-
™
<
[
-l
wd
=
™

4994  wileyonlinelibrary.com

www.afm-journal.de

e \Eﬁﬂ}

www.MaterialsViews.com

The Unique Structural Evolution of the O3-Phase
N32/3F€2/3Mn1/302 during High Rate Charge/DiSCharge:

A Sodium-Centred Perspective

Neeraj Sharma,* Elena Gonzalo, James C. Pramudita, Man Huon Han,
Helen E. A. Brand, Judy N. Hart, Wei Kong Pang, Zaiping Guo, and Tedfilo Rojo*

The development of new insertion electrodes in sodium-ion batteries
requires an in-depth understanding of the relationship between electrochem-
ical performance and the structural evolution during cycling. To date in situ
synchrotron X-ray and neutron diffraction methods appear to be the only
probes of in situ electrode evolution at high rates, a critical condition for bat-
tery development. Here, the structural evolution of the recently synthesized
O3-phase of Na,3Fe;3Mn, 30, is reported under relatively high current
rates. The evolution of the phases, their lattice parameters, and phase frac-
tions, and the sodium content in the crystal structure as a function of the
charge/discharge process are shown. It is found that the O3-phase persists
throughout the charge/discharge cycle but undergoes a series of two-phase
and solid-solution transitions subtly modifying the sodium content and
atomic positions but keeping the overall space-group symmetry (structural
motif). In addition, for the first time, evidence of a structurally characterized
region is shown that undergoes two-phase and solid-solution phase transi-
tions simultaneously. The Mn/Fe—O bond lengths, c lattice parameter evolu-
tion, and the distance between the Mn/FeOg layers are shown to concertedly
change in a favorable manner for Na* insertion/extraction. The exceptional
electrochemical performance of this electrode can be related in part to

the electrode maintaining the O3-phase throughout the charge/discharge
process.

1. Introduction

Li-ion batteries (LIBs) have long been the
focus of the secondary battery industry
due to their large specific capacity and
high operating voltage; most of the cur-
rent small- to medium-size mobile elec-
tronic devices use some form of LIB.[U
However, expanding the use of LIB to sta-
tionary applications may not be realistic
due to the uncertainty regarding the dis-
tribution and availability of Li sources.?
Recently, Na-ion batteries (NIBs) have
been receiving tremendous attention
because Na is one of the most abundant
elements in the Earth's crust and sea-
water,®l and also is the second lightest
alkali metal after Li. Therefore, NIBs could
be an excellent complement to LIBs in
applications where energy density per unit
measure is not so critical.

Among many cathode candidates, lay-
ered oxides of general formula Na,M{O,
(Mr =Ti, V, Cr, Mn, Fe, Co, Ni, and mix-
tures of 2-3 of these elements) have been
investigated extensively because of their
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high theoretical capacity and the potential to select relatively
inexpensive transition metals.! In fact, the first Na intercala-
tion chemistry was demonstrated with a layered oxidel’! and
both single or combinations of many My have been investi-
gated over last decades.’! Layered oxides are typically classified
by Na environment and oxide layer stacking. In the P2-phase,
trigonal prismatically coordinated Na ions are sandwiched
between M1Og oxide layers that follows an AABB stacking
order; in the O3-phase, octahedrally coordinated Na ions are
located in between the oxide layers that follow an ABCABC
stacking order.”]

Normally, the P2-phase is synthesized with Na = 0.7 while
the O3-phase is synthesized with Na = 1.0. The P2-phase with
initial Na content < 0.7 does not typically undergo phase tran-
sitions until Na = 0.33% while the fully sodiated O3-phase
undergoes complex phase transitions during cycling.®d Thus,
the P2-phase maintains its structural stability during cycling
until the highly desodiated state and therefore generally exhibits
better overall electrochemical performance than the O3-phase.”!
However, successful synthesis of pure P2- and O3-phase, both
with an initial Na content of 2/3, has demonstrated that the
overall electrochemical performance of both phases at all tested
cycling rates, including high rates, are almost identical.””! Inter-
estingly, in situ X-ray diffraction (XRD) experiments at a lower
cycling rate indicate that the O3-phase with an initial Na con-
tent of 2/3 undergoes multiple phase transitions during electro-
chemical cycling similar to fully sodiated O3-phase, but these
transitions are not exceptionally obvious on the cyclic profile
as multiple potential plateau type behavior, especially at higher
rates. Thus there appears to be a contradiction between the
potential profile of the O3-phase which indicates good phase
stability and electrochemical performance equivalent to the
P2-phase, and the in situ electrode structure measured during
cycling at a low rate (C/20), which indicates poor phase stability.

To resolve this contradiction, it is necessary to perform in
situ structural characterization at relatively high cycling rates.
It is important to note that only a few techniques can probe bat-
teries in situ in a nondestructive manner and of these a smaller
number of techniques can do so sufficient time-resolution to
examine high rate cycling, to date only neutron powder and
synchrotron X-ray powder diffraction. Ex situ or low-rate in
situ diffraction methods show electrode structure at equilib-
rium or quasi-equilibrium conditions, they do not represent the
electrode structure at moderate or high rates. In situ methods
with sufficient time-resolution to capture data in short enough
intervals with sufficient resolution and quality can be used for
structural analysis at high current rates.!” For sodium-ion bat-
teries for high-rate, nondesctructive structural information this
essentially means in situ synchrotron X-ray diffraction for now.
In principle, with sufficient resolution almost all structural
parameters can be determined for the electrode in question.!'!

Therefore, we present here a time-resolved in situ syn-
chrotron XRD study of the relatively new O3-phase
Na, 3Fe;;3Mn; 30, to understand the relationship between the
observed electrochemical performance and the crystal structure
evolution. We highlight the phase transitions and sodium evo-
lution that occur during electrochemical cycling. Crucially we
have performed these measurements at a high current rate,
C/2.5, thus providing one of the first high-rate insights into this
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family of layered materials that has strong potential for cath-
odes in commercial batteries.

