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Selective Adsorption of Glucose-Derived Carbon Precursor on
Amino-Functionalized Porous Silica for Fabrication of Hollow
Carbon Spheres with Porous Walls
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Coating of polysuccharide (PS) generated by hydrothermal treatment of glucosémr'Sgilica
particles was examined. Uniform surface coverage of PS was achieved when the silica particles, the
surfaces of which had been modified with amino groups, were mixed during the hydrothermal reaction
of glucose. On the other hand, bare silica could not be coated with PS upon addition to the hydrothermal
reaction solution; instead, this produced spherical PS particles with diameters of a few tens of nanometers
beside silica particles. The significant effect of surface amino-functionalization of silica particles on the
coverage of PS is attributable to induction of an electrostatic attraction between the positively charged
amino-functionalized silica surface and negatively charged PS. When silica{pam®us silica (shell)
spheres were used instead of I8i0s silica, efficient filling of the pores of the silica shell with PS could
also be achieved by amino-functionalization of the surface of the porous silica shell. The silica-(core)
PS (shell) materials as-obtained were converted into isolated hollow carbon spheres with well-developed
porous shell structures by heat treatment under a vacuum followed by treatment with aqueous hydrofluoric
acid.

as silica colloids;® zeolites!® ordered mesoporous sili-

Carb ials with tailored h ) dcas?*a”*14 and opal$, for the synthesis of porous carbons
arbon materials with tailored pore systems have received, . various pore sizes and porosities.

a great deal of attention because of their diverse applications, Templating approaches for fabrication of porous carbons

including adsorbents, materials for gas separation, catalyst L .
supports, electrodes for double-layer capacitors and fuel cells> based on the carbonization of polymers preformed in the
seggors ,and storage materFaEThZ deveFI)o ment of various pores followed by removal of the used template material.

' 9 P Various carbon sources such as sucrose, furfuryl alcohol,

methods for fabricating these nanometer-sized carbons has . S ;
. . ethylene gas, mesophase pitches, in situ polymerized phenol
therefore become one of the most technologically important y 9 P b N Situ polymerized p

subject$-® Remarkable progress has been achieved by aresin. and aromatic compounds can be used under suitable
replication method using silica-based solid templatasch
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conditions to render carbon walls with amorphous or tive deposition of a glucose-derived carbon precursor. We
graphiti¢-81314 frameworks for desired applications. The found that efficient deposition of the precursor could be
pores of templates are generally filled with such carbon induced by electrostatic attraction between the positively
precursors by simple liquid impregnation or chemical vapor charged surface of amino-functionalized silica and negatively
deposition'* without providing additional attraction between charged carbon precursor in a certain pH region. By applying
the agents and the surface of the silica template. Thus, speciathis finding, we fabricated the desired isolatepCs using
attention was not given to the effect of such interactions in amino-functionalized silica spheres with nonporous eore
most works. However, some studies have shown the ef-porous shell structures as templates. Possible control of the
fectiveness of specified surface modifications of the silica shell thicknesses of resultifgpCs is also discussed.
template, including implantation of Al acid catalysts to

induce polymerizatiof?>33loading of trimethylsilyl groups Experimental Section

to provide hydrophobicity?212¢and chemical bonding of _ N _ S _ _
monomer molecule®,to achieve efficient filling with carbon Preparation of Silica Particles. Spherical silica particles with
precursors, resulting in the formation of carbons with desired 2" average diameter of 200 nm&{O;) were prepared by Ster's

structures method, which involves base-catalyzed hydrolysis of tetraethyl
) o orthosilicate (TEOS) in a watetethanol mixture® Ethanol (181
Recently, Yoon and co-workers reported fabrication of cm?), water (65 crf), and 4.5 criiof aqueous ammonia (28%) were

ho'!OW carbons with a_We”'d?_VeloF)ed porous structure iN added to an Erlenmeyer flask of 500 tin capacity. After the
their shells GpCs) by using a silica sphere with a nonporous addition of 70 mmol of TEOS, the mixture was shaken at a rotation
core—mesoporous shell structure as a temptaf€he new rate of 110 rpm using an EYELA NTS-4000 reciprocal shaker for
hollow carbon nanostructure could offer advantages in 2 h at 300 K. White products as produced were collected by
catalysis when a metal catalyst is loaded in the shell becausesentrifugation (15 00820 000 rpm, 15 min) and redispersed in pure
it allows a greater degree of catalyst dispersion and provides€thanol at least twice to remove unreacted TEOS. The final
an open network around the active catalyst for a facile Précipitates were dried at 383 K under vacuum.

