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Abstract Carbon-coated Li,MnSiO, powders were syn-
thesized by a citric acid-assisted sol—gel process, and their
physical and electrochemical properties were characterized
to assess their suitability as a cathode material in lithium-
rechargeable batteries. Carbon was coated onto the Li,.
MnSiO, particles through the carbonization of polymeric
materials that were caused by the addition of citric acid
during the sol-gel process. The particle size and electrical
conductivity of the Li,MnSiO,4 powders were found to be
changed by varying the amount of citric acid added during
the sol-gel process. XRD analysis showed that the quantity
of impurities in Li,MnSiO,4 was decreased during the sol—
gel process. The carbon coating led to an increase in
conductivity and mean particle size by creating an elec-
trical and physical connection between the particles. The
discharge capacity of Li,MnSiO,4 with over 5 % carbon
coating was significantly increased to ~ 125 mAh g~!
compared to just ~3 mAh g~ for noncoated material.
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1 Introduction

The extraction/insertion of lithium in polyanion frame
works, for example, (XO4)"~ materials (where X = P, S or
Si), has been intensively studied ever since the Gooden-
ough group first reported about their electrochemical
properties [1-3]. In particular, LiFePO, has been inten-
sively studied as a possible substitutional material for
commercially available LiCoO,; however, its redox volt-
age and theoretical capacity have been limited to ~3.5 V
and 170 mAh g~', respectively. As an alternative, Li,.
MnSiQO, is a very promising candidate to replace LiCoO,
as a cathode material in lithium-rechargeable batteries
because of its high theoretical capacity of 333 mAh g’
[4]. Furthermore, the Mn redox couple (Mn2+/Mn4+) is of
particular interest due to its high potential (vs. Li/Li"), as
well as it being a more plentiful and environmentally
friendly resource. Dominko et al. were the first to discover
that only 0.6 Li* ions could be extracted during the first
cycle, whereas 0.3 Li* could be reversibly extracted and
inserted during the 5th cycle at C/30 rate [5].

The use of Li,MnSiO,4 as a cathode material in lithium-
rechargeable batteries has been limited by its poor elec-
trical conductivity (107"%-107'° S em™") [6, 7] which is
4-6 orders of magnitude lower than that of even the poorly
conducting LiFePO, (~ 1071°S ecm™!) [8]. It is, however,
well known that the poor conductivity of particles in lith-
ium batteries can be improved simply by applying a carbon
coating to their surface [9—11].

Several researchers have previously reported the syn-
thesis of Li,MnSiO, by a sol-gel process [12—-14], and a
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citric acid-assisted sol-gel process with in situ carbon
coating has been proposed by Dominko’s [15] and Zhang’s
[16] groups. More recently, Zhang et al. synthesized in situ
carbon-coated Li,MnSiO,4 using Li and Mn acetates and
tetraethyl orthosilicate (TEOS) by means of this citric acid-
assisted sol-gel process [17], observing not only an
increase in the carbon content but also in the level of
impurities, with an increasing amount of citric acid.

In this work, Li,MnSiO,4 powders with different carbon
contents were synthesized by changing the amount of citric
acid added during sol—gel synthesis which in many ways is
very similar to Zhang’s work [16, 17]. Where it differs,
however, is that a cheaper and commercially available SiO,
powder was used as the Si source in place of the TEOS
used previously. The effects of changing the carbon content
on the structural, morphological, and electrochemical
properties of the Li,MnSiO, powders were then investi-
gated in detail and compared against similar results in the
literature [17].

