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ABSTRACT: A highly ordered mesoporous carbon/silica
(MCS) framework was used as both a silicate precursor and
carbon source to prepare Li2CoSiO4/carbon nanocomposites
via hydrothermal synthesis. TEM-EDX and TGA measure-
ments showed that ∼2 wt % carbon was incorporated within
Li2CoSiO4 crystal aggregates on the nanoscale. We find that
both the morphology and particle size of the Li2CoSiO4/C
composites are significantly influenced by the LiOH concentration in the precursors. By controlling the molar ratio of
LiOH:Si:Co = 8:1:1, very uniform Li2CoSiO4/C spheres were obtained with an average diameter of 300−400 nm. Many exhibit
hollow or core−shell structures. A mechanism is proposed to account for both the unusual morphology and carbon
incorporation. Despite some electrolyte oxidation at high potential, the electrochemical properties of the Li2CoSiO4/C
composites showed that the nanocarbon played an important role in enhancing the electrochemical performance, when
compared with Li2CoSiO4 prepared using fumed silica as the silicate source under similar conditions.
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■ INTRODUCTION

Since the first report of Li2FeSiO4 in 2005,1 the new Li2MSiO4
silicate class of cathode materials (M = Fe, Mn, and Co) has
drawn increasingly more attention. Compared with phosphate
based compounds like LiFePO4,

2−4 the key feature of the
Li2MSiO4 system is the possibility of extracting two lithium
ions from the framework (M2+−M3+−M4+) to achieve a
theoretical capacity above 300 mAh g−1.5 Additionally, Si is
one of the most abundant elements in the earth’s crust and is
widely distributed, making the relatively low price of silicates
very commercially attractive. However, the electronic con-
ductivity of the silicate family is extremely low. Previously
reported conductivities for Li2FeSiO4 and Li2MnSiO4 are 10

−14

S cm−1 and 10−16 S cm−1, respectively,6,7 several orders of
magnitude lower than for comparable phosphate-type cathode
materials. The intrinsically low conductivity greatly impedes the
extraction of lithium from the compounds. For example, early
reports of Li2FeSiO4 indicated a reversible discharge capacity of
∼160 mAh g−1 (equal to ∼1.0 Li), but at elevated temperature
of 60 °C and a low current density of 16/C.1 Similarly, only 0.5
Li per formula unit of Li2MnSiO4 could be reversibly extracted
according to the original experimental results.8As for
Li2CoSiO4, the electrochemical activity of the bulk material is
almost negligible.9

Various attempts have been made on improving the
performance of silicate cathodes, among which carbon coating,
or a “wiring” process, is the most effective strategy to enhance
the electronic conductivity of electrodes, as demonstrated for
LiFePO4.

10,11 Another approach is the reduction of particle size
to minimize the path length of lithium ion migration in the

structure. Muraliganth and co-workers prepared nanostructured
Li2FeSiO4 and Li2MnSiO4 via a facile microwave-solvothermal
method, and carbon coating was achieved by subsequent
pyrolysis of sucrose on the silicates at 650 °C.12 The
Li2MnSiO4/C electrodes showed a high initial capacity of
∼250 (equal to 1.5 Li) mAh g−1 at elevated temperature 55 °C,
but this faded to less than 50 mAh g−1 in 20 cycles, probably
due to lattice strain induced on cycling by Jahn−Teller
distortion at the Mn3+ centers as observed in other Mn
containing electrode materials.13 The Li2FeSiO4/C composite
demonstrated a stable reversible capacity of above 200 mAh g−1

up to 20 cycles under similar conditions, indicating that more
than one lithium could be extracted. Similar results were also
obtained by Yang’s group,14 where Li2FeSiO4/C synthesized via
a solution-polymerization method displayed an initial discharge
capacity of 220 mAh g−1 when cycled at a high cutoff potential
of 4.8 V. Most recently, nanoleaflets of Li2FeSiO4 and
Li2MnSiO4 have been observed to undergo almost full two
electron extraction−insertion.15 These exciting results, along
with other studies,16−19 highlight the importance of optimiza-
tion of the electrodes to attain good electrochemical behavior,
although further evidence of the full oxidation of the metals
(M(II) → M(IV)) in the electrodes is still necessary.
Very little progress has been made with the higher energy

