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a  b  s  t  r  a  c  t

Li2FeSiO4/C  composites  with  in situ  carbon  coating  were  synthesized  via  sol–gel method  based  on acid-
catalyzed  hydrolysis/condensation  of tetraethoxysilane  (TEOS)  with  sucrose  and  l-ascorbic  acid  as  carbon
additives,  respectively.  As-obtained  Li2FeSiO4/C  composites  prepared  with  l-ascorbic  acid  as  a  carbon
additive  are  composed  of  nanoparticulate  Li2FeSiO4 in an intimate  contact  with  a  continuous  thin  layer
of residual  carbon  and  exhibit  large  specific  surface  area  up  to  395.7  m2 g−1. The results  indicate  that
eywords:
i2FeSiO4

athode material
ol–gel method
arbon coating

structure  of  the  residual  carbon  is  graphene-rich  with  obviously  lower  disordered/graphene  (D/G)  ratio.
These as-obtained  Li2FeSiO4/C composites  exhibit  first  discharge  capacity  of 135.3  mAh  g−1 at  C/16  and
perform  cycling  stability,  which  are  superior  to those  of Li2FeSiO4/C  composites  synthesized  with  sucrose
as  a carbon  additive.

© 2011 Elsevier B.V. All rights reserved.

ithium ion battery

. Introduction

Rechargeable lithium ion batteries are key components of
he portable, entertainment, computing and telecommunication
quipment required by today’s information-rich, mobile society,
ue to their high energy density and design flexibility [1].  Compared
ith conventional lithium transition metal oxides as cathode mate-

ials for lithium ion batteries (e.g., LiMn2O4, LiCoO2, and LiNiO2),
olyanion compounds with (XO4)n− group (X = P, Si, Ge, etc.), have
een extensively investigated owing to their higher safety and

ower cost, in spite of their intrinsic low electronic conductivity
nd slow lithium ion diffusion. A successful example is LiFePO4 [2],
hose stability is rooted in a strong covalent P–O bond, hence supe-

ior electrochemical performance. During the further exploration of
afe and cheap, but low conductivity materials, orthosilicate with

 polyanionic framework is considered to be a kind of potential
athode material for next-generation lithium ion batteries.

Li2FeSiO4, first proposed by Nyten and co-workers [3],  possesses
 stronger Si–O bond in comparison to P–O bond, which is expected
o translate into a higher chemical and electrochemical stability
nd thus a better cycle performance. However, just like LiFePO4,
i2FeSiO4 also suffers from the problems of poor electronic con-

uctivity and slow lithium ion diffusion, which has become a huge
bstacle to its extensive application, especially in electric vehicles,
nd hybrid electric vehicles [4–6]. In the past few years, strate-

∗ Corresponding author.
E-mail address: caishu@tju.edu.cn (S. Cai).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.08.095
gies to increase the low rate performance of bulk Li2FeSiO4 mainly
focused on improving electron transport in the bulk or at the sur-
face of the material, or on reducing the path length over which the
electron and lithium ion have to move by using nano-sized mate-
rials [4–7]. Among the efforts, carbon coating is an effective way  to
enhance the electrochemical performance, for carbon can suppress
the particle growth in the process of calcination and reduce Fe3+ to
Fe2+, thus ensuring the high purity of the products [7]. Additionally,
adjusting the morphology or microstructure of Li2FeSiO4 to obtain
porous and high specific surface area material constitutes another
effective route to enhance the electrochemical performance [8].

As known, the selection of the carbon additive and the carbon
mixing recipe are very important for tailoring the final properties
of carbon-coated composite powders [9].  In previous studies, car-
bon additive sucrose was always mixed with the pre-synthesized
Li2FeSiO4 precursor by ball milling process [6,10].  The resultant
Li2FeSiO4/C composites were composed of Fe3O4 impurity, most
likely, because the postaddition of sucrose is not favorable for
homogeneous mixing of raw materials. In this study, we  design
a sol–gel method for synthesis of in situ carbon-coated Li2FeSiO4.
Tetraethoxysilane (TEOS), which was  extensively studied for the
synthesis of monolithic silica column finding its use in the elec-
trochromatography, could be catalyzed by acid (e.g., hydrochloric
acid) or alkali (e.g., dodecylamine) [11]. Therefore, a facile sol–gel
method based on acid-catalyzed hydrolysis/condensation of TEOS

