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We report on the synthesis of 3D mesoporous fullerene/carbon hybrid materials with ordered porous
structure and high surface area by mixing the solution of fullerene and sucrose molecules in the
nanochannels of 3D mesoporous silica, KIT-6 via nanotemplating approach. The addition of sucrose
molecules in the synthesis offers a thin layer of carbon between the fullerene molecules which
enhances not only the specific surface area and the specific pore volume but also the conductivity
of the hybrid materials. The prepared hybrids exhibit 3D mesoporous structure and show a much
higher specific surface area than that of the pure mesoporous fullerene. The hybrids materials are
used as the electrodes for supercapacitor and Li-ion battery applications. The optimised hybrid
sample shows an excellent rate capability and a high specific capacitance of 254 F/g at the current
density of 0.5 A/g, which is much higher than that of the pure mesoporous fullerene, mesoporous
carbon, activated carbon and multiwalled carbon nanotubes. When used as the electrode for Li-ion
battery, the sample delivers the largest specific capacity of 1067 mAh/g upon 50 cycles at the current
density of 0.1 A/g with stability. These results reveal that the addition of carbon in the mesoporous
fullerene with 3D structure makes a significant impact on the electrochemical properties of the
hybrid samples, demonstrating their potential for applications in Li-ion battery and supercapacitor
devices.
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1. INTRODUCTION
The ever increasing demand for the clean energy in the
current century has triggered the researchers to put sig-
nificant efforts on the design and the development of
clean energy storage and conversion based devices [1–4].
Among these devices, the supercapacitors and batteries are
leading the commercial market due to their high power
density and energy density [5–8]. The performance of
these devices is mainly linked with the types of electrode
materials used in the devices and their properties. There-
fore, much attention has been given on the design and the
development of novel and advanced electrode materials
with high specific surface area, high electronic conductiv-
ity and low cost. Various electrodes materials, including
carbons, nitrides, fullerenes, oxides, and metals, have been
used as electrodes for these applications [9–11]. Among
these electrodes, carbon-based electrodes have been receiv-
ing a lot of attention for these devices owing to their low
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cost and electrochemical properties. For example, activated
carbon, CNT and graphene hold great importance in both
supercapacitor and lithium-ion battery [12–18]. Although
these materials were found to be interesting for these appli-
cations, the performance of the devices based on these
materials can be improved by hybridising with different
nanostructures. Recently, the development of electrode by
mixing and hybridising two or more carbon nanostructures
has gained paramount importance [19–23]. For instance,
3D graphene/CNT was developed by CVD technique and
showed improved specific capacitance (197.2 F/g) over
pure 3D graphene (36.5 F/g) [24]. It was shown that the
incorporation of CNT between the graphene layers pro-
vides an enhanced electrical conductivity and further pre-
vents the aggregation of graphene, resulting in improved
performance. In another report, the selection of opti-
mum graphene/CNT ratio was found to alter the specific
capacity of the lithium-ion battery showing a maximum
capacity of 303 mAhg−1 for 70 wt% graphene [25].
Although there are a lot of reports on mixed carbon-based
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electrodes, the development of novel low-cost precursors
using facile synthesis methods to give highly ordered
structure is still challenging.
Among the allotropes of carbon, fullerene is quite

unique owing to its structure and electronic properties. The
properties of the fullerenes can be easily altered through
hybridisation with different nanostructures and functional-
isation [26–32]. Among the different properties, its elec-
tron accepting nature is one of the highlights and makes
it a promising material for energy storage and conver-
sion. For example, hydrogenated C60 was used for the
lithium-ion battery as an anode material with good stabil-
ity and capacity of 588 mAh/g [33]. Very recently, Vinu
and his co-workers introduced ordered mesoporosity in
the fullerene nanostructures with different carbon atoms
through nanotemplating approach using mesoporous silica
as templates and employed them as electrodes for superca-
pacitor applications [34–35]. Although these mesoporous
fullerene nanostructures showed interesting energy storage
properties, its cost makes a major hurdle in commercial-
ising the technology. The properties and the performance
of these materials in energy application could be enhanced
by hybridising with metal oxide nanostructures, includ-
ing iron oxide or copper oxides [36–37]. However, the
preparation steps involve multiple steps which makes the
whole process expensive. To overcome these challenges,
the mixing of other cheap and conducting carbon precur-
sors can be favourable. In this paper, fullerene is used
as the precursor alongside with sucrose and polymerised
in the nanochannels of mesoporous silica with 3D porous
structure which is used as a template. Unlike our previous
work [36–37], here, we used KIT-6 as a 3D sacrificial nano
template. We demonstrate that by integrating two-step
polymerisation of the carbon precursors and hard templat-
ing strategy, novel mesoporous fullerene/carbon hybrids
with 3D structures and enhanced textural properties can
be obtained. By integrating with low-cost carbon precur-
sor, the cost of the whole process can be reduced for the
fabrication of the materials without sacrificing the electro-
chemical and textural properties.
Further, the 3D cubic structure of the hybrid pro-

