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Abstract: Using aberration-corrected scanning transmission electron microscopy
(STEM) with high-angle annular-dark-field (HAADF) and annular-bright-field (ABF)
techniques, the atomic-scale structures of the O3 and P2 phases NaxFei;,Mny,0, are
investigated systematically. The Na, transition metals M (Fe and Mn) and O columns
are well revealed and precisely assigned to the O3 and P2 phase layered structures.
The O3 phase sample demonstrates the larger atomic site fluctuations along [001]
direction but with less structure imperfections (e.g. interlayer structure and stacking
defaults) than in the P2 phase sample. Furthermore, a clear surface with regular
structure is observed for O3- NaFe;,Mn;,0, sample while a surface with a large

amount of Na-M antisites is observed for P2-Nay;sFe;,Mn;,,0, sample.
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1. Introduction

Long-life sodium-ion battery, which has been regarded as promising
electrochemical means to store electrical energy in large-scale, is a hot topic and
an important direction in this field. Although many materials have been
proposed'??, the sodium storage mechanisms and the relationship between the
structure evolutions and the electrochemical performance are far from well
understood. In order to speed up the exploration of new and better materials, the
in-depth understanding of this electrode material relationship is quite critial for
sodium-ion batteries. Among the avaliable structures, the layer-structured
materials AMO, (A = Li, Na; M = transition metals) are particularly promsing
candidates for Li/Na ion cathodes. Comparing Li and Na materials, the O3 phase is
the easily available structure for LiMO,, while in the case of NayMO; (2/3 < x <
1.0) is the O3 and/or P2 phases. Crystallographically, the A ions locate between
two M-O octahedron slabs along [001] direction and they reside at the octahedral
sites (Oy, coordination) in O3 structrue and at the prismatic sites (D3, coordination)

in P2 structure respectively. Based on the atomic arrangement of oxygen layers,

the AMO; structures can be assigned to the 03, O1, P2, 02 and P3 phases, etc.?* **.

Figure 1 illustrates the O3 and P2 atomic structures of the layered AMO, viewed
from [010] direction. From Figure 1, the O columns stack in a ABCABC- mode
and the M ion follows the apy-stacking mode in O3 phase; at the same time the O
columns display the ABBA-stacking mode and only one M ion site in
AAA-stacking mode in the P2 structure along [001] direction. Concerning the A
ion occupations, it only takes the crystallographical 3b site as regular AOg
octahedra with edge-shared connection with MOg octahedra in the O3 phase; while
the A ions fractionally occupy the 2b and 2d sites as AOg prisms in P2 structure
with some evident distortions. In P2 structure as shown in Figure 1lb, two
different A ion sites demonstrate a zig-zag distribution along [010] direction. The
2b site NaOg octahedron exhibits edge-sharing, while the 2d site NaOg octahedron

exhibits face-sharing with the MOg octahedra; in the meantime the 2d Na ion
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resides on a less stable structure site than the 2b site?®. The A-O octahedra/prisms
share the edges and/or faces with MOg octahedra and the empty tetrahedral sites
distribute uniformly among them, which is important for the evolution of the
stucture upon A insertion/extraction and also for A ion diffusion through the host

structure®®.
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Figure 1. Schematic illustrations of the O3 and P2 structures at [010] direction. (a) The oxygen
columns demonstrate the ABCABC-stacking model and the M ions display the ofyy-stacking
model in O3 phase; (b) the oxygen columns give the ABBA-stacking model and the M ions
exhibit the aoa-stacking model in P2 phase. The Na ions only occupy the 3b site in the O3 phase,
while fractionally take the 2b and 2d sites in the P2 structure. Crystallographically, the Li/Na ions
locate between two M-O octahedron slabs along [001] direction.

As to the Na ion storage and transport mechanism (electrochemistry -
structure relatuonship) in this layered materials, it can date back to the 1980s for

sodium ion battery?’ %

. In the early work, Delmas, C. et al. reported phase
transitions in the electrochemically active 03-NaCoO,, P’3-NaggC00;.9z,
0°3-Nag77C0019; and P2-Nag70C00;9s phases during desodiation/sodiation®,
They revealed by XRD analysis that the P2 structure is maintained over the whole
composition range 0.46 < x < 0.83%. Then Molenda, J. et al. demonstrated the
initial concentration of electronic carriers to be a Na-dependent insertion property
in the case of P2-Nay70C00,, cathode®. After that, Viciu, L. et al. reported
several complex Na content—dependent sructure in Na,CoO, with x = 0.32, 0.51,

