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a b s t r a c t

New generations of materials are necessary to provide practical and economical solutions for electrode
fabrication in lithium ion batteries. To this end, in the present work we propose a negative electrode
based on a SiO2/C interconnected composite able to charge/discharge at high current regimes while
maintaining a very good capacity. In order to have a better understanding of the phenomena that occur
in the charge/discharge process, we combined experimental techniques (XPS, DRX, EIS, etc.) with
theoretical calculations based on DFT to obtain the thermodynamics of the formation of the reaction
products as a function of the cell potential. These results were combined with our experiments and
results from the literature to demonstrate the different reactions that could occur. The present material
provides a superior performance compared with analogous materials from the literature and may thus
be an important tool for obtaining practical solutions in both stationary and mobile electrical devices.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Lithium-ion batteries (LIBs) represent a major advance in the
storage of renewable energy because they allow energy to be stored
with large efficiency and power, which can be used when required.
Currently LIBs batteries are utilized for electronic devices, electric
vehicles, and for energy storage from various renewable resources,
such as photovoltaics and wind, among others. Moreover, energy
may be stored and become available as demand varies.

Current research is often focused on obtaining high capacity
anodes based on silicon, due to its large theoretical capacity of
3579mAh g�1 being significantly higher than that of graphite
(372mAh g�1), which is usually used in anodes [1]. However, it is
well known that silicon undergoes a huge expansion process,
which provokes the pulverization and disconnection of the electric
contact, with the electrode losing most of its capacity in the first
cycles [2]. In fact, anodes based on metallic silicon suffer a 300%
er), eze_leiva@yahoo.com.ar
expansion, due to alloy formation (LixSiy), while graphite dilates
only 7% as a consequence of the intercalationmechanism of Liþ into
graphite layers [3]. In the former, the negative effect of expansion
has been partially resolved by using different strategies, as
described in extensive reviews from the literature [2e6]. To prevent
particle fracture, some of these strategies include the use of
including Si nanoparticles, Si nanowires, nanotubes, Si thin flakes,
Si nanopillars, Si nanospheres, nanostructured spheres, combina-
tions of nanoparticles and nanowires [2]. In other approaches, Si
nanoparticles are coated, encapsulated, or nanodispersed, in hybrid
Si/C nanostructures, to avoid direct contact with the electrolyte [6].
Thin films and alloys with different active elements (H, Mg, Ca, Ag,
Zn, B, Al, C, Sn) have also been tested as alternatives [2]. A different
approach has been that of using SiO and SiO2 based electrodes. SiO2

has been used as starting point to get Si based anodes by the
reduction of SiO2/C pre-synthesized composites using magnesio-
thermic reduction [7,8]. Nevertheless, the main drawback of these
synthesis strategies resides in the high cost of these processes, as
both involve at some stage SiO2 reduction to silicon, which is a
highly activated and therefore expensive procedure [9]. The volu-
metric expansion of silicon particles is a bigger problem at the in-
dustrial scale [10], and in addition, it is necessary to improve the
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reversible charge/discharge capacity to achieve a good ionic con-
ductivity for the processes involving Liþ migration. In this sense, it
is important to enhance the ionic and electronic conductivity of the
electrode materials to maintain the specific capacity at high current
densities. Materials based on SiO2 represent an appealing alterna-
tive to develop silicon based anodes, due to the fact that silica is one
of the most abundant components of the earth crust, with several
clays having complex porous nanostructures of SiO2. The synthesis
of SiO2nanoporous material is generally straightforward and cheap.

According to the literature, the electrochemical reactions that
may take place during the lithiation of SiO2 can be summarized as
[9]:

R1� Þ 4Liþ þ 4e� þ 5SiO242Li2Si2O5 þ Si

R2� Þ 4Liþ þ 4e� þ 3SiO2/2Li2SiO3 þ 2Si

R3� Þ 4Liþ þ 4e� þ 2SiO2/Li4SiO4 þ Si

R4� Þ 4Liþ þ 4e� þ SiO2/2Li2Oþ Si

The previous reactions, those not involving the formation of Li-
Si alloys, will be globally denominated here as step 1, and the
subsequent lithiation of Si after step 1 will be denominated as step
2, according to the following reaction:

R5� Þ 15Liþ þ 15e� þ 4Si/Li15Si4

where we have used the stoichiometry proposed by Obrovac et al.
[11].

Theoretical electrode capacities for step 1 were calculated by
taking into account reactions R1, R2, R3 and R4, and are reported in
the second column of Table 1. The capacity due to the further
lithium storage in the Si material arising from these reactions (step
2) was calculated assuming the formation of Li15Si4, and is reported
in the third column of Table 1. Column 4 shows the sum of the
capacities reported in columns 2 and 3, so this represents the total
capacity attainable by step 1 followed by step 2. In principle, re-
action R4 followed by the lithiation of the generated Si promises a
very large capacity (3462mAh g �1). However, to make a realistic
estimation, it must be taken into account that only reaction R1,
involving Li2Si2O5, has been found to perform reversibly upon SiO2
lithiation [12e15], and involves the coexistence of reaction R1 with
the lithiation of the Si metal. Thus, the results in the fourth column
are only applicable, according to the results from the literature, for
reaction R1, because the other capacities can only be obtained if
reactions R2-R4 are made reversible, something that has not been
observed so far. It should be emphasized that all the theoretical
specific capacities are larger than that of graphite (372mAh g �1)
(Table 1).

In the general case, where the different reactions shown above
may occur, the capacity would depend on the relative quantities of
the inactive phases formed in the reaction. In this way, the capacity
measured experimentally will depend on the relative contributions
Table 1
Theoretical capacities for Li-ion storage. Column 2 gives the theoretical electrode capacitie
3 gives the additional Liþ storage capacity due to the formation of the alloy Li15Si4 from t
reported in columns 2 and 3.

Reaction Theoretical Capacity (mAh g�1) Step 1 Theoretical Capacit

R1 357 335
R2 595 558
R3 893 837
R4 1787 1675
of the different reactions, whose relative weight may present
thermodynamic or kinetic control.

