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ABSTRACT. The importance of exploring new low cost and safe cathodes for larger scale lithium
batteries has led to increasing interest in Li,FeSiO,4. The structure of Li,FeSiO, undergoes significant
change on cycling, from the as-prepared vy form to an inverse B, polymorph; therefore it is important to
establish the structure of the cycled material. In ys half the LiO4, FeO4 and SiO, tetrahedra point in
opposite directions in an ordered manner and exhibit extensive edge sharing. Transformation to the
inverse By polymorph on cycling involves inversion of half the SiO,4, FeO4and LiO, tetrahedra, such that
they all now point in the same direction, eliminating edge sharing between cation sites and flattening the
oxygen layers As a result of the structural changes, Li* transport paths and corresponding Li-Li
separations in the cycled structure are quite different from the as-prepared material, as revealed here by
computer modelling, and involve distinct zig-zag paths between both Li sites, and through intervening

unoccupied octahedral sites that share faces with the LiO, tetrahedra.
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Introduction

There is intense interest in investigating Li intercalation compounds that might find application as
cathodes in new generations of lithium-ion batteries. In this regard, one advantage of polyoxyanion
intercalation compounds compared with transition metal oxides is that the binding of oxygen in the
polyoxyanions enhances stability and thus safety. Phosphate cathodes, particularly LiFePO,, have been
extensively studied and continue to be important. The reason that silicates such as Li,FeSiO, have
attracted increasing attention recently is that iron and silicon are among the most abundant, and therefore
lowest cost, elements on Earth. Developing cheap and safe cathode materials is a prime target for large
scale lithium batteries in the future. Previous studies of Li,FeSiO4 have reported that more than 160
mAhg™ of charge can be extracted from Li,FeSiOy4, with reversible capacities of 120-140 mAhg™.*?
Two other related Li intercalation hosts are known, Li;MnSiO, and Li»CoSiO,.® The structure of as-
prepared Li;FeSiO, was reported recently.* However, it has been shown that the structure, and as a result
the voltage, polarisation (and hence kinetics) of this cathode change during the first few cycles, then
remain constant.®  Half of all the Li, Fe and Si ions rearrange on cycling, which results in a significant
change in the Li* diffusion pathways. Therefore, establishing the cycled structure of Li,FeSiO4 and its
Li* diffusion pathways is important, in order to provide a platform on which future optimization of
Li,FeSiO, as a cathode for Li-ion batteries can be based. Here we report the crystal structure of cycled
Li,FeSiO, established using powder neutron diffraction and explore the Li* migration pathways using
atomistic simulation techniques.

Experimental

Synthesizing phase pure Li,FeSiO, has proved a challenge in the past; here we use the following
method by Gong et al., which is known to produce a single phase material.® Stoichiometric amounts of
lithium acetate dihydrate (Acros), iron (Il) acetate (Strem), and tetraethyl orthosilicate (Aldrich) were
mixed in ethanol with 2ml acetic acid. After stirring, the suspension was transferred to a Teflon-lined

autoclave and heated to 130 °C for 12 h. The resulting gel was dried under vacuum at 80 °C then mixed
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with sucrose and ball-milled under acetone for 30 minutes. Following acetone evaporation, the sample
was annealed under flowing nitrogen at 600 °C for 10 h. All subsequent handling was carried out in an
Ar filled glove box (oxygen and water levels < 1 ppm). Powder X-ray diffraction data were collected on
a Stoe STADI/P diffractometer operating in transmission mode with FeKo; radiation (A = 1.936A) to
eliminate Fe fluorescence.

