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Manipulating O3/P2 phase ratio in bi-phasic
sodium layered oxides via ionic radius control
P. A. Maughan1,2, A. B. Naden 1, J. T. S. Irvine1,2 & A. R. Armstrong 1,2✉

Bi-phasic O3/P2 sodium layered oxides have emerged as leading candidates for the com-

mercialisation of next-generation sodium-ion batteries. However, beyond simply altering the

sodium content, rational control of the O3/P2 ratio in these materials has proven particularly

challenging despite being crucial for the realization of high-performance electrode materials.

Here, using abundant elements, we manipulate the O3/P2 ratio using the average ionic radius

of the transition metal layer and different synthesis conditions. These methods allow

deterministic control over the O3/P2 ratio, even for constant Na contents. In addition, tuning

the O3/P2 ratio yields high-performing materials with different performance characteristics,

with a P2-rich material achieving high rate capabilities and excellent cycling stability (92%

retention, 50 cycles), while an O3-rich material displayed an energy density up to 430 Wh kg
−1, (85%, 50 cycles). These insights will help guide the rational design of future high-

performance materials for sodium-ion batteries.
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Sodium-ion batteries (SIBs) are widely expected to become a
key low-cost next-generation energy storage solution with
likely applications for grid storage, data centres, and lower-

performance electric vehicles. To enable the successful commer-
cialization of SIBs, it is essential to develop high-performance
positive electrode materials based on low cost, high abundance,
and non-toxic elements, which determine the overall energy
density of the battery1–4.

Of the most commonly studied groups of potential positive
electrode materials, layered sodium metal oxides have multiple
advantageous properties such as high capacity, voltage, and tap
densities, all of which are key to realizing high energy densities5,6.
These materials typically crystallize into two common structures
known as the O3 and P2 phases, following the classification
devised by Delmas et al (Fig. 1a, b)7. In both structures, sodium
layers alternate with transition metal (TM) layers. Different
oxygen stacking sequences give rise to different Na environments,
with ABBA oxygen stacking in the P2 phase forming prismatic
(P) Na sites, while the ABCABC oxygen stacking in the
O3 structure forms octahedral (O) Na sites. O3-type materials
typically have high Na contents, which enables high capacities
and energy densities, but suffer from poor cycling stabilities due
to multiple phase transitions occurring during cycling5. In addi-
tion, the relatively small Na interlayer spacing and complex Na
diffusion channels through interstitial sites results in low capa-
cities at higher rates, further limiting overall performance. In
contrast, P2 materials typically display superior cycling stability
with fewer phase transitions and enhanced rate performance due
to large Na diffusion channels with direct pathways between
prismatic sites5. However, P2 materials crystallize with low Na
contents resulting in low capacities in full cells.

Therefore, it is desirable to develop advanced electrode
materials with the cycling characteristics of P2-type materials
but the high Na content (and therefore energy density) of O3-
type oxides. The use of bi-phasic materials, which combine both
the P2 and O3 type phases into a single material, has attracted
significant attention in recent years as a potential solution6,8–14.
Here, the O3 part of the material provides high Na content,
enabling high capacities, while the P2 part of the structure
stabilizes the material during cycling and facilitates fast Na
diffusion. However, to-date, there is limited understanding on
the rational control of the O3/P2 phase ratio, beyond simply
changing the Na content. Furthermore, many of the existing
reports on O3/P2 bi-phasic materials focus on inducing O3
formation within low Na content materials in the P2 region
(Na= 2/3), which does not solve the problem of low capacities
in full cells8–11.

