RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Please da not adiust margins

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

Review

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Advances in high-capacity Li,MSiO; (M = Mn, Fe, Co, Ni...) cathode material fo.
lithium-ion batteries

H.-N. Girish and G.-Q. Shao*

The orthosilicate Li,MSiO, (M = Mn, Fe, Co, Ni...) is a competitive cathode material for the next generation high-capacity (~330 mA-h-g™ with a possible
Li* extraction per formula unit) rechargeable lithium-ion batteries. It is an alternative of other polyanion compounds, because the raw materials of Fe/Mn-
contained oxidate and silica are abundant, cost effective, high safety, environment friendly, and its Si-O bond is at least stable as other polyoxyanion groug.
with excellent cycling performance. This review highlights the research progress related to the Li,MSiO, cathode materials on the structures with phase

transition, synthesis methods and improving techniques for electrochemical performance.
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the hotspot in LIBs. The early cathode materials such as

A. Introduction: LiCoO,, LiNiO,, LiMn,0,, LiMnO,, et al. have limitations related
to cost, toxicity on environment, inherent chemical ai..
thermal stability in their applications. Extensive researches can
be found, which have focused on developing suitable
promising cathodes 1'6, in the field of polyanion materials su h

Lithium-ion batteries (LIBs) can effectively store energy in
the form of chemicals. So far, cathode materials have become
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9 (R,SiF, R = K, Na, NH,'..), sulfates (LiCoOSO, LiNiOSC,,
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Li,NiSO,) %627 tavorite fluorosulphates (LiMSO,F) % and

borates (LiMBO;) 2933, Recently lithium transition-metal (TM)
orthosilicate Li,MSiO, (M = Mn, Fe, Co, Ni..) has been
attracting considerable attention for use as a new generation
cathode. It is an alternative to phosphate or a better one
because of its strong Si-O covalent bond (at least stable
compared to other polyoxyanion group) resulting in high
chemical stability towards electrolyte. It has a high theoretical
capacity (~330 mA-h-g'l) which can possibly extract more
than one lithium ion per formula unit (i.e. 1 Li' / f.u.) 18,23,34-39

Calculations of the electrochemical potential of lithium
insertion or extraction show two processes:

Li,M*'Si0, = LiM>'sio, + Li* (1)

Liv?'sio, > M*Sio, + Li" (2)

Depending on TM types as shown in Fig. 1, the potential in
reaction (1) (green square) varies from 3.1 V (for Fe) to 4.1 -
4.6 V (for Mn, Co, Ni), while that in reaction (2) (red circle) is in
range 4.5 - 5.1 V. Extraction of the 2" requires applying
high potential above 4.5 V which is a challenge for electrolyte.

The Li,MnSiO, has more advantages than Li,FeSiO, in cell
safety, ease of preparation and cost effectiveness. The Mn®*
<> Mn*™ conversion provides a higher potential than the
Mn?*/Mn>" and Fe>'/Fe®" (yet to be clarified whether it had an
Fe*'/Fe* redox couple which might just be an electrolyte
degradation 18, 38, 40, 41). During oxidation, the short Mn-O
bonds in the MnO, tetrahedron decrease in correlation with
the increase in the Mn valance state, while the long Mn-O
bonds remain unchanged 2 In practical applications,
Li,MnSiO, as a cathode is limited by its low electronic
conductivity of ~5 x 10™® s.cm™ at room temperature (RT)
(and ~3 x 10™ s.em™ at 60 °C), which is 5 - 6 orders of
magnitude smaller than that of LiFePO, at RT. The preparation
of pure Li,MnSiO, even up to 800 °C are not trivial due to the
possible presence of the mixed phases and impurities such as
MnO, MnSiOs, Li,SiOs, etc. 7.

The Co- or Ni-contained salts are commercially expensive

and environmentally toxic for preparing Li,CoSiO4and Li,NiSiO,.

Li,NiSiO,, with the lowest band-gap, has not the shortcoming
of Mn derivatives *®. But delithiation potentials (> 4.6 V) of
Li,CoSiO, and Li,NiSiO4 are too high to make the present
electrolyte a suitable Li* diffusion medium. In the same way,
their kinetic properties make it difficult for preparation and
poor delithiation / lithiation during charge / discharge process
18, 36, 47-49

Otherwise, the defects like poor reversibility consisted in
Li,MSiO; which become a huge obstacle to the extensive
applications in electric vehicles (EV) and plug-in hybrid electric
vehicles (PHEV) %053 various methods have been developed to
increase the electrochemical properties like controlling the
particle size and morphology (like nano sheet / rod-like
particles) *°**7, cation-substitution (Mg?*, A”**, cr*', etc.) **°%
® and surface-coating with conductive materials 6680,
surface-coating methods, proper carbon coating has been
widely used 81'84, because it not only improves electronic
conductivity but also reduces particle size, which are
favourable for enhancing electrochemical properties.

In
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This review will explain the polymorph structure of Li,MSiO,
and phase transition; summarize its research progres-
synthesis  methods techniques  for
electrochemical performance.

and  improving
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Figure 1: Variation of Li insertion voltage by M /M and

Calculated Li insertion voltage (V)

M /M in Li,Msio, B,

B. Polymorph Structure of Li,MSiO; and Phase
Transition:

The orthosilicate (Li,MSiO,4) represents a family having iso:
structure of tetrahedral lithiophosphate (Li;PO,). The crystal
structure Li,MSiO, consists of distorted hexagonal close:
packing of oxygen ions with half tetrahedral sites occupied by
Li, M and Si cations, so that face sharing between the pair
tetrahedral sites is avoided. These tetrahedral
exhibit a rich polymorphism.

LisPO, crystallize in “a-phase formed in low temperature”,
“[-phase in high temperature” and “y-phase above 1170 °C” g
8 Several temperature / pressure - dependent polymorphs ir.
Li,MSiO,, namely high temperature monoclinic y, / ys (P2./n)
and orthorhombic y,, (Pmna, Pmnb, Cmma, y-Li;P0O,), and low
temperature orthorhombic S (Pbn2,, Pna2,, [(-LisPO,) / f
(Pmn2,, [(LisPO,), can be stabilised / influenced significantly
by synthesis conditions and also electrochemical cyclic
behaviors %. These phases maybe quenched to RT and exhibit
a long-term stability. Metastable monoclinic (P,) Li,MnSiO,
prepared by ion-exchange from Na,MnSiO, was also reportec
8 Different phase structures of Li,MSiO, polymorphs are
shown in Fig. 2 38,45, 83, 8692 3 d discussed below.

(a) Orthorhombic g, structure (Pmn2;) and modified-
inverse-f3, structure (Pmn24-1): All the tetrahedra end in the
same direction, perpendicular to the close-packed planes, and
share only corners with each other. Chains of LiO, are alo’ g
the g-axis and parallel to chains of alternating MO, and Sit
(Fig. 23)45.

In the later (e.g. the cycled polymorph of Li,FeSiO,), Il
tetrahedra end in the same direction along the c-axis / b-axic
and are linked only by corner-sharing. The SiO, tetrahedra a e

structures
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isolated from each other, sharing corners with LiO, and
(Li/Fe)O, tetrahedra 8, 90 91 These are more stable
configuration in low temperature.

(b) Orthorhombic f structure (Pbn2,, Pna2,), in which all
tetrahedra point in same direction with chains of alternating
LiO, and MO, tetrahedra along a-axis, parallel to chains of
alternating LiO, and SiO, tetrahedra (Fig. 2b) 38,87-90,92

Quoirin et al. prepared an orthorhombic Li,FeSiO, (Pna24, )
by precipitation at 100 °C in air which was optionally in the
space group of Pccn. It might be an intermediate between the
orthorhombic Pmn2, (,) and monoclinic P2,/n (y,) phases 8789,

(c) Orthorhombic y, structure (Pmna, Pmnb, Cmma), in
which the tetrahedra are arranged in groups of three with the
central tetrahedron ending in the opposite direction to the
outer two, with which they share edges; the group of 3 edge-
sharing tetrahedra consist of the sequence Li-M-Li (Fig. 2c and
the inset) .

(d) Monoclinic y; structure (P2,/n, previously designated as
P2, 93’95), half of the tetrahedra end in reverse directions,
containing pairs of LiO,/MO, and LiO,/LiO, edge-sharing
tetrahedra (Fig. 2d and the inset) .

(e) Monoclinic yq structure (P2,/n), similar as y, structure,
the group of 3 edge-sharing tetrahedra consist of the sequence
Li-Li-M (Fig. 2e) **.

(f) Monoclinic structure (P,), similar as orthorhombic £,
structure (Pmn2,), is a metastable form of Li,MnSiO, and can
convert to f, above 370 °C. Here MnO, and SiO, tetrahedra
point in the same direction parallel to their c-axis (Fig. 2f) 8,

Fig. 3 shows the schematic diagram of temperature /
pressure - dependent polymorphs of Li,MSiO, with phase
transition. Table 1 shows the reported lattice parameters of
Li,MSiO, polymorphs (M = Fe, Mn, Co, Ni).

The difference among these polymorph structures are
mainly depends on different arrangement of cation tetrahedra
and local order (order probes such as solid-state Magic Angle
Spinning Nuclear Magnetic Resonance (MAS NMR) are very
useful to identify the obtained polymorphs and also the
mixtures of them) 96,97,
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Please do not adjust margins




Please da not adiust margins

ARTICLE Journal Name

38, 45, 83, 86-92 .
: a) orthorhomki-~

Figure 2: Structures of Li,MSiO,
B (Pmn2y); b) orthorhombic B, (Pbn2,, Pna2y); «c)
orthorhombic y, (Pmna, Pmnb, Cmma); d) monoclinic y, (P24, ,
P2,); e) monoclinic y, (P24/n); f) monoclinic P,. SiO, (yellow);
MO, (brown / green); LiO, (blue / orange); light and dark bluc
tetrahedra represent crystallographically distinct Li sites.

