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A B S T R A C T   

Mesoporous silica nanocapsules were prepared by a soft and hard dual templating approach. Carbon black and 
carbon nanofibers, used as sacrificial templates (hard template) have been coated by a mesoporous silica layer. 
Pluronics (P123/F127) and cetrimonium bromide were selected as surfactants (soft template) to produce mes-
oporous layers with different morphologies and pore sizes. The coated samples were then calcined at high 
temperature to remove the hard template and produce silica nanocapsules with mesopores in their walls. The so- 
obtained materials have been characterized by XPS, elemental analyses (ICP), TEM, N2 physisorption and XRD. 
The results have shown that the obtained materials exhibit a high specific surface area and a short diffusional 
pathway within the porous structure, which represents a significant advantage for catalysis applications. Finally, 
mesoporous acidic nanocapsules were prepared by sulfonic acid moieties grafting, and were tested as a catalyst 
in a biomass valorization reaction, the hydrolysis of cellobiose. The catalysts have shown high catalytic per-
formances underlining the high potential of the present synthetic approach to produce versatile mesoporous 
materials.   

1. Introduction 

Since the discovery of mesoporous molecular sieves (MMS) in 1992 
by the Mobil Company [1,2], the preparation of mesoporous silica ma-
terials has attracted great interest in the scientific community due to 
their unique properties, particularly in comparison with microporous 
zeolites and zeotypes. Mesopores allow faster diffusion of liquid and 
gases through the material. In the last few years a significant number of 
reviews have emerged with illustrations of very wide application fields 
such as adsorption, separation, sensors, drug delivery and catalysis 
[3–6]. A recent trend is the control of particle size and shapes from the 
macroscopic down to the nanometer range to allow even shorter diffu-
sional pathways. Although there is a large variety of mesoporous silica 
morphologies, the most frequently encountered are spheres [7–15] and 
tubes [16–21]. Regardless the application field, the main required 
property of these materials is a high specific surface area. In catalysis, 
mass transfer is a very important parameter as the active sites, such as 
metallic nanoparticles, are usually dispersed within the mesoporous 
framework. Unfortunately the diffusion pathway is usually long inside 

mesoporous materials (with μm particles) leading to a drastic loss of 
performance. Therefore the control of mesoporous materials thickness 
and morphology is a big challenge for catalytic applications. 

Two common methods are widespread to produce mesoporous silica 
materials: the soft and hard templating syntheses [22]. In the soft tem-
plating approach, a surfactant or amphiphilic block copolymer directs 
the mesoporous material synthesis by forming micelles in solution, 
around which the silica precursor will be polymerized under hydro-
thermal conditions [23]. The soft template is therefore self-assembled 
within the reaction medium and allows the production of nano-
materials with various structures depending on many parameters such 
as the temperature or pH [24]. In the hard templating approach, a 
previously prepared mesoporous solid template material such as meso-
porous carbon [25] is used. The rigid template directly determines the 
material morphology. 

However, although the templated approaches based on soft- or hard- 
templating are still the most effective and popular techniques for the 
preparation of mesoporous materials, they are subject to some limita-
tions. For example, in the soft templating approach, the control of 
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particle size and morphology is difficult owing to the sensitivity of the 
sol-gel process [26]. As an alternative, hard/soft dual templating ap-
proaches have been developed. Recently, hollow mesoporous silica 
nanoparticles have been successfully prepared via this method and 
explored for drug delivery and protein adsorption [27]. Bian et al. have 
also reported an important paper on the preparation of mesoporous 
silica tubes with different internal morphologies by this way [18]. 
Nevertheless, in both studies, CTAB was systematically used as soft 
template. Moreover, although different nanofibers-like structures were 
used as hard template in Bian’s study, the same experimental procedure 
was applied without modifying any other parameters to investigate their 
influence on morphology or textural properties of synthetized materials. 

