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Sodium-ion batteries (NIBs) are emerging as a potentially cheaper alternative to lithium-ion batteries (LIBs) due to the

larger abundance of sodium and in some cases the similar intercalation chemistry to LIBs. Here we report the solid state

synthesized K-modified P2 Nao7MnosMgo202 which adopts hexagonal P6s/mmc symmetry. The second charge/discharge

capacity for the as-prepared material is 115/111 mAh g between 1.5-4.2 V at a current density of 15 mA g?, which

reduces to 61/60 mAh g after 100 cycles. Scanning transmission electron microscopy coupled with energy-dispersive X-

ray spectroscopy (STEM-EDS) analysis shows a heterogeneous distribution of K and solid state 2Na NMR illustrates that

the presence of K perturbs the local enivoronment of Na within the P2 Nao7Mno.sMgo..0> crystal structure. Larger scale X-

ray absorption near-edge structure (XANES) data on the K L-edge also illustrate that K is present on the surface of

electrodes in preference to the bulk. In situ synchrotron X-ray diffraction (XRD) data illustrates that the P2 structural motif

is preserved, featuring a solid solution reaction for most of charge-discharge except at the charged and discharged states

where multiple phases are present. The K-modified sample of P2 Nao.7Mno.sMgo.202is compared with the K-free samples in

terms of both structural evolution and electrochemical performance.

Introduction

Sodium ion batteries (NIBs) have emerged as an alternative
candidate to lithium-ion batteries (LIBs) for energy storage
technology in smart electricity grids, where mass and energy
density are not critical factorsl. NIBs are receiving significant
attention because of the (i) comparable redox potential of Na
(E(na+/Na) = -2.71 V vs SHE), only 0.3 V is less than Li (Eqivw) = -
3.0 V vs SHE), (ii) lower device manufacturing cost due to the
use of aluminium instead of copper current collectors for
anodes, as sodium does not alloy with Al at low potentials
unlike Li2, and (iii) the relatively high abundance of sodium3-5.
Similar to LIBs, the positive electrode in NIBs is likely to be the
capacity limiting component of the overall battery because it is
the source of the charge-carrying sodium ions5. The
insertion/extraction of sodium ions influences the battery
energy density and lifetime, and this is intricately related to
the crystal structure of the cathode and electrodes in general.
Therefore, it is important to understand the structure-function
relationships of positive electrode materials to develop new
electrode materials for NIBs2 6.

A manganese-rich layered positive electrode would be an
inexpensive option, and various combinations’ have been
investigated for NIBs. The parent P2 Na,MnO; shows multiple
phase transitions during electrochemical cycling
predominantly associated with the structural strain caused by
Jahn-Teller active Mn3*, which in turn affects the longevity of
the electrode in a battery’. Doping magnesium, which is also
an earth abundant?®, onto the Mn site in P2 type manganese-
rich layered electrodes has been shown to minimize the
multiple phase transitions observed during cycling. For
example, a series of P2 NageMni1xMgy0, (0 < x < 0.2)
synthesised via different synthetic routes (slow cool and

quenching)?®, show that while the discharge capacity decreased
with increasing Mg content (175 mA h g?! for x= 0.05
compared to= 150 mA h g for x= 0.2) the, the cycling stability
significantly improves®. It should be noted that the Mg dopant
is electrochemically inactive and hence will often influence the
magnitude of capacity attainable.

In related work, P2 Nagg7Mng72Mg0.280,10 delivers a higher
specific capacity of >200 mAh g (higher than theoretical limit
of the Mn3*/Mn4* redox couple) at a current rate of 10 mA g
between 1.5 - 4.4 V, but the capacity decreases rapidly to =
150 mA h g1 after 30 cycles. A possible explanation for the
larger capacityl® was a reversible anionic redox reaction!!
(similar to Li[Lip33Mnoe7]O2-based electrode materials2).
Moreover, P2 NaxMgo11Mnos90,8 exhibited a reversible
capacity of 125 mA h g1 with smoother potential profiles, very
high columbic efficiencies exceeding 99.5% at 12 mA g1 and
superior long-term cyclability relative to other transition metal
(e.g. nickel, cobalt) doped NaxMnO; layered materials.

