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Evidence of Enhanced lon Transport in Li-Rich Silicate

Intercalation Materials

Juliette Billaud, Christopher Eames, Nuria Tapia-Ruiz, Matthew R. Roberts,
Andrew J. Naylor, A. Robert Armstrong, M. Saiful Islam,* and Peter G. Bruce*

The silicate compounds Li;MSiO, (where M = Mn, Fe, Co) have received
significant attention recently as Li intercalation electrodes. Overwhelmingly
they exhibit relatively poor kinetics of ion intercalation. By synthesizing Li-rich
solid solutions of the form Li,,,Fe;_,SiO, (with 0 < x < 0.3), the structural
requirements for fast ion transport and hence relatively fast intercalation have

neutron diffraction data. We show by elec-
trochemical measurements and atomistic
modeling studies that occupancy of these
sites raises the Li* diffusivity by two to
three orders of magnitude, significantly
enhancing the electrode kinetics compared
with those of stoichiometric Li,FeSiOy,.

been identified. Specifically the presence of additional Li* in interstitial sites,
not normally occupied in the stoichiometric Li,FeSiO, compound, enhances

ion transport by more than two orders of magnitude. The results, obtained by
combining electrochemical measurements, with powder X-ray and neutron
diffraction and atomistic modeling of the ion dynamics, provide valuable
guidance in designing future intercalation electrodes with high Li-ion trans-

port and, hence, fast electrode kinetics.

1. Introduction

Polyoxyanion-type intercalation electrodes based on the ortho-
silicates, Li,MSiO, (where M = Mn?*, Fe?*, Co?"), have been
attracting significant attention.'*) The major drawback of
these materials is their poor rate performance, which is hin-
dered by low lithium diffusion coefficients.[>31-33] Before new
materials with high host ion diffusivity and hence high elec-
trode kinetics can be synthesized, it is first necessary to under-
stand why the current materials are slow and what structural
features control the ion diffusion.

Here we synthesize several Li,,,.Fe;_.SiO, samples, and
demonstrate the presence of sites for interstitial lithium using
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1.1. Structural Chemistry of Li,MSiO,

Li,MSiO, compounds (where M = Mg, Zn,
Mn, Co, Fe, and Cd) belong to the family
of tetrahedral oxides. Their structures
and extensive polymorphism have been
described previously.2!213 The orthosili-
cate structures consist of slightly distorted
close-packed oxygen layers in between which cations occupy 50%
of the tetrahedral sites. Within this general description there are
two main structure types, denoted 3 and ¥, corresponding to low
and high temperature forms (Table 1). Structurally, these two
compounds differ in the MO, tetrahedral arrangement; in the
B-polymorph MO, tetrahedra point in the same direction, per-
pendicular to the close-packed oxygen planes, whereas for the y
type half of the MO, tetrahedra are inverted.

Li,FeSiO, compounds prepared at 600-800 °C adopt a structure
designated by Nishimura et al®l as y, (Table 1), which contains
edge-sharing pairs of tetrahedra; one set of LiO, tetrahedra shares
edges with FeO, tetrahedra, whilst the other set of LiO, tetrahedra
forms edge-sharing pairs with itself (Table 1). By quenching from
900 °C a new ¥;-polymorph of Li,FeSiO, may be obtained,!"? iso-
structural with Li,CdSiO, (space group Pmnb, Table 1). In most y
structures, the tetrahedra are arranged in groups of three with the
central tetrahedron pointing in the opposite direction to the outer
two, with which it shares edges. In the case of the ¥ structure
the group of three edge-sharing tetrahedra consists of a Li-M-Li
sequence. This structure is adopted by Li,,,,Zn,_,GeO,, which is
a Li* conducting solid electrolyte (LISICON) (Figure 1). The inter-
stitial Li* (in the octahedral sites and sharing two faces with the
substituting Li*) gives rise to the higher conductivity of the solid
solution compared with stoichiometric Li,ZnGeO,."°!

