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ABSTRACT

In this work, the P2-type layered material Na/3[Niy/3Tio/3]02 was studied as a
promising bi-functional electrode material for sodium-ion batteries. To assess the
electrochemical performance of this material, we investigated the diffusion
mechanism as well as ionic and electronic conductivity with a combination of
experimental and computational techniques. The quasi-elastic neutron scattering
(QENS) experiments and first-principles molecular dynamics (FPMD) simulations
were performed to identify the diffusion mechanism. The QENS data showed that
Na ion diffusion can be well described by the Singwi-Sjélander jump diffusion
model, where the obtained mean jump length matched the distances between
the neighboring edge-share and face-share Na sites. FPMD predicted diffusivity
values similar to those from QENS. The computed composition dependence of
ionic and electronic conductivity of Na,[Niy/3Tiz3]O2 suggested that electronic
conductivity changes significantly when x deviates from 2/3 as the redox couple
of Ni and Ti being activated, while the change of ionic conductivity with x is
relatively small.
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Introduction

The increasing demands of integrating intermittent renewable energy sources into the
electric grid bring in new challenges in developing large-scale electrochemical energy
storage systems at low cost}2. The sodium-ion batteries are considered as a promising
alternative to the currently dominant lithium-ion batteries for grid-scale energy storage,
because of the low cost and huge natural abundance of sodium resources34. Tremendous
research efforts have been devoted to developing sodium-ion batteries, especially in the
search of electrode materials for better performance®’. Among the candidates, layered
sodium transition metal (TM) oxides Na,TMO, oxides have attracted intensive attention
due to their high capacities®®, such as Nay/3[Ni;3sMn,/3]0,1% Na;3[Mgg2sMng72]O,M, and

Na3[Fe1,2,Mn1,2]O,12.

Among the layered oxide materials, we are particularly interested in Nay/3[Niy3Tiz/3]0;
as it showed good electrochemical performance as both negative (due to Ti) and positive
(due to Ni) electrodes!3. Compared to most electrode materials that can only be used in
non-symmetric cells, such bi-functional electrode materials could lead to additional

benefits of reduced cost and simpler fabrication'#15,
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Figure 1a shows the crystal structure of Na/3[Niy/3Ti>3]02. The structure is classified as
P2-type by Delmas et al.16 with 2 layers of TMOg octahedra in the unit cell and Na ions
residing in two prismatic sites, the edge-share sites (Na_e) sharing edges and face-share
sites (Na_f) sharing faces with the TMOg octahedra. The nearest-neighbor edge and face-
share Na sites form a 2D honeycomb lattice where the Na ions could diffuse (Figure 1b),

as found in Nay3[Niy3Tiz3]O; in our previous study!” and in other P2-type materials!®.

O Na_f O Na_e

Figure 1: (a) The structure of P2-Na,;3[Niy3Ti,3]O; viewed along the ab plane (b) The 2ax2b Na

layer viewed along the c axis. The red lines show the honeycomb-shaped Na diffusion pathway.

While important electrode properties such as ionic and electronic conductivity have
been measured for this material with macroscopic methods in previous studies'®-2, the
atomic level investigation is needed to reveal the underlying mechanism of transport
processes. In our previous study'’, the MD simulation based on polarizable interatomic

potential (IP) model was applied to calculate the diffusivity and ionic conductivity of P2-
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Nay/3[Niy3Tiy3]0,. However, as the IP model relies on parametric forces, it tends to neglect
the underlying electronic origin of the interactions. Higher accuracy can be achieved by
using first-principle calculations such as density-functional theory (DFT) to describe the
interatomic interactions for MD, which captures the changes in chemical bonding during
dynamic events. In this study, we employed DFT based MD simulations which could
describe more accurately the ion and electron transport in P2-Nay;[Niy3Tiz5]0,. In
addition, we, for the first time, reported quasi-elastic neutron scattering (QENS)%?
experiments to measure diffusive motions of P2-Na,/3[Niy/3Ti5/3]0, that can provide both
temporal and microscopic spatial information on atomic dynamics, compared with
nuclear magnetic resonance (NMR) experiments that only yield temporal information. As
high diffusivity, high ionic and electronic conductivities are desired for electrodes, we
further calculated these properties for Na-deficient phase Nas/o[Ni1/3Tiz/3]0, and Na-rich
phase Nay,o[Niy/3Tiz;3]0, to examine the electrochemical performance of the material

upon cycling as either positive and negative electrodes.