In this context, we report here a methodology to produce meso-
porous silica nanocapsules of two types, namely mesoporous silica 
nanofibers [mSNF] and mesoporous silica nanospheres [mSN], using 
hard and soft dual templates. To demonstrate that the methodology 
developed herein can be generalized and allows the production of a 
large range of mesoporous materials, three experimental variables have 
been modified: the pH (acid/basic), the soft template nature and the 
hard template structure. Cetyltrimethylammonium bromide (CTAB) and 
pluronic F127/P123 have been respectively selected as ionic and neutral 
soft templates. Two hard templates, carbon black (CB) and carbon 
nanofibers (CNF), with very different morphologies, have been chosen 
as starting templating structures, to give spherical [mSN] and fibrous 
[mSNF] materials, respectively. Finally, an acidic material [mSN-SO3H] 
was prepared from the mesoporous nanocapsules, as an illustrative 
application. Currently, depolymerisation of cellulose is known to be a 
very challenging reaction that needs to be investigated further for eco-
nomic reasons [28]. Due to the high crystallinity and low solubility of 
cellulose, many studies are carried out on cellobiose, a disaccharide 
considered as the simplest model-molecule of cellulose [29]. Indeed, 
cellulose depolymerisation consists mainly in breaking the β-1,4-glyco-
sidic bonds between the sugar units. This hydrolysis reaction requires 
strong acid surface sites if carried out with a catalyst, to be as efficient as 
mineral acids in stoichiometric amounts. Therefore, our acidic 
mSN-SO3H material was tested as catalyst in the cellobiose hydrolysis 
reaction, considered as a very important model reaction for cellulose 
valorization. 

2. Experimental 

2.1. Reagents and materials 

The carbon black (CB) was received as 250G type from IMERYS 
GRAPHITE & CARBON. Pyrograf III PR-24-XT-LHT-OX (CNF) were 
supplied by Applied Sciences Inc. (USA). Hexadecyl-
trimethylammonium bromide (CTAB, 95%), (3-aminopropyl)trime-
thoxysilane (APTES, 99%), tetraethyl orthosilicate (TEOS, >98%), 
thionyl chloride (SOCl2, >99%), (3-Mercaptopropyl)triethoxysilane 
(MPTMS, 95%), pluronic F127 and pluronic P123 were purchased from 
Sigma Aldrich and used as received. Hydrogen peroxide, 35% w/w was 
purchased from Alfa Aesar. A commercial ultrasonic cleaner (VWR) was 
used for sonication. 

2.2. Syntheses 

2.2.1. Synthesis of CB@mSiO2(C) 
The synthesis of carbon black (CB) covered by a thin mesoporous 

silica layer, noted CB@mSiO2(C), has been previously described by us 
[30]. Carboxylic acid groups existing on the CB (2 g) surface were 
chlorinated in refluxing SOCl2 (6 mL of thionyl chloride in 100 mL of 
toluene). After this acylation reaction, the resulting material (1g) was 
introduced in a 250 mL round-bottom flask containing 100 mL of 
dichloromethane and 1 mL of APTES ((3-aminopropyl)triethoxysilane) 
was added to produce a robust amide bond. Then the mesoporous silica 
layer was synthetized by TEOS (0.7 mL) hydrolysis in alkaline solution 

(10 mL of NaOH (0.1 M) in 25 mL of water) at 60 �C with CTAB (0.571 g) 
as template. Finally the solid was washed in refluxing ethanol (250 mL) 
and dried at 100 �C overnight to produce the desired material 
CB@mSiO2(C). 

2.2.2. Synthesis of CNF@mSiO2(C) 
The synthesis of CNF@mSiO2(C) was achieved following the same 

procedure as described above for CB@mSiO2(C), using 1 mL of TEOS 
added dropwise instead of 0.7 mL. 