2. Results and Discussion

2.1. Structural Analysis

Powder X-ray diffraction patterns for the Li,,,,Fe;_,SiO, mate-
rials (0 < x < 0.3) are presented in Figure 2. Compositional
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Table 1. Structures of Li,FeSiO4 polymorphs. a) B structure in which all the tetrahedral points are in the same direction, perpendicular to the close-
packed planes, and share only corners with each other; chains of LiO, along a and parallel to chains of alternating FeO, and SiOy; b) 7 structure, half
tetrahedra pointing in opposite directions and containing pairs of LiO,/FeO, and LiO,/LiO4 edge-sharing tetrahedra (inset), c) %, structure in which
the tetrahedra are arranged in groups of three with the central tetrahedron pointing in the opposite direction to the outer two, with which it shares
edges (inset), in ¥, the group of 3 edge-sharing tetrahedra consist of the sequence Li-Fe-Li (inset). SiO, (yellow); FeO, (brown); LiOy4 (blue); light and

dark blue tetrahedra represent crystallographically distinct Li sites.

Polymorph name B ¥ Y
Annealing temperature [°C] 200 700 900
Crystallographic group Pmn2, P2,/n Pmnb

Crystallographic representation

w b

analysis performed Dby inductively coupled plasma mass
spectroscopy (ICP-MS) showed that the expected stoichiom-
etry was obtained for each sample to be within 2%. The X-ray
diffraction (XRD) pattern of the Li,FeSiO, shown in Figure 2a
indicates that a pure material with a ¥ structure was obtained,
as we have reported previously.””) However, as x increased
significant changes in the peaks between 39° and 44° 260
(Fe Koy radiation) were observed (Figure 2b); this region is
particularly sensitive to the different polymorphs present in
the material.l' The small reflection occurring at around 40°
20 is unique to the y5 polymorph, being absent from the pat-
terns of both f;; and y; forms (see Figure 2). Furthermore, the
presence of three peaks between 41° and 43° 26 is characteristic
of the y; form. Hence, for low values of x in Li,,,Fe;_,SiO,
the powder diffraction patterns indicate the presence of a sig-
nificant amount of the ¥ polymorph, while for higher levels of
lithium excess the peak at 40° 20 is absent and the diagnostic
three reflections from the ¥;; form are observed.

To obtain accurate values for phase fractions we used neu-
tron diffraction data shown in Figure S1 (Supporting Infor-
mation). No impurity such as Li,SiO; or Fe,O; was detected
by neutron diffraction data for the range of compositions pre-
sented here, 0 < x < 0.3. Corresponding refined crystallographic

Figure 1. Lithium superionic conductor (LISICON) structure. Si(Ge)Oy4
(yellow), MO, (brown), LiO, (blue), interstitial Li (red spheres).

parameters are shown in Table S1 (Supporting Information).
Rietveld refinement of the powder neutron diffraction data con-
firmed the presence of the two lithium iron silicate phases, the
ratio of which changes as a function of x, as reported in Table 2.
Different phases were tested and it was concluded unambigu-
ously that no orthorhombic phase was present despite few
reports in the literature.[’

Consistent with the qualitative examination of the XRD
peaks, the y; form is seen to increase in phase content with
x and when x = 0.3 no ¥ can be resolved. Profile fits to the
data are shown in Figure S1 (Supporting Information) with
refined parameters in Table S1 (Supporting Information).
It should be noted that it was difficult to refine any lithium
in the interstitial sites (an issue which is discussed in more
detail later in the manuscript); however, the triggered phase
transition does indicate a structural change. Given that the
target of this work was to examine the performance of ¥
with interstitials (Li,,,Fe;_,SiO,) in comparison to the stoi-
chiometric (Li,FeSiOy), all further studies will focus, for sim-
plicity, on comparisons of x = 0 and x = 0.3 due to the sample
purity.

Additionally, particle size analysis (Figure S2, Supporting
Information) indicates that the two samples have a similar dis-
tribution (0.3-100 um) with peaks at =30 pm. Scanning elec-
tron microscopy (SEM) images of the morphology corroborate
this observation (Figure S2, Supporting Information). This sug-
gests that any differences in kinetic behavior should not origi-
nate from different morphology or particle size. Characteriza-
tion of similar materials by transmissison electron microscopy
(TEM) can be found in refs. [57,58]

2.2. Electrochemical Studies

Since kinetic enhancements were of major concern in this
study, electrodes were consistently prepared with a thickness of
=20 um such that lithium ion mass transport in the electrolyte
should not limit performance over the rates examined in this
work.P% In Figure 3a the first potential profile as a function of
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d-spacing (Bank 3 on Polaris, 52°) (Figure 4)
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shows clear evidence of an intense reflection
around 4.9 A that cannot be indexed using
the ¥ unit cell. The peak can be indexed on
the basis of a doubling of the unit cell along a
(21 A repeat). This was best described in the
monoclinic space group P2,/m, although the
structure remains metrically orthorhombic.
Refined parameters are shown in Table S2
(Supporting Information).

