure silica or carbon frameworks can be obtained. The
process and subsequent carbonization is a facile method toordered carbon products have interconnected pores with uniform
prepare carbonsilica nanocomposites:*® Most carbor-silica pore sizes as large as 6.7 nm and surface areas as high as 2470
nanocomposites are, however, disordered. It is possibly becausen?g. By prolonging the aging time of TEOS, highly ordered
of the different polymerization rates of inorganic and organic mesoporous carbon can be synthesized with obvious bimodal
species, which destroy their co-assembly and lead to disorderechores at 2.6 and 5.8 nm, respectively. A “reinforced-concrete”
arrangements. Simultaneously, phase separation occurs in a largfamework structure for the nanocomposites is proposed.
area. The products lack the merits of composites. From the Ordered mesoporous carbons with high surface areas, large pore
viewpoint of synthesis, it is a challenge to get ordered sjzes and pore volumes, and interconnected pore structures
mesoporous nanocomposites using a one-step, convenient, angiould benefit their practical applications, such as electrodes

economic approach. The embedded constituents can thereforeor electric double-layer capacitors and adsorbents for proteins,
actually be controlled, and the synthesis is reproducible. Finally, vitamins, or dyes.

the results can be predicted.
Recently, highly ordered mesoporous polymers and 'carbonsz_ Experimental Section
have been reported by several research groups, which were
i - 3
synthesized from block qopolymers self-assentbiy: Notgbly, . 2.1. ChemicalsPoly(propylene oxideplockpoly(ethylene oxide)-
when low-molecular-weight and water-soluble phenolic resins blockpoly(propylene oxide) triblock copolymer Pluronic F1,(=
12 600, PE@sPPGoPEQe) Was purchased from Acros Corp. Tetra-
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Soc.2005 127, 14108.
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2005 17, 704.

(17) Wang, Z. M.; Hohsinoo, K.; Shishibori, K.; Kanoh, H.; Ooi, Ehem.
Mater. 2003 15, 2926.

(18) Lee, J.; Kim, J.; Lee, Y.; Yoon, S.; Oh, S. M.; Hyeon,dhem. Mater.
2004 16, 3323.

(19) Liang, C. D.; Hong, K. L.; Guiochon, G. A.; Mays, J. W.; Dai,Agew.
Chem., Int. Ed2004 43, 5785.
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2005 2125.

(21) Meng, Y.; Gu, D.; Zhang, F. Q.; Shi, Y. F.; Yang, H. F.; Li, Z.; Yu, C. Z;
Tu, B.; Zhao, D. Y.Angew. Chem., Int. EQR005 44, 7053.

ethyl orthosilicate (TEOS), phenol, formalin solution (37 wt %), NaOH,
HCI, and ethanol were purchased from Shanghai Chemical Corp. All
chemicals were used as received without any further purification.
Millipore water was used in all experiments.

(22) Zhang, F. Q.; Meng, Y.; Gu, D.; Yan, Y.; Yu, C. Z,; Tu, B.; Zhao, D. Y.
J. Am. Chem. So005 127, 13508.

(23) Liang, C.; Dai, SJ. Am. Chem. So@006 128, 5316.

(24) Ryoo, R.; Joo, S. H.; Jun, 3. Phys. Chem. B999 103 7743.
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(26) Joo, S. H.; Choi, S. J.; Oh, I.; Kwak, J.; Liu, Z.; Terasaki, O.; Ryoo, R.
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(27) Wei, Y.; Jin, D. L.; Yang, C. C.; Wei, Gl. Sol.-Gel Sci. Technol996
7,191.
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Table 1. Preparation Conditions and Composites of the Ordered 2.4. Synthesis of Ordered Mesoporous Carbon and Silica from
Mesostructured Polymer—Silica and Carbon—Silica Carbon—Silica NanocompositesAfter carbon-silica nanocomposites
Nanocomposites by Triconstituent Co-assembly via the EISA . . : -

Method, and of the Corresponding Mesoporous Silica or Carbon were immersed in 10 wt % HF solutions for 24 h, silicas were removed
Frameworks after the Removal of Carbon or Silica? and mesoporous carbons were left. Calcination at®&5fr 5 h in air

could burn off carbons and generate mesoporous silica materials. The

TEOS resol  F127  polymer%® SiO%°® C-H-0%°  SiO%°
mesoporous pure carbon products were named as MP-C-27, -36, -46,

MP-CS-27 2.08 0.16 1.0 34 66

27 . -
MP-CS-36 208 05 1.0 42 58 36 64 and -61, respectively, and the mesoporous pure silica products were
MP-CS-46 208 10 1.6 51 49 46 54 named as MP-S-27, -36, -46, and -61, respectively, corresponding to
MP-CS-61 2.08 20 23 68 32 61 39 their mother nanocomposites.
*

mgggge %gg 05 llg 4& 1(5)3 33 188 2.5. Synthesis of FDU-15 Mesoporous Polymer and Carbon.
MP-CS-100 0 1.0 1.0 100 0 100 0 FDU-15 samples with carbon-compound content percentage of 100%

(MP-CS-100) were synthesized by a solvent evaporation-induced self-
L 33‘_I'1he Tgsf rati%/of TEOS_/E}OH/HCM? was fixed at 2.08:12:7.% ) assembly (EISA) method with copolymer F127 as a template in an
pgyfné?;siligg nmaenrogo%nposistlegg,odgg;;i; e?j f?;‘;ssTGpreégggigﬁfo'& the ethanol solutiors? In a typical preparation, 1.0 g of F127 was dissolved
and SiQ% were the mass percentages in the carfsilica nanocomposites, in 20.0 g of ethanol, and then 5.0 g of 20 wt % resols’ ethanolic solution

determined from TG results. The elemental analysis results show that thewas added by stirring for 10 min to form a homogeneous solution.

carbon materials after the removal of silica have a molar ratio C:H:O The following pr r re th m h for MP-CS-46. Th

14.4:2.5:1. The data of MP-CS-100 (FDU-15) came from ref 21. e following procedures were the same as those for MP-CS-46. The
as-made products were calcined at 350 and @ N, to get FDU-