density material, Li2CoSiO4, however. Studies are complicated
by the fact that several polymorphs exist, which are structural
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variants of the Li3PO4 structure type. These are formed at
different temperatures ranging from 700 to 900 °C. These three
materials adopt different structural symmetries denoted by their
space group: the βI phase (Pbn21); the βII phase (Pmn21), and
the γ0 phase (P21).

20,21 Theoretical calculations suggest that the
extraction of lithium ions from the cobalt silicate lattice is at
about 4.4 V for the first Li ion, but since it is around 5 V for
extraction of the second lithium, it is above the accessibility
limit for most alkyl carbonate electrolytes.22 However,
subsequent computational studies found that the second
extraction potential is somewhat lower than this for the
Pmn21 and the P21 phases; the latter voltage is predicted to be
4.8 V.23 Bruce et al. synthesized these three polymorphs of
Li2CoSiO4 and investigated their electrochemical performance
as cathode materials.9 The βII phase (Pmn21) electrode showed
the highest charge capacity of ∼180 mAh g−1 (1.1 Li per unit
formula) after ball-milling with carbon but a discharge capacity
of only ∼30 mAh g−1 (0.2 Li). Similar work on the βII phase of
Li2CoSiO4 prepared by solution and hydrothermal routes with
ball milled carbon (or graphite added) also showed high charge
capacity but insertion of only about 0.25−0.4 Li on the
discharge cycle.24 The source of the irreversibility was not
discussed. As reported by Bruce et al., direct carbon coating
methods could only be accomplished with the βI phase (Pbn21)
since the cobalt(II) in the βII phase was reduced to Co metal by
carbon at high temperature. The coated βI sample showed
improved performance compared to the ball-milled βII-phase
material, suggesting that a successful homogeneous carbon
coating was achieved.9

Herein, we address the challenge of carbon incorporation
using a unique new strategy whereby the silica contained within
a conductive carbon framework is used as the source precursor
for growth of Li2CoSiO4 nanospheres. Mesoporous carbon−
silica (MCS) is prepared by an evaporation induced self-
assembly (EISA) method, using water-soluble phenolic resin as
the carbon source, tetraethyl orthosilicate as the silica source,
and a triblock copolymer poly(propylene oxide)-block-poly-
(ethylene oxide)-block-poly(propylene oxide) (F127, Mw = 12
700) as a soft template.25 The MCS possesses a highly ordered
hexagonal mesoporous structure, with SiO2 nanocrystallites
(mean size of ∼2 nm26) impregnated into the walls of the
carbon framework. Owing to this distinct architecture, the
carbon fragments produced on collapse of the porous
framework are homogeneously incorporated in the Li2CoSiO4
nanoparticles during their formation. We find that the
morphology and particle size of the Li2CoSiO4/C nano-
composites are significantly influenced by the concentration of
the [OH−] in the precursors. By carefully controlling the
system pH as well as the precursor concentration, nano-
spherical Li2CoSiO4/C particles with a uniform size of 300−
400 nm could be obtained, some of which exhibit an unusual
hollow structure. This is the first report of such size control
with homogeneous spherical morphology in Li2CoSiO4
especially in the presence of carbon incorporationand is
explained with a proposed reaction mechanism. Electro-
chemical results showed that the nanocarbon-imbedded
Li2CoSiO4/C cathodes exhibited superior properties compared
to those synthesized from fumed silica.