was introduced for the preparation of Li2FeSiO4/C. Sucrose was
added to the starting material in the synthesis of the precursor,
through which the molecular-level mixing of the starting ingredi-
ents could be achieved. To the best of our knowledge, l-ascorbic

dx.doi.org/10.1016/j.jallcom.2011.08.095
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:caishu@tju.edu.cn
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cid was first employed as carbon additive in the synthesis of
i2FeSiO4/C, whereby graphene-rich carbon was coated uniformly
n the surface of the particles, of which the mechanism was also dis-
ussed in this paper. The effects of carbon additives (i.e., l-ascorbic
cid and sucrose) on the structural and electrochemical character-
stics of the Li2FeSiO4/C were investigated comparatively.

. Experimental

.1. Synthesis of Li2FeSiO4/C

Li2FeSiO4/C was prepared by a sol–gel method based on acid-catalyzed hydrol-
sis/condensation of TEOS. All starting materials are soluble in de-ionized water or
thanol, and no phase separation appears before condensation reaction, for the pur-
ose of a homogeneous precursor. Ethanol is considered to be good solvent for its

ower surface tension compared with water, leading to a weaker capillary force and
hus better dispersion of the particles. When employing ethanol as the solvent to
repare Sample-S, however, the homogeneous gel was not successfully synthesized,
resumably because the existence of sucrose was detrimental to the condensation
f  TEOS under the applied condition. To address this problem, we tried to employ
ater as solvent and thereby HNO3 to promote the hydrolysis of the TEOS in water.

n  the case of Li2FeSiO4/C employing sucrose as carbon additive (named as Sample-
),  1.8 ml  of TEOS was  mixed with 7.4 ml  of de-ionized water and 0.6 ml  of 2 M HNO3

nd hydrolyzed for 30 min  under magnetic stirring. Then the lithium acetate dihy-
rate, iron (III) nitrate nonahydrate and 0.705 g of sucrose powders were added to
EOS water mixture, respectively, and reactants were stirred for 3 h at room tem-
erature. After the reaction, the clear solution was transferred into a Teflon-lined
tainless-steal autoclave, sealed, and maintained at 120 ◦C for 20 h, during which
ondensation occurred. The resulting brown wet gel precursor was dried at 80 ◦C.

In  the preparation of Li2FeSiO4/C employing l-ascorbic acid as carbon source
named as Sample-A), 1.8 ml  of TEOS was  added to 15 ml  of ethanol under mag-
etic stirring, followed by the addition of 0.3 ml  of acetic acid. Separately lithium
cetate dihydrate and iron (III) nitrate nonahydrate were dissolved in TEOS ethanol
ixture and the obtained mixture was thoroughly stirred for 3 h at room tempera-

ure. Finally, 1.057 g of l-ascorbic acid dissolved in a minimal amount of de-ionized
ater, and the prepared solution were mixed together quickly and transferred into a

eflon-lined stainless-steal autoclave, sealed, and maintained at 120 ◦C for 20 h, dur-
ng which condensation occurred. The resulting black wet gel precursor was  dried
t  60 ◦C.

After thorough grinding with a mortar and pestle, the obtained xerogels were
elleted and calcined in a gas-tight quartz tube with a constant flow of N2 gas. The

nitial heating rate was  10 ◦C min−1. After reaching 650 ◦C, the samples were main-
ained at that temperature for 10 h and then left to cool down to room temperature.

.2. Measurements

The crystallographic structural characterization was performed by X-ray
owder diffraction (XRD, Rigaku D/max 2500) employing Cu K� radiation
40 kV/200 mA). An integrated Raman microscope system (LabRAM HR, HORIBA
obin Yvon) was  used to analyze the structure of the carbon layer. Scanning elec-
ron microscopy (SEM) imaging was carried on FE-SEM (HITACHI S-4800). The
ature and thickness of the carbon coating was  observed with high-resolution
ransmission electron microscope (HR-TEM, Philips Tecnai G2 F20). The specific
urface area was computed from N2 sorption data (Quantachrome NOVA) using the
runauer–Emmett–Teller (BET) method. The carbon content was calculated from
hermogravimetric data (TG, NETZSCH STA 449C). The sample was heated from 35 ◦C
o  600 ◦C in air at a rate of 10 ◦C min−1.