Recently, Zhao et al introduced the concept of cationic
potential (Φcation) as a predictor for the formation of O3 or P2
crystal structures and used this to design a high Na content P2
material (Na > 0.80), which would typically be expected to crys-
tallize in the O3 phase15. They defined the cationic potential as
shown in Eq. 1, where ΦTM is the weighted ionic potential of the
ions in the TM layer, with contributions from the charge (ni) and
radius (Ri) of each ion (i), weighted stoichiometrically (wi), as
shown in Eq. 2, ΦNa and ΦO are the weighted ionic potential of
Na and O, respectively, as defined by Eqs. 3 and 4, where x
corresponds to the content in NaxTMO2, and R is the ionic
radius, and n is the magnitude of the charge. This demonstrated
that careful selection of the elements in the transition metal layer
could significantly affect the crystal structure of sodium layered
oxides and revealed the influence of properties such as charge and
ionic radius of the ions in the material in determining the final
crystal structure, rationalized by relative electrostatic repulsion
between the TM layers.

Φcation ¼ ΦTMΦNa
ΦO

ð1Þ

ΦTM ¼ ∑
wi:ni
Ri

ð2Þ

ΦNa ¼ x Nað Þ:n
RðNaÞ ð3Þ

ΦO ¼ x Oð Þ:n
RðOÞ ð4Þ

In this work, we expand and refine the application of the
cationic potential to design bi-phasic O3/P2 hybrid materials and
compare the use of ionic radius and cationic potential as pre-
dictors, which results in the introduction of a new predictor for
bi-phasic materials, the radial potential. We reveal how simply
changing the chemical composition of 10% of the transition metal
layer can tune the O3/P2 ratio through a range of O3/P2 bi-
phasic materials, even without changing the Na content. In
addition, the role of synthesis method is also examined, and
allows a further degree of control over the resulting O3/P2 ratio.
These insights allow the development of protocols to enable the
rational design of O3/P2 bi-phasic materials with tuneable O3/P2
content, independent of Na content. This is demonstrated
through the development of several high-performing SIB elec-
trode materials based on low cost, high abundance, and low
toxicity elements, based on the series NaxMn0.4Fe0.4Ti0.1M0.1O2,
where x= 0.72 or 0.75 and M=Mg, Cu or Al.

Fig. 1 Schematic diagram of typical P2 and O3 crystal structures that arise from different oxygen stackings, shown by the ABC labels. a Crystal
structure of the P2 phase b Crystal structure of the O3 phase.
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Results and discussion
Development of the radial potential. To investigate if the
cationic potential approach could be expanded to help design O3/
P2 bi-phasic sodium layered oxides, and to compare to the use of
the average ionic radius of the transition metal layer elements as a
predictor, a series of materials with the average composition
NaxMn0.4Fe0.4Ti0.1M0.1O2, where M=Mg2+, Zn2+, Al3+ and
x= 0.72 and 0.75, were synthesized using a simple sol-gel
method. Powder X-ray diffraction (XRD) was used to determine
the resulting crystal structure in each case. Rietveld refinements
were carried out to calculate the O3/P2 ratio in each material,
while inductively coupled plasma optical emission spectroscopy
(ICP-OES) was used to confirm the elemental composition,
results of which are listed in along with the sample designations
in Table 1. Figure 2a, b show that only peaks relating to the P2 or
O3 phase are present in each sample, ruling out the formation of
other crystalline impurities. Strikingly, the obtained crystal
structure varies significantly across the range of chemical com-
positions studied, with the material where Na72Ti1Al1 being
revealed as a pure phase Na-rich P2 material, with no O3 peaks
visible. In contrast, for Na75Ti1Cu1, only reflections corre-
sponding to the O3 phase are present, revealing that the material
is pure O3 phase. For all other compositions studied, reflections
relating to both the P2 and O3 phases can be clearly observed,
confirming successful synthesis of a range of O3/P2 bi-phasic
materials, with differing P2 and O3 ratios. The individual
refinement plots for each material, the refined lattice parameters
along with the phase ratios can be found in the Supporting
Information (Supplementary Fig. 1 and Supplementary Table 2,
respectively).

