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Abstract
The search for highly performing cathode materials for sodium batteries is a fascinating topic. Unfortunately, Na0.44MnO2 
(NMO), the well-known cathode material with good electrochemical performances, suffers from structural degradation 
due to reduction of Mn4+ to the Jahn–Teller Mn3+ ion, limiting the long-term cyclability. The cation substitution can be a 
useful way to mitigate the problem, thanks to the possible stabilization of mixtures of different polymorphs. In this paper, 
NMO was first substituted with Fe ions, obtaining Na0.44Mn0.5Fe0.5O2, with layered structure, then Al, Si and Cu (10% atom) 
were substituted on both Mn and Fe ions. Mixtures of P3 type phases, in different amount depending on dopant, were 
obtained and quantified by Rietveld refinements, and relationships between chemical composition, polymorph type 
and morphology were proposed. Cyclic voltammetry showed broad peaks, due to the complex structural transitions 
consequent to the intercalation/deintercalation of sodium. Charge discharge cycles disclosed the superior performances 
of Cu doped sample, which also benefits from improved air stability, a well-known issue of layered compounds. Discharge 
capacity values of about 63 mAh/g were detected at 1C, and after 50 cycles at C/2, capacities of about 80 mAh/g are 
obtained, with a capacity retention of 86%.
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1  Introduction

Lithium-ion rechargeable batteries (LIBs), the most suc-
cessful power sources of the modern society for portable 
electric devices, cannot be employed for the large-scale 
energy storage due to many drawbacks mainly related 
to lithium element, such as its low abundance, high cost 
and nonuniform distribution on the earth crust. There is an 
urgent need to find an effective alternative.

Very promising candidates for the future replacement of 
lithium technology seem the Na-ion batteries (NIBs) which 

can work with the same ‘rocking chair’ storage mechanism 
of LIBs. Sodium based materials have many different inter-
esting features: they are more abundant, environmental 
friendly and cheap if compared to lithium analogues 
[1–3]. Other advantages of sodium are represented by 
the globally equable distribution of its resources, its suit-
able redox potential [− 2.71 V and − 3.04 V for Na and Li 
versus standard hydrogen electrode (SHE)] and its light-
ness. In addition, sodium does not alloy with aluminium 
and therefore Al foil can be used as current collector for 
both cathode and anode materials, replacing the more 
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expensive and heavier copper, so reducing the costs and 
increasing the gravimetric energy density of the battery. 
However, to make these batteries a concrete reality, it was 
necessary to explore Na ions intercalation compounds, 
luckily starting from the multiple knowledge acquired 
on the analogues LIBs [4]. The most promising positive 
electrode materials are considered the layered transition 
metal oxides NaxTMO2 (TM=Ni, Co, Mn, Fe, Cr and others), 
mainly owing to their great theoretical capacities. Many 
other advantages can be listed: superior structural sta-
bility, high reversibility for Na-ion extraction/insertion, 
unlike their Li analogues, where only LiCoO2 and LiNiO2 
show a good ability to intercalate Li+ ions, high gravimetric 
capacity and simplicity of synthesis. The larger size of Na+ 
(1.02 Å) helps to reduce the cation disorder between Na+ 
ions and the transition metal ions compared to that of Li+ 
(0.76 Å), so supporting the intercalation process. However, 
some drawbacks are represented by the limited cycling 
life, mainly due to the relatively large size and heavy mass 
of Na+ ions and certain air instability [5, 6]. Different tran-
sition metal elements can be chosen and mixed together 
in various ratios in the layers to produce compounds with 
tuneable properties for NIBs. In particular, cheap and 
abundant manganese based cathode materials have been 
investigated since 1970s [7]. One of the most studied is 
Na0.44MnO2 (NMO), with a tunnel opened structure able 
to allow an easy reversible Na+ (de)insertion, that can be 
favourably obtained from many simple synthesis routes. 
Its main strengths are the low cost, eco-friendliness and 
good theoretical capacity (121  mAh  g−1) [8]. Unfortu-
nately, structural degradation and unsatisfactory cycling 
performance can derive from the Jahn–Teller distortion as 
a consequence of the reduction of Mn4+ to Mn3+ during 
the cell functioning. Various approaches have been tried 
to solve this important limitation: the use of nanotechnol-
ogy to reduce the particle dimensions, shortening Na-ion 
diffusion paths and limiting the deformation strain, the 
increase of electronic conductivity through carbon coat-
ing and the metal substitution that, by the decrease of 
Mn3+ content, can stabilize the crystal structure [9]. For 
layered compounds the cation substitution can produce 
different kind of polymorphs, also depending on the 
experimental synthesis conditions as well as, particularly 
in the case of multiple and complex substitutions, mix-
tures of P and O phases (following the Delmas notation), 
[10] so, also for the tunnel structures, a similar behaviour 
could be expected [11, 12]. Different elements can be cho-
sen for the substitution on Mn sites and, in the literature, 
many kind of chemical compositions are proposed [4]. It 
was reported, for example, that Fe ions could improve the 
capacity values as a consequence of the introduction of 
Fe3+/Fe4+ active redox couple, differently from the Li ana-
logues [13–15]. Al3+ and Si4+ ions could instead segregate 