■ EXPERIMENTAL SECTION
Synthesis. The mesoporous carbon−silica precursor composite

(MCS) was prepared by an EISA strategy, similar to that previously
reported25 but modified to give a higher silica content. Briefly, 1.0 g of

triblock copolymer F127 was dissolved in a solution of 10.0 g ethanol
and 1.0 g 0.2 M HCl. Next, 2.08 g of TEOS and 2.5 g of phenolic resin
solution were added to this solution and stirred for 8 h at 40 °C. The
mixture was transferred to Petri dishes to evaporate the ethanol
overnight, and it was held at 100 °C for 24 h to thermopolymerize the
phenolic resin. The as-made product was collected from the dishes,
hand-milled in a mortar for 10 min, and heated under an Ar flow at
900 °C for 4 h, at a rate of 1 °C min−1 below 600 and 5 °C min−1

above 600 °C. Li2CoSiO4/C nanocomposites were prepared hydro-
thermally using the silica in the composite as a source of SiO2. First,
100 mg of MCS was dispersed in 10 mL of deionized water by
sonication for 60 min, then 0.23, 0.46, or 0.92 g of LiOH·H2O was
added, and the mixture was sonicated for another 30 min (pH = 13.7,
14.0, and 14.3, respectively, in the three solutions). Next, 0.32 g of
CoCl2·6H2O was dissolved in 7 mL of ethylene glycol and stirred to
afford a clear solution. The two solutions were then mixed together
and stirred for 60 min at room temperature. The slurry that was
obtained was transferred into a 23 mL Teflon-lined autoclave, and the
remaining volume was filled with deionized water. The concentration
of SiO2 was ∼3.5 mg mL−1. The autoclave was maintained at 150 °C
for 24 h to complete the reaction (lower temperatures resulted in
incomplete reaction irrespective of the duration). The dark blue-black
product was washed with deionized water and ethanol three times and
dried at 100 °C overnight under vacuum. Three Li2CoSiO4/C samples
were obtained using different LiOH:MCS:CoCl2 ratios, denoted as
Li2CoSiO4/C-4 (4:1:1), Li2CoSiO4/C-8 (8:1:1), and Li2CoSiO4/C-16
(16:1:1). The carbon-free material Li2CoSiO4-8 was also prepared
from fumed silica using 0.46 g of LiOH·H2O under the same synthetic
conditions in order to provide a comparison with the Li2CoSiO4/C-8
sample.

Electrochemistry. The electrochemical performance of the
Li2CoSiO4/C-8 cathode material derived from the MCS was evaluated
vs a lithium metal anode in coin cells. In a typical experiment, 10 wt %
of the binder PVDF was first dissolved in N-methyl-2-pyrrolidone
(NMP), and 80 wt % of active material and 10 wt % of Super P carbon
were subsequently added. This mixture was ground for 30 min to
obtain a homogeneous slurry, which was then cast on an aluminum foil
current collector and dried at 100 °C under vacuum. Coin cells were
assembled and cycled at room temperature between 2.0 and 4.6 V,
with 1 M LiPF6 in ethylene carbonate (EC) and dimethyl carbonate
(DMC) as the electrolyte (1:1 vol/vol). For comparison, electrodes
were also fabricated from the carbon-free material Li2CoSiO4-8
prepared from fumed silica, using a formulation Li2CoSiO4-8/Super P/
PVDF = 75:15:10. The ratio of carbon-free Li2CoSiO4-8 to the other
components was adjusted to be the same as for the electrodes of
Li2CoSiO4/C-8 derived from the MCS.

Structural Characterization. Thermal gravimetric analysis
(TGA) was performed with a SDT Q600 analyzer at a heating rate
of 10 °C min−1. X-ray patterns were collected using a Bruker D8-
Advance diffractometer (40 KV, 30 mA Cu Kα). Nitrogen adsorption
and desorption isotherms were obtained using a Quantsorb at 77 K; all
the samples were degassed on a vacuum line at 200 °C prior to
measurements. The total pore volume of the mesoporous carbon-silica
(MCS) composites were calculated at a relative pressure of 0.995 (P/
P0). The specific surface area and pore size distribution were
determined by Brunauer−Emmett−Teller (BET) theory and the
Barrett−Joyner−Halenda (BJH) model from the adsorption branch of
the isotherm, respectively. Scanning electron microscopy (SEM)
images were taken on a LEO 1530 field emission SEM instrument in
backscattering detection mode. Transmission electron microscope
(TEM) imaging and energy dispersive X-ray analysis (EDAX) were
carried out on a Hitachi S-2000 scanning TEM (STEM).