vides better structural stability and ion mobility com-
pared to mesoporous carbon from 2D SBA-15 template.
These hybrids materials have also been used as elec-
trodes for supercapacitor and Li-ion battery applications.
The prepared hybrids show much better performance than
other carbon-based porous materials, further demonstrating
their potential for advanced energy storage and conversion
devices.

2. EXPERIMENTAL DETAILS
2.1. Materials and Reagents
The pluronic surfactant P123 (EO20PO70EO20, molecu-
lar mass = 5750), silica precursor tetraethyl orthosilicate
(TEOS), organic solvent 1-chloronapthalene for dissolving

Scheme 1. Schematic representation of MC60@C-X-K hybrids pre-
pared by using KIT-6 as a template through nanohard templating
approach.

C60, pH maintaining acid HCl and H2SO4 are obtained
from Sigma Aldrich. High purity C60 (99.5%) is obtained
from Solaris Chem. All the materials are used as received
without further purification.

2.2. Synthesis of 3D Mesoporous Carbon/C60

To make our desired material mesoporous car-
bon/mesoporous fullerene hybrids (Scheme 1), sucrose
and fullerene in 1-chloronaphthalene were infiltrated into
the nanochannels of KIT-6-150 template. In this work,
we have used KIT-6 material prepared at 150 �C. The
detailed procedure for the synthesis of KIT-6-150 can
be found elsewhere [38]. For making mesoporous car-
bon/mesoporous fullerene hybrids, the calculated amount
(100 mg, 150 mg, 200 mg and 250 mg) of sucrose in
5ml of water and 50 �l of H2SO4 was added to 1g of
KIT-6-150 prepared at 150 �C. Then, the mixture was
kept in a hot oven for 6 hours at 100 �C and 6 hours
at 160 �C. Subsequently, the resultant mixture was pore
filled with a sonicated solution of 5 g 1-chloronapthalene
and 200 mg C60. This carbon/C60/KIT-6 composite was
kept in a tubular furnace at 900 �C for 5 hours. The
final product was treated with 5 wt% HF to remove the
mesoporous silica template. The samples are denoted as
MC60-@C-X-K, where X denotes the weight ratio of C60

and sucrose.

3. RESULTS AND DISCUSSION
The structural order of the prepared MC60@C-X-K hybrids
was investigated by powder X-ray diffraction measure-
ments, and the results are shown in Figure 1. Figure 1(A)
shows the low angle powder X-ray diffraction patterns of

1484 J. Nanosci. Nanotechnol. 21, 1483–1492, 2021



IP: 5.10.31.151 On: Sat, 17 Jul 2021 09:05:43
Copyright: American Scientific Publishers

Delivered by Ingenta

Baskar et al. Fabrication of Mesoporous C60/Carbon Hybrids with 3D Porous Structure for Energy Storage Applications

Figure 1. (A) Low angle and (B) wide angle powder X-ray diffraction
patterns of MC60@C-X-K hybrids.

