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Structural processes occurring upon electrochemical cycling in P2-Na,[Li,Ni;Mn;_, 1O, (x, y, z = 1)
cathode materials are investigated using 25Na and ’Li solid-state nuclear magnetic resonance (ssNMR).
The interpretation of the complex paramagnetic NMR data obtained for various electrochemically-cycled
NayNi;zsMn,/z0, and NaylLig 12Nig 22Mng 602 samples is assisted by state-of-the-art hybrid Hartree—
Fock/density functional theory calculations. Two Na crystallographic environments are present in P2-
Na,[Li,Ni,Mn;_,_,]O, compounds, yet a single 25Na NMR signal is observed with a shift in-between those
computed for edge- and face-centered prismatic sites, indicating that Na-ion motion between sites in
the P2 layers results in an average signal. This is the first time that experimental and theoretical evidence
are provided for fast Na-ion motion (on the timescale of the NMR experiments) in the interlayer space in
P2-type Na,TMO, materials. A full assignment of the “Li NMR data confirms that Li substitution delays
the P2 to O2 phase transformation taking place in NayNi;;3sMny,30, over the range 1/3 = xy, = 0. 2Na
ssNMR data demonstrate that NayNiyzMn,s0, samples charged to =3.7 V are extremely moisture
sensitive once they are removed from the cell, water molecules being readily intercalated within the P2
layers leading to an additional Na signal between 400 and 250 ppm. By contrast, the lithiated material
NayLio 12Nip22Mng 6602 shows no sign of hydration until it is charged to =4.4 V. Since both TMO, layer
glides and water intercalation become increasingly favorable as more vacancies are present in the Na
layers, the higher stability of the Li-doped P2 phase at high voltage can be accounted for by its higher
Na content at all stages of cycling.
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1. Introduction

Na-jon batteries (NIBs) are inexpensive and sustainable alter-
natives to Li-ion batteries (LIBs). In recent years, a significant
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research effort has been devoted to finding high performance
Na electrode materials and electrolytes. In particular,
a number of studies have focused on sodium transition metal
oxides (Na,TMO,, TM = transition metal) as cathode materials
due to their high volumetric capacities, yielding volumetric
energy densities comparable to current commercial LIBs."®
Layered oxides based on the P2 structure, in Delmas et al.'s
nomenclature system® (where ‘P’ indicates prismatic Na, and
‘2’, AB BA oxygen layer stacking), are promising NIB cathodes
with a high Na-ion conductivity. TMO, layer glides can occur
upon electrochemical Na extraction, leading to phase transi-
tions at high voltage.>*'**> Starting from a P2 phase, layer
shearing leads to the formation of O2-type layers (AB CB
stacking) with Na' ions in octahedral environments and
reduced Na' mobility.> Preventing this layer shearing has
therefore been proposed to be important for improving
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capacity retention, rate performance, and cycle life for P2-
Na, TMO, cathodes.

Previous work on the P2-Na,;;Ni; 3Mn,,;0, cathode showed
that the 2 : 1 Mn : Ni ratio leads to honeycomb ordering on the
TM lattice,® as shown in Fig. 1. All Na' ions can be extracted
upon first charge, leading to a high initial reversible capacity of
161 mA h g ! at a cycling rate of 5 mA g~ *, close to the theo-
retical value of 173 mA h g~ ' based on the Ni**/Ni*" redox
reaction.>®> Mn was found to be electrochemically-inactive,
remaining in its tetravalent state throughout. However, the
rapid performance degradation of this material has motivated
several groups to investigate low levels of Ni substitution by an
electrochemically inactive species, such as Mg'*" or Li," to
develop materials with improved performance. The present
work builds upon a previous report on the Li-doped P2-Na, g-
Lio.12Nip2o0Mn 660, cathode' and investigates the role of Li
doping, comparing the structural processes taking place upon
cycling in undoped P2-Na,;;Nij;3Mn,;;0, and Li-doped P2-
Nay gLig.12Nip 22Mng 660,. The electrochemical performances of
the two cathode materials of interest to this study are compared
in Fig. 2. We note that electrochemical data are shown here for
reference only, and the reader is referred to previous studies by
Lu et al.,” Lee et al.,®* and Xu et al.*® for more detailed accounts of
the electrochemical properties of these materials. Rate perfor-
mance (Fig. 2b) and capacity retention (Fig. 2¢) of the unsub-
stituted material are limited by a P2 to O2 phase transition
above 4.2 V (as seen by the plateau in this voltage window), and
by various Na" ion/vacancy ordering transitions evidenced by
voltage steps at 3.5 Vand 4.0 V (Fig. 2a).>* Both Mg'®'” and Li'*"°
substitution for Ni in the honeycomb ordered P2-Na,/;Niy/;-
Mn,/;0, structure (see Fig. 1) lead to a smoother voltage profile
(Fig. 2a), no (apparent) structural transformation to the O2
phase (as probed by X-ray diffraction), higher rate performance
(Fig. 2b), and improved long-term cyclability (Fig. 2d). Further
insight into the composition-structure-property relationship
for the Li-substituted phases, to identify the origins of this
improved performance, is the purpose of this study.

As a local probe technique, solid-state nuclear magnetic
resonance (ssNMR) is ideally suited for the investigation of
highly disordered phases formed upon electrochemical cycling
of battery materials.”*® Here, it is used to monitor variations in
the local structure and changes in the oxidation state of the
electrochemically-active Ni species.>' Specifically, this work
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builds upon our recent study investigating the role of Li doping
in the P2-Na,gLiy 12Nig22Mng 0, cathode.* In this earlier
study, the assignment of “Li ssNMR data was based on previous
reports on related lithium-containing cathode materials.”*>*
Here we go further, monitoring electronic processes and
changes in the Na and Li local environments as a function of
charge and discharge in P2-Na,;;Ni;;3sMn,,;0, and Li-doped P2-
Nay gLig 12Nig 22Mng 660, using a combination of ssSNMR and
first principles NMR calculations.

We find that ssNMR provides insight into Na/Li-ion motion
within and between the layers at different stages of (dis)charge
and into the high voltage structural processes occurring in P2-
Na,[Li,Ni,Mn, _,_-]O, compounds. First principles calculations of
7Li NMR parameters, using the methodology developed in our
group,”****¢ allow us to refine our previous assignments of P2-
Na,Lig 1,Nip2:Mng 660, spectra.® In turn, the comprehensive
assignment of the Li data confirms that there are only few TMO,
layer shifts in the Li-doped compound at high voltage, which are
reversible upon electrochemical cycling. Given that very few
reports exist on the **Na NMR of electrochemically-cycled sodium
transition metal oxides (none on Ni- and Mn-containing
oxides),'*” first principles calculations of **Na NMR parameters
are particularly valuable for the interpretation of the experimental
data. Although two Na crystallographic environments are present
in the P2 layers, a single >*Na NMR signal is observed. The shift of
this resonance is in-between those computed for edge- and face-
centered prismatic sites in the material, indicating that Na-ion
motion between sites in the P2 layers is faster than the NMR
timescale and results in an average signal.

Lu and Dahn demonstrated that water intercalation does not
take place in as-prepared P2-Na,;;Ni;;3Mn,;30,;*® on the other
hand several reports have shown that partially desodiated P-
type Na,TMO, phases (x = 0.35) become highly hygro-
scopic.>* Here, low frequency Na and Li signals observed at
high voltage are ascribed to local environments formed upon
water intercalation in the interlayer space. This interpretation is
in contrast with a very recent **Na NMR study by Yang and
coworkers on P2-Na,;Niy;3_,ZnMn,;;0, (x = 0, 0.07)
compounds,® as will be further discussed later.

Finally, a comparison of the NMR data obtained for the
undoped and Li-doped compounds provides insight into the
effect of Li substitution on the high voltage structural processes
occurring in P2-Na,[Li,Ni;Mn, _,_,]O, cathode materials.