■ RESULTS AND DISCUSSION

To utilize a silica−carbon composite as a silicate precursor and
carbon source to prepare Li2CoSiO4/carbon nanocomposites
via hydrothermal synthesis, it is necessary to optimize the
carbon/silica ratio. Higher silicate content in the final
mesoporous carbon/silica (MCS) product results in a greater
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fraction of active material and better incorporation of the
carbon (see below) but less overall carbon which can impact
properties. The weight percent of SiO2 in the optimized MCS
composite was determined by TGA in air (Figure 1a). The first
minor weight decrease up to 100 °C is caused by physisorbed
moisture, and the sharp drop in weight above 500 °C
represents the combustion of the carbon framework. A silica
content as high as ∼82 wt % was obtained, which is much
higher than that previously reported of 64 wt %,25 using a
similar preparation method. The main difference probably owes
to the extension of the contact time which allowed more
extensive hydrolysis of the silicate oligomers. The extended
calcination (4 h) that we employ also favors more complete
pyrolysis of the carbon and increases the silica content in the
composite. The mesoporous structure of the MCS was
identified by its small angle XRD pattern and N2 isotherm
curve. The sharp (100) peak (Figure 1b) implies a well ordered
hexagonal symmetry, and the N2 isotherm sorption (Figure 1c)
displays a typical type-IV curve and H-2 hysteresis, indicating
the presence of mesoporous channels. The specific BET surface
area and pore volume were 320 m2 g−1 and 0.39 cm3 g−1,
respectively, with an average pore size of ∼6 nm as shown in
the pore size distribution curve in Figure 1d (determined by
analysis employing the BJH protocol). These physical
characteristics of MCS are consistent with the previous
literature.26

As described in the Experimental Section, three Li2CoSiO4/
C samples were synthesized from MCS as a precursor using
different LiOH:MCS:CoCl2 ratios, where the silica in the MCS
serves as the in situ source of SiO2. These are denoted as
Li2CoSiO4/C-4 (4:1:1), Li2CoSiO4/C-8 (8:1:1), and
Li2CoSiO4/C-16 (16:1:1). The diffraction patterns shown in
Figure 2a indicate that a well crystallized βII phase is obtained
for Li2CoSiO4/C-4. With increasing LiOH ratio, the crystal-
linity becomes a little poorer, and the impurity β-Co(OH)2
starts to appear in the highest LiOH content material,
Li2CoSiO4/C-16. The low intensities of the first two peaks
observed in the diffraction patterns of Li2CoSiO4/C-8 (and
Li2CoSiO4/C-16) compared to Li2CoSiO4/C-4 result from
slight differences in the unit cell parameters and atomic
positions of these two samples. This was confirmed by Rietveld
refinements of the patterns of Li2CoSiO4/C-4 and Li2CoSiO4/
C-8 (Supporting Information Figure S1), which yielded good
agreement factors and unit cell parameters in accord with those
previously reported for the βII phase from combined X-ray and
neutron refinements27 (namely: a = 6.2558(2) Å, b =
5.3584(2) Å, c = 4.9357(2) Å) but which differed slightly for
the two samples (Li2CoSiO4/C-4: a = 6.2655(3) Å, b =
5.3591(2) Å, c = 4.9413(2) Å, Rwp = 2.198%; Li2CoSiO4/C-8: a
= 6.231(1) Å, b = 5.418(1) Å, c = 4.9410(9) Å, Rwp = 3.014%).
The βII phase Li2CoSiO4 crystallizes in an orthorhombic
structure with space group Pmn21 which has a glide plane and a