MC60@C-X-K hybrids prepared at different sucrose con-
tents using KIT-6-150 as the template. All the samples
showed a peak at a lower angle, demonstrating the pres-
ence of mesoporous structure in the samples. However, the
samples did not show any higher-order peaks, revealing a
slight disorder in the samples. Interestingly, the d-spacing
of the samples was not much affected upon the addition
of the sucrose molecules. This observation indicates that
the addition of the sucrose molecules in the synthesis mix-
ture does not make much influence on the unit cell con-
stant of the hybrid samples. It should be noted that the
lower angle peak of MC60@C-0.8-K was a bit broader as
compared to other indicating that the structural order of
the sample was affected when the amount of the sucrose
molecules in the synthesis mixture is high. The effect on
the crystallinity of the carbon walls of the hybrid materi-
als as well as the formation of polymerised fullerene was
investigated by wide-angle powder X-ray diffraction, and
the results are shown in Figure 1(B). The prepared hybrid
samples showed two broad peaks centered ca 22.35 and
44.7�, which correspond to (002) and (100) planes and are
indicative of turbostratic carbon wall structure. It should
be noted that the intensity of these peaks gets more sup-
pressed for MC60@C-1.33-K as compared to other sam-
ples. The absence of the higher-order and sharp peaks
related to the polymerised fullerene indicates that the poly-
merisation of the fullerene molecules was slightly affected

Table I. Textural parameters of MC60@C-X-K hybrids.

Sample name SA (cm2/g)b PD (nm)c PV (cm3/g)d

MC60@C-2-K 791 2.6 1.1
MC60@C-1.33-K 817 2.6 1.1
MC60@C-1-K 988 2.6 1.3
MC60@C-0.8-K 890 2.7 1.1

by the addition of sucrose molecules as it is believed that
the sucrose molecules form a thin layer of carbon between
the fullerene molecules.
The surface properties, including specific surface area,

pore volume and the pore diameter of the prepared hybrids
were measured by nitrogen adsorption-desorption mea-
surements, and the results are given in Table I and
Figure 2. As can be seen in Figure 2(A), all the samples
show type IV isotherm which is typical of mesoporous
materials, revealing that the pores of the materials are not
blocked after the introduction of additional carbon species
through the addition of sucrose molecules. All the samples
display a broad hysteresis loop at a higher relative pressure
(>0.5 P/P0), suggesting the presence of mesopores in the
samples. However, the amount of nitrogen adsorbed at the
monolayer region which is generally used for the calcula-
tion of the specific surface area of the materials increases
with decreasing the weight ratio of C60/S from 2 to 1 and
then decreases at 0.8. The specific surface area increases

A

B

Figure 2. (A) Nitrogen adsorption–desorption isotherms and (B) BJH
adsorption pore size distributions of MC60@C-X-K hybrids.
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from 791 to 988 m2/g when the C60/S ratio is decreased
from 2 to 1 and then decreases to 890 m2/g for MC60@C-
0.8-K. A similar trend is also observed for the pore volume
of the samples, which increases from 1.1 to 1.3 cm3/g and
then decreases to 1.1 when the C60/S ratio is decreased
to 0.8. These results indicate that the addition of sucrose
molecules plays a significant role in controlling the surface
properties of the samples. This is mainly due to the fact
that the sucrose molecules help to connect the fullerene
molecules as well as create nanochannels during the car-
bonisation process. This is crucial for the energy storage
and conversion application as it helps for the better trans-
port of electrons and the electrolytes and is expected to
enhance the charge transfer kinetics and further offer more
electrochemically active sites. Among the samples pre-
pared, MC60@C-1-K exhibits the highest specific surface
area and the specific pore volume. Figure 2(B) shows the
BJH pore size distribution of MC60@C-X-K hybrid sam-
ples. It can be seen that the pore diameter of the samples is
in the range of 2.6 to 2.7 nm, suggesting that the addition
of sucrose molecules does not make any influence on the
size of the pores. However, all the samples show a broad
condensation step at higher relative pressures which can
be attributed to the presence of large voids in the samples.
These voids are generated through the incomplete filling
of the pores with either sucrose molecules or fullerenes in
the pores of the templates. This creates large voids upon
the removal of the template through HF treatment.
The Raman spectra of all the MC60@C-X-K samples

are shown in Figure 3. All the samples show two bands
centered ca 1340 (D Band) and 1588 cm−1 (G Band),
which are typically observed for the porous carbon sam-
ples. The peak at 1340 cm−1 (D band) is attributed to the
defects and the disordered carbon wall structures whereas
the peak at 1588 cm−1 is assigned to the sp2-hybridised
graphitic carbons in the wall structure. The amount of
disorder and the defects in the carbon wall structure of
the hybrids as the function of carbon from the sucrose
was also measured from the intensity ratio of D and G
bands (ID/IG). The value of ID/IG is higher for MC60@C-
2-K than that of MC60@C-1.33-K and MC60@C-1.33-K.