Electrochemical characterization was performed using CR2430 coin-type cell.
he cathode electrode was  prepared by dispersing 85 wt.% active powders, 15 wt.%
cetylene black, and 5 wt.% polyfluortetraethylene (PTFE) in ethanol to form a paste.
hen the paste was  rolled to a thin film and cut into circular discs as the cathodes.
hese electrode discs were assembled in coin cells in an argon-filled glove box,
ith lithium metal as the negative electrode separated by a Celgard 2400 separator.

he  electrolyte used was  1 mol  l−1 LiPF6 in EC:DMC:DEC (1:1:1 ratio by volume).
alvanostatic charge/discharge measurements were performed between 1.5 and
.8 V (vs. Li/Li+) at 25 ◦C by the Neware battery testing system. Electrochemical

mpedance spectroscopy (EIS) was measured at 25 ◦C using a CHI 660 electrochem-
cal instrument in the frequency range 100 kHz to 0.1 Hz, with an AC voltage of

 mV.

. Results and discussion

The X-ray diffraction patterns of the as-synthesized powders

eat treated at 650 ◦C for 10 h are shown in Fig. 1. The main diffrac-
ion peaks of both samples are in good agreement with the previous
eport by Nishimura et al. [12]. Then we identified it as Li2FeSiO4
hase on the basis of a monoclinic structure with the space group
Fig. 1. XRD patterns of Li2FeSiO4/C composites and graphite standard pattern.

of P21. A little Li2SiO3 impurity was  detected in both samples. It
was considered that Fe3+ (e.g., Fe2O3) impurities existed in both
samples in terms of the stoichiometric amounts of the reactants,
despite the undetectable Fe3+ impurities peaks. The reasons for the
absence of Fe3+ impurities peaks are their low crystallinity and their
small amounts. The existence of Fe3+ impurities would not only be
detrimental to the cycling performance [13], but also have an effect
on the charge/discharge curves, which would be discussed later.
No noticeable changes of the XRD patterns were observed for the
carbon-coated Li2FeSiO4, suggesting that the Li2FeSiO4 structure
was well maintained under our carbon coating experimental condi-
tions. It is worth noting that in Sample-A, a main peak at 26.5◦ (2�),
together with several other relatively weak peaks, is corresponding
well with the crystallized graphite (PDF# 65-6212), indicating that
the formed carbon, generated from the l-ascorbic acid, was crys-
tallized during the pyrolysis process. This XRD result is consistent
with Huang’s report of the Li2FeSiO4/carbon/carbon nano-tubes,
obtained via a traditional solid-state reaction method employing
multiwalled carbon nano-tubes as carbon additive [4].  Two reasons
should be considered for the graphitization of the carbon additive
l-ascorbic acid in the process of calcination. On one hand, carbon
additive microstructure plays an important role in deciding the
generated carbon structure [9,14].  Fig. 2 demonstrates the molecu-
lar structures of both carbon additives. As revealed, each molecule
of l-ascorbic acid consists of an almost planar five-membered ring
plus a side chain [15] (Fig. 2a). This kind of structure was read-
ily to transform to graphite with a sheet like structure where the
atoms all lie in a plane, in view of the principle of lowest energy
[14,16]. Therefore, l-ascorbic acid may  act as a template for the
formation of graphite precursor upon heating. On the other hand,
iron nitrate, which was regarded as one kind of graphitization cat-
alysts, most likely catalyzed the conversion of l-ascorbic acid to
the graphite in the Li2FeSiO4/C composites [16–18].  The catalytic
graphitization is believed to involve dissolution of carbon in the
catalyst or formation of carbide to precipitate graphite, lowering
the graphitization temperature [19]. Similar graphitization process
was also corroborated by Doeff et al., who  employed iron nitrate
graphitization catalyst in addition to pyromellitic acid during the
final calcination step, whereby graphite-rich carbon was  obtained
to coat LiFePO4 [16,17]. As for Sample-S, no evidence of diffraction
peaks for graphite appears in the diffraction patterns, presum-