@ Na P(2d)
@ Na P(2b)
® Mn
9 Ni
° 0

Fig.1 Side (left) and top (right) view of the ground state P2-Na,,3Niy;3Mn,,50, structure obtained from first principles.* Honeycomb ordering of
the Ni and Mn cations in the transition metal (TM) layers leads to a \/3a x /3a expansion of the hexagonal P6z/mmc unit cell (where a is the cell
parameter of the material with no cation ordering). Na site occupation reflects the ground state Na* ion/vacancy arrangement obtained from
DFT+U calculations,® resulting ina 1 : 3 occupation ratio of face- to edge-centered prismatic (P(2b) to P(2d), respectively) sites shown on the left.
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Fig. 2 Comparison of the electrochemical properties of the P2-Na,,3Nij;sMn,,30, and Li-substituted P2-Nag glig 12Nig 22Mng 66O, cathode
materials: (a) electrochemical profiles obtained for the first charge/discharge cycle; (b) rate performance; and long-term cyclability of (c)
P2-Nay,3NiyzMn,,z0, and (d) P2-Nag glip 1oNig 2:MNg 6602 In (a) and (c) P2-Nay/zNiysMn, 30, was cycled between 2.3 and 4.5V vs. Na*/Na at
a rate of C/20. In (a) and (d) P2-Nag gLig 12Nig 22Mng 6602 Was cycled between 2.0 and 4.4 V vs. Na*/Na at a rate of C/10.

2. Experimental and methodology
2.1. Materials preparation

The Na,;3Ni;;3Mn, 30, material was synthesized by co-
precipitation. Stoichiometric amounts of the precursors,
Mn(NO3)-4H,0 and Ni(NOj3)-6H,0, were dissolved in deionized
water. The transition metal nitrate solutions were titrated into
a stoichiometric NaOH solution using a peristaltic pump at
10 ml h™" rate. The solution was stitred slowly to insure
homogeneity. The co-precipitated solid M(OH), phase was
centrifuged and washed three times with deionized water. The
co-precipitated material was dried in the oven to remove excess
water and was ground with a stoichiometric amount of Na,COj;.
The material was precalcined at 500 °C for 5 h and calcined in
pellet form at 900 °C for 14 h in a 50 ml porcelain crucible. The
synthesis protocol for the P2-Na, gLij 1,Nig 2,Mng 660, material
was described in our previous study.

2.2. Preparation of electrochemically-cycled samples

The slurry was made by mixing 80 wt% of active material (based
on the total mass of the P2-Na,;;Ni,;3Mn,,;30, composite), 10
wt% of polyvinylidene fluoride (PVDF), and 10 wt% acetylene
carbon black in n-methyl-2-pyrrolidone. The slurry was cast on
aluminum foil and dried in a vacuum oven at 80 °C. The elec-
trodes were assembled in 2032 coin cells using GF/F (Whatman)

This journal is © The Royal Society of Chemistry 2017

glass fiber filter as the separator, 1 M NaPFy in propylene
carbonate (PC) as electrolyte, and sodium metal was used as the
counter electrode. Battery assembly was carried out in an
MBraun glovebox (H,O < 0.1 ppm). Galvanostatic discharge and
charge were performed using an Arbin BT2000 battery cycler at
C/10 rate. To prepare the electrodes for ex situ sSSNMR and XRD,
the cycled batteries were disassembled in an Ar-filled glovebox.
The electrodes were washed with battery grade dimethyl
carbonate (DMC) three times and dried at room temperature in
the glovebox. The material was stripped off the aluminum
current collectors and placed in small vials. The vials were
sealed in an aluminum pouch filled with argon (99.9999% pure)
to avoid air contamination. The preparation of P2-Na,Lig 1,-
Nij2,Mng 660, and electrochemically-desodiated samples was
described in our previous study.’ Briefly, electrodes were
prepared by mixing 85 wt% of active material, 5 wt% poly-
tetrafluoroethylene (PTFE), and 10 wt% acetylene carbon black.
1 M NaPF; dissolved in a 2 : 1 mixture of battery grade diethyl
carbonate (DEC) and ethylene carbonate (EC) was used as the
electrolyte, and sodium metal was used as the counter elec-
trode. The cells were cycled at a rate of C/10.

2.3. Ex situ X-ray diffraction (XRD)

The cycled cathode samples were mounted on an XRD sample
holder and sealed with polyimide (Kapton) tape. XRD patterns
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were collected at ambient temperature on a Bruker D8 Advance
diffractometer, using a LynxEye detector at 40 kV and 40 mA,
and a CuKa, source (1 = 1.5418 A). XRD data were acquired every
0.02° over the 2¢ range 10 to 70°. The data collection time for
each XRD scan was set to 1 minute. Rietveld refinement®" of the
XRD data was carried out using the FullProf software package.*

2.4. Solid-state nuclear magnetic resonance (ssSNMR)

“Li, **Na and 'H ssNMR spectra were acquired at room
temperature on a Bruker Avance III 200 wide-bore spectrometer
(4.7 T external magnetic field), at Larmor frequencies of —77.9,
—53.0 and —200.1 MHz respectively. All NMR experiments were
performed using a 1.3 mm double-resonance HX probe. **Na
and "Li NMR experiments were performed under 60 kHz magic
angle spinning (MAS) and using a recycle delay of 30 ms. 'H
NMR experiments were performed under 40 kHz MAS and using
a 10 ms recycle delay. “Li, >*Na and '"H NMR chemical shifts
were referenced against solid "Li,CO3, >>NaCl and adamantane
at 0, 7.21 and 1.87 ppm, respectively. "Li spin echo experiments
were performed using a 90° RF (radio frequency) pulse of 0.95 us
and a 180° RF pulse of 1.9 us at 50 W. "Li pj-MATPASS experi-
ments* were performed using a 90° RF pulse of 0.95 us at 50 W.
**Na spin echo NMR spectra were acquired using a central
transition selective 90° RF pulse of 1.03 us and a 180° RF pulse
of 2.06 us at 25.04 W. 'H spin echo NMR data were acquired
using a 90° RF pulse of 0.75 ps and a 180° RF pulse of 1.5 ps at
64 W. Additional **Na ssNMR experiments were performed on
a Bruker Avance III 700 wide-bore spectrometer (16.44 T
external magnetic field), at a Larmor frequency of —185.4 MHz,
using a 1.3 mm double-resonance HX probe. *’Na spin echo
NMR spectra were acquired on as-synthesized P2-Na,;3Niy/j3-
Mn,30, and P2-Nay gLig 12Nig 20Mng 660, using a 90° RF pulse
of 0.55 ps and a 180° RF pulse of 1.1 us at 100 W, and a recycle
delay of 30 ms. Sample temperature was monitored using
a variable temperature unit and a fridge connected to the NMR
probe and determined from the *°’Pb shift of a Pb(NOs),
sample. Lineshape analysis was carried out using the SOLA
lineshape simulation package within the Bruker Topspin soft-
ware. Transverse (T',) relaxation times were obtained from an
exponential fit of the decay of the signal intensity obtained as
the echo delay was increased in an NMR spin echo pulse
sequence, using an in-house MATLAB code written by Prof.
Andrew Pell. The >*Na spectra presented in this paper are scaled
according to the total Na content (xy,) in each sample deter-
mined from the observed capacity of the different ex situ cells.

’Li and *’Na, with spin I = 3/2, are quadrupolar nuclei. The
quadrupolar interaction strength is proportional to the quad-
rupole moment of the NMR nucleus and the electric field
gradient (EFG) at the nucleus. In Na,[Li,Ni,Mn;_, ,]O,
compounds, paramagnetic (or hyperfine) interactions take
place between the nucleus under observation and unpaired
electrons notionally resident on nearby transition metal (TM)
species. Through-space hyperfine dipolar coupling is only
partially averaged out by fast sample spinning at the magic
angle (MAS) and contributes to the intensity of the spinning
sidebands. For ’Li, the quadrupole moment is small and

4132 | J. Mater. Chem. A, 2017, 5, 4129-4143
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hyperfine interactions are dominant.”® The isotropic hyperfine
(Fermi contact) shift results from unpaired spin density transfer
from the TM d orbitals to the Na nucleus, either directly
(through-space) or via an intervening p orbital on O (through-
bond). When the magnetic susceptibility tensor is anisotropic,
the through-space electron-nuclear dipolar interaction gives
rise to a small pseudo-contact shift. Here, the Fermi contact
contribution is large and the pseudo-contact term can be
neglected.?” The overall “Li shift is approximated to the Fermi
contact shift:

6exp(7Li) = 6150 (1)

Quadrupolar interactions are significant for **Na and the
second-order term leads to a quadrupolar-induced shift (6qs)-
The experimental **Na shift (dexp) is the sum of the field-
independent isotropic shift (;5,) and of the field-dependent

5QIS:
6exp(23Na) = 6iso + 6QIS (2)

In this work, hyperfine and quadrupolar NMR parameters
were calculated from first principles in a number of structures,
as described below.