The P2:O3 ratios for the sol-gel synthesised materials were
100:0 for Na72Ti1Al1, 86:14 for Na72Ti1Mg1, 83:17 for
Na72Ti1Cu1, 27:73 for Na75Ti1Al1, 11:89 for Na75Ti1Mg1 and
0:100 for Na75Ti1Cu1, demonstrating the preparation of the
entire range from fully P2 to fully O3, with a variety of different

P2/O3 bi-phasic materials in between. As shown in Supplemen-
tary Fig. 2, the average TM ionic radius correlates well with a
trend of increasing P2 content with decreased average radius
within compositions of the same Na content (i.e., Na= 0.72 or
0.75), but cannot account well for the trend between different Na
occupancies (Supplementary Fig. 2a). This implies that the Na
content has a larger impact on the O3/P2 ratio than the size of the
ions in the TM layer. Therefore, while ionic radius holds some
promise as a predictor when the Na content is constant, it is not
suitable when Na content is different in prospective materials. In
contrast, the cationic potential cannot predict the trend for
constant Na content, but accounts well for the effect of Na
content significantly better than the average ionic radius
(Supplementary Fig. 2b). Therefore, we propose an adapted
predictor, the radial potential by combining the cationic potential
and TM radius. Replacing the weighted transition metal potential,
used in the calculation of the cationic potential, with the average
ionic radius we define this radial potential as shown in Eq. 5:

RadialPotential ¼ AverageTMradius �WeightedNapotential
Weightedoxygenpotential

ð5Þ
As can be seen from Fig. 2c, there is a strong linear correlation

between the P2 content and this radial potential across both Na
ranges, where a smaller radial potential results in a higher P2
content. However, we note that while this can accurately predict
materials synthesised in our group via one synthetic method e.g.,
sol-gel, it could not accurately predict some previously reported
materials, some of which were predicted to be single phase when
they were in fact bi-phasic. This is likely to be due to the different
synthetic routes used and demonstrates the limits of this type of
predictor. Nevertheless, we expect that for a given synthesis route,
once a couple of data points are known, our method would then
be useful in predicting the P2 content for future materials
synthesised under the same conditions. It is also important to

Table 1 Sol-gel synthesized materials with their sample designations, target chemical composition, and experimental chemical
composition calculated from ICP.

Sample Name Target chemical composition Experimental chemical composition (ICPa) Phase Ratio (P2/O3)

Na72Ti1Al1 Na0.72Mn0.4Fe0.4Ti0.1Al0.1O2 Na0.72Fe0.42Mn0.40Ti0.09Al0.09O2 100/0
Na72Ti1Mg1 Na0.72Mn0.4Fe0.4Ti0.1Mg0.1O2 Na0.72Fe0.42Mn0.40Ti0.10Mg0.08O2 86/14
Na72Ti1Cu1 Na0.72Mn0.4Fe0.4Ti0.1Cu0.1O2 Na0.73Fe0.40Mn0.40Ti0.09Cu0.11O2 83/17
Na75Ti1Al1 Na0.75Mn0.4Fe0.4Ti0.1Al0.1O2 Na0.77Fe0.43Mn0.40Ti0.10Al0.07O2 27/73
Na75Ti1Mg1 Na0.75Mn0.4Fe0.4Ti0.1Mg0.1O2 Na0.76Fe0.42Mn0.40Ti0.10Mg0.08O2 11/89
Na75Ti1Cu1 Na0.75Mn0.4Fe0.4Ti0.1Cu0.1O2 Na0.76Fe0.40Mn0.39Ti0.09Cu0.11O2

a 0/100

adenotes calculation from EDS where ICP was not possible.

Fig. 2 Powder XRD patterns for sol-gel synthesised materials showing the change in P2:O3 ratio throughout the series. a Powder XRD patterns for the
sol-gel synthesised series between 10–80 degrees. b Is an expansion of the data shown in a, highlighting the low angle (002) and (003) diffraction peaks,
which correspond to the P2 and O3 structures respectively. c Plot of P2 content against radial potential, including a linear fit where r2= 0.99.
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note that the radial potential could accurately predict the trend of
the P2 content with changing chemical composition (both Na and
TM layer) for literature examples (Supplementary Table 3)12.