Composite electrodes (LioFeSiOy4, super S carbon and Kynar Flex 2801 -a co-polymer based on
PVDF), with weight ratios 75:18:7, were constructed and incorporated into electrochemical cells with a
lithium metal counter electrode and electrolyte (1 molal LiTFSI in ethylene carbonate/ diethyl carbonate
1:1). Electrochemical measurements were carried out at 50 °C using a Maccor Series 4200 battery
cycler. After cycling, cells were opened in an Ar-filled glove box, the active material removed and
rinsed with dry solvent to remove residual electrolyte and binder and dried. The samples were then
transferred to 2mm quartz capillaries for neutron diffraction measurements. Time-of-flight powder
neutron diffraction data were obtained on the Polaris instrument at ISIS at the Rutherford Appleton
Laboratory. Since lithium is a neutron absorber the data for as-prepared materials were corrected for
absorption. The structures were refined by the Rietveld method using the program TOPAS Academic.’

The atomistic modelling techniques are well-established and detailed elsewhere;® the interatomic
interactions are treated by effective shell-model Buckingham potentials and a three-body term for the
SiO4 units (Table S2). The transferability of this approach has proved successful in the modelling of
structural, defect and ion transport properties of Li,MnSiO,," LiFePO,,® and a range of apatite-silicates
and zeolites. ®? An important feature of the methods is the treatment of full lattice relaxation of a large
number of ions (> 700) around the migrating lithium ion, which is modelled by the Mott-Littleton
method (embodied in the GULP code).®

Results and Discussion

The powder X-ray diffraction pattern of as-prepared Li,FeSiO, is shown in Figure 1 and is in excellent
agreement with previously reported data."** Electrochemical cells were constructed as described above

and subjected to cycling; the load curve is shown in Fig. 2. Consistent with previous reports it exhibits a
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change of potential and a reduction in polarisation (separation of charge and discharge curves) during
the first few cycles, indicative of a change in structure, which nevertheless stabilises after 5 cycles.'?
Massbauer measurements indicate a small amount of Fe(l1l) (~10%), in this sample. We have prepared
materials with up to 30% Fe (Ill) which exhibit similar phase transition behavior as shown by the

powder X-ray diffraction data in fig. S1.
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Figure 1. Powder X-ray diffraction pattern for as-prepared Li,FeSiO,.
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Figure 2. Variation of potential with state of charge on cycling Li,FeSiO, at a rate of 10 mAg™ (C/16)

and demonstrating the change of potential and polarisation upon cycling.

Recent DFT calculations indicate that the change in structure on cycling leads to a drop in the cell
voltage of ca. 0.3 V in good agreement with the observed change of potential (Fig 2), and is indicative of

differences in the structure changing the site potential for lithium extraction.*

The structure of cycled Li,FeSiO,4 was established using a combination of X-ray and neutron powder
diffraction on material extracted from an electrochemical cell after 10 cycles. Li is a weak scatterer of X-
rays but scatters neutrons relatively strongly, whereas Fe scatters both X-rays and neutrons strongly.
Identifying the distribution of the Li ions in the structure is especially important as this information is
used as the basis for modelling the Li* diffusion pathways, described later in the paper. The fitted
neutron and X-ray powder diffraction patterns for Li,FeSiO, after 10 cycles at the end of discharge are

shown in Fig. 3. Li,MSiO, compounds are known to exhibit complex polymorphism. Comparison of
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the powder diffraction data for cycled Li,FeSiO, with data from other Li,MSiO, phases suggested
structural similarity with the B, polymorph of Li,CoSiO,, therefore this crystal structure was used as a

3d,11

starting point for refinement of the cycled Li,FeSiO, structure. An analogous model has also been

12 A few small misfits were observed, which could be addressed by

suggested from DFT calculations.
introducing the as-prepared structure as a minority second phase. In view of the complexity of the as-
prepared structure, its atomic coordinates were fixed at the values obtained from refinement of the
parent material, Table S1, whilst allowing the lattice parameters to vary. The amount of this second
phase refined to 10%. An excellent fit was obtained, Ry, of 2.6%, Fig. 3. The particle size was
extracted from the Rietveld refinement (peak widths) and a value of ~ 30nm was observed, in good

agreement with particle size observed in TEM (fig. S2). The final refined structure is shown in Fig. 4

with coordinates in Table 1.
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Figure 3. Fitted powder diffraction patterns for Li,FeSiO, after 10 cycles at the end of discharge. a)
neutrons b) X-rays. Dots represent observed data and solid line the calculated pattern. The lower line is
the difference/esd. Tick marks indicate allowed reflections. Upper tick marks correspond to as-

prepared Li,FeSiO,4 (included as a second phase in the refinement), lower tick marks to cycled structure.