0.60, 0.75 and 0.92 as determined by powder neutron diffraction and they revealed

that the underlying CoO, lattice experiences some kind of structural modulation at
3
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x = 0.75 composition®’. Shu, J. G. et al. investigated the Na* ion diffusion and
ordering properties in a P2-Na,CoO, single crystal using the PITT technique. They
demonstrated that excluding the significantly slower diffusion behavior near
particular Na ordered phases, the average diffusion coefficients Dya to be 107°
cm?/s for x > 0.5 and 10® cm?s for x < 0.5, respectively®’. Subsequently,
Berthelot, P. et al. systematically investigated the P2-Na,CoO, phase diagram and
identified at room temperature nine single-phase domains with narrow sodium
composition ranges due to peculiar Na*/Na vacancy ordering®®. Very recently,
Yabuuchi, N. et al. reported that the P2-NaysFe;,Mny2,0, phase delivers 190
mAh/g of reversible capacity with the electrochemically active Fe**/Fe** redox
couple, much higher than the 110 mAh/g reversible capacity for
03-NaysFe;,Mny,0, phase, showing promising potential applications™.
Consequently, it can be summarized that the layered NayMO, materials are
structure-dependent  cathodes with complex phase transitions during
desodiation/sodiation and lots of studies are in need to be further devoted to
clarifying the structure of this layered materials for sodium-ion batteries.

In terms of electrochemical performance, a solid-solution reaction with (a) an
initial short-plateau region and (b) a subsequent long slope region® is always
observed in O3-LiMO; (M = Co) cathode for Li-ion battery. However, there are a
series of plateaus appearing on the charge/discharge curves of the P2-NayMO, (M
= Co) cathode for Na-ion battery®* **. Moreover the structure stabilities of AMO,
cathodes, including the structure evolutions, A-M antisites, phase transitions and
the charge compensation from the oxygen matrix are still under dispute. Therefore
it is necessary to get detailed structural information, which is benificial for dealing
with such encountered issues. In this work, the layered O3/P2-NayFe;sMngs0;
samples are synthesized and the related atomic structures are carefully investigated
using spherical aberration-corrected scanning transmission electron microscopy
(STEM) with high-angle annular-dark-field (HAADF) and annular-bright-field (ABF)

techniques.
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2. Experimental section

The NaxFeosMngs0, samples were synthesized via a solid-state reaction
according to the references** ?°. In a typical synthetic process, the stoichiometric
amounts of sodium peroxide (Na,0O,), iron oxide (Fe,O3) and manganese(lll) oxide
(Mn,03) powders were mixed and grounded adequately in golve box. Then the
mixed powder was pelleted into slices. The slices were heated at 700°C, 36h for
03 phase and 900°C, 12h for P2 phase at the heating rate of 5°C/min in the
muffle furnace. After the temperature was cooled naturally down to room
temperature, the O3-/P2- NayFeosMng 50O, samples were obtained.

X-ray powder diffraction (XRD) patterns were collected in the range of 10 — 80°
using a Philips X’pert diffractometer with Bragg-Brentano geometry. The
measurement was performed in a continuous scan mode, using Cu Ko X-ray source
and a step of 0.0167 7s. A scanning electron microscope (SEM) (Hitachi S-4800) was
used to study the morphology. Aberration-corrected scanning transmission electron
microscopy was performed using a JEOL 2100F (JEOL, Tokyo, Japan) transmission
electron microscope equipped with a CEOS (CEQS, Heidelberg, Germany) probe
aberration corrector. The attainable spatial resolution of the microscope is 90

picometer at an incident angle of 40 mrad.

3. Results and discussion

The P2 and O3 type materials are two main groups for sodium-based layered
electrodes. Figure 2 shows the XRD patterns and the SEM morphologies of the
as-prepared P2 and O3 layered samples. From the Figure 2a, the XRD patterns can
be well indexed to the P2 type and O3 type NasFeosMnos0, samples (hereafter
denoted as P2-NaFMO and O3-NaFMO) with minor impurities. The impurities are
always indicative of the formation of other types of layer-structured materials

and/or metal oxides during synthesis** 2°

. From the SEM micrographs, the
P2-NaFMO samples have larger particle size than that of the O3-NaFMO samples
on average and the primary particles agglomerate together to form big secondary

