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a b s t r a c t

Two iso-structural end members of the family of orthosilicates, i.e. Li2MSiO4 (M = Mn and Fe) and their
solid solutions, were prepared and electrochemically characterized for potential use in Li-ion batteries.
Due to the low specific conductivity (∼5 × 10−16 S cm−1 for Li2MnSiO4 and ∼6 × 10−14 S cm−1 for Li2FeSiO4

at room temperature), small particles in an intimate contact with a conducting phase (i.e. carbon) are
needed. Li2MSiO4/C composites (M = Mn and/or Fe) prepared by the Pechini synthesis generally leads to
edicated to Professor Besenhard.

eywords:
i2FeSiO4

i2MnSiO4

30–50 nm large particles embedded in a carbon matrix. The amount of carbon in the composite is close
to 10 wt.% for the Li2FeSiO4/C composite and slightly more than 5 wt.% for the Li2MnSiO4/C composite. In
situ XRD experiment confirms a structural collapse of Li2MnSiO4 and the observed structural stability is
completely different for Li2FeSiO4, which undergoes a fully reversible two-phase transition. Solid solu-
tions between Li2MnSiO4 and Li2FeSiO4 in principle lead to higher capacities (>1e− per transition metal
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. Introduction

The need for large-scale Li-ion batteries in HEV, emergency
ower and dispersed electric power concepts is a motivation for
ontinuous research and innovations in this field [1]. Large-scale
i-ion batteries should fulfil a variety of safety, environmental,
rice and energy density demands. In this context, polyanion-
ype cathode materials with a cheap and environmentally friendly
ransition metal element (i.e. Mn and Fe), seems a good choice.
ndeed, after the first report from Goodenough and coworkers
2], polyanion-type cathode materials have gained a lot of atten-
ion. While the electrochemical performance of LiFePO4 has been
idely studied [3–5], only a few reports characterize the structural

nd electrochemical performance of the iso-structural LiMnPO4
6,7]. A further step from the olivine-type cathode materials was
one by Nyten et al. [8] who synthesized, electrochemically and
tructurally characterized a Li2FeSiO4 cathode material [9,10].
hey showed a reversible lithium exchange with exploration of
he FeII/FeIII redox couple within the electrolyte stability win-
ow. Their results strongly favour the family of orthosilicates as
ew and cheap cathode materials for large-scale battery applica-

ions which can operate at higher temperatures [11]. We recently
howed that both the structure and the electrochemical perfor-
ance are highly dependant on the synthesis conditions [12]. The

xchange of Fe with Mn leads to an iso-structural material, i.e.

∗ Tel.: +386 14760362; fax: +386 14760422.
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eration the cut-off voltage should be properly chosen. Electrochemical
experiments suggest the use of cut-off voltage close to 4.2 V.

© 2008 Elsevier B.V. All rights reserved.

i2MnSiO4, with a higher working voltage and with a possibility
o obtain a cathode material where, at least in theory, a two-
lectron electrochemical reaction per transition metal (exploitation
f the MnII/MnIII and MnIII/MnIV redox couples) becomes feasible
13–15].

The structure of Li2MSiO4 (M = Fe, Mn or Co) [16] can be asso-
iated to lithiophosphate (Li3PO4), which is known to crystallize
t least in three different polymorphs (a low temperature form –
�-phase” in the Pmn21 space group; in a high temperature form
“�-phase” in the Pmnb space group; and a third polymorph – “�-
hase” which is detected to occur above T = 1170 ◦C [17]). Due to
he very small differences in the formation energies of the three
olymorphs, the as-prepared samples usually occur as mixtures of
wo or even all three polymorphs, with detectable cation disorder
hich causes considerable difficulties in the structural refinement.