Figure 4. Crystal structures of (a) LioFeSiO, at the end of discharge after cycling, space group Pmn2;.
All tetrahedra point in the same direction along the c-axis and are linked only by corner-sharing; SiO4
tetrahedra are isolated from each other, sharing corners with LiO4 and (Li/Fe)O, tetrahedra. (SiO4
tetrahedra — yellow, LilO, tetrahedra — dark blue, Li2/FeQ, tetrahedra — light blue); (b) as-prepared
Li,FeSiO4, space group P2;/n. In contrast to the By type structure of the cycled material, the ys structure

of as-prepared Li,FeSiO,4 has half the tetrahedra pointing in opposite directions in an ordered fashion



and exhibits edge sharing between pairs of LiO4/FeO, and LiO4/LiO, tetrahedra (SiO, tetrahedra —
yellow, LilO, tetrahedra — dark blue, Li20, tetrahedra — light blue, FeO, tetrahedra — brown). The

oxygen layers are also less buckled in the cycled material.

Table 1. Refined crystallographic parameters for Li,FeSiO, after 10 cycles at end of discharge, space

group Pmn2; Result of combined X-ray neutron refinement.

Re = 1.95%, Ryp = 2.61%, R, = 2.67%
a=6.236(3) A, b =5.423(2) A, c = 4.988(2) A.

Atom Wyckoff  x/a y/b zlc Biso
symbol

Lil 2a 0 0.147(7) 0.045(6) 0.7(-)
Si1 2a 0.5 0.175(2) 0 0.4(-)
Li2/Fe1® 4b 0.257(2) 0.342(2) 0.417(2) 0.4(2)
01 4b 0.277(2) 0.332(2) 0.904(3) 1.7(2)
02 2a 0 0.109(1) 0.396(3) 0.1(1)
03 2a 0.5 0.157(2) 0.345(3) 0.1(1)

[a] occupancy 0.49/0.51(2)

As for all Li,MSiO4 polymorphs, the O* ions adopt a distorted hexagonal close-packed arrangement,
with half of the tetrahedral sites occupied by cations, such that face sharing is avoided. In the cycled
structure, all the tetrahedra point in the same direction along the c-axis, Fig. 4, and are linked only by
corner-sharing. The SiO, tetrahedra are isolated from each other, sharing corners with LiO4 and
(Li/Fe)O, tetrahedra. In the ideal By structure, as adopted by Li,MnSiO,, the Li* and M?* occupy
different crystallographic sites. However, in cycled Li,FeSiO, the site normally occupied by M?* is
occupied exclusively by Li*, with the remaining Li* sharing the conventional Li site with the Fe ions;
this structure is essentially the same as that adopted by the B, polymorph of Li,CoSiO,4and is somewhat

analogous to the relationship between normal and inverse spinels, Table 1.** Previous powder X-ray
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data suggested that Li and Fe might both be distributed over two sets of sites, resulting in quite different
pathways for Li migration from those reported here.'® The LiO, sites alternate with the SiO, tetrahedra
along the a-axis and the (Li,/Fe)O, sites are also arranged in rows parallel to the a-axis, Fig. 4.
Refinement of the Li/Fe ratio on the shared site yielded a value of 0.49:0.51(2) implying an overall
composition of Lijy ggFe1.02S104, within 1 esd of the ideal stoichiometry. This is also in good agreement
with the value obtained by counting charge on cycling, Fig. 2. The load curves in Fig. 2 were collected
at a low rate of 10 mAhg™ and exhibit plateaux after ~5 cycles suggesting intercalation may follow a 2-
phase process. Powder X-ray diffraction data at various states-of-charge after 5 cycles indicate strong
structural similarity between the charged and discharged structures; however, attempts to refine a crystal
structure for the charged cycled phase were unsuccessful, due in large part to the significant peak
broadening, a process that is reversible on each cycle.