particles. Concerning the electrochemical performance, Yabuuchi, et al. reported
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that the P2-NaFMO electrode delivered about 190 mAh/g in the voltage range of
1.5 - 4.2 V, which is higher than 110 mAh/g delivered by the O3-NaFMO sample
as cathode in half cells*. Furthermore, they found the P2-OP4 phase transition
upon desodiation in P2-NaFMO electrode and O3-P3-OP2 phase transition upon
desodiation in 03-NaFMO electrode using synchrotron X-ray diffraction method™*.
These phase transitions are caused probably by the interaction of the Na* ion
vacancies with the transition metal octahedra, which are the common phenomena

in layered materials for rechargeable batteries*°.
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Figure 2. XRD patterns and SEM images for (a) & (b) layered P2-phase Nay;sFe1,Mny,0, and (a)
& (c) O3-phase NaFe;;»,Mn,;,0, samples. Most peaks can be exactly indexed to the P2 and O3
Na,Fe1,Mny,,0, phases, respectively. In addition, the red arrows demonstrate the minor impurities
in the as-prepared samples, which are difficult to eliminate during synthetic process.

From the viewpoint of structure stability, the layered battery materials are apt
to adjust their energetically favorable configuration when x changes in A\MO;
structure and after that it tries to maintain the corresponding states. Therefore for a
perfect layered crystal, the stucture varies with the x value, i.e. phase transitions
(or structure evolutions) happen accordinglly. In order to elucidate these phase
variations, structure characterizations are executed on NaxFeysMngsO, samples
using aberration-corrected STEM with high-angle annular-dark-field (HAADF) and
annular-bright-field (ABF) techniques. STEM techniques have proven very successful
in rechargeable battery research as they allow for precise atomic positions (such as
light element Li, O), structure defects, phase evolution and phase/grain boundaries to

be clearly acquired at atomic scale®* ¥ hence advancing the deeper comprehension
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on ion storage and transport. It is worth of mentioning that the contrast of the HAADF

image follows a Z7 dependence as compared with Z*® for ABF the image with

respect to the atomic number (2)*** .
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Figure 3. STEM (a) HAADF and (b) ABF images for the as-prepared P2-phase
NaysFe12,Mny,0, materials at [010] zone axis. The d. and d, represent the distance of (003) plane
and the distance of two M columns along [010] direction. The original pictures are presented in
the supporting Figure S1.

Figures 3 and S1 demonstrate the filtered STEM HAADF and ABF images of
P2-NaFMO sample. From Figure 3a of the HAADF image, it reveals the ordered
arrangement of the transition metal M (Fe and Mn) columns at [010] zone axis. Along
either [100] or [001] direction, the M columns align straightforwardly, which is totally
different form the O3-NaFMO samples as discussed later. The distance of the adjacent
layer d. is ca. 0.60 nm, is a little larger than the reported 0.56 nm value™, which is
probably caused by nano-sizing effects and/or the different synthesis conditions
employed. Moreover, from the ABF image in Figure 3b, the light element Na and O
columns can be distinguishably identified besides the M columns, which are also
shown in Figure S1d. The Na, O and M columns have also different contrasts in the
ABF image as shown in Figure S1d. For the M columns, a aaa-stacking mode is
shown, the same as that in Figure 3a; for the O columns, a distinct ABBA-stacking
mode is shown at the acquired ABF picture. Each O column follows the same
stacking mode as one of the adjacent O columns but with a site shift (0.5 d,) to the

other adjacent O column along [001] direction, displaying a mirroring symmetry,
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when referred to the Na ion layer at [010] zone axis; for Na columns, it demonstrates
a regular ABAB-stacking mode along [001] direction. Note that the Nal and Na2
columns are too close to be distinguishable and their contrasts overlap with each other
as one column to a great extent when projected along [100] direction as shown in
Figure 3b and Figure Sle. One NaOg prism is employed as a medium to connect two
MOg octahedra and minimize the coulombic repulsion interaction hence stabilizing
the P2 layered structure.

However in P2-layered structures, it is difficult to get samples with Na ions fully
occupying the octahedra/prisms in (003) face, which means it is hard to obtain the
stoichiometric formula NaMO.. If the two Na ions approach closer like the Li-Li
distance in O3-LiCoO; structure, the Na ion will repel the adjacent one to create Na
vacancies due to a larger Na ion radius. Therefore here in Figure 3b the Na ion
columns are fractionally filled to leave a certain amount of Na vacancies in the
as-prepared samples. Furthermore the Na vacancies show no evidence of clustering or
ordering arrangements based on the small contrast changes of each Na column along
[100] direction (refer to Figure S1e). In addition, a certain amount of Na vacancies in

the structure are beneficial for: 1) structure stability and 2) Na* ion transport.
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Figure 4. STEM (a) HAADF and (b) ABF images for the as-prepared O3-phase NaFe;,Mn;,0,
sample at [010] zone axis. The d. and d; represent the distance of (003) plane and the distance of

two M columns along [010] direction. The original pictures are presented in the supporting
Figures S2.