Figure 1. Physical characterization of the mesoporous carbon/silica (MCS) composite: (a) TGA analysis under air at a heating rate of 10 °C min−1

to 800 °C, (b) low angle XRD pattern in the range of 0.8−3.5°, (c) N2 nitrogen sorption isotherm carried out at 77 K, and (d) pore size distribution
curve analyzed by the BJH method.
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screw axis known to produce systematic extinctions. Small
changes in lattice parameters and atomic positions can lead to
notable peak intensity redistribution. The highly ordered
porous structure of MCS largely collapses during the
hydrothermal process to form the silicate, although a little
poorly disordered porous structure residue remains, as evident
in the low angle XRD patterns (Figure 2b).
Figure 3 compares the SEM images of MCS and the three

Li2CoSiO4/C samples. MCS itself has a film-like morphology
with a mean thickness of ∼10 μm, due to the EISA procedure
(Figure 3a). This morphology is not maintained in the
Li2CoSiO4/C products. Both Li2CoSiO4/C-4 and Li2CoSiO4/
C-8 exhibit spherical structures, where the particle size is
reduced from ∼1−2 μm to 300−400 nm by simply controlling
the concentration of LiOH in the precursors (Figure 3b,c,
respectively). Higher magnification (Figure 3e) reveals that the
spherical structure is similar to a raspberry composed of 30−50
nm nanocrystalline seeds. Some of the Li2CoSiO4/C-8 spheres
exhibit a hollow structure, as shown in Figure 3c,e. Hollow
spheres could also be observed in the TEM images (Figure 4),
as well as a core−shell structure. However, further increasing
the ratio of LiOH to SiO2 and CoCl2 (i.e., Li2CoSiO4/C-16)
changes the morphology of the material. The overall particle
size is even larger than that of Li2CoSiO4/C-4, and the uniform
spherical structure disappeared (Figure 3d), although the
material demonstrates a similar “raspberry structure” to that
of Li2CoSiO4/C-8. Small nanocrystallites of ∼50 nm can be
clearly seen under high magnification (Figure 3f). The mean

particle sizes of all the three samples are summarized in
Supporting Information Figure S2.
Both solid and hollow Li2CoSiO4/C-8 spherical particles

exhibited almost identical elemental compositions as deter-
mined by EDAX analysis (Figure 5), indicating that Li2CoSiO4
was formed in both cases, but with different morphologies. To
confirm the formation of the [CoSiO4]

2− polyanion as the
framework entity in Li2CoSiO4/C-8, we carried out multipoint
EDAX measurements on more than 15 randomly selected
spheres, all of which exhibited a Si and Co atomic ratio of 1:1
(Supporting Information Figure S3). The elemental maps
conducted on a single aggregate particle display a homogeneous
distribution of carbon (Figure 6). However, the degree of
nanocarbon incorporation cannot be determined by elemental
mapping analysis due to the influence of the underlying carbon
substrate. In addition, a small fraction of the carbon exists as
large particles mixed in with the Li2CoSiO4/C spheres (see
Supporting Information Figure S4), present in all three
Li2CoSiO4/C samples. We believe this arises from residual
carbon in the mesoporous carbon−silica (MCS) precursor. As
discussed above, the carbon content in MCS is determined to
be ∼18 wt %. However, the specific carbon ratio in various

Figure 2. (a) Wide angle and (b) low angle XRD patterns of three
Li2CoSiO4/C materials, showing the formation of Li2CoSiO4
(reference markers shown in purple) and collapse of the ordered
porous structure that occurs. The curves for Li2CoSiO4/C-4,
Li2CoSiO4/C-8, and Li2CoSiO4/C-16 are shown in black, red, and
blue, respectively. Peaks labeled by asterisks indicate β-Co(OH)2.