2.2. Preparation of Resol PrecursorsThe resol precursoy, < 15 and C-FDU-15, respectively.
500) was prepared according to the literature methdd. a typical 2.6. Characterization and MeasurementsThe small-angle X-ray
procedure, 0.61 g of phenol was melted at-4@ °C in a flask and scattering (SAXS) measurements were taken on a Nanostar U small-
mixed with 0.13 g of 20 wt % NaOH aqueous solution under stirring. angle X-ray scattering system (Bruker, Germany) using Guadiation
After 10 min, 1.05 g of formalin (37 wt % formaldehyde) was added (40 kv, 35 mA). Thed-spacing values were calculated by the formula
dropwise below 50C. Upon further stirring fol h at 76-75°C, the d = 27/q, and the unit cell parameters were calculated from the formula
mixture was cooled to room temperature and the pH value was adjustedy = 24, /./3. X-ray diffraction (XRD) patterns were recorded on a
to about 7.0 by HCI solution. After water was removed by vacuum gr,ker D4 X-ray diffractometer with Ni-filtered Cu ¢ radiation (40
evaporation beloyv 50C, _the final product was dissolved in ethanol kV, 40 mA). Nitrogen sorption isotherms were measured at 77 K with
(20 wt % ethanolic solution). = a Micromeritcs Tristar 3000 analyzer. Before measurements, the
2.3. Syr_1t'he5|s of Ordere_d Mesoporous POlymefS”.'.Ca and samples were degassed in a vacuum at ZDdor at least 6 h. The
g;rt?;:—;ilsilclgan:ni)r;%iggqops?tselge?/\./'\élrisopprzrpoeijrse dpzly)/mt]r?:::::::tuinn? co- Brunauer-Emmett-Teller (BET) method was utilized to calculate the
. . . specific surface areaSdgr) using adsorption data in a relative pressure
assembly of resols, oligomer S|I|c_ates from TEOS, and triblock range from 0.04 to 0.2, By using the Barrefoyner-Halenda (BJH)
2ggg:§mz: I'::112277V\t12?5::§3'lvlgd?nté%cglofzﬁzztllc\)/\:ihlllf.so% SI (;)I;)(':\I/T model, the pore volumes and pore size distributions were derived from
the adsorption branches of isotherms, and the total pore voluvjes (

HCI and stirred fo 1 h at 40°C to afford a clear solution. Next, 2.08 X .
g of TEOS and 5.0 g of 20 wt % resols’ ethanolic solution were added Were estimated from the adsorbed amount at a relative preBgRge

in sequence. After being stirred for 2 h, the mixture was transferred of 0.992. The micropore volume#/{) and micropore surface areas
into dishes. It took 58 h at room temperature to evaporate ethanol (Sn) were calculated from thé—t plot method using the equatiof/

and 24 h at 100C in an oven to thermopolymerize. The as-made C¢m®= 0.001547, wherel represents thgintercepts in thé/—t plots.
products, flaxen and transparent films or membranes, were scraped fromThet values were calculated as a function of the relative pressure using
the dishes and ground into fine powders. Calcination was carried out the de Bore equatiot/A = [13.99/(logfo/p) + 0.0340)}'2. Transmis-

in a tubular furnace at 359 for 3 h and at 900C for 2 h under N sion electron microscopy (TEM) experiments were conduced on a JEOL
flow to get mesoporous polymesilica and carbonsilica nano- 2011 microscope (Japan) operated at 200 kV. The samples for TEM
composites, respectively, named as MP-CS-46. “MPxC&notes the measurements were suspended in ethanol and supported onto a holey

mesoporous polymersilica and carborsilica nanocomposite samples,  carbon film on a Cu grid. Fourier transform infrared (FT-IR) spectra
whereinx represents the percentage of the carbon-compound contentwere collected on Nicolet Fourier spectrophotometer, using KBr pellets
in the carborrsilica nanocomposite after 90T calcination. The  of the solid samples. Weight changes of the products were monitored
heating rate was 1C/min below 600°C and 5°C/min above 600C. using a Mettler Toledo TGA-SDTA851 analyzer (Switzerland) from
Nanocomposites with different compositions (the mass ratios of 55 900°C under nitrogen or air with a heating rate ofG/min. 23C
polymer/SiQ or C/SiQ; from zero to infinity) could be synthesized by 5,205 gojid-state nuclear magnetic resonance (NMR) experiments
adjusting the mass ratios of resol to TEOS from zero to infinity (Table were performed on a Bruker DSX300 spectrometer (Germany) under
1)- To keep the_initial silica oligomers atthe same degree of hydrolysis conditions of cross polarization (CP) and magic angle sample spinning
and co.nde.nsatlon, t.he mass rafio of TEOS./EtOH/H@MIaS fixed (MAS). °C CP-MAS NMR spectra were collected at room temperature
at 2.08:12:7.3« 10~%1.0. According to the different amounts of resol . . .
and F127, the final compositions were F127/resol/TEOS/EtOH/HCI/ with a frequency of 75 MHz (,2 S .recycle, 2.5 ms contact time) using
H,0 = 1-2.3:0.16-2:2.08:12:7.3« 1031.0 (mass ratio). The typical adamantane as a referenéii solld_-state MAS NMR spectra were
samples denoted as MP-CS-27, -36, -46, and -61 are listed in Table 1.c0llected at room temperature with a frequency of 59.6 MHz, a

Using the same initial composition as MP-CS-36 (F127/resol/TEOS/ "ecycling delay of 600 s, a radiation frequency intensity of 62.5 kHz,
EtOH/HCI/H,0 = 1:0.5:2.08:12:7.3¢ 10-%1.0 in mass ratio), nano-  and a reference sample 0§/@s ([(CHz)sSiOJSisO12). Raman spectra
composite MP-CS-36* was prepared by prolonging the stirring time Were obtained with a Dilor LabRam-1B microscopic Raman spectrom-
to 5 h at 40°C. In a typical preparation, 1.0 g of block copolymer €ter (France), using a HeNe laser with an excitation wavelength of
F127, 10.0 g of ethanol, and 1.0 g of 0.2 M HCI were mixed well at 632.8 nm. The C, H, and O contents were measured on a Vario EL Il
40°C. To it were added 2.08 g of TEOS and 2.5 g of 20 wt % resol elemental analyzer (Germany). Before the measurements, the silica
solution, and stirring was continued for 5 h. The following procedures components were removed from polymsilica or carbor-silica
were the same as the above description. nanocomposites.
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Table 2. Physicochemical Properties of the Mesoporous
Polymer—Silica and Carbon—Silica Nanocomposites Prepared with
Different Resol/TEOS Mass Ratios from Triconstituent
Co-assembly via EISA Method, and of the Corresponding
Mesoporous Silica and Carbon Frameworks Obtained after the
Removal of Carbon and Silica, Respectively?

sample name 3 (nm)  Sger (M?/g) D (nm) V (cm®g)
MP-CS-27  as-made 16.0

polymer-silica 12.6 600 8.5 0.65

carbon-silica 7.79 160 6.7 0.21
MP-C-27 carbon 1270 0 0.73
MP-S-27 silica 12.0 240 7.8 0.40
MP-CS-36 as-made 14.8

polymer-silica 13.9 570 7.5 0.60

carbon-silica 12.2 290 6.6 0.28
MP-C-36 carbon 11.7 2470 5.8 2.02
MP-S-36 silica 114 310 7.9 0.55
MP-CS-46  as-made 15.0

polymer-silica 13.4 610 8.1 0.80

carbon-silica 12.0 350 6.7 0.46
MP-C-46 carbon 11.9 2390 6.7 1.94
MP-C-46 silica 10.8 270 10.7 0.79
MP-CS-61  as-made 15.6

polymer-silica 13.6 590 7.4 0.72

carbon-silica 11.6 460 6.0 0.57
MP-C-61 carbon 11.6 1600 6.0 1.22
MP-S-61 silica 9.1 280 9.6 0.75
MP-CS-36* as-made 14.8

polymer-silica 13.7 550 7.6 0.57

carbon-silica 12.1 280 6.3 0.38
MP-C-36* carbon 11.7 2130 2.6/5.8 2.02
MP-S-36* silica 11.6 360 7.3 0.71
MP-CS-0 as-made 155

silica-550 12.6 230 6.5 0.32

silica-900 11.4 60 4.4 0.07
MP-CS-100 as-made 14.8
FDU-15 polymers 12.1 650 6.8 0.63
C-FDU-15  carbon 8.7 970 2.9 0.56

aThe data of MP-CS-100 (FDU-15) came from ref 24,.the unit cell
parameter, was calculated by using the formaja= 2d/+/3. Sger is the
BET surface areéD is the pore size diametev.is the total pore volume.