A combination of different Fourier

20 30 40 50 60 70 80
20 (degrees) (FeKa,)

Figure 2. a) Powder X-ray diffraction patterns for the as-prepared Li,,,Fe; ,SiO, materials
(0<x<0.3) and reference patterns for Li,FeSiO, in the P2,/n ()5) and Pmnb (%) space groups.

b) XRD patterns in the selected region of 39°-44° 26.

capacity for 95 Li,FeSiO, is shown. The characteristic feature
for this material is seen with a relatively flat plateau at around
3.2V, identical to that reported by other authors who confirmed
by XRD that the mechanism corresponds to a two-phase reac-
tion on the first charge.*”] Over subsequent cycles a gradual
voltage drop occurs, which results in a stable flat pseudoplateau
cycling performance around 2.75 V (Figure 3b), as observed
recently by Lu et al.’% We believe this behavior corresponds to
a transformation from the ¥ form to an inverse f; structure,['*]
although the nature of the phase transition has been shown to
be dependent on cycling conditions, as has been observed with
other systems.[30:>0

When Li was electrochemically de- and reintercalated into
the ¥ Li, ¢Fey;Si04 using the same potential window as used
for the Li,FeSiO, (Figure S3, Supporting Information) a second
feature in the voltage profile could be observed on discharge
taking place near the limiting voltage of 2 V. It appears likely
that this low voltage process arises from the extraction and rein-
sertion of interstitial lithium ions (confirmed later by atomistic
modeling results). It is unexpected that this low voltage fea-
ture should only appear on discharge as the interstitial lithium
ions should be present in the pristine material. Given that
this reaction appears to take place below 2.8 V it is likely that
the material has been oxidized by exposure to the airl® and
results in the extraction of the lithium at this low voltage. In
order to confirm that the low voltage behavior could be attrib-
uted to the interstitial lithium ions, a cell was discharged to
1.5 V versus Li*/Li. Powder neutron diffraction data were then
obtained on this discharged material, whose refined composi-
tion was Li, sFe;75SiO4. Examination of data collected at longer

Table 2. Phase percentage of different polymorphs as a function of the
value of x in Liy,,,Fe; ,SiO, obtained from Rietveld refinements against
neutron data.

% [%] i [9]
x<0 100 -
x=0.1 87 13
x=0.2 57 43
x=0.3 - 100
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methods, testing of interstitial sites derived
from the LISICON structure together with
those predicted by computation, enabled
identification of an interstitial Li site (Li5) in
distorted octahedral sites. The location of the
interstitial sites is consistent with those seen
in LISICON as shown in Figure 1.

Therefore, it was necessary to first discharge these materials
to 1.5 V prior to a delithiation to 3.7 V to get a true represen-
tation of the behavior of the material. As shown in Figure 3c,
the cycling performance for Li,¢Fe,;SiO, shows that during
the initial lithiation to 1.5 V a new sloping potential feature is
observed centered around 2.2 V. The capacity of this feature
is =33 mA h g! (Figure 3c), which corresponds well with the
37.7 mA h g! anticipated from the number of lithium intersti-
tials (=0.3). On delithiation of the material to a potential limit of
3.7 V the sloping region at 2.2 V is again observed along with
a potential plateau at 3.1 V corresponding to the extraction of
lithium from the tetrahedral sites within the Li, jFey,SiO4. On
discharge, a similar performance was observed. After ten cycles
the high voltage plateau had faded to around 2.7 V, which is
similar to the behavior seen for Li,FeSiO, described earlier.*’]
However, the potential of the interstitial sites remains almost
unchanged with the same sloped plateau region seen at around
2 V. (For comparison, the pristine Li,FeSiO, material was cycled
between 1.5 and 3.7 V and is shown in Figure S4 (Supporting
Information), where detrimental effects to the cycling perfor-
mance were observed.)