diffusion of reactant(s) and product(s). Indeed, it has been Preparation of Silica Particles with a Nonporous Core-
proved that thehpC material acts as an excellent support Porous Shell Structure. Spher_lcal S|I|_ca particles having a
for electrode catalysts in a direct methanol fuel cell upon nonporous coreporous shel mS'OZ@.p.S'OZ) were prepared by..
loading with Pt and Ru catalystéOur group has studied successive growth of a nonporous silica core and a porous silica

.2 ; . . shell, as reported in the literatu¥eThe silica core was obtained
fabrication ofhpCs encapsulated with Pt nanoparticles in by the same procedure as that used for prepa8ig,. To a mixed

their hollow space$’ Because théipC not only acts as @ solution of ethanol (37 cAyand water (5 cif) was added 0.5 g of
barrier to prevent coalescence between Pt nanoparticles buksio,, and the mixture was sonicated for a few minutes. To the

also provides a void space where organic transformation stable dispersion ohSiO, thus-obtained was added aqueous
occurs on the naked surface of the Pt nanoparticle, theammonia (28%, 1.1 cf, TEOS (15.4 mmol), and octadecyltri-

material works as an efficient catalyst for various hydrogena- methoxysilane (3 mmol). After the suspension was shaken at a
tion reactions. rotation rate of 120 rpm fo2 h at 300 K solid parts were collected,

e washed twice with ethanol, and then dried at 383 K under a vacuum.
foIITor\]/(\?infat;Ir':gatlroonceoc];utrZefs::F:‘gf)rir::iotr)\egfn [Z)?cr)flcj)smc];?bgzs The white powder ofSiO, covered with alkylsilylated silica thus-
9 . P P ) obtained was heated in air at 823 K ®h toyield nSiO,@pSiO,.
as described above. However, tigC materials thus-

obtained are incompletely isolated in some cases, i.e., some, /. mino-Functionalization of nSio; and nSi0,@pSio;, Par-
P y T Sicles. To 24 cn? of methanolic solution containing 2.2 mmol of

or most parts are aggre_gated, though this StrUCtl_Jral pmpem_/n-(z-aminoethyl)-3-aminopropyltrimethoxysilane (AEAP) was added
has not been emphasized. Hence, an alternative synthesis 5 g ofnsio, or nSiO,@pSiO,. After the suspension was stirred

including further regulations for controlling resulting carbon for 1 h atroom temperature, the amino-functionalize8iO, or
shell structures is needed for the fabrication of isolated and nSi0,@pSiO, thus-obtained (designated as NkSIO, or NH,-

well-dispersechpCs. nSiO,@pSiO,;) was collected by centrifugation, washed with
The methodology for fabricating porous carbons described ethanol, and dried at 383 Kif® h under a vacuum.
above leads to a strategy for producing isoldtp@ spheres Hydrothermal Treatment in Aqueous Glucose and Produc-

by providing an effective attraction between the solid tion of Carbon Samples.To 1.25 mol dm® of aqueous glucose
template and the carbon precursor to induce selective SOlution was added 0.2 g of NHISIO,. The suspension was placed

deposition of the precursor into pore systems in the template in a Teflon-sealed autoclave and maintained at 453 K for 3 h. After

. . . . . isolation of the brown powder by filtration followed by washing
The first top Ic Chosg n |r! thl.s StUdY .IS therefore effects of with water and ethanol, the hydrothermal treatment was repeated
surface amino-functionalization of silica templates on selec- | 1o+ the same conditions. When NRBIO,@pSiO, powder was
used, the hydrothermal treatment was conducted only once in
(16) Ng, Y. H.; Ikeda, S.; Harada, T.; Higashida, S.; Sakata, T.; Mori, H.; various concentrations of aqueous glucose (0.5, 0.75, 1, and 1.25

(17) lz/gt\s(%rg# r% “éég%h“rflla?f-&%?%l% _sgﬁnso(%._H - Yu, J.-S.: Hyeon mol dm3). The resulting powders were then heated at 1173 K for
T.’Adw. Mater.2002 14, 19-21. (b) Kim, M. Yoon, S. B.; Sohn, K.; 1.5 h under a vacuum and subsequently treated with 10% aqueous
Kim, J. Y.; Shin, C.-H.; Hyeon, T.; Yu, J.-8icroporous Mesoporous hydrofluoric acid (HF) to obtain carbon samples. For comparison,
Mater. 2003 63, 1-9.