The 03-NaFMO sample unfolds a different physical picture from that of
8
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P2-NaFMO sample as shown in Figure 4. From Figure 4a of the HAADF image, the
M columns align in line along [100] direction, the same as in the P2-NaFMO HAADF
image. However along [001] direction, each M column shows a site glide of the 2/3 d,,
when compared with the adjacent layers. Therefore every three other layer we have
the same M column occupations and the M column duplicates the ABCABC-stacking
mode to form the O3 structure along [001] direction. Likewise, the distance of
adjacent layer d is ca. 0.61 nm, still a little larger than the reported value of 0.55 nm**.
From Figure 4b of the ABF image and Figure S2c, it demonstrates the unambiguous
contrast of Na, M and O columns. All of the three different columns take the same
ABCABC-stacking mode in the atomic arrangements. However, there is a little
difference for the O columns. As shown in Figure 4b, the layer distance of each O
column shows much different from the head-to-head stacking (ABBA) mode of P2
phase in Figure 3b along [001] direction. Apparently upon ion extraction/insertion, the
O matrix is easier to glide in the P2 structure than that in the O3 structure, because the
O3 structure is the thermodynamically equilibrated configuration based on theoretical
calculations®®. However structure changes still happen irreversibly, when the alkali
metal A vacancies accumulate to some extent in both structures'®. The structure
relaxes into new configurations from which it is hard to recover back into the initial
structure due to eventual introduction of vacancies upon alkali metal A extraction.
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Figure 5. STEM HAADF images for (a) O3-phase NaFe;,Mn;,0, sample and (b) P2-phase
NaysFe12,Mny,0, sample at [010] zone axis. The d. and d, represent the distance of (003) plane
and the distance of two M columns along [010] direction. The original pictures are presented in

9



Physical Chemistry Chemical Physics

the supporting Figures S3.

In the small regions of the HAADF and ABF images (see Figure 3 and Figure 4),
P2 and O3 layered structures are shown with nearly ideal Na, O and M atomic
arrangements. However, structure distortions and defects are always present in these
ordered structures as demonstrated in Figure 5 and Figure S3. Actually these structure
imperfections apparently play an important role in ion storage and transport. From the
HAADF image of Figure 5a and Figure S3a, it reveals the remarkable structure
distortion in the O3-NaFMO sample. From the [100] direction, the M site fluctuations
cause the variations of the (003) planar distance. The d. is estimated to be 0.6140.10
nm. Due to negligible Na* ion vacancies, the Na-Na distance decreases in (003) plane,
which in turn causes strong Na*-Na" repulsion introducing larger distortion in the
NaOg octahedron that is ultimately responsible for the observed layer distance
fluctuations in O3 structure®>. Crystallographically, the layer distance is far larger
than the diameter of Na* ion (~ 0.20 nm); therefore it should be beneficial for Na
storage and diffusion. However, the distortion induced by the Na* ion vacancies is
believed to set several changes in motion: 1) macroscopically, the Na, M and O arrays
are displaced to find a new thermodynamically equilibrated configuration that has as
consequence reaching a new stable phase with a new chemical potential jumodifying
the cell voltage accordingly; 2) microscopically, the Na ion Op symmetry is broken
causing lattice field interruption and the introduction of coulombic interaction
between the two MO slabs. That is, the created Na* ion vacancies contribute a lot to
structure instability. Furthermore by observing Figure S3a, some local microstructure
with other M stacking mode can be seen, such as O2-like microstructures (M in
af-stacking and O in ABAC-stacking, see Figure S5), which are directly related with
this local layer structure change/distortion.