Calculations related to the theoretical capacity are detailed
in Table S4 (Supporting Information). The percentage of theo-
retical capacity obtained at a series of different rates is shown
for both the Li,FeSiO, and Li, (Fe,,SiO, materials in Figure 5.

Corresponding load curves at the tenth cycle are provided in
Figure S6 (Supporting Information). In the case of Li, ¢Fey;SiOy4
close to 100% of the theoretical capacity is extracted when the
material is charged at around 10 mA g~'. The capacity retention
of the x = 0.3 sample is superior to the x = 0 sample for all the
rates tested up to 1000 mA g1, Importantly, for the Li, ¢Fe, ;Si0,
sample a capacity of 70% of theoretical was achieved at rates as
high as 1000 mA g! (=8 C). This is consistent with improved
ionic mobility of lithium within the material. In order to inves-
tigate the origin of this improvement further, load curves
showing the first charge cycle at 10 and 500 mA g™ for both the
x =0 and x = 0.3 samples are shown in Figure 6.

This graph clearly shows a significantly reduced overpoten-
tial at 500 mA g! in the x = 0.3 sample. This is particularly
noticeable for the capacity extracted at lower potentials (in the
1.5-3 voltage range). This result supports the hypothesis that
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The results shown in Figures 3, 5, 6, and 7
are all recorded at 60 °C, which is typically
done to negate the problems caused by low
conductivity. In order to test if the enhance-
ments shown above improved the perfor-
mance of room temperature cells, capaci-
ties at a series of different rates for both the
Li,FeSiO, and Li,¢Fe,,SiO, are presented
in Figure 8. It is clear that significantly
improved capacities at all rates are seen for

Li, Fe(7Si04. These results show that by
synthesizing materials containing intersti-
tial lithium, the mobility of the Li ions in the
electrode materials can be enhanced such
that even room temperature cycling of these
materials can be effectively performed. These
results show that by designing modifications
to the structure of materials through the
addition of Li ions in previously vacant sites
we can significantly enhance ionic mobility
within silicate electrode materials.

a) b)
Li,FeSiO, - 1% cycle Li,FeSiO, - 10" cycle
3.5 3.5
3 £
3 3
© 3.0 2 3.0
2 2
s K]
] T
o Q
2 25 5 2,51
s g 25
2.0 - - - - : : 2.0 r r r r r \ .
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
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c) d) pacity (| g)
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a5 Hi2oF€0,S10, - 17 cycle a5 | L2sF€o,Si0, - 10" cycle
3 3
- +
3 3
4 2
> >
= 5
& &
1.5 1.5 . . :
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Figure 3. Load curves for as-prepared Li,FeSiO, cycled between 2.0 and 3.7 V at 10 mA g”' and

80 100 120 140
Capacity (mAh g™)

2.3. Modeling of Structures and Lithium-lon
Transport

60 °C on the a) first cycle, and b) tenth cycle. Load curves for as-prepared Li, ¢Fey ;SiO,4 cycled

between 1.5 and 3.7 V (starting with a discharge to insert Li interstitials) at 10 mA g™' and 60 °C

on the c) first cycle, and d) tenth cycle.

the interstitial lithium in these lithium-rich solid solutions
exhibits greater mobility than the framework lithium (this
result is probed further by the modeling work detailed below.)

To highlight further the excellent lithium mobility in the
Li, ¢Fe(7Si0O, material, we cycled the material only in this low
voltage range which we believe to be related to the movement
of fast lithium ions shown in Figure 7.

It can be seen that the overpotential required to extract the
lithium was very low even at high rates leading to the con-
clusion that the interstitial lithium ions have high diffusion
coefficients, which result from a similar effect to that seen in
the LISICON-type materials, which exhibit high lithium-ion
conductivity due to the presence of interstitial lithium in the
structure.