(18) Chai, G. S.; Yoon, S. B.; Kim J. H.; Yu, J.-Shem. Commur2004

2766-2767. (20) (a) Stber, W.; Fink, A.; Bohn, EJ. Colloid Interface Scil1968 26,
(19) Ikeda, S.; Ishino, S.; Harada, T.; Okamoto, N.; Sakata, T.; Mori, H.; 62—69. (b) Takahara, Y. K.; lkeda, S.; Tachi, K.; Ishino, S.; Ikeue,
Kuwabata, S.; Torimoto, T.; Matsumura, Mngew. Chem., Int. Ed. K.; Sakata, T.; Hasegawa, T.; Mori, H.; Matsumura, M.; Ohtani, B.

2006 45, 7063-7066. J. Am. Chem. So@005 127, 6271-6275.
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Figure 1. SEM images ofiSiO; (A) before and (B) after hydrothermal treatment with an aqueous glucose solution. (C) SEM image-n$idhiafter the
same hydrothermal treatment. Scale bars correspond to 200 nm.

the above-described hydrothermal treatments were repeated éI”
using nSiO, and nSiO,@pSiO, instead of NH-nSIiO, and
NH2-nSiO,@pSiO,, respectively.

Characterization and Analytical Procedure. SEM images were
taken using a Hitachi S-5000 FEG scanning electron microscope
at a voltage of 20 kV. FT-IR spectra were obtained with a Nicolet
470 FT-IR spectrometer equipped with an MCT detector using KBr
discs dispersed with the samples. Zeta potentialaSi©, and wavenumber / cm-!

NH,-nSiO, particles W_ere measured on a Brookhaven Instrument Figure 2. FT-IR spectrum of the NnSiO, sample after hydrothermal
ZetaPALS zeta potential analyzer at 298 K. For these measurementsyeatment with an aqueous glucose solution.

samples were dispersed in 1 mmol dhaqueous NaCl, and the

pH of these suspensions was adjusted with NaOH or HCI. TEM 50
images were obtained using a Hitachi H-9000 TEM at a voltage of
300 kV. Thermogravimetry-differential thermal analysis (TG-DTA)
was conducted using a Bruker 2000A TG-DTA in air from 300 to
1100 K, using heating ramps of 10 K mih Surface and pore
analyses were carried out using a Quantachrome AUTOSORB-1
automated gas sorption system employingahl the adsorbate after
pretreatment of the sample at 473 K for 2 h. The mean particle
size of a carbon sample was determined by using a HORIBA
LB-500 dynamic light scattering (DLS) particle analyzer. The pH

measurement was made at 298 K using an aqueous dispersion Ofigyre 3. zeta potential ofSiO; (open circles) and NpHnSIO; (filled
the sample containing a dispersant polymer (psyinyl-2- circles) as a function of pH.

pyrrolidone),M,, = 10,000).
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were generated withoutSiO, as mentioned above, the
Results and Discussion surface ohSiO; did not attract PS, leading to the generation
of PS spheres independent of the existenc&XifD,. On

Effect of Amino-Functionalization. In a previous study
by Sun and L?! glucose was converted into carbonaceous the other hand, when hydrothermal treatment of glucose was
' tperformed in the presence of MASIO,, a uniform layer

polysaccharide (PS) particles by hydrothermal treatment a o . : .
temperatures between 433 and 453 K. We have recentlyca' 30 nm in thickness e”t'r9'¥ covered NhBlO? W't.hOUt
the formation of such PS particles, as shown in Figure 1C.