ably because the graphitization catalyst made no difference in the
transformation of sucrose to crystallized graphite during the calci-
nation process, and thus the pyrolysis of sucrose produced carbons
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ig. 2. Molecular structures of the carbon additives. (a) l-Ascorbic acid and (b)
ucrose.

xhibiting tangled geometric arrangement of the crystallites that
revented further crystal growth even at high temperatures.

To gain additional insight into the nature of the carbon coat-
ng layer on the particles surface, we studied the structure of the
athode surface with micro-Raman spectroscopy (Fig. 3). Since the
enetration depth of the light inside the Li2FeSiO4/C particles in
aman scattering is very small, this technique is a probe of the first

ayers at the surface of coated particles, and allows the detection
f carbon coating. Two  intense broad bands located at ∼1345 and
1590 cm−1 dominated both spectra of the samples. The structure
t 1590 cm−1 mainly corresponds to the G line associated with the
ptically allowed E2g zone center mode of crystalline graphite, the
tructure at 1345 cm−1 mainly corresponds to the D line associated
ith disorder-allowed zone-edge modes of graphite. The calcu-
ated integrated Raman intensity ratios of ID/IG bands for Sample-S,
ample-A are 1.3 and 0.5, respectively. A low ID/IG ratio is an indi-
ation of the presence of larger amount of graphene as compared
o the disordered carbon structure [17].

Fig. 3. Raman spectra of Li2FeSiO4/C samples.
Fig. 4. SEM micrographs of Li2FeSiO4/C composites. (a) Sample-S and (b) Sample-A.

It is believed that the electronic conductivity of Li2FeSiO4/C
composites is a strong function not only of the amount of carbon
but of its structure (in particular, disordered/graphene ratios) and
distribution [17,21]. The low value for the ID/IG indicates a high
degree of graphitization. The increasing degree of graphitization
can improve the electronic conductivity of residual carbon and
thus provide better electronic contact between Li2FeSiO4/C par-
ticles with large agglomerates resulting in better electrochemical
performance. In consequence, Sample-A is expected to exhibit dis-
tinctive electrochemical properties, due to the larger amount of
graphene in the residual carbon.

The SEM micrographs (Fig. 4) show the spherical granules
formed in the course of calcination. The surfaces of the particles
are free of any crystal faceting, which could be further confirmed
by the following HR-TEM images (Fig. 5a and b). This is directly
attributable to the suppression of carbon coating in preferential
growth of crystal grains in the process of calcination. A tendency
towards agglomeration of primary particles can also be observed in
both samples, in which the diameter of the primary particles ranges
from ∼50 to 100 nm for Sample-S (Fig. 4a), and ∼75 to 150 nm
for Sample-A (Fig. 4b), respectively, and shows a narrow parti-
cle size distribution. The pyrolysis of precursor, such as acetate,
nitrate, as well as carbon additives, resulted in porous and agglom-
erated particles. With regards to the agglomeration distinction,

the role of solvent properties should not be negligible because
ethanol, employed as solvent in the preparation of Sample-A pre-
cursor, exhibits a lower surface tension compared with water, used
as solvent in the synthesis of Sample-S precursor, leading to a
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Fig. 5. HR-TEM images of Li2FeSiO4/C composites. (a) Sample-S, (b) Sample-A, a

eaker capillary force and thus better dispersion of the particles.
he images of Sample-A reveals highly associated microstructure
f the product with clearly visible macropores (∼100 nm). BET sur-
ace area demonstrates that the specific surface area for Sample-S
s 14.1 m2 g−1, while the corresponding value is 395.7 m2 g−1 for
ample-A. It is reported that the electrochemical properties are
trongly affected by the specific surface area, and that samples with

 larger specific surface area reveal better electrochemical perfor-
ance, owing to short lithium ion diffusion pathway [8,20,22]. The

orous structure of Sample-A contributes mainly to the higher spe-
ific surface area, in spite of slightly larger particle size, which will
rovide it with good electrochemical performance.
The HR-TEM images of the samples are shown in Fig. 5. It is
bserved that small particles are in an intimate contact with a
ontinuous thin layer of conducting carbon. The carbon content
n Li2FeSiO4/C composite is 7.8 wt.% for Sample-S and 7.1 wt.%
) body part of Li2FeSiO4 phase (the inset shows the corresponding FFT pattern).