3. Results and Discussion

3.1. Ordered Mesostructured Polymer-Silica and Carbon—
Silica NanocompositesMesostructured polymersilica nano-

TR,

Figure 1. TEM images of mesoporous nanocomposites MP-CS-46 calcined
at 350°C (A and B) and 900C (C and D) in N, viewed from the [110]

(A and C) and [001] (B and D) directions. The insets are the corresponding
FFT diffractograms.

becomes black. Besides three well-resolved diffraction peaks
indexed to 10, 11, and 20 reflections, an additional weak
diffraction peak indexed to 21 reflection is observed (Supporting
Information, Figure 1c), indicating that highly ordered 2-D
hexagonal mesostructured nanocomposite is thermally stable.
The unit cell parameterag) is calculated to be 12.0 nm,
reflecting minor framework shrinkage of 20%. It is much smaller
than that of C-FDU-15 (41.2%) with the samém symmetry

but without silicates inside the framework after heating treatment
at 900 °C. This phenomenon clearly demonstrates that the
presence of silica in the nanocomposite can efficiently reduce
framework shrinkage as compared to pure poly?ier.

A more detailed structural characterization is revealed by
TEM images, as shown in Figure 1. The calcined nano-
composites at 350 and 90C in N, show large domains of
highly ordered stripe-like and hexagonally arranged images. The
results indicate well-ordered hexagonal arrays of mesopores with
1-D channel€? which can be retained after calcination at 900

composites were prepared by triconstituent co-assembly ofoc_ |t further confirms a thermally stabjgsm mesostructure.

preformed resols, silica oligomers from acid-catalyzed hydroly-
sis of TEOS, and triblock copolymers F127 via the EISA
approacP? in ethanol solution. Here, we take the mesoporous

Estimated from TEM images, the cell parametexg are 13.2
and 12.0 nm for the nanocomposites calcined at 350 and 900
°C, respectively, in accordance with the values calculated from

nanocomposite MP-CS-46 with the carbon-compound content gaxs data.

percentage of 46 wt % as an example. The as-made products N, sorption isotherms of this mesoporous nanocomposite
are flaxen membranes without obvious macrophase separation(\p-cs-46) calcined at 35T in N, (Supporting Information,

The SAXS pattern for as-made polymesilica nanocomposite
MP-CS-46 (Supporting Information, Figure 1a) clearly shows
three well-resolved diffraction peaks, associated with 10, 11,
and 20 reflections of two-dimensional (2-D) hexagonal sym-
metry with the space group @bm.?° After calcination at 350
°C in nitrogen, the product turns brown and yields a more
resolved SAXS pattern (Supporting Information, Figure 1b) of
highly ordered 2-D hexagonal mesostructure. The unit cell
parameter &p) is reduced from 15.0 to 13.4 nm upon the
calcination (Table 2), reflecting a 10.7% framework shrinkage.
After being heated at 908C in nitrogen, the nanocomposite

(28) Lu, Y. F.; Ganguli, R.; Drewien, C. A.; Anderson, M. T.; Brinker, C. J.;
Gong, W. L.; Guo, Y. X.; Soyez, H.; Dunn, B.; Huang, M. H.; Zink, J. .
Nature 1997, 389, 364.

(29) Zhao, D. Y.; Feng, J. L.; Huo, Q. S.; Melosh, N.; Fredrickson, G. H;
Chmelka, B. F.; Stucky, G. DSciencel998 279, 548.

Figure 2) exhibit type-IV curves with a very sharp capillary
condensation step aP/P, = 0.70-0.80 and an Htype
hysteresis loop that are typical of large-pore mesoporous
materials with cylindrical channef8. A narrow pore size
distribution with a mean value of 8.1 nm is calculated from the
adsorption branch based on the BJH model. It is a little larger
than the pore size (6.8 nm) of FDU-15 (Table?2)ndicative

of a smaller framework shrinkage of the nanocomposite during
thermal decomposition of triblock copolymer F127 than the
latter case. This phenomenon is coincident with the SAXS
results. The polymersilica nanocomposite (MP-CS-46) has a
BET surface area of 6104y and a total pore volume of 0.80
cm?/g, respectively! t-Plot analysis (Supporting Information,
Figure 3a) reveals the contribution of micropores to the BET
surface area is about 17.2%. After calcination at 900n N,
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this nanocomposite MP-CS-46 with 46 wt % carbon-compound
content also displays type-IV Nsorption isotherms but with

an H-type hysteresis loop. It is related to imperfect cylinder
channels$? implying the presence of a rough surface probably
caused by asymmetric shrinkage. The capillary condensation
step shifts to low relative pressure with a wide rang®@/&% =
0.45-0.67, which is related to the reduction of pore size to 6.7
nm. This phenomenon is accompanied by the change of cell-
unit parameters on account of framework shrinkage during the
calcination. As compared to the distinct decrease of pore size
to 2.9 nm for C-FDU-15 with 100% carbon content heated at
900°C in N, (Table 2), this shrinkage in the nanocomposite is
considerably smaller. The BET surface area and pore volume
of the MP-CS-46 nanocomposite calcined at 90D are
calculated to be 350 #fy and 0.46 crflg, respectively.

Efforts were then made to elucidate the framework composi-
tions by the combination of TGA, FT-IR, NMR spectra, and
elemental analyses. TGA curves (Supporting Information, Figure
4A) show a significant weight loss of 46 wt % in the temperature
range from 300 to 400C under nitrogen for as-made nano-
composite MP-CS-46. Similarly, 97.5 wt % loss of pure triblock
copolymer F127 occurs at the same temperature range. |
suggests that most F127 template can be removed &G40
Na. A little weight loss (10 wt %) can be observed at 4300
°C, corresponding to dehydrogenation and polymerization of
phenolic resins and silicate species in the nanocomposite.
Beginning with the nanocomposite MP-CS-46 after calcination
at 350°C in Np, the TGA curve (Supporting Information, Figure
4B) displays an obvious weight loss of 51 wt % in air between
350 and 58CC. This phenomenon is attributed to the combus-
tion of organic constituents with residue of inorganic constituent
silicates. The composition can then be given as organics of 51
wt % and silica of 49 wt % as listed in Table 1. It may fluctuate
a bit because condensation of silicate species may also contribut
to the weight los3? When TGA measurement was carried out
on MP-CS-46 after calcination at 90C in Ny, the weight loss
in the temperature range of 56600 °C is 46 wt %, and the
weight residue is 54 wt %. They are attributed to carbon
compound and silica, respectively.