The main problem of silica is its electric insulating behavior. As
the conduction of electrons is not possible in pure SiO2, this limits
the possibility of obtaining silicon and the co-products of the re-
actions R1-R4 from SiO2. In Fact, this path of reaction is still one of
the most important processes, because it forms Si, which can be
subsequently lithiated to yield LixSiy. Moreover, Lithium oxide/sil-
icates play an important role in providing ionic conductivity, buff-
ering the volume expansion during the charge/discharge process
and allowing the generation of a stable SEI [16e20]. Thus, to obtain
a good electrochemical response from silica, it is necessary to
improve its electrical conductivity. One way to increase the elec-
tronic conductivity of SiO2 is to synthesize a hybrid composite SiO2/
C, where the carbon phase provides a conductive path of electrons
to ensure the conversion of SiO2 to Si and co-products. An example
of this approach can be found in the work of Li et al., where in order
to achieve the reduction of silica and obtain a charge/discharge
process porous SiO2/C nanoparticles were synthesized, which
resulted in an excellent performance as anode for LIBs [21]. These
authors showed that the hard carbon formed in the composite fa-
cilitates the ionic and electronic conduction, thereby improving the
kinetic migration of species in the materials and consequently
enhancing the charge/discharge profile and rate capability [21e25].
A detailed analysis of the literature reporting other approaches to
prepare SiO2/C composites is given in Section 4.6, in the context of
the present work.

On the basis of the discussion above, the aim of the present work
was to generate a composite based on a highly ordered SiO2 that
included a hard carbon structure to improve the electronic and
ionic conductivity, thus avoiding the use of an expensive, compli-
cated, and long path synthesis of active materials. Of the several
types of mesoporous SiO2 materials that could be utilized, in cur-
rent investigationwe used SBA-15 as the templatematerial as it has
a spatial arrangement of two domains of pores: one with a pore
diameter of 6e8 nm, and the other with a pore diameter of about
2 nm or less, creating a combination of mesopores interconnected
with micropores. If the pores are filled with the hard carbon
conductor, the electronic and ionic conduction can be improved
[22], generating a conductive skeleton to enhance SiO2 conversion
into silicon and co-products. As described above, the advantage of
this material resides in the fact that the co-products are active too,
thus mitigating volume expansion in the lithiation and improving
the ion diffusion of Liþ.

The carbon formed in the SBA-15 pores is the so-called CMK-3,
whose properties as a supercapacitor are well known, which pre-
sents a reversible charge/discharge behavior when used as anode in
lithium ion-batteries [26]. To study the role of each component of
the composite, we compared the electrochemical performance of
the SBA-15, CMK-3 and SBA-15/C composites, and to analyze the
occurrence of the different species that may arise during the
charge/discharge process, we carried out ab-initio calculations to
obtain the free energies of SiO2lithiation according to the reactions
R1-R4 reported in a previous work [9].
s for Liþ storage according to the reactions R1, R2, R3 and R4 given in the text. Column
he Si material resulting from reactions R1-R4. Column 4 is the sum of the capacities

y (mAh g�1) Step 2 Total Theoretical Capacity (mAh g�1) Step1 þ Step 2

692
1153
1720
3462



G. Lener et al. / Electrochimica Acta 279 (2018) 289e300 291
In the present work, we extended the analysis of the Gibbs free
energy of the lithiation phenomenon as a function of the cell po-
tential. To the best of our knowledge, this is the first time that the
present types of experimental studies have been performed for the
SBA-15 and SBA-15/C compounds and combined with theoretical
calculations to yield a complete picture of the present
phenomenon.

2. Experimental

2.1. Material preparation

The SBA-15 support was synthesized according to the method-
ology described by Zhao et al. [27,28] using Pluronictriblock
copolymer P123 (EO20-PO70-EO20) as organic structure-directing
agent and tetraethyl orthosilicate (TEOS) as silica source. Thus, 12 g
of Pluronic P123 were dissolved in 360ml of water and 60ml of HCl
solution (37%, w/w) with stirring at 313 K for 3 h. Then, 27ml of
TEOS were added, and the solution was kept stirring at 313 K for
24 h. The mixture was aged at 363 K overnight, without stirring.
The solid was recovered by filtration, washed, and dried in air at
room temperature (RT). Calcination in air was carried out from
room temperature up to 773 K at a rate of 1 K/min, holding the
latter temperature for 6 h.

The SiO2/C composite was synthesized by impregnation, using
sucrose as carbon source. Thus, 2 g of sucrose were dissolved per
gram of SBA-15. The mixture sucrose/SBA-15 was stirred during 2 h
and 0.14 g of H2SO4were added. Then, the solution was stirred one
more hour. The sample was dried at 80 �C during 6 h. The heat
treatment was carried out using N2 as inert gas, heating at 700 �C,
per 5 h. The resulting solid was divided into two samples for
different final treatments: one was heated at 900 �C in N2 for 5 h to
get the final SiO2/C composite. The other one was treated with
NaOH 1M at 60 �C for 2 h to etch the SBA-15 structure and get the
mesoporous CMK-3 carbon. Finally CMK-3 was heated at 900 �C for
5 h in Ar atmosphere. As it is known, the final temperature is
important to desorb the functional groups; in the case of SBA-15/C
composite, the desorption of siloxane surface groups may occur in
the pyrolized treatment at high temperatures. In the case of carbon
CMK-3 the temperature allows the desorption of functional groups
from the surface, yielding structures suitable for electronic con-
duction [29]. Pioneering work using high temperature pyrolysis to
obtain Si-O composites with lithium-storage capability was un-
dertaken by Wilson et al. [30].