2.5. First principles calculations of “Li and **Na NMR
parameters

Spin-unrestricted hybrid DFT/HF calculations were performed
to determine NMR parameters and magnetic coupling strengths
in honeycomb ordered Na,Ni;;3Mn,;0, (x = 2/3, 1/3) and
Nag g3Ligp 16Nig.16MNg 70, structures. The CRYSTALO9 all-
electron linear combination of atomic orbital code was
used*** and two spin-polarized exchange-correlation func-
tionals based upon the B3LYP form,**>° with Fock exchange
weights of F, = 20% (H20) and 35% (H35), were applied. Full
details of the DFT calculations, including the basis sets and
numerical parameters used, are presented in the ESLt

2.6. Computation of magnetic scaling factors @(T)

The method adopted here to compare the NMR parameters
obtained from first principles with the experimental NMR data
was described in a previous study® and is further discussed in
the ESLf Briefly, first principles "Li and **Na Fermi contact
shifts are obtained on ferromagnetic cells (all Ni and Mn spins
co-aligned), corresponding to the saturated magnetic moment
Mg, ;. The computed shifts are subsequently scaled to a value
consistent with the magnetic state of the system at the
temperature of the NMR experiments, using a magnetic scaling
factor of the form:

(Mi(Texp) )

3
Msat‘i ( )

i(Texp) =
where (Mj(Tep)) is the temperature-dependent average
magnetic moment evaluated at the sample experimental
temperature, Teyp. Texp iS set to 320 K to account for frictional
heating introduced by fast rotation of the NMR rotor (60 kHz).

This journal is © The Royal Society of Chemistry 2017
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Magnetic moments for the various Ni and Mn site types in
honeycomb ordered P2-Na,Ni;;sMn,;0, (x = 2/3, 1/3) and P2-
Nag g3Lig.16Nig.16MNg 670, were determined from simulations
using an in-house modification of a Monte Carlo code devel-
oped by Harrison and coworkers.***> The code is capable of
simulating both cation and magnetic disorder and the under-
lying theory can be found in Harrison et al.'s previous work.*
The present version of the code will be the subject of a separate
publication. The code implements an Ising spin magnetic
model with Hamiltonian presented in eqn (S4) in the ESL.T Site-
specific scaling factors obtained at 320 K and an external
magnetic field of 4.7 T for Na,Ni;;3sMn,;30, (x = 2/3, 1/3) and
Nay g3Lip 16Nig.16MNg 6,0, are presented in Table S3a-c in the
ESI.¥ For comparison, a bulk value was determined from the
experimental magnetic susceptibility data obtained for P2-Na,/;-
Niy/;3Mn,;30,, as discussed in the ESL{ The field cooled DC
magnetic susceptibility data was acquired on a commercial
magnetic property measurement system (MPMS) over the
temperature range 2 to 350 K and at an external field of 1000 Oe.

3. Results and discussion

3.1. Experimental and first principles >*Na NMR study of the
model P2-Na,;Ni, ;sMn,;;0, cathode material

3.1.1. Ex situ **Na ssNMR on electrochemically-cycled P2-
Na,,;Ni;/;Mn,/;0,. Experimental >*Na ssNMR spectra collected

xNa
r0.6

-
1

r0.5

r0.4
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on different samples along the first electrochemical cycle of P2-
Na,/3Ni;;3Mn, 30, are presented in Fig. 3.

The overlapping resonances in the spectrum observed upon
Na reinsertion at 2.3 V discharge have similar shifts to those
observed in the pristine sample, indicating reversibility in the
sodiation process. As mentioned in the experimental section,
the overall **Na shift is the sum of a large isotropic hyperfine
(paramagnetic) term, the Fermi contact shift, and a smaller
second-order quadrupolar contribution (see eqn (2)). The **Na
resonances in the spectra shown above are broad (the full width
at half maximum (FWHM) of the resonance observed for as-
synthesized P2-Na,;Nij;3Mn,;30, is approximately 12 kHz)
and highly shifted, complicating spectral assignment. The
broad NMR lines result from a number of effects: residual
broadening due to anisotropic second-order quadrupolar
interactions under MAS* (most likely minor), anisotropic bulk
magnetic susceptibility (ABMS) effects, and frequency overlap
between multiple Na resonances, discussed later. In this study,
NMR parameters were computed from first principles to help
understand the experimental data.

3.1.2. 23Na ssNMR of stoichiometric Na,/;Ni;;;Mn, 30,

3.1.2.1. First principles *>Na NMR parameters in Na,;;Niys-
Mn;,30,. First principles NMR calculations were performed on
honeycomb ordered P2- and O2-Na,;Ni;;3Mn,;;0,. Na site
occupation in the P2 structure, shown in Fig. 1, reflects the

0.5 _

r0.6

0.7

454.0 3.53.025 2.0
Potential (V)

3000 2500 2000 1500 1000 500 0

=500 -1000
d(*Na) / ppm

Fig. 3 Ex situ >>Na NMR spectra obtained at different stages along the first electrochemical cycle of P2-Nay,;3Ni;;zsMn,z0,. For these and all
subsequent NMR spectra, the electrochemical curve is shown on the left hand side, the colored dots indicating the points at which the cells were
stopped and the cathode material was extracted for ex situ NMR measurements. Spinning sidebands are indicated by an asterisk, the O ppm peaks
are due to impurity phases containing diamagnetic environments (most likely electrolyte decomposition products or residual Na,COgz starting
material). All spectra were collected on samples obtained from a single batch of P2-Na,/3sNiy;sMn,,30,, except for the xy,; = 0.33 spectrum which

was acquired on a sample from a different batch.
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ground state Na' ion/vacancy arrangement obtained from
DFT+U calculations,® resulting in a 1:3 occupation ratio of
face- to edge-centered prismatic (P(2b) to P(2d), respectively)
sites. Previous paramagnetic NMR studies have shown that the
total Fermi contact shift can be decomposed into individual
bond pathway contributions (BPCs) from paramagnetic transi-
tion metals in a two-bond coordination shell around the
nucleus under observation.*****»** The relevant TM-Na inter-
actions, for Na in P(2d) and P(2b) sites, are depicted in Fig. 4a—c.
The octahedral (Op,) Na environment present in the O2 structure
is shown in Fig. 4d. M and M’ denote metal ions nearest and
next nearest to the central Na. The total >*Na Fermi contact shift
can be computed as the sum of all M-O-Na and M'-O-Na BPCs.
First principles NMR parameters, for the different Na environ-
ments depicted in Fig. 4, are presented in Table 1.

Starting with P2-Na,/3Ni;;3Mn,30,, the calculated isotropic
shifts (650 for type 1 (Fig. 4b) and type 2 (Fig. 4c) P(2b) sites fall
between ca. 591 and 932 ppm, while 74 and Cq, values of 0.1 and
2.9-3.8 MHz, respectively, are obtained. A much larger isotropic
shift, in the range 2164-2305 ppm, and 74 and Cg, values of 0.8
and 5.1 MHz, are computed for the P(2d) site (Fig. 4a). The
range of computed shifts is much larger than the linewidth seen
experimentally. In 02-Na,;3Ni;;3sMn,;;0,, Na' ions in Oy, sites
are half edge-sharing and half face-sharing with the adjacent
metal layers (Fig. 4d), and the isotropic shift, in the range 1401-
1589 ppm, is approximately halfway between the shifts of P(2b)
and P(2d) Na in the P2 structure.

3.1.2.2. Interpretation of the *>Na ssNMR data collected on the
as-synthesized material. In P2-Na,TMO, compounds, both P(2b)
and P(2d) sublattices must be occupied in order to minimize in-
plane Na'-Na" electrostatic repulsions. P(2b) sites have a larger
Na'-TM"" electrostatic energy penalty and are usually more
sparsely populated than P(2d) sites.* While various Na local

a) b) c)
Edge Face

Edge Face 9
P(2b) Type 1 P(2b) Type 2

d)

W

w Face @ Nao,
@ NaP(2d)

@ NaP(2b)