Figure 3. SEM images of mesoporous carbon/silica (MCS) and
Li2CoSiO4/C composites: (a) MCS, (b) Li2CoSiO4/C-4, (c, e)
Li2CoSiO4/C-8, and Li2CoSiO4/C-16 (d, f). The arrow in (e)
indicates a hollow aggregate or “raspberry”.

Figure 4. Dark field STEM image of Li2CoSiO4/C-8, illustrating solid,
core−shell, and hollow structures.
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MCS particles may differ. For those particles with abundant
carbon but significantly less SiO2, the conversion from SiO2 to

Li2SiO3 probably would not fragment the micrometer-size
MCS particles.
In order to estimate the amount of nanocarbon embedded in

the Li2CoSiO4, thermogravimetric analysis was carried out
(Figure 7a). The Li2CoSiO4/C-8 material was examined, since

it exhibited the best electrochemical properties (see below).
Under a N2 atmosphere, three weight loss regions in the curve
are apparent. The first drop below 200 °C (region I, ∼2 wt %)
is attributed to the removal of adsorbed moisture by the
material, similar to the behavior of MCS (Figure 1a). From 200
to 500 °C, the weight loss (region II) is due to the “internal”
oxidation of carbon by Li2CoSiO4, which evolves CO2:

+ = + + + ↑2Li CoSiO C Li Si O Co Li O CO2 4 2 2 5 2 2

The XRD pattern of Li2CoSiO4/C-8 treated under a N2 flow at
400 °C for 1 h (Figure 7b) confirmed the formation of Li2Si2O5
and metallic Co. The other presumed product Li2O is assumed
to exist as an amorphous phase that is not visible in the XRD.
Bruce et al. also reported that all the attempts to carbon “wire”
the βII Li2CoSiO4 phase failed due to the formation of lithium
silicate and Co metal,9 which is consistent with our finding. The
weight loss in the second stage (II) is ∼5 wt %, which correlates
to ∼2 wt % carbon nanoparticles encapsulated in Li2CoSiO4
calculated from the above equation. TGA only provides an

Figure 5. SEM images (upper) and EDAX analysis (lower) of both
hollow (lower black curve) and solid (upper red curve) particles of
Li2CoSiO4/C-8, confirming the particles have the same composition.

Figure 6. TEM image and the corresponding elemental maps of a
single Li2CoSiO4/C-8 particle, showing a homogeneous distribution of
carbon nanoparticles within the Li2CoSiO4 aggregate. The Ti map
serves as the reference background.

Figure 7. (a) TGA of Li2CoSiO4/C-8 under N2 at a heating rate of 10
°C min−1 between room temperature and 800 °C and (b) XRD
pattern of Li2CoSiO4/C-8 after treatment in N2 at 400 °C for 1 h
(reference lines of Li2CoSiO4 shown in magenta). Peaks labeled by
asterisks and solid circles indicate Li2Si2O5 and metallic Co,
respectively.
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approximate estimation of the amount of the nanoscale carbon,
which may deviate from the actual content. However, this
estimation is still helpful in considering the electrochemical
performance of this material, which will be discussed later.
Because the carbon involved in the reaction in region II is
homogeneously mixed with Li2CoSiO4 particles at the
nanoscale, reactivity in the solid−solid reaction at low
temperature is more facile than for the large carbon particles
(see Supporting Information Figure S4), the latter of which
account for the final, third weight loss in the TGA curve (above
500 °C; region III). In accord, the diffraction pattern of the
material heated at 800 °C shows only the presence of silicate
and Co, with no Li2CoSiO4 remaining.
A possible mechanism to account for the formation of the

encapsulated Li2CoSiO4/C is illustrated in Figure 8. At either
high or low [OH−] concentrations, MCS is etched in the
presence of LiOH at elevated temperature; the intermediate
product in this step is probably Li2SiO3 (shown in orange).
This differs from the synthesis of ordered mesoporous carbons
from their silica replicas, where aqueous NaOH is used as the
etchant which reacts with SiO2 to form highly soluble water
glass (Na2SiO3).