For the O3-NaFMO sample, the most observed phenomenon is the remarkable
layer distortions, while for P2-NaFMO sample, more information can be acquired
from the HAADF images as shown in Figure 5b and S3b~3e. In Figure 5b, the layer

distance was measured to be 0.60 +0.04 nm with the layer stripe clearly shown along
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[100] direction. The fluctuation of layer distance seems smaller than that of the
03-NaFeMO sample along [001] direction. However, the structure imperfections
increase significantly. Firstly in the yellow arrow region of Figure S3b ~ 3e, it can be
observed that there are some unexpectedly larger layer distances, which are nearly
twice of the regular d; value. This kind of layer expansion seems plausibly beneficial
for Na* ion diffusion. Furthermore in Figure S3b, it also demonstrates the layer
stacking default, which gives birth to a ca. 5° angle as shown in the green and yellow
line parts. This can be treated as the interface of two particles, which will merge
together to form a new bigger particle. In Figure S3c, a few intercalated layers are
witnessed in the bulk of one particle, which are probably caused by Na-M antisites
formed during annealing. Here, the adjacent coordination of Na* ion changes from
only the O ions to the O and M ions, which should play an important role in the
evolution of structure and even battery failure upon sodiation/de-sodiation. The
intercalated structures are also found in the surface region of the P2-NaFMO sample,
which extends from the outmost surface to the bulk, about 20 nm far away from the

surface as shown in Figure S3d.
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Figure 6. STEM HAADF images of the surface structures without (a) and with (b) a few Na-M
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antisites for the as-prepared O3-phase NaFe;;,Mn,,,0,; surface structures without (c) and with (d)
obvious Na-M antisites for the as-prepared P2-phase Nay;sFe;,Mni,0, at [010] zone axis. The
original pictures are presented in the supporting Figure S4.

The O3-NaFMO particles display larger Na, M and O site fluctuations along
[001] direction than in the case of the P2-NaFMO particles. Thus concerning surface
structures as shown in Figure 6, the O3-NaFMO sample demonstrates remarkably
different structure with that of the P2-NaFMO sample. From Figure 6a and Figure S4a
~ S4b, the HAADF image of the O3-NaFMO sample is seen to exhibit ordered M
columns aligned straightforwardly from the bulk to the surface, so do the Na and O
columns along [100] direction (ABF image in Figure S4c). This gives a clear
03-NaFMO surface structure. However, a local region with negligible Na-M antisites
was observed in Figure 6b and Figure S4d, which are likely introduced by surface
relaxation to excite the Na ions interchanging with M ions. Therefore the M columns
do not strictly follow the afyy-stacking fault (Figure S5a and S6a) but have slightly
disordered arrangements in several surface layers along [001] direction. In contrast,
this disordered stacking mode seems to facilitate the formation of Na-M antisites in
the surface region after cycling®. In Figure 6c and 6d, the HAADF images reveal the
surface structure without/with Na-M antisites in P2-NaFMO sample. A typical
difference is that the amount of Na-M antisites increases to a great extent and can be
easily found in the available surface region when compared with that in O3-NaFMO
surface. In the enlarged HAADF image of Figure S4f, a large area with fully Na-M
antisites was found to cover the surface of the P2-NaFMO sample. This can also be
confirmed by the enhanced contrast of the Na columns in ABF image of Figure S4g.
Therefore it shows that a clear surface is easily formed in the case of the O3-NaFMO
sample, while in the case of P2-NaFMO sample a surface with significant Na-M

antisites forms instead.

4. Conclusions

03 and P2 phase NayFe1,Mny,0, samples were synthesized by a solid state
method and investigated using aberration-corrected scanning transmission electron

microscopy (STEM) with high-angle annular-dark-field (HAADF) and
12
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annular-bright-field (ABF) techniques. The XRD patterns of the as-prepared samples
can be well indexed to the O3 and P2 phases although some minor impurities were
present. The HAADF and ABF images were acquired with clear Na, M (Fe and Mn)
and O occupations at atomic scale. Some new insights concerning the structure and
phase transitions during sodiation/de-sodiation are achieved:

For the O3 phase, the O columns follow the ABCABC-stacking mode in the
ABF image. The O3 structure demonstrates obvious site fluctuation with the layer
distance d; ~ 0.61 £0.10 nm along [001] direction in the HAADF image. Furthermore,
a clear and ordered atomic arrangement was observed with negligible Na-M antisites
in several outmost surface layers.

For the P2 phase, it was unambiguously observed to have regular Na and O in
ABBA-stacking, M in aaa-stacking modes along [001] direction. The P2 phase also
demonstrates a regular layer distance with fewer fluctuations. Moreover, some
obvious structure imperfections are detected accordingly from the HAADF and ABF
images, including the stacking faults, intercalated structure and remarkable layer
distortion. Comparing with the O3 sample, the P2 phase NaysFe1,Mny,0, sample

demonstrates a surface structure with a large amount of Na-M antisites.
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