2. Results and Discussion

2.1. Overall Evolution

The phase evolution during entire charge/discharge process
occurs by a combination of solid solution and two-phase reac-
tions. The changes in the reflection position (26-value) with time
are shown in Figure 1, for the 003, 006, 101, 10-2, 107, and 10-8
reflections in the O3 setting; the regions where two phases are
present and the phase fractions are changing are indicated with
orange shading.'? Notably the changes in the 26-values of the

Potential / V
15 4.3

—

o o

o

S

£

€

~ 64

)

£

-

32
7.21
20 / degrees

(b) A 5 Potential / V 03
w

4]

]

>

£

€

~

[

£

=

15.32
20 / degrees
Potential / V
N 15 43

(c) 128=1

O 9 =+

S

S

£

€

~ 64 =

)

£

-

32

24.02

20 / degrees

Figure 1. Selected 26 regions of in situ synchrotron XRD data highlighting
the evolution of the a) 003, b) 006, 101, 10-2, and c) 107 and 10-8 reflec-
tions by a color scale and the potential profile (right). The orange shaded
boxes highlight regions where two phases are present, indicated by the
disappearance and appearance of reflections.
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Figure 2. The phases present and reactions they are undergoing in the
Nag g22(6)Fe2/3Mn; 30, cathode during charge and discharge.

003 and 006 reflections are the opposite of the changes in the
101 and 10-2 reflections during charge (and discharge), e.g., as
the 003 and 006 26-values decrease, the 101 and 10-2 26-values
increase, as shown by the blue arrows in Figure 1b. This sug-
gests an anisotropic evolution of the lattice parameters. Addition-
ally, comparing the 101 and 10-2 reflections at the charged state,
there is a distinct increase in intensity of the 101 compared to
the 10-2 reflection as indicated by the white arrows in Figure 1b.

Considering the entire charge/discharge cycle probed in this
experiment, the structural evolution observed can be described
as shown in Figure 2. There are at least three phases that evolve
during this process. Below, the phase formation and evolution
is discussed for each of these three phases with respect to the
electrochemical curve. In addition, further electrochemical data
can be found in the Supporting Information (Figures S1 and
S2, Supporting Information).

2.2. Initial Structure

The initial O3 model using the “O and P-type” definition of
these layered phases!”!Zl was refined using the in situ synchro-
tron XRD data of the electrode in the coin cell. The crystal struc-
ture adopted R-3m symmetry and the refined lattice parameters
were a = 2.96256(2), ¢ = 16.4902(2) A (crystallographic details
can be found in Table 1 and the fit is shown in Figure 3). These
values for the lattice parameters are slightly different from those
found from the pure powders of a = 2.9905(1), ¢ = 16.2602(9) A;
however, our structural model represents the material inside a
Dbattery, in contact with electrolyte, and thus some exchange (Na
loss/gain) may occur as discussed in our previous work.[11¢13]
The sodium occupation (site occupancy factors or SOFs) and
the atomic displacement parameters (ADPs) correlated to a
certain extent and therefore were refined sequentially to obtain
the model shown in Table 1. For the refinements, reflections
arising from the aluminum current collector and sodium anode
were excluded as their positions did not overlap with many
cathode reflections. As a direct comparison, laboratory XRD
data collected on pristine electrodes for 0.5 and 1 h are shown
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Table 1. Refined crystallographic parameters for Nag 626 Fez3Mny 30,

Atom Wyckoff X y z SOF? Isotropic ADP?
[x100)/A?]

Na 3 0 0 0 0.622(6) 7.05

Mn 3 0 0 0.5 1/3 7.865¢)

Fe 3 0 0 0.5 2/3 7.865¢)

o 6 0 0 0.2350(3) 1 7.63%

A Atomic displacement parameter (ADP), site occupancy factor (SOF); ®Refined
alternatively to SOFs and fixed when convergence was achieved; 9Constrained to
be equal. Space group = R-3m, 33 refinement parameters, y* = 1.43, R, = 1.66%,
WRp = 2.17%, a = 2.96256(2), ¢ = 16.4902(2) A.

and discussed in the Supporting Information (Figure S3). This
clearly shows the significantly higher signal-to-noise of the data
obtained using the in situ setup.

2.3. Evolution on Initial Charge

On initial charge, there is a solid solution reaction of the initial
phase, which we refer to as Phase 1. The next structural transi-
tion during charge is the formation of a second phase; a two-
phase region, where both of these phases are present, occurs
from 11 to 28.8 min or 3.50 to 3.62 V (indicated by the orange
box in Figure 1). Using stacked plots (Figure 4a), the similarity
of the two-phases becomes more apparent as does their evolu-
tion. The 003 reflection of the original phase disappears while
the peak for the 27 phase (Phase 2) appears and simultaneously
begins to change in 26-value, which indicates that simultaneous
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Figure 3. Rietveld refined fit of the Nag ¢, Fe;;3Mny 30, model to the
initial in situ synchrotron XRD dataset. Data are shown as crosses, the
calculated Rietveld model as a line through the data, and the difference
between the data and the model as the line below the data. The vertical
reflection markers are for O3- Nag g2, Fez3Mny 30, and a zoomed in
section, 14 <260 < 16.5, is shown.
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Figure 4. a) Snapshots via a stacked plot of the in situ synchrotron XRD
data of the 003 reflections with the time and potential listed. The purple
arrow indicates the disappearance of reflections from initial phase (Phase
1) and red arrow the appearance of new reflections from Phase 2 which
also show changes in 26-value during the same region. b) A zoomed in
region of the Phase 2 003 reflection showing the possible monoclinic O1
phase as reported in the literature.l"’]

two-phase and solid solution reactions are occurring.'%d Sim-
ilar simultaneous reactions have been previously observed in
LiFePO, cathodes by in situ neutron powder diffraction experi-
ments on lithium-ion cells.'%d Thus the lattice parameters of
Phase 2 can be modeled whilst the two phase reaction is occur-
ring. The lattice parameters of Phase 1 do not change, as evi-
denced by a static 26-value during this two-phase region, so
these values were held constant during fitting. Phase 1 disap-
pears at approximately 33.2 min or 3.67 V into charge.

The diffraction pattern at 33.2 min or 3.67 V also shows a
minute feature at a slightly lower 260-value with respect to the
Phase 2 003 reflection (Figure 4b). This feature appears at
~24 min or 3.58 V into charge and persists until the charged
state. On initial observation, this appears to be another phase
in this region, which we tentatively attribute to the monoclinic
phase that has been described in the literature for related lay-
ered structures (e.g., O1-monoclinic).[¥

The Phase 2 lattice parameter and sodium content evolve
during the simultaneous reaction region, with the evolution
continuing past this region by a solid solution reaction (change
in reflection 26-value). The dataset in the solid solution reaction
regime of Phase 2 at 33.2 min (3.67 V, Figure 4b) was used to
model its structure. Various models were used encompassing

Adv. Funct. Mater. 2015, 25, 4994-5005

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

Table 2. Refined crystallographic parameters for Nag 457(11)Fez;3Mn; 30,.