To further investigate the effect of synthesis conditions, we also
synthesised a family of materials with the overall composition
Na0.75Mn0.4Fe0.4Ti0.1M0.1O2, where M=Mg2+, Zn2+, Al3+, and
Si4+ using a simple solid-state method. For comparison, the
materials where M= 0 (Na0.75Mn0.45Fe0.45Ti0.1O2) and both M
and Ti= 0 (Na0.75Mn0.5Fe0.5O2) were also synthesized. The
sample designations, chemical composition, and refined phase
ratios are listed in Table 2. The use of the solid-state method
enabled extra dopants, such as Si, to be used, the precursors of
which are not cheaply available and easy to use for sol-gel
synthesis, although the synthesised materials are typically less
homogenous than the sol-gel synthesized materials (Supplemen-
tary Fig. 3). In this case, the P2:O3 ratios for Na75Ti1Si1 were
100:0, 82:18 for Na75Ti1Al1, 55:45 for the un-doped material
Na0.75Mn0.5Fe0.5O2, 53:47 for Na0.75Mn0.45Fe0.45Ti0.1O2 (M= 0),
47:53 for Na75Ti1Cu1, 7:93 for M=Na75Ti1Zn1 and 6:94 for
Na75Ti1Mg1. The refinement plots for this series can be found in
the Supporting Information, Supplementary Fig. 4 with the lattice
parameters listed in Supplementary Table 4.

As was observed for the sol-gel synthesised series where the Na
content was constant, the average ionic radius shows a better
correlation with the P2 content than the cationic potential
(Supplementary Fig. 5), with the radial potential predictor also
demonstrating good correlation. However, the parameters
required for the line of best fit are clearly different from the
series synthesised by the sol-gel method, due to a significant shift
towards higher P2 content in the solid-state synthesized materials
(Supplementary Fig. 5d). Crucially, this demonstrates that choice
of synthetic route is an additional important tool for the careful
tuning of O3/P2 bi-phasic layered oxides. Clearly, simple
chemical composition-based predictors cannot account for the
effect of synthetic route, but can give guidance to aid the design of
bi-phasic materials. This explains why the radial potential was
unable to predict the O3/P2 ratio in literature materials
accurately, where different synthesis conditions are used. In
addition to synthesis route, synthesis conditions can also affect
the phase ratio. For example, an increase in synthesis temperature
increased the proportion of P2 content in Na72Ti1Cu1 from 78%
to 84% when the calcination temperature was increased from
900 °C to 1000 °C (Supplementary Fig. 6).

We note that when the full analysis proposed by Zhao et al is
carried out, and sodium ionic potential is plotted as a function of
cationic potential, our compositions sit on their suggested
dividing line between the P2 and O3 regions (Supplementary
Fig. 7). Therefore, the cationic potential analysis can be used to
determine whether a suggested composition is likely to fall within
a bi-phasic region in the O3/P2 phase space, while the radial
potential should then be used to determine if smaller composi-
tional changes will increase or decrease the P2 (or O3) content.
This combination of predictors enables the rational design and

tuning of bi-phasic O3/P2 materials with variable phase ratios,
potentially without changing the Na content.

Whilst there was generally a good correlation between the
radial potential and the P2 content, this was not the case when
M=Mg or Zn. Both these materials displayed higher O3 content
than would be predicted. (Scanning) transmission electron
microscopy, (S)TEM, illustrates the coexistence of the P2 and
O3 phases and the formation of a Zn-rich superlattice in the P2
phase, as shown and described further in Supplementary Fig. 8.
The formation of a superlattice in the P2 regions based upon Zn
ordering could explain the increased O3 content in these
materials, since this would change the relative stabilities of the
two phases. Additionally, the stoichiometry will not be homo-
genous across the two phases, since the Zn ordering giving rise to
the superlattice requires a higher Zn content than was in the
target composition, which would result in a higher Zn content in
the P2 phase and lower in the O3 phase. These differences can
explain the higher-than-predicted O3 content in the Zn and Mg-
containing materials.