2.2.3. Synthesis of CNF@mSiO2(F) 
2 g of carbon nanofibers (CNF) were introduced in a 250 mL round- 

bottom flask containing 100 mL of toluene. 6 mL of SOCl2 were added 
and the mixture was heated for 5 h under reflux (120 �C). Then, it was 
filtered out and extensively washed with toluene (500 mL). The resulting 
material (noted CNF–Cl) was dried overnight under vacuum at 100 �C. 1 
g of CNF–Cl was introduced in a 250 mL round-bottom flask containing 
100 mL of dichloromethane. 1 mL of APTES was added and the mixture 
was stirred for 24 h at room temperature. The material (CNF-APTES) 
was filtered out, washed with dichloromethane (250 mL) and methanol 
(250 mL) and dried overnight under vacuum at 100 �C. Then, 0.250 g of 
CNF-APTES was introduced in a 100 mL round bottom flask containing 
35 mL of HCl (3.10� 3 M) acidic solution and the mixture was sonicated 
for 10 min. To this suspension 60 mg of F127 were added and the so-
lution was heated at 60 �C. 1 mL of TEOS was added dropwise within 30 
min. This suspension was further stirred for 3h30, and then charged into 
a polypropylene bottle, which was closed tightly and heated at 100 �C 
for 3 days. The product was filtered out, washed with ethanol (250 mL) 
and dried at 100 �C overnight. The F127 template was removed by 
refluxing in ethanol the obtained solid material noted CNF@mSiO2(F). 

2.2.4. Synthesis of CB@mSiO2(P) 
The synthesis of CB@mSiO2(P) was achieved following the proced-

ure used to prepare CNF@mSiO2(F), with three modifications. First, HCl 
0.3 M was used instead of HCl 3.10� 3 M. Second, 120 mg of pluronic 
P123 were added instead of 60 mg of F127. Finally, 0.55 mL of TEOS 
was added dropwise within 30 min. 

2.2.5. Synthesis of mesoporous nanocapsules 
The preparation of the final mesoporous silica materials is based on 

the combustion under air of the carbonaceous solid (CB or CNF) covered 
by the thin mesoporous silica layer. In a typical procedure, CB@mSiO2 
or CNF@mSiO2 samples were placed into porcelain combustion boats 
and heated at 600 �C during 24h under air (GSM11/8 CARBOLITE) to 
produce two types of nanocapsules: mesoporous silica nanospheres 
(mSN(C) an mSN(P)) and mesoporous silica nanofibers (mSNF(C) and 
mSNF(F)). During calcination residual surfactant is also removed. 

2.2.6. Synthesis of sulfonic acid-functionalized mesoporous nanocapsules - 
mSN(C)–SO3H 

500 mg of mesoporous material (mSN(C)) was introduced in a 500 
mL round bottom flask containing 250 mL of toluene. Then 1.25 mL of 
(3-mercaptopropyl)trimethoxysilane (MPTMS) were added and the 
mixture was vigorously stirred under reflux for 24 h. The product, 
namely mSN(C)-SH, was filtered out, washed with 400 mL of toluene 
and dried at 100 �C overnight. The material was then dispersed in a 
mixture of methanol (200 mL) and hydrogen peroxide 35% (100 mL) 
and stirred for 24 h. Finally, the solid was filtered out, washed with 500 
mL of distilled water and dried at 100 �C overnight to give the desired 
product mSN(C)–SO3H. 

2.3. Characterization 

The solid materials were characterized by X-ray photoelectron 
spectroscopy (XPS), elemental analyses (ICP), transmission electron 
microscopy (TEM), Boehm titration, X-ray powder diffraction (XRD) and 
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N2 physisorption. 
XPS analyses were carried out at room temperature with a SSI-X- 

probe (SSX 100/206) photoelectron spectrometer from Surface Sci-
ence Instruments (USA), equipped with a monochromatized microfocus 
Al X-ray source. Samples were stuck onto small sample holders with 
double-face adhesive tape and then placed on an insulating ceramic 
carousel (Macor®, Switzerland). Charge effects were avoided by placing 
a nickel grid above the samples and using a flood gun set at 8eV. The 
binding energies were calculated with respect to the C-(C, H) component 
of the C1s peak fixed at 284.8 eV. Data treatment was performed using 
the CasaXPS program (Casa Software Ltd., UK). The peaks were 
decomposed into a sum of Gaussian/Lorentzian (85/15) after subtrac-
tion of a Shirley-type baseline. 