FT-IR spectra (Supporting Information, Figure 5a) of as-made
nanocomposite MP-CS-46 show the bands- 2000 and 1100
cmt attributed to the €H and C-O stretching of triblock
copolymer F12%* and the overlap with SiO—Si vibration32
A broad band at~3400 cnm! and weak band at 1610 crh
assigned to the characteristic stretching modes of phenolic
resing®34and the absorbance at 942 chascribed to S+OH
vibration are observed. The decreasing intensity of bands at
around 2900 cm! for the nanocomposite calcined at 350
under nitrogen further suggests template decomposition of
copolymer F1271 The retained vibrations of phenolic resins

t
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Figure 2. Solid-state’3C CP/MAS NMR spectra (A) of mesoporous
nanocomposites MP-CS-46: (a) as-made and (b) calcined £tG350N,.
Solid-state?*Si MAS NMR spectra (B) of mesoporous nanocomposites MP-
CS-46: (a) calcined at 90T in N, and (b) after (a) burning at 55 in

air.

b

60 -80 -100
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20  -40 -120

wt %, the molar ratio of C:H:O (6.77:5.03:1) close to that in
ideal cross-linking phenolic resins (C:H:©7:5: ). It indicates
that highly cross-linking phenol resin polymer networks are
preserved well. ThEC CP-MAS NMR spectrum (Figure 2A(a))

of as-made polymersilica nanocomposite shows a strong
resonance signal at 71 ppm, which is contributed by triblock
copolymer F1275 Heated at 350°C in nitrogen, the nano-
composite shows five peaks at the chemical shifts at 16, 35,
64, 130, and 149 ppm (Figure 2A(b)). Except for the weak signal
at~64 ppm related to SiO—C bonds, other signals are typical
features of polymer phenolic resins, revealing the presence of
resin polymeric frameworks in the nanocomposite and silicate

surface partly bonding with carbon speciéslo signal ascribed

to Si—C bonds is detected. It gives a hint for only silica and
polymer dispersing in the frameworks and ne-Si chemical
bonds between them. The signal at 71 ppm corresponding to
triblock copolymer F127 disappears after the calcination at 350
°C (Figure 2A(b)), which gives evidence on almost complete
decomposition of triblock copolymer template in agreement with
TG and FT-IR analyses.

After calcination at 900C in Ny, the characteristic vibration
bands of phenolic resins disappear and those of silicates are
retained as shown in FT-IR spectra (Supporting Information,
Figure 5c¢-e), and the molar ratios of C:H:O estimated by
elemental analysis increase to 14.4:2.5:1.0 after etching SiO
with HF. These results clearly indicate the framework is
composed of carbon and silica. THSi MAS NMR spectrum
(Figure 2B(a)) of the nanocomposite MP-CS-46 calcined at 900
°C in N, shows a broad signal at110 ppm, which is similar

and silicates indicate the coexistence of polymer and inorganic {0 the chemical shift of Qspecies [=Si—0] for amorphous
silicate solids. To obtain the composition of organic materials, Silica. The result illustrates that the silicate species with a
silicates were etched by HF solution. Elemental analysis revealsCOMPIex chemical environment have relatively high cross-

that it is composed of C, 51.3 wt %; H, 3.2 wt %; and O, 10.1 !iNking degree and some interactions with carbon species. No
other chemical shift is detected-a60 ppm, suggesting that no

Si—C species are formed in the nanocomposite.
The ratios of polymer/silica or carbon/silica in the polymer
silica or carbor-silica nanocomposites can be tuned from zero

(30) Chen, D. H.; Li, Z.; Wan, Y.; Tu, X. J.; Shi, Y. F.; Chen, Z. X.; Shen, W.;
Yu, C. Z.; Tu, B.; Zhao, D. YJ. Mater. Chem200§ 16, 1511.

(31) Yang, C. M.; Zibrowius, B.; Schmidt, W.; Schuth, Ehem. Mater2003
15, 3739.

(32) Sun, D. H.; Zhang, R.; Liu, Z. M.; Huang, Y.; Wang, Y.; He, J.; Han, B.
X.; Yang, G. Y.Macromolecule005 38, 5617.

(33) Trick, K. A.; Saliba, T. ECarbon1995 33, 1509.

(34) Kim, J.; Lee, J.; Hyeon, TCarbon2004 42, 2711.

(35) Chu, P. P.; Wu, H. DPolymer200Q 41, 101.
(36) GrenierLoustalot, M. F.; Larroque, S.; GrenierPRlymer1996 37, 639.
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Figure 3. SAXS patterns of the mesoporous nanocomposites prepared with = a
different compositions calcined at 38C (A) and 900°C in Nz (B). In a 400 QM’O c 4
both (A) and (B), (a) MP-CS-27, (b) MP-CS-36, (c) MP-CS-46, and (d) & yd&gm@ E,@mmﬁ .
MP-CS-61. " ;// Vo £,
P . . . % 300 o por _o-0-0 munscmnd m\t’)
to infinity by varying the mass ratios of resols to TEOS in 8 | / I/ £
triconstituent co-assembling process. To well organize tricon- § 200 / j a 2
stituent co-assembly and obtain highly ordered mesostructures, < ,a"” a S
different amounts of resol and F127 are required in the system g T — 11
with the fixed mass ratios for TEOS:EtOH:HCLE of 2.08: 5 100 [ F

12:7.3x 10731.0. The synthesis conditions and compositions e o
for four typical nanocomposites with the carbon-compound
contents (wt %) of 27, 36, 46, and 61, and two samples of MP-

S-0 (pure silica) and MP-C-100 (pure polymer, FDU-15) with o R
Figure 4. N sorption isotherms (A and C) and pore size distribution curves

carbon-compound contents of 0 and 100%, respectively, as ) !

. . . ’ (B and D) of the mesoporous nanocomposites calcined a@5@ and
examples, are illuminated in Table 1. The four nanocomposites gy and 906°C in N, (C and D). In all figures, a, b, ¢, and d correspond to
after calcination at 350 and 90C in N, show typical SAXS the polymer-silica and carbonsilica nanocomposites of MP-CS-27, MP-
patterns of high-quality 2-D hexagonal mesostructure (Figure gggg T/ITD_%SS_‘T(% agngl\ljl_F(‘:g_SGJé{esgliflfnggl);tTgﬁeD iisrftplergrz ('g‘%;fértMP'
3). At least three or four resc_’l\/Ed diffraction pe_aks_ can be vertica'lly by 300, 600, and 900 cig, respectively. The isoiherms (C) of
observed? As carbon contents in the nanocomposites increase, MpP-CS-36, MP-CS-46, and MP-CS-61 calcined at 00n N are offset
the mesostructure regularity gradually reduces to some extent.vertically by 50, 180, and 250 cifg, respectively.

