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Abstract Mesoporous carbons with bimodal rod-like

pore structures and tunable pore sizes from 3.66 to 5.42 nm

were for the first time obtained by employing SBA-15 as

templates and raffinose as carbon precursors. Small angle

X-ray diffraction, transmission electron microscopy, scan-

ning electron microscopy, N2 sorption analysis, and Raman

spectroscopy were used to determine the textural properties

of the resulting materials. Bimodal frameworks with mes-

opores (4–5 nm) as well as macropores (125–130 nm)

were achieved. The mesoporous carbons lost its ordered

structure from the templates due to mesostructural shrink-

age and collapse of mesopores, which resulted in partial

duplicate of the template and pore-widening effect (meso

to macropores). With the increasing of carbonization

temperature from 500, 700 to 900 �C, the textural param-

eters such as specific surface areas, pore volumes, and

mean pore diameters all increased significantly. In the

temperature range studied, higher carbonization tempera-

ture would generate much more abundant porosity. The

ratio of ID to IG (ID/IG) indicated a rather low crystallinity

with the varying of aging temperature and the carboniza-

tion temperatures. The advantage of the procedure was that

no acid or other chemical catalysts were involved during

the infiltration and carbon formation process.

Introduction

Mesoporous materials, due to their remarkable properties

such as high specific surface area, narrow pore-size distri-

bution, tunable pore structure, large pore volume, and high

thermal and mechanical stability, have attracted great

technological interest for the development of purification of

water, electronic, catalytic, and energy storage systems

[1–8]. Moreover, the excellent biocompatibility and con-

trollable pore-size distributions make them highly pro-

spective and valuable in drug delivery systems [9]. In recent

years, researches on mesoporous materials with potential

applications in the field of biomedicine have increased

significantly. Because these materials demonstrated the

capability to load and release large amounts of drugs, an

important evolution has been carried out on the basis of

their promising characteristics as drug delivery systems

[9, 10] In this sense, different chemical surface function-

alizes for a more efficient charge and delivery of drugs [11],

proteins [12], and even DNA [13] have been studied.

However, for specific applications such as drug delivery

system, it is very difficult to achieve mesoporous carbons

with strictly controlled pore structures due to the com-

plexity of the carbon structure evolution and the selective

regulation of pore structures still remains unresolved.

The synthesis of ordered mesoporous carbon (OMC)

was first reported [14] in 1999 by a nanocasting route using

ordered mesoporous silica (MCM-48) as the hard template.

In parallel to nanocasting, various OMC materials have

been synthesized, based on the high variety of mesoporous

silica structures, which are usually synthesized through the

cooperative assembly of inorganic precursors and amphi-

philic surfactants, involving either a hydrothermal or an

evaporation-induced self-assembly (EISA) pathway

[15, 16]. Furthermore, great efforts have been taken to
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widen the range of materials accessible via self-assembly

technique. Among the various synthetic methods of OMCs

[17–23], the solid template method, which involves the

impregnation with a carbon precursor followed by pyro-

lysis and template removal, is widely used and remains a

powerful tool for the creation of nanostructured materials

because it allows control of structures and morphology of

the resulting products, despite that it is associated with

some disadvantages, such as the need to prepare the hard

template (porous silica) and the template removal process.

Studies concerning furfuryl alcohol [17, 18] and sucrose

[24, 25] as carbon sources had been carried out. Raffinose

was a kind of trisaccharide that had been widely used. As

far as we know, mesoporous materials with bimodal pore

structures from raffinose have never been reported in the

literature. The advantage of the procedure was that no acid

or other chemical catalysts were involved during the

infiltration and carbon formation process. In this contri-

bution, a series of mesoporous carbons with bimodal

rod-like frameworks were for the first time obtained by

employing SBA-15 as templates and raffinose as carbon

precursors. The influence of aging temperature of the

templates and the carbonization temperature were investi-

gated. It is aimed that the materials synthesized by this

strategy can find their further application in drug delivery

systems.

Experimental

Synthesis procedure

Synthesis of SBA-15 templates

According to the method previously reported by Zhao [3]

and Dai [6], P123 (poly(ethylene oxide) poly(propylene

oxide) poly (ethylene oxide) triblock copolymer) (PEO20-

PPO70-PEO20; Aldrich) was used as the structural

directing agent and TEOS (Tetraethyl orthosilicate, Fuchen

Chemical Regent of Tianjin) was used as the silica source.