Atom Wyckoff  x y z SOF¥ Isotropic ADP?)
[x100) /A7

Na 3 0 o0 0 0457(11) 7.05b)

Mn 3 0 0 0.5 1/3 7.86>9)

Fe 3 0 0 0.5 2/3 7.86>9)

o 6 0 0 0.2340(5) 1 7.63%

2 Atomic displacement parameter (ADP), site occupancy factor (SOF); P Fixed from
Phase 1; 9Constrained to be equal. Space group = R-3m, 33 refinement param-
eters, 72 = 1.52, R, = 1.74%, wRp = 2.36%, a = 2.9314(1), ¢ = 16.7241(5) A.

the possible options, such as those adopting Cmcm and P6;/
mmc symmetry, but there were inconsistencies with these
models (e.g., unmatched or missing reflections). Note the
expected P3 model was trialed but the fit did not converge and
overall was poorly modeling the data.”'¥ The R-3m model
(O3-like) still provided the best fit to the data, with the lattice
parameters merely expanded in ¢ and reduced in g, the sodium
content reduced and a slight decrease in the oxygen positional
parameter. The details of the refined O3-like structural model
are shown in Table 2 and the fit to the data in Figure 5 (dataset
corresponding to 33.2 min or 3.67 V, Figure 4b). The inset in
Figure 5 shows an expanded view of the 003 reflection in the
R-3m setting; relative to the Phase 2 peak, a small feature can
be seen at higher angle associated with Phase 1, while the fea-
ture at lower angle (indicated by an arrow in Figure 5 inset)
may be associated with the monoclinic O1 phase.l'*a Unfortu-
nately, there are not enough reflections to fully characterize this
monoclinic phase.

Refinements were performed on models for Phase 2 with
varying ADPs resulting in similar models which did not signifi-
cantly reduce the statistics of the fit. Hence, to limit the number
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Figure 5. Rietveld refined fit of the Nag 457(11)Fez;3Mny 30, model to the
in situ synchrotron XRD dataset at 33.2 min or 3.67 V. Data are shown
as crosses, the calculated Rietveld model as a line through the data, and
the difference between the data and the model as the line below the data.
The vertical reflection markers are for O3-Nag 45711)Fez;3Mn; 30, and a
zoomed in section highlighting the 003 reflection and the possible mono-
clinic phase is indicated by the arrow.
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Figure 6. Snapshots via a stacked plot of the in situ synchrotron XRD
data of the 003 reflections with the time and potential listed. The red
pattern corresponds to the end of the simultaneous reaction mechanism
region and the charged state. The black arrow indicates the appearance
of new reflections from Phase 3 and these new reflections show changes
in 260-value during the same region. The magenta arrow indicates the
disappearance of reflections from Phase 2 and these reflections show
changes in 26-value during the same region. The blue arrows indicate the
simultaneous presence of Phases 2 and 3 and changes in their 26-value
but minimal if any changes in the phase ratio (relative intensity).

of variables in each dataset, the ADPs were fixed to the orig-
inal values found in Phase 1 for all subsequent refinements.
Therefore, both Phase 1 and Phase 2 can be modeled with
R-3m symmetry and show variations in the lattice parameters,
sodium content, and oxygen positions. If the R-3m model per-
sists during charging, the intensity fluctuations of the 101 and
10-2 reflections (indicated with white arrows in Figure 1b) are
likely to be related to the changing sodium content or oxygen
positional parameter, as will be detailed below.

2.4. The Charged State and Initial Discharge

Closer to the charged state (i.e., from =55 min or 3.90 V to fully
charged), we find another interesting series of phase transi-
tions. For clarity the 003 reflection is used to highlight these
changes in Figure 6. Phase 2 continues to undergo a solid solu-
tion reaction, with the reflection intensities decreasing and
the lattice parameters changing, as shown by the changes in
the 26 value of the 003 reflection (Figure 6). Simultaneously
another phase appears, indicated by a high angle (smaller lat-
tice parameter) reflection, which is referred to as Phase 3; the
intensity of the peaks associated with this phase increases
while the 26 value of the reflection changes (lattice changes).
This is another simultaneous two-phase and solid solution
reaction where both phases undergo changes in both lat-
tice parameters and reflection intensity. However, unlike the
previous simultaneous reaction region, where Phase 1 and
Phase 2 coexisted but the lattice of only Phase 2 was changing,
in this case both phases are active in lattice and phase frac-
tion evolution (see black and magenta arrows in Figure 6).
In other words, both phases are changing simultaneously in
a two-phase and solid solution manner. Such an observation
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Table 3. Refined crystallographic parameters for Phase 2, Nagssu
Fe;;3Mny 30, and Phase 3, Nag1gFe;3Mn; 304, charged state (68.4 min,
4.20V).

Atom Wyckoff x y z SOF? Isotropic ADP?)
[x100) /A

Phase 2

Na 3 0 0 0 0.34(4) 17.19)

Mn 3 0 0 0.5 1/3 7.860¢)

Fe 3 0 0 0.5 2/3 7.860¢)

o 6 0 0 0.252(1) 1 7.63%

Phase 3

Na 3 0 0 0 0.189 -

Mn 3 0 0 0.5 1/3 7.92b¢)

Fe 3 0 0 0.5 2/3 7.92b4)

0] 6 0 0 0.251(1) 1 7.499)

2 Atomic displacement parameter (ADP), site occupancy factor (SOF); Y Refined
alternatively to SOFs and fixed; 9Constrained to be equal; YFixed according
to refinements. Space group = R-3m, 37 refinement parameters, x> = 1.46, R, =
1.76%, wRp = 2.28%, Phase 2 a = 2.9040(3), ¢ = 16.437(2) A and weight fraction
57.6(9)% and Phase 3 a =2.8992(4), ¢ = 16.192(2) A and weight fraction 42.4(6)%.

to the best of the authors’ knowledge is unprecedented in the
literature. This reaction occurs between 55.2 and 68.4 min or
3.90 and 4.20 V on charge.