These results also suggest that the mesoporous pohysiiiea

and carborrsilica nanocomposites are thermally stable. The unit uniformity. When carbon contents are high, idealtifsteresis

cell parameters (Table 2) become smaller as compared to ascan be observed for polymesilica nanocomposites (Figure
made nanocomposites because of the structural shrinkage4A(c,d)), suggesting well-ordered cylinder mesopore charifels.
Notably, all unit parameters are much larger than that of FDU- Polymer-silica nanocomposites have similar BET surface areas
15 or C-FDU-15, indicating that the incorporation of rigid and uniform mean pore sizes regardless of carbon contents

00 02 04 06 08 10 0 5 10 15 20 25
Relative Pressure (P/P,) Pore Diameter (nm)

inorganic silicates reduces framework shrinkag€his effect (Figure 4B). All carbor-silica nanocomposites after calcination
also lies in the fact that polymesilica and carborsilica at 900°C in N, show H hysteresis (Figure 4C), suggesting
nanocomposites with more silicate contents have larger unit cellimperfect mesopore channéfsAs carbon contents increase in
parametersap). carbon-silica nanocomposites, both BET surface areas and pore

N2 sorption isotherms and pore size distribution curves of volumes gradually enlarge. Yet the mean pore sizes remain a
polymer-silica and carborsilica nanocomposites with different  value about 6.7 nm (Figure 4D and Table 2), which is greatly
carbon contents are shown in Figure 4, and the correspondinglarger than that (2.9 nm) of C-FDU-15 with pure carbon
pore characters including BET surface areas, pore volumes, andramework. It implies that the framework shrinkage in the
pore diameters are summarized in Table 2. All nanocompositesnanocomposite is considerably smaller.
exhibit type-1V curves with distinct capillary condensation steps, It is noticed that triblock copolymer F127 self-assembly can
suggesting narrow mesopore size distributitsis coincident derive either pure silica or polymer frameworks with ordered
with their highly ordered mesostructures, confirmed by the mesostructure. The dosage of F127 is different for various
SAXS and TEM results. When carbon contents are low, obvious components. For example, pure polymer mesostructure (MP-
H; hysteresis can be seen for the polymatica nanocomposites ~ CS-100) with 2-D hexagonagdém symmetry, typical FDU-15,
(Figure 4A(a,b)) after calcination at 35C in N, suggesting can be templated by copolymer F127 without the addition of
caged pore mesostructure. It further suggests that the nanosilica source TEOS when the phenol/F127 mass ratio ranges
composites have roughly cylindrical pore channels, probably from 1.0 to 1.2! The highly ordered mesoporous silica structure
resulting from the different shrinkage between silicates and with carbon-content percentage of zero can be obtained at the
phenolic polymer resin¥. This implies local component non-  mass ratio of TEOS/F12% 2.08 via the similar EISA process.
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Figure 5. SAXS patterns of the mesoporous carbon (A) and silica (B) — ’
products obtained from the corresponding nanocomposites with different Figure 6. TEM |mages of the products from the MP-CS-46 nanocomposite

compositions calcined at 90 in Ny. In (A): (a) MP-C-27, (b) MP-C- calcined at 900°C in No: mesoporous carbon MP-C-46 (A and B) and
36, (c) MP-C-46, and (d) MP-C-61. In (B): (a) MP-S-27, (b) MP-S-36, (c) mesoporous silica MP-S-46 (C and D). The TEM images were recorded
MP-S-46, and (d) MP-S-61. along the [110] (A and C) and [001] (B and D) directions. The insets are

the corresponding FFT diffractograms.

Therefore, the polymersilica mesostructure can probably have
a constituent-ratio range from zero to infinity with the same by the presence of silicas in nanocomposites during carboniza-
pém symmetry by controlling the amount of both precursors tion. Representative TEM images of the mesoporous carbon MP-
and triblock copolymer F127. C-46 which was derived from mother nanocomposite MP-CS-

3.2. Ordered Mesoporous Carbon and Silica Materials ~ 46 viewed from the [110] and [001] directions, respectively
from Carbon —Silica NanocompositesThe integrated frame-  (Figure 6A,B), further confirm a highly ordered 2-D hexagonal
works with ordered 2-D hexagonal mesostructure have beenp6m mesostructuré® The cell parameterg) is estimated to be
synthesized by triconstituent co-assembly via the one-step EISA11.8 nm, in good agreement with that determined from the
approach, composed of silicas and polymer resins or silicas andSAXS data. Carbon obtained from MP-CS-27 lacks well-
carbons. Either polymersilica or carbor-silica nanocomposites ~ resolved SAXS patterns (Figure 5A(a)), indicative of a disor-
have a very wide component range. Some interactions may occurdered mesostructure. It can be ascribed to the low carbon content
on the interface between the polymer and silica or carbon andin the nanocomposites, which may leave many voids. Ordered
silica, and affect the structures and networks. Yet neCSi mesostructure cannot be retained after the removal of silica.
covalent bonds are formed. To understand the structures ofFrom this point, ordered mesoporous carbon materials can be
carbon (polymer) and silica in the nanocomposites is critical derived provided that the carbon contents are higher than 35
for the control of triconstituent co-assembly, and thus it is Wt % in mesoporous carbersilica nanocomposites.
necessary to investigate the resultants of carbon and silica N2 sorption isotherms were measured on the mesoporous
separately. Carbessilica nanocomposites are used as the carbon materials to evaluate their textural properties, as shown
parents. Etching with HF solution or combustion of nano- in Figure 7A,B and Table 2. Mesoporous carbons except the
composites in air can remove silica or carbon, leaving carbon carbon product from MP-CS-27 exhibit similar type-IV iso-
or silica phases. therms with distinct capillary condensation steps occurring at