Counts

T T T T

1 2 3 4 5
d spacing / A

To fully understand the factors influencing
the electrochemical behavior of the Li-rich sil-
icate cathodes, it is clear that greater atomic-
scale insights into the local structural and lithium transport
properties are important, as highlighted by the recent work of
Lu et al.l®%%2 As noted, the lithium-rich Li,,,,Fe;_,SiO, adopts
the y; structure including Li at tetrahedral framework sites
and at interstitial sites with respect to Li,FeSiO,. For the atom-
istic simulations, numerous structural configurations of Li on
framework and interstitial sites were first analyzed to find the
low energy structure using multiple energy minimization cal-
culations. The most favorable interstitial sites have octahedral
coordination in accordance with the observed structure from
powder neutron diffraction (Table S2, Supporting Information).

The Li* ions are found not to be randomly distributed over
these octahedral sites. Instead, the simulated structure consists
of many small regions or nanodomains of lithium-rich defect

b)

0.10
0.08+

0.06

Counts

0.04+

0.02

1 2 3 4 5
d spacing / A

Figure 4. Powder neutron diffraction patterns (Polaris Bank 3) for a) as-prepared Li, ¢Fe;SiO, and b) Li, ¢Feq ;SiO, discharged to 1.5 V with the

superlattice reflection highlighted.
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Figure 5. Percentage of theoretical capacity as a function of the discharge
rate. Each capacity was determined from the first charge of a freshly
assembled cell such that at the start of charge the Li,FeSiO, was ¥ and
Li, gFeq 7SiO4 was 7.

clusters. These defect clusters consist of typically three adjacent
interstitial octahedrally coordinated lithium ions and neigh-
boring tetrahedral lithium ions (illustrated in Figure 9) so that
no Fe is present in the defect cluster. We note that similar lith-
ium-rich defect clusters have been observed in the ystructured
Li;Zn, 5GeO,4 (LISICON) solid electrolyte, so that the entire struc-
ture of the solid consists of a mosaic of ordered substructures.(®’]

To assess how the simulated structure compares with the
observed crystal structure a list of calculated and experimental
structural parameters of Li, ¢Fe,;SiO, is given in Table 3. The
calculated unit cell parameters and bond lengths generally com-
pare extremely well with those obtained experimentally. This
reproduction of the complex structure gives us confidence that
both the structural model and the interatomic potentials can be
used reliably in the diffusion calculations (as shown in our pre-
vious simulation studies on electrode materials for lithium-ion
batteries.[2>:64-66])

A key feature of the experimental data is the sloping voltage
behavior centered at =2.2 V observed during the initial stages of
delithiation from 0-30 mA h g in Li, ¢Fe,,SiO,4 (as shown in
Figure 6). To assess this effect of the enrichment on the electro-
chemical properties we have compared the total energy after Li

()
—
»
o
J

——10mAg’
——500mAg"

ot
o
1

©
=)
T

Potential (V vs Li*/Li)

0 20 40 60 80 100 120 140
Capacity (mAh g'1)
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is removed from the octahedral and the tetrahedral sites. The
calculations suggest that during the initial stages of delithi-
ation, the octahedral lithium sites are depopulated before the
tetrahedral sites.

To further understand the experimental observation of
enhanced diffusion we used molecular dynamics (MD) tech-
niques, which are well suited to probing Li* diffusion rates and
mechanisms. First, the mean squared displacements (MSDs),
{r(®)]?), of all lithium ions have been resolved and shown
in Figure 10; the results show that lithium-ion diffusion is
much higher in the Li-rich composition. The Li-ion diffusion
coefficient (Dy;) can be derived from the MSD data, given by
D = (1/6t) {[r(})]?). We calculate a Dy; value of 1.3 X 10 cm? 57!
for Li, cFey-SiO, at 473 K, which is three orders of magnitude
higher than Dy; for stoichiometric Li,FeSiO,.

Accurate measurements of Li-ion diffusion coefficients for
electrode materials are not straightforward and sometimes
show significant scatter in values between different imped-
ance studies. Nevertheless, experimental diffusion coeffi-
cients1-*%l for Li,FeSiO, are found to be in the region of 10712
to 107! cm? s}, which is consistent with our calculated value
of 2 x 10712 cm? s7! at 473 K. Although there are currently
no measured diffusion data for direct comparison for the Li-
rich system, the magnitude is comparable to other cathode
materials; for example, experimental diffusion coefficients of
1078 to 107! cm? s7! have been reported!® 7! for Li* diffusion
in oxide cathodes such as LiCoO, and Li(Ni,Mn,Co)O,. For the
y-phase solid electrolyte Li, sZng,5GeO,, Fujimura et al.’? have
calculated a Dy; of about 1072 cm? s7! at 500 K, which is in good
agreement with our data for a similar LISICON structure.