4 | J. Name., 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Please da not adiust margins

Journal Name ARTICLE
Li,FeSiO, Pmn24-1 or Pmn2, (3,) N
~6.3 x 5.3 x 5.0 (A) 2> 3795101 N
Y
50 °C at C/16 * Pna2, (8)
RT at C/20 ' ~10.72 x 6.26 % 4.96 (&) ¥
cmma (y,) 580-820°C'™ ",
~10.7 % 12.5 % 5.0 (A) ® 600°C >’ 8
4
Pmnb (v,) Quenching from 900 °C - 600 °C ' R P2,/n (v,)
~63x107x50(A) " »| ~82x5.0x82(A), f=99.23° %
Pmna (y,) P ~6.3 % 10.7 % 5.0 (A), f=89.94° '
~10.9 x 6.3 x 5.1 (A) RT at ¢/10 '**, 900 °c '**
LizMnSi04 Prr
~6.6x5.4x5.0(A), p=89.7°%
l 370°C®
Pngl m|)
~6.3x5.4x50 (A"
600 - 900 °C, 20 - 80 kbar *** post-heating @ 400 °C
after 900 °C '
Quenching from 700 °C 600 - 900 °C, 20 - 80 kbar **** >750°C™
at 200 K/min ©'
Pmnb (yi) > P2./n (v;)
~6.3 % 10.8 x 5.0 () * Quenching from 800 °C ~6.3 x 10.9 x 5.1 (A), f=90.99° '
at 200 K/min *
Li,CoSiO, Pmn2, md
~6.3x54x49 (A%
700 °c*®
an21 (ﬂ)
170°c® 900 °C / 40 kbar ** ~6.3x10.7 x 4.9 (A) 2
1100°C *
Pmnb () P2./n (y,)
~6.2 % 10.7 x 5.0 (&) ** ~6.3x10.7 x5.0 (),

ﬂ= 90.60° 23,37, 43, 44, 98-100

Figure 3: Schematic diagram of temperature / pressure - dependent polymorphs of Li,MSiO, with phase transition.
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Li,MSiO4 X Space group Crystal system a/A b/A c/A al® Bl° v/° Refs. |
- Pbn2,(f3) orthorhombic | 6.2652(1) | 10.8121(1) 4.9504(1) 90 90 90 85,59 |
- Pna2; () orthorhombic | 10.724(5) 6.260(7) 4.958(6) 90 90 90 87-89) |
- Pmn2; () orthorhombic | 6.2709(8) | 5.3382(7) 4.9651(7) 90 90 90 889 |
- Pmn2; (f) orthorhombic 6.2661 5.3295 5.0148 90 90 90 = |
- Pmn2; () orthorhombic 6.271(1) 5.336(1) 4.9607(9) 90 90 90 37 J
- Pmn2; (f) orthorhombic 6.3246 5.3817 4.9967 90 90 90 18
LioFeSiO4 - Pmn2y (B) orthorhombic 6.313 5.393 4.979 90 90 90 .
- Pmnb (yy) orthorhombic | 6.2853(5) | 10.6592(8) 5.0367(4) 90 90 90 15
- Pnma (yu) orthorhombic 10.656 6.285 5.038 90 90 90 ss_l
- Cmma (yu) orthorhombic 10.664 12.540 5.022 90 90 90 88_|
- P21/n (ys) monoclinic 8.2253(5) | 5.0220(1) 8.2381(4) 90 99.230 90 3
- P24/n (ys) monoclinic 6.2835(7) | 10.6572(1) 5.0386(5) 90 89.941 90 o7
- P21 (ys) monoclinic 8.2278(1) | 5.0204(6) 8.2295(1) 90 99.231 90 %
- Pmn21 (By) orthorhombic | 6.3109(9) | 5.3800(9) 4.9662(8) 90 90 90 37 _|
- Pmn2; (f) orthorhombic 6.308(3) 5.377(3) 4.988(9) 90 90 90 g™ :
- Pmn2; (5) orthorhombic 6.3666 5.4329 4.0368 90 90 90 B
- Pmn2, () orthorhombic | 6.308(9) 5.385(9) 4.999(6) 90 90 90 1 ﬂl
LipMASIOs - Pmn2; (5) orthorhombic 6.3064 5.3893 4.9715 90 90 90 1109 |
- Pmn2y (B) orthorhombic 6.3141 5.3702 4.9650 90 90 90 i
- Pmnb (yi) orthorhombic 6.3126 10.7657 5.0118 90 90 90 "
- P2:/n (ys) monoclinic 6.3368(1) | 10.9146(2) 5.0730(1) 90 90.98 90 106
- P2:/n (ys) monoclinic 6.3363(5) | 10.8950(7) | 5.07506(3) 90 90.99 90 T
- P, (metastable) monoclinic 6.593(5) 5.402(1) 5.090(2) 90 89.7(3) 90 5 j
- Pbn2,(3) orthorhombic 6.253 10.685 4.929 90 90 90 2 <
- Pmn2y () orthorhombic 6.2599 10.6892 4.9287 90 90 90 85 —1
- Pmn2; () orthorhombic 6.159 5.440 4.988 90 90 90 110
Li,CoSiOs - Pmn2; () orthorhombic | 6.287(6) 5.353(1) 4.937(1) 90 90 90 47 _.
- Pmn2; () orthorhombic | 6.267(9) 5.370(8) 4.939(4) 90 90 90 47 J
- Pmn2; () orthorhombic 6.2015 5.4378 4.9909 90 90 90 18
- Pmnb (yy) orthorhombic 6.20 10.72 5.03 90 90 90 8 j
- P21/n (vo) monoclinic 6.284 10.686 5.018 90 90.60 90 " -
- Pmn2; () orthorhombic 6.2938 5.3702 4.9137 90 90 90 =
LioNiSiO, - Pmn2y (B) orthorhombic 6.274 5.365 4.921 90 90 90 .
- Pmn2y () orthorhombic 6.290 5.299 4.856 90 90 90 12
x=0 6.2512 5.3425 5.0188
) ) x=0.3 6.2117 5.381 4.975
Liz(Fe1<Mn,)SiO, x=05 Pmn2: (A1) orthorhombic |  6.2581 5.3747 5.006 90 90 90 us |
(x=0,0.3,0.5,0.7, 1)
x=0.7 6.2851 5.381 5.0012
x=1 6.3099 5.394 5.0192 4
x=0 - - -

. . |
Liz(Mn.FeSiOa/C x=02 Pmn21 () orthorhombic - - - 90 90 90 109 |
(x=0,0.2,0.5,0.8) x=0.5 - - -

x=08 - - - '
x=0 P21/n (vs) monoclinic 8.244(8) 5.004(4) 8.244(8) 90 99.25 90 _’
X=02 P21/n (ys) monoclinic 8.264(7) 5.020(7) 8.264(4) 90 99.00 90 |
Pmnb () orthorhombic | 6.591(6) 9.462(7) 4.988(1) 90 90 90
Liz(Fe1.xMn,)SiO, Pmn2; (Bi) orthorhombic | 6.284(0) 5.391(9) 5.015(1) 90 90 90 N '
(x=0,0.2,0.5,1) x=05 P2:/n (ys) monoclinic 6.986(8) 8.030(9) 5.990(4) 90 95.19 90 |
Pmn2, () orthorhombic | 6.299(9) 5.381(5) 4.974(2) 90 90 90 |
x=1 Pmnb (yy) orthorhombic | 5.929(5) 10.622(0) 4.961(1) 90 90 90 |
P24/n (ys) monoclinic 6.305(7) 11.098(7) 5.114(9) 90 92.44 90 |
" :'S(FOGBSM;JSL)O;/ 2.3) - Pmn2, (f) orthorhombic - - - %0 ) o) ““J

Li>(Feo.sMng5)SiO4 - Pmnb (yy) orthorhombic - - - 90 90 90 !

Li>(Feo.sMnq s)SiO4/C - Pmn2y () orthorhombic - - - 90 90 90 106 |

6 | J. Name., 2015, 00, 1-3
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B. 1. Synthesis Condition for Phase Formation and Phase
Transition in Li,MSiO,:

The structures of Li,MSiO, materials from different synthesis
methods further affect on lithium intercalation behavior **°.
Among various polymorphs, Li,MSiO, with P2, symmetry has
higher electronic conductivity But both high /
temperature orthorhombic structures are more stable than
the monoclinic ones **

Orthorhombic  f,-Li,MSiO, (Pmn2,)
temperature (150 - 200 °C) via hydrothermal methods
120, and at 600 - 800 °C vig solid-state 377389 121'128, sol-gel
41, 57, 78, 84, 108, 129-138’ spray pyrolysis 139, 140, microwave 141'
2 methods, etc. It is much stable and easy to be
synthesized in all techniques. For examples, f,-Li,CoSiO, was
obtained via a hydrothermal technique at 150 °C and
treatment at 700 °C 143, via a combustion route at 950 °C **
and via a supercritical technique at 350 °C / 38 MPa 195,

Orthorhombic  fS-Li,MSiO, (Pbn2,, Yamaguchi et al.
nominated it as f,-Pbn2, 92 previously) formed at higher
temperature than f-Pmn2,; and only few data’s had been
reported for this phase 193195 1o the best of my knowledge,
this phase is not yet reported in Li,MnSiO,.

Monoclinic  y-Li,MSiO, (P2,/n) formed at higher
temperature than f- and f-phases with temperature range
650 - 900 °C vig solid-state ** 57982 105, sol-gel 56, 61, 63,129, 146
and combustion ** '8 methods. When temperature further
increased to 800 - 1000 °C, orthorhombic y,-phase (Cmma &,
88, Pnma 149 or Pmnb 44, 85, 87, 88, 100, 103, 129, 150) fO”OWed.