In a typical synthesis, 8.00 g of P123 was added to 288 mL

of a 1.7 M aqueous solution of hydrochloric acid and the

mixture was stirred for 4 h at 40 �C. Next, 8.00 g of TEOS

was added dropwise and the polymer was continuously

stirred for 3 h. The resulting gels were transferred to the

Teflon-lined sealed containers and were kept at 70, 100,

and 130 �C for 48 h under static hydrothermal conditions.

Then the products were filtered, washed with water, and

dried for 12 h at 80 �C. The as-synthesized samples were

divided into two portions. One portion (*1 g) was

extracted with a mixture of 200 mL of EtOH 95% (v/v)

and 4 mL of concentrated HCl at 60–70 �C in a Soxhlet

extractor for 24 h twice. After a second stage of drying at

80 �C for 24 h, the samples were collected and denoted as

SBA-15-70, SBA-15-100, and SBA-15-130. The other

portion (*1 g) was carbonized at 550 �C for 4 h under

flowing air and a heating rate of 5 �C/min. The samples

obtained by carbonization were labeled as SBA-15-70#,

SBA-15-100#, and SBA-15-130#. All chemicals were used

as received without further purification. Ultra pure water

was used in all experiments.

Synthesis of mesoporous carbons

Raffinose was utilized as the carbon precursor and SBA-15

was used as the template. An ethanol/water (v/v, 1:1)

solution of raffinose with the concentration of 0.15 g/mL

was prepared. Typically, 1.0 g of SBA-15-70 was infil-

trated with 5.0 mL of raffinose solution (0.15 g/mL,

aforementioned), and magnetically stirred continuously

until ethanol was completely evaporated (about 30 min).

The paste was cured at 80 �C for 6 h and then at 150 �C for

6 h for the solidification of raffinose inside the pores of

SBA-15-70. The above impregnation step was repeated for

another time to ensure that the pores were filled with raf-

finose. The as-synthesized sample was pyrolyzed at 900 �C

(3 �C/min) under flowing N2 atmosphere (200 mL/min) for

3 h. The composite was washed with HF solution (20%)

for the removal of silica template, followed by washing

with abundant water until the pH value was close to 7. The

products were dried at 80 �C for 24 h. It should be noted

that the usage of raffinose was calculated according to the

pore volume of the SBA-15 templates. Typically, the cal-

culated usages of raffinose solution (0.15 g/mL) were 9.8,

17.5, 6, 10.4, and 10.6 mL, respectively, for SBA-15-100,

SBA-15-130, SBA-15-70#, SBA-15-100#, and SBA-15-

130#. The carbonized products were labeled as C–X–Y or

C–X–Y#, where X refers to the aging temperature of the

template, Y refers to the carbonization temperature of the

final carbon products, and # refers to the carbonization of

the templates. For example, C-70-900 refers to products

carbonized at 900 �C by the template SBA-15-70. C-70-

900# refers to products carbonized at 900 �C by the tem-

plate SBA-15-70#.

Characterization

Characterizations were taken by powder X-ray diffraction,

nitrogen adsorption at -196 �C, transmission electron

microscopy (TEM), scanning electromagnetic microscopy

(SEM), and Raman spectroscopy. The small angle XRD

patterns were recorded on a Multi Purpose Diffractometer

(PANanalytical. Inc. X’Pert Pro., MPD) with Cu KR

radiation (0.1540 nm), using an operating voltage of 40 kV

and 40 mA, 0.017� step size, and 4.96 s step time.

Microscope glass slides were used as sample supports. The
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samples were manually ground prior to the XRD analysis

and all measurements were performed at room temperature.

Nitrogen adsorption isotherms were measured with

Micromeritics Tristar 3020 volumetric adsorption analyzers

at 77 K. Before adsorption measurements, samples were

degassed under vacuum at 200 �C for 4 h. The specific

surface area of the samples was calculated by using the BET

method. The pore-size distributions were derived from the

adsorption branches of isotherms by using the Barett–Joy-

ner–Halenda (BJH) model, and the total pore volumes (Vt)

were estimated from the adsorbed amount at a relative

pressure p/p0 of 0.99. TEM experiments were conducted on

a JEOL 2011 microscope operated at 200 kV. The samples

for TEM measurements were suspended in ethanol and

supported onto a holey carbon film on a Cu grid. Raman

spectroscopy measurements were made on a HORIBA

Jobin–Yvon LabRAM Aramics with a microscope attach-

ment, using a He–Ne laser with a wavelength of 633 nm.

FTIR measurements were carried out on Vector 33(Bruker)

for the analysis for full template removal.

