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Magnesium-substituted  lithium  manganese  orthosilicate  (Li2MnSiO4) cathode  materials  with  a  nomi-
nal  composition  of Li2MgxMn1−xSiO4, for x = 0.4  and  0.5  are synthesized  by  a  solid-state  route,  at  700 ◦C
in  argon.  The  samples  are  characterized  using  powder  X-ray  and  neutron  diffraction,  scanning  electron
microscopy,  and  galvanostatic  cell-cycling.  Rietveld  analyses  of  the  powder  X-ray  and  neutron  diffraction
data  show  the  formation  of  a monoclinic  P21/n structure  related  to  gamma  lithium phosphate  with  no
significant  impurity  peaks.  This  structure  of  the  Mg-substituted  samples  is  in  contrast  to the  unsubsti-
tuted  Li2MnSiO4 compound  that  has  a Pmn21 structure  when  synthesized  under  the  same  conditions.
Unit-cell  volumes  of  the Mg-substituted  materials  are  intermediate  between  those  of  the  P21/n  structure
of Li2MnSiO4 and  the  isostructural  low-temperature  form  of  Li2MgSiO4, indicating  the  formation  of  a  solid
eutron diffraction
-ray diffraction
ithium manganese silicate

solution.  The  Mg-substituted  materials  feature  mixed  Mg/Mn  cation  sites,  although  no evidence  of Li/Mn,
Li/Mg  or Li/Mg/Mn  mixed  sites  are  found.  The  Li2MgxMn1−xSiO4 cathodes  show  improved  electrochemi-
cal  performance  over  that reported  for the  unsubstituted  Li2MnSiO4 P21/n  phase.  The  Li2MgxMn1−xSiO4

cathode  performance  remains  limited  by  its poor  electronic  properties  and  the  large  particle  size of  the
solid-state  synthesized  products.  Optimization  of  the synthesis  conditions  is likely to  lead  to  enhanced
electrochemical  performance.
. Introduction

Lithium-ion batteries are currently used in many applications
anging from power supplies for small portable devices to large-
cale batteries for electric vehicles and stationary storage for the
lectricity grid. No single battery chemistry, however, has yet been
dentified that meets all the requirements for large-scale applica-
ions [1].  The capacity and charge/discharge cycling-performance
f a battery are generally limited by the performance of the cathode
aterial which also contributes approximately 40% to the price of

 high-energy lithium-ion cell [2].  The development of new, low-
ost, high-performance cathodes is, therefore, essential to enable
ithium-ion battery technology to achieve its full market potential.

The lithium transition-metal orthosilicates, Li2MSiO4 (M = Fe,
n,  and Co), have been proposed as a new class of high-capacity

ithium-ion battery cathode [3–6]. Li2MnSiO4 and Li2CoSiO4 may
rovide a high electrochemical-capacity if the transition-metal

ation can be fully oxidized from M2+ to M4+, resulting in capacities
f 333 mAh  g−1 for M = Mn  and 325.5 mAh  g−1 for M = Co. Li2MnSiO4
s, however, preferred to Li2CoSiO4 as Mn  is non-toxic, naturally

∗ Corresponding author. Tel.: +61 7 47816223; fax: +61 7 47816788.
E-mail address: rosalind.gummow@jcu.edu.au (R.J. Gummow).
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© 2011 Elsevier B.V. All rights reserved.

abundant, and low cost. The stable covalent bonds in the SiO4 struc-
tural units also promise good stability and safety for these materials
when used in commercial cells. The development of Li2MnSiO4 as
a cathode material for practical applications has been limited by its
low electronic-conductivity, the difficulty in producing phase-pure
samples, and its structural instability upon delithiation [7–10].

Li2MnSiO4 crystallizes in three different structural forms at
atmospheric pressure which are related to the � and � poly-
morphs of Li3PO4 [11]. Density functional theory (DFT) calculations
have indicated that the monoclinic P21/n structure, related to �-
Li3PO4, is the lowest stability form of Li2MnSiO4 and it can be
prepared by high-temperature synthesis (900–1150 ◦C) [12,13].
The orthorhombic polymorphs, related to �-Li3PO4, with space
groups Pmnb and Pmn21, differ only slightly in their energetic sta-
bility according to DFT calculations, and this is confirmed by the
experimental observation of phase mixtures in samples. Careful
control of the calcination temperature enables the impurity phases
to be minimized and an essentially pure Pmn21 phase material can
be formed by sol–gel synthesis at 700 ◦C in He/H2 [7].