Methods

Experimental methods

Nay,3[Niy/3Tio3]O, powders were synthesized by solid-state reactions with stoichiometric
amounts of NayCOs (299.5%,), NiO (99%), and TiO, (299%) precursor powders, all from

Sigma-Aldrich. The mixed precursor powders were dry-milled and then fired at 900 °C for
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12 hours. The obtained Na,;3[Niy/3Tiz;3]0, powders were heated to 200 °C for 10 hours

and then stored in an argon atmosphere to limit the exposure to moisture.

QENS experiments were conducted using the time-of-flight backscattering
spectrometer (BASIS)?? at the Oak Ridge National Laboratory (ORNL). The measurements
were performed from 450 to 700 K to study the Na ion dynamics and at 30 K for the
instrument resolution function. The data were normalized by the Vanadium measurement
and reduced in the Mantid package?, with the energy transfer (E) range of +100 peV (0.4
ueV binning) and momentum transfer (Q) range of 0.3 to 1.9 A1 (0.2 A! binning). The
QENS spectra at each Q, with a convolution of the resolution function, were fitted with a
combination of one delta function (for the elastic peak), a Lorentzian peak (for the quasi-
elastic features), and a flat background using the DAVE package?>. The broadening of the
QENS spectra resulted from the diffusive motions in the sample was quantified by the
half-width-half-maximum (HWHM or ') of the Lorentzian peak. The diffusive properties
were calculated based on the Q-dependence of the broadening. For large distances (small
Q), the Fickian diffusivity D was extracted from the linear relationship between I" and Q?
as '=DQ?. At smaller distances, the Q-dependence of I was described by the Singwi-
Sjolander (SS) jump model?, where the jumps are characterized by the residence time T

and mean jump distance r in the SS model as the following:

ot Q*<r’>/6
T 1+0° <r’ > /6

)
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Simulation details

The DFT calculations were performed using the Vienna Ab initio Simulation Package

(VASP)?7 within the projector augmented-wave (PAW) approach?® using the dispersion-

corrected Perdew-Burke-Ernzerhof with Becke-Jonson damping (PBE-D3BJ) functional??3°.

The non-spin-polarized calculations were performed with a plane-wave energy cut-off of
450 eV and a single I point. The Hubbard U correction was applied to Ni considering the
on-site Coulomb interactions between 3d electrons. The U value for Ni was selected to be
6.2 eV3l, which was well tested for this system in our previous study'’. The starting
structure for pristine Nay3[Niy3Tiz/;3]0, was a 3 x 3 x 1 supercell containing 66 atoms. The
configurations for Na;,o[Niy3Ti3]O2 and Nas[Niy3Tiz3]O, as the Na-rich and Na-
deficient phases were generated by randomly adding and removing Na atoms from the
pristine phase while maintaining the same number of Na atoms in each layer. DFT-based
MD simulations with the NVT ensemble were performed at 900, 1000, and 1100 K with an
equilibrium time of 3 ps and production run time ranging from 20 ps to 100 ps. For all
compositions, the lattice parameters were determined based on an NPT ensemble run of
3ps. The lattice parameters were reported in our previous study!’. Convergence tests for
the trajectory time and correlation time were performed before we extracted the
diffusivity to make sure we have long enough trajectory and correlation time. The time
step was 1 fs for all temperatures. For the electronic conductivity calculations, 50 input

structures were randomly selected from the MD trajectory for each composition. The DFT
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electronic structure calculations were conducted for each configuration with a cut-off
energy of 450 eV and a Gamma-centered k-mesh of 4x4x3. The electrical conductivities
were calculated using maximally localized Wannier functions as basis functions with the
BoltzWann module? in the Wannier90 package? based on the semiclassical Boltzmann

transport equations. The relaxation time was approximated as a constant value of 10 fs.

Results and Discussion

Na ion diffusion in Na,/3[Niy/3Ti;/3]0;

In QENS experiments, the quasi-elastic broadening of spectra was the direct evidence of
diffusive motions, as shown in the measured QENS spectra S(Q, E) for Q=0.3 A, i.e. Figure
2. The inset plot in Figure 2 shows the increased QENS broadening with increasing

temperature, suggesting enhanced diffusion at higher temperatures.