Results

The XRD patterns of the SBA-15 templates and the car-

bonized samples with different templates were shown in

Fig. 1. Pore structures as well as the unit cell parameter

‘‘a’’ and the wall thicknesses were calculated as shown in

Table 1. The nitrogen sorption isotherms and the corre-

sponding pore-size distributions for the templates SBA-15

were shown in Fig. 2. Figure 3 showed the parameters of

the carbonized products and Fig. 4 showed the textural

properties of the pyrolyzed materials by varying carbon-

ization temperature with the same templates SBA-15-100

and SBA-15-100#. Figure 5 showed the SEM and TEM

images of the carbonized products as a sample. The

influence of aging temperature of the templates and the

carbonization temperature were investigated.

Discussion

Textural properties

Figure 1 showed the XRD patterns of the SBA-15 tem-

plates and the carbonized samples with different templates.

Basically, all the samples showed three well-resolved XRD

peaks with 100,110, and 200 reflections of the 2D hexag-

onal symmetry, indicating a good structural quality of these

materials and the patterns can be assigned to an ordered

structure of hexagonal symmetry with p6mm space group.

The most intense reflection is the (100) peak and the d100

spacing were calculated to be 8.99–10.94 nm (Table 1).

The unit cell parameter ‘‘a’’ and the wall thicknesses were

calculated as shown in Table 1.

The nitrogen sorption isotherms for the templates

SBA-15 (Fig. 2a, c) exhibit type IV curves with an obvious

capillary condensation at a relative pressure P/P0 =

0.6–0.8 and a H1-type hysteresis loop, indicating a uniform

structure of the mesopores. The corresponding pore-size

distributions (Fig. 2b, d) are very narrow, centering at

*7 nm with big wall thicknesses. Whereas, the nitrogen

sorption isotherms for the resulting pyrolyzed materials

(Fig. 3a, c) showed type IIb curves with an obvious cap-

illary condensation at a relative pressure P/P0 = 0.5–0.8 as

well as multi-layer adsorption (P/P0 = 0.9–1.0), indicating

the ununiformity of structures. Bimodal mesoporous car-

bons with the existing of mesopores (4–5 nm) as well as

macropores (120–125 nm) were proved by the pore-size

distribution curves (Fig. 3b, d). The rod-like frameworks

were further proved by the SEM and TEM images (Fig. 4).

Fig. 1 Small angle XRD patterns for SBA-15 templates (the inset
figure in b is the enlarged diffraction curve of SBA-15-100#)
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Table 1 The textural parameters for SBA-15 templates and for the carbonized products

Textural parameters for SBA-15 templates

Sample SBET (m2/g) Vt (cm3/g) Dpore (nm) a (nm) d-spacing (nm) Wall thickness (nm)

SBA-15-70 898 1.04 6.57 12.27 10.63 5.70

SBA-15-100 587 0.97 7.67 12.63 10.94 4.96

SBA-15-130 1175 1.79 7.66 14.21 12.31 6.55

SBA-15-70# 453 0.60 6.74 10.38 8.99 3.64

SBA-15-100# 702 1.06 7.78 14.02 12.14 6.24

SBA-15-130# 692 1.07 7.76 11.76 10.18 4.00

Textural parameters for the carbonized products

Sample SBET (m2/g) Vt (cm3/g) Dpore (nm) Sample SBET (m2/g) Vt (cm3/g) Dpore (nm)

C-70-900 1349 0.92 3.66 C-70-900# 1356 1.31 4.46

C-100-900 1206 1.05 4.36 C-100-900# 1338 1.45 5.02

C-130-900 1208 1.08 4.33 C-130-900# 1179 1.39 5.43

C-100-500 792 0.58 3.82 C-100-500# 775 0.59 4.08

C-100-700 1098 0.97 4.26 C-100-700# 1298 1.32 4.71

C-100-900 1206 1.05 4.36 C-100-900# 1338 1.45 5.02

SBET specific surface area calculated within the relative pressures of 0.05–0.2, Vt single-point pore volume corresponding to the amount adsorbed

at the relative pressure of 0.99, Dpore pore sizes derived from the adsorption branches of isotherms by using the Barett–Joyner–Halenda (BJH)

model, a unit cell parameter calculated for the most intense reflection peak on each small angle XRD pattern, d-spacing (100) interplanar spacing

for the most intense reflection peaks

Fig. 2 N2 sorption isotherms (a, c) and pore-size distributions (b, d) for SBA-15 templates
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From the textural parameters listed in Table 1, one can

see that the SBA-15 templates synthesized by solvent

extraction had very similar textural properties with those

by carbonization steps. The calculation based on the iso-

therms showed that the SBA-15 templates were charac-

terized by a high BET surface areas, large pore volume,

and a narrow pore-size distribution for solvent extrac-

tion(SBA-15), and for carbonization steps (SBA-15#). As a

contrast, the textural parameters for the carbonized prod-

ucts by the solidification of raffinose inside the pores of

SBA-15 templates all inclined to produce approximately

higher BET surface areas (1200–1300 m2/g) and smaller

mean pore diameters (4–5 nm) than the templates. Com-

pared with C-900, C-900# had larger pore volumes.