for Sample-A, according to TG measurements. We  believe that
this layer was  generated during the calcination process because
of the carbonization of sucrose, l-ascorbic acid for Sample-S
and Sample-A, respectively. Sample-A displayed a more uniform
film whose thickness is ∼2 nm around the particles. Poor cell
lifetimes are rooted mainly in side reactions occurring at the
electrode–electrolyte interface [1] (e.g., Li2FeSiO4 is degraded by
the HF formed in the electrolyte by the hydrolysis of LiPF6 [23]).
Thus, a homogeneous coating of carbon minimizes the surface area
of the active material in direct contact with the electrolyte, which
is expected to inhibit, at least to a great extent, the side reactions
between Li2FeSiO4 and the HF. The lattice fringes of the crystal-

lized Li2FeSiO4 are ambiguous, due to the fact that Li2FeSiO4 is quite
unstable when exposed to the electron beam [24]. Fig. 5c reveals
the body part of the Li2FeSiO4 particle of Sample-A. The clear lattice
fringes with interplannar distance of 4.1 Å is in accordance with the
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∼2.0 V could be found at different rates. This could be explained
that the potential around 3.0 V is associated with the lithiation of
LiFeSiO4 phase, whereas the lower potential plateau around 2.0 V
ig. 6. Nyquist plots of Li2FeSiO4/C composites electrodes in the frequency range
etween 0.1 Hz and 100 kHz.

-spacing of the (0 0 2) planes of Li2FeSiO4. The corresponding fast
ourier transform (FFT) pattern (the inset in Fig. 5c) of the body part
an be indexed to diffraction spots for the Li2FeSiO4 phase, which
s consistent with the powder XRD results.

Fig. 6 represents the impedance spectra of the Li2FeSiO4/C com-
osites in the frequency range from 0.1 Hz to 100 kHz at fully
ischarge state at 25 ◦C. As shown, each Nyquist plot is composed of

 depressed semicircle and an inclined line. Based on the literature
25], the intercept at the Zreal axis in high frequency corresponds to
he ohmic resistance of the electrolyte and electrode (Re). The semi-
ircle in the middle frequency range indicates the charge transfer
esistance (Rct). The inclined line in the low frequency is closely
orrelated with the Warburg coefficient (�ω), which is associated
ith lithium ion diffusion. The diffusion coefficient values of the

ithium ions (DLi) can be obtained from Eq. (1):

Li = 0.5
(

RT

An2F2�∞C

)
(1)

here R is the gas constant, T is the absolute temperature, A is
he surface area of the electrode, n is the number of electrons per

olecule during oxidation, F is the Faraday constant, C is the con-
entration of lithium ion, �ω is the Warburg coefficient which is
elative with Zreal obtained from Eq. (2):

real = Re + Rct + �ωω−1/2 (2)

here ω is the angular frequency in the low frequency region. Both
e and Rct are kinetics parameters independent of frequency. So
ω is the slope for the plot of Zreal vs. the reciprocal square root
f the lower angular frequencies (ω−1/2). Fig. 7 displays the linear
tting of Zreal vs. ω−1/2, from which the slope �ω can be obtained.
ll the parameters obtained and calculated from EIS are recorded in
able 1. It can be observed that Sample-A exhibits a lower charge
ransfer resistance and a higher lithium ion diffusion coefficient
han those of Sample-S. Two points may  account for the EIS results.

ne is the high specific surface area of Sample-A, which contributes

o the improvement of the diffusion of lithium ions by means of
hortening the lithium ion diffusion pathway and it also affects the
inetics of the liquid electrolyte. And the other point should be

able 1
mpedance parameters of Li2FeSiO4/C composites.

