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An ordered mesoporous carbon–silica–titania material was
prepared using the tetra-constituents co-assembly method. As
regards its anode performance in lithium ion batteries, the composite material anode exhibited a high capacity (875 mAh g 1),
a higher initial eﬃciency (56%) and an improved rate.
Ordered mesoporous carbon (OMC) composite materials containing electrochemically active metal oxides have been widely
investigated for use as the anodes in lithium ion batteries (LIBs).1
These nanostructured materials have been recognized as good
anode candidates, because of their beneﬁcial characteristics: (i) the
short diﬀusion path of lithium ions within the nanosized pore
walls, (ii) easy electrolyte penetration through the mesopores, and
(iii) highly available charge storage sites due to the high surface
area.1,2 Typically, mesoporous nanocomposites of OMC with
metal oxides such as CoO, SnO2, NiO and TiO2 have exhibited
improved anode performances.3,4 Especially, TiO2 has an
intrinsically low electrical conductivity (B10 12 S cm 1), which
can result in low rate capability and requires a highly-developed
conductive percolation network for the conductivity to increase.5
With this in mind, many researchers have tried to prepare
carbon–TiO2 composite materials.4,5 Among them, an OMC–
titania nanocomposite has been intensively investigated. When it
was applied as the anode in LIBs, a reversible capacity of about
150–300 mAh g 1 was observed within the range of 1 to 3 V vs.
Li/Li+.5 Furthermore, it has been reported that a highly crystalline TiO2 phase formed after high temperature calcination above
400 1C, which resulted in a distinctive voltage plateau. This plateau
represented a more ordered ﬁrst-order phase transition from
LixTiO2 to Li0.5TiO2, which produced a cell volume increase
of 4% and cycle fading.5 To improve the cyclability, therefore,
a less-developed crystalline phase of TiO2 is preferable. Also,
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less-developed crystals show a sloped voltage proﬁle, which is
beneﬁcial to the state of charge (SOC) prediction in LIBs.
While high reversible capacities ranging from 850 to
1100 mAh g 1 have been reported for the OMC anode itself, a
low initial eﬃciency of about 30% was reported, which was
attributed to the decomposition of the electrolyte on the carbon
surface having a high surface area (41500 m2 g 1).6 A higher initial
eﬃciency is required for the eﬃcient utilization of the electrode as a
charge storage device. Hence, a smaller surface area is desirable,
while retaining ordered mesopores for fast electrolyte transport.
In order to prepare a mesoporous carbon nanocomposite
with amorphous TiO2, herein, a tetra-constituent co-assembly
(Tetra-CCA) method using Ti–citrate precursor is developed.
A block copolymer surfactant, oligomeric resol and silicate
source are reacted with Ti–citrate solution.7 Here, the silicate
was added for the purpose of increasing the structural strength
and forming a higher ordered structure.7 After the preparation
of the composite, its performance as the anode in lithium ion
batteries is investigated. To the best of our knowledge, this is
the ﬁrst attempt to prepare a mesoporous carbon composite
with amorphous titanate using the Tetra-CCA method and use
it as the anode in a lithium ion battery.
The detailed synthesis procedure is included in the ESIw and
described schematically in Fig. S1. As can be seen, the
Tetra-CCA method was employed. Using evaporation-induced
self-assembly (EISA), an ordered nanocomposite was obtained
and polymerization was conducted. After carbonization, an
ordered mesoporous carbon–silica–titania nanocomposite
(m-CST) was obtained (see Fig. 1). The silica was removed
by NaOH treatment, producing a mesoporous carbon–titania
(m-CT).
In Fig. 2, the N2 sorption isotherms for m-CST and m-CT are
shown. Here, an increase in the volume of adsorbed N2 was
observed after NaOH etching. The pore size distributions (PSDs)
of m-CST and m-CT are given in the inset. A monodispersed
PSD was obtained in the case of m-CST with a size of 3.46 nm,
but m-CT showed a bimodal PSD with sizes of 2.67 and 3.74 nm,
which is similar to the result obtained by the tri-constituent
co-assembly method.7,8 The large pores of m-CST (3.46 nm) and
m-CT (3.74 nm) corresponded to the hydrophobic part in
the F127 surfactant micelle and the newly appeared small pores
(2.67 nm) were due to the removal of the silica. The measured
micro and mesopore volume and surface area are listed in
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Fig. 2 N2 sorption isotherms for m-CST (ﬁlled-rectangle) and m-CT
(circle). The inset is the BJH pore size distribution calculated from the
adsorption branch.