3.2.1. Ordered Mesoporous Carbon MaterialsTG mea- relative pressures of 0-®.7, corresponding to narrow pore size
surements (Supporting Information, Figure 4B) show that distributions of mesopores at about 6 Afr¥et the mean pore
carbons can completely combustg9.7 wt %) in air at a sizes remain a value about 6.7 nm (Table 2). The pore sizes are
temperature range from 400 to 600. It indicates that silicas  close to those of their mother nanocomposites. These mesopores
have been successfully removed from carbsilica nano- are, therefore, inherited from carbesilica nanocomposites due
composites by dissolution in HF, which can also be confirmed to the degradation of triblock copolymer F127 and can retain
by TEM-based energy-dispersive X-ray spectroscopy (EDS) comparative large values due to small contraction.
analyses (not shown here). The SAXS patterns (Figure 5A) of Remarkably, a distinctly increased sorption in the isotherm
all mesoporous carbon materials except that of MP-C-27 with curves at relative pressure BfP, of 0.1-0.3 is observed for
low carbon content show three or four diffraction peaks, mesoporous carbons (Figure 7A), suggesting smaller pores with
revealing ordered 2-D hexagonal mesostruct@mj?® with a wide distribution below 3.5 nm (Figure 7B). The smaller pores
similar unit cell parameters of about 12 nm. They are analogous are inside the pore walls caused by the removal of silicas from
to mother carbonsilica hnanocomposites (Table 2). The small the carbon-silica composites. It implies that carbon and silica
framework shrinkages are related to the mild agueous treatmentphases are separated and “homogeneously” distributed inside
by HF solution rather than a serious heating treatment at high pore walls on nanoscale. Another distinguished phenomenon
temperature. As compared to pure carbon C-FDU-15, theseis extremely high BET surface areas of about 240tgnfior
mesoporous carbons show remarkably larger unit cell parameterghe mesoporous carbons MP-C-36 and MP-C-46, almost 7 times
despite similar values for as-made nanocomposites and FDU-higher than their parent carbesilica nanocomposites (Table
15. It can be attributed to the inhibition of framework shrinkages 2). On the basis of an ideal cylinder model, the calculated BET
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Figure 7. Nz sorption isotherms (A and C) and pore size distribution curves
(B and D) of the mesoporous carbon (A and B) and silica (C and D) products
from the mother nanocomposites with different compositions calcined at
900 °C in Np. In all figures, a, b, ¢, and d correspond to the carbon and
silica products from MP-CS-27, MP-CS-36, MP-CS-46, and MP-CS-61,
respectively. The isotherms (A) for the mesoporous carbon MP-C-46 are
offset vertically by 200 crfig, and those (C) for mesoporous silicas MP-
S-36, MP-S-46, and MP-S-61 are offset vertically by 100, 300, and 600
cm?/g, respectively.

surface area is only 350 #g when the density of carbon
framework is assumed to be 1.8 gferiihe large surface areas
may be ascribed from plenty of small pores inside carbon pore
walls. Carbon from nanocomposite MP-CS-61 whose mother
has a low content of 39 wt % silica shows a lower BET surface
area of 1600 g, possibly due to less small pores. This kind
of carbon completely differs from the reported C-FDU-15
obtained without silica whose surface areas are mainly contrib-
uted by micropore&t The isotherms of mesoporous carbon MP-
C-27 obtained from low carbon-content nanocomposite MP-
CS-27 show type-I curves with a wide pore distribution of less
than 2.5 nm (Figure 7A(a) and B(a)). MP-C-27 has a BET
surface area of 1270 #g. It is probably contributed by the
dissolution of silica in the carbessilica nanocomposite,
although the mesostructure of MP-C-27 is destroyed after
etching silica.

The wide-angle XRD pattern (Supporting Information, Figure

6) for mesoporous carbons shows a weak diffraction shoulder

at 29 of about 23, together with a broad diffraction peak & 2
value of about 43 corresponding to 002 and 10 reflections of
carbon material¥’-38 Raman spectrum (Supporting Information,

Figure 7) displays two broad peaks at around 1330 and 1600

(37) Hoebbel, D.; Nacken, M.; Schmidt, H. Sol.-Gel Sci. Technol998 12,
169.

cm™1, attributed to the D-band and G-band, respectivéfhese
results give evidence for amorphous carbon frameworks, which
may be related to the carbon precursors of phenolic resins and
the low calcination temperatuté.

3.2.2. Ordered Mesoporous Silica Materials.Burning
carbon-silica nanocomposites in air at 583G brings about the
corresponding ordered mesoporous silica materials, as evidenced
by characteristics of well-resolved SAXS patterns (Figure 5B)
and typical TEM images (Figure 6C and D) with 2-D hexagonal
pém symmetry2® On the contrary to the nearly constant unit
cell parameters of both ordered mesoporous carbons and
carbon-silica nanocomposites, the unit cell parameters of
ordered mesoporous silicas gradually reduce as carbon contents
increase in their mother nanocomposites (Figure 5B and Table
2). This phenomenon can be explained by the increasing
framework shrinkage during the combustion at 58Din air
with the continuous augment of carbon contents in the nano-
composites. Interconnected channels of mesoporous silica, for
the mesoporous silica from MP-CS-46, can be clearly observed
from the TEM image (Figure 6D). It may be attributed to the
destruction of nanocarbon internets during the carbon combus-
tion, similar to 3D-SBA-15° For the mesoporous silica from
MP-CS-61 with carbon content as high as 61 wt %, only one
weak diffraction peak can be detected in the SAXS pattern
(Figure 5B(d)). There are two possible reasons. One is that the
silica mesostructure has been destroyed during a large amount
of carbon combustion, similar to the carbon mesostructure whose
mother nanocomposites have a high content of silica. The other
may be a low contrast for X-ray diffraction due to voids caused
by copious carbon combustion and small residue of silica.

Type-IV Nz sorption isotherms with capillary condensation
steps at a relative pressure of 0085 are observed for all
mesoporous silica materials derived from carbseitica nano-
composites by simple combustion at 5%Din air (Figure 7C),
suggesting a uniform pore size distribution. On comparison with
their mother carbonsilica nanocomposites, the pore sizes
calculated from adsorption branches for ordered mesoporous
silicas are a little larger (Table 2), and their distributions get
wider (Figure 7D). The pore sizes of carbons whose mother
nanocomposites have high-content carbons, for example, MP-
CS-46 and MP-CS-61, are visibly larger than the corresponding
ap values. It is not surprising because similar phenomenon has
been observed in meso-tunneled 3D-SBA¥1bwo effects can
be considered on the enlargement of pore sizes, the minor one
of inner-wall carbon combustion and the major one of large
mesopore tunnels>@ nm) on pore walls as observed by the
TEM image (Figure 6D). The large enough meso-tunnels
together with uniform cylinder channels contribute the space
for nitrogen condensation at higher relative pressi d),
reflecting a larger calculated pore size. Simultaneously, the wide
pore size distributions support the conclusion. These mesoporous
silica materials have BET specific surface areas and pore
volumes ranging from 240 to 310%fg and from 0.40 to 0.79
cm?/g (Table 2), respectively, which are much lower than their
mesoporous carbon counterparts. The solid-st&&-MAS
NMR spectrum (Figure 2B(b)) for mesoporous pure silica (MP-
S-46) calcined at 558C in air shows a narrower signal-atL10

(38) Yang, H. F.; Yan, Y,; Liu, Y.; Zhang, F. Q.; Zhang, R. Y.; Meng, Y.; Li,
M.; Xie, S. H.; Tu, B.; Zhao, D. YJ. Phys. Chem. B004 108 17320.