The monoclinic P21/n polymorph has a three-dimensional

(3D) network of sites available for lithium-ion diffusion. The
3D P21/n polymorph may offer a higher lithium-ion diffusion
rate than the other two  �-Li3PO4-related polymorphs, which
feature a two-dimensional (2D) network [11]. The stabilization

dx.doi.org/10.1016/j.jpowsour.2011.09.013
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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nd lower-temperature formation of the P21/n structure offers
he possibility for improved electrode kinetics and enhanced
erformance compared to the other Li2MnSiO4 polymorphs.

The electrochemically inactive Li2MgSiO4 crystallizes in the
21/n space group when synthesized at low temperature and is
sostructural with the P21/n polymorph of Li2MnSiO4 [14]. The for-

ation of a solid solution of the form Li2MgxMn1−xSiO4 for 0 < x < 1
s likely as the ionic radii of the Mg2+ and Mn2+ cations in tetrahedral
o-ordination are similar [15], being 0.57 and 0.66 Å, respectively.
lthough the addition of Mg  will reduce the capacity relative to the
n-doped sample as Mg  cannot be oxidized beyond the 2+ oxidation
tate, it may  serve to stabilize the P21/n structure and to improve
he performance of the material as a cathode. In this study we
eport the synthesis of compounds with the nominal compositions
i2Mg0.5Mn0.5SiO4 and Li2Mg0.4Mn0.6SiO4 and their structural and
lectrochemical properties.

. Experimental

Samples of Li2MgxMn1−xSiO4 with x = 0.4 and 0.5 were syn-
hesized by a solid-state route. Stoichiometric quantities of
iOH (Sigma–Aldrich, >98%), MnCO3 (Sigma–Aldrich, >99.9%), SiO2
fumed, Sigma–Aldrich, 0.007 �m),  and Mg(OH)2 (nanopowder,
igma–Aldrich, 99.9%) were milled with dry hexane in a vibratory
all-mill for 1 h. The mixed powders were heated in vacuum to
00 ◦C in a tube furnace to decompose the precursors. The sample
as then re-ground using a mortar and pestle and then annealed

n argon (Ultra-high purity argon, BOC gas) at 700 ◦C for a further
4–48 h. Sample powders were stored in an argon glovebox.

The synthesized powders were characterized by X-ray powder
iffraction (XRPD) using a Panalytical X’pert Pro X-ray diffrac-
ometer with Cu K� radiation. Neutron powder diffraction (NPD)
ata were collected using the high-resolution powder diffractome-
er, Echidna [16], at the Open Pool Australian Light-water (OPAL)
eactor facility at the Australian Nuclear Science and Technology
rganization (ANSTO). Data were collected at � = 1.62285(2) Å for

 h in the 2� range 14◦ ≤ 2� ≤ 154◦, with the wavelength deter-
ined using the NIST Al2O3 SRM 676. Samples were sealed in 6 mm

iameter vanadium cans in an argon glovebox, before being trans-
erred to the instrument where data were collected at ambient
onditions. Rietveld refinements were carried out using the GSAS
17] software suite with the EXPGUI [18] interface.

Particle sizes were determined by analysis of scanning-electron
icroscope images obtained with a JEOL JSM-5410LV instrument.

he elemental composition of the samples (lithium, manganese,
nd magnesium) was determined by Inductively Coupled Plasma-
tomic Emission Spectrometry (ICP-AES) using a Varian Liberty
eries II instrument. Samples were digested in hydrofluoric acid
rior to analysis. Si is lost in the digestion process and there-
ore could not be analyzed. Digestion of Mg-containing samples
esulted in the formation of a small amount of an unidentified
lack, insoluble residue, which limited the accuracy of the ele-
ental determinations. No such residue was found with samples

ontaining no Mg.
Energy-Dispersive Spectroscopy (EDS) was performed on

arbon-coated powder samples using an Electron-Probe Micro-
nalyser (EPMA) to provide another determination of the Mg:Mn:Si
atios in the product phases. Elements with low atomic mass can-
ot accurately be analyzed on this instrument. It was therefore not
ossible to determine lithium or oxygen contents accurately.