Toward the end of this simultaneous reaction region
(=68.4 min, 4.20 V the charged state, Figure 6), the phase
fractions appear to stabilize and then both phases undergo a
solid solution reaction (Phase 2 and Phase 3). An alternative
explanation for this behavior is the presence of a more com-
plex lower symmetry structure near the charged state. Thus,
the two reflections in this region depicted in Figure 6 may
belong to a single lower symmetry phase and these reflections
change in intensity as the sodium content changes. However,
no structural model with two reflections near the 003 reflec-
tion (with the 003 reflection defined in the R-3m setting)
exists, so the phases at the charged state may need further
characterization.

Due to the complexity of the phase evolution near the
charged state, the last data set in the entire experiment (dis-
charged) was modeled first with Phases 2 and 3, as it shows
the same phase composition as the charged state. Using
this, the charged state was modeled in conjunction with the
results already presented for Phase 2. Note again other models
were attempted but the O3 model(s) appeared to provide the
best fits for both Phase 2 and Phase 3. Tables 3 and 4 detail
the crystal structure and phase distribution at the charged
to 4.20 V and the discharged to 1.50 V states, respectively.
Figures 7 and 8 show the fits of the structural model to the
data at these points.

The results indicate that the Na content at the charged state
is low, but the fitting is quite insensitive to the Na content, so
it is difficult to determine the exact Na content solely from the
structural refinement. Computational results discussed later
suggest that a Na content of at least =0.18 is required to main-
tain structural stability. Therefore, a Na content of 0.18 was
used for the refinement of Phase 3 in the charged state.

Adv. Funct. Mater. 2015, 25, 4994-5005
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Figure 7. Rietveld refined fit of Phase 2, Nag 434 FezsMn; 304, and Phase
3, NaggFe;3Mny 30,5, models to the in situ synchrotron XRD data at
the charged state (68.4 min, 4.20 V). Data are shown as crosses, the
calculated Rietveld model as a line through the data, and the difference
between the data and the model as the line below the data. The ver-
tical reflection markers are for (top) Phase 2, Nag 43(4)Fez;3Mny30,, and
(bottom) Phase 3, Nag;5Fe;;3Mn; 30,.

2.5. Discharge

The phases present and their distribution (e.g., the sequence
of reaction mechanisms) on discharge appears to be dif-
ferent from charge, with the two phase mixture of Phases 2
and 3 remaining throughout the discharge; both phases have
similar lattice parameters and undergo subtle reactions. The
discharge process is shown in more detail in Figure 9. For
the 003 reflection there is a noticeable increase in Phase 3,

003

4000

2000
T

Intensity / arb.

10 15 20 25 30
20 / degrees

Figure 8. Rietveld refined fit of the Phase 2, Nag go(3)Fe;;3Mny30,, and
Phase 3, Nag sy Fez3Mny 30, models to the last in situ synchrotron
XRD dataset during discharge (121 min, 1.50 V). Data are shown as
crosses, the calculated Rietveld model as a line through the data, and the
difference between the data and the model as the line below the data. The
vertical reflection markers are for (top) Phase 2, Nag g3 FezsMn; 302,
and (bottom) Phase 3, Nags;(3)Fe;3Mny 30,
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Figure 9. Snapshots via a stacked plot of the in situ synchrotron XRD
data of the a) 003, b) 101 and 10-2 reflections with the time during dis-
charge. The black arrows indicate the enhancement of reflections associ-
ated with Phase 3 and the decrease (or subtle changes) of reflections
associated with Phase 2.

higher angle, reflection intensity, and a subtle change in the
lower angle reflection associated with Phase 2. The 101 and
10-2 reflections show similar behavior with the increase of
reflection intensities (shown as arrows in Figure 9) associ-
ated with Phase 3. Additionally, the 101 and 10-2 reflections
for Phase 2 decrease in intensity during discharge, which
again may be associated with either change in the phase
fractions or in the structural parameters, e.g., sodium con-
tent. The latter is more likely to result in changes in the lat-
tice parameters (i.e., removal/insertion of sodium requires
the cell to contract/expand); however, changes in the lat-
tice parameters are not clearly evident in these data on dis-
charge, so the two-phase reaction appears to be the major
contributor to changes in the reflection intensities during
discharge.

It is interesting to note that the phase evolution is very dif-
ferent on discharge than charge. Phases 2 and 3 are maintained
in the structure throughout the discharge, with only their phase
fractions changing.

wileyonlinelibrary.com

4999

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

5000 wileyonlinelibrary.com

s
3
g
B
3
s
f =
3
B
a
(1]

20/ degrees

MK
oS
www.MaterialsViews.com

oxygen positional parameter appears to ini-
tially decrease to a minimum =40 min into
charge (3.74 V), before increasing; this min-

INtensity  jmum corresponds to the maximum value in
the ¢ lattice parameter. The oxygen positional
parameter also reaches a maximum value in
conjunction with minimum values for the

g lattice parameters at the charged state (arrow
g 1671 YTy v 7 in Figure 10). These changes in the structure
g °© 12‘2: vy’ v | gyvvyy vvvy ] (maxima in ¢ lattice parameter and oxygen
S lea 'I' : . - v : . .v position during charge) are entirely con-
% 296 A AL, ., . sistent with the structural changes seen in
£w 2:2‘2‘_ Aay, ‘s, Y AA the computathnal re.sult.s as th.e Na content
S 590 LN AA ] decreases (as discussion in Section 2.7).
cc 0267 T T . T ™ In order to consolidate these findings,
Q.9 025 N $eee,, 0cee 1 sequential multiphase Rietveld refinements

8‘ é 8:33 Poopcc, o’ ° o were performed in a systematic manner

0.22 ®ee® 3 attempting to account for the phase transi-
w ' Ja 2 tions observed. It should be noted that the
a 13 -‘_é‘ reliability of the lattice parameters is excel-
s 12 & lent; as with any in situ or complex structural
00— T a refinement, determination of the atomic

T T
0 20 40 60 80 100
Time / minutes

Figure 10. A crude single phase picture of the evolution of the Nag gz Fez3sMny 30, elec-
trode during charge/discharge. (Top) Selected 26 regions of in situ synchrotron XRD data
highlighting the evolution of the 003 reflections by a color scale. The ¢ (purple triangles) and
a (blue triangles) lattice parameters, oxygen positional parameter (red circles), sodium SOF
(black squares), and the potential profile. The orange shaded box highlights obvious two-phase

regions as mentioned in Figure 1 but found to be more complex.