1.2 |——30K (Resolution)
— 450K
500K
1.0F 600K
650K ﬂ
0.8 =7 0.02
m Increasing T
g 0.6t
A
04+ 0.00
-5 10 5 O 5 10
0.2}
|
0.0 —
-100 -80 -60 -40 -20 0 20 40 60 80 100

E (ueV)

Figure 2: Experimental QENS spectra S(Q,E) for various temperatures at Q=0.3 AL,
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The quantitative analysis of spectra was conducted to further understand the Na
diffusion behaviors in the sample. The measured QENS data at each temperature and each
Q, was fitted with a combination of a flat background, one delta function for the elastic
peak and a Lorentzian peak for the quasi-elastic features, convoluted with the resolution
function. An example for 700 K and Q=0.3 A shows the fit and residuals in Figure 3(a).
The Q-dependence of half-width-half-maximum (HWHM or I) of the Lorentzian peak

characterizes the diffusive motions of Na. Figure 3(b) shows an example of I' against Q at

700 K.
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Figure 3: (a) Fit of the QENS spectra at 700 K and Q=0.3 A%, (b) The HWHM of the
Lorentzian function at 700 K as a function of Q?, fitted to the Fickian model at small Q (red line)
and the SS model (black line).

In the low-Q region, a linear relationship between ' and Q? indicates continuous
translational diffusion of Na ions following Fick's law at large distances. The Fick's law

describes the continuous diffusion, which is only observed at long distances (low Q).
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The Fickian diffusivity D was calculated according to T'(Q) = DO? in Q<0.5 A1 range, as
the slope of the red line in Figure 3(b). The Fickian diffusivity values extracted from the
QENS spectra at different temperatures are plotted in Figure 4 (blue filled circles). The Na
self-diffusivity in the temperature range of 450 to 700 K is on the order of 106 cm?/s,
which falls in the same range with the similar layered compound NaggCoO; from a QENS
study32. Based on the Arrhenius fit for the temperature dependence of Na self-diffusivity,
we obtained an activation energy of 0.15 eV and a diffusivity of ~107 cm?/s at room
temperature. The low activation energy barrier of this material is comparable to some P2-
type compounds including Nays[NiisMny3Tiy 3]0, (0.17 eV from FPMD33), NaggCoO;
(0.17eV at ~350K from QENS32), and Na,[Niy3Mn;3]0, with 1/3<x<2/3 (0.17eV from the
Nudged Elastic Band (NEB) method3*). It is lower than some other P2 compounds such

as Nao_6[cr0.6Tio_4]02 (035 eV from FPMD35), Na5/6Li1/12Ni1/4M n2/302 (028 eV from FPM D36).
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Figure 4: The Fickian self-diffusivity of Na obtained from QENS (blue filled circles) and FPMD
(red triangles for D along [100] and [010], respectively, and, red squares for mean diffusivity
along the xy plane)

At large Q (small distance), the deviation from the linear relationship between I' and
Q?with T approaching a plateau suggests localized jump behavior. The Singwi-Sjolander
(SS) jump model?® was used to describe the local dynamics of Na ions (black line in Figure
3(b)), where the average residence time T and mean jump length r were obtained from

the Q-dependence of I based on :

rQ)= 1[

T

0> <r’>/6
1+0° <r’*>/6

The mean jump length and residence time, rather than diffusion coefficients, were used

to characterize the localized jumps described by the SS model. The mean jump length

10
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and residence time obtained from the SS model with the temperature dependence are
plotted in Figure 5. The jump lengths are between 1 and 2 A which fit into the dimension
of the honeycomb sublattice in the Na layer, as the distance from an edge-share site to a
nearest-neighbor face-share site and vice versa is around 1.7 A (the side length of red
hexagons shown in Figure 1b). This confirms that Na primarily migrates between edge-
share and face-share sites within the 2D diffusion pathway. The average jump length of
Na increases with temperature, while the residence time decreases with temperature as

more frequent and longer jumps can be activated by higher thermal energy.

11
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Figure 5: (a) The residence time and (b) mean jump length obtained from QENS based on

Singwi-Sjolander jump model.

In addition to QENS experiments, the first-principles MD simulations were conducted

to further understand the diffusion mechanism. The FPMD trajectory recording the

positions of all Na ions provided the direct visualization of Na motion. We plotted the Na

density maps from the MD trajectories as shown in Figure 6. Na density maps showed

traces along the 2D honeycomb diffusion pathway in the Na layer, consistent with the

jump length obtained from the QENS measurement.

12
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Figure 6: The nuclear density map of Na from 20 ps MD simulation trajectory at 1100 K. (a) 3D
view with an isosurface level of 0.2 A3, (b) 2D slice on the (001) lattice plane with an isosurface
level of 0~0.5 A3,

From the simulation, the Fickian self-diffusion coefficient along direction X was

calculated by the Green-Kubo integration of velocity autocorrelation function:
1 &N, 0o
DE=52.t S, @ - v (©O))dt

where N, stands for the total number of atom a and v{ the X-direction component of
velocity for the it" atom. The Green-Kubo integral reached a plateau within a short
correlation time. For DX along the c axis, the integral plateaued around 0, suggesting no
cross-plane diffusion, consistent with what we observed from the Na density maps. The
diffusion coefficients along a and b axis were obtained by averaging over a correlation

time period in the plateau region (we selected 2-3 ps in this work).