[-phase is more stable than y-phase because the later has a
larger volume and requires higher temperature for preparation
and quenching e,

Li,FeSiO, (LFS): The Li,FeSiO, crystallises in the
orthorhombic f, (Pmn2,), orthorhombic y, (Pmnb) and
monoclinic y, (P2./n) phases. The inverse-, structure (Pmn2,-I,
fi) commonly formed at low temperature. The monoclinic and
orthorhombic structures stabilized depending on the synthesis

methods at different and
42,151

low

low
100, 117-

formed at

. 14.
combustion

temperature carbon-coating
technique

Nyten et al. obtained a full pure orthorhombic f-Li,FeSiO,
(Pmn2,) via a solid-state method 2399, 12133 quoirin et al.
synthesized orthorhombic f-Li,FeSiO, (Pna2,) via a wet
chemical method at 100 °C, and orthorhombic -Li,FeSiO, at
800 °C (Cmma) / 900 °C (Pnma) via a solid-state method "%
Nishimura et al. prepared monoclinic y,-Li,FeSiO, at 800 °C
(P24/n) 9395 Sirisopanaporn et al. obtained orthorhombic -
Li,FeSiO, (Pmnb) at 900 °C that differs from the monoclinic y,-
phase by quenching from 800 °C 93,103 Binj et al. synthesized
pure monoclinic y,-Li,FeSiO, (P2,/n) at 650 °C and pure
orthorhombic y,-Li,FeSiO, (Pmnb) at 900 °C via a sol-gel
method **°.

At 580 °C, complete phase transformation (started at 400 °C)
from orthorhombic (Pmn24, f3,) to monoclinic (P24/n, ys) was
observed and it maintained up to 820 °C. Above 900 °C, phase
transformed again into an orthorhombic one (Pmna, y,). This
involved a statistical distribution of Li and Fe over the three
(2/3 Li and 1/3 Fe) cation sites. By quenching orthorhombic

This journal is © The Royal Society of Chemistry 20xx
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phase (Pmna, y,) from 900 °C, the monoclinic one (P2,/n, y_'
was fully back at 600 °C and maintained down to RT 101 Nano
rods of orthorhombic Li,FeSiO, (Pmn2,, ;) was prepared at
200 °C for 6 days and the phase transformed to monoclinico €
(P24/n, v;) by heating at 600 °C *’.

Li,MnSiO, (LMS): There are four polymorphs of Li,MnSiO,
that form at ambient pressure among. Two of them are
orthorhombic £, and y,, (i. e., Pmn2, and Pmnb). Another twc
are monoclinic P24 (y;) and P,,.

Politaev et al. synthesized monoclinic (P2,/n) Li,MnSiO, at
950 - 1050 °C vig a solid-state method '®. As mentionec
before, the monoclinic P, phase would transform to a stable
orthorhombic phase (Pmn2,) above 370 °C 8, By rate cooling,
reversible phase transition can be observed in Li,MnSiO,. The
sample (Pmnb) prepared at 800 °C via a solid-state method
transformed to a P2,/n phase when it cooled to RT at 2u_
K/min, but the sample prepared at 700 °C formed Pmn~.

phase. This strongly indicated that the Pmnb phase
transformed an orthorhombic disordered wurtzite-tyr-
structures **

Bini et al. synthesized pure orthorhombic f-Li,MnSiO,
(Pmn2,) at 650 °C and mixed phases of orthorhombic y,
(Pmnb) / monoclinic y, (P2,/n) at 900 °C via a sol-gel methc-
129

By a hydrothermal technique and heating at 700 °C,
orthorhombic Li,MnSiO, (Pmn2,, %) was synthesized. Above
750 °C, it changed into monoclinic (P2,/n, y,) phase by the
discontinuity in the c lattice parameter 101, By high pressure
and high temperature process, phase transition can be
observed with minimum impurities. The mixed phase of
Li,MnSiO,4 polymorphs, i.e. Pmnb and P2,/n (63 : 13 w/w) was
prepared at 900 °C / 10 hrs by slowly heating (2 °C/min) wi*".
small impurities of MnO and Li,SiO3. At 60 kbar / 600 °C, mixed
phase transformed to a Pmn2, phase, being stable at 80 kbar /
900 °C with new impurity of Mn,SiO, *.

The low-temperature orthorhombic forms are more stable
(due to large volume) than the monoclinic one, which can only
be prepared above 900 °C a4, 97
pressure / temperature, pholymorphic transformation (Pmn2,
> Pmnb > P2,/n) will be taken place ****.

Li,CoSiO, (LCS): By varying the cooling rate, different
polymorphs can form in Li,CoSiO,4. Rapid cooling (0.5 °C/min)
from above 1000 °C resulted in the formation of Pmnb (y,),
while slow cooling (0.1 °C/min) formed P2./n (y,). Pmn2,(f,)
formed by static heating of any other phases at 640 - 800 °C
fallowed by quenching, and Pbn2,(f3) formed by slow cooling
of Pmn2, (/) 8,

Monoclinic Li,CoSiO, (P2./n, y,) was prepared at 950 °C an”
could transform (at 900 °C) into orthorhombic Pmn2, (f3) anu
Pbn2, () phases under 40 / 60 kbar, respectively. Both cell
volumes are smaller than the monoclinic one **. Orthorhomb™:
Li,CoSiO,4 (Pmn2,, f3,) was synthesized hydrothermally (150 °¢ /
72 hrs). It transformed to orthorhombic (Pbn2,, ) phase
when heated at 700 °C / 2 hrs and to monoclinic (P2,/n, | .)
phase at 1100 °C / 2 hrs 36 Otherwise, considerable slow phase

. By increasing the process
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transition from £, <> y, at 170 °C had been determined by
DTA study 8,

Li;NiSiO,; (LNS): Similar to the others in the family of
Li,MSiO,, Li,NiSiO, was most frequently observed to be an
orthorhombic structure (Pmn2,, f,). The DFT calculations
predict that Li,NiSiO, has very high de-intercalation voltages
(4.5 V for Ni**/Ni®* and 5.2 V for Ni**/Ni*"). It confronted with
big difficulty for delithiation / lithiation during charge /
discharge process, even though Li,NiSiO, phase had been
successfully synthesized 18,111, 112

Li,(Mn,_Fe,)SiO, / Liy(Fe;.,Mn,)SiO,: This polymorphism
reflects behaviors of the end-members. For Fe-rich
compositions, there is a gradual transition from Fe-like
behavior to Mn-like behavior with increasing Mn-content %,
For Mn-rich compositions, there is a gradual transition from
Mn-like behavior to Fe-like behavior with increasing Fe-
content 102, 109, 113-

Li,(Fe;,Mn,)SiO, (x = 0, 0.2, 0.5, 1) were prepared via a
modified sol-gel route using polyvinylpyrrolidone (PVP) as
chelating agent and carbon source. Pure monoclinic phase
(P24/n) was obtained when x = 0. Monoclinic (P2,/n) and
orthorhombic (Pmnb) mixed phases were obtained when x =
0.2. Major orthorhombic (Pmn2,;) and minor monoclinic
(P21/n) mixed phases were obtained when x = 0.5. Major
orthorhombic (Pmn2,), minor orthorhombic (Pmnb) and minor
monoclinic (P2,/n) mixed phases were obtained when x = 1 102,
However, Li,(Fe;,Mn,)SiO, (x = 0, 0.3, 0.5, 0.7, 1) via a citric
assistant sol-gel technique could all be indexed to the
orthorhombic phase (Pmn2,), and their lattice parameters are
similar 2. All samples of Li,(Fe;,Mn,)Si0,/C (x = 0, 0.05, 0.1,
0.2, 0.3) via a solution route exhibited an orthorhombic phase
(Pmn2,) with small amount of impurities like Fe;0, and Li,SiO,
114

Li,(Mn,Fe,,)SiO, (x = 0, 0.2, 0.5, 0.8) were prepared via a
combination of spray pyrolysis at 400 °C and wet ball milling
followed by annealing at 600 °C in N, for 4 h. They exhibited a
major orthorhombic phase (Pmn2;) and small amount of
impurities like FeO and SiO, found in materials with high Fe
contains of 0.5 and 0.8 *°.

The thermal behavior of Liy(FeqsMngs)SiO, via a sol-gel
route, from RT to 950 °C, exhibited a major Pmnb phase
(determined by in situ XRD) over the explored temperature
range. Pure and stable Pmnb phase formed at 950 °C s,

Liy(FegsMng5)Si0O,/C was prepared using precursors of
Li,FeSiO, and Li,MnSiO, via a sol-gel route followed by heating
at 600 °C for 10 hrs. It exhibited an orthorhombic phase
(Pmn2,) but the atomic ratio was not maintained 106,

B. 2. Phase Transition while Charging / Discharging in
Li,MSiO,:

The rich polymorphism in Li,MSiO, with the associated small
transition energies is the main factor for the long-term
cyclability. The phase transformation has structural, cyclic rate,
applied density, temperature and pressure
dependence . The extraction / insertion of the 1*" lithium
out / into the host structure corresponds to the reaction
Li,M?**Si0, > LiM>'Si0, + Li* + e” and is accompanied by the
gradual changes of the local environment of Li nuclei from the

current
43,100
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initial Li"-0-M*" to Li*-O-M>* bonds and upon battery
discharging. During discharge, phase transition can k-
observed with decrease in the crystal size upon the cycling.
The residual M** could explain the difference in the observec
NMR spectra between the fully discharged sate and tle
pristine state 192 The variations in the arrangements of MO, in
the form of orientation, size and distortion, the influence on
the equilibrium potential were measured during the first
oxidation M*" into M** in all polymorphs. The stronger M-O
bonds result in the higher splitting energy between bonding
and antibonding states, which reduces the M*/M*" redox
potential vs. Li*/Li® 1% %% An irreversible phase transformatior.
was observed during the first charge, which accompanied ¢
characteristic potential drop 23,99, 104 yRD
theoretical calculations also suggested
rearrangements involving the interchange of some M and Li
sites *°. Applied current density is important to kinetic pha..
transformation in the galvanostatic measurement 39,100

When the lithium ions were fully extracted from Li,MSiO, (M
= Mn, Fe, Co, Ni...), larger volume expansion was found in t-~
Fe-/Co-/Ni-systems compared to the Mn-system ***.