In related chemical doping scenarios, the introduction of a low
concentration of a second or third species, such as Ni2*, Fe3+
with  Mg?*, has produced phases such as 03-
Na1MngsNig3Feo.1Mgo.102, P2 Nage7Mng.7Nio.1Feo1Mgo.10, and
the mixed P3/P2/03-phases, having an average elemental
composition of Nag76MnosNig3Feq1Mgo10,13. Note, Mg?* is
electrochemically inactive and depending on potential
windows used the Ni2* and Fe3* can be active or inactive. All of
these materials exhibited capacities exceeding 100 mA h g1,
but the mixed P3/P2/03-material showed the best
electrochemical performance for these compositions in terms
of specific capacity (155 mA h g1 at 18 mA g1 in the potential
range of 2.0-4.3 V), rate capability and cycle stability (90.2%
capacity retention after 601 cycles)?3.



It is important to note the crystallographic consequences of
the varying doping scenarios. The ionic radiil* for Na* in 6-fold
coordination is 1.02 A, while Mn3* and Mn#* is 0.645 A (high
spin) and 0.53 A, respectively, Ni2* and Fe3* are 0.69 and 0.645
A (high spin) respectively, while Mg2* is 0.72 A. These ionic
radii indicate why a preference for Mn-site occurs for these
dopants with Mg2* being the largest dopant reported to date.
It is worthwhile to note that recent work has also shown that
the Fe3* during the charge process does appear to migrate into
the layers which contain the Na sites!s. Considering that the
ionic radii of K+ with 6-fold coordination is 1.38 A, for chemical
doping the preferred site would be the Na sites; however, K* is
35% bigger than Na*. Furthermore, if we consider the K-
containing end-members of similar layered structures, e.g. P2
Ko.41C00;, and compare this to P2 Nap73C00,, the lattice ¢
parameter expands by 14.6%, from 10.8807(3) A6 to 12.47
A17.In this example a slight difference exists between the Na
and K concentration. In this work, although we attempt to
substitute K into the P2 Nag;MngsMgo,0, structure as
indicated above on the Na site, we find that the added K
appears to be heterogeneously distributed in the sample

rather than crystallographically incorporated into the
structure.

Experimental

K-modified P2 NagsMnosMgo.0, of target composition

“Nap.7K0.1MnosMgo,0,” was prepared by conventional solid-
state reaction. Stoichiometric amounts of K,COs; (Riedel-de
Haen, >99 %), Na,COs (Analytical Univar, 99.8 %), MnCO3;
(Laboratory BDH) and MgO (Analytical Analar, >99 %) were
ground and heated at 900°C for 12 hours in air and quenched
to room temperature. To avoid potential contact with
air/moisture samples were quenched instead of slow cooled
and the sample was immediately transferred to an Ar-filled
glovebox.

XRD patterns were collected on a PANalytical X’'Pert Pro
Multipurpose Powder Diffractometer using Cu Kq1 radiation
with the 20 scan range of 5-90° in 0.0033° steps. Surface
morphology and X-ray microanalysis of the samples were
undertaken using scanning electron microscopy (SEM, Hitachi
S3400-N) equipped with an energy-dispersive X-ray
spectrometer (EDS, Bruker SDD XFlash model 5010) and
analysed using Bruker Esprit 1.9 software on selected areas.
Samples were mounted on double sided carbon tape and no
carbon coating was required. Scanning transmission electron
microscopy coupled with energy dispersive X-ray spectroscopy
(STEM-EDS) analysis was carried out on a JEOL JEM-F200 field-
emission gun transmission electron microscope (at 200 kV)

equipped with a windowless JEOL silicon drift detector. EDS
data was analysed using the Thermo Scientific Pathfinder X-ray
Microanalysis Software. TEM specimens were prepared by
dispersing a ground sample in anhydrous dimethyl carbonate
and a drop of the dispersion was placed onto a carbon coated
copper grid. Specimen preparation was performed in an Ar-
filled glovebox.

