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Abstract

Mesoporous Li,FeSiO,/C nanocomposites (LFS-FNS and LFS-NS) were prepared from fumed nano silica (FNS) and nano silica
(NS) through facile solid-state reactions, respectively. XRD analysis indicates that the crystalline structures of LFS-FNS and
LFS-NS are indexed to monoclinic Li,FeSiO4 of P2;. SEM results prove that the particle size of LFS-FNS and FNS (25~40 nm)
is smaller than that of LFS-NS and NS, revealing the particle size of Li,FeSiO,/C nanocomposites can be tuned by choosing
different silica. TEM further indicates Li,FeSiO,4 nanoparticles are uniformly dispersed in the amorphous carbon networking of
LFS-FNS. Pore structure analysis indicates the external surface areas of LFS-FNS as well as LFS-NS are 51.4 and 36.1 m?> g_l,
indicating the pore properties of mesoporous Li,FeSiO,4/C nanocomposites can be controlled by using different silica as silicon
resource. The reduced particle size and high external surface area shorten the lithium-ion diffusion path and make LFS-FNS
possess better electrochemical performance over LES-NS. The discharge capacity of LFS-FNS is as high as 172 mA h g ' at

0.1C.
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Introduction

Nowadays, lithium-ion batteries (LIBs) are one of the most
promising electrochemical energy storage devices, due to their
merits of relatively high power density, high energy density,
low self-discharge, long life, no memory effect, and environ-
mental benignity [1-8]. LIBs have been widely used as the
main power supplies for portable electronics, electric vehicles,
and energy storage. Cathode materials are the key part of
LIBs. They roughly decide the electrochemical performance
and cost of LIBs. In order to meet the practical applications for
electric vehicles and large-scale energy storage, new cathode
materials with high capacity and low cost are greatly required.
Recently, Li,FeSiO, attracts more and more attentions be-
cause of its low cost owing to the abundant raw materials,
high safety through strong Si—O bonding, excellent cycling
stability, and theoretically high capacity of 332 mA h g ' by
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allowing reversibly extraction/insertion of two lithium ions
per formula unit [9-14].

However, there are innate drawbacks such as low electronic
conductivity and sluggish ionic transport capability [12—15],
which obviously result in bad electrochemical behaviors of
Li,FeSiOy4-based cathodes and thereby put an obstacle for
the applications of Li,FeSiO, in electric vehicles as well as
large-scale energy storage. Various approaches, including
morphology tuning [9-11, 16], reduced graphene oxide mod-
ification [12, 13], carbon nanotube modification [14, 17, 18],
porous nanocomposites preparations [15, 19-22], and hetero-
geneous metal doping [23-30], have been developed to over-
come these drawbacks of Li,FeSiO4-based cathodes. Among
those different approaches, porous nanocomposite prepara-
tions have been intensively focused because conductive car-
bon can enhance the electronic conductivity and porous struc-
ture can improve the ionic transport capability. As a result, the
electronic and ionic transport capabilities of Li,FeSiO, cath-
ode are well enhanced simultaneously. Till now, different
kinds of porous Li,FeSiO,/C nanocomposites have been suc-
cessfully prepared and investigated. For instance, L. Zhang
et al. prepared 3D porous Li,FeSiO4/C through hydrothermal
synthesis followed by carbon nanopainting and the sample
delivers a capacity of 167 mA h g at 0.1 C [19]. H. Qiu
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et al. synthesized mesoporous Li,FeSiO4@ordered mesopo-
rous carbon with a capacity of 160 mA h g ' at 0.1 C via a sol-
gel method followed by heat treating [20]. Z. Zheng et al.
fabricated porous Li,FeSiO,/C nanocomposites with a capac-
ity of 176.8 mA h g " at 0.5 C by the similar method [22]. In a
word, these porous Li,FeSiO,/C nanocomposites are usually
fabricated by complicated multistep process. Usually, the first
step is to prepare Li,FeSiO4 precursors in the present of sur-
factant and the second step is to calcine the obtained
precursors.