The elemental analyses (C, H, N, Si, Fe, Ni, Co) were carried out by 
MEDAC Ltd., UK, by microgravimetry for C, H, N (direct measure) and 
by ICP after acid digestion for Si, Fe, Ni and Co. 

TEM images were obtained on a LEO 922 Ω Energy Filter Trans-
mission Electron Microscope operating at 120 kV. The samples were 
suspended in hexane under ultrasonic treatment. A drop of the suspen-
sion was deposited on a holey carbon film supported on a copper grid 
(Holey Carbon Film 300 Mesh Cu, Electron Microscopy Sciences), which 
was dried overnight under vacuum at room temperature, before intro-
duction in the microscope. To evaluate the materials mechanical 
strength, 20 mg of sample were also finely grinded in a mortar before the 
TEM grid preparation. 

Boehm titration method was used to evaluate the materials acidity. 
NaOH solutions were prepared by dilution of Titrisol ampoules (VWR) 
containing precise and known quantities of sodium hydroxide. HCl so-
lutions were prepared by the dilution of concentrated hydrochloric acid. 
The HCl concentrations were determined by titration with the standard 
NaOH solution. These solutions were prepared with mQ water that had 
been previously decarbonated by argon flushing. For titrating the acid 
groups, 60 mg of sample were dispersed in 30 mL of NaOH 0.01 mol/L 
and the solution was decarbonized for 1 h under N2 flux. The mixture 
was then agitated for 23 h under N2 atmosphere. The suspension was 
then filtrated and two times 10 mL of the resulting filtrate were back- 
titrated, under N2 flux, using the HCl 0.005 mol/L solution. The indi-
cator used is phenolphthalein. The amount of acid functions in the 
material is determined by calculating the difference between the initial 
amount of NaOH and the amount of NaOH titrated by the HCl. 

The pore texture of the mesoporous materials was characterized by 
nitrogen adsorption–desorption isotherms. The measurements were 
achieved by using a Micromeritics ASAP 2020 analyzer at 77K. Before 
analysis, the samples (0.02–0.10 g) were degassed for 2 h at 200 �C with 
a heating rate of 10 �C/min under 0.133 Pa pressure. The analysis of the 
isotherms provided specific surface areas calculated with the Bru-
nauer–Emmett–Teller (BET) equation, SBET. The pore volume, Vp, of the 
samples and the pores average diameter were calculated using the 
Barrett-Joyner-Halanda (BJH) and DFT models. 

Powder X-ray diffraction was performed on a Bruker D8 advanced 
diffractometer with a Bragg Brentano geometry, using a LinkEye XE-T 
detector with Cu Kalpha radiation (lambda ¼ 0.15418 nm) and a 
power of 1200 W (40 kV, 30 mA). The samples were scanned from 0.8 to 
10 (2 theta range) at a scanning rate of 1.5�/min. 

2.4. Catalytic tests 

The tests were carried out in a 250 mL stainless steel Parr autoclave. 
1g of cellobiose was added to 300 mg of catalyst in 120 mL of mQ water. 
Then, the autoclave was sealed and the system was purged three times 
with nitrogen. Once the desired temperature has been reached (130 �C), 
the mixture was stirred at 1700 rpm for 2 h. The system was then cooled 
down to room temperature and the solution was filtrated. The filtrate 
was then diluted to 250 mL with mQ water and analyzed by HPLC. 

HPLC analyses were performed with a Waters system equipped with 
Waters 2414 refractive index (RI) detector (detector temperature ¼ 30 

�C). The column used is an Aminex HPX 87C column, with mQ H2O (18 
MΩ cm at 25 �C) as an eluent, a flux of 0.5 mL/min, a column temper-
ature of 85 �C and 25 μL of injected volume. 