Figure 3. Raman spectra of MC60@C-X-K hybrids.

Among the samples studied, MC60@C-1-K registered the
lowest ID/IG ratio, revealing better crystallinity in the sam-
ple. As expected, the ID/IG of MC60@C-0.8-K is higher
than that of MC60@C-1.33-K and MC60@C-1.33-K, which
could be attributed to a large amount of the sucrose in the
sample which forms carbon walls with large voids and a
large number of defects.
The chemical composition and the bonding characteris-

tics of carbon and the oxygen in the MC60@C-X-K hybrids
were analysed by X-ray photoelectron spectroscopy, and
the results are shown in Figure 4. Figure 4(A) reveals the
survey spectra of MC60@C-X-K hybrids. As can be seen
in Figure 4(A), the samples contain a large amount of
carbon together with a small amount of oxygen which is
originated from the sucrose molecules. The total amount
of oxygen in the MC60@C-2-K is much higher than that
of other samples in this study, suggesting that the oxy-
gen molecules mainly come from the sucrose molecules
as well as the incomplete reaction between the fullerene
molecules and the sucrose molecules for MC60@C-2-K.
Figures 4(B)–(E) shows the C1s spectra of all the sam-
ples, which could be deconvoluted into four peaks at
284.4, 285.5, 286.9, and 289.2 eV (Figs. 4(B–E)). The
peak at the lowest binding energy is assigned to the sp2-
hybridised graphitic carbon atoms which is originated from
either the fullerene molecules or the graphite from the
sucrose molecules. The highest binding energy peak can be
assigned to the strong �–�∗ interaction between the par-
tially graphitic carbon layers of the hybrid samples. On the
other hand, the peaks at 285.5 eV and 286.9 are assigned
to –C–OH/–C–O and –C O groups, respectively. These
peaks are originated from the incomplete conversion of the
sucrose molecules into graphitic carbons or the partial oxi-
dation of fullerene molecules from the oxygen from the
sucrose molecules. The O1s spectra of the hybrid sam-
ples are shown in Figures 4(F)–(I), and the peaks could be
deconvoluted into three peaks. The highest energy peak is
assigned to –O–group while the peak at the lowest energy
is attributed to –O–C O group. The peak at ca. 532.6
is assigned to –C–O. It should be noted that the amount
of different oxygen functional groups is different for the
samples prepared at different the C60/S ratio. This abnor-
mal trend is attributed to the incomplete polymerisation of
the sucrose and fullerene molecules in the nanochannels
of the KIT-6 template.
The effect of the addition of sucrose molecules in the

synthesis mixture affecting the mesostructural order and
the morphology of the final MC60@C-X-K hybrids was
analysed by high resolution scanning electron microscope
and the high-resolution transmission electron microscopy.
Figures 5(A)–(D) displayed the HRSEM images of
MC60@C-X-K hybrids. It can be seen that the morphology
of the template was retained for MC60@C-2-K, MC60@C-
1.33-K, and MC60@C-1-K, revealing that the templating
process is successful. However, a small degree of distorted
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Figure 4. (A) XPS survey, (B–E) C1s and (F–I) O1s spectra of MC60@C-2-K, MC60@C-1.33-K, MC60@C-1-K, and MC60@C-0.8-K,
respectively.
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Figure 5. HRSEM images of (A) MC60@C-2-K, (B) MC60@C-1.33-K,
(C) MC60@C-1-K, and (D) MC60@C-0.8-K and (E, F) HRTEM images
of MC60@C-1-K.

morphology was observed for MC60@C-0.8, suggesting
that the replication process was affected by the addition
of a large amount of sucrose molecules in the synthesis
mixture. To check the ordered and 3D mesoporosity in the
sample, we have measured the HRTEM for the representa-
tive sample, MC60@C-1-K (Figs. 5(E–F)), which showed
well-ordered and 3D mesopores that are crosslinked. This
similar structure was also observed for the KIT-6 template,
suggesting that the structure of the template was replicated
into the MC60@C-1-K.
The favourable textural properties such as high sur-