Interestingly, bimodal pore-size distributions were notice-

able. Unfortunately, the mesopores carbons totally lost its

ordered structure from the templates. The absence of spa-

tial order in obtained carbon samples we think may be due

to impossibility of generation of cross-linked carbon

framework without mineral acid (which catalyzes dehy-

dration, oligomeryzation’s processes), that is why carbon

structure undergoes to collapse after template dissolution.

Moreover, mesostructural shrinkage and collapse of

mesopores would result in the partial duplicate of the

template and pore-widening effect (mesopores to macrop-

ores). These results were in agreement with what had been

previously reported by Roggenbuck and Tiemann [26] and

Lu et al. [27]. Moreover, there might be another possibil-

ity. The appearance of macropores can also be explained

by sorption and following pyrolysis processes on external

surface of silica particles due to large size of raffinose

molecules (comparatively with mono- and di-saccharides)

and using of some surplus of carbon precursor.

Effect of temperature on structure and porosity

Compared with SBA-15-70# and SBA-15-130#, the (100)

diffraction for SBA-15-100# was less intense, indicating

the less ordered structure of the template. The enlarged

XRD diffraction peak of SBA-15-100# (inset figure of

Fig. 1b) showed a small angle diffraction at 2h = 0.88�.

The pore sizes and the wall thicknesses for the SBA-15

templates varied with aging temperature of hydrothermal

treatment. At the same time, one can see that the XRD peak

of SBA-15-100 was more intense than those of SBA-15-70

and SBA-15-130, showing that aging temperature of

Fig. 3 N2 sorption isotherms (a, c) and pore-size distributions (b, d) for the carbonized products using different SBA-15 templates
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hydrothermal treatment had great influence on the ordered

property of the final products. Higher aging temperature at

130 �C would result in a less intense of the XRD reflection

peak, which may be due to the hydrothermal instability of

the materials. It is noticeable that the structural parameters

from the solvent extraction of P123 template were slightly

larger than those by carbonization steps.

As for the pyrolyzed materials by varying carbonization

temperature with the same templates SBA-15-100 and

SBA-15-100# as shown in Fig. 5 and Table 1, clearly, the

carbonization temperature had great influence on the tex-

tural properties of the resulting mesoporous materials. With

the increasing of temperature from 500, 700 to 900 �C, the

textural parameters such as BET surface areas, pore vol-

umes, and mean pore diameters all increased significantly.

Furthermore, the bimodal structures were more visible for

C–X–Y than for C–X–Y#. In the temperature range studied,

higher carbonization temperature would generate much

more abundant porosity. As seen in Table 1, sample C-100-

900 and C-100-900# showed the highest specific surface

area, pore volume, and mean pore diameter for C-100-900,

being slightly smaller than for C-100-900#. Due to the

combined effects from the structural shrinkage and further

developed porosity by the thermal decomposition of the

carbon framework, a sharp increase of the textural

parameters was observed from C-100-500 to C-100-700,

but only very small increase was embodied from C-100-

700 to C-100-900. The same trend was determined for

C-100-500#, C-100-700#, and C-100-900#.

Figure 4a–f vividly showed the SEM images of the

products. Rod-like frameworks were observed, which

clearly gave the evidence for the presence of mesopores

along with a small amount of macropores. For the SBA-

15# templates by carbonization steps, the carbon frame-

works inclined to somewhat spherical as shown in Fig. 4d,

e, f. The TEM images were given in Fig. 4g–i as a sample,

which further proved the textural properties of the mate-

rials with abundant mesopores along with a small amount

of macropores but almost disordered frameworks. The

estimated mesopore diameters were also identical with the

results of N2 sorption analysis as listed in Table 1. At the

same time, the pore-widening effect due to the meso-

structural shrinkage and collapse of mesopores were also in

agreement with the above results of N2 sorption analysis.