3. Results and discussion 

As depicted in Fig. 1, carbon materials (CNF and CB) used as hard 
templates were covered by a thin mesoporous silica layer to produce 
CNF@mSiO2 and CB@mSiO2 samples. Three surfactants were used as 
soft templates in a comparative manner, namely pluronic F127, pluronic 
P123 and CTAB, to form the mesoporous silica layer by the sol-gel 
process in acidic or basic conditions. These surfactants are known to 
induce different pores sizes [30]. The soft template was firstly extracted 
from the four covered samples (CB@mSiO2(C), CB@mSiO2(P), 
CNF@mSiO2(C), and CNF@mSiO2(F)) by refluxing them in ethanol for 
24h to prevent damaging structural changes of the mesoporous silica 
materials. Indeed, without this extraction step, the removal of both 
templates in high amounts by calcination leads to partial destruction of 
the mesoporous silica nanocapsules, as shown by the TEM images given 
in Electronic Supplementary Information (ESI 1). Then the samples were 
submitted to a calcination step to remove both hard and residual soft 
templates. The resulting materials, namely mSN(C), mSNF(C), mSN(P) 
and mSNF(F) were characterized by XPS, TEM, XRD and N2 phys-
isorption. Finally, sulfonic acid moieties were grafted on mSN(C) as an 
illustrative example, to produce a mesoporous acidic material, mSN(C)– 
SO3H. After characterization, this material was tested as acidic catalyst 
in a biomass model-reaction: the hydrolysis of cellobiose to glucose. 

3.1. XPS study 

To confirm the formation of mesoporous silica materials (mSN or 
mSNF), XPS analyses were performed on initial carbonaceous materials 
(CB/CNF), covered materials (ESI 2) and final silica-only materials 
(mSN/mSNF) for each of the 4 combinations tested (Table 1). As ex-
pected, when the carbonaceous materials were covered by a mesoporous 
silica layer, we noticed a decrease in C1s surface atomic percentage and 
conversely an increase in O1s and Si2p atomic percentages (see ESI 2). It 
can also be observed that N1s atomic percentage increases after silica 
deposition for samples using the anionic surfactant. This is due to the 
persistence of residual CTAB template in porous silica channels even 
after the ethanol extraction step. In the same way, if we look at the O/Si 
ratio of covered samples, we observe that the CNF@mSiO2(F) material 
displays the highest ratio. This is also attributed to the presence of re-
sidual F127 surfactant. After the combustion of carbon cores under air, 
the C1s atomic percentage drastically decreases to values near zero for 
each calcined material (Table 1). This result attests the silica-only ma-
terial production, as ca. 1–4C1s at.% has reached the unavoidable car-
bon surface contamination rates (adventitious carbon) usually observed 
by XPS. This has been confirmed by elemental analysis by ICP (ESI 3). 
Furthermore, the O/Si ratio is close to 2 (corresponding to pure SiO2) 
which demonstrates that hard and residual soft templates have been 
totally removed. This ratio is slightly higher for mSNF samples, which 
can be explained by the presence of iron oxide impurities (transition 
metal catalyst used in the catalytic chemical vapor deposition for carbon 
nanofibers production, see ESI 3). All the results obtained by XPS 
corroborate the production of silica materials as expected. 

3.2. TEM study 

Transmission electron microscopy imaging was performed after each 
synthesis step to assess the morphology of porous materials obtained 
(Fig. 2 and ESI 4). The TEM images clearly indicate that the silica layer is 
uniformly deposited on CB and CNF in comparison with uncovered 
starting templates (ESI 4). Moreover the silica layers show a well- 
developed porosity for each covered sample, but in the case of 
CNF@mSiO2(F) and CB@mSiO2(P) samples, the coating looks less 
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regular with some protrusions. After calcination under air, hollow silica 
materials are produced as shown in Fig. 2. These materials maintain the 
carbon black or fibers structures and the pores are always recognizable. 
Irrespective of which conditions (acidic/basic), surfactant (CTAB/F127/ 
P123), or carbonaceous solid template (CB/CNF) chosen, silica porous 
materials with structures very close to the starting hard templates were 
generated. 