on the particles surface forming a coating layer that could 
limit the Mn dissolution into the electrolyte, another well-
known issue of Mn based oxide materials. The doping with 
Cu2+ ions seems to improve the air stability, so reducing 
the costs related to the storage and transportation of air 
sensitive materials [16, 17].

I n  t h i s  p a p e r,  we  s y n t h e s i ze d  u n d o p e d 
Na0.44Mn0.5Fe0.5O2 and Na0.44Mn0.45Fe0.45M0.1O2 (M=Al, Si 
and Cu) doped compounds. Al and Si ions as substitut-
ing elements, as far as we know, are employed for the first 
time in the chemical composition Na0.44MO2. The samples 
were characterized by using X-ray powder diffraction with 
Rietveld structural refinements, to identify and quantify 
the phases. SEM/EDS were used to examine the particles 
morphology and the elements homogeneity into the par-
ticles. Raman spectroscopy allowed us to verify the octa-
hedral local changes eventually introduced by the dopant 
ions and by the laser heating. Electrochemical measure-
ments (cyclic voltammetry and charge–discharge cycles) 
were useful to determine the effect of dopants on cycling 
performances.

2 � Experimental

2.1 � Syntheses

Na0.44Mn0.5-(x/2)Fe0.5-(x/2)MxO2 (x = 0 or 0.1) samples were 
synthesized by means of solid state (undoped and Cu) and 
sol–gel (Al and Si) syntheses.

For a typical solid state synthesis, Na2CO3 (with 10 wt% 
excess), Fe2O3, MnO and CuO (in case of doping, in the 
proper amount) were weighted and mixed in a ball milling 
apparatus (Fritsch, Pulverisette 7). The milling process was 
performed at 400 rpm for 1 h in tungsten carbide jars and 
balls. The mixture was then transferred into an alumina 
boat and treated in oven in air at 800 °C for 12 h (ramps of 
5 °C/min heating, 10 °C/min cooling).

For the sol–gel synthesis, NaNO3, Mn(NO3)2 4H2O, 
Fe(NO3)3 9H2O with Al(NO3)3 9H2O or TEOS (tetraethyl 
orthosilicate) and citric acid (2:1  mol with respect to 
the sum of all the cations) were dissolved in a minimum 
amount of water and magnetically stirred overnight at 
about 80 °C. The obtained dry gel was treated in oven at 
300 °C for 3 h to remove the organic component, then at 
750 °C for 12 h.

All the obtained samples were preserved in a glovebox 
(MBraun, O2 < 1 ppm, H2O < 1 ppm) to avoid the contact 
with moisture.