The disordered structure of the products was also proved

by the XRD analysis (Fig. 6a) as an example. Figure 6b

showed the nitrogen adsorption/desorption isotherms of the

carbon material obtained by direct carbonization of raffi-

nose (without SBA-15) at 900 �C for 3 h. As compared

with Fig. 3 and Fig. 5, different isotherm types were

detected and nitrogen adsorption only occurs on the

external surface, which suggested that direct carbonization

of raffinose with no SBA-15 template would not result in

mesoporous structure and even no pores inside.

Fig. 4 The SEM and TEM

images of the pyrolyzed

mesoporous materials after

template removal
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Raman spectroscopy is extensively used for the char-

acterization of carbons [24, 25]. The Raman spectra of

pyrolyzed composites (after template removal by HF) were

shown in Fig. 7. Two distinct broad bands at a wave

number of about 1322 cm-1 (D band) and 1599 cm-1

(G band) were observed. The D bands indicated the defects

and disorders of graphitic materials, whereas, the G bands

were assigned to the in-plane displacement of the carbon

atoms in hexagonal carbon sheets. A strong D band as

shown in Fig. 7 denoted the presence of abundant disor-

dered carbons in the mesoporous materials. Figure 7a

demonstrated that the intensity of D bands (ID) and G

bands (IG) of the pyrolyzed samples increased with the

increasing of the aging temperature and was stronger for

those from SBA-15# templates than for those from SBA-15

templates. As for the products by varying the carbonization

temperature from SBA-15 templates (Fig. 7b) and from

SBA-15# templates (Fig. 7c), the intensity was varying,

depending on the thermal treatment temperatures. C-100-

500 had the lowest intensity and C-100-700 had the highest

intensity, with C-100-900 having moderate intensity.

Whereas, C-100-500# had the highest intensity and C-100-

700# had the lowest intensity, with C-100-900# having

moderate intensity. Similar results were obtained with the

ratio of ID to IG (ID/IG) and FWHM (Full Wave at Half

Maximum), implying a rather low crystallinity with the

varying of the aging temperature and the carbonization

temperatures. These results for disordered mesoporous

materials were consistent with the findings from N2 sorp-

tion results and XRD analysis, but contrary to the results

for ordered mesoporous materials as reported by Garrone

et al. [24, 25]. The advantage of the procedure was that no

acid or other chemical catalysts were involved during the

infiltration and carbon formation process.

To determine whether the silica template was totally

removed during extraction, FTIR measurements were car-

ried out and the results of template SBA-15-70 and C-70-

900 were shown in Fig. 8 as an example. The transmittance

for the template SBA-15-70 at 464 and 1082 cm-1 was the

stretching vibration of Si–O–Si group and the transmit-

tance at 958 cm-1 was the stretching vibration of Si–OH

group. Whereas, the transmittance for C-70-900 showed no

corresponding vibration, which indicated that silica tem-

plate was fully removed.

Fig. 5 Nitrogen sorption isotherms (a, c) and the corresponding pore-size distributions (b, d) for the pyrolyzed products at different

carbonization temperatures
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Conclusions

Bimodal rod-like pore structures of mesoporous carbons

with tunable pore sizes from 3.66 to 5.42 nm were syn-

thesized by using hard template cast approach (SBA-15 as

templates and raffinose as carbon precursors). The advan-

tage of the procedure was that no acid or other chemical

catalysts were involved during the infiltration and carbon

formation process. Bimodal frameworks with the presence

of mesopores (4–5 nm) as well as macropores (125–130 nm)

were achieved. The resulting mesoporous materials totally

lost its ordered structure from the templates due to meso-

structural shrinkage and collapse of mesopores, which

resulted in the partial duplicate of the template and pore-

widening effect (meso to macropores). The textural

parameters such as BET surface areas, pore volumes, and

mean pore diameters all increased significantly with the

increasing of carbonization temperature from 500, 700

to 900 �C. In the temperature range studied, higher

carbonization temperature would generate much more

abundant porosity. Furthermore, the bimodal structures

were more visible for C–X–Y than for C–X–Y#. The ratio of

ID to IG (ID/IG) indicated a rather low crystallinity with the

Fig. 6 Small angle XRD pattern for the product carbonized at 900 �C

with SBA-15-70 template (a) and without SBA-15 template (b)

Fig. 7 Raman spectra for the pyrolyzed mesoporous materials after

silica template removal
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varying of the aging temperature and the carbonization

temperatures. It is aimed that the materials synthesized

herein can find their further application in drug delivery

systems.
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