To prepare electrodes for electrochemical characterization the

ample powder was ball-milled with 20 wt.% Super C-65 carbon
Timcal) in a high-speed rotary mill at 560 rpm for 20 h under
rgon. The resulting carbon-coated particles were then mixed
ith polyvinylidene difluoride (PVDF, Sigma–Aldrich) dissolved in
r Sources 197 (2012) 231– 237

N-methyl pyrrolidenone (NMP, anhydrous, 99.5%, Sigma–Aldrich)
in a ratio of 74:13:13. Cathodes were formed by coating the
resulting slurry onto aluminum foil current-collectors, followed by
drying in vacuum for 10 h at 120 ◦C and pressing with a hydraulic
press at 15 MPa. Typical cathode masses were 1–2 mg  with a sur-
face area of 1.2 cm2. Swagelok-type electrochemical test-cells were
assembled in an argon glovebox. The electrolyte used was a solution
of lithium hexafluorophosphate (battery grade, >99.9%, Aldrich)
in a 1:1 mixture by volume of ethylene carbonate and dimethyl
carbonate (99%, Sigma–Aldrich). The anode consisted of a 12 mm
diameter disc of 0.7 mm thick lithium foil. The anode and cathode
were separated by two discs of micro porous polypropylene
separator film (Celgard) saturated with the electrolyte solution.
Assembled cells were cycled galvanostatically using a battery
analyzer (MTI Corporation). Current rates of 5 and 10 mA  g−1 were
used to assess the effect of current rate on electrode performance.

3. Results and discussion

3.1. Structural evaluation

In order to determine accurate structural parameters for the
Mg-substituted phases examined in this work, highly crystalline
samples were synthesized by solid-state synthesis without any car-
bonaceous additives. The Mg-substituted samples with nominal
composition Li2Mg0.5Mn0.5SiO4 and Li2Mg0.4Mn0.6SiO4 prepared at
700 ◦C are white in colour.

Rietveld refinements of the structural models of the
Li2MgxMn1−xSiO4 samples with x = 0.40 and 0.50 were under-
taken with XRPD and NPD data. The starting structural model
used was  that of Politaev et al. [13] for Li2MnSiO4, in monoclinic
P21/n space group with no Li/Mn site mixing. Partial substitution
of Mg  for Mn  at the Mn  site was applied in the model. A number
of other structural permutations were modeled, including Mn  at
Li sites, Mg  at Li sites, and Li at the Mn/Mg  site. For both samples,
the model that best fit the XRPD data was  for Mg at the Mn
site. NPD data provides greater sensitivity to Li relative to XRPD
data and NPD data were collected to verify the structural model
obtained using the XRPD data. The Rietveld-refined structural
model derived from the XRPD data, with no Li/Mn/Mg cation
mixing at Li or Mn/Mg  sites, was  used as the starting structural-
model for refinement against the NPD data. Li has a relatively large
neutron absorption cross-section (63.579 barn at � = 1.6215(1) Å
[19]) and the Lobanov and Alte da Veiga absorption correction
[17,20] was applied to the Rietveld model. Site-occupancy factors
(SOFs) and atomic-displacement parameters (ADPs) were not
refined simultaneously. The same methodology that was applied
to the structural evaluation using the XRPD data was  subsequently
applied to the NPD data, using model constraints imposed by the
elemental scattering contrast offered by neutron diffraction based
on naturally-abundant isotopes. Rietveld refinement of the SOFs of
the lithium sites, Li(1) and Li(2), lead to SOFs ≥ 1 on both sites with
a deterioration in the statistics of the fits of where Rp increases
by 0.08%, wRp increases by 0.1%, R2

F increases by 1.61%, and �2

increased by 0.26 against NPD data. Placing Mg  or Mn  on the Li(3)
and/or Li(2) site while allowing the SOFs to refine results also
in deterioration in the statistics of the fit and an overall lithium
content of less than 2. Placing the corresponding amount of lithium
on the Mg/Mn  site or introducing vacancies results in similar or
worse fits. Therefore, the model with only lithium on the lithium
sites and a mixed Mg/Mn  site gave the best fit and was  considered

more likely to be correct.