Preliminary measurements have shown that a mixture of the
mn21 and Pmnb polymorphs of Li2MnSiO4 transforms into an
morphous phase during the first lithium extraction and that
he crystalline material is not obtained anymore after conse-
uent reduction process. Most likely, this process is responsible
or the low reversibility of Li2MnSiO4/C samples. A report by
ang and coworkers [18] indicates that a proper mixture of mixed
anganese–iron orthosilicates can deliver more that one electron

er transition metal in a wide potential range (between 4.8 and

.5 V vs. lithium reference). The cycling stability of mixed samples
s very similar to the one observed for pure Mn-based orthosili-
ates [14,15]. To get a further insight into the structural changes, we
ave performed DFT calculations, recently. The calculations clearly
redicted a stabilizing effect of iron if a solid solution of man-

http://www.sciencedirect.com/science/journal/03787753
mailto:Robert.Dominko@ki.si
dx.doi.org/10.1016/j.jpowsour.2008.02.089
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Fig. 1. (a) Temperature dependence of conductivity for Li2MnSiO4 during the first
heating (filled circles) and first cooling (open circles) of pellet. Filled triangles cor-
respond to the values during the second heating, (b) temperature dependence of
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grinded with 10 wt.% of added acetylene black and loosely pressed
onductivity for Li2FeSiO4 during the first heating (filled triangles) and the first
ooling (open triangles) of pellet and (c) TG–MS of Li2MnSiO4, after the sample was
xposed to the air atmosphere for a week. The m/z = 18 presents desorption of water.

anese and iron in the lithium orthosilicate structure is formed
15].

The recent synthesis, structural characterization and prelimi-

ary electrochemical characterization of Li2MnSiO4 [13–15] and
s well as of Li2FeSiO4 [12,13,15] were a motivation for further
ystematic studies of the orthosilicate family involving a more
etailed electrochemical characterisation combined with in situ

o
m
i
(
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RD characterization. It is the aim of this work to show the electro-
hemical performance and the structural stability of Li2FeSiO4 and
i2MnSiO4 and to compare the observed results with the results
btained for mixed manganese–iron lithium orthosilicates.

. Experimental

Li2MSiO4 (M = Mn and/or Fe) were synthesized with three
ifferent synthesis methods, i.e. a hydrothermal synthesis [13],
modified Pechini synthesis and a standard Pechini synthesis

19]. The starting precursors for Li2FeSiO4 prepared by hydrother-
al synthesis were lithium hydroxide (Aldrich), SiO2–cabosil M5

Riedel-de Haën) and Fe(II) chloride tetrahydrate (Aldrich) in molar
atio 4:1:1. The slurry was prepared and sealed into a Teflon-lined
tainless-steal autoclave under Ar atmosphere and left for 14 days
t 150 ◦C. After the hydrothermal treatment had been completed,
he resulting greyish-green powder was rinsed several times with
distilled water and dried under vacuum at 80 ◦C for 24 h.

Preparation of Li2FeSiO4 by the Pechini synthesis was carried out
y dispersing Cabosil M5 SiO2 particles (Riedel-de Haën), Li acetate
ihydrate (Aldrich), ethylene glycol (Riedel-de Haën) and citric acid

n water in a ratio of 1:2:1:2 for 2 h (with use of ultrasound) prior the
ddition of Fe(III) citrate (Aldrich). The mixture containing Li, Fe and
iO2 in a molar ratio of 2:1:1 was stirred for an hour and maintained
uring the night to enable formation of sol. The sol was dried at
0 ◦C for at least 24 h. After thorough grinding with a mortar and
estle, the obtained xerogel was heat treated in a gas-tight quartz
ube with a constant flow of CO/CO2 (approximately 100 ml min−1).
he initial heating rate was 10 ◦C min−1. After reaching 700 ◦C, the
amples were maintained at that temperature for 1 h and then left
o cool slowly down to room temperature.

Li2MnSiO4 was synthesised via the standard Pechini method as
ell as using a modified Pechini synthesis. For the standard Pechini

ynthesis the starting precursors were lithium acetate dihydrate
Aldrich), manganese acetate tetrahydrate (Aldrich) and SiO2 parti-
les cabosil M5 (Riedel-de Haën). Citric acid (Aldrich) and ethylene
lycol (Riedel-de Haën) were used as complexation agents for SiO2
articles in a molar ratio of 1:2:1, with respect to the quantity of
dded SiO2. The solution of Li, Mn and SiO2 in a molar ratio of
:1:1 was stirred for an hour and maintained during the night
efore drying at 60 ◦C for at least 24 h. After thorough grinding
ith a mortar and pestle, the obtained powder was heat treated