As a facile fabrication method, solid-state reaction is wide-
ly used to prepare polycrystalline solids from a mixture of
solid starting materials. It is also employed to fabricate differ-
ent cathode materials for LIBs [12, 18, 31-34]. Pore structure
may be destroyed during the ball-milling of solid starting ma-
terials or the high-temperature sintering. However, silica pos-
sesses high thermal and mechanical stability. We have suc-
cessfully controlled the particle size of Li,FeSiO4/C nano-
composites by employing nano silica with different particle
size via solid-state reaction [32]. It can be expected that silica
partly keep its porous structure during the ball-milling and
high-temperature sintering. So, it is possible to obtain porous
Li,FeSiO4/C nanocomposites from fumed nano silica (FNS)
with high specific area. In this paper, mesoporous Li,FeSiO4/
C nanocomposites were successfully fabricated from nano
fumed silica through a facile solid-state reaction. For compar-
ison, their control was also prepared from nano silica (NS)
under the same conditions. Our attempts provide a simple
new route to tune the porous structure of Li,FeSiO4-based
cathode materials through solid-state reactions. Exploring
the structure and electrochemical performance of these meso-
porous Li,FeSiO,4/C nanocomposites is an interesting issue
for the cathodes of LIBs.

Experimental

Mesoporous Li,FeSiO,4/C nanocomposites were fabricated by
a facile solid-state reaction from the mixture of Li,COs,
FeC,04-2H,0, FNS (Aladdin, Shanghai), and poly(vinylpyr-
rolidone) (PVP). All the reagents are analytical grade without
any purification. In a typical synthesis, 0.015 mol Li,COs3,
0.015 mol FeC,042H,0, 0.015 mol nano fumed silica, and
1.57 g PVP were put into a stainless steel tank with 20 ml
ethanol and mechanically ball-milled for 100 min. Here, PVP
is used as a carbon source. The resulting mixture was dried at
65 °C in a vacuum oven for 6 h to obtain the dry precursor.
The dry precursor was firstly kept at 400 °C for pre-
carbonization of PVP and then calcined at 700 °C for 6 h in
the flow of argon gas to fabricate the mesoporous Li,FeSiO4/
C nanocomposites. The mesoporous Li,FeSiO4/C nanocom-
posites were designated as LFS-FNS. In order to compare, the
counterpart was also prepared from a mixture of Li,COs5,
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FeC,042H,0, NS (Aladdin, Shanghai), and PVP under the
same conditions. The counterpart was designated as LFS-NS.

The crystalline structure of the two samples was determined
by powder X-ray diffraction (XRD; Rigaku RINT2000) with a
Cu K« radiation (A =0.154 nm). The carbon contents of the
two samples were further ascertained by an elemental analysis
instrument (Elementar Analysensysteme GmbH). The micro
morphologies of FNS, NS, LFS-FNS, LFS-NS, and cycled
Li,FeSiO4/C cathodes were investigated by a scanning elec-
tron microscope (SEM; JSM6701F, JEOL). The micro mor-
phologies of LFS-FNS were further determined by transmis-
sion electron microscope (TEM; JEOL JSM2010F). The po-
rous structure of FNS, NS, LFS-FNS, and LFS-NS was deter-
mined by nitrogen adsorption/desorption analysis at — 196 °C
using a micromeritics ASAP 2020 apparatus.

Mesoporous Li,FeSiO,/C nanocomposites (LFS-FNS and
LFS-NS), Super P carbon black (Timcal), and aqueous LA132
binder (Chengdu Indigo power sources Co., Ltd.) in a weight
ratio of 8:1:1 were mixed together in the de-ionized water to
form a homogenous slurry. The slurry in each case was coated
onto an aluminum foil and the coated electrodes were dried at
100 °C for 12 h in a vacuum. The mass loading of active
materials in the electrodes was about 2.0 mg cm 2. One mole
per liter LiPF¢ in a mixture of ethyl-methyl carbonate:ethylene
carbonate:dimethyl carbonate with a volume ratio of 1:1:1
was used as the electrolyte. The CR2032 coin cells containing
lithium flake, electrolyte, porous Li,FeSiO,/C nanocomposite
electrodes, and celgard 2400 separator were assembled in an
argon-filled glove box. Then, the cells were charge-discharged
at a constant current between 1.5 and 4.8 V utilizing a LAND
CT2001A battery testing system (Wuhan LAND Electronics
Co., Ltd.). The cyclic voltammetry (CV) of the fresh cells was
recorded on a ZF100 electrochemical workstation (Shanghai
Zhengfang Electronics Co., Ltd.) with different scan rates.
The electrochemical impedance spectra (EIS) were performed
at a CHI660E electrochemical workstation (Shanghai
Chenhua Instruments Co., China). The EIS measurements
were undertaken with an amplitude of 5 mV in a frequency
range from 0.01 Hz to 100 kHz.