Final Rietveld refinements of the structural models were
performed with the combination of both XRPD and NPD datasets,
referred to as a combined refinement [21,22]. Lattice parameters
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Table 1
Crystallographic parameters of the Li2Mg0.5Mn0.5SiO4 and Li2Mg0.4Mn0.6SiO4 structural models determined from XRD and NPD data.

Atom x y z Uiso × 100/Å2 Site occupancy/% BVS

Li2Mg0.5Mn0.5SiO4

Mn(1) 0.5022(4)b 0.1661(2)b 0.3040(4)b 3.0(1)b 54.2(4)a 2.00
Mg(1)  0.5022(4)b 0.1661(2)b 0.3040(4)b 3.0(1)b 45.8(4)a 1.70
Si 0.2530(5) 0.4131(23) 0.3089(5) 1.37(8) 100 4.00
Li(1) 0.002(2) 0.159(1) 0.302(2) 1.2(2) 100 1.02
Li(2) 0.236(2) 0.073(1) 0.710(2) 3.0(3) 100 0.87
O(1)  0.2552(6) 0.4106(3) 0.6372(5) 1.40(9) 100 1.97
O(2)  0.2520(6) 0.5542(3) 0.2076(6) 1.49(9) 100 1.92
O(3)  0.0408(5) 0.3398(4) 0.2083(7) 1.8(1) 100 1.74
O(4) 0.4584(5) 0.3416(3) 0.2044(6) 1.19(9) 100 1.97
Li2Mg0.4Mn0.6SiO4

Mn(1) 0.5043(4)b 0.1659(2)b 0.3037(4)b 2.5(1)b 62.4(5)a 1.97
Mg(1)  0.5043(4)b 0.1659(2)b 0.3037(4)b 2.5(1)b 37.6(5)a 1.68
Si  0.2520(5) 0.4135(3) 0.3096(6) 1.42(9) 100 4.00
Li(1) 0.006(2) 0.160(1) 0.300(2) 0.7(3) 100 1.01
Li(2)  0.239(2) 0.074(1) 0.710(2) 2.1(3) 100 0.86
O(1)  0.2556(7) 0.4113(3) 0.6349(6) 1.4(1) 100 2.01
O(2)  0.2521(7) 0.5537(3) 0.2078(7) 1.5(1) 100 1.90
O(3)  0.0402(6) 0.3391(4) 0.2091(7) 1.6(1) 100 1.74
O(4) 0.4581(6) 0.3414(4) 0.2034(7) 1.3(1) 100 1.93

Refined composition Li2Mg0.458(4)Mn0.542(4)SiO4 in space group P21/n. For NPD: Rp = 3.52%, wRp = 4.43%, R2
F

= 5.87%; XRD: Rp = 1.33%, wRp = 1.74%, R2
F

= 7.38%, and combined
Rp = 1.46%, wRp = 2.02%, and �2 = 1.29, for 57 variables.
Refined composition Li2Mg0.376(5)Mn0.624(5)SiO4 in space group P21/n. For NPD: Rp = 3.52%, wRp = 4.44%, R2

F
= 6.43%; XRD: Rp = 1.27%, wRp = 1.65%, R2

F
= 5.66%, and combined

Rp = 1.38%, wRp = 1.89%, �2 = 1.23, for 58 variables.
a Constrained to total 100%.
b Constrained to be equal.
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ig. 1. The fit of the Rietveld-refined Li2Mg0.5Mn0.5SiO4 structural model to (a) XRD
hrough the data, the difference between the data and the model as a line below th
p = 1.33%, wRp = 1.74%, �2 = 1.36, and R2

F
= 5.87%, and (b) Rp = 3.52%, wRp = 4.43%, �2

nd atomic parameters of the elements with larger X-ray scattering
actors (e.g. Mg,  Mn,  and Si) were taken from the model derived
rom the XRPD data, and atomic parameters of the elements
eaturing better relative contrast between neutron-scattering
engths (e.g. Li and O) were taken from the model derived from
he NPD data. The starting structural model of the combined
efinement was refined against both datasets and therefore the

eported structural model represents the least squares mini-
ization of the residuals of the fits against both the NPD and

he XRPD datasets. The crystallographic details of the models
or Li2Mg0.5Mn0.5SiO4 and Li2Mg0.4Mn0.6 SiO4 are presented in

able 2
omparison of the chemical compositions of the Li2MgxMn1−xSiO4 samples obtained from

x ICP Li:Mg ICP Li:Mn 

0.4 2:0.45 2:0.55 

0.5  2:0.52 2:0.55 
b) NPD data. Data are shown as crosses (×), the calculated Rietveld model as a line
, and the Bragg-reflection markers as vertical lines. The statistics of the fits are (a)
, and R2

F
= 7.38%. The combined parameters are given in the text.