n a gas-tight quartz tube with a moderate but constant flow of
r 5.0 (purity more than 99.999 vol.%). The initial heating rate was
0 ◦C min−1. After reaching a pre-selected temperature, the samples
ere maintained at that temperature and then left to cool down to

oom temperature. The preparation of Li2MnSiO4 via the modified
echini synthesis was carried out according to the same procedure,
xcept that as a Li salt Li-nitrate (Aldrich) was used and the quan-
ity of citric acid and ethylene-glycol was reduced to one quarter
ith respect to the one described above. The heating procedure
as the same as in the case of carbon containing samples except

hat Ar + 5 wt.% of H2 was used as atmosphere during the heating
rocedure.

Mixed manganese—iron sample were prepared using the stan-
ard Pechini synthesis, whereby Fe-citrate (Aldrich) and Mn acetate
etrahydrate (Aldrich) were used as Fe and Mn sources, respectively.
he sample was heat treated in a CO/CO2 (1:1) atmosphere at 700 ◦C
or 1 h.

The obtained samples were directly transferred into a glovebox,
nto a circular Al foil with a diameter of 16 mm (2 cm2). The active
aterial mass was always between 5 and 6 mg. The electrochem-

cal characteristics were measured in vacuum-sealed triplex foil
coffee bag foil) cells. The electrolyte used was a 0.8 M solution
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ig. 2. SEM micrographs of samples obtained by the Pechini method (a) Li2FeSiO4/
d) Li2MnSiO4/C composite.

f LiBOB (lithium bis(oxalato) borate, Chemetall) in EC:DEC (1:1
atio by volume) purchased from Aldrich. Solvents and the salt were
sed as received. The working and the counter electrode consist-

ng of metallic lithium were separated with a glass wool separator.
he electrochemical measurements were performed using a VMP3
otentiostat/galvanostat at a constant temperature of 60 ◦C with a
urrent density corresponding to C/20, if not stated otherwise.

Surfaces of samples were observed and analyzed with a field
mission scanning electron microscope (FE-SEM, Supra 35 VP, Carl

eiss, Germany) using in-lens detector at an accelerating voltage
f 1 kV and a working distance of 3–4 mm. In situ X-ray powder
iffraction patterns were collected in a home made cell on a Simens
-5000 diffractometer in reflection (Bragg–Brentano) mode using

ig. 3. TG curves for Li2MnSiO4/C (solid line) and Li2FeSiO4/C (dashed line) com-
osites in air.
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posite, (b) Li2Mn0.25Fe0.75SiO4/C composite, (c) Li2Mn0.5Fe0.5SiO4/C composite and

u K� radiation with Autolab cycling/data recording system. Data
ere collected in the range 22◦ and 40◦ in steps of 0.04◦. The

ycling rate for Li2FeSiO4 was C/50 in the potential window from
.0 to 4.1 V versus metallic lithium reference. Each XRD scan corre-
ponded to a compositional change of �x = 0.05. The cycling rate for
i2Fe0.75Mn0.25SiO4 was C/50 in the potential window from 2.0 to
.2 V and 4.5 V versus metallic lithium reference. Each XRD scan cor-
esponded to a compositional change of �x = 0.05. The cycling rate
or Li2MnSiO4 was C/50 in the potential window from 2.0 to 4.8 V
ersus metallic lithium reference. Each XRD scan corresponded to
compositional change of �x = 0.2.

The carbon content was calculated from thermogravimetric data
btained using a Mettler Toledo TGA/SDTA 851e thermoanalyzer.
he TG curves were recorded in an oxygen flow of 100 ml min−1.
he baseline was subtracted in all cases.

For specific conductivity measurements, samples without
arbon (Li2MnSiO4 obtained by the modified Pechini synthesis and
i2FeSiO4 obtained by the hydrothermal synthesis) were pressed
nto pellets. The contacts were made by painting both basal planes
y a Pt paste. The temperature-dependent impedance spectra
ere recorded by putting the sample into a gas-tight quartz tube

quipped with appropriately shielded Pt wires and thermocouples.
rior to and during the heating, an inert atmosphere was main-
ained within the tube using Ar 5.0 (purity more than 99.999 vol.%).
he impedance spectra were recorded in a frequency range of
MHz to 10 mHz with a Solartron 1260 instrument.