2 Experimental

Li,MnSiO, was prepared using a minor variation of a
previously described sol-gel process [16, 17], in which
lithium acetate (Aldrich), manganese acetate (Aldrich), and
fumed silica (SiO,, 7 nm, Aldrich) were used as precursors
with citric acid (Aldrich) as the chelating agent without any
further purification. Stoichiometric amounts of all the
precursors were first dissolved in deionized water, to which
citric acid was added in amounts varying from 0 to 1.25
times the molar content of Li and Mn. The resulting
solution was heated at 80 °C for 6 h and then dried at
120 °C for 2 h in order to remove the solvent. The powders
obtained were then calcined at 700 °C for 12 h under a
nitrogen atmosphere to prevent further oxidation of Mn>"
to Mn>* or Mn*" by the oxygen. The carbon content and
weight loss during heat treatment was determined by
thermal gravimetric analysis (TGA, TA Instrument).

The crystal structures of the samples were identified by
X-ray diffraction (XRD, PANalytical, EMPYREAN) with
Cu Ku radiation. The sample’s morphology and chemical
composition were analyzed by a field emission scanning
electron microscope (FESEM, Hitachi, S-4800) and a
transmission electron microscope (TEM, JEOL, JEM-
2010). For conductivity measurement, the powders were
pelletized under 5 ton of pressure after mixing with 20 wt%
of polyvinylidend fluoride (PVDF, Arkema) as a polymer
binder. The apparent electrical conductivity of the pellets
was then measured by a four-point probe method using a
conductivity meter (Changmin Tech, CMT-SR-100 N).

The electrode for electrochemical testing was prepared
from 70 wt% Li,MnSiOy4, 20 wt% carbon (Super-P) as a
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conductive agent, and 10 wt% PVDF as a binder. All
materials were first mixed in NMP (1-methyl-2-pyrroli-
done, Aldrich) for 10 h using a ball-mill, and then cast onto
an Al foil current collector (20 um). The resulting elec-
trodes were dried at 120 °C under vacuum to remove any
solvent, and were then stored in an Ar-filled glovebox.
Electrochemical measurements were carried out using CR
2032 coin cells (Hoshen) assembled in the glovebox. The
electrolyte was 1.0 M LiPFg in a mixture (1:1:1) of eth-
ylene carbonate (EC), ethyl methyl carbonate (EMC), and
dimethyl carbonate (DMC) (Technosemichem). These coin
cells were assembled with lithium foil (Aldrich) as the
negative electrode and a polypropylene separator (2400,
Celgard). The charge and discharge tests were performed at
room temperature using a battery cycler (WBCS3000,
WonAtech) in the voltage range of 2.0-4.7 V (vs. Li/Li™).

3 Results and discussion

Li,MnSiO, has three crystal structures, consisting of one
monoclinic and two orthorhombic structures [18]. The two
orthorhombic phases assigned to the Pmn2; and Pmnb
space groups are isostructural with Li;PO, and Li,CdSiO4
prepared at low temperature [19]. On the other hand, the
monoclinic structure (P2;/n space group) is a superlattice
of the high-temperature orthorhombic Li;PO,. The ortho-
rhombic phases have a 2D layered structure, which was
suggested by Politaev et al., to provide greater freedom for
the motion of Li* ion than the 3D framework of the
monoclinic phase [20]. Furthermore, Belharouak et al.
reported that Li,MnSiO, contained impurities, such as
MnO at 600 °C, Mn,SiO,, and Li,SiO5 at 800 °C, whereas
the samples prepared at 700 °C were of the highest purity
[21]. Consequently, the samples used in this study were
calcined at 700 °C for 12 h under a nitrogen atmosphere.
The XRD patterns obtained for Li,MnSiO,4 synthesized by
the sol—gel process using various amounts of citric acid are
shown in Fig. 1. From this figure, it can be seen that the
crystal structures of those Li,MnSiO, powders synthesized
with citric acid (Fig. 1b—e) were mainly of orthorhombic
form, whereas that synthesized without citric acid con-
tained a tiny amount of monoclinic phase (Fig. 1a) [20],
which exhibited small peaks at 21.7° and 22.6°. All the
samples contained at least some impurities, predominantly
Mn,SiO,4 and MnO, which were inevitable based on pre-
vious reports [22-25]. However, the addition of citric acid
during calcination dramatically reduced these impurities
and the crystallinity of Li,MnSiOy,, as demonstrated by the
reduced intensity of their respective XRD peaks. This is in
contrast to Zhang’s report, in which the peak intensity of
Mn,SiO, decreased with the increasing carbon content but
those for MnO and Li,SiO, increased [17]. However, it
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should be noted that there have been other reports of the
decrease in impurities by carbon coating [13, 26].