(39) Fan, J.; Yu, C. Z.; Wang, L. M.; Tu, B.; Zhao, D. Y.; Sakamoto, Y.;
Terasaki, OJ. Am. Chem. So@001], 123 12113.
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Scheme 1. Triconstituent Co-assembly to Ordered Mesoporous Polymer—Silica and Carbon—Silica Nanocomposites, and the
Corresponding Ordered Mesoporous Silica and Carbon Frameworks
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ppm (@) than that for carbonsilica nanocomposite MP-CS-  inorganic (silicate-silicate), organie-inorganic (F127silicate
46 (Figure 2B(a)), implying an increase in the polymerization and resot-silicate), and organieorganic (F12#F127, F127
degree of silicates. The low BET surface areas may be relatedresol, and resetresol) interactions. As mentioned above, the
to the preparation method. Ordered mesoporous carbons weraised amount of surfactant F127 is varied to obtain highly
obtained by a mild dissolution of the silica in an aqueous HF ordered mesostructured materials when the mass ratio of the
solution without any further calcination. On the contrary, the inorganic silicate to organic resol precursor ranges from zero
removal of carbon in carbersilica nanocomposite was rigorous  to infinity. It is not a simple function, probably on account of
by calcination at 550C in air. It may eliminate the small pores the different amounts of hydroxyl groups in resol and silicate
in silica walls left by removal of carbons and condense silica precursors.
frameworks. To match well the triconstituent co-assembly system, resols
3.3. Understanding the Controllable Triconstituent Co- and silicate oligomers from acid-catalyzed hydrolysis of TEOS
assembly.On the basis of the above observations, we propose are used as organic and inorganic precursors, respectively. This
that the formation of nanocomposites undergoes a triconstituentkind of resol that is preformed by phenol and formaldehyde
co-assembly process of organic polymer resol precursors, silicateunder an alkaline condition has a 3-D network structure with
oligomers hydrolyzed from TEOS, and amphiphilic triblock benzene ring as three- or four-linking sité$n the initial acid-
copolymer F127. The final nanocomposites have an interpen- hydrolyzed TEOS solution, small oligomers full of -SDH
etrating framework with “reinforced-concrete’-like structure, in - groups are formeéf Both of them possess plenty of hydroxyl
which both “reinforcing-steel-bar” silicate and “concrete” groups, which can form strong hydrogen-bonding inter-
polymer resins or carbons can form mesostructured frameworksactions with EO-containing triblock polymers and are arranged
with nanoscaled phase separation (Scheme 1). around triblock copolymer micelles. Triblock copolymer F127
First, it is well known that TEOS or oligomer silicate species (EQ,0PO,0EO105) Was selected as a template, mainly due to
can react with the hydroxyl group of phenol or phenolic resins. its long EO chains, which can form strong hydrogen-bonding
Yet Si—O—C bonds are unstable as compared te@GtSi and interactions and favor the organization of ordered nanocomposite
C—C bonds individually formed during the polymerization mesostructures.
process of resols and silicate oligomers. In our case, silicateS The continuous ethanol evaporation promotes co-assembly
and polymer resins or carbons are the two separated andgpf these species and drives the organization of surfaetant
coexisted constituents. Only a weak bonding interaction occurs resgls-silica composites into ordered liquid-crystalline meso-
between silicate surface and carbon species, but-n@ Species phase#243 The ordered mesophase is solidified, and a nano-
are formed in the nanocomposites. More importantly, both composite with ordered mesostructure can be obtained. During
ordered mesoporous polymer resin (or carbon) and silica this process, resols show low condensation rates under acidic
frameworks instead of scattered nanoparticles or nanowires carncgondition at room temperature and phase separation for organic
be derived from homogeneous polymsilica nanocomposites.  gpecies, and form nanosized “concrete” structures in the
Because bOth Of the indiVidual frameworks can be Obtained by nanocomposites_ Howeverl S|||cate 0||gomers undergo a co-
the surfactant self-assembly approach, we can preliminarily gperative process, during which they not only assemble with

separate them at the beginning of the assembly. It should bethe surfactants, but also condense and cross-link together to form
noted, however, that this separation is only for simplifying the

understanding on co-assembly of polymers and silicates and(40) knop, A. P. L. A.Phenolic ResinsSpringer: Berlin, 1985.

surfactant F127. In fact, during the process of co-assembling 41) 5”1“9{9& J.; Scherer, G. V&o-Gel SciencpAcademic Press: New
or

inorganic and organic precursors into the desired surfactant (42) Grosso, D.; Cagnol, F.; Soler-llia, G.; Crepaldi, E. L.; Amenitsch, H.;
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the frameworks. Because of the tetrahedral structures, the cross-
linkage of silicate species can occur around nanosized resols to
generate 3-D “reinforcing-steel-bar” frameworks. Therefore, the
controllable triconstituent co-assembly of surfactants, resols, and c
silica species can be achieved with “homogeneous” distribution
of resols and silicates around triblock copolymer F127 template.
Large domain sized polymer resin “concrete” frameworks
interpenetrated with silicate networks shape during the thermo-
polymerization of resols at 100C inside the framework
mesostructure. Although a layered framework similar to graphite
structure but quite different from silicate structure is the normal 1120
product of resol polymerization, inorganic silicates and polymer 21
resins can coexist in a well-ordered, long-range architecture by
local micro-phase separation.

Ordered mesoporous polymesilica nanocomposites are y
obtained after the removal of the triblock copolymer template g(m )
by calcination at 350C in N, flow. Upon the heating process  Figure 8. SAXS patterns of the mesoporous nanocomposite MP-CS-36*:
at 900°C in N, “concrete” polymers transform to carbons in (&) calcined at 900C in N, (b) mesoporous carbon MP-C-36*, and (c)
high-quality mesoporous carbesilica nanocomposites. Two gﬁgﬂ?gﬁj&'ﬁfemp&% derived from (a) after removal of silica and
constituents, polymer resins and silicates or carbons and silicates
with the mass C/Si@ratios ranging from zero to infinity, are [
“homogeneously” aggregated and dispersed in the frameworks .
on nanoscale with “reinforced-concrete” structures. The presencef
of “reinforcing-steel-bar” silicates in nanocomposites greatly §
inhibits framework shrinkage, yielding large-pore carbsilica
nanocomposites.

After a mild dissolution of silica in an aqueous HF solution,
highly ordered mesoporous carbon frameworks can be obtained
They possess two kinds of pores. The primary pore diameter isj§
determined by the size of the hexagonal arranged micelles that
are co-assembled with organic surfactant molecules, resols, and
silica oligomers. This kind of pore is large and almost similar
to that of carbon-silica nanocomposites (Table 2). The others
are small pores in the carbon walls caused by etching of silica
frameworks. Because of the 3-D “reinforcing-steel-bar” frame- |
work of silicas, the pores on the “concrete” carbon walls are
quite small £2.5 nm). In contrast with C-FUD-15 heated at |4
900°C 2 this kind of mesoporous carbons shows considerably s e le ot _
larger pore sizes of about 6.7 nm and higher surface areas uprigure 9. TEM images of mesoporous nanocomposite MP-CS-36* calcined
to 2470 ni/g. Calcination at 550C in air can burn out carbon  at 900°C in Nz (A and B), mesoporous carbon MP-C-36* (C and D), and
in carbon-silica nanocomposites, leaving ordered mesoporous m‘;fgf_’gg};; :llggaF;\,/l\lji-:/ég*fr(OGmatﬂg E)io??i,'ﬁcﬁgg n?[g%i]s (%f, ‘;’Trg?n
silicas. Because of the elimination of “concrete” carbons, the ) directions. The insets are the corresponding FFT diffractograms.
mesostructures shrink and pore sizes enlarge to a small degree.