Table 1, including calculated bond valence sums, BVS [23] and the
figures of merit for the refinement, which are the profile factor (Rp),
the weighted-profile factor (wRp), the goodness-of-fit term (�2),
and the Bragg R-factor (R2

F ). The XRPD and the NPD data together
with the Rietveld-refined models are shown in Figs. 1 and 2, and
their corresponding crystal structures are represented in Fig. 3.
For Li2Mg0.5Mn0.5SiO4 the combined fit parameters are Rp = 1.46%,

2
wRp = 2.02%, and � = 1.29, for 57 variables. For Li2Mg0.4Mn0.6SiO4
these parameters are Rp = 1.38%, wRp = 1.89%, and �2 = 1.23, for
58 variables. The refined compositions are Li2Mg0.46Mn0.54SiO4
and Li2Mg0.38Mn0.62SiO4, which are in good agreement with the

 ICP, EDS, and Rietveld refinement using NPD and XRD data.

EDS Mg:Mn:Si NPD and XRD Li:Mg:Mn

0.37:0.57:1 2:0.376(5):0.624(5)
0.49:0.55:1 2: 0.458(4):0.542(4)
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Fig. 2. The fit of the Rietveld-refined Li2Mg0.4Mn0.6SiO4 structural model to (a) XRD and (b) NPD data. Data are shown as crosses (×), the calculated Rietveld model as a
line  through the data, the difference between the data and model as a line below the data, and the Bragg-reflection markers as vertical lines. The statistics of the fits are (a)
Rp = 1.27%, wRp = 1.65%, �2 = 1.33, and R2

F
= 6.43%, and (b) Rp = 3.52%, wRp = 4.44%, �2 = 1.06, and R2

F
= 5.66%. The combined parameters are given in the text.

Table  3
The refined lattice parameters and unit-cell volumes of the Li2MgxMn1−xSiO4 samples compared with the end members Li2MnSiO4 (x = 0) and Li2MgSiO4 (x = 1).

x a/Å b/Å c/Å  ̌ Unit-cell volume/Å3

0 [13] 6.3344(4) 10.9108(7) 5.0703(4) 90.990 350.8
0.4  6.3214(2) 10.8283(3) 5.0448(1) 90.750(2) 345.29(2)
0.5  6.3191(1) 10.8133(2)
1  [14] 6.300(0) 10.692(2) 

Fig. 3. The crystal structure of the sample of nominal composition
L
M
s
l
i
t

sharp contrast to the unsubstituted Li2MnSiO4 compound which
crystallizes in the Pmn21 space group when synthesized under
similar conditions [9].  The two previous reports of the synthe-
sis of the P21/n form of Li2MnSiO4 both note that temperatures
i2Mg0.5Mn0.5SiO4 with SiO4 shown in blue, Li as green, Mn as purple, and

g  as orange. The shading on the spheres indicates the SOFs. Crystal axes are

hown inset at the bottom left and indicate orientation. The inset at the top
eft shows the SOFs of the mixed Mg/Mn  site in Li2Mg0.4Mn0.6SiO4 (x = 0.4). (For
nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of the article.)
5.0394(1) 90.7194(2) 344.32(2)
4.995(5) 90.47(1) 336.5

synthetic input compositions and the elemental analysis results
from EDS and ICP-AES (Table 2). The refined lattice-parameters and
unit-cell volumes for the Li2MgxMn1−xSiO4 samples, and the liter-
ature values for the P21/n phases Li2MnSiO4 (x = 0) and Li2MgSiO4
(x = 1), are given in Table 3. Mg2+ has a smaller ionic radius than
Mn2+ and therefore a reduction in the unit-cell volume is consis-
tent with increasing Mg  content. The data in Table 3 and Fig. 4
show that there is a linear relationship between the unit-cell vol-
umes of the Li2MgxMn1−xSiO4 phases and their Mg  content. This is
consistent with Vegard’s law, confirming the formation of a solid
solution.