face area, high conductivity large pore volume, large pore
diameter and well-ordered structure of the hybrid mate-
rial encouraged us to focus on the lithium-ion battery and
supercapacitor application. We used three-electrode system
to study the performance of cyclic voltammetry and gal-
vanometric charge-discharge of the supercapacitor. Since
our material is carbon-based, we selected aqueous 3 M
KOH as a suitable electrolyte medium while investigating
the potential window from −0.8 to 0.0 V (vs. Ag/AgCl).
To fabricate the working electrode, the preparation of a
slurry is essential which is formed by grinding the mixture
of 5 mg of the composite material with 0.5 mg of acety-
lene black carbon and polyvinylindene fluoride (PVDF).
This slurry was then hard-pressed to nickel mesh which
was used as the current collector for the working elec-
trode. The CV of the prepared hybrids measured at a scan

rate of 50 mV/S and fixing the potential window from
−0.8 to 0 V is shown in Figure 6(A). Typically, EDLC
based materials show a quasi-rectangular shape, which is
clearly reflected in our mesoporous carbon/C60 hybrid as
well. As can be seen in Figure 6(A), the specific current
increases as the ratio of C60/S is decreased from 2 to 1 and
then decreases while the ratio is further reduced to 0.8.
The area of CV curve for the MC60@C-1 is the largest
which is in good agreement with the specific surface area
of MC60@C-1 being highest among all samples. Typically,
the carbon-based materials show triangular-shaped charge-
discharge, which is again portrayed in all our samples
(Fig. 6(B)). Similar to the CV results, the MC60@C-1-K
exhibited the highest specific capacitance. With relevance
to the best performance of the MC60@C-1, we fully inves-
tigated the electrochemical performance of MC60@C-1-K.
Figure 6(C) shows the CV curves of MC60@C-1 measured
at sweep rates ranging from 5 to 100 mV/s. The sample
showed a quasi rectangular-shaped graph for the different
scan rates (5–100 mV/s). Through this, the EDLC nature
of the sample is confirmed with high stability as well. It
should be noted that no reversible redox was noticed in
all the CV curves measured at different scan rates. These
results confirmed fast-ion transport with the least resis-
tance in the sample, suggesting its suitability for the super-
capacitor devices.
To further study the electrochemical behaviour of

MC60@C-1-K, the galvanostatic charge-discharge (GCD)
measurements at different current densities (0.1–2 A/g)
was measured (Fig. 6(D)). The GCD curves of MC60@C-
1-K measured at different current densities showed the
triangular shape and are almost linear and symmetrical,
revealing its robustness and outstanding electrochemical
reversibility. The GCD curves showed a steady increase in
the specific capacitance from 191 F/g to 254 F/g as the
current density was decreased from 2 A/g to 0.5 A/g as
shown in Figure 6(D). This value is 1.8 times higher than
the pure mesoporous fullerene which can be attributed to
the higher surface area, 3D mesoporous structure, better
connectivity of C60 molecules, and high conductivity due
to the carbon layers that connect the fullerene molecules.
The low specific capacitance at higher current density may
be linked with the electrolyte resistance as it has to travel
deep inside the pores and access the active sites. How-
ever, the higher specific capacitance of the materials is
due to the fact that thin carbon layers offer better sta-
bility to the sample by stacking between the fullerene
molecules with high order, high conductivity, high surface
area and better electronic transport. The specific capaci-
tance of the MC60@C-1-K calculated at the current density
of 2 A/g was compared with other porous carbon materials
including activated carbon, multiwalled carbon nanotube,
mesoporous carbon and mesoporous C60 (Fig. 6(E)) [39].
Noteworthy, MC60@C-1-K registered much higher spe-
cific capacitance than that of other samples, confirming its
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C D

E

Figure 6. (A) CV of MC60@C-X-K hybrids, (B) gravimetric charge–discharge profiles of MC60@C-X-K measured at 1 A/g, (C) CV curves of
MC60@C-1-K at different scan rates from 5–100 mV/s in the potential window between −0.8 to 0.0 V, (D) GCD curves of MC60@C-1-K measured
at different current densities from 0.5–2 A/g and (E) comparison of the supercapacitance values of MC60@C-1-K with other samples measured at the
current density of 2 A/g.