I n  t h e  f o l l o w i n g ,  N a 0 . 4 4 M n 0 . 5 F e 0 . 5 O 2 , 
Na0.44Mn0.45Fe0.45Al0.1O2, Na0.44Mn0.45Fe0.45Si0.1O2 and 
Na0.44Mn0.45Fe0.45Cu0.1O2 will be named NMFO, NMFO-Al, 
NMFO-Si and NMFO-Cu, respectively.
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2.2 � Instruments

X-ray powder diffraction (XRPD) measurements were col-
lected on a Bruker D5005 diffractometer with CuKα radia-
tion (40 kV, 40 mA), graphite monochromator and scintil-
lation detector. The angular range was 10–70°, the step 
size 0.03° and counting time 2 s/step and use was made 
of a silicon sample holder with low background. TOPAS 
3.0 software [18] was used to perform the Rietveld struc-
tural and profile refinement based on the known P and O 
crystal structure models for layered materials [1, 10]. The 
background coefficients, scale factor, zero or displacement 
error, lattice parameters, crystallite sizes, isotropic thermal 
factors and atomic positions were varied during the refine-
ment. The Na occupancies were varied with suitable con-
straints, while those of the other sites were maintained 
fixed to stoichiometric values. XRPD patterns were also 
collected after storage in air for one month, to verify the 
materials stability in air.

A Tescan Mira3 Scanning Electron Microscope (SEM) 
was used for the morphological study on gold sputtered 
samples. Energy-Dispersive X-ray Spectroscopy (EDS) anal-
ysis was also performed with the same instrument on as 
it is powder samples.

Room temperature micro-Raman spectra were per-
formed by means of a Labram Dilor spectrometer 
equipped with an Olympus microscope HS BX40. The 
Raman signals were excited by the 632.8 nm red light from 
a 25 mW He–Ne laser. A cooled CCD detector with 2048 
pixels was used as a detector determining also a spectral 
resolution at about 1 cm−1. The reported spectra were 
obtained with typical integration times of about 60 s and 
averaged over 3 runs. The spatial resolution of sampling 
was around 2 μm diameter due to the focussing of the 
laser by a 50X objective.

The slurries for the electrochemical measurements were 
prepared by mixing the active materials (NMFO or doped 
analogues) with carbon Super C65 and Polyvinylidene 

fluoride (PVdF) binder in a weight ratio of 80:10:10 in 
N-methyl-2-pyrrolidone (NMP, Aldrich, anhydrous). Carbon 
and PVdF were treated in oven overnight at about 70 °C to 
remove the eventual absorbed moisture. The dispersions 
were magnetically stirred for about one hour, afterwards, 
coated on an aluminium foil by using a homemade doc-
tor blade, maintained overnight at room temperature in a 
vacuum oven, then dried in the same apparatus at 100 °C 
for 1 h and hot pressed with 200 psi at 95 °C for 5 min. 
The electrodes were cut in form of discs (1 cm of diam-
eter), with a mass loading of about 2 mg/cm2. Swagelok 
cells were assembled in dry box under argon atmosphere 
(MBraun, O2 < 1 ppm, H2O < 1 ppm) with the prepared slur-
ries as working electrode, Na metal as the reference and 
counter electrode and a Whatman GF/A disc as the separa-
tor. The electrolyte was 1 M NaPF6 in propylene carbonate 
(PC).

Cyclic voltammetry (CV) was performed at a scan rate 
of 0.1 mV/s for six cycles in the potential range 1.5–4.8 V 
by using an Autolab PGSTAT30 (Eco Chemie). For galva-
nostatic charge–discharge tests, the Swagelok cells were 
cycled on a Neware battery tester in the 1.5–4.8 V potential 
range for 10 cycles at C-rates between C/2 and 5C.

3 � Results

3.1 � XRPD

The XRPD patterns of all the synthesized samples are com-
pared in Fig. 1a–d curves: some similarities are evident, in 
particular the main peak at about 16° is common to all the 
patterns, as well as those at about 37° and 45°. Differences 
can be anyway observed, particularly for the undoped and 
NMFO-Cu samples, suggesting that the introduction of a 
small amount of dopant is able to introduce pronounced 
structural changes. It seems that Si and Al ions, due to their 
patterns’ similarity, cause a similar structure stabilization, 

Fig. 1   XRPD patterns of all the 
synthesized samples before 
(a–d) and after (a’–d’) air 
exposure. The letters indicate a 
NMFO, b NMFO-Al, c NMFO-Si 
and (d) NMFO-Cu samples
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while undoped and Cu doped have different patterns. In 
all the cases, however, a complex phases’ stabilization can 
be supposed. This behaviour was expected [19, 20], and 
also desired: in fact, for similar cathode materials, small 
deviations from sodium stoichiometry as well as the cation 
substitution can produce mixtures of phases, which can be 
beneficial for the electrochemical application [1, 3].