Arrhenius plots (In D versus 1/T) for both Li, ¢Fe,,SiO, and
Li,FeSiO, are presented in Figure 11. Analysis of such data pro-
vides an estimate of the migration activation energy (E,) using
the standard Arrhenius relation

D=Aexp(~E./kT) 1)

Migration activation energies of 0.37 and 0.84 eV are derived
for Li, ¢Fe,;Si0, and Li,FeSiO,, respectively (for Li,FeSiO,, this
is consistent with previous work®>#6-#873)) These simulation
results indicate much faster diffusion rates and lower migration
energies for lithium-ions in Li,,,Fe,; ,SiO, cathode materials
when interstitial lithium ions are present, which helps ration-
alize the observed enhancement in rate capability.

(=2
N
»
o
;

——10mAg"
——500mAg"

el
]
1

©
=)
I

2.5+

2.04

Potential (V vs Li'/Li)

0 20 40 60 80 100 120 140
Capacity (mAh g'1)

Figure 6. Load curves for a) Li,FeSiO4 and b) Li, ¢Fe, ;SiO, obtained at 10 and 500 mA g~' during the first cycle.
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Figure 7. Load curves for Li, Fey;SiO,at 10 mA g™ (—), 50 mA g™ (—),
100 mA g7 (—), 250 mA g (—), 500 mA g~' (—), and 1000 mA g~' (—)
between 1.5 and 2.7 V at 60 °C on the first cycle.

Given the stark difference in activation energies and diffu-
sion coefficients it is possible that a significantly different dif-
fusion mechanism is in operation in the Li-rich compounds.
To help visualize the ion migration pathways, lithium diffusion
density plots for Li,Fe,;SiO4 are shown in Figure 12. These
plots show the accumulated density of lithium ion trajectories
over the MD simulation. The diffuse distribution and overlap-
ping of different lithium positions indicate that lithium ions in
both octahedral and tetrahedral sites are involved in the diffu-
sion processes.

The dimensionality of the Li diffusion can have a major
impact on the Li extraction rate. For example, LiFePO4 is a
1D conductor and the presence of blocking defects in the 1D
channels has been found to severely impede the diffusion
and the capacity.”* For Li,FeSiO, previous computational
studies*0487375-77] have focused on the noncycled stoichio-
metric phases and found lithium migration to proceed via a
conventional vacancy hop mechanism between tetrahedral sites
along 2D pathways where the plane of SiO,/FeO, tetrahedra
form a barrier to 3D conduction. In Li, ¢Fe,SiO, our analysis
reveals that the presence of lithium on some of the Fe sites
increases the available diffusion pathways and provides a 3D Li
ion conduction network. Such diffusion behavior is important

— 10mA g’ ) ;
o 100 !>'<§>'<50 mA g’ le_eFeo.7SIO4
i KRR 100 mA g
80- Q;Q 3T
é L @250 mA g
10mAg Xkean

> ¢500mA g

'6 60' LEE TP X*l’l

g 50mAQT L e 1000 mA g

& 40 100 mA g” *Renan

(&) X

© 250mA g g

= 500 MA g™ X mmm momnon

o 20 Rl

. . 1000 mA g
Q Li,FeSiO,
m 0 T T T T T T T 1
0 5 10 15 20 25 30 35

Cycle number

Figure 8. Charge and discharge capacities at a series of different rates for
both Li,FeSiO,4 and Li, ¢Feq ;SiO, at room temperature.
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Lion
Li on FelLi site
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octahedral
: b
sites
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Figure 9. Typical lithium-rich defect cluster in Li,¢Feq;SiO,, in which
lithium occupies adjacent octahedral sites and shared Li/Fe tetrahedral
sites. Octahedral interstitial Li ions are shown in red, tetrahedrally coor-
dinated Li, Fe, and Si are shown in blue, brown, and yellow, respectively.

since it allows lithium access through all surfaces of the par-
ticles, irrespective of their crystallographic orientation, and
would be less affected by defects that block conduction; these
results emphasize the importance of modifying the structure
for enhanced diffusion kinetics.