2.2. Material characterization

The adsorption-desorption isotherms of N2 at �221 �C were
measured in a Micromeritics ASAP 2000 equipment. The samples
were previously outgassed at 250 �C for 12 h. Textural properties,
such as the specific surface area (SBET) and micropore volume (Vmp)
were calculated from the experimental data, see Table ST1. The pore
size distribution (PSD) was calculated by fitting experimental
adsorption data to NLDFT kernels of cylindrical pore geometry for
silica or carbon materials [31]. The X-ray diffraction patterns were
recorded in a Shimadzu equipment, XD3A model, using Cu Ka ra-
diation generated at 40 kV and 40mA in the range 2q¼ 0.5e9� with
steps of 0.02� and counting time of 2 s/step.

The pore wall thickness (bd) of SBA-15 was calculated using N2
adsorption and DRX data, as reported by Kruk et al. [32].

Thermogravimetric analyses (TGA) of approximately 5mg of
each compound were recorded on a TGA Q600 (TA Instruments)
under air atmosphere, by equilibrating at 100 �C, and following a
heating ramp rate of 10 �C min�1 up to 1300 �C.

X-ray photoelectron spectra of the samples were collected using
a VG Microtech ESCA spectrometer with a non-monochromatic Al
Ka radiation source (300W, 15 kV, hn¼ 1486.6 eV), combined with
a VG-100-AX hemispherical analyzer operating at 25 eV pass en-
ergy. The instrumental resolution was 0.1 eV. All the XPS spectra
were calibrated with a reference to the adventitious C1s peak at
284.8 eV, to rule out any possible spectral shift due to a charging
effect. The chamber pressure was kept at <10�9 Torr during the
measurements.

To remove the SEI after the cycling for XPS analysis, the samples
were sputtered during a total time of 30min with Arþ at an ion
energy of 1.5 kV, and a sample current of 4 mA.

2.3. Electrochemical measurements

The electrochemical experiments with the anode materials
were carried out using Autolab and Arbin potenciostats/galvano-
stats. A typical T-type cell was used with a disc of 8mm of metallic
lithium as the counter electrode and as the reference electrode. The
working electrode was prepared with active materials, PVDF as the
binder, and super-P carbon as conductive material at 80:10:10 ra-
tios. N-methylpyrrolidone was used as solvent, of which 700 ml was
added per 100mg of active material. The mixture was deposited on
a copper foil and dried at 80 �C overnight.

3. Theoretical calculations

In a previous work [9], we used the phonon calculation imple-
mented in the quantum-espresso package [33] to determine the
free energies required for the lithiation of SiO2 to obtain the
different materials reported in reactions (R1-R4). To analyze the
relative stabilities of the previous materials at different potentials,
it is useful to rewrite the previous equations as:

R6� Þ 4
5
Liþ þ 4

5
e� þ SiO24

2
5
Li2Si2O5 þ

1
5
Si

R7� Þ 4
3
Liþ þ 4

3
e� þ SiO2/

2
3
Li2SiO3 þ

1
3
Si

R8� Þ 2Liþ þ 2e� þ SiO2/
1
2
Li4SiO4 þ

1
2
Si

R9� Þ 4Liþ þ 4e� þ SiO2/2Li2Oþ Si

The free energy change related to each of the previous equations
gives the necessary spontaneity criterion for the reaction of amol of
SiO2 with different amounts nLiþ of Liþ ions in solution and ne
electrons in the working electrode to yield different lithiated oxide
species, say Pi with the stochiometric coefficient ni. As a result of
the reactions R6-R9, pure Si appears, with the stoichiometric
number nSi. Using this notation, the free energy for any of the re-
actions R6-R9 can be written as:

DGi ¼ nimi þ nSimSi � mSiO2
� nLiþ ~m

s
Liþ � ne~mWe (1)

where m and ~m denote the chemical and electrochemical potentials
respectively. Thus, ~mWe represents the electrochemical potential of
electrons in the working electrode and ~msLiþ the electrochemical
potential of Liþ ions in solution. The last two terms are introduced
in equation (1) because electrons and Liþ ions may flow into and
outside the material being lithiated.

Assuming that the electrode potential is measured with respect
to a pure Li reference electrode immersed in the same solution as
the working electrode, taking into account that nLiþ ¼ ne and sub-
stracting and adding a term nemLi0 (with mLi0 representing the



G. Lener et al. / Electrochimica Acta 279 (2018) 289e300292
chemical potential of Li atoms in the pure lithium metal), we arrive
to:

DGi ¼ nimi þ nSimSi � mSiO2
� nemLi0 þ ne~mRe þ nLiþ ~m

R
Liþ � nLiþ ~m

s
Liþ

� ne~mWe
(2)

where we have used the fact that for the reference Li electrode
mLi0 ¼ ~mReþ~mRLiþ , where ~mRe and ~mRLiþ are the electrochemical potentials
of electrons and core ions in the reference electrode respectively.
Since the Liþ ion are free to flow between working and reference
electrode, we have ~mRLiþ ¼ ~msLiþ so that the previous equation sim-
plifies to:

DGi ¼ nimi þ nSimSi � mSiO2
� nemLi0 þ ne

�
~mRe � ~mWe

�
(3)

And taking into account that cell potential Vcell measured with
respect to the metallic lithium electrode is Vcell ¼ � ð~mWe � ~mRe Þ=e0,
where e0 is the elemental charge, we arrive at:

DGi ¼ nimi þ nSimSi � mSiO2
� nemLi0 þ e0neVcell (4)

Equation (4) allows the stability of SiO2 to be predicted at
different electrode potentials, indicating its capability to yield the
different products written in reactions R6-R9, once the chemical
potentials of the different species are known. This is discussed
below.
4. Results and discussion

4.1. Characterization

The ordered mesoporous materials were characterized by ni-
trogen adsorption and low angle X-ray diffraction (Fig. S1aec), with
the samples revealing the textural and structural features of SBA-15
and CMK-3. The analysis of the N2 adsorption isotherm shows a PSD
with a pore size of about 8 nm for mesopores and around 2 nm for
micropores in SBA-15. On the other hand the pore size for CMK-3
was found to be around 5 nm for mesopores and about 1 nm for
micropores.