The Fickian self-diffusivity along a and b axis as well as the averaged value over two
directions in the temperature range 900 to 1100 K are plotted in Figure 4. The diffusivity

extracted from the MD simulation is about two times higher than those from the QENS

13



Journal of Materials Chemistry A

experiment when extrapolating to the same temperature. The activation energy obtained
from the Arrhenius equation for in-plane Na diffusion from 900 to 1100 K is 0.20 eV which

is slightly higher than QENS results (0.15 eV).

While the FPMD simulation provides comparable results with the QENS experiment
for the pristine material of sodium content x=2/3, to assess the Na diffusivity change
during cycling, we further calculated the diffusivity with the same approach for the other
two compositions of x=5/9 and 7/9. Figure 7 shows the calculated Na in-plane Fickian
diffusivity for the three compositions at 900 K. From x=2/3 to x=5/9, Nas9[Ni/3Tiz/3]0-
shows a comparable diffusivity to Na,3[Niy/3Tiz3]O, with only 3% of increase. This trend
is consistent with the diffusivity measured in this x range for Na,[Niy/3Ti,3]0,1° as well as
in other P2-type compounds333437 using the Potentiostatic Intermittent Titration
Technique (PITT) method. From x=2/3 to x=7/9, the insertion of Na ions into the pristine
material leads to a significant drop of the diffusivity, which can be attributed to the limited

number of vacant sites.

14
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Figure 7: Calculated Fickian diffusivity from FPMD simulation at 900 K for different sodium
content.

Ionic conductivity

As the sodium diffusivity predicted by our first-principles MD simulations showed good
consistency with the experiments, the ionic conductivity was also assessed using the MD
trajectories. The ionic conductivity was calculated based on the Green-Kubo relations:

1

o =il o UK ()t

where kg is the Boltzmann constant, V the volume of the system, and T the temperature.

The JX represents the X-direction component of the charge current J =ZN: qvi(®). The

i
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charge carried by the it atom q; was calculated using Density Derived Electrostatic and
Chemical (DDEC6) charge analysis in our previous study!’. Similar to diffusion, the integral
of charge current correlation along c axis converged to a plateau around zero within 1 ps,
suggesting a 2D ionic conduction within the layers. The ionic conductivities along a and
b axis were calculated from the mean integral of charge current correlation over
correlation time range from 2 to 3 ps. In-plane ionic conductivity at 900, 1000, and 1100
K were obtained by averaging the results along a and b axis as shown in Figure 8, along
with computational results from our previous study based on the interatomic potential
(IP) model'” and experimental results from Shanmugam et al.1%, Shin et al. 2%, and Smirnova
et al.?! Calculated in-plane ionic conductivities from the FPMD, if extrapolated to lower
temperatures, are slightly higher than experimental results. The calculated activation
energy was 0.27 eV, comparable to the experimental values, while our previous work with

the IP model had a larger activation energy of 0.37 eV

16

Page 16 of 25



Page 17 of 25 Journal of Materials Chemistry A

T (K)
12001000 800 600 400

0.01}

lonic conductivity (S/cm)
o

0001 1 \ 1 \ 1 \ 1 \ 1 \ 1 \ \ \
08 10 12 14 16 18 20 22 24 26

1000/T (1/K)

Figure 8: Calculated in-plane ionic conductivity of Nay;3Niy3Tiy3]0, compared with
computational values from Chen et al.l” and experimental data from Shanmugam et al.*?, Shin et
al.2%, and Smirnova et al.2
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The Na concentration-dependence of the ionic conductivity was examined by
calculating the conductivity values at 900 K for the other two compositions
Nas,9[Niy/3Tiz3]02 and Naz/o[Niy3Tiz5]0,. As shown in Figure 9, both Na-deficient phase
Nas,9[Niy/3Ti»3]O, and Na-rich phase Naz,9[Niy/3Ti>/3]0, showed higher ionic conductivity
compared to the pristine phase. From x=2/3 to x=5/9, when Na atoms are extracted from
the pristine Nay3[Niy/3Tio3]0,, the increase of ionic conductivity is likely to be related to
increased vacancies. From x=2/3 to x=7/9, when the Na atoms are inserted to

Na,,3[Niy/3Tio3]O,, higher ionic conductivity can be achieved with more charge carriers.