Based on the structural characterization of the Pmn2;-
delithitated materials, Thomas et al. suggested that the
voltage shift was due to a structural transformation of the ho~*
compound. Armstrong et al. suggested the Li,FeSiO, phase
transition from monoclinic (P2,) polymorph to orthorhombic
(Pmn2,-1, inverse-£,) phase at 50 °C and at C/16 (1C = 160
mA/g'l). Chen et al. confirmed the same phase transition
happened at RT and at C/20 8,192 Byt the monoclinic phase
could preserve even after cycling 135

Nanocrystalline Li,(Fe;,Mn,)SiO,/C (x = 0, 0.2, 0.5, 1) powder:
were tested electrochemically, and characterized using XRD, "L
MAS NMR spectroscopy, *’Fe Méssbauer spectroscopy and in si*.
XAS to study the structural evolution. Results showed the materials
exhibited partially reversible structural changes upon cycling.

study anc
structura’

Amorphization and structural rearrangements from the initial P2,/r
polymorph to Pmn2, occurred during the 1% charge / discharge
cycles. Pmn24-Li,FeSiO, exhibited stable cycling performance ovel
the subsequent 100 cycles due to the Fe’’/Fe®" process. A
competitive redox reaction between the Mn and Fe species were
deduced for Li,FeygMng,SiO4 and Li Feg sMng sSiO,. High conversion
rate existed in the 1% charge from Fe’" / Mn*" to Fe** / Mn®", while
the presence of a small fraction (< 7.5 mol%) of cations with higher

oxidation state (Fe** / Mn™) could not be excluded '*.

C. Synthesis Methods:

Table 2 gives a summary of synthesis methods, particles size,
morphology, experimental conditions and physicochemical /
electrochemical properties of Li,MSiO, (M = Fe, Mn, Co). Hign
performance is observed in Li,FeSiO, but yet to be clarified
whether Fe*'/Fe** couple could work *® 3% %0 % Begidr
Li,FeSiO,, the highest initial discharge of 313 mA~h~g'1 (0.05 ~.
nearly 2 Li* extracted, 76.7% @ 20 cycles) attained in PEDOT-
coated Li,MnSiO, at 40 °C, which was prepared via a
supercritical technique ® and the second highest initial

This journal is © The Royal Society of Chemistry 20xx
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discharge of 253.4 mA-h-g'1 (0.03 C) attained in Li,MnSiO,/C
which was synthesized via a sol-gel technique 133,
C. 1. Solid-State Method:

High temperature is applied during this process. It appears
to be quite simple, but cannot be used for all compounds due
to several reasons like volatility of some raw materials and / or
intermediate involved, since it is an open system. The key
procedures in this method include repeating grinding and
calcination, inert gas introducing, pelletization and so on. The
purity and electrochemical behavior of cathode materials
depend on the raw materials, growth parameters like
temperature of calcination and exposure time 137,138 The
common starting materials are compounds such as oxide,
hydrate, silicate / sulfate / chloride, oxalate (MEt,, salts of
ethanedioic acid), acetate (M,Ac, salts of acetic acid),
carbonate et al. which containing lithium, iron, manganese,
cobalt and silicate elements. Sometimes tetraethyl
orthosilicate (TEOS, Si(OC,Hs),) and Li,SiO3; are also used.
Carbon sources such as carbon black, sucrose, glucose,
ascorbic acid, coal pitch 8 carbon nanosphere (CNS), carbon
nanotubes (CNTs) 19 reduced graphene oxide (rGO) 127,
graphene oxide (GO) 15 PEG-600 %, cellulose acetate %,
adipic acid (CgH1004, et al.) , acetylene black or Ketjen black 73
%0 can be added to increase the electronic conductivity of
cathodes. To the best of my knowledge, there were no
publications related to the synthesis of Li,CoSiO, and Li,NiSO,4
via a solid-state method (but via others). In this technique,
normal synthesis temperature for Li,MSiO, ranges from 600 -
900 °C for 8 - 12 hrs. The initial discharge capacity ranges from
102 - 220.4 mA-h-g'l(maximum 1.33 Li* extracted) at 0.06 - 1.0
C up to 100 cycles. The morphology of most resultants is
agglomerate, while a few are spheres or tubes etc., depending
on raw materials and carbon sources. The particle size varies
from 7 - 500 nm and substitution ions include V', etc. ®> 146
162

Among the cathode materials via a solid-state method,
LiyFeg95V0055i04/C  exhibited the highest initial discharge
capacity of 220.4 mA-h-g” (~1.33 Li* extracted LFS) at 0.1 C.
After 50 cycles, it faded down to 146.6 mA~h~g'1 with retention
of 78.7%. It was prepared by using CH;COOLi-2H,0,
FeC,0,-2H,0, TEOS, V,0s and sucrose at 650 °C for 10 hrs *®*.
Appropriate percentage of V-substitution (5 mol%) could
possibly make for > 1 Li* extraction.

Nano spherical Li;MnSiO,/C/graphene exhibited a high
initial discharge capacity of 215.3 mA-h-g™ (~1.3 Li* extracted
LMS) at 0.05 C (Fig. 4a). After 40 cycles, it faded down to 175
mA-h~g'1. It was prepared by using MnCO;, LiOH-H,0, nano
Si0,, polyethylene Glycol-600 (PEG-600), glucose, cellulose
acetate, and graphene oxide at 700 °C for 10 hrs. Spherical
SiO,, mixed carbon sources and PEG-600 form 3D nest-like
carbon network, which are favourable for improving the
capability and cyclic stability 125

There are some unsatisfied results reported in Li,MSiO,4 (M =
Mn, Co...) series prepared via a solid-state method where > 1
Li* extraction (i.e. capacity > 166 mA~h~g‘1) couldn’t attain.
Li,MnSiO,/C exhibited a low initial discharge capacity of 129
mA-h~g'1 at 0.06 C, which was prepared using Li,SiO;,

This journal is © The Royal Society of Chemistry 20xx
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Mn(CH3C0O0),-4H,0 and sucrose at 800 °C for 12 hrs 128

Another example is Li,MnSiO, prepared from LiCH;COO-2H,C
Mn(CH3C0O0),-4H,0, SiO, and glucose at 700 °C for 10 hrs. It
exhibited a low initial discharge capacity of 152 mA~h-g'1 163
The poor performance could be ascribed to impurities 'r
samples, unsuitability of carbon source and non-excellent
process (not effectively hamper the
destruction).
C. 2. Sol-Gel Technique:

It involves initial hydrolysis of homogeneous solution of one

crystal structure

or more selected alkoxides (salts of adipic acid such as
CgHsFeO; and SiCgH,00,, etc.) and followed by condensation.

Chelating agents / complexation such as citric acid 4, 61,

82, 147

153
sucrose

, polyethylene-poly (ethylene glycol) ,
polyvinylalcohol (PVA) 198,164 tartaric acid %° and ascorbic acic
15 are generally used in sol-gel technique. Synthesis
temperature usually ranges 600 - 800 °C with dwell time of L
15 hrs. The morphology of Li,MSiO, via a sol-gel technique ¢
be spherical " ***, mesoporous **®®, agglomerate ® %'/,
honey comb 168 etc., depending on the use of chelating agent-
Most of the mesoporus structures of Li,MSiO, prepared vic
a sol-gel method exhibited better discharge capacities than the
other structures. Hydrochloric acids and propylene oxides usea
for enhancing hydrolysis of TEOS could improve capaci*
retention than the other chelating agents and catalysts 137,138
Nano particles ranging 10 - 200 nm could attain by this

technique with elements substitution like V2", Mg® ®*, Na*
167[ Cu2+ 169, P5+ 170[ Zn2+ 169 and Ni2+ 169 etc..
Li,MnSiO,/C composite exhibited an initial discharge

capacity of 240 mA-h-g’1 (~1.44 Li* extracted LMS) at 0.02 C
(45.4% retention) and 125 mA-h-g™* at 0.4 C (52% retention) as
shown in Fig. 4b. Discharge capacity decreased with rate
capacity, while retention increased. It was prepared by usir .,
LiCH3COO-2H,0, pre-synthesized Mn3;0, and TEOS (2.040 :
0.763 2.083 wt.%) prime materials, adding acetic acid
(catalyst) and sucrose (carbon source) at 700 °C for 10 hrs
Replacing solvable metal source by Mn-oxide improved cycle
performance due to more compact carbon-coating and more
effective restraining the side reaction between the cathode
and electrolyte 130,

Li,MnSiO,/C nano composite exhibited a discharge capacity
of 253.4 mA-h-g? (~1.53 Li* extracted LMS) at 0.03 C and
149.9 mA~h~g’1 at 1 C (56.4% retention). It was prepared by
using LiCH3COO-2H,0 (0.02 mol), Mn(CH;C00),-4H,0 (0.01
mol), TEOS (0.02 : 0.01 : 0.01, mol%), water-acetic acia
solution (1 : 2, wt.%) and glucose at 650 °C for 6 hrs 13 The
capacity fade may be associated with the amorphous tendency
causing volumetric effect 107,133,171,