® Mn

@ Ni

® O

Fig. 4 Na local environments in Na,;3NiyzMn,/s0,. Edge-centered
(P(2d)), and type 1 and type 2 face-centered (P(2b)) prismatic sites,
present in the ground state P2-Na,/zNiyzsMn5,50, structure shown in
Fig. 1.3 are shown in (a), (b) and (c), respectively. The octahedral (Oy,) Na
site in O2-Nay,3NizMn,z0, is shown in (d). In this and in subsequent
diagrams, M and M’ labels indicate metal ions nearest and next nearest
to the central atom, respectively.
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environments are expected with very different hyperfine shifts,
NMR studies on this family of materials have consistently re-
ported a single NMR resonance in the **Na spectrum albeit at
a different shift for all the materials that have been studied to
date.!17193045.46 Congistent with these earlier reports, the **Na
NMR spectrum of as-synthesized P2-Na,;3Ni;;3Mn,30, acquired
at 4.7 T exhibits a single >*Na resonance (see Fig. 3). A spectrum
acquired on the same sample at an external magnetic field of
16.44 T is shown in Fig. S1 of the ESI.f The higher magnetic
field leads to a greater separation of the resonant frequencies of
the different Na sites in the material, and two signals with
isotropic shifts of 1511 and 1422 ppm can now be distin-
guished. These experimental shifts are in-between those
computed for P(2b) and P(2d) sites in the structure (see Table 1).
As discussed in more detail in the ESIL{ the major Na peak in
the 16.44 T spectrum is assigned to an average signal due to fast
Na' ion exchange relative to the NMR timescale between P(2d)
and P(2b) sites in the P2 layers. Collapse of the P(2b) and P(2d)
NMR signals into a single resonance is indicative of Na" ion
motion on a timescale that is faster than the largest frequency
separation (Av) between the resonances. Based on the frequency
difference between the average P(2b) and P(2d) **Na NMR shifts
computed from first principles, Av = 1400 ppm = 260 kHz at
an external field of 16.44 T, Na' ion exchange between the
TAY
N
that long-range Na diffusion results from uncorrelated in-plane
Na' ion hops between adjacent P(2b) and P(2d) sites, the

diffusion coefficient is estimated from the Einstein-Smo-
2
luchowski equation:** Dy, = o where [ is the minimum

different sites occurs at a rate k> 578 kHz.*” Assuming

distance between 2b and 2d sites, taken as 1.336 A from the
experimental structure determined by Lee et al.>* We obtain
a coefficient Dy, ~ 5 x 107! cm? s, lower than the diffusion
coefficient determined from a previous GITT measurement,?
around 2 x 107° em” s~ '. However, since nearest neighbor
P(2b) and P(2d) sites are never simultaneously occupied in P2-
type structures, a more appropriate [ distance would be the
shortest distance between two occupied 2b or 2d sites in the
structure (3.336 A from Lee et al.). Using this number, a diffu-
sion coefficient of 1.6 x 107'° em® s™' is obtained. Further-
more, we note that the coefficient obtained from the NMR data
is a lower bound to the real diffusion coefficient, since we used
the minimal value for the exchange rate between the different
Na sites that could lead to coalescence of the NMR signals. The
low intensity signal at 16.44 T can be fitted with NMR param-
eters close to those computed for an Oy, site in 02-Na,/3Niy/3-
Mn,;0, (see Table 1) and is therefore assigned to Na in Oy
environments in O2-type layers. The integrated intensities of
the two signals, scaled by a transverse relaxation factor
accounting for the loss of NMR signal intensity over the signal
acquisition time (transverse relaxation times of 160 &+ 7 us and
89 + 13 us were obtained for the P2 and O2 Na environments,
respectively), suggest ca. 10% of Na in O2-type layers. Hence,
a small number of O2 stacking faults are present in the majority
P2 phase. At 4.7 T, the smaller frequency separation between the
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Table 1 First principles 25Na NMR parameters computed in honeycomb ordered P2- and O2-Nay,3Niy;sMn,/30, using hybrid HF/DFT and the
H20 and H35 functionals. An average @ scaling factor shown in Table S3a in the ESI, which accounts for residual magnetic couplings between
transition metal ions, even in the paramagnetic state, obtained as a weighted average over all metal sites in the P2-Na,,zNiy;sMn,,30; structure,
was used to calculate the overall 2*Na hyperfine shifts calculated with both functionals at a sample temperature T of 320 K. P(2b) and P(2d)
prismatic sites are present in the P2 structure, and Oy, sites in the O2 structure. Type 1 and type 2 P(2b) sites have different Ni/Mn coordination
shells. All Na environments are presented in Fig. 4. In this and all subsequent tables the isotropic shift (diso, in ppm), dipolar anisotropy

1
(45 = 6, — 2 (0xx + 0yy). in ppm), dipolar asymmetry (), quadrupolar coupling constant (Cq, in MHz), quadrupolar asymmetry (ng), second-order

quadrupolar shift (6qis, in ppm), and net shift (6o + dqis, iN ppm), are presented for T = 320 K and an external magnetic field Bo = 4.7 T

Na P(2b) Na P(2d) Na O,

Parameter Type 1 H20 Type 1 H35 Type 2 H20 Type 2 H35 H20 H35 H20 H35
diso/pPPm 932 775 861 591 2305 2164 1589 1401
As/ppm 1575 1917 1822 2213 1782 2105 1756 2108
n 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0
Co/MHz 3.2 2.9 3.8 3.5 5.1 5.1 4.4 4.3
7o 0.1 0.1 0.1 0.1 0.8 0.8 0.2 0.2
dcus/PpPm —92 —76 —126 —111 —291 —289 -175 —164
biso  Oqis/PPmM 840 699 735 480 2013 1875 1414 1237

average P2 Na signal and the resonant frequency of Na" ions in
O2-type layers leads to signal overlap, yielding a single broad
peak in the spectrum shown in Fig. 3.

3.1.3. Interpretation of the experimental >*Na ssNMR data
(2/3 = xna = 1/3). Individual Mn**-O-Na and Ni**~0-Na bond
pathway contributions (BPCs) to the overall >*Na shift were
computed in the P2-Na,;3Ni;;3Mn,;30, structure using the
spin flipping technique developed by Middlemiss et al.>® The
effect of (1) Ni** to Ni** oxidation, and (2) structural expan-
sion along the ¢ axis (observed upon initial Na extraction
from xy, = 2/3 to 1/3 (ref. 2 and 3)) on the BPCs was investi-
gated in more detail by computing Mn**-0-Na and Ni**-O-
Na BPCs in the P2-Nay3Ni();,3Mn, 30, structure. The BPCs
computed in the P2-Na,Ni;;3sMn,,;0, (x = 2/3, 1/3) structures
are presented in Fig. 5.

The BPCs shown in Fig. 5 are averages over the different
values obtained for a given TM-O-Na pathway type due to off-
centering of Na' ions in trigonal prismatic sites in the opti-
mized structure, discussed in more detail in the ESL{ Indi-
vidual Ni**~0-A (A = Li*, Na*) BPCs are smaller in magnitude
than their Ni**-O-A (A = Li*, Na*) counterparts, as previously
reported in LiNi,Mn,Co,_,,O, materials.** In addition, the
larger interlayer spacing in the x = 1/3 structure generally leads
to Mn**-O-Na BPCs that are smaller in magnitude than those
computed in the x = 2/3 structure.

The total isotropic shift (d;s,), for a given Na local environment,
is obtained by summing the contributions from Mn and Ni ions
in M and M’ positions, multiplied by their degeneracies. Total
isotropic shifts for the different Na sites in Na,;;Ni;;3Mn,;30, and
Na; 5Ni; 3Mn, 30, are shown in Table 2. The Na,;3Nij;sMn, 30,
reconstructed isotropic shifts in Table 2 are in good agreement
with those presented in Table 1 (despite differences in the scaling
factors used; see ESIt).

The relative occupation of the different sites in as-
synthesized P2-Na,;3Ni;;3Mn,,;;0, can be inferred by
comparing the average isotropic P2 shift obtained from a fit

This journal is © The Royal Society of Chemistry 2017

of the experimental data (6;s0 = 1511 ppm) to the first prin-
ciples isotropic shifts computed for P(2b) and P(2d) envi-
ronments. We note that, given the large ranges of shifts
predicted using the H20 and H35 functionals, this method
can only yield an approximate occupation ratio. Yet, if the
BPCs calculated with the H35 functional (lower shift limit in
Table 2) are employed, a 1:1.5 occupation ratio of
P(2b) : P(2d) sites is determined, in relatively good agree-
ment with the approximately 1 : 1.7 ratio obtained previously
from Rietveld refinements of X-ray diffraction (XRD) data on
this material.?