2.6. Structural Analysis

To determine the overall structural evolution during battery
function, we note that there are at least 4-5 phase transitions
(Figure 1) and that structural models for each of these phases
need to be determined and sequentially refined in the respec-
tive regions. The phase fractions are the appropriate measure of
electrode evolution in the two-phase regions, while both lattice
parameters and sodium content can be tracked in solid solution
regions (see our previous work in this area).'%¢11 Interestingly,
in this case, we have regions with simultaneous solid solution
and two-phase electrode evolution so the phase fractions can be
followed in addition to the lattice and sodium content of at least
one phase.

However, prior to discussing the details of these reactions,
we present a simple sequential refinement using a single O3
structural model and allowing the lattice, sodium SOF, oxygen
positional parameter, scale and background to refine for the
entire in situ synchrotron XRD data series. The results are
shown in Figure 10 and the refinement does approximate a
number of subtle structural features. The Na content decreases
and increases in pseudo-single phase regions. The trends in the
a and c lattice parameters appear as expected (in comparison
to changes seen in the 003 reflection for ¢ and Figure 1 for a),
with the a lattice parameter decreasing during charging and
the ¢ parameter increasing to a maximum and then decreasing.
Maxima in the c lattice parameter are often observed in in situ
data for layered cathodes used in lithium ion batteries.[""] The

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

parameters is slightly less reliable. For the
sequential analysis the following steps were
taken. From the beginning, the original
phase (Phase 1) was modeled with sodium,
oxygen, and lattice parameters varying until
6.8 min or 3.50 V, then these parameters
were fixed at the last refined values. For the
11.2 to 28.8 min region, Phase 2 was intro-
duced and the phase fractions of Phases 1
and 2, as well as the Phase 2 lattice, sodium and oxygen param-
eters were refined until 28.8 min (3.62 V). The refinement of
the Phase 2 parameters was continued into the following solid
solution region until 59.6 min or 3.97 V. Near the charged
state, from 64 to 94.8 min or 4.06 V on charge and to 2.96 V
on discharge, two phases were modeled (Phases 2 and 3) and
their sodium content, oxygen positional parameter, phase frac-
tions, and lattice parameters were refined. Thus, this approach
models the simultaneous two-phase and solid solution reac-
tions where both phases vary with time, i.e., it captures the solid
solution and two-phase changes of these components. Note the
region between 86 to 94.8 min or 3.25 to 2.95 V was particularly
problematic to model as the lattice and phase fractions were
correlated and the phases jumped between lattice parameters.
Here various approaches were trialed, including fixing one
phase and refining various components in only one phase, and
determining the correlation between atomic and lattice param-
eters. For the final part of discharge from 2.70 to 1.50 V, the
lattice parameters were fixed at those found from the refine-
ments shown in Table 4 (from the last discharged dataset). The
culmination of these processes is shown in Figure 11 and the
fitting statistics of the sequential refinements are presented in
Table S1 in the Supporting Information.

Ex situ XRD analysis of extracted electrodes cycled at C/2.5
were also conducted for the charged and discharged states. As
per the discussion in the Supporting Information, the quality
of the collected data is significantly better with the in situ syn-
chrotron XRD. In addition, the batteries had to be stopped,

Adv. Funct. Mater. 2015, 25, 4994-5005
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Table 4. Refined crystallographic  parameters for Phase 2,

Naggo3)Fez3Mny30,, and Phase 3, NagsyFeysMny30; at the last
dataset on discharge (121 min, 1.50 V).

Atom Wyckoff  x y z SOF? Isotropic ADP?)
[x100) /A
Phase 2
Na 3 0 0 0 0.80(3) 17.19)
Mn 3 0 0 0.5 1/3 7.86°):)
Fe 3 0 0 0.5 2/3 7.86%:9)
o 6 0 0 0.240(1) 1 7.639
Phase 3
Na 3 0 0 0 0.52(2) 16.4%
Mn 3 0 0 0.5 1/3 7.925):9)
Fe 3 0 0 0.5 2/3 7.925):9)
o 6 0 0 0.2289(9) 1 7.49%)

A Atomic displacement parameter (ADP), site occupancy factor (SOF); Y)Refined
alternatively to SOFs and fixed for this region see Table 3; 9Constrained to be
equal. Space group = R-3m, 30 refinement parameters, y> = 1.49, R, = 1.66%,
WRp =2.17%, Phase 2 a =2.9426(5), ¢ = 16.6302(6) and weight fraction of 48.8(3)%
and Phase 3 A g =2.9294(3), ¢ = 16.4894(8) A and weight fraction of 51.2(2)%.

extracted and dried prior to ex situ analysis. During this pro-
cess, the structure can be modified from
the C/2.5 state, via electrode relaxation. The

www.afm-journal.de

taking into account the sodium occupancy in both phases and
their phase weight fractions.

On charge, the a lattice parameter is shown to contract for
all three phases and increase during discharge. The ¢ lattice
parameter increases initially on charge and then decreases,
apparently reaching a maximum value. Comparing with in situ
neutron powder diffraction data of layered oxides used as cath-
odes in lithium-ion batteries,[">¥ for example, in Li(Ni,Mn,Co)
0O, (NMC) cathodes, the ¢ lattice parameter, associated with
the stacking axis of the layered structure, reaches a maximum
value at the =70% state of charge while in LiCoO, Li(Ni,Co,Al)
O, (CGR) cathodes, the c lattice stabilizes rather than reaching
a maximum.®*1% The contraction in the Li(Ni,Mn,Co)O,
cathode c lattice parameter is associated with some Li locating
on the Ni site within the transition-metal layers. When the Li
is removed or redistributed from the Ni layers in the structure
(to the interlayer sites or out of the structure) the result is a
reversal of the trend in the c lattice parameter (i.e., from expan-
sion to contraction).l'® However, such a mechanism is unlikely
in the Na,;Fe;;3Mny;30, process, but the observation of lat-
tice expansion/contraction over a charge process is observed in
other cathodes.

