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The importance of developing new low-cost and safe cathodes for large-scale sodium batteries has led to
recent interest in silicate compounds. A novel cobalt orthosilicate, Na,CoSiO4, shows promise as a high

voltage (3.3 V vs. Na/Na*) cathode material for sodium-ion batteries. Here, the synthesis and room

temperature electrochemical performance of Na,CoSiO4 have been investigated with the compound found
to yield a reversible capacity greater than 100 mA h g~! at a rate of 5 mA g™ Insights into the crystal
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structures of Na,CoSiO4 were obtained through refinement of structural models for its two polymorphs,
Pn and Pbca. Atomistic modelling results indicate that intrinsic defect levels are not significant and that
Na* diffusion follows 3D pathways with low activation barriers, which suggest favourable electrode

kinetics. The new findings presented here provide a platform on which future optimisation of Na,CoSiO4
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1. Introduction

Sodium-ion batteries are currently attracting widespread atten-
tion for grid-level energy storage applications due to the low cost
and widespread abundance of sodium compared to lithium."™
Developing new cheap and safe cathode materials is a key target
for large-scale sodium-ion batteries.’

Many different sodium-based cathode materials have been
investigated to date.>>*’ Polyanionic compounds, with robust
and stable frameworks, have garnered recent interest as potential
cathodes and include NaFePO,, Na,FePO,F and NazV,(PO,);.>%°
Transition metal silicates, in particular, offer the potential for
low-cost cathodes due to the high abundance of silicon in the
earth’s crust. As such, lithium-based silicates, Li,MSiO, (M = Mn,
Co or Fe), have been investigated extensively.>'°' These ortho-
silicate materials are of particular interest due to the possibility
of two-electron redox processes and hence higher capacities.
Li,MSiO, compounds belong to a family of tetrahedral oxide
structures that consist of slightly distorted close-packed oxygen
layers in between which cations occupy half of the tetrahedral
sites. The cations can order within the tetrahedral sites in different
ways, leading to a rich polymorphism, as described previously."*
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as a cathode for Na-ion batteries can be based.

In contrast to lithium silicate cathodes, there are limited
structural and electrochemical studies of the sodium silicate
analogues, Na,MSiO, (M = Mn, Co or Fe)."”>* Chen et al. report a
reversible capacity of 125 mA h g~ " at a rate of C/10 for Na,MnSiO,
using an ionic liquid electrolyte at elevated temperatures.'® In
many of these cases, the as-prepared compounds possess small
impurity peaks, as is often found for the lithium silicates,
highlighting the difficult synthesis of these types of materials.
Recently, Kee et al.>® synthesised Na,FeSiO, in an impure form
(~85%) with Na,SiO; as the major impurity. They report a
specific capacity of 126 mA h g~' at an average voltage of
1.7 V vs. Na/Na" at low rates of C/40. Diffusion studies have
been performed using ab initio calculations for Pn structured
Na,Li, ,MnSiO, (x = 2, 1 or 0) and they suggest 3D diffusion
pathways."® Na,CoSiO, has a theoretical specific capacity of
272.06 mA h g™' for a two electron process. All reported
observed specific capacities for sodium orthosilicates are for
a one electron process.

Here we have studied the physical properties of the sodium
transition metal orthosilicates, and have looked in particular at
the cobalt systems. It is apparent that the structural, electro-
chemical and sodium ion transport properties of the Co-based
compound Na,CoSiO, have not been established. We report for
the first time two distinct polymorphs of the transition metal
orthosilicate, Na,CoSiO,, with similar compositions, synthesised
using different methods. We recognise that cobalt is not a
transition metal of choice for sodium ion batteries because of
the high cobalt price. Nevertheless, Na,CoSiO, is stable in air
unlike many other sodium ion cathode materials,*® and gives
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the added benefit of being able to perform ink mixes and
electrode coatings in standard conditions outside of a dry
room. Whilst lithium iron silicates have the potential for low
cost cathode materials for lithium ion batteries, sodium iron
silicate cathode batteries would offer an even lower cost
solution, and this is due to the high availability of the iron,
silicon and sodium in the earth crust. However the operating
voltage for the sodium iron silicate is low (1.9 V vs. Na/Na*) and
therefore the material has a low energy density and is extremely
water sensitive which limits its usefulness as a battery cathode
material. The cobalt systems have a surprisingly high voltage
(3.3 V vs. Na/Na") compared to the iron systems. The funda-
mental understanding gained from this work can also be
utilised to further improve the electrochemical properties of
other sodium orthosilicate materials.