Results and discussion

Figure 1 is the XRD patterns of LFS-FNS and LFS-NS.
Similar peaks are observed for the two samples. The peaks
at (101), (111), (—202), (—103), (020), (013), (220) (222),
(—511), (032), and (521) are clearly observed for the two
samples. All these peaks can be well indexed to the mono-
clinic Li,FeSiO,4 with a space group of P2, [14, 15, 20-26],
indicating that both samples have periodically opposite
corner-shared SiO4 and FeO, tetrahedral [35]. Few FezO4
impurities are also observed in both samples. These phe-
nomena are commonly found in the Li,FeSiO4/C
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Fig. 1 XRD patterns for LFS-FNS and LFS-NS

nanocomposites synthesized using solid-state reactions [12,
18]. The carbon contents for the two samples are determined
by an elemental analysis. The carbon and nitrogen contents
for LFS-FNS are 9.8 and 0.5 wt%, while those for LFS-NS
are 9.7 and 0.4 wt%. But, no typical peaks of carbon are
observed for both samples, indicating the amorphous carbon
is in the composites.

SEM images of LFS-FNS, LFS-NS, FNS, and NS are pre-
sented in Fig. 2. Seen from the SEM images with low magni-
fication (Fig. 2a, d), the morphologies of both samples are
similar and many void spaces are observed for LFS-FNS
and LFS-NS. The SEM images with high magnification are
shown as Fig. 2b, e. The sphere-like primary nanoparticles are
observed for LFS-FNS and LFS-NS. Figure 2b insert is the
particle size distribution of LFS-FNS, which is mainly ranging
from 25 to 40 nm. While for LFS-NS (Fig. 2e insert), the
particle size distribution is mainly ranging from 35 to
55 nm. The particle size of LFS-FNS is clearly smaller than
that of LFS-NS. Usually, solid-state reaction results in larger
particle size, but the particles of LFS-FNS and LFS-NS are in
nano sized. It may be attributed to the PVP-derived carbon,
which efficiently suppresses the growth of Li,FeSiO, parti-
cles. Reduced particle size can shorten the lithium-ion diffu-
sion path and then enhance the electrochemical performance.
In addition, as shown in Fig. 2b, e, the degree of aggregation
of LFS-FNS is obviously lower than that of LFS-NS. The
primary nanoparticles of LFS-NS tend to form large aggrega-
tions. Figure 2c, fis the SEM images for FNS and NS, respec-
tively. Figure 2c insert indicates that the particle size distribu-
tion of FNS is mainly in the range of 25-40 nm, which is
basically consistent with that of LFS-FNS, while that for NS
is mainly in the range of 40-55 nm (Fig. 2f insert). The par-
ticle size of NS is accord with that of LFS-NS. These indicate
that the particle size of Li,FeSiO,4/C can be controlled by the
particle size of silica.

LFS-FNS were chosen to further investigate the micro mor-
phology with TEM. As shown in Fig. 3a, Li,FeSiO4 nanopar-
ticles are uniformly dispersed in the amorphous carbon net-
working. It is difficult to distinguish the particle size of carbon
from TEM image. Carbon networking is very valid in enhanc-
ing the electronic conductivity of LFS-FNS and then improv-
ing their electrochemical performance. The particle size dis-
tribution is shown in Fig. 3a insert. The particle sizes of
Li,FeSiO4 nanoparticles for LFS-FNS are ranging from 20
to 55 nm, mainly from 25 to 35 nm. It is consistent with the
particle size distributions from SEM results. Figure 3b is the
high-resolution TEM image of LFS-FNS. Carbon layers are
clearly observed at the fringe of Li,FeSiO, crystal. The carbon
layers can effectively prevent the Li,FeSiO,4 crystals from
growing.