With regard to the atomistic mechanism, a key feature is
that no direct lithium interstitial migration between octahedral
sites is found. Instead, the MD results reveal that the lithium-
rich defect cluster can migrate by a concerted knock-on move-
ment of the Li* ions within the cluster, whereby octahedral
interstitial Li* ions knock on Li* ions in face-sharing tetrahe-
dral sites to unoccupied octahedral sites (illustrated in sche-
matic form in Figure 13). As detailed previously,’®3% a quan-
titative measure of concerted or cooperative migration can be
gained through the Haven ratio, defined as the ratio of the
tracer diffusion coefficient to a diffusion coefficient dependent
on the ionic conductivity. A Haven ratio of 1.0 would suggest
individual uncorrelated hopping events, whereas low values
(<0.5) are observed in fast-ion conductors and other materials
with highly correlated ionic diffusion.’®7% For Li,¢Fe,;SiO,
the calculated Haven ratio is 0.38, which provides further sup-
port for the cooperative type mechanism that facilitates fast
lithium-ion diffusion.

It is worth noting that similar cooperative mechanisms have
been discussed in connection with interstitial lithium migra-
tion and defect cluster models in a group of solid electro-
Iytes known as the gamma phases, of which Li,,,,Zn, ,GeO,
(LISICON), Lis,,Ge,V;_,O4 and Li;PO, are members,[03:67-7181]
but have not been widely examined in Li-rich electrode
materials.

Table 3. Experimental and calculated structural parameters for
Lip Feq 7SiO4.

Parameter Calculated Experimental
abce [A] 21.6643, 6.1830, 5.1657 21.3488, 6.2496, 5.0275
o By 90.0, 90.12, 90.0 90.0, 90.06, 90.0
Mean Li-O [A] 2.075 1.996

Mean Fe-O [A] 1.980 2.014

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  Adv. Energy Mater. 2017, 7, 1601043
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Figure 10. Mean squared displacement (MSD) of lithium ions versus
time at 573 K comparing Li, ¢Feq ;SiO, to Li,_,FeSiO, [x = 0.2]. The total
simulation time was 3 ns and the final 1 ns is shown here.

3. Conclusion

It has been demonstrated experimentally and computation-
ally that the Li* diffusivity and hence kinetics of stoichiometric
silicate intercalation electrodes is slow. However, formation of
Li-rich solid solutions such as Li,,,Fe; ,SiO4 (with 0 < x < 0.3)
can enhance the Li* diffusivity and kinetics by at least two
orders of magnitude.

Neutron diffraction and atomistic modeling reveal that
the location of the additional Li* is on interstitial octahedral
sites. Electrochemical measurements show that for Lirich
Li, ¢Fey7Si0,4 a capacity of 70% of theoretical was achieved at
rates as high as 1000 mA g! (=8 C) and that the overpotential
required to extract the lithium was very low even at high rates;
these results are consistent with enhanced lithium-ion mobility,
and are similar to effects found for LISICON-type electrolytes,
which exhibit high ion conductivity due to the presence of
interstitial lithium. The computational MD results show that
the enhanced Li* diffusivity in the Li-rich silicates is through

-16-
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Figure11. Arrhenius plot of lithium diffusion coefficients D; of Li,_,FeSiO,
(x=0.2) and Li, ¢Feq ;SiO4 with derived activation barriers (E,).
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Figure 12. Lithium scatter plot for Li,¢Feq;SiO,4 collected over 1 ns of
simulated time viewed in the a) a—b and b) b—c planes. Key: Fe (brown),
Si (yellow), Li initially on tetrahedral sites (blue), and Li initially on octa-
hedral interstitial sites (red).

a 3D conduction network. Furthermore, the Li* ions are not
randomly distributed in the simulated structure, but comprised
of nanodomains of lithium-rich clusters of neighboring octahe-
dral interstitial lithium ions and tetrahedral lithium ions.