Here, we report the electrochemical performance and crystal
structure of Na,CoSiO, synthesised using co-precipitation and
solid-state techniques. In addition, we present the first atomic-
scale insights into the defect chemistry and Na' diffusion
pathways using atomistic simulation methods.

2. Experimental
2.1. Synthesis and characterisation

Na,CoSiO, was synthesised using both co-precipitation and
solid-state synthesis routes. For the co-precipitation route,
0.03 mol CoCl, (Sigma, anhydrous) was dissolved in deionised
water (10 mL) to which 0.03 mol tetraethylorthosilicate (Sigma)
and ethanol (5 mL) were added. The mixture underwent a nitric
acid catalysed condensation for 1 h before a base catalysation
with 8 M sodium hydroxide (15 mL). Base catalysation resulted
in a gel which was subsequently dried overnight at 120 °C
under vacuum. Sodium chloride was removed from the dried
gel by an ethylene glycol rinse either prior or subsequently to
heat treatment. A final heat treatment was performed under
nitrogen for 8 h at temperatures between 500 and 900 °C.

For the solid-state method, 0.03 mol Na,SiO; (Sigma,
anhydrous >97%) and 0.03 mol CoCO; (Sigma) were milled in
a Retch™ PM 100 planetary ball mill for 30 min at 400 rpm with
acetone (25 mL). This precursor mix was dried at a temperature
of 120 °C under vacuum before a subsequent heat treatment at
800 °C for 8 h under flowing nitrogen. X-ray diffraction (XRD)
was performed on all samples using a Bruker D2 phaser with a
Cu Ko, and Ko, source or Co Koy and Ko, source. Scans were
performed at 0.02° 26 steps from 10 to 90° 26 over 13 h. Rietveld
refinements were performed on high-quality diffraction data using
the general system analysis system (GSAS) suite of programmes.>*
Scanning electron microscopy (SEM) was performed using a
Hitachi UHR-SEM SU-70 with an acceleration voltage of 10 kV.
Particle size was estimated from the SEM images using the
Image] software package.?”

Energy dispersive X-ray (EDX) analysis was conducted using the
aforementioned SEM in combination with an Oxford Instruments
X-max" 80 EDX detector at 10 kV acceleration voltage. The sample
Na,CoSiO, was prepared as an electrode (details in Section 2.2)
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with this then hot calendared at 120 °C at maximum pressure to
produce a flat surface. Four sites were then picked at random and
the compositional ratio was recorded based upon an average.

2.2. Electrochemistry

Na,CoSiO, materials were tested in two electrode Swagelok™ type
cells using a Maccor Series 4000. Inks of the orthosilicate, carbon
black (C65 Timcal) and PVDF binder (8:2:1) in NMP were cast
onto a carbon coated aluminium current collector and dried at
120 °C under vacuum to remove the solvent. Cathode loadings
were approximately 6 mg cm 2. The cells were constructed with
two glass fibre GF/A Whatman disks used as a separator, a sodium
metal counter electrode and 0.5 M NaClO, in propylene carbonate
(PC) was used as the electrolyte. Galvanostatic electrochemical
testing was performed at room temperature between the voltages
of 3.75 and 1.5 Vvs. Na/Na* at a current of 5 mA g~ which is C/20
assuming a specific capacity of 100 mA h g~ . Rate testing has not
been performed as part of this study. The kinetics have been
improved in the lithium orthosilicates through testing at higher
temperatures, carbon coatings and nano-sizing. It is assumed that
the kinetics for the sodium ion orthosilicates can be improved
using the same techniques and improvement in the electrode
formulations, which is not the focus of this study.