. Results and discussion
Considering the proposed structure [9,13,15] where M (M = Fe
r Mn) is tetragonally co-ordinated with oxygen atoms, and MO4
etrahedrons are isolated with SiO4 and LiO4 tetrahedrons, it
s not surprising that the measurements of inherent materials
onductivity give values indicating a semiconducting-to-insulating
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sities (C/20, C/10) or close to 100 mAh g at moderate current
densities (C/2) with an excellent cycling stability (Fig. 4b). The
capacity was calculated on the basis of as prepared sample, nei-
ther the amount of in situ formed carbon nor the impurities were
deduced for this calculation.
ig. 4. (a) Discharge–charge curves for first three cycles for Li2FeSiO4/C composite at
/20 cycling rate and (b) cycling performance of Li2FeSiO4/C composite at different
urrent densities (marked as C-rates).

ehaviour of Li2MSiO4 (M = Fe or Mn)-based cathode materials. For
he specific conductivity measurements, carbon-free Li2MnSiO4
ample (prepared by a modified Pechini synthesis method) and
i2FeSiO4 sample, synthesised by a hydrothermal method [13] were
sed. The specific conductivities calculated from the impedance
easurements of Li2MnSiO4 pellets as a function of temperature

re shown in Fig. 1a while the corresponding values for Li2FeSiO4
ellet are shown in Fig. 1b (the points are connected with a line
or easier eye guidance). The relatively high values of conductivi-
ies measured at low temperatures are due to the adsorbed water
n the particles surface. The presence of adsorbed water on the
urface of the particles was confirmed by TGA–MS (Fig. 1c). The
easurement was performed in an argon flow. The detected change

f mass for about 0.02 wt.% is accompanied with evolution of water,
s determined by mass spectroscopy. According to this result, the
ain reason for the observed hysteresis between the first heating

nd cooling is most likely the presence of adsorbed water. Namely,
easurements during the second heating are following the first

ooling points (Fig. 1a). The specific conductivity for Li2MnSiO4 and
i2FeSiO4 samples at 60 ◦C and at room temperature has been deter-

ined by extrapolation of the cooling curve to these temperatures.

he obtained values at 60 ◦C are 3 × 10−14 S cm−1 for Li2MnSiO4 and
pproximately 2 × 10−12 S cm−1 for Li2FeSiO4. The specific conduc-
ivity at room temperature is by ca. two orders of magnitude lower:

F
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× 10−16 S cm−1 for Li2MnSiO4 and 6 × 10−14 S cm−1 for Li2FeSiO4.
he calculated activation energy for both samples is close to 1 eV
15].

These almost insulating properties of Li2MnSiO4 and Li2FeSiO4
uggest that, in order to be used in Li-ion batteries, these
aterials should be prepared in a form of nanoparticulate or

anotextured material that is in intimate contact with an electron-
onducting phase (e.g. with a carbon material), as well as with an
on-conducting phase (electrolyte). Li2MSiO4 (M = Fe and/or Mn)
amples were prepared using the Pechini method that generally
eads to particles embedded in a carbon matrix with a particle
ize from 30 to 50 nm. Typical SEM micrographs of Li2FeSiO4/C,
i2Fe0.75Mn0.25SiO4/C, Li2Fe0.5Mn0.5SiO4/C and Li2MnSiO4/C are
hown in Fig. 2a–d. The particles are well separated which allows a
ood ionic contact. The carbon content in Li2MSiO4/C composites is
lightly more than 5 wt.% for the Li2MnSiO4/C composite and close
o 10 wt.% for the Li2FeSiO4/C composite (with the assumption that
he second mass decrease in TG is due to carbon burn-off) (Fig. 3)
20].