The small-angle DRX in Fig. S1ec shows the characteristic re-
flections due to the hexagonal arrangement of the pore system of
the SBA-15 [28]. The three peaks observed correspond to the 100,
110, and 200 reflections associated with the p6mm hexagonal
symmetry, with the corresponding d-spacings being 10, 6 and 5 nm
respectively, in good agreement with the values reported for the
SBA-15 materials [28].

Fig. S1ed shows the thermogravimetric analysis in air of SBA-
15/C, indicating that the composite presents a 45% C content. The
combustion temperature of this carbon was about 600 �C, indi-
cating a hard structured carbon.

Fig. S2 displays SEMmicrographs for the nanostructures of SBA-
15/C and CMK-3 synthesized in the present work. The SEM images
shown in the figure were takenwithout any metallization, and as it
was possible to use a large magnification, this indicated the elec-
tronic conductor character of these samples. The SBA-15/C com-
posite shows a periodic interlayer of SiO2/C with a separation of a
few nanometers. As CMK-3 is the exact reverse replica of SBA-15,
the typical nanoporous ordered structure can be observed in the
SEM image.

Fig. 1 shows TEMmicrographs for the nanostructures of SBA-15/
C, SBA-15 and CMK-3, where the hexagonal geometry of the com-
posites can be appreciated. Fig. 1aeb shows that the SBA-15/C
composite maintains the ordered structure of SBA-15, so that the
SiO2 material is surrounded by carbon conductive structures that
allow electron transfer for reactions R6-R9. Fig. 1eef shows that the
carbon structures remain ordered, dense and interconnected, even
after SiO2 dissolution. Fig. 1g show the STEM micrograph of SBA15-
C and the correspondent EDS-STEM Fig. 1h show the distribution of
the element in the composite.

4.2. Charge/discharge performance

In the following, we will refer to the lithiation/delithiation
processes as charge/discharge processes respectively.

In this section, we present results for CMK-3, SBA-15 and SBA-
15/C. In the first two cases, although we did not carry out a
detailed study, these results are given so that by comparison the
improved behavior of SBA-15/C can be observed. Thus, this dem-
onstrates the synergistic effect noted between the underlying
carbonaceous skeleton and the SiO2 envelope of the SBA-15/C
composite.

4.2.1. -SBA-15
The dQ/dV plot of the first charge cycle of the SBA-15 material

(Fig. 2a) shows two high irreversible peaks in the first cycle at 1.5
and at 0.75 V, which may be attributed to the formation of products
from irreversible reactions and SEI formation [9]. Fig. 2b shows the
dQ/dV plot for the second cycle of charge/discharge of SBA-15,
where a rather pseudo-capacitive behavior can be observed, with
the insinuation of a couple of complementary shoulders in the
potential region between 0.9 and 1.0 V. The charge/discharge per-
formance is shown in Fig. 2c, revealing a rather poor reversible
specific capacity. The charge and discharge profiles start to display
similar values at the 5th cycle, with a yield of about 30mAhg�1,
which drops to about 20mAhg�1at the 50th cycle. The reduction in
the total amount of SiO2 needed to obtain lithium silicates/oxide
and siliconwas probably kinetically inhibited due to the electrically
insulating character of SiO2 (the calculated band gap is 3.5 eV [34]).

4.2.2. -CMK-3
Fig. 3a shows the charge/discharge cycles for the CMK-3 anode.

The first charge cycle presented a capacity of 3000mAhg�1 (not
shown in the figure), which decreased to 446mAh g�1 in the first
discharge cycle, indicating a high irreversible capacity of 2554mAh
g�1. The specific capacity decreases up to cycle 40, where it then
stabilized at around of 250mAh g�1. The dQ/dV plot (Fig. 3b) of the
first cycle shows two irreversible peaks at 0.9 V and 0.68 V
respectively, and another peak at 0.1 V due to SEI formation and
reduction of the functional groups with a high surface area of car-
bon [35]. However, these peaks were not present in the following
cycles (Fig. 3c). It is worth noting that the apparent surface area
obtained by the BET method was 1050 m2g-1, so that a large
capacitive contribution would be expected due to the presence of
large pores. At low potentials, an important negative value of dQ/dV
is observed in Fig. 3c. According to the literature [36,37], Liþ

insertion into ordered porous carbon structures is expected at low
potentials. However, a peak structure is not noted in the present
case.

The exact mechanism of lithium storage in mesoporous ordered
carbon has not been completely unraveled yet, due to its
complexity and the fact that it involves different components such
as connectivity, size distribution and pore shape, as well being
affected by the nature of the electrolyte and the solideliquid
interface [38]. Also, Liþ reversible insertion in CMK-3 at low po-
tentials may occur in the defects in the primary and secondary
porous structure of ordered carbon and at the graphite type inter-
layer site [22,29,36,38,39].



Fig. 1. TEM micrographs of SBA15, SBA15-C and CMK-3 at different magnifications. a-b-) SBA-15/C, c-d-) SBA-15, e-f-) CMK-3, g-) STEM of SBA15-C, h-) STEM-EDS for SBA15-C
(green: Si, blue: O, red: C). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4.2.3. SBA-15/C composite
As explained above, SBA-15/C is a 3D ordered silica mesoporous

structure involving 8 nm diameter pores filled with carbon nano-
rods. These rods are in turn interconnected via smaller nanorods of
carbon of 1 nm of diameter, which are surrounded by the SiO2
template with wall thicknesses of about of 2 nm (see ST1). The
presence of the ordered, conductive structure of CMK-3 carbon can
permit the conduction of electrons into SBA-15, thereby improving
the reduction of silica to silicon and facilitating the migration of
ions and electrons to obtain LixSiy structures.