found that PS formed a layer to coat particles when certain h £ th " le sh
particles, such as strontium titanate (Srd)i@nd lanthanum The FT-IR spectrum of the resulting sample showed absorp-

oxide (La0s), were present during the hydrothermal treat- fion bands at ca. 1620, 1710, and 36@DO0 cm*,
ment22 On the basis of these findings, we attempted to coat cOresponding to €C, C=0, and C-H stretching vibra-
nSio; particles by the same hydrothermal treatment. Panelsions respectively (Figure 2). The other absorption bands in
A and B in Figure 1 show typical SEM images 08iO; the_ range bet\Neen.13OQ and 1600 émrobably mclude
particles before and after the hydrothermal treatment, re- Various modes of vibrations, such as-O—C symmetric,
spectively. Contrary to our expectation, polymerization of C~OH stretching, OH bending, those of which overlap one
glucose in the presence 08iO, did not produce a PS layer another. Becayse these absorption bands are |dent|c§1I to those
on the surface afiSiO»: the morphology ofSiO, seems to  ©f the PS particlé; the surface covered layer on MASIO,

be unchanged from that before the hydrothermal treatmentWas composed of PS. Note that additional strong bands below
and other spherical PS particles of a few tens of nanometers!300 cn1* are attributable to skeletal vibrations of the-§)

in size were produced. From the fact that such PS particlesnetwork derived from NpnSiO,.

Figure 3 shows zeta potentials 08I0, and NH-nSiO,

(21) éa) Sl)J(n, E@;YLi,LY.AnQE_\Aé-Oggezn;-.Glgi.gEgZé)ZOf 43, 597-601. (b) measured at pH values ranging from 1 to 8. The zeta potential
un, X.; Li, Y. Langmuir , - . . . .
(22) Ikeda, S.; Hirao, K.; Ishino, S.; Matsumura, M.; Ohtani, Gatal. of nSiO, was almost zero at pH 2, consistent with the

Today2006 117, 343-349. isoelectric point (IEP) of naked silica particles as reported
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Figure 4. TEM images of NH-nSiO,@pSiO; (A) before and (B) after hydrothermal treatment with an aqueous glucose solution. (C) TEM image of hollow
carbons obtained after heat treatment of PS-depositednSHD,@pSiO; particles at 1173 K under evacuation followed by treatment of them with aqueous
HF. Scale bars correspond to 200 nm.

previously?® Surface amino-functionalization clearly induced formation of our desired material ¢fpC. On the basis of
a shift of IEP toward a high pH region (ca. 5). Sugimura this idea, we employedSiO,@pSiO,, consisting of amSiO,
and co-workers observed a similar upward shift of IEP by a core 170 nm in diameter and a 46-nm-thgkiO, shell with
silica substrate modified with an analogous agent-¢6- mesopores 2.8 nm in diameter (Figure 4Axnd the surface
aminohexyl)-3-aminopropyltrimethoxysilane (AHAP), whereas of nSiO,@pSiO, was amino-functionalized with AEAP.In
it gave a higher IEP value (ca. 7#8)* than that of the the same manner as that of PS coatingh8iO, described
present NH-nSiO, sample. The relatively small shift of IEP  above, many PS nanoparticles leaving ti&O,@pSiO;
on the present NHNSIO, compared to that in Sugimura’s  particles were produced when originebiO,@pSiO, par-
study is likely to be due to incomplete surface coverage of ticles without being functionalized with amino groups were
AEAP under the present conditions, resulting in the existence employed, suggesting that there was almost no filling of the
of acidic hydroxyls on the naked surface®iO.. pores ofnSiC,@pSiO, with PS (data not shown). On the
During the hydrothermal treatment of aqueous glucose, other hand, the use of NHSIO,@pSIO, (i.e., amino-
the pH of the solution changed from approximately neutral functionalized nSiO.@pSiO,) completely suppressed the
to 3—4. As reported in the literature, this is attributable to formation of such PS particles, as shown in Figure 4B.
the presence of appreciable amounts of carboxyl groups onAlthough there was almost no change in the morphology
PS?125The presence of carboxyls is also supported by the after hydrothermal treatment, TG-DTA revealed the presence
existence of the €0 stretching band at 1710 crhin the of large quantities of organic components in the ANH
FT-IR spectrum shown in Figure 2. Thus, the observed pH nSiO,@pSiO, sample after hydrothermal treatment compared
change is a result of the presence of such carboxyls, whichwith the sample before hydrothermal treatment (see the
should be negatively charged by deprotonation. The surfaceSupporting Information, Figure S2). These results indicate
hydroxyls of nSiO, are also negatively charged at the achievement of efficient filling of PS into the pore system
observed pH region because of the low IEmMSfO; (ca. 2, of NH,-nSiO,@pSiO,, as we expected.