The active material is air-sensitive, so electrode preparation
was undertaken in an Ar-environment, inside a glove box. The
active material was mixed with a conductive agent (carbon
black, IMERYS C65) and binder (polyvinylidene fluoride, MTI
corporation) in the 80:10:10 weight ratio. N-methyl
pyrrolidone (NMP, Sigma-Aldrich) was added dropwise to the
powder and the mixture stirred overnight. The cathode
material was cast by spreading a thin layer (~200 um) on an
aluminium foil current collector, using a notch bar. The coated
aluminium foil was dried inside the glove box overnight
(ambient). After drying, the electrode was pressed using a flat
mechanical press (MTI Corporation) applying 100 kN over the
entire electrode sheet for an hour to ensure good contact
between the electrode and current collector. The mass
loadings for the active material on electrode was 3.0 = 0.2 mg.
Half cells (CR2032) were assembled in an Ar-filled glovebox
using the active material electrode with 1 M NaClO, in
ethylene carbonate and propyl carbonate (EC/PC, 1:1 vol %) as
an electrolyte, glass fibre separator, and a sodium metal
electrode. The batteries were then galvanostatically
charged/discharged to characterize their electrochemical
performance in the voltage range of 1.5-4.2 V and 2-4 V on a
Neware battery tester. Various cycling tests were used, e.g.,
long term cycling at 15 mA h g1 or rate capability with current
densities ranging from 15 to 90 mA g1 at room temperature.
X-ray absorption near-edge structure (XANES) measurements
on the fresh cathode material and after electrochemical
cycling were used to rationalise structural evolution of the
material. K L-edge and Na and Mg K-edge XANES
measurements were conducted on the soft X-ray absorption
spectroscopy (sXAS) beamline at the Australian Synchrotron?s,
The electrodes were extracted from Na half-coin cells, washed
thoroughly with dimethyl carbonate (DMC) and dried in Ar-
filled glove box to remove any residue. The electrode was cut
and pasted onto double-sided carbon tape (SPI Supplies) and
loaded into an ultra-high vacuum (UHV) chamber maintained
at better than 1.5 x 10° mbar. Spectra were collected between
290-310 eV for the K L-edge and 620-670 eV for the Mn L-edge
using partial electron yield (PEY) and total fluorescence vyield
(TFY) modes. All the spectra have been normalized to the
beam flux measured by the upstream gold mesh.



Inductively coupled plasma-optical emission spectrometry
(ICP-OES) was carried out on Optima7300DV ICP-OES Perkin
Elmer. Where applicable the whole separator was digested in
an acid mixture (3HNO3:1HCI) before analysis.

23Na  solid-state Nuclear magnetic resonance (NMR)
measurements were carried out on a wide bore Bruker Avance
11 300 MHz, with a 7 Tesla superconducting magnet operating
at a frequency of 79 MHz for the 22Na nucleus. The samples
were packed into 2.5 mm zirconia rotors fitted with Vespel(R)
caps in the glove box and spun to 30 kHz at the magic angle.
The spectra were acquired using a Hahn echo sequence, a hard
90° pulse optimized to 1.5 ps to ensure broadband excitation.
Up to 1452 k signal transients, at a recycle delay of 10 ms were
signal averaged to ensure a sufficient signal to noise ratio. The
spectra were referenced to the 22Na NMR signal of solid NaCl
set to O ppm.

X-ray photoelectron spectroscopy (XPS) was performed on
an ESCALAB250Xi ThermoFisher Scientific with mono-
chromated Al Ko (1486.6 eV) set at 120 W using a pass
energy of 20 eV for region scans. The background vacuum
pressure was 2 x 10~ mbar and the binding energies were
referenced to the Cls line at 284.8 eV from graphite.
Half-coin cells with 3 mm diameter holes in the casing and 5
mm diameter holes in the stainless spacer were used for the
construction of the coin cells for the in situ XRD
measurements. The coin cells contained Na metal (~1 mm
thickness) as reference electrode, glass fibre separator with 1
M NaClO4 in ethylene carbonate and propyl carbonate (EC/PC,
1:1 vol %) electrolyte solution and thicker (~300 um) pasted
electrode material. Cells were made 3 days before the in-situ
synchrotron XRD experiments. Further details regarding coin
cell construction and beamline setup can be found in our
previous publicationslg'zz.

In situ synchrotron XRD data were collected on the Powder
Diffraction beamline?3 at the Australian Synchrotron at a X-ray
wavelength A = 0.68803(1) A, determined using the NIST 660b
LaBg standard reference material. Each data set was collected
for 3.5 minutes (with detector position movement) every 28
minutes on the coin cell in transmission geometry throughout
the charge/discharge cycles. The active electrode material
mass was 2.56 mg, and the cells were charged at 15 mA g1to
4.2 V, discharged to 1.5 V and charged again to 4.2 V during
the experiment.

Rietveld refinements were carried out using the GSAS?*
software suite with the EXPGUI25 software interface and GSAS-
1126, The lattice, background, profile and selected atomic
parameters were refined with ex situ data on the powders and
for the initial in situ synchrotron XRD dataset. For sequential
refinements of the in situ data, the only refined parameters
were the lattice parameters, profile and background.