2.3. Simulation methods

Atomistic modelling techniques have been widely used in the
study of defect and transport properties of solids, and are
detailed elsewhere.”*® Interatomic interactions were repre-
sented by a long-range electrostatic term plus a function repre-
senting the short-range repulsive and van der Waals interactions.
A crucial feature of defect simulations is the treatment of lattice
relaxation about the charged defect or migrating Na" ion. The
Mott-Littleton approach was used, whereby the crystal lattice is
partitioned into two regions, implemented in the GULP code.*®
This approach has previously been used effectively to explore
a number of battery materials.>*?°>® Large-scale molecular
dynamics (MD) simulations were performed with LAMMPS>®
using the potential model of Pedone et al,”” which has been
developed to allow rapid MD simulations of complex oxides.
A supercell consisting of ~11 000 ions was used, with 10% of Na
ions removed randomly. The systems were equilibrated for at
least 1 ns (with a time step of 2.0 fs) before the main simulation
runs of ~8 ns were performed. It should be noted that current
ab initio MD simulations on battery cathode materials are of the
order of only 20 ps. An NPT ensemble, with a Berendson
thermostat, was used throughout to allow for thermal expansion.
Such potentials-based MD techniques have previously been
applied successfully to a wide range of materials for lithium
batteries and solid oxide fuel cell ion conductors.”****?

3. Results and discussion
3.1. Structures of Na,CoSiO,

Na,CoSiO, was synthesised successfully by solid-state and
co-precipitation techniques. The solid-state method produced
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Fig. 1 Crystal structure of the ordered monoclinic Na,CoSiO4 phase
synthesised via the co-precipitation method. Pink spheres are sodium
sites, blue tetrahedra are CoQO,4 units and yellow tetrahedra are SiO4 units.

a highly crystalline Na,CoSiO, phase which could be fitted
to a monoclinic (Pn) space group, as observed previously for
Na,MgSi0,** and Na,ZnSi0,.** The structure can be considered
as a ‘stuffed’ cristobalite with corner sharing alternate transition
metal and silicate tetrahedral units, taking the place of the
solely silicate units observed in pure cristobalite, with sodium
atoms stuffed onto the tetrahedral vacant sites. The silicon and
cobalt atoms are in distinct crystallographic sites within the unit
cell. A schematic of this monoclinic structure illustrating the
alternating silicate and cobalt tetrahedral framework is shown
in Fig. 1.

An orthorhombic structure with a Pn2a space group was also
considered. However, a better fit was obtained with the mono-
clinic unit cell and therefore this model was used for the Rietveld
refinements and simulations. The monoclinic model gave the
following fit parameters and lattice parameters; wR;, - 0.0349,
R, - 0.0250, X> - 2.231, a = 7.0355(3) A; b = 10.9552(4) A; ¢ =
5.2509(2) A; f = 89.954(9)°. A comparison of the two Rietveld
refinements can be seen in ESI,} data S1.

Alternatively, Na,CoSiO, can be formed through the described
co-precipitation method. The initial co-precipitation creates only a
partially ordered Na,CoSiO, phase alongside a crystalline sodium
chloride by-product. Subsequent heat treatment of the materials
was performed under flowing nitrogen at temperatures of 500,
700 or 900 °C with the sodium chloride removed via a wash in
ethylene glycol either before or after the firing stage.

After the successful synthesis of Na,CoSiO,, structural and
electrochemical investigations were performed. The crystallinity
of the product was observed to increase with the higher tempera-
ture heat treatments, as can be observed in Fig. 2 and 3. Fig. 2
shows the XRD patterns for the material where NaCl is removed
before annealing. A single peak can be seen at approximately
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Fig. 2 X-ray diffraction patterns of Na,CoSiO, made by the co-
precipitation method with NaCl removed before annealing.
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Fig. 3 X-ray diffraction patterns of Na,CoSiO4, made by the co-
precipitation method with NaCl removed after annealing.

Intensity A.U.

20 = 24°. Fig. 3 shows the XRD patterns of the materials
annealed with the NaCl flux agent; two peaks are observed at
approximately 20 = 24°. The XRD pattern of the washed
precipitate (black) is given in both diagrams for comparison to the
annealed phases. The materials produced by the co-precipitation
method contained no or very low levels of impurities compared
to the solid-state synthesis. Elemental analysis by EDX of
calendared coatings confirmed 2(0.1)Na:1(0.05)Co:1(0.05)Si
molar ratio with low errors.