see above). In these circumstances, there should be a strong The NH,-nSIO,@pSiO, sample filled with PS in the
repulsion betweenSiO, and PS, resulting in the formation  porous shell was heated at 1173 K under evacuation and
of PS particles besideSiO;. In contrast, because of the was treated with 10% aqueous HF. Figure 4C shows a typical
relatively high IEP (ca. 5) of the NFSIO, sample, the  TEM image of the black powder thus-obtained. In compari-
surface of NH-nSiO, was positively charged by protonation  son with the sample before this treatment, shown in Figure
of surface-grafted amino groups at this pH. Moreover, 4B, the TEM image indicates that the interior of the particle,
induction of such uniform surface coverage was achieved where NH-nSiO,@pSiO; originally existed, seems to be
on the basic metal oxides of SrTj@nd LaOs, the surfaces vacant without any appreciab|e Changes in the Shape and
of which were likely to be positively charged at this pH, surface morphology of the shell. The fact that the hollow
though their exact IEPs were not established. Therefore, PSpartide vanished upon heat treatment at 873 K in air Suggestg
can preferably cover such an amino-functinalized surface no residual inorganic component. These results indicate that

through the electrostatic attraction force between-N8iO, complete removal of siliceous components should be achieved
and PS. without losing the PS-derived shell by high-temperature
Fabrication of Hollow Carbons with Well-Developed evacuation followed by HF treatment.

Porous Walls. The ability of amino-functionalized surface A Raman spectrum of the thus-obtained particle exhibited

for selective coverage of the PS layer as mentioned above,, o proad peaks at 1340 and 1600 ¢mThese peaks can
predicts the efficient filling of PS in the pore system, the

surface of which is pretreated with AEAP, leading to the

(26) Itis noted that the Nsorption isotherm of NpnSiO,@pSiO, showed
an appreciable decrease in the diameter of pore systems compared to

(23) Parks, G. AChem. Re. 1965 65, 177—-198. that of thenSiO,@pSiO, sample (see the Supporting Information,
(24) (a) Sugimura, H.; Hozumi, A.; Kameyama, T.; TakaiSDrf. Interface Figure S1). This indicates achievement of homogeneous modification

Anal. 2002 34, 550-554. of the pore wall of the template and the presence of pore systems
(25) Luijkx, G. C. A,; van Rantwijk, F.; van Bekkum, H.; Antal, M. J. even after madification. Thus, we used the NiBiO,@pSiO, sample

Carbohydr. Res1995 272 191-202. for subsequent studies.
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be assigned to in-plane vibration of disordered (amorphous
and crystalline carbon (see the Supporting Information,
Figure S3A). Moreover, the powder XRD pattern of the

sample exhibits two typical broad reflectionsf(2= 10—

30°, 35-50°), attributable to C(002) and C(004) reflections

Chem. Mater., Vol. 19, No. 17, 2d339

A
Cgy = 0.5 mol dm-3
SBET =1430 m2 9'1
o
o
5
3 Cqiy = 0.75 mol dm-3
Q SgeT= 1590 m2 g!
£ 1000| BET g
o
[%2]
©
©
o
£
2 Cgiy = 1.0 mol dm-3
SgeT = 1670 m?2 g-1
Cgiy = 1.25 mol dm™3
SgeT =204 m?2 g’1
| T T T T |
0 0.2 0.4 0.6 0.8 1.0
PIPg
B o)
80% Cgu = 0.5 mol dm3
- ¢ oo 000 o o
5 (e}
: &
g §© Cgiu =0.75 mol dm™3
= 0.02 g © o
o O o)
8’ S o D 00 (oo}
= O
3 %
S o Cgiy = 1.0 mol dm-3
O
§ L5060 0 © o
Cgiu = 1.25 mol dm™3
& Pa0000 6 0 o o
[ I [ [ |
0 5 10 15 20

pore diameter / nm

Figure 8. (A) N2 adsorptior-desorption isotherms dfpCs prepared from
variousCgy, during hydrothermal treatment. The meanings of symbols are
the same as those in Figure &gt denotes specific surface area obtained
by the BET method. (B) BJH pore size distributionshpCs prepared from
variousCyy during hydrothermal treatment.

of amorphous carbon composed of polycyclic aromatic
carbon sheets oriented in a random manner (see the Sup-
porting Information, Figure S3BY.Because such a Raman
spectrum and an XRD pattern are generally observed for less-
)crystalline carbon materials such as activated carbons, the
resulting black powder possesses hollow carbons.