Results and discussion

To determine the location and distribution of K, elemental
mapping was used. Fig. 1a shows the STEM-EDS analysis of a
hexagonal plate-like particle along a <001> zone axis (as
confirmed by the corresponding selected area electron

diffraction pattern shown in Fig. 1b). The STEM-EDS mapping
analysis indicates that K is not homogenously distributed
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Fig. 1 (a) Annular dark field STEM image and STEM-EDS mapping of a particle of K-
modified P2 Nagy;Mng gMgo,0, along the 002 plane with the (b) SAED pattern. Another
particle tilted off the principle axis with (c) annular dark field STEM image and STEM-
EDS mapping, and (d) STEM image and a line scan across the particle with the net
elemental counts.

across the particle, which is unlike Na, Mg, Mn and O (Fig. 1a).
For comparison, a particle tilted off a principal axis is shown in
Fig. 1c, where a similar homogeneous distribution of Na, Mg,
Mn and O is observed. K is once again inhomogenously
distributed as demonstrated by the line scan across the
particle, Fig. 1d. This indicates that K does not
crystallographically substitute into the P2 Nag;MngsMgo.02
structure but aggregates heterogeneously in the sample. We
will therefore use the term “K-modified” hereafter to describe
the active material, i.e., K-modified P2 Nag;Mno sMgp.20s.



Fig. 2a shows the Rietveld refined fit of the P2
Nag.7MngsMgo20, structural model with XRD data and Fig. 2b
an SEM image (with EDS data in ESI Fig. S1). SEM images
illustrate irregular plates/discs are present in both K-modified
and K-free compositions which aggregate at the SEM
magnification levels. The sample adopts hexagonal P63/mmc
symmetry with lattice parameters a = 2.8931(1) and ¢ =
11.2505(5) A and the refined structural parameters are
summarized in Table 1. As a direct comparison the K-free
composition Nag7MnosMgo,0, was synthesized by the same
route and characterised using the same methods, see details in
the ESI Fig. S2 and Table S1. The lattice parameters of the K-
free Nap;MnosMgo.0, are in good agreement with the
quenched Nage7MnosMgo20,° (see Table 2). K-modified P2
Naog7MnosMgo .0, appears to show the largest c¢ lattice
parameter in the P2 Na,Mn1.,Mg,0, family8-10. 13 of compounds
and is ~0.5% larger than the P2 Nag;MnosMgp.0, synthesized
using the same procedure in this work and that reported for
the quenched equivalent. Although, subtly larger the expected
expansion in ¢ lattice parameter with K occupying the Na site
would be significantly larger considering the 35% larger ionic
radii and the 14.6% change in c lattice parameter as observed
in the Co-based endmembers P2 Ky.41Co0, and P2 Nag.73C00,.
This further indicates that K does not significantly substitute
into the P2 Nap;7MnosMgo20; crystal structure. Furthermore,
no additional reflections correlating to secondary or impurity
phases were present in the XRD data which indicates that K is
not in any crystalline phases present in the sample. The
particle size distribution determined using the Scherrer
equation was found to be 56 nm. If the sample is slow cooled
or stored in air, the sample hydrates, Fig. S3, as reflections 20
~ 12.4 and 25.3° correspond to the 002 and 004 reflections of
a hydrated P2 phase8.

Table 1. Crystallographic details of K-modified P2 Nag;Mng sMgo20,.

Atom Wyckoff X y z SOFA Isotropic
ADP #

(x100/A3)
Mn 2 0 0 0 0.8 3.9%
Mg 2 0 0 0 0.2 3.9%
0] 4 0.3333 0.6667 0.0952(2) 1 3.2(1)
Nat 2 0.3333  0.6667 0.75 0.4 7.2
Nae 2 0 0 0.25 0.3 11.3

ADP = atomic displacement parameter, SOF = site occupation factors, » fixed, # initially
refined then fixed, * constrained to be equal, nominal composition Nag;MngsMgg,0,,
hexagonal P6;/mmc symmetry with lattice parameters a = 2.8931(1) A and ¢ =
11.2505(5) A, %2 = 3.65, WR,, = 3.47 %, 25 refinement parameters including a preferred
orientation term.

Table 2. The lattice parameters of selected P2 Na,Mn;,,Mg,0, compounds.