In order to precisely determine the kind of structures as 
well as their amount (plus, in some cases, traces of impurity 
phases), Rietveld structural refinements were performed 
on all the samples on the basis of the P and O structural 
models reported in the literature [10, 14, 19]. It is well-
known that the most common NaxMeO2 layered structures 
are built up of sheets of edge-sharing MeO6 octahedra, 
and polymorphism appears when the sheets are stacked 
with different orientations along the c-axis direction. The 
Na/Me ratio, as well as the chosen synthesis conditions, 
could drive the formation of a peculiar structure or mix-
tures of them. P-type phases are in general stabilized for 
x ≤ 0.6–0.7, while O-type for x ≈ 1 [1]. In particular, P2, con-
sidered the most stable phase, has the lowest energy in 
the region 1/3 < x < 2/3, while after removing all Na-ions 
(x = 0), O2 is instead the most stable. O3 phase converts, 
during cycling, into P3, which can be however also synthe-
sized by conventional solid-state reaction [3, 21].

In Fig. 2 the comparisons between the experimental 
pattern (blue) and the calculated one (red) on the basis 

of the Rietveld method are reported for all the samples, 
together with the difference curve (grey) and the bars of 
the expected reflections positions for all the phases. In 
Tab. 1 the main structural parameters and the goodness 
of fit (GoF) are shown. We should take into account that 
multiphase refinements are common in the literature, 
but the actual cases are complex, because the involved 
polymorphs are structurally similar, with extended peaks 
overlapping, making the quantitative analysis a challenge. 
The graphical comparisons are good, suggesting reliable 
structural refinements, as demonstrated by both the differ-
ence curves, as well as by the GoF values, the most reliable 
agreement index, all close to 1, the reference value. The 
samples are constituted by a mixture of phases, mainly of 
the P-type, i.e. with Na ions in prismatic coordination [10]. 
This is expected, due to the Na amount of 0.44, favouring 
such kind of coordination. Only for NMFO the O3 phase is 
detected, as demonstrated by the intense peak at about 
42°, a marker for this phase. In Tab.1 the Na amount of the 
different polymorphs is also reported, as determined from 
the Na occupancy variations during the refinements. It is 
evident that almost all the P-type phases contain a sodium 
amount of about 0.4, while the O3 phase is more sodiated, 
as expected on the base of literature [1].

From Table 1 it can be seen that the crystallite sizes of 
the phases in a sample are similar, particularly for NMFO-
Cu and NMFO-Al, suggesting a similar structural ordering 

Fig. 2   Comparison between 
the experimental (blue) and 
the calculated (red) patterns 
on the base of the Rietveld 
refinement for all the samples. 
The difference curve (grey) and 
the bars of the expected peak 
positions of all the coexisting 
phases are reported in the 
bottom. The stars indicate the 
Fe3O4 reflections
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degree of the coexisting layered polymorphs. Values 
between 50 and 80 nm are determined, apart from NMFO-
Al, which has halved values and, in general, low crystallin-
ity. The lattice parameters of the P3 phase are practically 
the same in all the samples, apart again from NMFO-Al in 
which the c- axis is the longest one.

The absence of impurity phases containing the dopant 
ions suggests that the substituents are hosted in the lay-
ered structures, but finding their right location is a difficult 
task, also due to their small amount. Notwithstanding the 
Al, Si and Cu ions preference towards tetrahedral or planar 
coordination, small amount of them could easily locate 
also on octahedral sites, as also found in other papers for 
similar layered materials [16, 17].