When the precipitate is heat-treated with the NaCl flux
agent, a material that is isostructural with Na,CoSiO, made
by the solid-state method is observed. Rietveld refinement of
the 900 °C phase was performed with the XRD data collected
with a cobalt X-ray source, which reduced the background
bremsstrahlung radiation observed compared to a copper
X-ray source. A good fit to the monoclinic structure was observed
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Tablel Summary of the Rietveld refinement data for Na,CoSiO4 made by
the solid-state and co-precipitation methods. Average bond lengths can
be seen in S4 (ESI)

Co-precipitation +

Solid-state ~ NacCl Co-precipitation

Firing 800 900 900

temperature (°C)

Space group pPn Pn Pbca
Monoclinic  Monoclinic Orthorhombic

Lattice parameters

a (A) 7.0355(3)  7.0433(2) 10.4543(3)
b (A) 10.9552(4)  10.9128(4) 14.4724(3)
N 5.2509(2)  5.2396(2) 5.2274(2)
B () 89.954(9)  90.02(1) 90.0(0)
Vol. 404.717(28)  402.73(3) 790.90(4)

with lattice parameters of a = 7.0433(2) A, b = 10.9128(4) A,
¢ = 5.2396(2) A and f = 90.02(1)° (WR, — 0.0388, R, — 0.0274,
X*10.6 (S2, ESIYT)).

The removal of sodium chloride before annealing resulted
in Na,CoSiO, materials that exhibited lower ordering of the
cobalt and silicon tetrahedral units. A similar tetrahedral
B-NaFeO, phase or cristobalite type structure type is observed,
but cobalt and silicon share the same crystallographic site,
rather than occupying distinct sites. In particular, the observed
reflection at 24° 20 is a singlet rather than the doublet observed for
the monoclinic phase. Rietveld refinement was again performed
on the sample annealed at 900 °C and the fit can be observed in
S3 (ESIT). This crystal structure has an orthorhombic Pbca
space group with corner-sharing cobalt and silicon tetrahedra,
and sodium tetrahedra corner sharing with both the silicon
and cobalt. However, a much more disordered structure is
observed. In addition to the shared crystallographic positions
for the cobalt and silicon tetrahedra, the sodium is also more
disordered throughout the structure partially four different
atomic positions. The orthorhombic model gave the following
fit parameters and lattice parameters: wR;, - 0.0372, R, - 0.0266,
¥* - 10.51; a = 10.4543(3) A, b = 14.4724(3) A, ¢ = 5.2274(2) A.
A summary of the different crystal structures and their average
bond lengths can be seen in Table 1. The atomic positions can
be seen in S1-S3 (ESIT).

Low levels of residual carbon are observed in these materials
when synthesised via the coprecipitation method (S12b, ESIt), as
measured by CHN analysis. 0.75 wt% after annealing at 500 °C,
and 0.28 wt% and 0.45 wt% after annealing at 700 °C with NaCl
removed before and after firing respectively. Excess carbon during
the synthesis has been shown to result in partial carbothermal
reduction to cobalt metal. An example of this can be observed
in ESL, T S12a. The synthesis processes presented here have thus
been optimised to avoid the reduction of cobalt(u) and lead to
the production of high purity orthosilicate materials.

3.2. Electrochemical studies

Lithium orthosilicates made by sol-gel and co-precipitation
methods have been reported previously.*® These high purity
materials possess small particle sizes and exhibit improved
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Fig. 4 Voltage vs. specific capacity plot for Na,CoSiO,4 synthesised via the
solid-state method.

electrochemical performances due to the shorter lithium-ion
diffusion pathways. In contrast, lithium transition metal sili-
cates synthesised by the solid-state method exhibit lower capa-
cities and poor cycle life.*® Na,CoSiO4 has been investigated to
determine whether similar trends are observed.