Sample a(A) b(A) c(A) Space Reference
group
NaxMgo11Mnoas0> 28713(8)  2.8713(8)  11.237(7) _ Pés/mmc 1
Nao.s7Mn1.xMgx02 (0 < x < 15
02)
Quenched x = 0.05 2.8491(2)  5.249(6)  11.187(1) Cmem
x=0.1 2.8582(2) 5.1982(3) 11.1980(9) Cmcm
x=02 29162(12)  2.9162(12)  11.209(9)  P6s/mcm
Slow cooled x = 0.05 2.8856(3)  2.8856(3)  11.144(3)  P6s/mcm
x=0.1 2.9008(5)  2.9008(5)  11.218(2)  P6s/mcm
x=02 2.8988(4)  2.8988(4)  11.224(2)  P6s/mcm
Naz/3Mno.72Mgo.2s02 2.8972(2) 2.8972(2) 11.213(1) P63/mmc 16

Naz/3Mno.7Nio.1Fe0.1Mgo.102 2.885 2.885 11.209 P63/mmc 18
K-modified 2.8931(1) 2.8931(1) 11.2505(4) P63/mmc This work
Nao.7Mno.sMgo.202
Nao.7Mno.sMgo.202 2.8918(2) 2.8918(2) 11.181(1) P63/mmc This work
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Fig. 2 (a) Rietveld refined fit of the Nag;MnosgMgo,0, structural model (note K-free) to
the XRD data. Data are shown as red dots, the calculated Rietveld model as a black line
through the data, and the difference between the data and the model as the purple
line below the data. The crystal structure of the materials with Mn in purple, O in red,
Mg in orange, Na indicated by the amount of shading in yellow. (b) SEM image of K-
modified P2 Nag ;Mno sMgo20,.

The 2Na NMR is presented in Fig. 3 with the presence of
paramagnetic Mn3* and Mn#* ions resulting in significant signal
broadening due to dipolar interactions with the paramagnetic
ion and the observed 23Na nucleus, as well as large fermi
contact shifts. Previous work on similar systems?” have shown,
however, that despite the unfavourable paramagnetism, the
NMR signals are partly recoverable by the use of very fast
magic angle spinning (MAS). In the present case, manganese
ion paramagnetism results in the wide spinning sideband
manifold of the 22Na NMR spectra, spread over nearly 3000
ppm as observed in Fig. 3. However, a comparison of the
changes in the specific 22Na NMR line shapes (Fig. 3c and 3d),
show that the K-modified material results in significant line
broadening compared to the K-free material. This is assigned
to local disordering and modification of the Na sites
presumably in proximity to the heterogeneously distributed K.
Further, for the K modified material, a relatively narrow signal
superimposed on a broader signal is apparent, which can be
deconvoluted by exploiting their differential T, relaxations.
Use of longer echo times in the Hahn echo sequence prior to
detection, selectively suppresses the signal of the broad
component (as indicated by the arrow in Fig. 3d). The long T»-
narrow components of the 22Na NMR signal is similar to that of
the K-free material, which is therefore assigned to 23Na sites
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Fig. 3 Solid state 22Na NMR at 30 kHz MAS of (a) Nag;MngsMgy,0, (b) K-modified P2
Nag 7sMng gMgo,0, acquired after 1 rotor period Hahn-echo. (c) and (d) are expansions
of (a) and (b) respectively, to highlight the differences in the line shapes. Bold dashed
line spectrum of (a) recorded after 4 rotor period Hahn echo. Narrow solid line and
arrow dashed lines are the long T2 component and short T2 components of (b),
obtained by a scaled difference between the short and long Hahn echo spectra of (b).
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Fig. 4 XPS spectra of the Nag;MngsMgo,0, (black) and K modified

Nag sMng gMgo,0, (red) electrode in the (a) K 2p1, K 2p3, and C 1s and (b) Na 1s
regions.

that are not in proximity to the K. Random distribution of K in
varying proximity to the Na sites is expected to result in local
disordering of the Na environment, which results in the
observed broad component of the NMR signal. A possible
scenario is K present on the surface of a particle, the Na
environments at the core of the particle are likely to be
unaffected by the K while the Na environments close to the
surface are likely to be perturbed by varying amounts based on
spatial distance from K. An alternative scenario is that there is
Na present in a similar amorphous (not detectable by XRD)
phase as K and this results in the broad observed 22Na NMR
signal.