The amounts of carbon coated onto the Li,MnSiO4
could be simply measured by TGA, as shown in Fig. 2.
Since the carbon prepared from organic compounds burns
off in air above 300 °C, a weight loss can be clearly
observed starting at around 300 °C and finishing at around
430 °C, which is similar to the results reported by Dom-
inko and Zhang et al. [7, 17]. The weight increase observed
beyond 570 °C seems to be the result of further oxidation
of the Mn by reaction with oxygen. The carbon contents
were therefore determined from the weight loss at around
430 °C, which revealed an increase in carbon content with
the increasing amount of citric acid. This means that the
citric acid was polymerized and coated onto the precursors,
and that its derivatives could be converted into carbon
materials during calcination [27].

It is well-known that Li,MnSiO, is poorly conductive;
Dominko has reported its conductivities at room tempera-
ture and 60 °C as being 5 x 107 and3 x 1074 S cmfl,
respectively [7]. Figure 3 shows the electrical conductivi-
ties of Li,MnSiO, pellets at room temperature, which were
prepared using a PVDF binder (20 %). This demonstrates
that the electrical conductivity of noncoated Li,MnSiOy is
371 x 107° S ecm ™", while that of Li,MnSiOy coated with
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Fig. 1 XRD patterns of Li,MnSiO, for molar ratio of citric acid to
metal content. a 0, b 0.25, ¢ 0.5, d 0.75, ¢ 1.0 and f 1.25

5.5 % carbon sharply increases to 5.71 x 107*S ecm™".

Furthermore, the conductivity is increased with the
increasing carbon content. These values are significantly
higher than those of Dominko’s report but very similar to
those of Zhang’s report [17]. This may be attributable to
differences in the pelletizing procedure used.

In Raman spectroscopy, a peak in the range of
1,550-1,660 cm ™! is denoted as a graphite band (G-band),
which for a carbon material has a high degree of symmetry
and an ordered structure. Meanwhile, the bands observed
between 1,250 and 1,450 cm™! correspond to a disorder-
induced phonon mode (D-band), which has a high intensity
in disordered carbon materials [28]. The relative intensities
(Ip/Ig) of these D and G bands are therefore directly
associated with disorders in the carbon structure [29].
Moreover, Doeff et al. reported that the cell performance of
carbon-coated LiFePO, is dependent on the quantity and
quality of the carbon [30]. Figure 4 shows the Raman
spectra of the carbon-coated Li,MnSiOy, and the relative
ratio of Ip and Ig, in which the peaks at ~ 1,340 and
~ 1,590 cm~ ! are assigned to the D and G bands, respec-
tively. The very small peak around 800 cm ™' corresponds
to the symmetrically stretching internal vibrational modes
of SiO,4 anions in Li,MnSiO, [26, 31]. The Ip/Ig ratios of
the carbon-coated Li,MnSiO, are in the range of
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Fig. 4 Raman spectra a of
carbon-coated Li,MnSiO4
powders synthesized at 1.0 mol
ratio of citric acid and Ip/Ig
intensity ratio b for molar ratio
of citric acid to metal content

Fig. 5 SEM a-f and TEM g,
h images of Li,MnSiO4
powders. Molar ratio of citric
acid to metal content; a 0,

b 0.25, ¢ 0.5,d 0.75, e 1.0,
f1.25,¢0.25 and 2 1.0

@ Springer

Intensity (a.u.)