Overall, the following guidelines should enable the successful
rational design of O3/P2 bi-phasic materials with controlled O3/
P2 ratios:

1. Use the cationic potential predictor to determine composi-
tions close to the divide between P2 and O3 single phases.

2. The radial potential can then be used to predict the effect of
small changes to the Na and TM layer compositions to
increase or decrease the P2 content as desired.

3. Once one or two initial compositions have been synthesised
at a given calcination temperature, a simple linear fit of a
plot of the P2 content against the radial potential should
enable the approximate prediction of P2 content of future
materials, so long as the synthesis route is not altered.

4. Choice of synthesis route, precursors, calcination time, and
temperature can all be used to enable additional tuning of
the O3/P2 ratio.

Electrochemical Performance in Na-ion Batteries. Finally, to
demonstrate the technological importance of these design strate-
gies, example bi-phasic materials with a majority P2 and majority
O3 phase composition were tested electrochemically in half-cell
configurations for sodium-ion batteries (Fig. 3). The sol-gel syn-
thesised P2/O3 bi-phasic materials Na72Ti1Cu1, was chosen as the
example for a majority P2 bi-phasic material, and Na75Ti1Al1, was
used to demonstrate a majority O3 bi-phasic material. We note that
due to the differences in P2/O3 ratio and phase properties, where
P2 typically displays higher voltages than O3 type materials, and
the differences in the TM composition, the optimum voltage
windows were slightly different for the two materials. The majority
P2 Na72Ti1Cu1 material shows excellent cycling stability with 92%
capacity retention over 50 cycles in the potential window of 2.3-
4.2 V (Fig. 3 a,c), with high discharge capacity of 114 mAh g−1

resulting in an energy density of 365Wh kg−1 (based on the mass

Table 2 Solid-state synthesized materials with their sample names, target chemical composition, and actual chemical
composition.

Sample Name Target chemical composition Experimental chemical composition (ICP) Phase Ratio (P2/O3)

SS-Na75Ti1Mg1 Na0.75Mn0.4Fe0.4Ti0.1Mg0.1O2 Na0.76Fe0.43Mn0.40Ti0.10Mg0.08O2 6/94
SS-Na75Ti1Cu1 Na0.75Mn0.4Fe0.4Ti0.1Cu0.1O2 Na0.76Fe0.40Mn0.41Ti0.09Cu0.11O2 47/53
SS-Na75Ti1Zn1 Na0.75Mn0.4Fe0.4Ti0.1Zn0.1O2 Na0.73Fe0.41Mn0.40Ti0.09Zn0.1O2 7/93
SS-Na75Ti1Al1 Na0.75Mn0.4Fe0.4Ti0.1Al0.1O2 Na0.75Fe0.41Mn0.40Ti0.09Al0.1O2 82/18
SS-Na75Ti1Si1 Na0.75Mn0.4Fe0.4Ti0.1Si0.1O2 Na0.82Fe0.41Mn0.43Ti0.09Si0.07O2 100/0
SS-Mn5Fe5 Na0.75Mn0.5Fe0.5O2 Na0.73Fe0.51Mn0.49O2 55/45
SS-Ti1 Na0.75Mn0.5Fe0.5Ti0.1O2 Na0.74Fe0.46Mn0.45Ti0.09O2 53/47
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of the active positive electrode). In addition, the material displayed
excellent rate capability, retaining ca. 70 mAh g−1 even at the high
rate of 500 mA g−1 (Fig. 3d).

The majority O3 bi-phasic material, Na75Ti1Al1, displayed a
very high discharge capacity of 148 mAh g−1, which resulted in
an outstanding energy density of ca. 430Wh kg−1, which is
among the highest known for nickel-free sodium layered oxides,
and comparable to several Ni and/or Co containing Mn/Fe based
materials (Fig. 4 and Supplementary Table 5)16–28. Even with
such a high energy density, cycling stability was good with a
capacity retention of 85% after 50 cycles. However, the rate
capability was much poorer than observed for the majority P2
material, Na72Ti1Cu1, with only 59 mAh g−1 (40% of capacity at
25 mA g−1) retained at 500 mA g−1 (Fig. 3d).