XPS was used as another probe to compare K-modified and K-
free P2 Nap7MngsMgo.0; as prepared electrodes. The K 2p1l
and K 2p3 spectral region (Fig. 4(a)) clearly shows the presence
of K in the K modified P2 Nag;MngsMgo.,0, electrode and
subtle differences are noted in the Na 1s spectral region (Fig.
4(b)) mirroring the subtle changes in the NMR data. Mn 2p3
and Mg 2p regions are shown in ESI Fig. S4.

The distribution of K on electrodes was examined using XANES
K L-edge spectra, Fig. 5a. Data were collected in PEY and TFY
modes for characterisation of the surface (sampling depth of
~10 nm) and the bulk (sampling depth of ~200 nm) of the
electrode?® respectively. A comparison of the PEY and TFY
signals of the fresh cathode of K-modified P2
Nag.7MngsMgo 20, shows K is predominantly on the surface,
not in the bulk of the electrode. Comparatively, Fig. 5b and 5c¢
show the PEY and TFY curves for Na and Mg, clearly illustrating
a distribution both on the surface and bulk.

In summary, K is clearly present heterogeneously in the sample
(Fig. 1) and does modify the local sodium environments (Fig. 3)
of P2 Nap;MnopsMgo.0,, however the nature or form of K is
difficult to determine due to its small concentration and
heterogeneous distribution (Fig. 1). There is no evidence of
secondary K-containing phases in XRD data (Fig. 2a) which may
indicate an amorphous or nanocrystalline phase. Further, the
reaction is carbon-free and the temperatures used preclude
significant CO, interaction.
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Fig. 5 XANES (a) K L-edge (b) Na K-edge and (c) Mg K-edge profile of the K-modified P2
NagsMng gMgo,0, cathode. The black solid line denotes the signal collected in PEY
mode corresponding a ~10 nm sampling depth, and the red solid line denotes the signal
collected in TFY mode corresponding to a ~200 nm sampling depth.

Electrochemical Characterisation

Detailed electrochemical characterisation and comparison of
the K-modified and K-free P2 Nag7;MnosMgo.,0, are shown in
Fig. S5 and S6. The theoretical capacities are 277 mAh g and
266 mAh gt for K-free and K-modified P2 Nag7MnosMgo..0>
respectively. Charge-discharge curves of K-modified P2
Nao.7MngsMgo 20, at different current rates and potential cut-
offs are shown in Fig. 6. The potential profiles exhibit relatively
smooth slopes. Upon de-sodiation during the 1st charge to 4.2
V at 15 mA g1, a capacity of 25 mA h g1 was observed, while
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Fig. 6 Charge-discharge curves of K-modified P2 Nag;MnggMgj,0, between (a) 1.5-

4.2 Vand (b) 2-4 V at a current density of 15 mA g. Black shows 1%, red 2", green
10™, blue 25, pink 50, dark cyan 75% and orange 100%™ cycle and (c) capacity
versus cycle number between 1.5 - 4.2 V (brown square) and 2- 4 V (violet square).

upon sodiation during the 1stdischarge to 1.5V at 15 mA g1, a
capacity of 111 mA h g1 was observed (Fig. 6a). The second
charge/discharge  capacity for the K-modified P2
Naog7MnosMgp .0, was 115/111 mA h g?, which reduced to
61/60 mA h g1 after 100 cycles. The first charge capacity of the
P2 type material is surprisingly low in this composition
compared to the parent. A possible explanation of this low 1st
charge capacity could be the electrode surface accumulation
of K evidenced by XANES acting to limit capacity in the 1st
charge. Nonetheless, maintaining the same applied current but
reducing the potential window to 2-4 V (Fig. 6b), the 1st
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charge/discharge  capacity of the K-modified P2
Naog7MnosMgo.0, was 20/77 mA h g! and 2
charge/discharge capacity was 80/75 mA h g! while the 100t
cycle capacity was 63/62 mA h gl. The rationale for smaller
voltage windows are typically to avoid phase transitions at
high and low potentials (where the sodium concentration in
the cathode is low and high respectively) and this typically in
electrochemical terms results in better capacity retention
although the specific capacities are lower. The capacity
retention from 2nd to 100t cycle between the 1.5-4.2 and 2-4
V cut off windows were 53 % and 79% respectively (Fig. 6(c)).
The charge-discharge curves of P2 Nag7MngsMgo .0, and the
comparison of capacity retention of K-modified P2
Nag.7Mng sMgo.0, with P2 Nag;MngsMgo .0, are shown in ESI
Fig. S5 and S6 respectively. The average operating voltage of K-
modified P2 Nag.7Mno.sMgo202 and P2 Nag;MnosMgo.20: for
first discharge between 1.5-4.2 V was 2.29 V and 2.49 V
respectively. The energy density with respect to the active
material mass of K-modified P2 Nag;MngsMgo.0, and P2
Nao.7Mng sMgo..0; were 254.19 Wh Kgland 356.72 Wh Kg1.