The nanocapsules materials were also finely grinded to evaluate their 
mechanical strength. As shown by TEM imaging (ESI 5), the materials 
maintained their original structure after grinding, which illustrates the 
robustness of our solids. From TEM images we also observe that the 
mesoporous walls of mSN and mSNF materials are not thicker than 30 
nm. This is a very important result in term of mass transportation which 
is a critical parameter for future applications in catalysis. In the case of 
mesoporous nanospheres (mSN(C) and mSN(P)) this value is even 
smaller than 15 nm. This demonstrates the powerfulness of the devel-
oped methodology to prepare catalytic materials with small diffusional 
pathways. 

3.3. XRD 

The XRD patterns of final calcined samples are presented in Fig. 3. 
The mSN(C) diffractogram (Fig. 3, curve a) shows low angle peaks 
corresponding to (100), (110) and (200) reflections that are typical of 
the ordered MCM-41 hexagonal structure [31]. Compared with this 
material, the peaks obtained for mSNF(C)/(F) and mSN(P) materials 
(Fig. 3, curves b, c and d) are broader and less defined, meaning that the 

silica materials are less ordered. This observation correlates with the 
protrusions observed onto the materials surface. Nevertheless, the 
strong peaks at ca. 2θ ¼ 1.2� for mSN(P)/mSNF(F) and 2.2� for mSNF(C) 
directly indicates the presence of MCM-41 and SBA-15/16 like--
structures (SBA being the typical crystalline structure obtained with 
neutral surfactant) [24,32,33]. These results are not surprising because 
MCM and SBA syntheses are very sensitive and, as mentioned above, 
depend on many parameters [34,35]. The presence of hard templates in 
the reaction mixture makes it even more difficult to produce ordered 
mesoporous materials. 

3.4. BET study 

The nitrogen adsorption-desorption isotherms for materials derived 
from carbon black and carbon nanofibers with CTAB, F127 or P123 as a 
surfactant are shown in Fig. 4. As expected, the starting CB and CNF 
templates exhibit the curves of non-porous/macroporous materials, 
which is reflected in the low specific surface area (63 m2/g and 26 m2/g, 
respectively, Fig. 4). After the silica deposition (see ESI 6 for more de-
tails about covered samples) and then templates calcination, the specific 
surface area of mSN and mSNF materials increase drastically to reach 
values of 1213 m2/g, 610 m2/g, 1589 m2/g and 574 m2/g for mSN(C), 
mSN(P), mSNF(C) and mSNF(F), respectively (see Fig. 4). These in-
creases are the result of a combination of factors: (i) hard and soft sur-
factants removal, (ii) gain of nanofiber/carbon black internal surface 
and (iii) release of closed pores that were connected to the nanofiber/ 
carbon black surfaces but not accessible from the external silica surface. 
Moreover, the materials using CTAB as template (mSNF(C) and mSN(C)) 
disclose type IV isotherms corresponding to mesoporous materials with 
a slight increase around P/P0 ~ 0.4 associated with capillary conden-
sation in cylindrical pores. The nitrogen adsorption-desorption iso-
therms also show clearly H1 (mSN(C)), H4 (mSNF(C)) and H3 (mSNF(F) 
and mSN(P)) hysteresis loops according to IUPAC classification, 
implying materials possessing mesoporous frameworks with a very 
narrow (H1 and H4) or wide (H3) pore size distribution [24,35]. These 
results are verified in the BJH distributions (ESI 7) revealing a mean 
pores size centered at 1.3 nm and 1.5 nm for mSN(C) and mSNF(C) 
materials, respectively, and at 5.6 nm for mSNF(F) with a broader pore 

Fig. 1. Synthetic routes for mesoporous silica nanocapsules.  

Table 1 
XPS analyses of initial carbonaceous solids and mesoporous nanocapsules.  