On charge, the oxygen positional parameter initially shows
minor changes, but then increases, reaching values close to
x =y =2z = 0.25 for the fully charged state. The onset of the

c
results indicate a loss of signal strength at % = L i >
the charged state which is also observed in 8 0084 * 435 &
the in situ data (Figure 1), and preservation of @ 1 Phase 2 130 €
(Figure I) p @ 0.04- %o ohase 1 99200920 3012-55
the O3-type structure at the discharged state s | O Phase . o 420 B
but with lattice parameters corresponding to 8 909 T A 4 A2 2 L 5 Il
those of the charged state Phase 3 from the o  16.6]Phase1 P*ha:ez wPhase2 o w Y
in situ data. In contrast, a two-phase mixture 0w © 12'2 E v ¥ oy ——
was found at the discharged state with the in % 16.3 v vY 3
. . .1 . 16.2 A Phase 3 - v =
situ data. This suggests equilibration occurs % T L e e L e e e e
in the electrode during extraction from the S 504 Aaa, —]
cell, especially considering the high cycling o 202] Aa A sab 1
. -1 ——
rates used. In order to improve resolution of £ @ 290 ] 4 248 44 1
the ex situ XRD data, the electrodes could be 3 026 14 , , , , ——g , , , , -
removed from the current collectors, packed c c 0251 o o08 - h
into capillaries and examined using high 92 524l coo ., ° ° s g o, o]
resolution ex situ synchrotron XRD; this will g‘ é o3P ®® oo e I o]
be undertaken in our future work, which will 0.22 9 0 ]
. . r—r—Trr—rrrT T T T T T T Tt T T T T T T
explore variable current rates and the reli- o 0.8 1 0
ability of ex situ XRD data for showing high o & 06F " e ammns . . .- CR .
rate phenomena. ® 8 047 " B Esf O © 7]
g 3 024 "ay i 0 .
zZ 8 E | | | E
s} 00— T T T T T T T T
0O 10 20 30 40 50 60 70 80 90 100 110 120

2.7. Discussion of the Phase Evolution

The sodium content decreases during
charge, as expected, and shows an overall
increase during discharge. However, sodium
content of the individual phases may differ
from the overall sodium content of the elec-
trode as the phase fractions need to be taken
into account. At the charged state the total
sodium content in the electrode is 0.27(20)

Adv. Funct. Mater. 2015, 25, 4994-5005
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Time /minutes

Figure 11. The evolution of the Nag 62,6 Fe;3Mny 30, electrode during charge/discharge. The
¢ (purple triangles) and a (blue triangles) lattice parameters, oxygen positional parameter (red
circles), sodium SOF (black squares), phase fractions (black diamonds), and the potential pro-
file. When Phase 2 is introduced it is labeled and in the first two-phase reaction region Phase
1 phase fractions are modeled with open diamonds while Phase 2 is modeled with closed dia-
monds and the atomic parameters of Phase 2 is presented. Near the charged state and onward,
open symbols represent Phase 2 and closed symbols represent Phase 3. The boxes for lattice
parameters on discharge represent fixed lattice parameters.
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Max. c lattice parameter

c lattice parameter (or maxima in the ¢ lat- |
tice parameter during charge). The Fe/ 4.4
Mn-O bond lengths follow the same trend,
decreasing from an initial value of 2.048(3) A
in the original cathode (Phase 1) to 2.036(1)
A, Dbefore increasing to 2.202(13) A (Phase

3) and 2.161(13) A (Phase 2) at the charged
state. Again, the minimum corresponds to

4.0+

O - O distance
between
Fe/MnO, slabs

°
® Phase 1l T
® Phase 2 o o |

A Phase 3 A 7]

the maximum in the c lattice parameter. The
initial decrease is expected, since the bond
lengths should shorten as the charge on the
central cation increases (e.g., Mn*" becomes
Mn* and Fe*" becomes Fe*'), resulting in
stronger attraction of the O~ to the central
cation. The contraction of the a lattice param-
eter is also caused by this decreasing bond

Fe/Mn-O bond length

Potential /V

N

length. The increase in the bond length near 0

the charged state is more surprising and
future work will focus on understanding the
cause. It may be related to Jahn-Teller distor-
tions of the Mn*" and Fe*" octahedra and the
structure attempting to facilitate this distor-
tion (i.e., trying to average out the effect),
while maintaining the Fe/Mn-O octahedral layers, which could
result in an increase in the long-range (average) bond lengths.
Interestingly, the calculations discussed below support these
findings—as the Na content decreases (charge), the calcu-
lated bond lengths initially decrease but then increase at low
Na content. In future work, ex situ X-ray absorption spectros-
copy (XAS) and Mossbauer spectroscopy will be used to try to
experimentally verify the bond length observations. However,
as noted above, ex situ measurements do not always give direct
correlation with in situ measurements at high cycling rates;
ideally these experiments would be performed in situ for direct
correlation.

Thus, overall these data suggest a significant connection
between the ¢ lattice parameter, oxygen position and Fe/
Mn-O bond lengths. These trends will be discussed in more
detail below. On discharge the a and c lattice parameters
increase, while the oxygen positional parameter decreases
(overall) for both phases. The Na SOF shows an overall
increase. Both phases appear to follow similar trends but
show increase and decrease in phase fraction relative to each
other.

The other important distance to compare in these materials
is the distance between the layers. In Phase 1 in the original
cathode, the distance between two equivalent O atoms in two
adjacent layers is 3.667(6) A, in Phase 3 at the charged state it
is 3.04(3) A, in Phase 2 at the charged state it is 3.22(3) A and at
the maximum in the c lattice parameter at 42 min it is 3.712(1)
A in Phase 2. Thus, the interlayer spacing follows the same
trend as the c lattice parameter, increasing to a maximum on
charge before decreasing. On charge the Mn/Fe-O layers are
initially repelled from each other due to O-O repulsion; as Na
is removed the overall negative charge on the Mn/Fe—O layers
repel each other. However, as the sodium content decreases fur-
ther, this repulsion is overcome and the layers collapse, due to

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 12. The evolution of the Fe/Mn—O bond lengths and O-O distances between the Fe/
MnOg octahedral slabs or layers in Phase 1 (black squares), Phase 2 (red circles), and Phase
3 (blue triangles) during charge/discharge (potential curve also shown).

the lack of interlayer Na; this collapse of the layers begins at
3.77 V or 42 min.