A comparison of the cycling performance of K-modified P2
Nag.7Mng sMgo..0; at different current densities (15 mA g1, 30
mA g1, 45 mA g1, 60 mA g* and 90 mA g) is shown in Fig. 7 in
the potential ranges of (a) 1.5-4.2 V and (b) 2-4 V. There is a
noticeable decrease in the capacity with increased current
rates and capacities of 70 mA h g1 at 90 mA g1in 1.5- 4.2 V
and 56 mA h gt in 2.0-4.0 V are found. In both potential
ranges, capacity is partially recovered when the applied
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Fig. 7 Rate capability of K-modified P2 Nag ;Mny Mg ,0, between (a) 1.5-4.2 V
and (b) 2-4 V. Black is charge, and red is discharge.
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current is reduced back to 15 mA g1.

To investigate whether K was removed from the electrode
with cycling ICP-OES were performed on the separator at the
1st charged and 1st discharged states. Unfortunately, the data
were not conclusive since the K concentrations were relatively
low, see in ESI Table S2.

In situ electrochemical-structural characterization

For the initial assessment of the K-modified P2
Naog7MngosMgo .0, phase evolution during charge/discharge,
selected 20 ranges are plotted in Fig. 8. The cell used for the in
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Fig. 8 Selected 20 regions of in situ synchrotron XRD data of K-modified P2
Nag sMng sMgo,0, highlighting the evolution of the (a) (002) and (b) (100) reflections.
The green shaded region shows multiple-phases, yellow represents two-phase
regions and non-shaded regions indicates predominantly solid solution reactions. The
potential profile is also included and (c) the evolution of the (002) reflection near the
discharged state.



situ XRD experiment yielded a capacity of 32 mA h g during
1st charge, 118 mA h g1 during 1st discharge and 132 mA h g1
during 2nd charge, comparable to the capacity of conventional
coin cells at the current rates employed.

The phase evolution of K-modified P2 Nag.7;MnggMgo.,0, during
charge/discharge/charge is mostly solid solution with some
two-phase and multiple-phase regions, as shown in Fig. 8.
Within the solid solution regions, there is a constant change in
the diffraction angle 20 for the (002) reflection corresponding
to the stacking axis. On charge, the (002) reflection (Fig. 8(a))
decreases in 20, and on discharge it increases; this
corresponds to an increase and decrease of the distance
between the layers respectively. The (100) reflection (Fig. 8b)
shows opposite trends in 20 compared to (002), which
indicates an anisotropic evolution of the lattice parameters
during sodiation/de-sodiation. Near the charged state, the
(002) reflection appears to split into multiple reflections. These
multiple reflections illustrate that multiple phases are present
at the 1st charged and 2" charged states (shown by green
shaded region in Fig. 8a).

Looking closer at the discharged state, from 1st discharge at 1.8
V, 532 minutes to 2" charge at 2 V, 700 minutes the
reflections appear to decrease in intensity and broaden while
changing in 20-value (black arrow, Fig. 8c). This may indicate
the beginning of subtle two-phase reaction near the
discharged state.

The Rietveld refined fit to the first in situ synchrotron XRD
dataset of K-modified P2 Nap;Mno.sMgo.,0> is shown in Fig. 9a.
Fig. 9b shows evidence of two features around the 002
reflection which may indicate at least two phases are present
in the region near the charged state. The first in situ dataset
(at t = 0 minutes), K-modified P2 Nag;MnosMgo.0, adopts
hexagonal P63/mmc symmetry with lattice parameters a =
2.8791(3) A and ¢ = 11.229(3) A. Crystallographic details can be
found in Table 3 and the fit is shown in Fig. 9a. Note that
values for the parameters are slightly different to those
obtained from the pure powder because our structural model
represented here is of the material inside a battery, which is in
constant contact with an electrolyte, and thus some Na
exchange (Na loss/gain) may occur??,