The major finding of this work is that substitution of Mn by Mg  to
form compounds of nominal composition Li2MgxMn1−xSiO4 with
x = 0.40 and 0.50 leads to stabilization of the P21/n phase, even
at the relatively low synthesis temperature of 700 ◦C. This is in
Fig. 4. Unit-cell volume of Li2MgxMn1−xSiO4 as a function of the magnesium con-
tent.
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The theoretical charge capacities for Li2MgxMn1−xSiO4 elec-
trodes with x = 0, 0.4, and 0.5 when charged to a manganese
oxidation state of 3+ and 4+, respectively, are given in Table 4.

Table 4
Theoretical charge capacities of Li2MgxMn1−xSiO4 samples.

x Capacity when
charged to

Capacity when
charged to
ig. 5. Scanning-electron microscope images of as synthesized (a) Li2Mg0.5M
i2Mg0.4Mn0.6SiO4.

bove 900 ◦C were required to crystallize this phase. Politaev et al.
13] synthesized a single-phase P21/n polymorph of Li2MnSiO4 by
alcination at 1150 ◦C in a hydrogen atmosphere. Subsequently,
ali et al. [12] prepared the P21/n form with a minor Mn2SiO4

ontent, by heat-treatment of a sample with space group Pmn21,
repared by conventional hydrothermal synthesis, at 900 ◦C for

 h in an argon atmosphere followed by rapid quenching to room
emperature.

Rietveld analysis results from this study show no evidence for
ignificant Li-ion vacancies, Li at the Mn/Mg-site, and Mn  or Mg
t any of the Li-sites. Therefore, unlike the structural model of
i2MnSiO4 proposed by Politaev et al. [13] which contains mixed
i/Mn sites, we observe no Li/M site mixing where M = Mg  or Mn.
he only cation mixing present is Mg/Mn  at the Mg/Mn  site. It is
ostulated that the presence of the Mg  cation inhibits Li/Mn or
i/Mg site mixing. The presence of Mg/Mn  cations at Li sites is unde-
irable as these large cations impede the diffusion of the Li ions
hrough the lattice and cause deterioration in the electrochemical
roperties of the cathode.

.2. Morphology

Scanning-electron microscopy (SEM) was used to determine the
orphology of the samples. The SEM images of Li2Mg0.5Mn0.5SiO4

nd Li2Mg0.4Mn0.6SiO4 after synthesis show large particles that
onsist of agglomerated smaller particles that have fused together
uring calcination (Fig. 5a and b, respectively). In the case of

aterials like Li2MnSiO4 and its derivatives, which have a low

lectronic and ionic conductivity, the products of solid-state
ynthesis do not have favorable morphology for electrochemical
esting even when synthesized at the relatively low temperature
O4 and (b) Li2Mg0.4Mn0.6SiO4 and ball-milled (c) Li2Mg0.5Mn0.5SiO4 and (d)

of 700 ◦C. The performance of such materials can be enhanced by
forming an intimate mixture with carbonaceous additives. One
approach to include carbon is through high energy ball-milling,
which acts to reduce the particle size and to provide a carbon
coating. An alternative method is to include a carbon-containing
precursor in the solid-state synthesis, for example adipic acid or
cellulose, which forms a carbon coating on the particles during
their synthesis without the need for further reaction. In the present
study the samples were milled for 20 h in a high energy ball-mill
with 20 wt.% Super C-65 carbon. The SEM images of the samples
after ball-milling show separated nanoparticles of approximately
200 nm diameter (Fig. 5c and d). The XRPD patterns of the samples
after milling (Fig. 6) show no change in the bulk crystal-structure
as a result of the milling process, however, peaks are broadened
relative to the un-milled samples, consistent with a decrease in
crystallite size and/or a slight loss in long-range structural order.