The sample of Na,CoSiO, made via the solid-state method
was found to be electrochemically active (Fig. 4). A first dis-
charge capacity of 107 mA h g~ " was observed and the average
voltage on discharge on the second cycle was 3.29 V, although
the hysteresis was found to increase rapidly upon cycling,
hindering any longer-term cycling. SEM images (S5, ESIT) show
a large variance in primary particle size from approximately 0.5
to 20 um, which is likely to contribute to the large hysteresis.

Electrochemical studies were conducted on both the as-made
precipitate dried at 120 °C and the subsequently annealed samples
(500, 700 and 900 °C). The electrochemical consequences of the
presence of the NaCl flux-agent during the anneal were also
examined. In all cases, the materials were electrochemically
active and exhibited reversible sodium deintercalation and
intercalation.

The as-made, washed and dried precipitate was electro-
chemically tested vs. a sodium metal anode. A sloping voltage
profile was observed from 1.5 to 3.75 V vs. Na/Na" and an initial
specific discharge capacity of 125 mA h g~' was observed.
However, due to the poor crystallinity and high surface area
of this material, a significant loss of greater than 50% was
observed in the first cycle and the fade rate was subsequently
high (see S6, ESIT).

As observed from the X-ray diffraction studies, higher tempera-
ture heat treatments gave rise to higher crystallinity materials,
even at an annealing temperature of 500 °C. The low annealing
temperature of 500 °C gave specific capacities of approximately
90 mA h g ' on first discharge for both samples which were
annealed with and without NaCl, and both have a high first
cycle loss of approximately 40% (see S7, ESIt). The voltage
profile for the 500 °C materials show two distinct reversible
voltage plateaus which relate to the two cobalt sites present
in both the monoclinic and orthorhombic structured material.

Phys. Chem. Chem. Phys., 2016, 18, 32744-32752 | 32747
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Fig. 6 Specific discharge capacity vs. cycle number (right) for first two cycles of Na,CoSiO4 synthesised at 700 °C with NaCl present during the anneal.

This is in contrast to the sample that was simply dried at 120 °C
which shows more solid solution type behaviour, as observed
by the sloping voltage profiles (S6, ESI).

The differential capacity plots, voltage profiles and capacity
vs. cycle number plots for the materials annealed at 700 °C are
shown in Fig. 5 and 6 (900 °C data is shown in S8, ESIT).
The reversible specific capacity for all four samples is above
100 mA h g ! on first discharge. This improvement in specific
capacity over the 500 °C annealed samples is most likely due to
the improvement in crystallinity of the materials.

Fig. 6 shows typical electrochemical data from Na,CoSiO,
produced with the NaCl flux agent present during the anneal.
From the differential capacity plots, two clear redox events can
be seen occurring. These events are further evidence for the
presence of two distinct cobalt sites within the crystal structure.
In contrast, the materials annealed without the NaCl flux agent
(Fig. 5) show a more sloping voltage profile and broader differ-
ential capacity plot peaks. This is indicative of the cobalt in
a shared crystallographic site with the silicon, which therefore
gives a greater degree of solid-solution type behaviour. It is
interesting to note that the voltage profile for Na,CoSiO, does
not change from the first cycle to the second cycle, unlike
that observed for the lithium analogues.'* This indicates that
sodium deintercalation and intercalation is fully reversible with
no structural changes occurring in the fully sodiated orthosilicate.

The electrochemical performance of materials is linked not only
to differences in the crystal structure of the compounds present
but also to the morphological differences between samples.

32748 | Phys. Chem. Chem. Phys., 2016, 18, 3274432752

The morphology of Na,CoSiO, synthesised by the co-precipitation
method depends on both the annealing temperature and
the presence of the NaCl flux agent. In order to illustrate how
these factors change the resulting material, all the samples
synthesised in this study were viewed using SEM.

At an annealing temperature of 500 °C, both samples,
regardless of the presence of NaCl during the anneal, appear
to have primary particles of approximately 200-300 nm in size
that are roughly spherical. In both cases, these spherical particles
are highly conjoined and appear to lack any substantial macro-
porosity (Fig. 7(a) and 8(a)).