Liz(Mng94Crg06)Si04/C nanofibers exhibited a dischare~
capacity of 295 mA-h~g‘1 (~1.77 Li" extracted LMS) at the first
cycle and reached the highest capacity of 314 mA~h~g'1 (~1.88
Li* extracted LMS) at the 5t cycles. After 20 cycles, tF .
discharge capacity was maintained at 273 mA~h~g'1 (—~1.63 .7
extracted LMS). It was prepared by using N,N-
Dimethylformamide (DMF), Mn(CH5;COO0),-4H, ),
LiCH3;COO-2H,0 and TEOS at 700 °C for 12 hrs. Appropriate Cr-
substitution improved it’s cycling behavior due to large ui it
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cell volume. The carbon nanofiber matrix contributed the
faster electron and ion transportation, leading to good
reversibility of cathode materials ®  There are also some
unfulfilled results reported in Li,MSiO, (M = Mn, Co...) series
prepared via a sol-gel method where > 1 Li* extraction (i.e.
capacity > 166 mA~h-g'1) couldn’t attain. Li,MnSiO, exhibited a
low initial discharge capacity of 113 mA-h-g'1 at first cycle. It
was prepared by using LiCH;COO-2H,0, Mn(CH;COO),-4H,0,
TEOS and adipic acid at 700 °C **%. Li,CoSiO, exhibited only an
initial discharge capacity of 32 m-h~g'1 at 0.02 C in the 1™ cycle
and it decreased after 10 cycles. It was prepared by using
LiNO3, Co(NO3),-6H,0, silica particles and poly acrylic acid (PAA,
used as a chelating agent) at 800 °C. The low capacity could be

ascribed to poor electronic conductivity, insufficient ball

milling and unsuitable electrolyte 164,

C. 3. Hydrothermal / Solvothermal / Supercritical Fluid
Techniques:
These techniques are simple, clean, of good cost

performance and less energy consumption, being suitable to
prepare in close system high quality polycrystallines, i.e. large
surface area materials with desired morphology under
relatively lower temperature / pressure than those via a solid-
state or a sol-gel techniques. The precursor concentration
affects the particles’ morphology and size 103,172,173 ' Nano
particles are more active materials in favour of electrochemical
properties due to improved electrical conductance of the
electrode, shorter diffusion paths for lithium ions within a
particle and increased contact area with electrolyte 162, 174,
Normally, hydrothermal / solvothermal processes are
conducted in solvent at 150 - 200 °C for 24 - 96 hrs. For
complete crystallization as well as for carbon coating, products
need further annealing at 600 - 700 °C for 2 - 10 hrs. The
supercritical fluid technique are usually running at 300 - 400 °C
/ 30 - 40 MPa with very short duration of 5 - 10 min. Different
morphology are observed in these techniques like flower 116,
175, spherical 118, 145, 173, 176, 177, hallow sphere 178, hierarchical
120, 179, hot-dog 180, rod 7> 77 etc., depending on process
conditions. The particles size varies from 5 - 400 nm. Chelating
agents like citric acid ethylene glycol etc., were used in
hydrothermal method ™7 18 120 176
materials like cetrimonium bromide, ascorbic acid, urea etc.,
were used in solvothermal method /.

By a hydrothermal method, Mali et al. reported firstly three
polymorphs of Li,MnSiO, and their NMR spectroscopy % The
flower-like Li,MnSiO, exhibited an initial discharge capacity of
226 mA-h-g™ (~1.36 extracted LMS) at 0.05 C. After 10 cycles,
the capacity was stabled at —~130 mA~h~g'1. It was prepared
using LiOH-2H,0, Mn(CH5;C00),-4H,0 and TEOS at 700 °C for
10 hrs. The flower-like particles could translate into good

. And some organic

electrochemical properties due to their large surface area,
unique morphology and high interconnections with each other
116

By a solvothermal technique, Ni-modified Li,MnSiO,
(LMS@Ni/C) exhibited an initial discharge capacity of 274.5
mA-h~g'1(~1.67 Li* extracted LMS) at 0.05 C. After 20 cycles, it
faded down to 119.8 mA-h-g'l. It was prepared using
C,H30,Li-2H,0,  NiC4HgO44H,0, TEOS, MnC4Hg0,4-4H,0,

10 | J. Name., 2015, 00, 1-3

cetrimonium bromide (2.2 : 0.05 : 1.0 : 0.95 : 0.1, mol%) and
starch at 700 °C for 10 hrs. The Ni improved ion diffusic-
coefficient and electronic conductivity 7

By a supercritical technique, Li,MnSiO, exhibited a very high
discharge capacity of 313 mA-h-g'1 at 40 °C and 0.05C (—~1.9 "i"
extracted LMS) as shown in Fig. 4c. After 20 cycles, it fadeco
down to 240 mA-h-g'l. It was prepared by using LiOH-2H,0,
MnCl,-2H,0, TEOS and ascorbic acid (1 : 4 : 1 : 0.1, mol%) at
300 °C / 38 MPa for 5 min *°. Nano Li,MSiO, (M = Fe, Mn, Co)
materials were prepared at 300 - 380 °C / 38 MPa for 5 - 30
min. They performed high discharge capacity in the 1% cycle at
different rate but failed to maintain the stability 145, 156, 177)
Li,CoSiO, exhibited the discharge capacity of 107 mA-h-g"1 (~
1.51 Li* extracted LCS) at 0.01 C. After 3 cycles, it faded dowr.
to 80 mA-h-g'l. It was prepared by using LiOH-2H,0
CoCl,-6H,0, TEOS (4 : 1 : 1, mol%) and oleylamine at 300 - 350
°C /30 MPa for 10 - 30 min ***.

There are a few results reported in Li,MSiO4 (M = Mn, C .
Ni...) series prepared via hydrothermal / solvothermal methods
where > 1 Li* extraction (i.e. capacity > 166 mA-h-g'l) couldr’*
attain. Li,Mng gNi,SiO,4 via a solvothermal technique exhibited &
low discharge capacity of 100 mA-h~g’1 (~0.7 Li" extracted
LMS) at 0.2 C. It was prepared by using LiOH-2H,0, NiCl,-6H,0,
MnCl,-4H,0, SiO, (0.386 : 0.2 : 0.8 : 0.138, wt.%) and sucro:-
at 700 °C for 10 hrs. Ni-substitution maintained the structure
and improved the charge capacity, but had no help to the
discharge capacity 181
C. 4. Microwave Method:

The target materials directly absorb the electromagnetic /
microwave energy (self-heating) within short period of time,
which is lower than in the other synthesis methods 182 )t e
very fast, facile and high efficient. Nano agglomerates or
spheres could be prepared at 600 - 700 °C for 6 - 20 hr .
Cathodes with high ionic conduction was obtained above RT
(60 °C) 171 183,184 By this technique, it’s difficult to extract more
than 1 Li* from Li,FeSiO, (RT) but succeeded from Li,MnSiO,.

By a microwave-assisted hydrothermal technique,
Li,MnSiO,/C exhibited an initial discharge capacity of 21C
mA-h-g' (~1.27 Li* extracted LMS) at RT and 250 mA-h-g™ (~
1.5 Li" extracted LMS) at 55 °C for 0.2 C (Fig. 4d). After 2C
cycles, it drastically faded 50 % (105 mA-h-g'l) at RT and 15 %
(240 mA~h-g'1) at 55 °C. It was prepared by using LiOH-2H,0,
Mn(CH5COO),-4H,0, TEOS and sucrose at 650 °C for 6 hrs *'*.

Li,MnSiO4 via a microwave-assisted solvothermal synthesis
exhibited an initial discharge capacity of 260 mA-h-g'1 at 50 °C
(~1.57 Li* extracted LMS) and 130 mA-h-g” at RT at 0.1 C.
After 4 cycles, it drastically decreased. It was prepared by using
LiOH-2H,0, Mn(CH3C00),-4H,0, TEOS and urea at 700 ° for 5
hrs '®.

C. 5. Spray Pyrolysis / Combustion / Hydro-Chemical Techniques:

The synthesis temperature / time vary from 600 - 800 °C for
4 - 12 hrs to form agglomerate / porous / spheric !
morphology, depending on conditions and carbon sources.

Spray pyrolysis method is to prepare powders with an
uniform chemical composition and a narrow particle si e
distribution from the nanometre to the micrometer order,
easily used for large-scale applications 186 Li,MnSiO, C

This journal is © The Royal Society of Chemistry 20xx
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exhibited an initial discharge capacity of 184 mA-h-g™ (~1.1 Li*
extracted LMS) at RT and 0.05 C. After 20 cycles, it faded down
to 110.4 onh~g'1 (~60%). Moreover, it exhibited an initial
discharge capacity of 225 mA‘h'g'1 (~1.36 Li" extracted LMS)
at 60 °C and 0.05 C. But it faded drastically at the end of the
20" cycle 139,

Li,MSiO, (M = Fe, Mn) were prepared via a combustion
method, using LiNO3, Mn(CH5COO),-4H,0, TEOS, citric acid and
20 wt.% of acetylene black at 700 °C for 10 hrs 142, Li,MnSiO,/C
exhibited an initial discharge capacity of 161 onh'g'1 (~0.96
Li" extracted LMS) at 0.06 C.