A B

Figure 7. (A) Cycling behaviour of MC60@C-X-K samples in alteration of the ratio of C60/S under a current density of 0.1 A/g. Axis on the right
side indicates the Coulombic efficiency of MC60@C-1-K sample during battery cycling. (B) Rate capability performance of MC60@C-0.8-K sample.
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superior performance for supercapacitor applications. This
high performance of supercapacitor for MC60@C-1-K with
high stability is attributed to its three dimensional meso-
porous structure, better connection between the fullerene
molecules with the thin carbon layers and the surface-
active oxygen functional groups which support good dif-
fusion of the electrolyte, ionic conductivity and the charge
transfer. The electrochemical stability of the materials was
also tested using GCD measurements at the current density
of 2 A/g. The sample showed excellent stability even after
100 cycles, indicating the best electrochemical stability for
the energy storage devices.
The electrochemical measurement for lithium-ion bat-

tery (LIB) performance was carried out under the poten-
tial range of 3.0–0.01 V and current density of 0.1 A/g.
Among the present samples with varying the ratio of
C60/sucrose, the MC60@C-1-K appears to be the most
active toward the Li accommodation, which delivers the
largest specific capacity of 1067 mAh/g upon 50 cycles
(Fig. 7(A)). Further increase of the sucrose amount leads
to the slight degradation of specific capacity, showing the
specific capacity of 927 mAh/g for MC60@C-0.8-K after
50 cycles. Since the textual property of the sample is
closely linked to their capacity behaviour, it is not sur-
prising to see the best battery performance for MC60@C-
1-K that possesses the highest specific surface area and
porosity [40–41]. It is well-known that the large sur-
face area and porosity would be beneficial in improv-
ing battery performance, offering a number of active sites
for Li+ ion accommodation [42]. Relatively low initial
Coulombic efficiency (CE) is observed to be ∼60% for
MC60@C-1-X sample, which is due to the surface elec-
trolyte interface (SEI) formation as a result of chemical
reaction with electrolyte. After several cycles, however, it
is quickly reached up to over 98%, suggesting stable
reversible lithiation-delithiation reaction. Regardless of the
ratio of C60/sucrose, all the MC60@C-X-K samples dis-
play a quite stable cycling behaviour without any capac-
ity fading. The observed high discharge capacity and
stable cycling behaviour could be ascribed to the syner-
gistic effect of the carbon layer and highly ordered meso-
porous structure. The carbon layer surrounding the C60

molecule could stabilise the SEI layer without further irre-
versible reaction with electrolyte. Furthermore, by intro-
ducing the highly ordered mesoporous structure, specific
lithium transport pathway could be established through
regular and interconnected pores, significantly shortening
the lithium diffusion length. According to the rate capa-
bility test of Figure 7(B), quite high specific capacities are
observed with different current densities, delivering 737,
668, 600, 489, 403, 315 and 268 mAh/g under current
density of 0.05, 0.1, 0.2, 0.5, 1.0, 2.0 and 3.0 A/g, respec-
tively. The promising rate capability could be attributed
to the enhanced charge transfer kinetics via wrapping the
C60 molecule with thin carbon layers. The capacity is fully

recovered with returning to the first current density of
0.05 A/g, suggesting the high structural stability and high
reversibility during electrochemical cycling.

4. CONCLUSIONS
In summary, we successfully demonstrated the prepa-
ration of mesoporous fullerene/carbon hybrids with
3D mesoporous structure through direct synthesis
approach via nanotemplating strategy wherein mesoporous
silica with 3D mesoporous structure, KIT-6 was used
the template. The addition of sucrose molecules not only
forms a thin layer between the fullerene molecules but also
results in higher specific surface area and pore volume.
The prepared hybrid materials exhibited 3D ordered meso-
porous structure and have the advantage of fullerene and
carbon framework, which can offer the best platform with
more electrochemically active sites and electronic con-
ductivity for energy storage applications. The optimised
hybrid material showed much higher specific capacitance
than other mesoporous fullerenes and porous carbon-based
materials. The same material was used as an electrode for
Li-ion battery and exhibited a high specific capacity and
stability. We surmised that the integration of polymerised
fullerenes coupled with the ordered 3D mesoporous car-
bon wall structure, high specific surface area, specific pore
volume and high electronic conductivity facilitates the bet-
ter electron and electrolyte transport which is key for
improving the electrochemical performance. We strongly
believe that this simple strategy could be adopted for
the fabrication of series of hybrid nanostructures com-
posed of fullerenes and other bio or metal or metal
oxide nanostructures which could offer a new platform
and expand the application possibilities to adsorption and
catalysis.
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