At temperatures of 700 °C, (Fig. 7(b) and 8(b)) differences due
to the presence, or lack thereof, of the NaCl flux agent become
more evident. Both samples at this temperature appear to consist
of primary particles of approximately 300-500 nm in size that
have sintered to form a 3D network of secondary particles
containing macropores. However, for the sample in which NaCl
was present during the anneal, some of the primary particles
can be seen to connect in a preferential direction leading to the
creation of rod-like crystallites (Fig. 8(b)). It is this 3D porous
network of small crystalline particles that exhibits the higher
reversible capacities and a lowered hysteresis between charge
and discharge compared to that found at 500 °C.

At 900 °C, a clear dependence in particle morphology on the
presence of the NaCl flux agent can be observed. The sample
without NaCl present during the anneal is highly sintered with
large primary particles of approximately 1 um in diameter
(Fig. 7(c)). The porosity between the primary particles has been

This journal is © the Owner Societies 2016
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Fig. 8 SEM images of Na,CoSiO,4 annealed at (a) 500, (b) 700 and (c) 900 °C under flowing N; in the presence of the NaCl flux agent (removed after).

removed and the primary particles are sintered into large
dense agglomerates which lack macroporosity. In contrast,
the sample in which the NaCl flux agent was present during
the heat treatment appears to have a primary particle diameter
of approximately 3 pm (Fig. 8(c)) with these particles having a
regular roughly spherical shape. The particles in this sample do
not appear to be highly conjoined and therefore there is a large
amount of space between them, resulting in the sample having
a large porosity.

The sample heat-treated at 700 °C using NaCl as a flux
agent represents the best morphology for further studies of
Na,CoSiO, as a cathode material. This sample demonstrated
the lowest hysteresis of all the samples tested, yielding a 0.08 V
difference between charge and discharge on the second cycle.
We believe that this result is likely due to the small primary
particle size which minimises the ionic diffusion path length
and the macroporous nature of the material, enabling good
electrolyte penetration between the particles. The sample also
demonstrated a good discharge capacity retention of 82% over
25 cycles. This will serve as a benchmark for further improve-
ments through electrode formulation optimisation, tailoring of
the electrolyte to the compound and use of the material with an
anode other than Na metal. The early cycling efficiency is low,
and this is in part due to the unoptimised electrolyte composi-
tion of 0.5 M NaClO, in polycarbonate (PC) and the use of
sodium metal counter electrode. It has been shown previously
that there is instability of sodium metal in electrolyte solvents,
and the efficiencies in these half-cell tests are always lower than
those obtained in full cells due to the reaction of the sodium

This journal is © the Owner Societies 2016

metal, especially in PC solvent.*” Other studies of electrolytes
for sodium ion batteries show that there is room for improve-
ment in this area, which is especially true for the silicate
materials where no studies have yet been performed.*”*°

It may be possible to have a two electron transfer in this
Na,CoSiO, material if cycled to higher voltages. However, we observe
faster fade rates in materials which are cycled to higher voltages
(4.0-4.5 V vs. Na/Na') and do not observe any more capacity.
This is likely due to the structure collapse of the orthosilicate
with more than one sodium removal from the structure,
especially when cycled at room temperature. The cobalt ortho-
silicate materials are currently cycled to 3.75 V vs. Na/Na" and a
one electron process is observed, in which Co”" is oxidised to
Co®" (eqn (1)). At the higher voltages required for Co** — Co**
in addition to the crystal structure collapse, there is an instability
of the electrolyte solvents which may also contribute to the faster
fading of the observed capacities.>

Na,Co"Si0, - NaCo™siO, + Na + e~ (1)

The performance of Na,CoSiO, when compared to the iron
and the manganese analogues is very favourable. We have
observed that Na,FeSiO, in particular is extremely sensitive to
moisture due to the very low open circuit voltages and voltage
plateaus (1.9 V vs. Na/Na"), but does deintercalate sodium at
room temperature. The structure of Na,FeSiO, is also different to
the Na,CoSiO, material and a single reversible sloping voltage
curve is observed indicating a sodium solid solution (S11, ESIT).
The manganese analogue exhibits extremely high polarisation
and poor performance at room temperature. To date, as with
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the lithium orthosilicates, most of the reported results for
Na,MnSiO, have been obtained at temperatures greater than
room temperature.*®

3.3. Modelling of intrinsic defects and Na-ion diffusion

The defect chemistry and knowledge of the Na* diffusion path-
ways in Na,CoSiO, are important to fully understand the electro-
chemical behaviour, which we examine here using atomistic
simulation techniques. The starting point for the simulation
work is the reproduction of the observed crystal structure.
A comparison between the calculated structure based on the
derived potentials (given in S9, ESIt) and experimental data for
monoclinic Pn is shown in Table 2.