Fig. 4a shows the galvanostatic charge/discharge profiles for the
SBA-15/C composite from the 10th cycle onwards. It must be
emphasized that the capacities shown refer to the weight of the
SBA15/C composite. In the first cycle, the specific capacity is
1300mAhg�1 (not shown in the graph) upon charging and
480mAh g�1 upon discharging, revealing an irreversible specific
capacity of 820mAh g�1. From cycle 25 to cycle 80, the specific
capacity remains at about 450mAhg�1, with a coulombic efficiency
of 98%. From the cycle 80 to the cycle 300 the specific capacity
remains at about 450mAhg�1 and the coulombic efficiency in-
crease of 99.5%. The specific capacity then slightly decreases until
cycle 25, probably due to remaining irreversible reactions with this
decrease in capacity being concomitant with a relatively low
coulombic efficiency. Then, as long as the latter approaches 100%,
the specific capacity stabilizes. No appreciable changes in the
morphologies of the particles are found after several charge/
discharge cycles (See Fig. S3).

Fig. 4b shows the dQ/dV plot for cycles 1,10 and 100. Irreversible



Fig. 2. a-) Differential charge capacity vs potential for the first cycle with SBA-15. Charged at 0.1 A g�1. b-) Differential charge/discharge capacity vs potential for the 2nd cycle with
SBA-15. Charged at 0.1 A g�1. c-) Specific capacity vs number of cycles for SBA-15. Charged/discharged at 0.1 A g�1.
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peaks are found in the first cycle at 0.75 V and 0.1 V, which can be
attributed to SEI formation as well as to the formation of Li2O,
Li2Si2O5, Li4SiO4 and Si [9] (see below). After the early cycles, the
cathodic curve shows reversible processes of lithiation, manifest in
a peak at 0.43 V and two shoulders at 0.16 V and 0.04 V. The anodic
curve has four well-defined reversible delithiation processes, with
contributions at 0.045 V, 0.3 V, 0.47 V and 0.72 V, and the peaks
becoming more evident with the cycling of the electrode.

On the basis of the bibliography referred to silica and silicon
based electrodes, it can be concluded that two reversible lithiation/
delithiation processes may take place: one involves the reversible
lithiation of Si to get LixSiy alloys [2,4,11,40] and another one in-
volves the reversible lithiation of SiO2 to get Li2Si2O5 [14,15]. The
typical cathodic peaks for Si lithiation occur at about 100 and
250mV respectively, whereas anodic peaks can be observed at
about 270 and 480mV respectively [2,4,11,40]. Concerning the
second type of processes, the lithiation of SiO2 to form Li2Si2O5 has
been reported to take place below of 0.6 V in the cathodic curve
[14]. In the dQ/dV plot shown in Fig. 4b, it can be found that for the
present SiO2/C composite, there is clear evidence in the cathodic
profiles for a peak at 0.43 and some shoulders below 0.25 V. These
features suggest that for the present composite the reversible
contributions may be due to the lithiation of SiO2 and Si.

4.3. XPS analysis

Fig. 5a shows the XPS spectra of the Si 2p of the electrode before
any electrochemical treatment. The experimental peak is
adequately fitted to the contribution of a single peak centered at
103.5 eV, which is the characteristic binding energy of Si in SiO2 [8].
Fig. 5b shows the XPS spectra of the Si 2p of the discharged
electrode after 30 cycles. The spectrum shown in Fig. 5b was ob-
tained after sputtering with Arþ to remove the SEI. The broad band
observed in this spectrum suggests the contribution of several
peaks, hence the experimental results were fitted with excellent
accordance to the spectra of Si 2p of SiO2 (103.5 eV), Si 2p of Si-O in
lithium silicates (102.2 eV) [12,13] and Si 2p of Si-C interaction
(101.2 eV), indicating a complicated spectra with the coexistence of
different reaction products [12].

From the relative contributions to the Si 2p spectrum in Fig. 5b,
we can infer that a meaningful part of SiO2 (37%) has been irre-
versibly converted to silicates, see Table ST2. On the other hand, it
can also be inferred that an important part of silicon is in contact
with the carbonaceous skeleton (22%). The remaining amount of
silicon (41%) remains or is recovered as SiO2. These values open the
way to predict the capacity of Li storage in the present composite. If
all the Si in contact with C (22%) were able to store lithium ions
with the same capacity as that of pure Si, that is 3579mAh g�1, the
contribution to the specific capacity of the silica composite would
be 367mAh g�1, see supplementary information. On the other
hand, assuming that all the SiO2, which represent a 41% of the
atomic percentage of Si, is able to store lithium by the reversible
reaction R1, a contribution of 274mAh g�1 to the total capacity is
expected. Altogether, a total capacity of 641mAh g�1 is expected for
the present composite if the lithium storage mechanism involves
reaction R1 and ion storage in Si emerging from the irreversible
reactions R2-R4. These results are summarized in Table ST2 and
described in the Supplementary information.

4.4. Rate capability experiments

For the rate capability experiment, two sets of measurements



Fig. 3. a-) Specific capacity vs number of cycles for CMK-3 charged/discharged at 0.1 A g�1. b-) Differential charge capacity vs potential of first cycle in CMK-3 charged at 0.1 A g�1. c-)
Differential charge/discharge capacity vs potential for the 1st, 20th and 60th cycles with CMK-3 charged at 0.1 A g�1.

Fig. 4. a-) Specific capacity vs number of cycles for SBA-15/C charged/discharged at 0.1 A g�1. b-) Differential charge/discharge capacity vs potential for 1st, 10th and 100th cycles
with SBA-15/C charged at 0.1 A g�1.
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were taken: in one set of experiments, the electrodes were charged
at a fixed current and discharged at different current regimes,
whereas in the other set of experiments both the charge and the
discharge were made at different current regimes, something that
is less commonly found in the bibliography. In Fig. 6a, the working
electrode was first charged and discharged at C/20 rate (first five
points), and the remaining points were obtained by charging at C/5
and discharging at the different C-rates shown in the figure.