3.3. Electrochemical evaluation
Mn3+/mAh g−1 Mn4+/mAh g−1

0 166 333
0.4  108 216
0.5  92 184
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ity retention is poor with a rapid drop in capacity observed with
ig. 6. X-ray powder diffraction data of ball-milled samples of Li2Mg0.5Mn0.5SiO4

lower pattern) and Li2Mg0.4Mn0.6SiO4 (upper pattern).

ince the magnesium is electrochemically inactive, an increase in
he magnesium content results in a reduction in the theoretical
apacity and an increase in the residual lithium content of, the fully
harged cathodes. For example, the fully charged composition of
i2Mg0.4Mn0.6SiO4 is Li0.8Mg0.4Mn0.6SiO4.

Fig. 7a and b shows the first five electrochemical cycles for
 Li/Li2Mg0.5Mn0.5SiO4 (milled) cell at current rates of 5 and
0 mA  g−1, respectively. The capacity on the first charge cycle at
he current rate of 5 mA  g−1 is 95 mAh  g−1 (Fig. 7a), in good agree-

ent with the theoretical charge-capacity for oxidation of the
anganese cations to the 3+ state (Table 4), corresponding to the

emoval of 0.5 lithium per formula unit. In this case the 3+/4+
edox couple of the manganese cations is not accessible below
he cut-off voltage of 4.8 V. On the first discharge-cycle the capac-
ty is only 62 mAh  g−1 corresponding to the re-insertion of 0.32
ithium ions per formula unit. It is, however, possible that some
f the capacity measured for the charge cycles may  arise from
lectrolyte decomposition reactions that occur at the high volt-
ges reached. The irreversibility in the capacity between the charge
nd discharge cycles is consistent with charge capacity that is par-
ially due to electrolyte decomposition rather than only lithium

xtraction.

At the higher current-rate (Fig. 7b) the polarization increases,
esulting in a capacity of 56 mAh  g−1 on the first charge cycle. This

Fig. 7. Galvanostatic cycling curves for a Li/Li2Mg0.5Mn0.5SiO4 (milled) cell
r Sources 197 (2012) 231– 237

is significantly less than that obtained at the lower current-rate
and corresponds to the removal of 0.3 lithium ions per formula unit,
reflecting the relatively poor electronic conductivity of the cathode.
Despite the carbon coating of the cathode, achieved by mechanical
milling which also results in a reduction of the crystallite size, this
low electronic conductivity remains a limiting factor for achieving
good electrochemical performance of the cathode material.

After the initial charge there is a change in the shape of the
charge curves, consistent with reported results for the Pmn21
phase of Li2MnSiO4. The change in shape of the charge curves is
attributed to a structural re-arrangement of the Li and Mn  cations
in the lattice after the initial extraction of lithium [8,9]. Despite
the presence of the Mg  cations and the P21/n structure, it appears
that the crystal structure is modified during the electrochemical
extraction of lithium cations. On cycling there is a 33% drop in the
discharge capacity in the first 5 cycles at 5 mA g−1 (Fig. 7a) and a 29%
drop at 10 mAh g−1 (Fig. 7b). Despite our expectations of improved
cycling-performance for the Mg-substituted cathodes, we  observe
rapid capacity-fade upon cycling. Detailed structural studies of
delithiated cathode materials, which are beyond the scope of the
current investigation, are required to completely understand the
link between structure and cycling and determine the reasons
for the poor capacity-retention of the cathode. By analogy with
the findings for materials with the orthorhombic Pmn21 structure,
studied by other investigators, it is possible to speculate on the
cause of the capacity fade. Pmn21 materials have been found to
lose crystallinity upon cycling, resulting in a collapse of the crystal
structure and an amorphization of the cathode after several cycles
[3,10,24]. It is likely that a similar mechanism is occurring in this
case which would account for the rapid loss in capacity.

Fig. 8 shows the first five cycles for a Li/Li2Mg0.4Mn0.6SiO4
(milled) cell. On the first charge cycle the sample with a nomi-
nal 40% magnesium at the M site shows a larger polarization than
that for the cathode material containing a nominal 50% magne-
sium at the M site (Fig. 7a), with most of the capacity observed
above 4.6 V. The capacity on the first charge is 96 mAh  g−1, similar
to that found for the sample containing a nominal 50% magne-
sium at the M site. Similarly, a large irreversibility of the capacity
on the first cycle is noted, suggesting (as with the cathode with a
nominal 50% magnesium on the M site) that a proportion of the
observed charge-capacity arises from electrolyte decomposition
when charging to the upper cut-off voltage of 4.8 V. The capac-
cycling. Again, structural analyses of delithiated cathode materi-
als are required to determine the capacity-fade mechanism and
this will be explored in future work. We  speculate that the rapid

 for cycles 1–5 at a current density of (a) 5 mA g−1 and (b) 10 mA g−1.
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[22] N. Sharma, R.B. Macquart, M.M.  Avdeev, M.  Christensen, G.I. McIntyre, Y.-S.
ig. 8. Galvanostatic cycling curves for a Li/Li2Mg0.4Mn0.6SiO4 (milled) cell for cycles
–5 at a current density of 5 mA g−1.