-
N

Na extraction = Na insertion <]
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—_—
—_—
T T

N
o
—

o
o¢]
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o
©

> a
0.7 F b
ﬁ Mean [>
0.6 ' — - '
0.5 0.6 0.7 0.8

x in Na,Ni, 5 Tiy30,
Figure 9: The calculated in-plane ionic conductivity from FPMD simulation at 900 K for different
sodium content.

Electronic conductivity

18
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The electronic conductivities of P2-Na,[Niy,3Ti,3]O; at different x were also calculated. For

each composition, calculations were carried out for 50 configurations randomly selected

from the MD trajectory to account for the dynamics in the material. Despite the limitation

of the DFT+U method in choosing the semi-empirical U values, the electronic structure

calculations still provide valuable insights in the Na concentration dependence of the

electronic conductivity of this material. Figure 10 shows the calculated electronic

conductivity in three directions along the Cartesian x, y, and z for three different

compositions. Each data point represents the value calculated from one individual

structure, while the box gives the standard deviation of the data. The numbers in the plot

label the average calculated electronic conductivities for all configurations of a

composition.
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Figure 10: The electrical conductivity of Na,[Niy/3Ti,3]O; at different x. The left, middle, and right
panEI represents results for Na5/9[Ni1/3Ti2/3]Oz, Naz/g[Nil/gTiz/g]OZ’ Na7/9[Ni1/3Ti2/3]02, reSpeCtively.
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Yellow, green and purple points represent the calculated electrical conductivity along x, y and z
direction, respectively.

It is clear that electronic conductivity is sensitive to atomic structure as its value varies
significantly, by orders of magnitude, for different configurations. For all compositions,
electronic conductivities observed along the Cartesian x and y directions are about one
order's magnitude higher than that along the z (i.e. crystallographic c¢) direction,
suggesting the mainly two-dimensional electron conduction. However, the electronic
conductivity along the z direction (e.g. ~10 S/cm) of Na rich and deficient phases is not
negligible, unlike the case of ionic conductivity. There is a significant increase (about 5
order’s magnitude) in the electronic conductivity when sodium content is decreased or
increased from the pristine phase by 16.7% (i.e. from x=2/3 to x=5/9 and from x=2/3 to
x=7/9). This trend is consistent with our previous study with a single configuration
calculation based on the Kubo-Greenwood approach'’. This significant increase of
electronic conductivity is not surprising as the pristine phase of Na,/3[Niy/3Tiz3]O, contains
nominally Ni?* and Ti4*, while decrease or increase of Na content will activate Ni?*/Ni3*

or Ti**/Ti3* redox couple, respectively.

Conclusions

In this work, the P2-type layered material Na,[Niy/3Ti;3]O, was investigated with a
combination of quasi-elastic neutron scattering and density-functional theory to study
the Na ion diffusion mechanism and ionic and electronic conduction. Firstly, based on the

Q-dependence of the quasi-elastic broadening in QENS measurement, the localized Na

20
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ion diffusion behavior can be described by the Singwi-Sjolander jump model. The
extracted average jump lengths are around 1.3~1.8 A at 450~700 K, corresponding to the
distance between the neighboring edge-share and face-share sites. This is also consistent
with the diffusion mechanism revealed by the density maps from MD simulations: 2D local
jumps occur between the edge-share and face-share Na sites. More frequent and longer
jumps were observed at higher temperatures. For long-range diffusivity, Fick's model was
applied to compare with the MD simulation results where Q — 0. The QENS showed a
Fickian diffusivity in the order of ~10® cm2/s from 450 to 700 K with E, = 0.15 eV. The
MD simulation gave an in-plane diffusivity of ~10 cm?/s with E, = 0.20 eV in the
temperature range of 900 to 1100 K. The diffusion coefficients were calculated for
different compositions with the Na concentration x in the range of 5/9 to 7/9. Faster
diffusion was observed for compositions with less sodium, i.e.,, more vacancies. Secondly,
the MD simulations showed in-plane ionic conductivity values ~ 1 S/cm at 900 to 1100 K
with an activation energy of 0.27 eV, which is in good consistency with experimental
measurements in previous studies. Both Na-deficient phase Nas/g[Niy/3Ti>3]0, and Na-
rich phase Nay,g[Niy/3Ti3]02 showed higher ionic conductivity compared to the pristine
phase. Finally, for all the three compositions studied in this work (x=5/9, 2/3, and 7/9), the
electronic conductivity in the x and y direction showed one order higher values compared
to z direction. The pristine Na,/3[Niy/3Ti>/3]0, showed an electronic conductivity of ~10-3

S/cm, of which a significant increase can be achieved by either removing or inserting Na

21
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ions. Removing or inserting 16.7% of the Na can lead to an increase in the electronic

conductivity of 5 orders.
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