At. % C1s O1s N1s Si2p O/Si 

CB 96.8 2.9 0.2 / / 
mSN(C) 1.5 64.4 / 34.1 1.9 
mSN(P) 1.2 64.8 / 34.0 1.9 
CNF 94.6 5.3 0.1 / / 
mSNF(C) 2.7 68.4 / 28.9 2.4 
mSNF(F) 4.1 66.6 / 29.2 2.3  
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size distribution. Nevertheless, it was shown that the Kelvin equation 
based procedures, such as the BJH method, significantly underestimate 
the pore size for narrow mesopores which is the case for mSN(C) and 
mSNF(C) materials. To overcome this limitation, density functional 
theory (DFT) analyses are often applied [36]. As shown in ESI 8, the DFT 
data treatment reveals that mSN(C) and mSNF(C) both display meso-
pores sizes centered on 2.9 nm and 3.2 nm respectively. Although a high 
nitrogen uptake at low relative pressures (P/P0 < 0.1) and DFT data 
treatment (see ESI 8) for these samples seem to indicate the presence of 

micropores, it has been proven that MCM-41/48 are exclusively meso-
porous materials [37,38]. In the case of mSN(P) material, it is quite 
difficult to determine precisely an average pore size (it is centered at ~5 
nm) value due to the very large distribution of sizes observed (ESI 9). It 
has also been observed that the mean pore size is slightly smaller after 
the calcination step for mSN(C) and mSNF(C) materials. This is caused 
by shrinkage of the silica framework during the high temperature 
decarbonization. Based on XRD, BET and TEM analyses, we can 
conclude that the as-prepared silica materials show a well-structured 
nanoarchitecture with a very high specific surface area. 

3.5. Catalytic application 

The mesoporous silica nanospheres (mSN(C)) were tested as acidic 
catalyst in the conversion of cellobiose into glucose. To do so, sulfonic 
acid moieties were grafted on calcined mSN(C) according to a literature 
procedure [39] to produce an acidic material, namely mSN(C)–SO3H. 
Briefly, this procedure consists in grafting thiol groups on the silica 
surface followed by their subsequent oxidation into sulfonic groups 
(Fig. 5). This catalyst has been characterized by XPS, TEM, Boehm 
titration and nitrogen physisorption. 

For the mSN(C)-SH sample, the XPS spectrum discloses a S2p peak 
(1.6 at.%, see ESI 10 for complete quantitative analysis) corresponding 
to thiol groups (163.6 eV for S2p3/2) [40], which corroborates the 
MPTMS grafting on nanocapsules surface. After the oxidation step with 
hydrogen peroxide, the S2p signal shifts towards higher binding energy, 
typical of sulfonic acid [40] (167.9 eV for S2p3/2) (ESI 11). XPS also 
reveals that 78% of thiols groups have been effectively oxidized into 
sulfonic groups. TEM micrographs (ESI 12) showed that the anchoring of 
sulfonic acids does not change the morphology of our material, which 
remains nanocapsules. The total acidity of the mSN(C)–SO3H catalyst 

Fig. 2. TEM images of starting carbonaceous templates and porous silica materials after calcination: (a) CB (b) mSN(C) (c) mSN(P) (d) CNF (e) mSNF(C) and (f) 
mSNF(F). 

Fig. 3. Powder XRD patterns at small angles for (a) mSN(C), (b) mSNF(C), (c) 
mSNF(F) and (d) mSN(P) materials. 
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was evaluated by Boehm titration at 164 mmol/100g. This value ap-
pears unchanged in comparison with the non-functionalized mSN(C) 
material (171 mmol/100g). Nevertheless, in the case of mSN(C) solid, 
the acidity value obtained is only due to a high density of surface silanol 
groups which is not the case for mSN(C)–SO3H, as proven by XPS. 
Finally, specific surface area of the acidic material has decreased (783 
m2/g) in comparison with mSN(C) starting material (1213 m2/g) sug-
gesting that the sulfonic moieties were not only grafted on the external 
surface of mSN(C) solid, but were also incorporated inside the porous 
network. The isotherms curves shape of mSN(C) and mSN(C)–SO3H 
materials are similar (ESI 13). Moreover, the DFT analysis shows mes-
opores for the acidic material (ESI 13), proving that the porous network 
is still accessible. It can also be observed that the micropores/mesopores 
ratio increases after the grafting of sulfonic acid groups, and the average 
mesopores sizes is slightly smaller, which is in agreement with the above 
considerations of inner surface functionalization inside mesopores. 