5000

(a) —Background
4000

w

o

o

o
T

= N
o o
o o
o o

-1 TNaa

0 =22 (! 1 1 1
600 1000 1400 1800 2200
Raman Shift (cm2)

Kunsanuniv 10.0kV 8.1mm x100k SIE(lIJ') 8‘/22‘3/2(‘)13I t 5‘00‘nmI

Kunsanuniv 10.0kV 8.1mm x100k SE(U) 8/29/2013

an

Kunsanuniv 10.0kV 8.2mm x100k SE(M) 8/2

L/I

321 (b)

2.8
26+
24+
2.2+

* e
*
* e

4 Carbon-coated Li2MnSiO4
1.8 B Graphite
16F m Carbon black

1.4
0 025 05 0.75 1 1.25
Molar ratio of citric acid

1

Kunsanuniv 10.0KV 8.1mm x100k SE(U) 8/28/2013 500nm

Kunsanuniv 10.0kV 8.1mm x100k SE(M) 8/27/2013 ' 500nm

Kunsanuniv 10.0kV 8.2mm x100k SE(M) 8/27/2013  500nm




J Appl Electrochem (2015) 45:169-176

173

Fig. 6 Particle size distribution

a and mean particle size b of
Li,MnSiO, as a function for
molar ratio of citric acid

Density distribution (a.u.)

Particle size (pm)

2.66-2.89, as calculated from the apparent intensity with-
out the Gaussian deconvolution of the Raman spectra. This
value is higher than that of graphite (1.58) and carbon
black (2.00), meaning that the carbon formed on the Li,.
MnSiO, particles is more amorphous.

SEM and TEM images of carbon-coated and noncoated
Li,MnSiO, particles are shown in Fig. 5. The Li,MnSiO,
without carbon, as shown in Fig. 5a, can be seen to consist
of polygon-shaped particles with a submicron size. How-
ever, the primary particle size is dramatically reduced to
below 100 nm in the case of the carbon-coated Li,MnSiOy,,
as shown in Fig. Sb—e. The TEM image of the carbon-
coated Li,MnSiO, synthesized using a citric acid to metal
ion molar ratio of 1.0 in Fig. 5h reveals that this high
concentration of citric acid causes carbon to be widely
dispersed over the surface of the particle and create inter-
connections between particles. However, the particle syn-
thesized from a low concentration of citric acid (a citric
acid to metal molar ratio of 0.25) had only a tiny amount of
carbon on its surface in the form of isolated islands, as
shown in Fig. 5g. The particle size distribution shown in
Fig. 6 reveals that the noncoated Li,MSinO,4 has a very
broad distribution ranging from 0.1 to 10 pm, and a mean
particle size of 3.96 um. With the addition of carbon, the
particle size distribution becomes narrower, and there is an
increase in the mean particle size due to secondary parti-
cles, even though it was confirmed by the SEM images that
the size of the primary particles was reduced by carbon
coating. The reason for this increase is believed to be that
the coated carbon acts as an interconnecting material
between particles [32].