Samples Re (�) Rct (�) �ω (� s1/2) DLi (cm2 s−1)

Sample-S 8.8 295 80.5 3.62E−13
Sample-A 2.9 255 64.2 1.35E−12
Fig. 7. The relationship between Zreal and ω−1/2 at low frequencies for Li2FeSiO4/C
composites.

the thinner and more uniform carbon coating of Sample-A, which
allows for smaller hindrance for lithium ions diffusion because the
carbon coating network is an intrinsically inert material for lithium
ion diffusion.

The second charge/discharge curves of samples with differ-
ent rates between 1.5 and 4.8 V are presented in Fig. 8. At
charge/discharge rates of C/16 and C/10, two samples did not show
apparent variation. As the rate was increased to C/1, the differ-
ences between the two  samples became pronounced. It is clear that
Sample-A exhibits relatively smaller polarization loss and higher
discharge capacity, in comparison with Sample-S. This could prob-
ably be attributed to the following reasons: at low rates (C/16, C/10),
the effect of charge transfer resistance can be ignored. However, at
higher rate (C/1), for which the supply of electrons becomes prob-
lematic and the charge transfer resistance plays an important role
in the potential drop for the kinetics limitation, the advantages
of high specific surface area are obviously revealed. High specific
surface area facilitates the Lithium ions extraction/insertion, and
accordingly elevates the high rate performance [4].  One may  note
that in the case of Sample-S, two discharge plateaus at ∼3.0 and
Fig. 8. Charge/discharge curves of samples in the voltage range of 1.5–4.8 V (vs.
Li+/Li) at different rates: (a) C/16, (b) C/10, and (c) C/1.
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Fig. 9. Cycle performances of Li2FeSiO4/C samples at different rates.

robably originated from the lithiation process of Fe3+ (e.g., Fe2O3)
mpurities in the as-obtained Li2FeSiO4/C composites because the
ithiation of Fe3+ impurities would have a direct bearing on the
inetics of thermodynamic stabilization, thus different equilibrium
otentials measured during the redox process [26].

Fig. 9 reveals the cycle performance of both samples at different
ates. The initial discharge capacity at the low current rate of C/16
s 135.3 mAh  g−1 for Sample-A, while the corresponding value for
ample-S is 125.0 mAh  g−1. The capacity was calculated on the basis
f as-synthesized samples, including the amount of in situ carbon.
he discharge capacity of both samples decreases gradually dur-
ng the first several cycles. The difference of capacity between both
amples becomes more obvious when cycling at high rate (C/1).
herefore, the electrode prepared with Sample-A is superior to that
f Sample-S in both the rate performance and cycling stability. This
ould be attributed to the fact that high specific surface area hence
hort lithium ion diffusion pathway, crystallized graphite constitut-
ng carbon coating thereby improving the electronic conductivity,
nd homogeneous coating of carbon thus minimizing the surface
rea of the active material in direct contact with the electrolyte.

. Conclusion

Li2FeSiO4/C composites were successfully prepared by a facile
ol–gel method in the present study. The effects of different car-
on additives (i.e., l-ascorbic acid and sucrose) on the structural
nd electrochemical characteristics of the Li2FeSiO4/C were inves-

igated comparatively. The in situ coating of carbon on the Li2FeSiO4
articles was formed by the pyrolysis of carbon additives during
he calcination process. The composites, obtained via an ethanol-
ased sol–gel route employing l-ascorbic acid as carbon additive,

[

[
[

mpounds 511 (2012) 101– 106

exhibited a large specific surface area and porous nanostructure.
Raman spectroscopy indicates that the structure of the residual
carbon coated in this sample is of high degree of graphitization.
Owing to the structure advantages, Li2FeSiO4/C composites pre-
pared with l-ascorbic acid as carbon additive exhibited a higher
electronic conductivity and lithium ion diffusion coefficient than
those of Li2FeSiO4/C synthesized with sucrose, which, in turn, trans-
lated into better rate performance and cycling stability.
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