The structural reproduction is highly accurate with a maximum
deviation of only 0.7% between the experimental and calculated
unit cell parameters while the maximum bond length difference is
0.050 A. The accurate reproduction of the experimental structure
gives us confidence that the derived potentials can be used with
accuracy in the defect and diffusion simulations.

A series of isolated point defect energies were calculated and
combined to derive energies of formation for Frenkel and
Schottky-type disorder. In addition, the Na/Co anti-site defect,
involving the exchange of position of a pair of Na* and Co”" ions,
was examined as it has been observed in other polyanionic
systems such as NaFePO, and Li,MnSiO4.>*”" Representative
example equations for these defects (in Kroger-Vink notation)
are given in S9 (ESIt).

The defect formation energies are presented in Table 3 and
two key points are raised. First, the high formation energies of
all Frenkel and Schottky defects suggest that such intrinsic
defects are unfavourable. Hence, such disorder is unlikely to be
present in high concentrations in pristine Na,CoSiO,. Second,
the lowest energy intrinsic defect is predicted to be the Na/Co
anti-site defect. Similar disorder has been predicted to be
favourable in other Na-ion cathode materials, such as NaFePO,
and NagFe;(PO,),P,0,.>>* However, the magnitude of the
anti-site formation energy is much higher than that typically
found for other polyanionic cathode materials. For example,
the corresponding anti-site energy is 0.86 eV for NaFePO,.*
These results suggest that the concentrations of intrinsic dis-
order in Na,CoSiO, are not significant. Hence, Na/Co anti-site
defects would not be a major factor in blocking Na* diffusion in
this cathode material.

Table 2 Comparison between experimental and simulated unit cell
parameters and mean bond lengths of Pn Na,CoSiO,4

Parameter Expt. Calc.
a(A) 7.0433 7.0148
b (A) 10.9128 10.9452
c(A) 5.2396 5.2446
o () 90.00 90.00

B () 90.02 89.88

7 () 90.00 90.00
Na-O (A) 2.358 2.322
Co-0 (A) 1.956 1.916
Si-O (A) 1.621 1.670
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Table 3 Calculated formation energies for intrinsic defects in Na,CoSiO4

Defect Energy (eV)
Na Frenkel 3.15
Co Frenkel 6.78
Si Frenkel 19.50
O Frenkel 8.88
Full Schottky 35.70
CoO Schottky-like 8.90
Na,O Schottky-like 10.86
SiO, Schottky-like 13.94
Na/Co anti-site 2.04

Sodium diffusion properties are of vital interest when con-
sidering the Kkinetics of electrode materials. MD simulations
can be used to probe the energetics and topology of diffusion at
the atomistic level. First, the mean square displacement (MSD),
([1)*]), of Na* ions was resolved, from which diffusion coeffi-
cients (Dy,) were derived leading to a value of 8.0 x 10~">cm”s ™"
at 300 K. There is no experimental data for direct comparison.
Nevertheless, the calculated diffusion coefficient is similar to
those found in other Na-ion cathode materials, such as
Na,MnO, (10~ ! em? s71).33?

The simulations were performed at several temperatures
covering typical battery operating temperatures, and for a wider
range than most diffusion experiments. Our diffusion coefficients
can be used to estimate activation barriers from an Arrhenius
plot (In(D) vs. 1/T), as shown in Fig. 9. A low migration activation
barrier of 0.21 eV is predicted for Na,CoSiO,, indicative of fast
bulk Na-ion transport and good electrode kinetics.