apacity-fade is probably due to a loss of crystallinity of the cath-
de as discussed for the sample containing a nominal 50% Mg  at the

 site. The electrolyte decomposition reactions may  also result in
he formation of high-impedance surface layers on the electrode,
hich inhibit electrochemical activity.

Although the electrochemical performance of the cathode mate-
ials prepared in this study is relatively poor, there is a significant
mprovement compared to that of monoclinic Li2MnSiO4 reported
y Politaev et al. [13]. Politaev et al. found high polarization on
harge and limited electrochemical activity for the monoclinic
athode material, with only 4% of lithium atoms per formula unit
xtracted from the sample between 3.5 and 5 V against lithium
etal, even when using a low current-density of 0.05 mA cm−2. On

ischarge the voltage was reported to drop rapidly below 1.7 V.
hese relatively poor performance results are expected consider-
ng the high synthesis temperature for the sample (1150 ◦C). No
ata on the morphology of the sample was reported, but high
ynthesis temperatures generally result in larger average particle-
izes, which combined with the relatively poor conductivity of the
aterial, limit the electrochemical activity as a consequence of the

lectrical isolation of the interior of the particles. Additionally, a
mall but significant amount of lithium was found on the Mn  sites
n the P21/n Li2MnSiO4 structural model [13]. In the present study of

g-substituted samples, no significant Mg  or Mn  content is found
t the lithium sites. In the Mg-doped samples, therefore, there
re no large cations present along the lithium-diffusion channels,
llowing for the unhindered diffusion of lithium ions.

Higher discharge-capacities have been reported for Li2MnSiO4
athodes in studies by other investigators [5,7,8,10,25]. In all these
tudies, however, the crystal structure of the electrode has been
he orthorhombic Pmn21 structure and not the monoclinic P21/n
tructure found for the materials in this study. This monoclinic
tructure differs from the orthorhombic structure in that it offers a
hree-dimensional framework through which the lithium ions can

ove compared to the two-dimensional orthorhombic structures.
t is acknowledged that the electrochemical results are not optimal
ecause of the solid-state synthesis technique which produces rel-
tively large particles compared to other preparation techniques.
he cathode material of this study was prepared specifically for
iffraction experiments, which require larger particle sizes than
aterials that give optimal electrochemical performance.
. Conclusions

In this study our results indicate that partial substitution
f Mg  for Mn  in Li2MnSiO4 effectively stabilizes the P21/n

[
[

[
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polymorph, enabling it to form at 700 ◦C. Single-phase compounds
with nominal composition Li2MgxMn1−xSiO4 with x = 0.4 and 0.5
have been synthesized. Refinement of structural models with pow-
der X-ray and neutron powder diffraction data confirms that these
compounds crystallize with the P21/n space group when cal-
cined at 700 ◦C. This is in contrast to unsubstituted Li2MnSiO4, for
which the P21/n structure can only be synthesized above 900 ◦C
[11,13].

Although the electrochemical performance of this cathode
material is not ideal, our results demonstrate a new strategy
for the possible stabilization of Li2MnSiO4 cathode structures
that may  lead to improved electrochemical properties. Further
studies are underway to examine the compositional range of
Mg-containing Li2MnSiO4 structures that can be synthesized
and the potential for other cation dopants, of similar atomic
radius to Mg,  to stabilize crystal forms in this system. As found
for unsubstituted Li2MnSiO4 [7,8,25], alternative synthetic tech-
niques incorporating carbonaceous additives are likely to result
in composite Mg-substituted materials with reduced particle-
size and increased electronic conductivity, leading to enhanced
electrochemical performance of these materials in practical
cells.
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