To visually demonstrate this connection, the Fe/Mn-O
bond lengths and O-O distances between the Fe/MnOg octa-
hedral layers is shown in Figure 12 for each Phase during
charge/discharge. Essentially, the bond lengths and inter-
layer distance remain fairly stable until =40 min into charge
(3.74 V) when the c lattice parameter is at a maximum. Fol-
lowing this point the layers come closer together and the Fe/
Mn-O bond lengths appear to lengthen substantially until the
charged state. If we consider that the majority of first charge
to be the Fe3" to Fe** couple, the feature observed =40 min
(3.74 V) on charge is likely to be a result of the formation of
sufficient quantities of Jahn-Teller active Fe* and the struc-
ture is attempting to compensate for the local requirements
of such cations. During discharge the bond lengths and inter-
layer spacing in both Phase 2 and Phase 3 appear to return
toward the original values, although there is more scatter in
the data on discharge.

Electrochemically the charge capacity was
=127 mAh g! and the discharge capacity 170 mAh g'; this
differs by 5%-10% compared to a fresh cell cycled at the
C/10 ratel” and the difference can be ascribed to the cell con-
struction conditions (e.g., materials and in situ compared to
conventional coin cells). The potential profile (e.g., Figure 2)
shows a lack of major potential plateaus. This supports the
notion that either solid-solution or multiple two-phase and
solid-solution reactions occur in the electrode. If there were
only two-phase reactions they would produce potential pla-
teaus and this electrode appears to show a variable potential
profile, and thus shows that multiple reactions occur simulta-
neously with regions of solely single-phase reactions. Impor-
tantly the O3 structural motif is maintained throughout the
charge/discharge process.

Adv. Funct. Mater. 2015, 25, 4994-5005
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2.8. Comparison with Literature and Calculations

Literature provides limited evidence for the sequence of phase
transitions of the O3 phase in related O3 systems.'”l Some evi-
dence exists of phase transitions on charge from the O3 phase
to a monoclinic O1 phase followed by a rhombohedral P3 phase
and in some cases a monoclinic P1 phase or an OP2 phase.* 1
On discharge, the electrode appears to undergo two-phase and
solid solution reactions and does not necessarily recover the
original phase.’) For O3 Na(Niy;Fe;;3Mnyj5)O,, it has been
found by ex situ XRD that the O3 structure is maintained
after 150 cycles.'”! The O3 Na,j;Fey;sMn; 30, at the C/2.5
rate appeared to maintain an O3-type structure throughout the
charge/discharge process. The results presented here indicate
that solid-solution and two-phase transitions occur during the
electrochemical process of 03-Na, 3Fe; 3sMny30,, but the struc-
tural motif and space-group is preserved. It is important to note
that the C/2.5 current rate presented here is relatively high and
highly unusual in the literature where common in situ experi-
ments can be of the order of C/50. These much slower rates
may give different phase transformation behavior from the
faster rates used to test electrochemical performance. This
rate-dependent phase transformation behavior may explain
the apparent discrepancy between electrochemical perfor-
mance and phase stability for 03-Na, ;Fe; 3Mn; 30,. The phase
stability of the O3 phase observed in this work, where struc-
tural analysis has been performed in situ using a fast rate, may
account for the similar electrochemical performance of this
phase to the equivalent P2-phase and other systems.!

A recent parallel study on 03-Na,Fe,;;Mn;;;0, using labo-
ratory-based operando and “relaxed,” and ex situ synchrotron
XRD datal’® can be critically compared with our observations.
The comparison supports the discussion above. First, the data
in our work is at the C/2.5 rate, significantly higher than the
C/50-C/80 rates used in the reported study. Although the data
presented in our work is also operando, the quality of the data
allowed us to use Rietveld analysis for our structural models.
This gives a direct quantification of the atomic, in particular
sodium, parameters with respect to the charge-discharge of the
electrode at these high rates. The reported work modeled the
lattice parameters using Le Bail methods in the in situ experi-
ments and used ex situ (extracted electrodes) for full structural
(Rietveld) characterization.'¥! As demonstrated above relaxation
at higher rates makes such ex situ approaches unreliable. How-
ever, use of lower rates meant there was a focus on the equi-
librium structures!'® while our work focuses on more kinetic,
nonequilibrium phenomena. Interestingly these authors first
discharged the electrode, inserted sodium to reach Na = 0.96
before charging or extracting sodium, while our work charges
first, extracts sodium. The reported work found a combination
of phase transition during charge, from 0’3, O3, P3 and then
the P-type phase moves to O-type. Furthermore, the O3 phase
persists within the P3-type region and is hypothesized to trans-
form to O1."8 Our starting composition Nag g5 FezsMny 30,
falls in the O3 range and we do not observe the O’3 phase which
was found at higher Na concentrations in the reported work.
Additionally, from the reported Mossbauer and XAS details!'®]
it is only the Fe3*/Fe*" couple that should be active in our work
during charge. Our work solely observes the O3 phase which

Adv. Funct. Mater. 2015, 25, 4994-5005
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was described as persistent at C/80 rates even through the
P3-type region (which the authors attributed to inhomogeneity
in the electrode).'® Speculatively, the higher rates employed in
our work may not provide sufficient time for the P3 phase to
nucleate leaving only the O3-type phase. At higher rates (C/2.5)
the O3 model is found until the charged state while complex
phase transitions are observed in the C/80 rate near the charged
state related to the environment of the remaining sodium
between the MO layers.'¥! Notably, the slab distance evolu-
tion shown in Figure 12 shows a very similar maxima at Na =
0.5 in the reported study, where sodium content determined
from electrochemical charge passed through the cell'® while
we observe the maxima at Na = 0.39 noting that our sodium
content is determined from Rietveld analysis. Similarity in the
c lattice parameter evolution is also found in both studies. The
combination of the results presented here and the work under-
taken at C/80 rates provides unique insights into the function of
this material.

To gain more insight into the structural evolution, and
given that ex situ measurements are not able to give this
insight directly, static energy minimization calculations were
conducted where the structural properties (lattice parameters,
oxygen position parameter, and Fe/Mn-O bond lengths) for
the O3 phase were calculated as a function of Na content. The
results show that, as the Na content decreases, the c lattice
parameter initially increases while a decreases, the oxygen
position parameter decreases and the Fe/Mn-O bond length
decreases. These changes are all in agreement with the
experimental results (Figures 10-12). As mentioned earlier,
the initial increase in the ¢ lattice parameter may be related
to increasing repulsion between Mn/Fe-O layers due to the
stronger O-O repulsion as Na is removed from between the
layers. As stated earlier, a decrease in the Fe/Mn-O bond
length and a lattice parameter is expected due to the stronger
attraction with the increased Fe/Mn charge. The initial
decrease in the oxygen position parameter appears to be a nat-
ural consequence of the increasing c lattice parameter, exag-
gerated by the decreasing Fe/Mn-O bond length during this
initial part of charge.