By a hydro-chemical technique, Li,FeSiO,/C/CNS with double
carbon-coating  (glucose-derived carbon and carbon
nanosphere) exhibited an initial discharge capacity of 164.7
mA-h-g? (~1.0 Li" extracted LFS) at 0.1 C. After 60 cycles,
98.4% capacity remained. It was prepared by using
CH;COOLi-2H,0, Fe(CH5CO0),-4H,0, TEOS, glucose and CNS at
700 °C for 12 hrs. Double carbon-coating increased the

electron transport among the particles 187,
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Figure 4: a) Charge / discharge profile of Li,MnSiO,/C/graphine

(0.05 C) via a solid-state method 12, b) Cyclic performance ot

Li,MnSiO,/C via a sol-gel technique at different current density
130 ¢) Charge / discharge capacity of PEDOT/Li,MnSiO, via a
supercritical technique at 0.05 C and at 40 °C %6. ) Charge /
discharge profile of Li,MnSiO,/C via a microwave method at

C/20 and 55 °Cc ',
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Table 2: Synthesis methods, conditions and physicochemical / electrochemical properties of Li,MSiO, (M = Fe, Mn, Co)

Temp. / Time /

Size

Specific capacity

Retention (%)

-1
Methods e /Pl;]ersss;lzapa) Morphology (nm) , le:;\nlt\ gen)Sity / Cycles Refs.
650/10/- agglomerate (Li;FeSi04/C) - 144.8 /0.1 94.27 /13 188
800/12/- agglomerate (Li,MnSi04/C) 30-80 129/0.06 -/10 128
650/8/- agglomerate (LiFegsMng1Si04/C) - 158.1/0.03 94.3/30 14
900/6/- agglomerate (Li,FeSi04/C/rGO) 28.5 191.6/0.1 91.3/60 127
700/10/- agglomerate (LiyssFeSi04/C/CNTSs) 30-70 148 /0.2 99.2 /100 %9
Solid-state 700/8/- spherical (LiMnSiO4/C/graphene) 50 215.3/0.05 81.3/40 125
650/ 10/ - agglomerate (LiFeg 57C00,035i04/C) 100 - 500 199/3.0 71.6 /100 &
700/15/- rounded (Li,FeSiO,/C) 200 102/ - 91.8/10 126
700/10/- agglomerate (LizssFeSi04/C) 100 142 /1.0/ 100 95.1 /100 122
650/10/- agglomerate (LiFeg.95Vo.055104/C) 7-10 220.4/0.1 78.7 /50 161
700/10/- agglomerate (Li;MnSi04/C) 13.4-23.3 201.8/ - 73.5/15 163
800/-/- spherical (Li,CoSiO4) 460 32/0.02 -/2 164
700/5/- spherical (Li,MnSiO,) 25-30 161/0.05 77.6 /50 37
700/10/- irregular (Li;MnSi04/C) 20-30 240/0.02 45.4/30 130
700/-/- spherical (Li,MnSiO,) 25-30 113/ - -/15 138
650/10/- mesopores (Li,FeSi04/C) 20-30 163 /0.06 96 /200 166
680/10/- mesopores (Li;MnSiO4/C) 10-20 164.2 / 0.06 80/ 60 136
650/10/- agglomerate (Li;.sNao.1MnSi04/C) 30 175/0.01 45/ 40 167
650/10/- agglomerate LiFeSigsVo,104/C) 100 - 200 159 /0.06 90/ 30 &3
700/12/- agglomerate (LiFeg.07Mgo.035i04) 100 153.2/0.06 98.6 /50 e
700/10/- agglomerate (LiMng gFeq25i04/C) 15-30 224 /0.05 63.8/50 189
sol-gel 700/10/- honeycomb (Li;.sMnSiO4) 6-8 147.1/0.03 83.3/25 168
600/10/- aggregated (Li,FeSiO,/C-NHT) 20-30 195.5/0.1 -/50 190
700/10/- agglomerate (Lio.sMng s5i04/C) 220 230.1/0.1 70.4 /20 o1
700/12/- core-shell (Li».0sMng.o5Po.05Si0.6504) 30-60 170/ 0.06 -/60 70
700/12/- agglomerate (LiFeg.07ZNn0.035i04) 100 128 /0.1 97.5/55 169
650/10/- mesopores (Li,FeSiO,@CMK-3) 50 160/0.1 -/80 192
600/10/- agglomerate (LiFeSi04/C) 15 187/0.1 -/50 193
700/10/- agglomerate (Li.osF€0.95P0.05Si0.0504/C) 50 - 100 213/0.3 -/50 194
650/6/- spherical (Li,MnSiO4/C) 20-50 253.4/0.03 77 /20 133
600/10/- nano wire (Li,MnSiO4/C/V,0s) 30 277.0/0.1 -/50 195
700/12/- nano fibers (LMng.94Cro.065i04/C) 70 - 150 295/ - 65.8 /50 64
650/10/- agglomerate (LiMno,0sTio.015i04) ~50 211/0.01 -/50 196
150/92/- flower (LiFeSiOy) 20-50 130/0.1 -/30 17
700/-/- flower (Li;MnSiO4/C) - 100/ 0.05 -/40 162
550/5/- spherical (Li;MnSiO4) 644 177/ - 32/20 73
650/10/- hollow spheres (Li;FeSiO) 0.5-2pm 152 /0.05 -/100 178
600/6/- hot-dog (Li,FeSiOa) 200 150/ - -/50 180
900/4/- hollow spheres (Li;C0SiO4/C) 300 - 400 33/- -/50 49
600/5/- agglomerate (Al-LiFeosMng sSi04/C) 20-100 216/ 0.01 -/20 62
200/72/- spherical (Li,FeSiO,/C) ~20 136/0.2 96.1/100 18
Hydrothermal / 700/10/- flower (Li,MnSiO4) 20 226/0.5 -/10 116
Solvothermal / 650/10/- shuttle-like (Li,MnSiO,/C) 0.4-0.5um 206/ 0.05 -/50 132
Supercritical 180/192/ - hierarchical shuttle (Li,FeSiO) 31.8 159.4 /0.01 97.5/20 120
600/2/- nano-rod (Li,FeSiO./C) 80 - 100 155/ 0.06 -/50 175
650/10/- spherical (Li,FeSiO,/C) 18.3 211.3/0.1 97.7 / 1000 176,
700/10/- plate (LiMng gNi.2SiO4) 100 100/0.2 -/10 181
600/10/- 3D porous hierarchical (Li,FeSiO,4/C) ~60 170/0.1 -/20 179
600/06/ - Nano-rod (Li,FeSiO4/graphene) 10-25 306.4/0.3 95 /240 57
700/10/ - agglomerate (Li,MnSiO,@Ni)/C 20-50 274.5/0.05 -/20 o7
700/5/- spherical (Li;MnSiO4) 15 - 500 260/0.1 -/5 185
380 /30 min /38 rod (Li,FeSiOs) 20- 80 177/0.01 -/25 177
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350/30 min/ 38 spherical (Li,CoSiO4) 20-15 107 /0.1 -/4 145
300/5 min/ 38 spherical (LizMnSiO,) 5-20 313/0.05 76.7 /20 156
400/ 4 min /38 hierarchical nano (Li,MnSiO,) 4-5 291/0.05 -/50 197
198
650/6/- nano sphere (Li>FeSiO./C) ~20 148 /0.05 -/20 e
) 650/6/- agglomerate (Li,MnSiO,/C) ~20 210/0.05 -/20 e
Microwave X X 183
700/20/ - agglomerate (LiFeSiO,) - 116.2 / 0.05 -/10
700/20/- agglomerate (Li,FeSiOy) - 116.9/0.05 -/10 184
800/4/- agglomerate (Li,MnSiO,/C) ~50 184 /0.05 -/20 139
700/10/- spherical (Li,FeSiO4/C) 1-5pum 123/1.0 98.4 /300 199
) 600/4/- spherical (Li,FeSiO4/C) 65 154 /0.05 -/70 200
Spray pyrolysis / ) . 109
Combustion / 600/4/- agglomerate (LiFegsMng 5Si04/C) 65 149/1.0 -/50
ompustion
Hvdro-chemical 700/12/- agglomerate (Li,FeSiO4/C/C-nanosphere) ~200 164.7 /0.1 98.4 /60 187
ro-chemica
y 650/10/- porous (Li;FeSi04/C) 28 135/0.06 -/- 148
800/10/- agglomerate (Li;FeSi04/C) 29 130/ 0.06 -/50 47
700/10/- agglomerate (Li,MnSiO,/C) 50 164 /0.01 -/20 142 |

D. First Principles of Density Functional Theory
(DFT) Calculations:

The first principles density functional theory (DFT) is an
approach to the quantum mechanical many-body problem,
where the system of interacting electrons is mapped onto an
effective non-interacting system with the same total density.
The total energies of all the compounds were usually
calculated using the Projector Augmented Wave (PAW)
formalism as implemented in the Vienna Ab initio Simulation
Package (VASP), or the full-potential linear augmented plane
wave (FP-LAPW) method, with the exchange and correlation
energies approximated in Perdew-Burke-Ernzerh generalized
gradient approximation (PBE-GGA), local spin density
approximation (LSDA), generalized gradient and local density
approximations
correction potential / ultrasoft pseudopotential (GGA + U
and LDA + U™

plus an on-site Coulomb self-interaction
SIC

, respectively). Two versions of spin-polarized

(ferromagnetic / anti-ferromagnetic, i.e. FM / AFM)
calculations were employed 4420196, 202-205
Through DFT calculations from a specific structure,

properties of Li,MSiO, (M = Mn, Fe, Co, Ni...) can be accurately
predicted and reaction mechanisms can be fully described. The
applications of DFT calculations include crystal structure
modeling and stability investigations of delithiated and
lithiated phases, average lithium intercalation voltage,
prediction of charge distributions and band structures, and
kinetic studies of lithium ion diffusion processes (Li* vacancy
migration 8, 206), which provide
understanding of the capacity, reaction mechanism,
capacity, and cycling ability. The results obtained from DFT are
valuable to establish the relationship between the structure
and the electrochemical properties, promoting the design of
new electrode materials *°".