The key insights presented here help to rationalize the
observed enhancement in rate performance of Li-rich silicate
electrodes. Furthermore, they provide valuable understanding
about how ion transport and hence kinetics can be enhanced
that will inform the design and synthesis of future lithium
intercalation materials.

4. Experimental Section

Experimental Techniques: A series of lithium-rich Liy,,,Fe; ,SiOy
compounds (0 < x < 0.3) was prepared using the hydrothermal assisted
gel synthesis method first described by Gong et al.? Iron (II) acetate
(Strem), lithium acetate (Aldrich), and tetraethyl orthosilicate (Aldrich)

(a) (b)

Figure 13. Transport mechanism of the Li-rich cluster in Li,gFeq;SiOy;
a) initial configuration and b) after migration. Key: octahedral intersti-
tial Li ions (red), tetrahedrally coordinated Li (blue), Fe (brown), and Si
(yellow). Arrows indicate the migration pathways of lithium ions between
face-sharing octahedral and tetrahedral sites via a cooperative knock-on
mechanism.
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were stirred for 45 min in ethanol together with 1.5 mL of acetic acid.
The solution was then transferred to a Teflon-lined autoclave (45 mL),
which was heated at 130 °C for 12 h. The resulting gel was dried at
100 °C, then mixed with sucrose (10 wt%), and ballmilled with 10 mL
of acetone for 30 min. Following evaporation of the acetone, the sample
was pelletized and calcined under flowing Argon at 650 °C for 3 h. All
subsequent handling was carried out in an Ar-filled glove box (oxygen
and water levels <1 ppm) as a precaution given the unknown sensitivity
of these new samples to oxygen and moisture.

Powder X-ray diffraction data were collected on a Stoe STADI/P
diffractometer operating in transmission mode with FeKoy radiation
(A=1.936 A) to eliminate Fe fluorescence.

Composite electrodes (Liy;p,Feq_,SiOy, Super S carbon and Kynar Flex
2801 [a copolymer based on polyvinylidene fluoride, PVDF] as binder,
with weight ratios 80:10:10), were prepared by casting using the doctor
blade technique. The mixture was first prepared as a slurry in N-methyl
2-pyrrolidinone and spread on to aluminum foil in an Ar-filled glovebox.
These electrodes were then incorporated into electrochemical cells
with a lithium metal (Aldrich) counter electrode and LP40 electrolyte
(Merck, T m LiPFg in 1:1 vol/vol ethylene carbonate:diethyl carbonate).
Electrochemical measurements were carried out at 30 and 60 °C in two
electrode coin cells with Li counter/reference using a Maccor Series
4200 battery cycler.

Time-of-flight powder neutron diffraction data were obtained on
the Polaris and GEM instruments 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.®?l Powder
neutron diffraction data were also obtained on an Li,gFeq ;SiO4 sample
discharged to 1.5 V versus Li*/Li. The electrode was removed, washed
with dry dimethyl carbonate, and dry tetrahydrofuran (THF) and dried
by evaporation. The resulting powder was then transferred to a 2 mm
quartz capillary and sealed.

Inductively coupled plasma mass spectroscopy and X-ray fluorescence
were performed to confirm the chemical composition of the materials.

Particle size analysis by laser diffraction was performed on a Malvern
Mastersizer, while SEM images were obtained using a Zeiss Merlin in
secondary electron mode.

Atomistic Modeling: This study employed interatomic-potential-
based simulation methods, which are well established and detailed
elsewhere,®3-% including a recent review on lithium battery materials.[®
The interatomic forces were treated by Buckingham potentials with
parameters fitted simultaneously to all of the known polymorphs of
Li,FeSiO, (Table S2, Supporting Information). The position of the
interstitial sites was examined by a screening process using a 0.1 A
grid of points using the GULP code.B4l For finite temperature lithium
diffusion calculations, MD methods were used (DL-POLY®) with an
NPT Berendsen ensemble and a timestep of 1 fs for MD runs of about
3 ns with supercells containing over 3500 atoms for good statistics.
Such MD computational methods had been applied successfully to
other Li-ion battery materials.[64-66:80.86]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Research data has been deposited in ORA-data at DOI: 10.5287/
bodleian:VjA9kpErd.
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