P2-Na Ni,,Mn,.0

2372
x=2/3 x=1/3
=M H20 H35 | M H20 H35

Mn* 491 431 | Mn* 448 384
Nz -52 -84 | NP+ 2 13

€M H20 H35 | M H20 H35
Mn* -31 -37 | Mn* 37 37
Niz* 267 333 | NPt 95 85

@NaP(2d) OTM
@ NaP(2b) © O

M H20 H35 M H20 H35
Mn* -39 -102 | Mn* 23 -16
Ni#* -130 -196 | NP+ -20 -17

s M H20 H35 M H20 H35
Mn* 115 98 Mn* 94 76
NiZ* 53 54 NP+ 16 14

Fig.5 First principles Mn**—0O-Na and Ni**/**-~O-Na bond pathway
contributions (BPCs) to the *Na Fermi contact shift computed in the
optimized P2-Nay,3sNiysMn,z05 (@hex = brex = 2.84 A c = 10.94 A)
and P2-Nay/zNiyzMn30, (@hex = bhex = 2.83 A, c=1153 A) struc-
tures, using the H20 and H35 functionals. The BPCs determined in P2-
Naz/3Ni1/3Mn2/3OZ and P2—Na1/3Ni1/3Mn2/3Oz were scaled using the
site-specific scaling factors shown in Table S3a and b in the ESI{
respectively.
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Table 2 Total isotropic shifts (d;s,) for the different Na local environ-
ments in Nay,;3Ni;;3sMn,,30, and Nay 3Niy;3Mn,,30, predicted from the
BPCs shown in Fig. 5. The lower and upper shift limits are set by H35
and H20 values, respectively. Of note, Oy, Na shifts were also estimated
using BPCs computed in O2-Na/3NiysMn,50,, yielding a 1305-
1556 ppm shift range (HYB35-HYB20) consistent with the range
shown above. Site-specific scaling factors @ were employed, in
contrast to the results presented in Table 1, which used an overall
scaling factor

P(2b) type 1 P(2b) type 2 P(2d) On
Na,/3Ni;sMn, 0, 744-1027  705-934 2073-2269 1389-1601
Nay/3Niy3Mn, 0, 696-895 511-705 1881-2134 1196-1420

The most significant result obtained from Table 2 is that
a decrease in the total Na isotropic shift is observed upon Ni** to
Ni®" oxidation for all sites in P2-Na,Ni;/3Mn,;30,. This is
consistent with the experimentally observed decrease in the
frequency of the average >>Na NMR peak position observed at
the beginning of charge (see Fig. 3), the major Na environment
shifting from 1511 ppm (xn, = 2/3) to 1030 ppm (xy, = 1/3) on
charging to 4.1 V. The origin of the 400 ppm peak observed at
3.7 V charge is discussed in the next section. First principles
calculations indicate that the main Na peak can be assigned to
an average signal due to rapid Na" ion motion between sites in
the P2 layers (see Tables 1 and 2). Hence, despite the high
propensity for Na* ion/vacancy ordering at xy, = 1/2 and xy, =
1/3, as suggested by first principles calculations and by the
voltage steps at 3.5 and 4.0 V,> Na' ion mobility occurs faster
than the NMR timescale at least up to 4.1 V at 320 K. This result
is consistent with high Na" diffusion rates of the order of 7 x
107° to 1 x 107 ' cm® s~ ' obtained previously from GITT
measurements over the range 2/3 = xy, = 1/3.% Fits of the major
Na resonance in the xy, = 0.52, 0.36 and 0.33 spectra yield
isotropic shifts at 1370, 1160, and 1030 ppm, respectively, and
quadrupolar constants in the range 3.1-3.4 MHz. These
parameters suggest that P(2d) and P(2b) sites are approximately
equally populated between 3.4 and 4.1 V charge at 320 K, in
good agreement with previous XRD data.®* Comparing with the
1:1.5 P(2b): P(2d) occupation ratio determined for the as-
prepared material, the present NMR data indicate that Na is
extracted preferentially from edge-centered P(2d) sites at the
beginning of charge.

Previous electrochemical and diffraction studies have sug-
gested that the transition between the two Na' ion/vacancy
orderings at xy, = 1/3 and xy, = 1/2 occurs via a single-phase
process or via a two-phase process involving very similar pha-
ses.>* As shown in Fig. S2 in the ESI,i a good fit to the NMR
spectrum acquired on the xy, = 0.41 sample discharged to 3.4 V
can be obtained from a superposition of the major resonances
observed at 3.4 and 3.7 V charge (at xy, = 0.52 and 0.36,
respectively). The material discharged to 3.4 V is presumably
composed of a major phase similar to that obtained upon
charge to 3.4 V (or of a large number of P2 layers with a Na
content close to 0.52), as expected from the electrochemistry,
and of a minor phase (or a small number of P2 layers) with
a lower Na content. The electrochemical profile shown in Fig. 2a
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indicates the presence of two processes over the 3.4-3.7 V range
on both charge and discharge, suggesting that the 3.4 V
discharge sample is not a simple mixture of the xy, = 0.52 and
0.36 phases.

3.1.4. High voltage structural processes revealed by **Na
ssNMR. The long electrochemical plateau starting at ca. 4.1-
4.2 V charge (Fig. 2a) has been assigned to a P2 to O2 phase
transformation.>* This phase transition results from TMO,
layer glides driven by an increase in the electrostatic repulsions
between adjacent layers upon Na removal. P2 to O2 phase
transitions,>*' the formation of O2-like stacking faults in
a major P2 phase,"” and P2 to OP4 phase transitions*'*** have
all been reported in a number of Na,TMO, layered compounds
at high voltage. In P2-Na,Ni;;3Mn,;;0,, Lu and Dahn demon-
strated using in situ XRD that the phase transition takes place
via a two-phase reaction over the composition range 1/3 = xy, =
0.> All peaks in the in situ XRD patterns collected at 4.4 and 4.5V
charge could be assigned to a disordered O2-Ni;,sMn, 30, phase
with a small interlayer spacing (c = 8.85-9 A),>* as compared
with that of the P2-Na, 3Ni; 3Mn,,;0, phase (¢ = 11.35 1&).2 More
recently, the P2 to O2 transformation was directly observed with
atomic level resolution by scanning electron microscopy
(STEM), confirming the coexistence of the P2 and O2 phases at
the microscale along the high voltage plateau.'®

*Na NMR confirms the presence of residual Na* ions in the
end-of-charge samples (see Fig. 3). The isotropic shift of the
high voltage NMR signal, at ca. 250 ppm (with a shoulder at ca.
130 ppm), is much lower than the average P2 resonance at
1030 ppm in the xy, = 1/3 spectrum. In fact, the BPCs shown in
Fig. 5 rule out an assignment of the 250 ppm peak to P(2b) or
P(2d) sites in P2 layers, or to Oy, sites in O2 layers, when the
interlayer spacing ¢ is = 11-11.5 A. Even if all Ni ions were
present as diamagnetic Ni**, the lowest possible shift, corre-
sponding to that of a P(2b) type 2 environment, would still be of
ca. 400 ppm.

Two low frequency Na shifts in the range of 270-350 ppm
were observed at 4.7 T for a highly crystalline synthetic sample
of triclinic Na birnessite, a layered manganese oxide with
approximately 2/3 Mn** and 1/3 Mn>®" ions.** The two Na reso-
nances were assigned to different local environments obtained
from Mn**/Mn*" ordering in the MnO, layers. The small Na
shifts in birnessite, roughly half of those observed in all-Mn**
compounds (e.g o-NaMnO, (ref. 27)) and four times
smaller than those of mixed-valence Mn**/Mn*" materials (e.g.
a-Na,;3Mn0,), were ascribed to the large interlayer spacing ¢ =
7 A (c = 14 A for an equivalent P2 phase), leading to fewer
Na-O-Mn interactions and/or longer Mn-O bonds. In the case of
Na birnessite, previous reports have shown that water molecules
are intercalated.”*>* The similarity of the Na shifts observed for
birnessite and for the partially deintercalated Na,Ni;/;;Mn,/;;0,
phases suggests that the 250 ppm end-of-charge Na shift in the
latter compounds results from the uptake of water within the P2
phase that remains, leading to an expansion of the interlayer
space. In fact, a number of recent reports on related Na,TMO,
compounds have shown that the intercalation of water in the
interlayer space is facilitated by the presence of a large number of
Na vacant sites, the water molecules occupying free Na sites and
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stabilizing the high repulsion of adjacent oxygen layers via the
formation of hydrogen bridge bonds.”®** An interlayer distance ¢
close to 14 A was determined for the hydrated P2 layers in Na,-
Nig2,C00.11MnNg 6605 (¥na = 0.34),> justifying our comparison of
the Na shifts in birnessite and in the end-of-charge hydrated
Na,Ni; ;3Mn,;30, phases.