angle XRD patterns in Fig. S2 (ESIw). Using EDX for point
and area analysis, carbon, Ti and Si were located homogeneously within the ordered structures in m-CST, which again
conﬁrmed that Ti and Si were homogeneously embedded within
the carbon walls (see Fig. S4, ESIw). In the previous literatures,
small sized crystals of titania were observed after high temperature heat treatment.8 In our preparation, however, a silicate was
added in order to reinforce the wall structure and titanium–
citrate complex was employed as a Ti precursor, which resulted
in the formation of amorphous TiO2.8
Since an amorphous titania structure seems preferable for
anode application in LIBs, the anode performances of m-CST
and m-CT were investigated. In the TEM image of m-CT,
furthermore, wormhole-like pores were observed, which
coincided with the small angle XRD results. Using the TGA
and ICP analyses of m-CST and m-CT, the carbon (C), TiO2
and SiO2 contents were calculated and are listed in Table 1.
Fig. 3 shows the galvanostatic charge–discharge proﬁles of the
m-CST and m-CT electrodes. The electrodes fabrication condition
was included in the ESI.w Because silica is electrochemically
inactive for Li+ storage, the contributions to the anode capacity
from carbon and titania were considered and the speciﬁc capacities
per unit weight of the electrochemically active materials (Cd_a)
were compared for two electrodes.9 No characteristic plateau
associated with crystalline TiO2 was observed in the charge–
discharge proﬁles, as in the case of the electrode with a lesscrystalline TiO2 structure.5 Furthermore, the disappearance of the
characteristic plateau for Li+ storage in TiO2 has been observed
in other reports when OMC composites with CoO and NiO
were used as anodes.3 Hence, this interesting proﬁle behavior is
probably related to the amorphous structure and complete nanocomposite formation. Charging capacity of m-CST and m-CT
electrodes were 875 and 1405 mAh g 1, respectively. By considering the electrochemically active materials, a similar charging

Table 1 and they increased substantially after NaOH etching.
Fig. S2 (ESIw) displays the small angle and wide angle X-ray
diﬀraction (XRD) patterns. From the small angle XRD patterns,
a highly ordered structure of hexagonally pore packing was
observed in the case of m-CST, but m-CT exhibited a collapsed
pore structure with a low intensity ordering peak, which is indicative of collapsed pore ordering. From the wide angle XRD
pattern, also, no peaks associated with titania or silica were
observed, indicating that these metal oxides were amorphous.
Fig. S3 (ESIw) shows the TEM images of m-CST and m-CT.
As can be seen, highly ordered mesopores appeared in m-CST
and no nanosized crystals within the pore walls were observed,
indicating that amorphous silica and titania were embedded
within the carbon walls. This result coincided with the wide

Fig. 3 The galvanostatic charge–discharge voltage proﬁles recorded
for m-CST (solid line) and m-CT (dashed line) electrodes at 0.1 C rate.

Fig. 1 Schematic explanation of a mesoporous carbon–silica–titania
nanocomposite for the application as anode material in lithium ion
batteries. TEM and small angle XRD show a highly ordered structure.