The Li2FeSiO4/C sample shown in Fig. 2a exhibits a typical volt-
ge plateau profile decrease (Fig. 4a) during the first three cycles
8,9] and can deliver more than 120 mAh g−1 at low-current den-

−1
ig. 5. Cycle performance of Li2MnSiO4 materials: (a) differences in the first cycle
erformance at C/100 and C/20 rates for Li2MnSiO4/C composite at cut-off voltage
.2 and 4.5 V and (b) cycling performance of Li2MnSiO4/C composite.
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ig. 6. (a) in situ X-ray diffraction patterns for Li2FeSiO4/C done at C/50 rate with �
x = 0.2. Bragg reflections marked with asterisk denotes in situ cell reflections.

Preliminary electrochemical tests of the Li2MnSiO4/C composite
repared by the Pechini method were published elsewhere [13–15].
dditional measurements were performed to evaluate the impact
f cut-off voltage and the impact of current density used for the
lectrochemical characterisation. The impact of higher current den-
ity (C/20 instead of C/100) is reflected as about 20 mV higher
olarisation, resulting in a lower amount of charge passed dur-
ng the oxidation process (lithium extraction) (Fig. 5a). However,
he difference during the reduction process (lithium insertion) is
ot as significant as it is during the oxidation process. The amount
f charge passed corresponds to approximately 0.7 mol of lithium
er a Li2MnSiO4 unit. Although we presume that the irreversible

w
“
o
t
m

5 and (b) in situ X-ray diffraction patterns for Li2MnSiO4/C done at C/50 rate with

oss is, at least partly, increased due to surface reactions, the ques-
ion is what happens to the active material itself when we cycle
t to higher potentials, e.g. to 4.5 V versus lithium reference. The
xidation part of the first cycle shows a much higher amount of con-
umed charge (calculated as an amount of lithium) if compared to
he experiment where the cell was stopped at 4.2 V (Fig. 5a). Again,
he reversibility of electrochemical reaction is low. At this moment

e cannot give a clear conclusion, if this prolonged first oxidation

plateau” is due to a change in oxidation state from MnII to MnIV

r due to irreversible reactions occurring at higher potentials. In
he consequent cycles (Fig. 5b) the oxidation process of Li2MnSiO4

aterial does not go through a plateau-containing profile (like in
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he first oxidation process) which is a clear indication that the sam-
le has undergone some structural rearrangement during the first
xidation process. Formation of an amorphous phase (thermody-
amic instability) during the first oxidation of Li2MnSiO4/C has
een recently observed by preparing several samples in electro-
hemical cells with known composition and taking ex situ X-ray
iffraction patterns on these samples [14,15]. This experimental
bservation is in agreement with DFT calculations [15], where it
as suggested that both lithium atoms were extracted from the

rystal cell unit (with a change of oxidation state of manganese from
nII to MnIV) simultaneously, before the extraction of lithium from

eighbour crystal cell unit started to proceed. The proposed lithium
xtraction mechanism from Li2MnSiO4 – amorphous shell forma-
ion – was again checked by taking in situ X-ray diffraction patterns
t Li2MnSiO4/C composite with a current density corresponding
o C/50 in a home-made in situ XRD electrochemical cell. Fig. 6a
hows the electrochemical curve and selected patterns that were
ollected during oxidation/reduction process (each XRD pattern
orresponds to a compositional change of �x = 0.2). The experi-
ent shows that extraction of lithium leads to a lower intensity of

ragg reflections which almost disappear at a nominal composi-
ion of x ≈ 1 in the Li2−xMnSiO4 structure and this correlates with
he proposed lithium extraction mechanism from Li2MnSiO4. Quite
ontrary to Li2MnSiO4, however, the structure of Li2FeSiO4 remains
table upon cycling (Fig. 6b), which is consistent with observa-
ions by Nyten et al. [9] and with predictions of DFT calculations
15]. The lithium extraction/insertion proceeds through a phase
ransition.