Here, although electrochemically-cycled samples were
handled in an Ar-filled glovebox at all times, it is possible that
the NMR rotors were not perfectly airtight, resulting in water
intercalation in the interlayer space for the more hygroscopic
high voltage phases. In fact, previous ex situ diffraction results
also indicated the formation of a hydrated phase in this mate-
rial at high voltage.® As shown in Fig. 3, the intensity of the
250 ppm resonance increases between 4.1 and 4.5 V (between
Xna = 1/3 and 0), suggesting that the Na,Ni;;3Mn,/;0, material
becomes increasingly hygroscopic upon Na extraction. The ca.
400 ppm shift observed for the xx, = 0.36 sample may also be
assigned to Na in hydrated P2 layers, the higher average Ni
oxidation state leading to a larger total shift. The higher
intensity of the 400 ppm signal at 3.7 V charge, as compared
with the 250 ppm signal at 4.1 V charge, either indicates that Na
is preferentially deintercalated from the expanded P2 layers over
the 3.7-4.1 V potential range, or that water exposure was higher
for this sample than for samples with xn, = 1/3. Lu and Dahn
showed that, unlike as-prepared P2-Na,;C0,Nij;3_,Mny/;30,,
pristine P2-Na,;Ni;;3Mn,;;0, is not prone to hydration.”®
Consistent with this, no low frequency Na signals are observed in
the ssSNMR spectra collected on the as-synthesized phase and for
Na contents xyn, = 0.41.

Zhou et al.*® showed that Li-ion motion on the timescale of
ps to ms was a major source of fast transverse (7',) NMR
relaxation (short relaxation times) in lithium-containing para-
magnetic cathodes. We recently demonstrated that **Na T,
relaxation times could probe Na-ion motion in layered P2-Na,-
Mg, _,Mn,0, compounds.”” Here, the T, relaxation time (in the
ms range) of the low frequency signal assigned to Na in
hydrated P2 layers is longer than that of the average signal
resulting from water-free P2 layers in Na,;Ni;;3Mn,;30, at
intermediate stages of charge (7', = 100 + 8 us for xn, = 0.36;
T, = 243 £ 11 ps for xn, = 1/3), which is consistent with more
sluggish kinetics of Na" ions in the former layer type and
suggests that intercalated water molecules hinder fast Na* ion
diffusion.

In their recent >>Na NMR work on P2-Na,5Ni, ;_,Zn,Mn,;0,
(x = 0, 0.07) compounds, Yang and co-workers® also reported
a Na resonance at 230-240 ppm appearing at the end of charge.*
They speculated that this low frequency peak was indicative of
a high voltage phase transformation to a Z phase different from
the O2 phase reported to date,>'® and characterized by the
presence of Ni ions in tetrahedral sites in the interlayer space.
Yet, the authors did not provide any evidence for Ni migration or
the formation of vacancies in the TM layers. The high voltage Z
phase was first introduced by Nazar and coworkers, who showed,
using X-ray pair distribution analysis, that 12.5% of the TM ions —
mainly Fe*" - migrated to tetrahedral sites in the interlayer space
upon Na deintercalation from P2-Na,[Fe;;,Mn;;;]0,.*®* The
authors also showed that Ni substitution for Fe effectively
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mitigated TM migration at high voltage, with only 3.1% of TM
ions observed in tetrahedral interlayer sites in the high voltage
Nay 1Fey ,Mn, 65Nig 150, phase,®® suggesting that minimal T™M
migration to the interlayer space should occur upon charge of the
P2-Na,Mn,;3Ni; 30, cathode. To date, we have not seen any
evidence for tetrahedral site occupancy by TM ions, nor
the formation of vacancies in the TM layers, in this class of
materials,>'® suggesting that Yang and coworkers' interpretation
of the end-of-charge **Na NMR data is not valid, at least for our
system.

3.2. Experimental and first principles *>Na and “Li NMR
study of the Li-doped P2-Na, gLig 12Nip.2,Mng 660, cathode

As shown in Fig. 2, Li substitution enhances the electrochemical
performance of the P2-Na,;Ni;;3Mn,;30, cathode. Previous
reports revealed that Li doping prevents transitions between
different Na' ion/vacancy orderings and delays the high voltage
P2 to O2 phase transformation.'®'** Here, we directly compare
the local structural changes observed upon cycling for P2-
Nag gLig 15Nig2,Mn 660, to those observed for P2-Na,3Niy s-
Mn,,;;0, discussed earlier, probing both Na and Li environ-
ments with NMR, to gain further insight into the effect of Li
substitution on the high voltage structural changes, and to
rationalize the higher electrochemical performance of the Li-
doped material.

3.2.1. High field *>Na NMR on as-synthesized P2-Na g-
Lig.12Nig 22Mng 660,. A series of spectra collected on as-
synthesized P2-Nag gLip 12Nip2Mng 60, at 16.44 T and at
different spinning speeds (and hence different sample
temperatures) are shown in Fig. 6.

The NMR signal assigned to the P2 phase (indicated by a red
asterisk) is clearly observed at 60 kHz MAS, yet the

60 kHz - 318.1 K

50 kHz - 305.3 K

* *

40 kHz - 296.0 K

35kHz-293.3 K * *
e e St SINI NP pme A A A P N N A

W2 2905K v

3000 2000 1000 0
d(**Na) / ppm

Fig. 6 2°Na NMR spectra collected on as-synthesized P2-Nag g-
Lig.12Nig 2oMNng 6605 at an external field of 16.44 T. The spectra are
scaled according to the number of scans. The data were acquired at
various spinning speeds, resulting in different sample temperatures, as
indicated. The centerband of the average Na site in the P2 phase, and
of the diamagnetic Na,COz impurity at O ppm, are indicated by red and
black asterisks, respectively.
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linebroadening of the individual peaks within the spinning
sideband manifold increases with decreasing spinning speed,
from 60 to 30 kHz. Previous NMR studies®”®* have shown that,
in the presence of motion on an appropriate timescale, the MAS
technique fails to suppress anisotropic interactions in the spin
echo experiment, resulting in significant broadening of the
NMR lineshape. The data shown in Fig. 6 suggest that the MAS
rate approaches the width of the NMR lines (i.e. the size of the
anisotropy) as it is reduced from 60 to 30 kHz. At about 30 kHz
MAS, Na-ion motion prevents refocusing of the anisotropic
(paramagnetic and quadrupolar) interactions, resulting in
a very broad, low intensity signal, confirming that the Na* ions
are mobile in this sample. This result is significant, as, although
a few NMR studies on P2-Na,TMO, suggested that fast Na* ion
diffusion in the interlayer space accounts for the unique Na
resonance observed in the spectrum,'*'71930434¢ thig is the first
time that evidence is obtained for this phenomenon. Here, fast
Na' ion motion is proven both experimentally, with the gradual
broadening of the spectrum shown in Fig. 6, and theoretically,
since the unique Na resonances observed experimentally for as-
synthesized P2-Na,Ni;;;Mn,;;0, (Fig. 3) and P2-NaggLig1o-
Nig2oMny 660, (Fig. 6 and 7) are in-between those computed for
P(2b) and P(2d) Na sites (see Table 1). Fast Na* ion motion in the
2D planes explains the high rate performance of a number of
P2-type Na,TMO,, cathode materials.®**

3.2.2. Ex situ >*Na ssNMR on electrochemically-cycled P2-
Nay gLig 12Nig 22Mng 660,. Ex situ >*Na ssNMR spectra recorded
at 4.7 T on different samples along the first electrochemical
cycle of P2-Na,Lig 1,Nig 2,Mn 660, are presented in Fig. 7. The
data enclosed by a black rectangle (in this and in Fig. 8) were
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collected on a 4.4 V charged sample (xn, = 0.35) obtained
from a second P2-Na,Lij1,Nip,,Mn, 660, batch (sample #2,
hereafter), prepared and cycled under similar conditions as the
Xna = 0.35 sample obtained from the first batch (sample #1). A
comparison of two end-of-charge samples is important to
correlate changes in the Na and Li local environments at high
voltage.

Partial substitution of Ni** ions by Li" in the T™M layers
results in an increase in the average isotropic shift for Na in the
P2 layers, shifting from 1511 ppm in Na,;3Ni;;3Mn,;30, (see
Fig. 3) to 1647 ppm in Nay gLij 1,Nig 2,Mny 660, (Fig. 7). We note
that P2-Nag gLig15Nig2,Mng 660, exhibits good structural
reversibility after one cycle: the average P2 signal observed in
the end-of-discharge Na spectrum is similar to that observed in
the pristine spectrum.