The total energy vs. volume of Li,MnSiO, polymorphs
(orthorhombic B,-Pmn2, / y-Pmnb and monoclinic ys-P24/n)
and their electrochemical properties as electrode for LIBs were
investigated by Arroyo-de Dompablo et al. 44, combining
experimental and computational methods. Calculation results

barriers can atomic

rate

This journal is © The Royal Society of Chemistry 20xx

show that the crystal structure affects little to the average Li*
intercalation voltage (4.18 / 4.19 / 4.08 V for Pmnb / Pmn2, ,
P21/n, respectively). The Pmnb form is 2.4 / 65 meV/f.u. more
stable than the Pmn2, / P2,/n forms, respectively (Fig. 5, GGA
+ U results). But one can not deny that other varieties of f-
and/or y-LizPO, could be energetically accessible. In fact, a -
LisPO4 (B-Pbn2;) type Li,MnSiO, sample had been preparec
through hydrothermal method. The DFT calculations alsc
reveal that the denser Pmn2,; polymorph can be obtained by
high-pressure / high-temperature treatment from the other
polymorphs or their mixtures 4,

®Li MAS NMR spectroscopic combined with DFT calculations
was used to study the structural differences among various
polymorphs of Li,MSiO, (M = Mn, Fe, Zn). Results show that
the fully lithiated Li,MSiO,, delithiated LiMSiO, and MSiO, a ~
semiconducting and the band gap of Li,MSiO, decreases while
extracting lithium ions % 97 The Si-O bonds remain almost
unchanged during the lithiation-delithiation
polymorphism, which contribute significantly to the structural
stability 8 Comparisons exhibit a more promising role ol
monoclinic P2;/n configuration. The corresponding fully
delithiated MSiO, attained better stability due to high-spin
state from M to M*" and to M* ions *®. Different from the
counterpart of LiIMPO,, the potentials of Li,MSiO, are largely
increased due to higher valence state of M3 /M* redox couple
27 and Li* conduction exhibits a two-dimensional anisotropic
character *°.

Kokalj et al. predicted by DFT calculations that it might be
possible to obtain a stable material with > 1 Li* / f.u. by using
Li,Mn,Fe,,SiO, solid solution. The voltage required is lower by
0.7 V than that for the pure Fe counterpart 22 Howeve .
Larsson et al. argued that when the ratio of Mn substitution
lowered to 12.5%, the structural distortion and high voltage
would destruct the feasibility of this design 208,

Kalantarian et al. pointed out by DFT calculations that £,
Li,MnSiO, (Pmn2;) should have better electrochemic |
properties, even after 2 Li* / f.u. extraction 23 The insertior /
extraction mechanism has been put into relation with th~

for al
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voltage-capacity behaviour by considering a diffusion model.
They also related voltage behaviour to relevant quantities such
as reaction energy, Li* diffusion coefficient and particle size, so
suggesting some strategies for optimizing materials 204,
LioMgsNgsSi0, (M, N = Mn, Fe, Co, Ni) compounds with Pmn2,
structure were studied by DFT using GGA (+ US'C) and LSDA (+

US'C) methods. Mixed compounds score better than pure
materials, except for Fe-Mn in comparison with Fe.
Considering both electron conductivity and theoretical

lithiation-delithiation reaction voltage, the best properties are
showed by Fe-Ni, Mn-Ni, Fe-Co and Mn-Co, in descending
order. Fe-Ni is theoretically the most promising material.
Based on gravimetric specific energy, these materials are
sorted as: Mn-Fe, Fe, Mn, Mn-Ni, Fe-Co, Mn-Co, Fe-Ni, Co, Co-
Ni and Ni, in ascending order (Fig. 6) 205,

-55.0 1

-55.1 4

Pmnb (4.18 V)

Calculated Energy (eV/ fu.)

7 80 85 %0 95 100
Volume (A fu.)

Figure 5: Calculated total energy vs. volume curves of
Li,MnSiO, polymorphs; Pmn2, (red), Pmnb (blue) and P2./n
(green). Calculated average voltage for the 2 electron process
is given in parentheses 44,209

3
1 delithiated GGA+U
25 delithiated LDA+U
s 2
&
oy
3 15
=
g1
0.5
0 - - -
’.\ ’-\ o ) ;é\ 2 ,QE‘ > {;\ co
Q?" \K\Q Qe" YSQ’ QO @{\ Y‘\

Figure 6: Band gaps for delithiated states of Li,M 5Ny sSiO, (M,
N = Mn, Fe, Co, Ni) calculated via GGA/LSDA + U™ methods 2%,

E. Techniques for Improving the Electrochemical
Performance:

As mentioned earlier, just like LiFePQO,, Li,MSiO, (M = Fe,
Mn, Co, Ni) cathode materials also suffer from poor electronic
conductivity and slow diffusion rate of lithium ion, which

14 | J. Name., 2015, 00, 1-3

45, 210
. To

overcome these drawbacks, the following strategies wei-

inhibit their use in higher power applications

adopted: a) carbon coating; b) optimization of the particle size
and morphology; and c) ion-substitution.
E. 1. Carbon Coating:

In synthesizing Li,MSiO,, carbon sources are often used to
improve electrochemical properties, at the same time to act as
buffers preventing grain growth and formation of hara
agglomerates during heat treatment 142, Generally, it works in
two ways: i) In situ carbon coating: The starting precursors
and carbon source are mixed and then calcinated at high
temperature. This type of coating would form a thin and
homogeneous carbon layer on the surface of particles anc

21 The formed carbor

improve electrochemical properties
can also affect the growth of particles or possibly increase
impurities in the target materials. ii) Ex situ carbon coating:
Carbon-free materials are prepared and then mixed up wi..
carbon source by ball milling / grinding. Heat treatment ~
necessary if carbon precursor rather than carbon black is used.
This type of coating has little effect on the morphology -~
particles and the amount of impurities 128,

Many researchers have suggested that the selected carbon
precursors directly involved in the characteristics of the carbon
additives, in terms of their structure, distribution and thickne:-
coating layer, which are proportional to the performance of
electrodes "%,

Carbon coating not only provides conductive connections
among the active particles which are favourable to the
electron and ion-transfer (Fig. 7a) 218 hut also decreases the
particle size effectively of the active materials during the heat
treatment. It can shorten the diffusion path of lithium ion anc
also facilitate good contact among the neighbouring particles
with reduction of the polarization 4, 8L 217 Yniform carbe .
coating (~2 - 5 nm thickness on nano particles) increases the
capacity and rate performance by providing short pathways
and huge electrochemical interfaces for fast ions diffusions
and transportation (Fig. 7b) 133, 218 219 various carbon
precursors directly affected the electrical conductivity of the
carbon, which support to improve the electrochemical
performance of Li,MSiO,/C cathode materials 136,220 |ncreasec
spz—coordinated carbon promised better electrochemical
performance 221223 Eynctional structure or ring forming
structure of organic precursor has attracted considerable
attention as carbon source for electrodes **> 2% 22,

If aggregated carbon has too much content, it would block
the pathway for electrolyte percolation. Hence the ionic
conduction is blocked ?**. The total amount of impurities
increases with the carbon contents, ie. the content of
electrochemically active Li,MSiO, decreases with increasing of
carbon content.

This journal is © The Royal Society of Chemistry 20xx
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A conductive coating
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Figure 7: a) Schematic presentation of electron and ion
transport in a carbon-coated cathode material 216; b) uniform
thickness of carbon coating on a Li,MSiO, particle 133,

Until now, many carbon sources have been used in
synthesizing Li,MSiO, cathode materials, such as carbon
187 159
nanosphere (CNS) ', carbon nanotubes (CNTs) ~°°, reduced
. 127 . 125 125
graphene oxide (rGO) *°’, graphene oxide (GO) ~°, PEG-600 ",
125 .. .3 225 .
cellulose acetate "7, adipic acid ">, acetylene black or Ketjen
73, 160 20, 114, 128, 130, 131, 136, 139, 158, 170, 171, 180, 188, 212,
black , sucrose

226-229 158

, cellulose acetate ", acetylene black

108
, cellulose ™, polyethylene-poly (ethylene glycol)
153, 233 . . 56,156 .. . . | 41,56, 63, 82, 132, 141, 191, 216, 227,
, ascorbic acid , citric acid

62, 81, 118, 125, 183, 187, 212, 237
, corn starch

, glucose ’
187, 238-241 125, 127

carbon nano sheet / tube , graphene

are . 135, 242 243

pyromellitic acid , P123 polymer”™, carbon black

113, 134, 147, 148, 153, 187, 188, 244, 245 P 189 . .
, polyacrylonitrile =, tartaric acid

73,109, 118, 132, 200, 226,

229-232 125, 141,

233-236

84, 166

,
24, 106,

This journal is © The Royal Society of Chemistry 20xx
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137, 138, 160, 162, 246 . 81, 122
, pitch

80 .. .
, adipic acid
211

and phenolic resin

Li,MnSiO4 via a sol-gel technique using 2.1 wt.% sucrose
showed higher cyclic performce than that using 5.9 wt.%
content 2. Li,MnSiO, via a sol-gel technique using 0.2 mo'%
adipic acid (act as carbon source and chelating agent)
exhibited a better discharge capacity of 113 mA'h-g'1 than that
using 0.2 mol% content (58 mA-h-g'l) 138 carbon suppression
to crystallites and connecting with pores in Li,MnSiO,/C
resulted in a carbon-coated compound. It showed a high
discharge capacity of 275.2 mA'h-g'1 than that in an uncoatea
Li,MnSiO, (178.3 mA-h-g™) **°.

Li,MnSiO,/C via a combustion method using 0 wt.%, 10 wt.%
and 20 wt.% of acetylene black exhibited the discharge
capacity of 2 mA-h'g'l, 128 mA'h-g'l and 164 mA'h~g'1
respectively 142,

Graphitized carbons afford better electrochemic.:
performance than the non-graphitized. Li,MnSiO,/C/graphe:
composite was prepared using carbon sources like
polyethylene glycol 600, glucose, cellulose acetate ar-
graphene oxide. It exhibited an initial discharge capacity ol
215.3 mA-h-g’1 at 0.05 C. The 3D nest-like carbon network and
carbon layer are favourable for improving the capability ana
cycling stability 123,

E. 2. Optimization of the Particle Size and Morphology:

As per diffusion formula t = L’ / 2D (where t is the diffusior
time, L the diffusion distance and D the diffusion coefficient),
the rate of electrochemical performance increases with the
reducing of particle size. Porous structure shortens
significantly the diffusion time of Li* in Li,MSiO, cathode
materials 24" 2%, Nano-sphere particles make for increasing the
tap density of cathodes, because the larger size of the
secondary particles provides a denser packing, while t*_
smaller size of the primary particles improves the Li* and
electron conduction **.