Although Li2MnSiO4 shows a structural instability during the
rst oxidation process, the mere indication that an electrochemical
eaction with more than one electron per transition metal is possi-
le, deserves further exploration and optimisation of this material.
better thermodynamic stability can be obtained by stabilisation

f the structure by mixing with, for example, Fe. Namely, in such
scenario a combination of two materials, i.e. the electrochem-

cally stable Li2FeSiO4 and Li2MnSiO4 that enables exchange of
xidation state from MnII to MnIV, could lead to an electrochem-
cally stable material with a capacity higher than 200 mAh g−1.
ndeed, preliminary experiments in our laboratory have shown
hat mixing iron with manganese leads to a more stable electro-
hemical behaviour (Fig. 7a), if compared to the pure Li2MnSiO4
ample. Furthermore, cycling of mixed orthosilicate with a compo-
ition Li2Mn0.25Fe0.75SiO4 to a higher cut-off voltage (4.5 instead
f 4.2 V) leads to a higher reversible amount of lithium than in
he case of pure Li2MnSiO4 (also see Fig. 5). The reversibility of
he system in the first three cycles is higher than would corre-
pond to 1e− per transition metal (x = 1.17 in the first cycle and
= 1.06 in the third cycle). It can be concluded that the present
esults confirm the main message given by Yang’s group [20], that
s, the ability of orthosilicate to deliver more than one electron
er transition metal; however, in their case the stability feature
as not proved. It seems, however, that in order to achieve a sta-
le long-term operation, the proper solid solution between Mn
nd Fe in Li2MSiO4 (M = Mn and Fe) should be prepared with
arefully selected cut-off voltage (Fig. 7b and c). Structural degra-
ation at higher cut-off voltage was checked by taking in situ X-ray
iffraction patterns at Li2Mn0.25Fe0.75SiO4/C composite with a cur-
ent density corresponding to C/50 in a home-made in situ XRD
lectrochemical cell (each scan corresponds to a compositional
hange of 0.05 mol of lithium). Fig. 8a shows evolution of XRD

atterns during the oxidation up to 4.2 V versus metallic lithium
nd its consequent reduction. The observed phase transition is not
s pronounced as in the case of pure Li2FeSiO4/C and the struc-
ure stability has been proved (Fig. 8b). Further electrochemical
ests showed that setting the cut-off voltage to 4.5 V introduced

r
p
e
p
i

i2Mn0.25Fe0.75SiO4/C mixed orthosilicate sample for cut-off voltage 4.2 V
empty squares) and 4.5 V (filled squares) measured at 60 ◦C with current density
orresponding to C/20; discharge–charge curves at different cut-off voltages for (b)
i2Mn0.25Fe0.75SiO4/C and (c) Li2Mn0.5Fe0.5SiO4/C.

capacity fading that is most probably connected with structural
egradation. Fig. 8c shows the electrochemical curve and the cor-

esponding collected patterns during the first oxidation/reduction
rocess for Li2Fe0.75Mn0.25SiO4/C up to 4.5 V versus lithium refer-
nce. Comparison of X-ray diffraction patterns before the oxidation
rocess and at the end of the reduction process shows a lower

ntensity of Bragg reflections at the end of reduction (Fig. 8d). This
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ig. 8. (a) and (b) In situ X-ray diffraction patterns for Li2Mn0.25Fe0.75SiO4/C done
atterns; (c) and (d) in situ X-ray diffraction patterns for Li2Mn0.25Fe0.75SiO4/C don
atterns.

esult confirms the prediction from electrochemical tests that for
i2MSiO4/C solid solutions a higher cut-off voltage is not favourable
or long-term operation.

. Conclusions

Two iso-structural end members of the family of orthosilicates,
.e. Li2MSiO4 (M = Mn and Fe) and their solid-solutions have been
uccessfully synthesized and electrochemically characterized.
espite the low specific conductivity, small particles of Li2FeSiO4
roperly wired with electrons and ions can deliver a capacity
lose to 100 mAh g−1 at moderate current densities at 60 ◦C.
he electrochemical oxidation/reduction process of Li2FeSiO4 is
ccompanied with two-phase transition, while Li2MnSiO4 shows a
tructural instability during the first oxidation process. Combining
he structural stability of Li2FeSiO4 and the possibility of two elec-
ron reaction with Mn, the proper solid solution of Li2(Fe/Mn)SiO4
ith selected cut-off voltage can deliver a reversible capacity of
ore than 200 mAh g−1, exploring at least partially the change of

xidation state Mn(II) to Mn(IV), however, at present still with a
ather poor cycling stability.
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