Table 1

The physical parameters and supercapacitor properties of the b-WO3
Vmi/cm3 g

m-CST
m-CT

0.03
0.17

1

Vmea/cm3 g
0.14
0.52

1

ABETb/m2 g
265
1142

1

X,

m-WO3

X

and m-WO3 tungsten oxide electrodes

C/wt%

TiO2c/wt%

Cdd/mAh g

44
84

12
11

490
492

1

Cd_ae/mAh g
875
518

1

IEf/%

Rateg/%

56
35

68
46

a

The micropore (Vmi) and mesopore (Vme) volume from the N2 sorption experiment using a t-plot. b The surface area calculated by the BET
method. c The carbon and TiO2 contents are obtained by TGA and ICP experiments. d The speciﬁc discharge capacity measured from the initial
discharge proﬁles. e The speciﬁc capacity per active material (Cd/weight fraction (C + TiO2)). f The initial eﬃciency of the ﬁrst charge–discharge
capacity. g The rate capacity calculated by dividing the discharge capacity at 0.5 C by 0.1 C.
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capacity of about 1500 mAh g 1 was observed for both electrodes,
which was probably attributed to a higher lithium storage site
in m-CST and a larger decomposition of the electrolyte in
m-CT. However, the m-CST electrode showed a large Cd_a of
875 mAh g 1 and a high initial eﬃciency (IE) of 56%, which are
much higher than those of anodes composed of OMC composites
with crystalline TiO2.4 As regards the pure OMC anode, it was
reported that tri-constituent OMC exhibited a low IE of about
30% and a high Cd of 1000 mAh g 1 due to its very high surface
area (2390 m2 g 1) with high microporosity.6 In contrast, OMC
with a relatively low surface area of less than 1500 m2 g 1 showed
a low Cd value of less than 400 mAh g 1 and its IE remained low
(about 30%). Even when OMC nanocomposites with metal oxides
such as SnO2, NiO and CoO were used, which are more highly
capacitive than TiO2, a Cd of about 600 mAh g 1 and IE
below 50% were observed.4 Although the exact reasons for these
results remain to be elucidated, our m-CST electrode showed a
high reversible capacity and good IE. Possibly, this high anode
performance was due to its low surface area of 265 m2 g 1 and the
presence of amorphous TiO2.
For the m-CT electrode, however, a large decrease of Cd_a and
IE to 518 mAh g 1 and 35%, respectively, was observed. In this
case, NaOH etching removed most of silica with 5% remaining
and also dissolved some of the titania. The ratio of carbon to
titania (C/TiO2) changed from 3.6 to 7.63, indicating that a large
amount of TiO2 was lost during the NaOH etching. As shown in
Fig. S2(b) (ESIw), furthermore, a slight intensity decrease of the
carbon peak was observed in the case of m-CT. Hence, the large
capacity loss in the m-CT electrode was probably due to the large
loss of amorphous TiO2 and the structural collapse of carbon.
Furthermore, m-CT with a high surface area can give rise to
more decomposition of the electrolyte, resulting in a lower IE.
Fig. 4 shows the rate capability and cyclability of the two
electrodes. As can be seen, higher rate capability was observed in
the case of the m-CST electrode. Note that direct comparison
with other results in the literatures is diﬃcult, because the
electrode loading and its fabrication condition diﬀer from those
in previous studies. Only the comparison between m-CST and
m-CT is therefore meaningful. Because the wall thickness
remained invariant, the solid state diﬀusion length was identical
for the m-CST and m-CT electrodes. Hence, the higher rate
capability of m-CST was attributed to its well-ordered mesopores, which allow for the fast transport of Li+ ions. This result
is similar to that in the literature.5,10 In Fig. 4(b), the change in
the discharge capacity was plotted against the number of cycles.
Although a gradual decrease in capacity was observed in the
case of m-CST, the capacity became stable after 10 cycles and
still remained much higher than that of the m-CT electrode. In
the previous reports, the crystalline TiO2 electrode exhibited a
large capacity decrease from 300 to 200 mAh g 1 during initial
cycling.4,5 Because m-CST contained a small amount of
amorphous TiO2, its capacity decreased less. Hence, the better
cyclability of m-CT is reasonable.
In conclusion, ordered mesoporous carbon–silica–titania
was prepared by the tetra-constituent co-assembly method.
Because of the potentially strong interaction between the
silicate and titanate, amorphous TiO2 embedded within the
pore walls was obtained. A higher capacity, better initial
eﬃciency and improved rate capability were observed in the
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Fig. 4 (a) Rate capability from 0.1 to 1 C rate and (b) cycle performance at 0.5 C rate of m-CST (rectangle) and m-CT (circle) electrodes.

case of the composite materials, due to their ordered mesoporosity and amorphous nature.
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