These results demonstrate that our approach can enable the
design of high-performing electrode materials for Na-ion
batteries, which can overcome the traditional disadvantages of
the individual phases. Furthermore, by tuning the P2/O3 ratio,
the performance characteristics of the resulting material can also
be tuned and matched to desired applications. For example, using
a majority P2 phase material such as Na72Ti1Cu1 can enable
high power capabilities and long cycling lifetimes, while targeting
an O3-rich bi-phasic material such as Na75Ti1Al1 can allow for
very high reversible energy densities to be achieved, which would
suit high energy but low power applications.

Conclusion
In conclusion, we have expanded the cationic potential predictor,
recently developed to aid in the design of high Na P2 sodium
layered oxides, to include predictions for the effect of changes in

the chemical composition on the O3/P2 ratio in bi-phasic
materials. This has led us to propose an adapted predictor, the
radial potential, to complement the cationic potential, by focusing
on using the average ionic radius of the TM layer to predict the
effect of compositional changes on the O3/P2 ratio. This sig-
nificantly improved the accuracy of predictions. It was also shown
that synthesis methods and conditions can have a significant
impact on the resulting phase ratios, which means that the radial
potential predictor is best used when two or more data points are
already known for the proposed compositional area. Overall, we
proposed a strategy of combining the cationic potential and radial
potential with careful control of the synthesis conditions to design
high-performing Na-rich O3/P2 bi-phasic sodium layered oxides.
This was demonstrated by the design and electrochemical testing
of a P2-rich (Na72Ti1Cu1) and O3-rich (Na75Ti1Al1) O3/P2
biphasic materials. The P2-rich material showed excellent rate
performance and outstanding cycling stability combined with
high energy density (374Wh kg−1), while the O3-rich material
displayed outstanding energy density of ca. 430Wh kg−1, which
is among the highest reported for Ni-free sodium layered oxides
and comparable to many Ni materials. These results showed how
careful control of the P2/O3 ratio facilitated by the rational design
strategy we proposed can yield high-performing electrode mate-
rials with properties that can be tuned to the desired application.

Experimental methods
Synthesis. Two different synthesis methods were used, sol-gel and
solid-state. This allowed the effect of different synthesis methods
on the resulting O3/P2 ratio to be studied. In addition, the use of
the solid-state method enabled extra dopants, such as Si, to be

Fig. 3 Electrochemical performance of selected bi-phasic materials in Na-ion half cells. Voltage profile for the first cycle of a Na72Ti1Cu1 (2.3–4.2 V) and
b Na75Ti1Al1 (2.2–4.2 V) cycled in a half cell against Na/Na+ at a specific current of 25 mA g−1. c Cycling stability showing the specific discharge
capacities and discharge energy densities based on the mass of the active positive electrode material across 50 cycles. d Discharge capacities resulting
from rate capability testing of Na72Ti1Cu1 and Na75Ti1Al1 at specific currents of 25, 50, 100, 250, and 500mA g−1.
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employed, the precursors of which are not cheaply available and
easy to use in sol-gel synthesis.

Sol-gel synthesis. Materials in the series NaxMn0.4Fe0.4-
Ti0.1M0.1O2, where x= 0.72 or 0.75 and M=Mg, Cu, or Al, were
synthesised using a citric acid sol-gel method. Stoichiometric
amounts of sodium nitrate, manganese nitrate, iron nitrate, and
either aluminium nitrate, magnesium nitrate, or copper nitrate
were dissolved in de-ionized (DI) water and stirred for 10 mins,
with a 2 wt.% excess of sodium nitrate. A stoichiometric quantity
of TiO2 nanopowder was then added to the solution under stir-
ring, and left to homogenize under stirring for a further 10 mins.
Citric acid was dissolved in a separate beaker (using a 1:1 citric
acid to metal molar ratio) before addition to the nitrate solution.
After stirring for 2 h, ammonium nitrate solution was added to
control the pH from 1 to 8. The solution was then left to stir for a
further 2 h, before heating to 80 °C overnight for gel formation.
The gel was then dried at 130 °C for 6 h, before being ground in a
pestle and mortar and calcined under air for 4 h at 500 °C, fol-
lowed by 12 h at 900 °C using a heating/cooling rate of 5 °C/min.
Once cooled to 250 °C, the samples were removed and ground in
a dry room before transferring to an argon-filled glovebox.