Table 3 Crystallographic details of the structural model with the first in situ XRD

dataset.
Atom Wyckoff X Y z SOF Isotropic ADP

(x100/A)

Mn 2 0 0 0 0.8" 20(1) *

Mg 2 0 0 0 0.2" 20(1) *

(0] 4 0.3333 0.6667 0.127(2) 1" 17.0(7)

Na¢ 2 0.3333 0.6667 0.75 0.32(2) 17.5%

Nae 2 0 0 0.25 0.379(8) 8.13%

ADP = atomic displacement parameter, SOF = site occupation factors, # fixed, # initially
refined then fixed, * constrained to be equal. Hexagonal P63/mmc symmetry with
lattice parameters o = 2.8795(3) A and ¢ = 11.233(3) A, 42 = 1.3, WR, = 4.22%, 28
refinement parameters

Assuming a purely single-phase model, the evolution of the
lattice parameters is shown in Fig. 9c, where the only refined
parameters were lattice parameters and background. Note
that the two phases present in the multiple phase region have
very similar lattice parameters and thus are difficult to reliably

deconvolute within the refinements. On the first charge, a
lattice parameter decreases to 2.8667(3) A and increases to
2.9371(6) A on discharge while the c lattice parameter on
charge increases to 11.2808(8) A and decreases to 10.876(2) A
on discharge. The maximum change with the single P2 model
assumption in volume is 1.321(1) A3, where Ac is 0.4162(7) A
and Aa is 0.0704(3) A. The volume appears to stabilise near the
discharged state from 2 V, 364 minutes on 1st discharge to 2.3
V, 840 minutes on 2" charge with an average value of 81.40 +
0.02 A3. This region also corresponds to an onset of the
reduction in diffraction peak intensity.

These data were collected in situ every 28 minutes and the
current rate applied to the in situ cell adjusted to ensure a full

cycle is complete during the beamtime. The structural
evolution measured is related to the electrochemical
conditions used for such experiments. The smooth

electrochemical curve follows the predominantly observed
solid solution type behaviour. Lower current experiments
closer to equilibrium conditions and high current experiments
are likely to show different structural evolution as previously
demonstrated for P2 Nag.g7Mno.gsMgo 0521,

The parent P2 NagsMnosMgo,0, has a higher overall capacity
in comparison to the K-modified P2 NagsMngsMgo .02 which
suggests that the heterogeneously distributed K is adverse for
electrochemical performance. There are differences in the
structural evolution of the electrode compared to the parent
P2 Nags7MnosMgo2022°. In particular, there are no significant
quantities of the P’2 Cmcm phase formed at the discharged
state, although a loss of reflection intensity may be evidence
for the initiation of such a phase transformation.

Conclusions

K-modified P2 NagsMngsMgo.0, was synthesized by
conventional solid-state reaction and used in sodium-ion
batteries. SEM images illustrates that K-modified P2

Nao.7MngsMgo .20, is comprised of irregular plates while STEM-
EDS mapping indicates that K resides heterogeneously in the
sample while all other elements appear to be distributed
evenly on the particles examined. Solid-state NMR illustrates
that K perturbs the local Na environment of a proportion of Na
sites within P2 Nag;MngsMgo20,. XANES K L-edge spectra
indicate that K is localised on the surface of the electrode
rather than the bulk while Na and Mg K-edge spectra shows Na
and Mg are present on both the surface and bulk. Overall the
structural evolution of the K-modified Nag;MnpsMgo.20, shows
the combination of solid solution and multiple phase regions.
This  work illustrates the adverse influence that
heterogeneously distributed K has on electrochemical
performance of these electrodes. Interesting the presence of K
appears to have a significant influence on the local Na
environments which are in turn influencing the
electrochemical parameters.
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Fig. 9 Rietveld refined fit of the P2 Nag;MnosMgo,0, model to the (a) first and (b)
charged state in situ XRD dataset where data are shown as red dots, the calculated
Rietveld model as a black line through the data, and the difference between the data
and the model as the blue line below the data and pink vertical markers are the
reflection markers of P2 Nag70MngsMgo,0,. (c) Phase evolution of the K-modified P2
Nag7Mno gMgo,0; electrode during charge/discharge assuming a single-phase model
with the a (black) and c¢ (red) lattice parameters, volume (blue) and the potential
profile. The green shading represent multiple-phase regions, yellow shaging two-
phase regions and non-shaded regions indicates predominantly solid solution
reactions.
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