When the Na content is reduced on further charge, signifi-
cant changes in the structure occur. The ¢ lattice parameter
drops suddenly, as the amount of Na is no longer enough to
keep the layers apart. Simultaneously, the oxygen position
parameter increases to =0.25 and the Fe/Mn-O bond length
increases. This is in line with the observations from the experi-
ments (Figures 11 and 12). The computational results show that
the a lattice parameter increases at these low sodium contents
which is not observed experimentally; however, the magnitude
of the changes in the a lattice parameter are small relative to
changes in the other parameters. The decrease in the calculated
c lattice parameter is significantly larger than that observed
in the experiments. This may be due to there being a slightly
uneven distribution of Na ions in the materials. Indeed, calcu-
lations for which some sites have a Na partial occupancy just
above 0.18 and others have a partial occupancy just below 0.18
show intermediate values for the ¢ lattice parameter. However,
these results do suggest that the Na content is unlikely to reach
as low as zero; hence, a Na content of 0.18 was used for the
refinement of Phase 3 at the charged state.
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Finally, the calculated energy of the O3 structure is less than
the P2 structure for all values of Na content from 1.0 until 0.18.
This is consistent with the experimental observation that no
transformation to the P2 structure occurs and that the likely
Na concentration in Phase 3 is close to 0.18. The significant
changes in transitioning from O3 to P2 are also found in the
literature.[>6c

3. Conclusion

Using advanced high resolution time-resolved in situ syn-
chrotron XRD experiments, the structural evolution of O3
Na,3Fe,;3Mn; 30, has been analyzed at C/2.5 and it is shown
that the O3-type phase is maintained through charge and dis-
charge. However, a sequence of solid-solution and two-phase
transitions is observed as the Na content is varied (charge/
discharge of the cell). Interestingly we characterize regions
with simultaneous solid-solution and two-phase transitions,
in particular where two phases are undergoing both types of
reactions. The persistent crystal structure motif may account
for the observed electrochemical performance of this electrode,
which has been found to be similar to that of the P2 phase that
is known to have good structural stability.

With these in situ XRD measurements, we are able to
model multiple phases and their lattice and atomic (e.g., Na
SOF and O positional parameter) evolution during electro-
chemical charge/discharge inside a functioning coin cell bat-
tery. This level of detailed sheds atomic-scale insight on the
electrochemical function. This work represents one of the
first detailed sodium-centered structural studies at such high
current rates. Since such high current rates were employed,
computational studies were used to assist with the analysis;
the computational studies agree with the experimental
results regarding changes in the lattice parameters, oxygen
position parameter and bond lengths, thus lending support
to the proposed structural evolution during electrode func-
tion. However, further work is now required to understand
the subtleties in the structural evolution, e.g., Fe/Mn-O
bond length variations. The computational results were used
to assign the Na content of the low-Na content phase, since
this could not be confidently determined from the refine-
ments. Additionally, these results suggest that this computa-
tional method can be used for related systems as a predictive
tool.

4. Experimental Section

The 03-Na, 3Fe;3Mny 30, phase was synthesized using a stoichiometric
mixture of NaNO;, Fe(OH);, and Mn(OH), pelletized and heated
under 1 bar O, atmosphere at 700 and 900 °C successively for 1 h
with intermediate grinding.”) Electrode preparation was performed
in an Ar-filled glove box in order to avoid any atmospheric moisture
contamination. The electrode slurry was prepared by mixing an active
material, super carbon C65, and polyvinylidene fluoride (PVdF) as a
binder in the mass ratio of 80:10:10 in N-methyl-2-pyrrolidone (NMP)
followed by vigorous stirring for 2 h. The slurry was then cast onto an
aluminum current collector sheet using a minicoater. The laminate was
immediately transferred into a vacuum oven and dried at 80 °C under
constant vacuum for 12 h.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Half coin cells with 3 mm diameter holes in the casing and
5 mm diameter holes in the stainless steel spacer were used for the
construction of the coin cells for the in situ measurements. The coin
cells contained Na metal (=1 mm thickness), glass fiber separator with
0.5 M NaPFg in ethylene carbonate and dimethyl carbonate (1:1 wt%)
electrolyte solution. In situ synchrotron X-ray diffraction experiments
were performed within 1-2 d after cell construction. Further details
regarding coin cell construction and beamline setup can be found in our
previous publications.[''25:19]

In situ synchrotron XRD data were collected on the Powder Diffraction
beamlinel® at the Australian Synchrotron with a wavelength (1) of
0.68829(2) A, determined using the NIST 660a LaBg standard reference
material. Data were collected continuously in 4.4 min acquisitions on
the coin cell in transmission geometry throughout the charge/discharge
cycles. The coin cells were first charged to 4.2 V at 0.2 mA and then
discharged to 1.5 V at 0.2 mA. This corresponds to C/2.5 on charge
and discharge (=100 mA g7'). Note the electrochemical processes
were started 2 min after the synchrotron XRD data collection. Rietveld
refinements were carried out using the GSAS[?'l software suite with the
EXPGUIRZ software interface. Details of the ex situ XRD procedure are
presented in the Supporting Information.

The structural properties of Na,Fe;;3Mn; 30, were investigated
as a function of x using static energy minimization calculations as
implemented in the GULP code.”l This approach is based on the
classical Born model of ionic solids, which assumes that ions interact
by long-range Coulombic interactions and short-range Pauli repulsion
and van der Waals forces. A shell model was used to include ion
polarizabilty.?!l Buckingham potentials were used to model the short-
range interactions. The interatomic potential parameters were taken
from Cherry et al.l?%] for Fe3*, Mn®", and O%", Mather et al.?®l for Fe*,
Jackson and Catlow!?”! or Na* and Kovaleva et al.?® for Mn**. A cutoff
of 12 A was used for the short-range interactions. All Na and metal
cation sites were treated as being partially occupied, by the appropriate
proportions of Mn**, Mn3*, Fe*, and Fe* in the case of the latter.
Calculations for all structures included a full optimization of all lattice
parameters and atomic positions with no symmetry constraints.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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