In order to understand the relationship of porous properties
between nano silica and mesoporous Li,FeSiO4/C nanocom-
posites, FNS, NS, LFS-FNS, and LFS-NS were characterized
by N, adsorption-desorption. Figure 4a is the N, adsorption/
desorption isotherms of FNS and NS. The isotherms are typ-
ical IV isotherms with a H4 hysteresis loop in the range of 0.8—
1.0 P/Py. 1t indicates FNS and NS are typical mesoporous
materials. The total Brunauer-Emmet-Teller (BET) surface
areas for FNS and NS are 263.4 and 140.1 m* g ', respective-
ly. According to the z-plot method, the external surface areas
(including mesopores and macropores) of LFS-FNS and LFS-
NS are 240.5 and 110.3 m* g '. Figure 4b is the pore size
distributions of FNS and NS calculated by Barrett-Joyner-
Halenda (BJH) method. Compared to NS, FNS has much
higher pore surface area and clearly broader pore size distri-
butions. As shown in Fig. 4c, LFS-FNS and LFS-NS both
exhibit typical IV isotherms with a H4 hysteresis loop in the
range of 0.5-1.0 P/P,, indicating the typical mesoporous char-
acters for both LFS-FNS and LFS-NS. The total BET surface
area of LFS-FNS is 54.9 m”> g !, while that of LFS-NS is
42.6 m* g '. According to the -plot method, the external
surface areas of LFS-FNS and LFS-NS are 51.4 and
36.1 m? g '. Compared with the surface area of FNS and
NS, the BET surface area and external surface area of LFS-
FNS and LFS-NS are distinctly decreased. As shown in Fig.
4d, the pore size distributions of LFS-FNS and LFS-NS are
very similar. The pore sizes mainly locate around 3 and 70 nm.
Despite of the pores larger than 80 nm, the pore surface areas
of LFS-FNS are clearly higher than those of LFS-NS. Seen
from Fig.4b, d, the pore size distributions of FNS, NS, LFS-
FNS, and LFS-NS are similar to some extent. The pore sizes
of the four samples mainly range from 3 to 70 nm. These
phenomena indicate that pore properties of mesoporous
Li,FeSiO4/C nanocomposites can be well controlled by using
different silica as silicon resource. As it is well known, the
mesopores can offer channels for fast lithium-ion transport,
which greatly improve the electrochemical properties of elec-
trode materials. LFS-FNS should deliver much better
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electrochemical performance over LFS-NS because LFS-FNS
possess enriched mesopores.

The fresh cells containing the two samples are further
measured by CV in the voltage window of 1.5-4.8 V with
a scan rate of 0.1 mV s '. The CV curves are present as
Fig. 5. Figure 5a is the first CV scans of the two samples.
LFS-FNS have an anodic peak at 3.20 V and a cathodic peak
at 2.57 V. LFS-NS have an anodic peak at 3.36 V and a
cathodic peak at 2.50 V. The anodic peak corresponds to
the oxidation of Fe** to Fe** and the cathodic peak corre-
sponds to the reduction of Fe** to Fe?*. The difference be-
tween the anodic and cathodic peak of LFS-FNS is 0.63 V,