(27) (a) Tsubouchi, N.; Xu, C.; Ohtsuka, Energy Fuel2003 17, 1119.
(b) Hara, M.; Yoshida, T.; Takagaki, A.; Takata, T.; Kondo, J. N,;
Hayashi, S.; Domen, KAngew. Chem., Int. ER004 43, 2955.
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Figure 5 shows an Nadsorption-desorption isotherm of ~ dm™3), their corresponding Nsorption isotherms shown in
the carbonaceous sample. The adsorption branch in theFigure 8A indicate a gradual increase in the amount of
isotherm exhibits a characteristic type IV isotherm, indicating adsorbed Bwith increase in the thickness of the carbon shell.
well-developed pore systems. Indeed, the correspondingThe specific surface areas calculated by the BET method
micropore and mesopore size distributions analyzed from the (Sser) also increased accordingly, but there was no significant
adsorption branch by applying the Horvatawazoe (HK) change in pore size distributions analyzed by the BJH
and the BarrettJoyner-Halenda (BJH) formalisms revealed formalism (Figure 8B). These results imply that the filling
that the sample has micropore and mesopore systems wittof PS is initially completed at the inner part of th&iO,
sizes of 0.4-1.0 and 4 nm, respectively (insets of Figure 5). shell and advances toward the outer part of the shell, resulting
The specific surface area obtained by application of the in the formation of a homogeneous porous carbon shell,
Brunauer-Emmett-Teller (BET) method to the isotherm  which inversely replicated the templates @, in the
reaches 1670 #g?, as expected from the results. Another hydrothermal process up to 1 mol dfnIn contrast, the
notable feature observed on the isotherm shown in Figure 5sorption isotherm of thepC sample obtained from relatively
is that the desorption branch in the isotherm denotes ahigh Cy, (1.25 mol dnt3) exhibits a significant decline in
characteristic sudden drop in the volume adsorbel/B§ amount of N adsorbed. From the fact that the thickness of
of ca. 0.5. This phenomenon is often referred to as the tensilethe resulting carbon shelll{, = 49 nm, see Figure 7D)
strength effect (TSE) and is typically observed in a large exceeded that opSiO, (46 nm) in this condition, the
pore (mesopore or a macropore) encapsulated by relativelysignificant drop is attributable to the coverage of a relatively
small pore system®. On the basis of these results and dense carbon layer over the porous carbon shell.

considerations, we confirmed successful formatiomu, The results described above have proven that selective
i.e., a hollow carbon with a well-developed porous structure filling of amino-functionalized surfaces of silica-based
in the shell, using the present procedure. templates with a glucose-derived carbon precursor results

It is also notable that the thus-obtainkepC forms almost  in the formation of carbon structures that inversely replicated
no aggregation between the particles (Figure 4C). In fact, the templates. The isolatéghCs obtained from the concept
DLS measured in an aqueous suspension containing arare applicable to catalyst supports with highly size-selective
appropriate dispersant such as pblyinyl-2-pyrrolidone) functionalities for various kinds of reactions when metal
shows particle size almost comparable to that observed innanoparticles, such as platinum, palladium, and rhodium, are
the above TEM image (Figure 6), indicating the possible fixed inside the carbon shells. The present concept may also
achievement of monodispersiblity. Upon dispersion of the be applied to fabrication of trimodal porous hollow carbons,
hpC sample in pure solvents with various polarities, however, i.€., porous hollow carbons having macroholes on their
such complete dispersion was not obtained. To obtain stablesurfaces, by the use a5iO.@pSiO; particles, the surfaces
monodispersed suspensions in certain solvents, we probablpf which are partially modified with amino moieties, as
require either an increase in lyophilicity toward solvents or templates. Thus, it is expected that the present method will
generation of a repulsive force between the particles by lead to further development of a new category of porous
means of loading functional groups on theC surface. ~ carbon materials for various applications.

Further studies along this line are now in progress.
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