Diffusion trajectories can be visualised by plotting accumulated
Na-ion densities, indicating the lattice sites most frequently
traversed by Na' ions during a simulation run. These are
plotted in Fig. 10 and they clearly display a broad distribution
and significant overlap of Na-ion density. This result confirms
that Na* ions are highly mobile, with all Na sites involved in
bulk diffusion. Furthermore, Na* diffusion can be seen to
extend over a 3D network of migration pathways running
throughout the silicate framework. This 3D isotropic behaviour
is confirmed by the activation barriers for diffusion along the

0.5 1.5 2.5 35
-18
a
E -22 "
-24
-26
1000/T (1/K)

Fig. 9 Arrhenius plot of Na-ion diffusion coefficients vs. temperature (T)
derived from MD simulations of Na,CoSiOy,.
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Fig. 10 Density plots of Na-ion diffusion pathways from MD simulations
of Na,CoSiO4 overlaid on initial lattice sites with two structural views: (a) ac
plane and (b) ab plane. (CoO4 tetrahedra in blue, SiO4 tetrahedra in red and
Na density in yellow).

a, b or ¢ directions (S10, ESIt), which are found to be 0.21-0.22
eV. Closer analysis indicates that individual transitions
between neighbouring Na sites take an essentially linear path,
which is likely due to the open SiO, framework that provides
large migration windows between Na sites. Hence, Na-ion
migration is relatively unhindered by SiO, and CoO, tetrahedra.

In short, the low activation barrier and 3D diffusion pathways
are promising for good Na' intercalation kinetics in Na,Co0SiO,
cathodes. These results contrast with the lithium silicate com-
pounds, Li,MSiO, (M = Mn, Fe or Co), which exhibit poor Li"
intercalation kinetics.

In order to improve the lithium orthosilicate electrochemical
performances, testing of these materials are performed at higher
temperatures, and the materials are nanosized and carbon coated.
The work presented here shows the performance of a Na,CoSiO,
at room temperatures with minimal carbon content. This rever-
sible electrochemical intercalation at room temperature is an
indication that the kinetics are improved in Na,CoSiO, over
Li,CoSiO,. Ionic and electronic conductivities are both important
parameters for rate performance. Although these sodium transi-
tion metal orthosilicates show improvements in performance due
to the lower energy barriers to ionic diffusion, it is expected that
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further optimisation is required to improve the electronic con-
ductivities in these materials, similar to that which has been
observed with the lithium analogues.

4. Conclusions

The crystal structures, electrochemistry and Na" diffusion rates
of the cathode material Na,CoSiO, have been investigated using
a multi-technique approach. The following key results emerge:

(a) Na,CoSiO, was synthesised via a novel co-precipitation
method. Two polymorphs, Pn and Pbca, were identified, both
based upon a ‘stuffed’ cristobalite or the f-NaFeO, type structure
comprised of corner-sharing SiO, and CoO, tetrahedra with
sodium filling the vacant tetrahedral sites. Without the NaCl flux
agent, a disordered crystal structure is formed with Co and Si
sharing the same crystallographic site, whereas with the flux agent,
Si and Co are on distinct sites. At lower synthesis temperatures
(700 °C), a 3D network of macroporous particles is observed.

(b) Electrochemical measurements using sodium metal
anode cells demonstrate a reversible specific capacity on dis-
charge of >100 mA h g ' for all samples synthesised at
>500 °C, with an average discharge voltage of 3.3 V vs. Na/Na".
The structure of Na,CoSiO, does not change from the first cycle
to the second cycle, in contrast with the lithium silicate
analogues. Materials synthesised at 700 °C with the flux agent
exhibited a lower hysteresis and good capacity retention due to
the 3D network of macroporous particles.

(c) Atomic-scale simulations provide the first insights into
the defect chemistry and Na" diffusion pathways. The results
suggest that the levels of intrinsic disorder in Na,CoSiO, are
not significant and, in particular, Na/Co anti-site defects would
not be a major factor in blocking Na" diffusion in this cathode
material. The MD simulations of Na* diffusion indicate a very
low activation barrier and a 3D network of diffusion pathways
through the silicate framework, which suggest favourable Na*
intercalation kinetics.

The new insights into the structure, morphology and electro-
chemistry presented here provide a platform on which future
optimisation of silicate cathodes for Na-ion batteries can be based.
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