¥~ amorphous ~
carbon

50 nm 50
—

40
Paricle size (nm)

Fig. 3 TEM image for LFS-FNS
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lower than that of LFS-NS 0.86 V. This indicates that LFS-
FNS has a weaker polarization due to the much more
mesopores of LFS-FNS allowing fast ion transport.
Figure 5b is the third CV scan of the two samples. The
anodic peaks of LFS-FNS and LFS-NS both reduce to 3.10
and 3.24 V, respectively. The cathodic peaks of the two sam-
ples both increase to 2.58 V. These indicate the polarization
becomes smaller during the repeated CV scans. Figure 5c is
the initial charge/discharge voltage curve of LFS-FNS and
LFS-NS. Obviously, the charge and discharge capacities of
LFS-FNS are much higher than those of LFS-NS. The
charge and discharge capacities for LFS-FNS at 0.1 C are
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Fig. 4 a, ¢ Nitrogen adsorption-
desorption isotherms of FNS, NS,
LFS-FNS, and LFS-NS. b, d Pore
size distribution of FNS, NS,
LFS-FNS, and LFS-NS

180 and 172 mA h g ', respectively. As illustrated in Table 1,
the discharge capacity of LFS-FNS is higher than that of
most L,FeSiO4/C samples, while the charge and discharge
capacities for LFS-NS are143 and 133 mA h g ™', respective-
ly. Figure 5d shows the charge/discharge voltage curve of the

Fig. 5 Charge-discharge voltage
curves for LFS-FNS and LFS-
NS: a first cycle and b third cycle.
CV curves of at a scan rate of
0.1 mV s " ¢ first cycle and d
third cycle
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are also much higher than those of LFS-NS. In addition,
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Table 1 Comparison of the

discharge capacity of Li,FeSiO,/ Samples Current density Discharge capacity (mA h g™") References
C at low current density
LFS-FNS 01C 172 This work
3D porous hierarchical Li,FeSiO,/C 0.1C 163 [19]
Li;Feg 97Mg 035104/C 10mA g 1532 [25]
Yttrium-doped Li,FeSiO,/C 02C 156 [26]
Li;Fep oMng 1SiO,/C C/16 1514 [28]
Li;Feg.97Zn0,035104/C 10mA g 158 [27]
Li;FeSiO,/C 0.1C 150 [33]
Li;FeSiO,/C 10mA g’ 129 [34]

Figure 6a shows the specific capacity for LFS-FNS and
LFS-NS at different current rates from 0.1 to 3 C (1 C=
166 mA h g ). The specific capacities of both samples de-
crease with the current rate increasing. The specific capacities
of LFS-FNS are higher than those of LFS-NS at every rate.
For instance, LFS-FNS deliver discharge capacities of 172,
143, 118, 99, 83, and 79 mA h gf1 at the rates of 0.1, 0.2,
0.5,1,2,and 3 C. LFS-NS deliver discharge capacities of 133,
115,96, 82,71, and 63 mA h gfl. When restored to 0.1 C, the
discharge capacities of LFS-FNS and LFS-NS are 152 and
121 mA h g”'. The excellent rate performance of LFS-FNS
is attributed to their high mesoporous specific area and carbon
coating, which have the following merits [36, 37]: (i) The
carbon coating hinders the Li,FeSiO, crystals growing, which
allows high electronic and ionic conductivity and (ii) the
enriched mesopores facilitate the electrolyte to soak in and
allow fast transport of lithium ions. The two Li,FeSiO,/C
samples are charge-discharged at 1 C for 90 cycles and the
results are shown in Fig. 6b. The first discharge capacity of
LFS-FNS is 109 mA h gfl, and that for LFS-NS is
90 mA h g '. The discharge capacity of LFS-FNS after 90
charge-discharge cycles is 95 mA h g ' and that for LES-NS is
79 mA h g '. Therefore, the capacity retention ratios of LFS-
FNS and LFS-NS are 87.2 and 87.8%. The value of LFS-FNS
is very close to that of LFS-NS. But LFS-NS has a much
higher specific capacity.