Layered compounds are known to possess low stabil-
ity when exposed to moisture, so it is mandatory to stock 
them in dry box. To verify if the dopant ions improved the 
air stability, the samples were maintained one month in 
air after their preparation, then the XRPD patterns were 
collected (Fig. 1a′–d′). It is evident that in almost all the 
cases significant differences appear, suggesting that deg-
radation occurred. For undoped NMFO, a good stability is 
proved, even if the formation of the broad band centred at 
about 12° could suggest a tendency towards degradation. 
The peak at about 13°, typical of “hydrated phases” [3, 22], 
is clearly evident in NMFO-Si and NMFO-Al samples, and 
in this last one the main peak at about 16° is completely 
absent. It seems that these dopant ions could increase the 
degradation rate of the samples, maybe due to a possi-
ble formation of layered polymorphs with slightly differ-
ent dopant content that differently distribute on surface 
and bulk of the samples. So, if higher substituent amount 
is present on the surface, due to their easy tendency of 
reaction towards moisture, the degradation could be more 
rapid. For NMFO-Cu the patterns are practically coincident, 
suggesting the high stability of the sample, due to the 
favourable effect of Cu ions [17, 23].

3.2 � SEM–EDS

SEM analysis was performed on all the samples to verify 
the eventual doping effect on the particles’ morphology. 
In Fig. 3 the micrographs at two different magnifications 
are reported. A high agglomeration level is evident: all the 
samples are constituted by large particles, in turn made of 
smaller ones. NMFO shows flat flake-like grains, partly vis-
ible also in NMFO-Al. For this last one, some sticks are also 
present, together with aggregates of spherical particles, as 
well as for NMFO-Cu, that shows most spherical particles. 
The external morphology of particles is clearly depend-
ent on different parameters, such as temperature, time, 
chemical composition and structure but, in our experi-
mental synthesis conditions, the markedly different aspect 

of NMFO sample could suggest that the peculiar flake-like 
morphology may belong to O3 type phase, the prevail-
ing in NMFO sample, as also found in the literature for 
another O3 phase [24]. For the other samples, containing 
only P-type phases no particular structure-morphologies 
relationships can be found.

To verify the dopant amount and its distribution into 
the powders, EDS analysis was performed (Fig. 4 for NMFO 
and NMFO-Cu and Fig. S1 and S2 for NMFO-Al and NMFO-
Si, respectively). The spectra were collected in different 
points of the samples: for simplicity, when similar compo-
sitions were detected, only one example will be shown. 
The spectra show that all the elements (Na, Mn, Fe, O and 
dopants) are present, in general in the stoichiometric ratio, 
suggesting also that stoichiometric sodium was preserved 
in the sample. Undoped NMFO has the expected chemi-
cal composition, as well as NMFO-Al sample, in which the 
determined stoichiometry is in great agreement with the 
expected one (Figs. 4 and S1). For NMFO-Si, silicon loss 
occurred: its amount is halved with respect to the stoichio-
metric one, suggesting a possible silicon leak during the 
synthesis, probably due to the affinity of silicon towards 
the glass beaker used during the sol–gel synthesis. The 
NMFO-Cu sample apparently presents some inhomoge-
neity: at least two different regions were determined, one 
with a high Na amount and stoichiometric Cu and the 
other with lower Cu amount and stoichiometric Na.

The dopants are not present as separated phases (such 
as oxides), as evident from the similarity of composition 
from different sample points, as well as from XRPD data, so 
suggesting their incorporation into the layered structures.

3.3 � Micro‑Raman

The Raman spectra can be analysed in comparison with 
the Raman signal from the NMO parent compound. 
Its spectrum is dominated by two bands, centred at 
550–600 cm−1 and 620–650 cm−1, due to the transition 
metals located into octahedral sites. The first one, usually 
less intense, is attributed to Mn–O vibrations in the basal 
plane of MnO6, the second one to Mn–O stretching modes. 
Weaker signals, detected at lower energies, are mainly due 
to bending modes of Mn–O bonds.

In the NMFO spectrum (Fig. 5) a broad signal is observed 
at about 600 cm−1 likely due to the overlapping of the 
stretching modes inside the octahedral units, but involv-
ing different cations (Mn and Fe), present in equal amount 
into Na0.44Mn0.5Fe0.5O2. A small peak at about 1100 cm−1 
can be due to traces of Na2CO3. After the irradiation of the 
powder with the laser at the maximum power, the spec-
trum has low intensities and is dominated by the only peak 
at about 630 cm−1. The contribution of the vibrations into 
the basal plane is practically vanished, suggesting the 
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Fig. 3   SEM images at two dif-
ferent magnification (5 and 20 
kX) of all the prepared samples
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increase of disorder or at least an increased lattice distor-
tion. The carbonate band is also absent, due to its possible 
decomposition because the local heating.