The charge/discharge experiments at C/20 showed that the
material had a maximum capacity of 498mAhg�1, with the rate
capability plot revealing that the increase in current density did not
significantly alter the high specific capacity, which was then able to
discharge in a short time. At the rate C/5, the discharge capacity was
460mAhg�1, decreasing to 390mAh g�1 at a discharge rate of 4C.
This indicates that SBA15/C could be discharged in 15min, main-
taining 78% of the capacity obtained at C/20. Then, when the cur-
rent was set back to C/2, the electrode recovered the initial C/2
capacity.

It is also illustrative to estimate the intrinsic capacity of the silica
material on the basis of the previous information. As stated above,
the capacity found at the lowest charging/discharging rate was
498mAh per gram of the SiO2/C composite. If we attribute to the



Fig. 5. a-) XPS spectrum of Si 2p for non-cycled SBA-15/C electrode (reference). b-) XPS spectrum of Si 2p for discharged SBA-15/C electrode after 30 cycles. The fit corresponds to a
deconvolution assuming the presence of SiO2 (103.5 eV), Si-C (101.2 eV) and lithium-silicate (102.2 eV) species.

Fig. 6. a-) Rate capability of SBA-15/C. For the first five points charge/discharge was performed at C/20. The following points were obtained by charging at C/5 and discharging at the
different rates indicated in the figure. b-) Rate capability of SBA-15/C. The charge/discharge was performed at the different rates indicated in the figure. c-) Differential charge/
discharge capacity vs potential for SBA-15/C obtained at different rates of charge/discharge.
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carbonaceousmaterial a capacity of 250mAhg�1 (as can be inferred
from the CMK3 results), and it is also taken into account that the
carbon content of the composite is 45%, then this results in a ca-
pacity of 701mAh per gram of the silica material, which is in good
agreement with the prediction made above on the basis of the XPS
results.

Fig. 6b displays the charge/discharge profile at different current
regimes. It can be noted that at C/3.5 the capacity is 460mAh g�1.
When the electrode was charged/discharged in one hour the
capacity of charge and discharge decreased to 350mAhg�1, with
the main accomplishment of this electrode being found at high
current densities, where it is possible to obtain a the considerable
charge/discharge capacity of 275mAh g�1 in 18min. Thus, it would
be possible to charge an electrical device in a few minutes with a
good specific capacity. Fig. 6c shows the dQ/dV plot of the electrode
at different current regimes, where it can be seen that the different
processes become less evident with increasing charge/discharge
velocity. Nevertheless the peak potentials are only slightly altered
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with respect to the values found at lower rates of charge/discharge.
Table 2 compares the present results of rate capability with

other SiO2/carbon materials proposed in the literature. Since the
results were obtained under different conditions, we will use two
figures of merit (C~1 and C~2) defined as:

C�1 ¼ discharge capacity measured at the rate closest to 1C
discharge capacity obtained at the lowest discharge rate

(5)

C�4 ¼ discharge capacity measured at the rate closest to 4C
discharge capacity at the lowest discharge rate

(6)

From this table, we can observe that at discharging rates close to
1C only one investigation reported in the literature presented re-
sults similar to ours. However, at rates close to 4C, the present
composite seemed to show the best performance overall. Thus, the
present SiO2/C composite with the SBA-15/CMK-3 structure dis-
plays an excellent behavior in the discharging process at the high
current discharging regime, showing a significant increase of po-
wer with respect to other related composites involving SiO2/C
structures.
4.5. Electrochemical impedance analysis

Having the CMK-3 structure in the SBA-15matrix seems to allow
a fast migration of ions and electrons towards SiO2. The inter-
connected primary and secondary porous structure of CMK-3 al-
lows a rapid reduction of the SiO2 structure, and in addition, the
highly ordered 3D structure of CMK-3 supports the volumetric and
chemical changes of the SiO2 structure and provides a more avail-
able and reversible lithium storage. To study the conductivity
properties of the present composite, the EIS response was analyzed
in the Nyquist and Bode plots, and equivalent circuits were fitted
with different models, according to the discussion given in Sup-
plementary Information.

Fig. 7a shows the Nyquist plot of the present silica/carbon
composite before any electrochemical treatment and after 30 cy-
cles. It can be seen that the resistance of the semicircle in the high
frequency region decreased from 124U to 36U after the 30th
charge/discharge cycles. The resulting reduction in resistance leads
to an increase in conductivity after charging/discharging for 30
cycles, probably due to SEI and co-product formation. In fact, Li2O,
which presents a high conductivity of 2.103 (U cm)�1 [41], could
appear through reaction R8, enhancing drastically the ionic
Table 2
Capacity retention for the SBA15/C composite of the present study compared with
similar investigations using silica-containing composites reported in the literature.
The figures of merit C�1  and C�2 are defined in the text. The values in parenthesis in
the second column correspond to the rates closest to C in the corresponding study.
The values in parenthesis in the third column correspond to rates closest to 4C in the
corresponding study.

Reference C�1 C�4

Jiao et al. [7] 0.61 (0.67C) 0.6 (2.67 C)
Li et al. [17] 0.81 (0.72 C) 0.50 (2.16 C)
H Tao et al. [18] 0.87 (0.72 C) 0.58 (4.34 C)
Z. Yuan et al. [42] 0.78 (1.25 C) 0.65 (5C)
J. Tu et al. [8] 0.79 (1C) e

Li et al. [9] 0.69 (1.11 C) e

P. Lv et al. [19] 0.80 (0.8 C) e

Woo et al. [36] 0.75 (1C) e

Ma et al. [20] 0.27 (1.33C) 0.14 (3.12 C)
Present investigation 0.88 (C) 0.79 (4 C)
conductivity, Fig. 7b shows the Nyquist plot of the electrode after
30 cycles at different states of charge. The resistance values of the
semicircle at high frequencies were 36U, 24U and 20U at 0%, 50%
and 100% of charge, respectively, indicating an increase in the
electrode conductivity, probably assisted by the carbon skeleton.
On the other hand, a reversible high semicircle was observed at
lower frequencies in the case of the fully charged electrode. This
resistance may be attributed to a reversible reaction, which could
be the formation of Li2Si2O5, whose ionic conductivity is 4.5� 10 �9

(U cm)�1 [42], or to the reversible formation of a LixSiy alloy,
although this process has not yet been observed to date in Nyquist
plots of similar systems in the literature [12,14,22,43,44].