Comparing the structure of as-prepared and cycled Li,FeSiO,4 indicates that significant structural
change occurs within the first few cycles; emphasizing the importance of establishing the cycled
structure, Fig. 4. The structure of the former was refined using powder neutron diffraction data and gives
an excellent fit (figure S3, table S1) and agreement with the structure first reported by Yamada et al.*
The space group used was P21/n, rather than the originally published P2,.** The as-prepared structure,
designated ys by Yamada, is shown in Fig. 4. In ys half the Li, Fe and Si cations are in tetrahedral sites
pointing along c while the other half point in the opposite direction in an ordered manner; in contrast, in
the cycled structure all the Li, Fe and Si cations are in tetrahedral sites pointing in the same direction
along c. . As a result of half the tetrahedra pointing in opposite directions, ys exhibits 2 sets of edge
sharing tetrahedra; in the first set each FeO, shares one edge with a LiO, tetrahedron whereas in the
second set two LiOy tetrahedra share a common edge, Fig 4(b); no edge sharing is observed in the cycled
structure. The oxygen layers in the 3 type cycled structure are significantly less buckled than in ys and
more closely approach ideal hexagonal close packing. These differences in the structure on cycling
change significantly the Li* diffusion pathways, something of considerable importance to the operation

of the intercalation host as a cathode.
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Before examining the diffusion pathways and activation energy for Li* ion transport, it was first
necessary to consider how the Li/Fe ions that share a site might order. Diffraction data show no evidence
for long range order, so any order must extend over only limited distances. Different configurations of
the shared (Li,Fe)O, sites were considered, and included structures in which the LiO4 and FeQOq
tetrahedra alternate regularly along the a-axis or align in parallel rows along the a-axis. The lattice
energies of the various structures were then compared by performing a series of P1 geometry
optimisations, allowing full relaxation of the ion positions and cell parameters. Our simulations find that
the lowest energy structure, by more than 110meV, is the ordering scheme in which Li and Fe alternate
regularly along the a-axis (Fig S4).

Table 2 shows a comparison of the calculated and experimental structural parameters. The calculated
unit cell parameters and Li-O, Fe-O and Si-O bond lengths deviate from experiment by at most 0.09 A,
and in most cases much less (e.g. Li2-O bonds); also, the observed unit cell volume is reproduced to
within 0.4%. The minor discrepancies are possibly due to the calculated configuration of shared
(Li/Fe)O4 site in the cycled structure. Nevertheless, the good reproduction of the relatively complex
structure is not a trivial task, and gives us confidence that the simulation model can be used reliably in
the lithium migration calculations.

Table 2. Calculated and experimental structural parameters of the cycled Li,FeSiO, material.

Parameter Calc Expt
a(A) 6.3206 6.2361
b (A) 5.4786 5.4231
¢ (A) 4.8918 4.9881
o=p=v()  90.0 90.0
Lil-O(A)  2.052 1.982
Li2-0 (A)  2.017 2.027
Fe—0 (A) 1.964 2.027
Si—-0(A) 1.635 1.688