Solid-state synthesis. Materials in the series Na0.75Mn0.4Fe0.4-
Ti0.1M0.1O2, where M=Mg, Zn, Cu, Al, Si, and where no M= 0
(Na0.75Mn0.45Fe0.45Ti0.1O2) and no M and Ti= 0 (Na0.75Mn0.5-
Fe0.5O2) were used, were synthesized using a solid-state method.
Stoichiometric amounts of sodium carbonate (with a 2% wt.
excess), Mn3O4, Fe2O3, TiO2, MgO, ZnO, Cu2O, Al2O3, and SiO2

were ball milled for 1 h (400 rpm), pelletized, and calcined under
air for 12 h at 900 °C using a heating/cooling rate of 5 °C/min.
Once cooled to 250 °C, the samples were removed and ground in
a dry room before transferring to an argon-filled glovebox.

Material characterization. Powder x-ray diffraction (XRD) pat-
terns were collected recorded on a PANalytical Empyrean dif-
fractometer in Bragg-Brentano geometry with Cu Kα1 radiation
(λ= 1.5406 Å). Structures were refined by the Rietveld method
using Topas Academic V629. Scanning electron microscopy

(SEM) images of as-synthesized materials coupled with Energy
Dispersive x-ray spectroscopy (EDS) were recorded on a JEOL
JSM-6700F.

(Scanning) transmission electron microscopy, (S)TEM, was
performed on probe-corrected FEI Titan Themis operated at
200 kV and equipped with a CETA CCD camera and Fischionne
M3000 high angle annular dark field (HAADF) detector. HAADF
images were collected with a probe convergence angle of 21.2
mrad and inner/outer collection angles of 36.2 and 200 mrad,
respectively.

Electrochemical characterization. To investigate the electro-
chemical performance of the materials, slurries were prepared
using the active material super C65 carbon and Solef 5130 binder
(a modified polyvinylidene fluoride (PVDF)) in the mass ratio
80: 10: 10 in n-methyl-2-pyrrolidone (NMP), which was cast
onto aluminum foil using a doctor blade. After drying, 13 mm
diameter electrode discs were punched and used to prepare
CR2325 coin cells. All slurry processing, casting, drying,
punching, and coin cell assembly was carried out in an argon-
filled glovebox (O2 < 0.1 ppm, H2O < 0.1 ppm.). Sodium metal
was used as a counter/reference electrode, a glass fiber paper
(Whatman, GF/F) was used as the separator, and 1 M NaPF6 in
ethylene carbonate/diethyl carbonate (1:1 v/v%), Kishida as the
electrolyte. Galvanostatic charge/discharge cycling and cyclic
voltammetry were carried out at 30 °C using a Biologic BCS-805
battery cycler.

Predictor calculations. For the calculation of the values for the
average transition metal layer ionic radius, cationic potential and
radial potential, the standard values for ionic radius and charge
were used for the respective ions, as used in the work by Zhao
et al15. All ions had a fixed charge, apart from Mn, which could
form either Mn3+ or Mn4+, depending on the requirement for
charge neutrality for the synthesised materials. The values used
for each ion are listed in Supplementary Table 1.

Data availability
Data is available from the corresponding author upon request.

Fig. 4 Comparison of the first cycle discharge energy of various Mn/Fe-based sodium layered oxides. Selected materials contained sufficient Na for
reasonable initial coulombic efficiencies, had a high average discharge potential of ca. 3 V or above and good cycling stability of at least 80% retention over
at least 50 cycles. Dark red symbols correspond to Ni and/or Co-containing materials, while green symbols demonstrate that a material is Li, Co, and Ni-
free. Our example bi-phasic materials are highlighted by green circles16–28.
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