The progressive decrease in the average Na resonance
upon charge is consistent with Ni oxidation. As discussed
earlier for the Na,/3Ni;,;3sMn,,;0, cathode, the 250 ppm end-of-
charge Na resonance is indicative of water intercalation
within the P2 layers at high voltage. The 'H spectrum
collected on sample #2, shown in Fig. S3 in the ESL7
corroborates this hypothesis. The large sideband pattern of
the 'H spectrum centered at 0 ppm can be fitted with an
anisotropy (4;) of 1167 ppm and an asymmetry (n) of 0.7,
clearly indicating the presence of water in the material. The
absence of a paramagnetic shift suggests that the protons are
not directly bonded to the TM ions, which is consistent with
the water O atoms occupying vacant Na sites in the interlayer
space and with the protons forming hydrogen bonds with O
atoms in adjacent TMO, layers. While the 250 ppm **Na peak

+0.6
sample #2 X,,=0.35
* *
0.5
04 44ven x,,=0.35
-0.35- * T .
0.4 ~
L 1
0.5, 4.1Vch x,,=0.45
| * *
-0 6 [
r0.7
Pristir:e x,,,=0.80
0.8 -- 4

4.54.03.53.02.52.0
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Fig. 7 Ex situ 25Na NMR spectra obtained at different stages along the first electrochemical cycle of P2-Nag glig 12Nig22MNng e6O». The data
shown with a solid line were acquired on a first batch of samples. The data enclosed by a black rectangle were obtained for a second sample

(sample #2) charged to 4.4 V and are shown for comparison.
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Fig. 8 “Li pj-MATPASS isotropic NMR spectra obtained at different stages along the first electrochemical cycle of P2-Nag glio 12Nip 22MNg 6602. Li
shift ranges, for an Oy, site in the TM layers (blue), for an Oy, site in O2-type Na/Li layers with a large interlayer spacing (red), and for an Oy, site in
a hydrated O2 layer (yellow), are indicated on the spectra. Spinning sidebands are suppressed in the pj-MATPASS isotropic spectrum® and peaks
are observed at the resonant frequencies of the different Li environments in the sample. The isotropic shifts are shown on the spectra. The data
shown with a solid line were acquired on a first batch of samples and are reproduced here with permission from Xu et al.*®* Copyright 2014
American Chemical Society. The data enclosed by a black rectangle were obtained for a second sample charged to 4.4 V (sample #2) and are

shown for comparison.

is the only signal observed in the **Na spectrum collected on
sample #1, two peaks are present in the **Na spectrum
collected on sample #2 (see Fig. 7). The low intensity reso-
nance at 1100 ppm in spectrum #2 is consistent with the end-
of-charge shift expected for the average Na signal in water-free
P2 layers (when the P(2b):P(2d) site occupation ratio is
approximately 1 : 1). The lack of a Na signal at 1100 ppm in
spectrum #1 suggests that sample #1 is hydrated to a greater
extent than sample #2. Of note, the 250 ppm shift does not
depend on the Li/Ni/Mn composition, presumably because
the expanded P2 layers result in weak TM-Na interactions
and/or because the ordering of the metal ions in the TM layers
is close to honeycomb-like and Li*/Ni*" cations have a similar
(zero) contribution to the Na shift.

The timescale for water uptake in the 4.4 V charged P2-
Na,Lig 1,Nip2,Mng 660, cathode sample was further investi-
gated with ex situ XRD. The results, shown in Fig. S4 and dis-
cussed in greater detail in the ESI,T reveal that a hydrated P2
phase with an interlayer spacing ¢ comprised between 14.4 and
14.7 A rapidly forms in the sample, even when air/moisture
exposure is minimized. No hydration peaks were observed in
the in situ synchrotron XRD data presented in our previous
study," either suggesting that the in situ cell is more airtight
than the ex situ cell used here (the Kapton tape is expected to be
less effective after one day), and/or that the water uptake does
not occur quickly enough to be monitored in situ. In addition, in
situ cells have a greater polarization than the coin cells used to
prepare the ex situ XRD and NMR samples. Hence, we speculate

This journal is © The Royal Society of Chemistry 2017

that upon charge to 4.4 V, ex situ samples have a lower Na
content and are more prone to water uptake than in situ
samples.

3.2.3. Ex situ 'Li ssNMR on electrochemically-cycled P2-
Nay gLig 1,Nig 2,Mng 660,. “Li NMR spectra obtained at different
stages along the first electrochemical cycle of P2-Nag gLig 1,-
Nig2oMng 660, are presented in Fig. 8.

A large number of Li resonances are observed in the spectra
shown above. In our previous study," these resonances were
assigned to various sites in the TM layers and in the interlayer
space by analogy with previous Li NMR studies on related
compounds. Here, first principles NMR calculations presented
below allow us to make a more detailed assignment of the
spectral features.

3.2.4. First principles Li NMR parameters in Nag g;Lig 16-
Nig.16Mny 6,0, and assignment of the experimental data

3.2.4.1. Liin the TM layers (blue region). In layered materials
containing Li*, Ni**, and Mn*" in the TM layers, Li* and Ni**
cations have similar ionic radii and occupy metal lattice sites
interchangeably. When the (Li + Ni) : Mn ratio is 1 : 2, as in P2-
Nay gLig 15Nig 2oMny 6602, honeycomb ordering is expected. The
assignment of the "Li ssNMR data presented in Fig. 8 is assisted
by first principles NMR calculations in a P2-Nag g3Lig 16Nio.16-
Mn, ¢,0, structure featuring a similar honeycomb ordering on
the TM lattice as observed in Na,/;3Ni;;3Mn, 30,, save that half of
the Ni are replaced by Li (see Fig. S5 in the ESIT). Average values
for the first principles Mn**-O-Li and Ni**~-O-Li BPCs deter-
mined for Li in an Oy, TM layer site are presented in Fig. 9, while
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Fig. 9 Average first principles Mn**-O-Li and Ni?*—O-Li BPCs
computed for Liin an Oy, TM layer site in P2-Nag gsLio 16Nig.16MNg.6702
(@hex = brex = 2.88 A, c =10.83 A) using the H20 and H35 functionals.
Ni BPCs were computed upon substitution of one Mn by Ni in the first
coordination shell around Li. The BPCs were scaled using the Ni and
Mn site-specific scaling factors presented in Table S3c in the ESI.f

a full list of the values obtained from individual calculations are
shown in Table S4 in the ESL}

Our previous ‘Li NMR study on P2-Nag gLig.15Nig25Mng 660,
demonstrated that Li is preferentially surrounded by Mn**
ions.” In this earlier work, Li resonances at ca. 1700-1760, 1465
and 1150 ppm were assigned to Li(OMn)s, Li(OMn)s(ONi) and
Li(OMn),(ONi), sites in the TM layers. We note that the reso-
nance at ca. 1500 ppm can be assigned to either Li(OMn)s(ONi)
environments in the pristine phase or to Li(OMn), sites in an
Li,MnOj; impurity phase.?** On the basis of these assignments,
experimental Mn** and Ni** BPCs of 290 + 3 ppm and 18 +
14 ppm are determined. The experimental Mn*" BPC is
consistent with previous studies on Li layered oxide cath-
odes®”** and is intermediate in value between the first princi-
ples average BPCs computed using the H20 and H35 functionals
shown in Fig. 9. The experimental Ni** BPC is small and posi-
tive, while those obtained from first principles are small and
negative. The change in sign may be accounted for by slight
differences between the first principles optimized and experi-
mental structures, as discussed in the ESL{

Although the Mn oxidation state does not change upon
electrochemical cycling, a rise in the resonant frequency of the
Li(OMn) sites, from ca. 1700 to 1900 ppm, is observed at the
end of charge for sample #2. The Mn**-O-Li BPCs computed for
a range of Li-Mn bond distances and Li-O-Mn bond angles (see
Table S4t) show that the higher end-of-charge Li(OMn)e shift
can be accounted for by a decrease in the Mn-Li distance (i.e.,
a decrease in the a lattice parameter'®) upon Ni oxidation.

3.2.4.2. Liin the Na/Li layers (red region). Li in the interlayer
space in layered Li/Ni/Mn oxides typically gives rise to shifts in
the 300-800 ppm range shaded in red in Fig. 8.°>* The 730 ppm
shift observed throughout cycling was previously assigned to an
Oy, site in the Li layers in a Li,MnO; impurity phase and the
351 ppm shift observed in the pristine spectrum to a distorted
Tq site in a O2/T2 Li,;3Ni;j;3Mn,, 30, (or closely related) impurity
phase."® A number of additional resonances in the red region of
the spectra require further investigation.

While Li" ions are not usually found in prismatic sites,* they
can occupy Oy, sites e.g. in O2 stacking faults in the major P2
phase. Mn**-0O-Li and Ni**~O-Li BPCs presented in Fig. 10 were
computed on an 02-Na,;3Ni;;3Mn,,;;0, supercell in which one
Na was substituted by Li, followed by structural relaxation.