As a general conclusion, it can be remarked that the large con-
ductivity observed in the high frequency region of the impedance
spectra was probably supported by the dense carbon skeleton and
the SEI formed upon charging [12], which contributed significantly
to the high performance observed in the charge/discharge process
at high current regimes.

4.6. Thermodynamic stability and potential of SiO2lithiation

In a previous work, we calculated the free energy changes of
reactions R1-R4, and showed that all these reactions are highly
exothermic and exergonic at the reversible Li/Liþ electrode poten-
tial. Thus, there is a very high probability that all these reactions
occurred [9].

Using the above information and equation (2), we obtained the
free energy for reactions R6-R9, involving the lithiation of SiO2, as a
function of the cell potential. This is shown in Fig. 8, where it can be
observed that from 1.30 to 1.19 V reaction R6 is the most probable
thermodynamically, since the formation of Li2Si2O5 is the most
exergonic reaction in this range of cell potentials. This reaction is
already possible below 1.30 V, and the coexistence of the Li2Si2O5/
Li2SiO3 phases observed at 1.19 V. Li2SiO3 is themost stable phase in
the narrow range between 1.19 V and 1.07 V. At 1.07 V, the coexis-
tence of Li2SiO3/Li4SiO4 is observed, and Li4SiO4 becomes the most
stable in the relatively wide potential range between 1.07 and
0.18 V. The coexistence of the Li2O/Li4SiO4 phases is then observed
at 0.2 V, and below this potential the formation of Li2O becomes the
most favored reaction. Although these calculations were made for
crystalline phases and both, SiO2 and Si are also known to occur in
amorphous structures, we will see that they are useful for drawing
qualitative conclusions. While the occurrence of amorphous SiO2
would shift the calculated lines towards the left, the opposite
would happen for the appearance of amorphous Si, so that these
effects may eventually compensate.

At this point, it is interesting to analyze the previous informa-
tion in the context of experimental results from the literature. We
have superimposed in Fig. 8 information from the literature where
the occurrence of the different phases analyzed here has been re-
ported. There, we have drawn segments in the regions where
different phases have been reported. We shortly discuss in the
following paragraphs the sources of this information.

Using solid-state NRM, Kim et al. studied the Liþ uptake/
extraction mechanism in a SiO electrode, and proposed the for-
mation of Li4SiO4 and Li2O below 0.25 V [16,21], although the
presence of Li2SiO3 and Li6Si2O7 was not discarded. This corre-
sponds to the first segmentmarked in Fig. 8. Furthermore, Sun et al.
studied the insertion of Li in a SiO2 thin film electrode, finding
cathodic peaks at 1.0 and 0.77 V in the first cycle, which moved in
the subsequent cycles to 1.54 and 0.87 V, respectively. These peaks
were attributed to a two-step reaction of SiO2 with lithium to
produce Li2Si2O5 and Si. This is represented in the plot as a bar
below 1.15 V, which is the intermediate point between 0.87 V and
1.54 V [15].



Fig. 7. a-) and b-) Nyquist plot of SBA-15/C at different states of charge.

Fig. 8. Gibbs free energy of reaction calculated for the formation of different products
stemming from the lithiation of SiO2 according to reactions R6-R9, as a function of the
cell potential. The segments in the inset denote the occurrence of different species at
different potential ranges, according to results reported in the literature.
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In another study, Jiao et al. [12] investigated SiO2/carbon com-
posite microspheres with a core-shell structure and found a
cathodic peak at 0.28 V that was attributed to the reaction of SiO2
with lithium ions, which formed Li2Si2O5 and irreversible Li4SiO4,
as well as an anodic peak at 1.2 V in all the oxidation cycles. This
was found to be consistent with the reaction that turned Li2Si2O5
reversibility into SiO2. On the basis of this information, we have
drawn a third row of segments in Fig. 8. Tu et al. [13,45] studied Liþ

storage in SiO2 nanospheres and reported finding a voltammetric
reduction peak at 0.72 V, which was attributed to SEI formation and
Li2O. This peak shifted to 0.68 V during periodic scans and
Li4SiO4was detected in XPS experiments with charged electrodes,
indicating the irreversible formation of these species. Thus, on the
basis of this information, we have drawn a segment for Li2O below
approximately 0.7 V.

Li et al. [14,46] synthesized a sugar apple-shaped SiOx@C
nanocomposite spheres and studied their lithiation behavior. Using
selected area electron diffraction (SAED), these authors identified
the crystalline Li2Si2O5 phase below 0.6 V and also both the
crystalline Li2SiO4 and Li2O phases below 0.4 V, which are drawn
with corresponding segments in Fig. 8. Yao et [47] al examined the
behavior of carbon-coated SiO2 nanoparticles as anode material for
lithium ion batteries and attributed a cathodic voltammetric peak
at 0.15 V to the formation of amorphous Li2O or crystalline Li4SiO4.
These results are illustrated as segments in the sixth row in Fig. 8.

In another investigation, Hao et al. [48] embedded amorphous
silica uniformly at the nano-scale in the tunnel wall of mesoporous
carbon, avoiding free or aggregated silica or carbon particles in the
cavity of the tunnels. In the voltammetric profiles, three peaks were
observed, with the one at 0.32 V being attributed to the reduction of
SiO2. On the other hand, FTIR spectroscopy indicated the existence
of Li4SiO4. Thus, in Fig. 8, we have drawn a segment below 0.32 V,
which suggests the existence of this phase at these potentials. In
addition, Yuan et al. [49] synthesized a 3D porous carbon structure
with amorphous SiO2 nanoparticles embedded in the wall of the
pores, and reported two reduction peaks at 1 and 0.5 V in the first
cycle. The second of these peaks was attributed to electrolyte
decomposition and the formation of a solid electrolyte interphase
layer. Since these authors then stated that the initial irreversible
capacity was partly due to the formation of a solid electrolyte
interphase film on the electrode surface, resulting in the irrevers-
ible formation of Li2O and Li4SiO4, we have included in Fig. 8 a
segment with these two species below 1 V.