28,29 Thus, the underlying carbon mesostruc-
ture is fully maintained. However, Li2SiO3 has very low
solubility under alkaline conditions even at 175 °C,30 which
would account for the collapse of the ordered mesostructure of
the MCS, because it does not dissolve but rather fragments.
The collapse of the carbon framework creates a large number of
carbon nanoparticles, since the wall thicknesses of the
mesopores are only ∼5 nm as calculated from the low angle
XRD and pore size distribution results. These nanocarbon
particles are intimately mixed with the Li2SiO3 nanocrystallites
(∼30−50 nm) and became the “seeds” of the “raspberry”
structure. At low or intermediate [OH−] concentrations (path
2), the seeds are formed relatively slowly, and their aggregation

is isotropic. Therefore, a spherical morphology results for
Li2CoSiO4/C-4 and Li2CoSiO4/C-8. When the [OH−]
concentration is quite high (path 1), both the silica etching
and the seed aggregation takes place very quickly and no
regular morphology is exhibited, as in the case of Li2CoSiO4/C-
16. The next step involves reaction of the Li2SiO3 with cobalt in
solution to form Li2CoSiO4, a process that is strongly affected
by the concentration of [Co2+]. In turn, the [Co2+] is
dependent upon the hydroxyl concentration, because the
reaction of CoCl2 with LiOH immediately precipitates
Co(OH)2 owing to its low solubility. Thus in the case of
Li2CoSiO4/C-4, the very low [OH−] concentration after silica
etching in the MCS composites results in little precipitation of
Co(OH)2 and hence a higher [Co2+] than in the other two
cases. Accordingly, growth of Li2CoSiO4 crystals is relatively
fast, which explains the larger particle size of Li2CoSiO4/C-4 vs
that of Li2CoSiO4/C-8, as well as its higher crystallinity as
exhibited by its XRD pattern. In contrast, for the other end
member, Li2CoSiO4/C-16, the β-Co(OH)2 impurity (Figure
2a) is probably due to an insufficient [Co2+] concentration,
which limits the complete conversion of [Co(OH)2 + Li2SiO3]
→ Li2CoSiO4.
The hollow and core−shell morphologies of Li2CoSiO4/C-8

are attributed to Oswald ripening. Zeng and Yang reported the
preparation of hollow or core−shell nanomaterials by employ-
ing this strategy in 2004.31 Briefly, when a solid particle is
comprised of smaller crystallites (i.e., seeds of the raspberry
structure), the crystallites located in the inner cores always have
higher surface energy than those in the outer surface. In order
to decrease the system energy, the inner core crystallites tend to
dissolve and redeposit on the outer part, resulting in the
formation of hollow structures.32 Various nanohollow spheres,
as well as core−shell materials, have been synthesized following
this mechanism, such as TiO2,

33 ZnS,34 Co3O4,
31 Cu2O,

35,36

Figure 8. Schematic representation of the mechanism of Li2CoSiO4/C composite formation from highly ordered mesoporous carbon/silica (MCS).
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and Li2SiO3.
28 A similar effect is believed to occur for

Li2CoSiO4/C-8 during synthesis.
The electrochemical performance of Li2CoSiO4/C-8 was

evaluated in a half-cell configuration using metallic lithium as
the anode and 1 M LiPF6 in EC/DMC as the electrolyte at
room temperature. The current rate and voltage window were
set as C/30 (∼11 mA g−1) and 2.0−4.6 V, respectively. The
initial charge curve displays a plateau above 4.2 V (Figure 9a,

black curve), higher than that of iron and manganese silicate
cathodes, and consistent with previous results for Li2CoSiO4.