Figure 7 shows the first and second charge—discharge
profiles of non and carbon-coated Li,MnSiO, electrodes at
C/20 rate at 25 °C. In this figure, the noncoated Li,MnSiO,
shows a discharge capacity of around 3 mAh g~', which
means no extraction and insertion of Li* ions from/into the
structure. This is comparable with the work of Belharouak
et al. who also observed a value of less than 10 mAh g~ '
for Li,MnSiO,4 without carbon coating [21]. When coated
with 5.5 % carbon (equivalent to 0.5 mol of citric acid),
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the first and second discharge capacities were greatly
improved to around 125 mAh g_l. Indeed, this was true of
most of the carbon-coated Li,MnSiO, all of which exhib-
ited a second discharge capacity of more than
100 mAh g~ except for those coatings with less than 3 %
carbon. Many researchers have reported a capacity of
around 150 mAh g~ at rate range of 0.02-0.05 C and a
voltage range of 1.5-4.8 V for carbon-coated Li,MnSiO,
[13, 16, 21, 33, 34]. In this study, the carbon-coated Li,.
MnSiO, delivered a slightly lower capacity because of the
narrower voltage range used (2.0-4.7 V). Coulombic effi-
ciency of the noncoated Li,MnSiO, at first cycle was ca.
57 %, whereas the carbon-coated Li,MnSiO, exhibited
76-81 % efficiency. Carbon coating led to a lowering of
the irreversible reaction in the first cycle due to the reduced
amount of impurities, with a subsequent increase in con-
ductivity as shown in Figs. 1 and 2. As shown in Fig. 8, the
capacities of all samples during cycling at C/5 rate con-
tinuously faded, which can be attributed to the structural
change. Meanwhile, in Fig. 4, the nature of the carbon on
Li,MnSiO, can be seen to be very similar regardless of the
amount of carbon coating. The electrochemical behaviors
of the materials shown in Figs. 7 and 8 can therefore be
attributed to the quantity of coated carbon, rather than its
quality.

Figure 9 shows the variation in the second discharge
capacity (initial capacity) at C/20 and the capacity fading
rate for continuous cycling at C/5 for non and carbon-
coated Li,MnSiO,4 as a function of the carbon coating
content, mean particle size, and electrical conductivity. We
see from Fig. 9a that as more carbon is coated onto the
particle, there is a linear increase in the initial capacity.
Furthermore, the capacity fading rate also roughly increa-
ses with the carbon content. An increase in mean particle
size, on the other hand, leads to an increase in the capacity
and the fading rate, as shown in Fig. 9c, d, respectively.
Even though the mean particle size increased with carbon
coating, the decrease of the primary particle size was
identified in the SEM images in Fig. 5. Therefore, the
linear relationship between initial capacity and particle size
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Fig. 7 Charge—discharge
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can be attributed to the decrease in primary particle size.
The dependences of the electrical conductivity on capacity
and fading rate show an exponential behavior in Fig. 9e, f.
Dominko et al. found that the particles undergo a signifi-
cant structural change to an amorphous phase after the first
charge [15], and following subsequent discharge, the initial
structure is not recovered. Furthermore, a decrease in the
crystallinity of the powder by carbon coating was observed
in the XRD patterns in Fig. 1. However, the R? values of
the fitting in Fig. 9 match closely with the measured con-
ductivity except in the case of the carbon coating and
particle size. Those R? values for carbon coating and par-
ticle size are in the ranges of 0.64-0.69 and 0.49-0.54,
respectively. It can therefore be concluded that the carbon
coating leads to the decrease of the primary particle size
and the improvement of electrical conductivity, and thus
lithium ion can become easily accessible to particles. These
lead to the increase of initial capacity of Li,MnSiO,.
However, the capacity fading rate increases with the initial
capacity because the change in the crystal structure of
materials can be accelerated by the increase of capacity.
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4 Conclusions

Carbon-coated Li,MnSiO4 powders were synthesized using
a citric acid-assisted sol-gel process, by which the carbon
content of the final powder could be easily controlled by
varying the amount of citric acid added. Analysis of their
charge—discharge characteristics in rechargeable lithium
batteries using their physical properties revealed that this
carbon coating altered the particle size distribution and
electrical conductivity of the bulk materials, with a
decrease in the level of impurities also detected by XRD.
Furthermore, the carbon coating significantly increased the
initial capacity of a Li,MnSiO, powder with the discharge
capacity of Li,MnSiO, with a 5.5 % carbon coating
(~125 mAh g™') representing a significant increase over
the ~3 mAh g~ ' recorded for noncoated material. How-
ever, the discharge capacities of the carbon-coated mate-
rials during cycling at C/5 rate showed continuous fading.
This can be attributed to a structural change to an amor-
phous phase, as well as the limitation of lithium ion dif-
fusion that results from the material’s low conductivity.
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