Li et al. [22] synthesized spherical SiO2/C nano-composites with
a dual porosity, of 2.17 and 2.85 nm pore diameters. XPS spectros-
copy was used to analyze the composition of the products at
different states of charges, and a reduction peak located around
0.75 V was found in the first cycle, which became indiscernible in
the subsequent cycles and was attributed to SEI formation. In
addition, two cathodic peaks at 0.45 V and 0.2 V in the further cy-
cles were assigned to the formation of Li2O and Li4SiO4. These re-
sults are plotted in the corresponding segment in the ninth row of
Fig. 8. Finally, Kim et al. [20] prepared a SiO2-carbon composite
obtained by chelation of silicon with citric acid in a glyme-based
solvent. The irreversible generation of Li2O and lithium silicates
by the lithiation of SiO2, as well as by the irreversible formation of
solid electrolyte interphase (SEI) layer, was related to a small
cathodic peak at 0.53 V in the initial charging. This is schematized
by the corresponding segment at the tenth row of Fig. 8.

Although it is not possible to draw straightforward conclusions
from the above data, as a general rule it can be stated that Li2O and
Li4SiO4 occur at the lower potentials whereas at higher potentials
the compound most often found is Li2Si2O5. The silicate Li2SiO3 was
onlymentioned in one of the articles [16] and as an impurity. All the



Table 3
Estimation of the amount of charge stored as reversible silicates (QSiO) and as Si-Li alloy (QSi/C) in the present composite material. Columns 3 and 4 give the relative amounts.

Charging time QSiO/mAh g�1 QSi/C/mAh g�1 QSiO/(QSiO þ QSi/C) QSi/C/(QSiO þ QSi/C)

3.5 h 174 306 0.36 0.64
45min 161 190 0.46 0.54
18min 131 130 0.50 0.50

The term QSi/C includes the charge due to the Liþ storage in the carbon skeleton.
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above findings roughly reflect the predictions drawn by first-
principles calculations, where the occurrence of different species
with increasing potential is given by Li2O/ Li4SiO4 /Li2SiO3
/Li2Si2O5. The narrow stability range predicted for Li2SiO3 is in
line with the fact that this species is seldom found. Another
conclusion that may be drawn from the comparison between the-
ory and experiment is that the occurrence of different species is
actually predicted at a wider potential range than occurred in the
experiments. This may be in part due to the fact that our analysis is
mainly based on cathodic current peaks. Furthermore, kinetic
limitations may explain the occurrence of different species at po-
tentials lower than those expected from theoretical considerations.

4.7. Contributions to the reversible storage capacity

On the basis of the previous analysis, the calculation of the
theoretical charge/discharge capacity of SiO2 is complicated due to
the occurrence of different possible reactions, which yield various
products with different compositions depending on the specific
kinetics of each reaction. According to the literature reporting on
similar systems, the nature of reactions R6-R9 can be separated into
reversible and irreversible reactions, and once the irreversible re-
actions occur in the early cycles the reversible reactions occur in the
subsequent cycles [14,16].

For the present composites, the differential charge/discharge
plots versus the potential for SiO2/C composite (Fig. 4b) shows two
regions of reversible charge storage, with one being around 0.43 V
and other below 0.2 V. Based on the discussion above, we can assign
the reversible lithium insertion at lower potentials to the formation
of the LixSiy alloy and to the lithium storage in carbonaceous
skeleton. At higher potentials, the lithiation should lead to the
reversible formation of some silicate species, with these processes
becoming evident after the early cycling of the electrodes.

In order to analyze the different kinetic natures of the reactions
taking place at large and low potentials, we nowaddress the results
shown in Fig. 6c, where the vQ

vV plots are shown at different C rates.
The two regions in the charging profiles can be separated into one
at lower potentials involving a monotonic increase (in the absolute
value) of vQvV , and another one at larger potentials, where vQ

vV indicates
a peak or a shoulder. To separate these two regions, we chose the
potential values Vconc of 0.37 V, 0.29 V and 0.26 V for the charging
times of 3.5 h, 45min and 18min, respectively, which correspond
to the potentials where the negative vQ

vV plots show the maximum
concavity. Table 3 gives the amount of charge stored at V > Vconc
and V < Vconc, which we denote by QSiO and QSi/C, respectively,
since we expect that these values will give the amount of Liþ charge
stored as silicates or in Si alloys. The latter is also expected to
contain the contribution of Liþ storage in the carbonaceous skel-
eton. It can be observed that as the charging rate increases, the
amount of charge stored in the reversible silicate QSiO slightly de-
creases. However, its relative contribution QSiO/(QSiO þ QSi/C) in-
creases, indicating that the other Liþ storage processes are relative
slower.

5. Conclusions

In the present work, we propose a material as an anode with
facile synthesis, which can be charged/discharged at high current
densities, while maintaining a very good specific capacity. More-
over, the lithium silicates and silicon formed during the electro-
chemical reduction process can be effectively trapped in a stable
carbon template and in the lithium oxide/silicates, thereby pro-
tecting the electrode from the direct contact with the electrolyte
and increasing the cyclability, while preserving the capacity at high
current regimes [22,40,50e52].

A better synergetic effect was observed in the SBA-15/C com-
posite in comparison with separate SBA-15 and CMK-3 materials,
with the combination between the specific capacity of SiO2 with
the conductivity of CMK-3 permitting reversible lithium storage.
The resulting composite showed not only a high cyclability and the
ability to maintain a high capacity even at elevated current den-
sities, but also allowed a fast charge/discharge in 18min while
preserving an excellent capacity. This composite could be appli-
cable for both stationary and mobile uses.
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