11



The lithium diffusion paths in the cycled () structure of Li,FeSiO, have not been clearly established
before. Previous DFT studies™ based on earlier structural data have examined similar migration paths in
the delithiated system. Our previous studies”® have shown that simulation techniques can be used to
examine defects and migration mechanisms, which are often difficult to probe by experiment. For the
cycled structure, we have identified two main Li migration paths illustrated in Fig. 5, with the Li-Li hop
distances listed in Table 3. The first path involves corner-sharing Lil and Li2 sites with an overall
trajectory along the c-axis direction; the second path, which also involves hops between Lil and Li2
sites but in the b direction with longer hop distances. We note that the Li* transport paths and Li-Li hop
distances in the cycled structure are quite different from the as-prepared material, in keeping with the
significant structural reorganisation; for example, our structural data for the as-prepared ys material
(Table S1) indicates interatomic separations between adjacent Li sites of 2.64, 2.84 and 3.06 A, with the
shortest value corresponding to the edge-sharing LiO,4 tetrahedra. Hence, in contrast to the B type
structure of the cycled material, the main Li migration paths in the as-prepared structure (ys) involves
both edge- and corner-sharing LiO, tetrahedra with overall diffusion in the b direction and along the

diagonal between the a and c axes.

Atomistic simulations were used to derive Li+ migration energies for the paths shown in Fig 5. We also
considered a range of other paths with longer Li-Li hop distances of > 4.0 A, but these all yielded very
high migration barriers (> 3.0 eV). The calculated Li* migration energies are listed in Table 3 and reveal
two key points about the cycled structure. First, the lowest migration energy is 0.9 eV for the path in the
c direction (hops A and B in Fig 5a), with a much higher barrier for the path along the b-axis. This
suggests that Li transport is anisotropic and involves zig-zag paths between a corner-sharing network of
Lil and Li2 sites. The favorable Li+ migration path involves passage through intervening vacant
octahedral sites that share faces with the tetrahedral Lil and Li2 sites. Recent DFT studies™* based on

earlier structural datal*?® have found Li-vacancy migration barriers of 0.9-1.0eV in the delithiated

12



system. It is interesting to note that the calculated migration energy is greater than the 0.6 eV reported
for LiFePO,.2® Slower Li diffusion implies a lower rate capability for Li,FeSiO, cathodes as Li is

extracted and inserted over the composition range of the Li rich solid solution.

Figure 5. Pathways for lithium ion migration between corner-sharing Li(1) and Li(2) sites in the cycled

structure of Li,FeSiO,. (a) the first path involves hops A and B in the c¢ direction (b) the second path
13



involves hops C and D in the b direction (SiO4 tetrahedra — yellow, Li(1)O, tetrahedra — dark blue,

Li(2)O, tetrahedra — light blue, FeO, tetrahedra — brown).

Table 3. Calculated migration energies and interatomic separations for lithium-ion transport paths in the

cycled structure of Li,FeSiO,.

Migration Path®  Li-Li Enmig
Separation eV)
(calc) (A)

Hops (A) + (B) 3.03+3.04 0.91
Hops (C) + (D) 3.03 +3.33 1.55
[a] Shown in Figure 5

In conclusion, the structure of cycled Li,FeSiO, has been elucidated and the Li* migration pathways
determined. The structure differs significantly from the as-prepared form, and, as a consequence, so to
do the Li* diffusion pathways. In cycled Li,FeSiO,, all the Fe?* and half the Li* share one set of
tetrahedral sites (Li2/Fe) with the remaining Li* occupying a second set of tetrahedral sites (Li1). Li*
transport in the cycled structure is anisotropic involving zig-zag paths between corner-sharing Lil and
Li2 sites, and through intervening vacant octahedral sites that share faces with the LiO, tetrahedra. The
results presented here demonstrate that future work should consider how to synthesise the cycled
structure directly, thus avoiding the structural changes on cycling, and how the structure may be

modified to reduce the activation barrier for Li* diffusion thus increasing the rate capability.
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Presented here are details of the refined structure of as-prepared Li,FeSiO4 and of the calculated

structure.

This material is available free of charge via the Internet at http://pubs.acs.org/.
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