Different from the removal of silicate “steel-bar” frameworks, found between the two carbersilica nanocomposites and two
the combustion of large sized “concrete” carbons leaves largemesoporous silica materials after the carbon combustion,
disordered voids on silica frameworks. It results in Iarge suggested by SAXS, TEM, and nitrogen sorption techniques
mesopore tunnels>4 nm), and the pore sizes are sometimes (Figures 8-10 and Table 2). The mesoporous silica from MP-
even larger than the unit cell parametes).( CS-36* exhibits a smaller pore size (7.3 nm) than that (7.9 nm)

Therefore, the initial hydrolysis and condensation degree of of the silica from MP-CS-36, possibly due to more condensed
organic and inorganic precursors can be adjusted to obtainsilicate frameworks. Distinct variation is observed in two derived
different domain-sized nanocomposites. It offers an opportunity mesoporous carbon materials after etching silica, although they
to actually control the co-assembly from the viewpoints of not have the same ordered 2-D hexagonal mesostructure and
only the constituent distribution but also the structural and amorphous frameworks as evidenced by the SAXS patterns
textual properties. On the basis of sgkel chemistry?! prolong- (Figure 3B(b) and Figure 8a), wide angle XRD patterns
ing the aging time of TEOS under HCI acid-catalyzed condition (Supporting Information, Figure 6), Raman spectra (Supporting
increases the polymerization and cross-linking degree of sili- Information, Figure 7), and high-resolution TEM (HRTEM)
cates. The nanocomposite MP-CS-36* was synthesized byimages (Figure 9E,F). It is worthy to note that mesoporous
stirring resols and TEOS under acidic ethanol solution for 5 h carbon from MP-CS-36* shows bimodal-pores with detectable
in the presence of triblock copolymer F127, with the same sizes of 2.6 and 5.8 nm calculated from $orption isotherms
compositions as sample MP-CS-36. Almost no changes are(Figure 10) in the case TEOS and is fully hydrolyzed and cross-
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9 This approach is simple, low-costing, and easily reproducible.
14001 A b g The resultant constituent distributions and the structural and
g 1200 me(@ﬁ@@@ 7] textual properties of the final mesoporous products are control-
[ Fd o lable. An interpenetrating framework with “reinforced-concrete”-
“g 1000+ CU;( E 6 like structures for the nanocomposites has been proposed for
%’ 800. ”? 51 the first t_ime. I_3ecause of the presence of rigid s_ilicates_that act
£ c A as a “reinforcing-steel-bar”, the framework shrinkage is very
§ 600- -gsercrh % ! small, and the pore sizes are as large as 8.5 nm for potymer
ﬁ J/ = 3"_ silica and 6.7 nm for carbersilica nanocomposites. The actual
g 400’W9 2- control on the co-assembly of resols and silicates is indicated
S 200. —— 1 by the fact that the polymer/Sgand C/SiQ mass ratios of the
____,,,.J—-"" o constituents can be ranged from zero to infinity. It is also
00.0 02 04 06 08 10 0 5 10 15 20 25 reflected by the attainment of either pure silica frameworks or
Relative Pressure (PIP,) Pore Diameter (nm) carbon frameworks. Combustion in air at 580 can remove

roure 10. N o isoth ) and e distibut carbons in the carborsilica nanocomposites and result in
e 0, N srpn s () and e e ol s mesoporous sicas wih large meso-tnel. Simulaneosly,
in Ny, (b) mesoporous carbon MP-C-36*, and (c) mesoporous silica Mp- Silica can be etched by HF solution, and ordered carbon
S-36*. The isotherms for silica are offset vertically by 2003@n frameworks can be obtained with large pores-&.7 nm, pore
volumes of~2.02 cnf/g, and high surface areas 2470 n#/
linked by acid catalysis. It is similar to that for CMK-5, which g. Besides the primary uniform large pores, plenty of comple-
is a tubular mesoporous carbon replica prepared by usingmentary small pores exist in carbon pore walls, which contribute
mesoporous silica SBA-15 as a hard tempfat€EM images o much of the surface area. Complementary pores can be simply
give further evidence for bimodal pores. Many voids on the adjusted by tuning hydrolysis and condensation degrees of
walls are observed (Figure 9D and E), which are similar to the sjjicates before the co-assembly. Prolonging aging time of TEOS
character of CMK-5. It suggests the existence of interpenetrating jn the synthesis of nanocomposites can generate highly ordered
pores with uniform distribution on carbon pore walls. mesoporous carbon frameworks with evident bimodal pores at
The primary pores of 5.8 nm in mesoporous carbon from 2 6 and 5.8 nm. This approach may be generally extended to a
MP-CS-36* are equal to that of the carbon from MP-CS-36 jide range of organic and inorganic nanocomposites, such as
whose mother nanocomposites have the same mass ﬁlSiOmetal—polymer, conductive polymetinorganic oxides.
ratios. Yet the complementary pores on the walls from dissolu-
tion of silica frameworks in the carbon from MP-CS-36* are ~ Acknowledgment. This work was supported by the NSF of
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on derived carbon pore walls after etching silica. The bimodal
mesoporous carbon has a high BET surface area of 228p m
and a large pore volume of 2.02 &g. To the best of our
knowledge, this is the first report of well-ordered open meso-
porous carbon frameworks with bimodal pore structure by a
surfactant-assembly approach.

Supporting Information Available: Complete ref 12. SAXS
patterns, N desorption isotherms, and pore size distribution
curves of as-made, polymesilica and carborsilica nano-
composites MP-CS-46/—t plots of nanocomposite MP-CS-
46, mesoporous carbon, and silica. TG analyses of triblock
copolymer F127, and as-made, polymsilica and carbon
4. Conclusion silica nanocomposites MP-CS-46 and MP-C-46. SAXS patterns
of mesoporous pure silica (MP-CS-0). XRD patterns and Raman
spectra of the mesoporous carbons derived from MP-CS-46 and
MP-CS-36*, respectively. This material is available free of
charge via the Internet at http:/pubs.acs.org.

A triconstituent co-assembly strategy to prepare highly
ordered mesoporous polymesilica and carbo#silica nano-
composites is first demonstrated, by using resols and pre-
hydrolyzed TEOS as organic and inorganic precursors and
triblock copolymer F127 as templates via the EISA approach. JA0633518
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