9

The charge capacity is 162 mAh g−1. This corresponds to the
extraction of 1.0 Li, although the shape of the curve suggests
that other processes are also at play, such as electrolyte
oxidation. Similar to other reports of this material,9,17 the
reversible discharge capacity (∼33 mAh g−1) is much less,
indicating the difficulty of reinserting lithium ions back into the
structure. Severe capacity fading occurs after the first cycle and
then stabilizes (Figure 9b), which is indicative of a structural
change that presumably accompanies both Li2MnSiO4 and
Li2CoSiO4 in the Li2MSiO4 family.9,37,38 The significance of the
embedded nanoscale carbon is clearly demonstrated by
comparing the initial charge−discharge profiles of Li2CoSiO4/
C-8 and Li2CoSiO4-8. The Li2CoSiO4-8 electrode was prepared
by simply mixing conductive carbon and the active material

Li2CoSiO4-8, which was synthesized using the same conditions
as Li2CoSiO4/C-8, but using fumed silica. Thus no “internal”
carbon is present. Although both electrodes contained
comparable total carbon content (∼15 wt %), the Li2CoSiO4-
8 exhibits a charge capacity of only ∼70 mAh g−1, and the
discharge capacity is almost negligible (Figure 9a, red curve).
Therefore, the introduction of homogeneous carbon nano-
particles is indeed a key factor in obtaining improved
electrochemical results for silicate cathodes. It is worth noting
that the significant electrochemical enhancement in our
experiments arises from only ∼2 wt % “internal’ nanocarbon.
Further fine-tuning of the synthesis conditions to result in a
larger nanocarbon fraction would undoubtedly further improve
the network conductivity of the silicate electrodes.

■ CONCLUSIONS
Li2CoSiO4/C nanocomposites were synthesized via a facile
hydrothermal method, by selecting a unique carbon/silica
mesoporous framework (MCS) as the silicate precursor as well
as the carbon source. The morphology and particle size of the
composites could be tailored by simply adjusting the
concentration of the LiOH etching agent and adjusting the
ratio of LiOH:Si:Co in the precursors. At a molar ratio of 8:1:1,
uniform spheres with a mean diameter of 300−400 nm were
obtained, among which both hollow and core shell structures
were observed. The proposed reaction mechanism suggests that
a higher concentration of [OH−] favors the formation of
Li2SiO3 but hinders the subsequent conversion to Li2CoSiO4.
Approximately 2 wt % of nanoscale carbon was distributed
within the Li2CoSiO4 crystal aggregates, which arises from the
collapse of the highly ordered porous structure of the
mesporous carbon/silica framework. The released carbon
nanoparticles play a significant role in improving the electro-
chemical performance of the electrode compared to materials
that lack the encapsulated “nanocarbon”. This strategy can be
potentially extended to other lithium metal silicate compounds
such as Li2FeSiO4 and Li2MnSiO4. It also illustrates the
difficulty in achieving suitable electrochemical properties for
this class of materials, even with mixing of conductive carbon at
the nanoscale.
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Pfeiffer, H. J. Solid State Chem. 2011, 184, 1304−1311.
(31) Yang, H. G.; Zeng, H. C. J. Phys. Chem. B 2004, 108, 3492−
3495.
(32) Zeng, H. C. Curr. Nanosci. 2007, 3, 177−181.
(33) Li, J.; Zeng, H. C. J. Am. Chem. Soc. 2007, 129, 15839−15847.
(34) Liu, B.; Zeng, H. C. Small 2005, 1, 566−571.
(35) Chang, Y.; Teo, J. J.; Zeng, H. C. Langmuir 2005, 21, 1074−
1079.
(36) Teo, J. J.; Chang, Y.; Zeng, H. C. Langmuir 2006, 22, 7369−
7377.
(37) Armstrong, A. R.; Kuganathan, N.; Islam, M. S.; Bruce, P. G. J.
Am. Chem. Soc. 2011, 133, 13031−13035.
(38) Dominko, R.; Bele, M.; Kokalj, A.; Gaberscek, M.; Jamnik, J. J.
Power Sources 2007, 174, 457−461.

Chemistry of Materials Article

dx.doi.org/10.1021/cm302823f | Chem. Mater. 2013, 25, 1024−10311031