The Nyquist plots of the fresh coin cells loaded with LFS-
FNS and LFS-NS are fitted with the equivalent circuit
(Fig. 7a insert). As shown in Fig. 7a, both plots are composed
of one semicircle and a line in the low-frequency region.
Generally, the intercept at the Z’ axis in the high frequency
is the ohmic resistance of the electrolyte (R,). R, of LFS-FNS
is 2.8 2 and that of LFS-NS is 7.2 . The semicircle in the
middle frequency range refers to the charge transfer resis-
tance (R.;). The R, of LFS-FNS is 246.1 Q and that of
LFS-NS is 312.4 Q. Re and R, of LFS-FNS are much lower
than those of LFS-NS. The inclined line in the low frequency
reveals the Warburg impedance (Z,,), which is associating
the lithium-ion diffusion ability of the sample. Figure 7b
shows the linear relationship between Z' and reciprocal
square root of frequency (w %) in the low-frequency region.
The lithium-ion diffusion coefficient (Dy;,) could be calcu-
lated from the sloping line according to the following Egs. (1
and 2) [26, 27, 29]:

RT?
Puis = oA Ficie W
7 =Re+ Ry +ow '/? (2)

where R is gas constant, 7'is the absolute temperature, A is the
surface area of the electrode (1.13 cm?), n is the number of
transferred electrons, F is the Faraday constant and C is the

Fig. 6 a Rate performance of a b
LFS-FNS and LFS-NS. b Cycling 240 — 140
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bulk concentration of lithium ions, Z’ is the real impedance, o
is Warburg impedance coefficient obtained from the Eq. (2),
and w is frequency in the low range. The Dy ;, of LFS-FNS and
LFS-NSis 1.01 x 10 '* and 2.46 x 10> cm? s~ ', respective-
ly. Dy, of LFS-FNS is much higher than that of LFS-NS and
also higher than that Mg-doped Li,FeSiO,/C [24]. The higher
lithium-ion diffusion coefficient should be attributed to the
smaller nanoparticle size and larger mesoporous surface area
of LFS-FNS. The smaller particle size can shorten the lithium-
ion diffusion path. The mesopores can adsorb and retain elec-
trolyte, which allows fast lithium ion penetration. As a result,
LFS-FNS exhibit lithium-ion diffusion coefficient, low R.,
and low R;.

Figure 8 is the SEM images for LFS-FNS cathode and
LFS-NS cathode after 100 charge/discharge cycles at 1 C.
The sphere-like primary nanoparticles are also observed for
both LFS-FNS cathode and LFS-NS cathode. As shown in
Fig. 8a, nanoparticles with sizes of 30~50 nm are observed
for LFS-FNS cathode. The particle size of LFS-FNS cathode
is only slightly larger than that of LFS-FNS. While for LFS-
NS (Fig. 8b), nanoparticles with sizes of 45~65 nm are ob-
served for LFS-NS cathode. In addition, the degree of aggre-
gation of LFS-FNS cathode is obviously lower than that of
LFS-NS cathode. These results show that the cycled electrode
material almost possesses original morphology. The weak

Fig. 8 SEM images for LFS-FNS
cathode (a) and LFS-NS cathode
(b) after 100 charge/discharge
cyclesat 1 C

structural and morphology changes ensure both cathodes pos-
sess stable cyclic performance.

Conclusion

In summary, mesoporous Li,FeSiO,/C nanocomposites with
different pore properties (LFS-FNS and LFS-NS) were suc-
cessfully prepared from nano fumed silica and nano silica
through facile solid-state reactions. XRD analysis reveals
LFS-FNS and LFS-NS are crystals with monoclinic
Li,FeSiO4. SEM results indicate that the particle size of
LFS-FNS and FNS is in the range of 2040 nm, which is
smaller than that of LFS-NS and NS. It indicates that particle
size of Li,FeSiO,/C can be controlled by the particle size of
silica. TEM further indicates Li,FeSiO,4 nanoparticles are uni-
formly dispersed in the amorphous carbon networking of
LFS-FNS. Pore structure analysis indicates the external sur-
face areas of LFS-FNS and LFS-NS are 51.4 and 36.1 m* g .
It reveals the pore properties of Li,FeSiO4/C nanocomposites
can be tuned by choosing different silica. The carbon network-
ing, reduced particle size, and high external surface area make
LFS-FNS possess better electrochemical performance over
LFS-NS. The discharge capacity of LFS-FNS at 0.1 C reaches
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to172mAh gfl. In addition, LFS has better rate performance,
higher lithium diffusion coefficient, lower R., and lower R..
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