Li,MnSiO, particles exhibited an uniform spherical shape
and a size around 50 nm coated with a carbon / graphene layer
(Fig. 8a) . Nano spherical Li,MnSiO, (20 - 30 nm) was
synthesized by using a chelating agent (adipic acid). It
exhibited an initial discharge capacity of —~161 mA-h-g'1 anc
was stabled up to 50 cycles 137,

The 20 nm thin flower-like morphology with flake margin ot
petals formed (Fig. 8b) in Li,MnSiO, during the nucleation
growth in the presence of water under optimizea
hydrothermal treatment. The resultant exhibitea
electrochemical stability of —~125 mA~h-g'1 due to its large
surface area, unique morphology and high interconnections
among the nearest neighbouring particles 16
in mesopore and macropor~
structures (also in hierarchical pores structure) influence
greatly cycling behaviors, resulted in the discharge capacity of
275.2 mA-h-g” in Li,MnSiO,/C and 163 mA-h-g " in Li,FeSiO,’:

at 0.06 C. Current penetrating electrolyte through poro s
133, 136,

Large amount of pores

structure was benefit for promoting Li* transportation
166, 178, 249 Honeycomb-like Li; sMnSO, with mesopores (6 - 8

nm) was produced by decomposing raw materials at high
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temperature (to release CO, and H,0), which exhibited a C)
discharge capacity of 110.9 mA-h-g"1 168

Li,MnSiO,/C/V,0s in which Li,MnSiO,/C nano-particles
adhered by V,0s5 nano-wires exhibited a high discharge
capacity of 277 mA~h~g'1 (1.66 Li* extracted LMS) at 0.1 C,
because V,0s5 nano-wires suppressed the dissolution of
manganese and protected Li,MnSiO, from corrosive reaction
with the electrolyte 195,

Li,MnSiO, with a hierarchical structure (200 - 400 nm, Fig.
8c) was prepared via a supercritical fluid process using oleic
acid as a surfactant. It exhibited an initial discharge capacity of
283 mA~hog'1 (1.7 Li* extracted LMS). The suitable particles size
and the special structure mage nearly 2 Li" extraction.

a) ey

Figure 8: a) TEM of Li,MnSiO, particles exhibiting an uniform

spherical shape and a size around 50 nm coated with a carbon

/ graphene layer 125; b) SEM of Li,MnSiO, thin flowers with a

flake-type petal % c) TEM of Li,MnSiO, particles with -

. . 250
hierarchical structure “".

| — 4 & b ST E. 3. Cation-Substitution:

Aliovalent / isovalent cation subsitution is often employed
to improve the electrochemical performance of polyanion
compounds by the alteration of cell / particle sizes of cathode
189 251 The aliovalent ion substitution is more
and can induce defects (vacancies or
interstitials) in the lattice by charge compensation to enhancc
the conductivity 19,56, 169, 253, 252'254High atomic percentage of
aliovalent (A**, zr*" and Nb®") substitution was reported to
reduce the lithium miscibility gap and increase the phase
%6, 257 But theoretical study on
energetic ground proved that polyanion is not tolerant to
258 Doping

materials

. 252-254
effective

4+

transformation kinetics

aliovalent substitution on neither Li* nor M*" sites
of aliovalent cation is still under debate % %82,

The substitution of Mn*" by Cr** in Liy(Mn,_,Cr,)SiO, / carbor.
nano-fiber composites (x = 0.03, 0.06 and 0.1) increased crystal

unit cell volumes. The crystalline structure was prevented fromn

_ 250nm

. » oo N e S
S$4800 15.0kV 9.1mm x100k SE(M) 500nm

s

collapsing and the structural stability was improved during
charge / discharge cycles. The Li,(Mngo4Crg06)SiO4 exhibited a
discharge capacity of 314 mA-h-g'1 and an improved cycli~ -
behavior due to the maximum unit cell volume **.

The substitution of Mn** by Ti*" in Li,(Mn,,Ti,)SiO, (x = O,
0.06, 0.1 and 0.2) led slightly to a shrinkage of volume, due . -
the smaller ionic radius of Ti*" than that of Mn”". Particles had
smaller size, better mono-dispersion and larger specific areas
compared to the pristine Li,MnSiO,. Li,(MnggTig,)SiO,4show d
good cycling performance and maintained the capacity arounu
100 mA-h-g'1 after 50 cycles (Fig. 9a) 196

After substitution of trivalent ions like Ga*, A’* and Mg** ..
Li,MnSiO,, small intensity peaks were found in the region

16 | J. Name., 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Li/Mn sites. But the substitution didn’t affect the structure
arrangement. Only Ga’' led to a better charge / discharge
capacity (Fig. 9b) and exhibited an effect on well-dispersed
nano-particle formation
charge compensation could be achieved through the creation
of Li" interstitials ™

% If substitution was on Si site,

250
—s— undoped
a) o— 0.06Ti
200 () —a—0.1Ti
—v—0.2Ti

150

100

50

Discharge capacity (mAh.g}

0 10 20 30 40 50
Cycle number

) 150 —0=—undoped
_ —e— Mg doped
bo 140 - —#— Ga doped
< —v— Al doped
<CT 130
£
- 120
%
g 110
a
8 100 -
()]
oo 90
—
£
o 80+
R
o 70 T T T T T

0 2 4 6 8 10

Cycle number

Figure 9: a) Cyclic performance of Li,Mn4,Ti,SiO4 (x = 0, 0.06,
0.1 and 0.2) **% b) Cyclic Performance of Mg®", Ga*" and AI**
substituted Li,MnSiO, 263

The Li,FeSiO, suffers low electronic conductivity and slow Li*
diffusion. Substitution of iron with other transition metals is a
possible solution to the problem. At the same time, the initial
structure of Li,MnSiO, is progressively amorphized during
delithiation, which leads to the poor stability during cycles. In
order to combine the high discharge capacity of Li,MnSiO,
with the high cycling stability of Li,FeSiO,, partial substitution
of Fe¥* with Mn* was employed *” 2% 23 |n this way,
substitution of Fe?* by Mn?* which undergoes a 2" > 4"
transition can facilitate a “> 1 electron redox reaction” through
the following reaction with the removal of up to 2 Li*, resulting
in a capacity increase from 170 mA-h-g_1 to 340 mA-h~g'1 264,

This journal is © The Royal Society of Chemistry 20xx
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Li*,(Fe™ 1,Mn”*)Si0, <> Li*y(Fe** 1 Mn*")Si0, + (1 + x)Li* +
(1+x)e

The substitution of Fe** by Mn*" in Li,(Fe;,Mn,)SiO, (x = O
0.03, 0.1, 0.2 and 0.3) through a solution route lec
Li,(FegsMng1)Si0,/C to exhibit an initial discharge capacity
158.1 mA-h-g'1 (~0.95 Li" extracted LFS) with a capacity
retention of 94.3% after 30 cycles e

The substitution of Mn*" by Fe*" in Li,(Mn,_Fe,)Si0,/C (0 < x
< 0.8) via a spray pyrolysis / ball milling / annealing route led
Li,(Mng sFeq 5)Si0,/C to exhibit an initial discharge capacity ot
149 mA-h-g'1 (~0.9 Li* extracted LFS) at 1 C 1% |n contrast, the
substitution of Fe** by Mn®" in Li,(Fe;,Mn,)SiO, (x = 0, 0.3, 0.5,
0.7, 1) led to a discharge capacity with only 61.4% retentior
after 50 cycles 3 The Mn-substituted materials exhibitec
higher redox potential and higher initial discharge capacity but
suffered in poor cycling performance and electrochemical
reversibility. It might be due to the structural stability ai.=
electronic conductivity. The Li,(FeggMng,)SiO, showed gor -
reversibility and exhibited an initial discharge capacity of 230.1
mA-h-g’ (~1.4 Li* extracted LFS) at 0.1 C and retained 17
mAvh-g'1 after 20 cycles.

Other efforts involve of replacing O by N 265, substituting
polyanion SiO, by AsO, 266, BO; 267, VO, 268, and doping
trivalent Al and Ga on Si site

F. Conclusions:

The pursuit of effective cathode materials in LIBs is a
challenge for congregate current / future energy storage
requirements. The lithium transition-metal orthosilicate
Li,MSiO4 (M = Mn, Fe, Co, Ni...) should be paid more attentior
because it has a high theoretical capacity (~330 mA-h-g'l)
with a possible 2 Li* extraction per formula unit. In the preser’
perspective, an attempt has been made to review Li,MSiO,
materials on the polymorphism of structure,
methods and
performance.

The stable Li,MSiO, polymorphs include high temperature
monoclinic y, / s (P2:/n), high temperature orthorhombic y,
(Pmna, Pmnb, Cmma), low temperature orthorhombic f
(Pbn2,, Pna2,) and pf, (Pmn2,), which are influenced by
synthesis conditions and electrochemical behaviors. The
metastable monoclinic P,-Li,MnSiO,; would convert to the g,
structure (Pmn2,) above 370 °C. The densest £, (Pmn24,
polymorph attained the best electrochemical performance due
to its special structure. It can be prepared from other less-
dense polymorphs, by controlling temperature,
and/or electrochemical process.

Once materials amorphization or collapse were inhibited
during lithium ions insertion / extraction from host lattice, tnc
reversible structural change and good cycling performance
would attain. Hence, it is suggested that the ion-substitutior
for stabilizing the structures, is an effective way to achie e
high-capacity Li,MSiO, materials. Carbon-coating and
optimization of the particle size / morphology are also appli d
as the exterior modifying methods to enhance electrochemica:
performance. Thus understanding the relationship among tl e

synthesis

improving techniques for electrochemica!

pressu. <
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polymorph structure, synthesis and phase transition in
Li,MSiO, is the most important.
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