To evaluate the catalytic performance of the synthetized acidic ma-
terial, a blank test without catalyst was firstly carried out (Table 2, entry 
1). As expected, relatively low conversion and glucose yield were ob-
tained (18% and 15%) meaning that strong acids sites are needed to 
hydrolyse cellobiose. Indeed, the pure silica material, mSN(C) does not 
produce any glucose (entry 2). On the contrary, when the acid catalyst 
was used (entry 3), the conversion was greatly improved (80%) with 
selectivity of 100% towards the glucose. This result can be assigned to 
the presence of strong acid sites onto the surface of mSN(C)–SO3H 

material, demonstrating its usefulness in the context of biomass con-
version. Unfortunately, XPS reveals loss of sulphur by leaching during 
the catalytic test, which is an ongoing problem for sulfonated silicas in 
cellobiose hydrolysis [41]. This drawback might be mitigated by 
changing the solvent used for the reaction. Nevertheless, considering the 
high specific surface area of our materials (up to 1500 m2/g), the short 
diffusional pathway and the grafting of sulfonic acid groups into the 
mesoporous silica framework, they represent an interesting alternative 
to conventional methods for the preparation of highly functionalized 
silica-based catalysts. Indeed, solid silica nanospheres having similar 
diameter as our silica nanocapsules (45.6 nm), display comparatively 
much lower specific surface area (278 m2/g according to N2 phys-
isorption measurement) and micropores (pore size distribution centered 
on 0.8 nm) rather than mesopores. Micropores are too small to graft 
MPTMS moieties inside them, meaning that a part of the 278 m2/g 
surface would be useless in solid spherical nanoparticles in the current 
context. Consequently, for the same engaged mass of acidic catalyst, our 
mSN(C)–SO3H material should reach better cellobiose conversion, 
because it provides more acidic active sites. 

4. Conclusions 

In this work, we have demonstrated that by using hard and soft dual 
templates, very different mesoporous silica nanocapsules with a high 
specific surface area can be successfully prepared. Three parameters 
have been modified (pH, soft template nature and hard template nature) 
to prepare materials with variable but controlled properties. XPS and N2 
physisorption confirmed the production of mesoporous silica materials. 
TEM images have shown that after the calcination step the obtained 
mesoporous silica nanofibers (when starting from CNF) and mesoporous 
silica nanospheres (when starting from CB) maintained the hard tem-
plates structures, while presenting a thin nanostructured shell with short 
diffusion pathway for mass transfer. XRD measurements highlighted the 

Fig. 4. Nitrogen adsorption-desorption isotherms at 77 K for carbonaceous templates (CNF and CB) and calcined materials.  

Fig. 5. Synthetic route for acidic mesoporous silica nanocapsules (noted mSN(C)–SO3H).  

Table 2 
Conversion and glucose yield for the hydrolysis of cellobiose after 2 h reaction at 
130 �C.   

Catalyst Cellobiose conversion (%) Glucose yield (%) 

1 Blank 18 15 
2 mSN(C) 38 0 
3 mSN(C)–SO3H 80 80  
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crystalline or amorphous nature of the materials mainly related to the 
surfactant nature: anionic surfactant giving more ordered materials than 
neutral surfactant. On the contrary, the nature of hard template does not 
affect the textural properties of prepared materials. All these results 
demonstrate that the present strategy could easily be extended to pro-
duce other materials, by selecting other pairs of hard/soft templates, 
giving a whole family of innovative siliceous materials with very high 
surface areas, together with short and accessible mesopores, that are 
very useful in many application fields such as catalysis. As an illustra-
tion, an acidic material based on the mesoporous silica nanospheres was 
prepared, characterized and evaluated in a biomass model-reaction: the 
hydrolysis of cellobiose into glucose. High yield of glucose was obtained 
(80%), in comparison with a blank test (18%), with 100% selectivity. 
This result reveals again the potential of the present methodology to 
produce materials useful in a wide range of applications. 
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