Li/Ni/Mn honeycomb ordering in Na,Lig 1,Nip2:Mng 6602
results in a limited number of Oy Li environments in the Na
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Fig. 10 First principles Mn**—~O—Li and Ni?"—O-Li BPCs computed
for Li in an Oy Na layer site in O2-Nay;3Ni1;3sMN2,30;5 (@nex = bhex =
289 A c=11.05A) using the H20 and H35 functionals. The BPCs were
scaled using the scaling factors presented in Table S3at (Mn scaling
factors were averaged).

layers. Total isotropic shifts for selected Oy, Li environments in
a hypothetical 02-Na,Li)Ni,Mn;_, ,]JO, structure were
computed by summing the Ni and Mn contributions shown
above, multiplied by their degeneracies (diamagnetic Li" ions
do not contribute to the Fermi contact shift). The shifts,
recorded in Table S5 in the ESL,{ lie within the 358-549 ppm
range, strongly suggesting that the experimental peak at
568 ppm can be assigned to Oy, Li in O2 stacking faults in the as-
prepared material; the higher experimental shift is presumably
due to slight differences in the TM-O-Li pathway geometries
between the experimental and relaxed structures and/or the TM
configurations selected for the shift calculations.

An increase in the NMR signal intensity in the red region of
the end-of-charge spectrum (see Fig. 8) is indicative of Li
migration from the TM layers to the interlayer space, i.e. the
formation of O2 stacking faults in the major P2 phase.” The
extent of Li migration is highly sample-dependent, as demon-
strated by the very different signal intensities in the red regions
of the spectra acquired on the 4.4 V charged samples #1 and #2.
Assuming the Ni*" BPCs are zero, end-of-charge Li shifts in the
range 339-459 ppm are predicted for the Oy environments
considered in Table S5, which is consistent with the increase
in NMR signal intensity at ca. 370 ppm for sample #1.

3.2.4.3. Li in hydrated 02 layers (yellow region). The spectra
shown in Fig. 7 and 8 reveal that the 250 ppm Na and 100 ppm
Li resonances appear at similar stages of cycling, suggesting
that the corresponding local environments are structurally
related. By analogy with our previous assignment of the high
voltage Na data, the low frequency Li shift is assigned to Li in
hydrated O2 layers with a larger interlayer spacing.

3.3. What factors affect P2 phase stability at high voltage in
Na,[Li,Ni,Mn, _,,__]O, cathodes?

Ex situ **Na and “Li NMR data collected at different stages of
cycling for the undoped Na,;3Ni;;3Mn,/;0, and Li-doped Na g-
Liy 1,Nij 2,Mny 660, cathodes have led to a better understanding
of the requirements for good P2 phase stability upon Na dein-
tercalation from Na,[Li/Ni,Mn;_,_,]O, cathodes. Our findings
are summarized below.
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As discussed in our previous work," unlike in the undoped
P2-Na,;Ni;;3Mn,,;0, cathode, “Li ssNMR shows no evidence for
TMO, layer glides in P2-Na,Liy 1,Nig2oMng 660, below 4.4 V,
clearly indicating that Li substitution leads to an extension
towards higher voltage of the potential range over which the P2
phase is stable in Na,[Li,Ni,Mn;_,_,]O, cathode materials. “Li
ssNMR also reveals reversible Li migration from the TM layers
to the interlayer space at high voltage in the P2-Na,Li, 1,Nig 2»-
Mn, 660, cathode. The additional Li NMR data shown in the
present work and obtained on different Na,Lig 1,Nig 2,Mng 660,
samples charged to 4.4 V (samples #1 and #2) demonstrates that
the relative population of TM and Na layer sites by Li at high
voltage is sample-dependent: while all Li" ions migrate to the Na
layers for sample #1, some Li is left in the TM layers for sample
#2. Moreover, the combined Li and Na NMR data presented
here suggest that the extent of Li migration at the end of charge
is correlated with the proportion of Na" and Li* ions in low
frequency environments (resonating at 250 and 100 ppm,
respectively), assigned to Na and Li sites formed upon water
intercalation in the interlayer space of both P2 and O2 layers.
2’Na ssNMR reveals that Li substitution, which leads to
a greater number of Na' ions remaining in the interlayer space
at 4.4 V (xn, = 0.35 for Na,Lij 1,Nig2,Mng 6605, VS. Xna = 0.06
for Na,Ni;;3Mn,;30,), delays the (ex situ) uptake of water mole-
cules within the P2 interlayer space upon charge, for samples
that have been exposed (often unintentionally) to moisture. The
characteristic low frequency Na resonance at 250 ppm is
observed from 3.7 V for Na,Ni;;3Mn,,;;0,, while there is no
evidence for hydration before 4.4 V charge for the Li-doped
compound (neither in the P2 layers, as revealed by the Na
NMR data, nor in O2-type stacking faults, as evidenced by the Li
data). It is important to note that, although water molecules are
found to intercalate into the layers of partially-deintercalated ex
situ cathode samples, water intercalation is unlikely to happen
during continuous cycling of the electrochemical cells. High
structural reversibility and high Na® mobility throughout the
charge/discharge cycle account for the overall excellent elec-
trochemical performance for the P2-Nag gLig 12Nig22MnNg 660,
cathode (see Fig. 2).

Overall, the data presented in this study demonstrate that
a large number of vacant sites in P2-type layers favor both 02
stacking fault formation and water intercalation in the inter-
layer space. The different results obtained for the two end-of-
charge Na,Lig1,Nig2,Mng 0, samples considered here may
also be due to a slightly lower final Na content in sample #1, as
compared with sample #2, or to slightly different sample
preparation processes or waiting times before the NMR
measurements.

4. Conclusions

A comprehensive ex situ ssSNMR and XRD study of the structural
processes occurring upon electrochemical cycling in P2-Na,-
[LiyNi,;Mn;_, ,]JO, (0 = x, y, z = 1) cathode materials was
undertaken. The complex assignment of the paramagnetic **Na
and “Li NMR data was assisted by hybrid HF/DFT calculations
of the NMR parameters, the computations providing detailed

This journal is © The Royal Society of Chemistry 2017
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insight into the **Na and ’Li NMR shift mechanisms at all
stages of cycling. It is important to note that the first principles
*’Na and ’Li NMR parameters presented in this study are
transferable and may be used to interpret NMR data obtained
on similar P2/03-Na,TMO, (TM = Ni*, Ni**, Ni**, Mn*")
compounds.

In the present study, we found that fast Na-ion motion in the
P2 layers results in an average >>Na NMR signal with a resonant
frequency in-between those computed ab initio for edge- and
face-centered prismatic sites in P2-Na,Li,Ni;Mn;_,_,]O,
compounds. This is the first time that experimental and theo-
retical evidence are provided for fast Na-ion motion (on the
NMR timescale) in the interlayer space in P2-type Na,TMO,
materials.

In the Na,Ni; 3Mn,/;;0, cathode material, TMO, layer glides
lead to a complete P2 to O2 phase transition upon Na dein-
tercalation.>® In our previous work," we showed that Li doping
delays the P2 to O2 phase transformation to higher voltage, so
that local O2 stacking faults are formed in the partially dein-
tercalated P2-Na,Liy 1,Nig,Mng 660, compound at 4.4 V. Li
migration from the TM layers to O2-type Na layers between 4.1
and 4.4 V was directly observed with “Li ssNMR. In the present
work we showed that, in addition to layer shearing, a large
number of Na vacant sites in the interlayer space result in highly
hygroscopic end-of-charge phases. The interlayer spacing ¢ of
the hydrated P2 and O2 layers was found to be >14 A (as
compared with ¢ = 11-11.5 A for water-free layers), leading to
characteristic low frequency Na and Li shifts at the end of
charge. Water intercalation into ex situ cathode samples was
observed from 3.7 V charge (xn, = 0.36) for the Na,Ni,; 3Mn,30,
material, while there was no evidence for water uptake in Na,-
Lig.12Nig 22Mng 660, samples extracted below 4.4 V charge. It is
speculated that the stability of the initial P2 phase, hence the
number of O2 stacking faults and extent of water uptake, is
intimately linked to the final Na content in the interlayer space
upon charge. Li doping results in more Na remaining in the
interlayer space upon charge and delays both TMO, layer glides
and water uptake. Practically speaking, water intercalation is
unlikely to happen during continuous cycling of the electro-
chemical cells, and the high structural reversibility and high
Na" mobility throughout the charge/discharge cycle account for
the overall excellent electrochemical performance for the P2-
Nag gLig 12Nig 2,Mng 660, cathode.
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