The NMFO-Al and NMFO-Si Raman spectra are very 
similar (Fig. 5). The main peaks are the same identified in 
the NMFO sample. The small peaks at low Raman shifts 
values are due to traces of hematite, as also detected by 
XRPD (Table 1). Also in this case the laser heating causes 
a decrease of the whole Raman yield and a red shift can 
be observed. Another important observation is related 
to the low number of bands, suggesting that the applica-
tion of the maximum power of laser could help to com-
plete the chemical reaction. All the peaks in the Raman 
spectrum of NMFO-Cu sample can be attributed to the 
layered oxide structure, without evidence of secondary 
phases. The laser at the maximum power produces the 
same effects as for the other samples.

By closely inspecting the band at about 600 cm−1, 
one can notice that a different relative ratio of the 
two components is observed. Indeed, for the doped 
samples, the intensity of the Raman band peaked just 
below 600 cm−1, usually attributed to the vibrations in 
the octahedral basal plane, increases with respect to the 
intensity of the higher energy component. According to 
ref.19, the relative ratio of these two components can 
be considered as a marker of the local lattice distortions 
around Mn and Fe ions. In the undoped samples this 
ratio is low, being the A1g mode at 635 cm−1 markedly 
higher. This indicates that a severe distortion character-
izes the octahedra in the pure compound. On the con-
trary, the effect of doping seems to cause a reduction in 
the distortion and a consequent relative increase in the 
intensity just below 600 cm−1. This evidence is clearly 
related to the different kind of phases involved in the 

Fig. 4   SEM images, EDS spectra and tables with the atomic composition for the NMFO and NMFO-Cu samples
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samples: NMFO is mainly constituted by the O3 poly-
morph, while the doped samples by mixtures of P phases 
(Tab. 1). In the undoped sample, O3 phase seems to have 
a pronounced Jahn–Teller distortion that produces an 
asymmetry of the modes around 600 cm−1, in particular 
that at 635 cm−1 is very high, more than in the P-type 
phases.

3.4 � Cyclic voltammetry

Cyclic voltammetry was used to verify the electrochemi-
cal processes that occur in the samples and to possibly 
attribute them to specific redox couples. In Fig. 6A–D the 
curves of the six CV cycles of all the samples are shown. 
All the curves show broad peaks, with two main couples 
of peaks well evident in all the samples. Notwithstanding 
the difficulty to precisely assign the phenomena, it can 
be stated that the peak at about 3 V can be due to the 
Mn3+/Mn4+ redox couple, while the one at about 4.2 V 
to Fe3+/Fe4+ [13, 14]. The large broadening can suggest 
that the electrochemical phenomena occurs in a wide 
potential window, due to the coexistence of structur-
ally different phases in the samples, as demonstrated 
by XRPD (Table 1), which causes a distribution of the 

potential values corresponding to the same phenom-
enon. This effect is well known in the literature [24]. 
Only for NMFO-Cu sample, the peak at higher potential 
is more defined, clearly showing the discussed over-
lapping of phenomena, attributed to different phases. 
Taking into account that the sharpness of a peak is an 
index of the invariance in the free energy associated with 
the electrochemical reaction, and secondly, that most 
of the aforementioned free energy is given by the site 
energy, we can assume that the structure of NMFO-Cu 
upon cycling is less distorted than the other samples. 
The NMFO-Al sample has a very low intensity: we can 
hypothesize that, if some Al inhomogeneity onto the lay-
ered polymorphs was present and the Al richer reside on 
the particle surface, a sort of “coating” could be obtained 
reducing the global signal intensity [25]. Passing from 
the first to the sixth cycle the peak intensities tend to 
decrease, particularly for the Fe3+/Fe4+ redox couple, but 
also shifts towards lower or higher potential values can 
be detected. These effects are related to the structural 
changes occurring during cycling: in particular, for the 
anodic scan, the decrease in the electrochemical poten-
tial means an increase in the energy site. The increase 
in the site energy can negatively affect the long-term 
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stability. It seems that the intensity decrease during 
cycling can be limited by the dopant introduction into 
the crystal lattice, in particular for Cu doping, that has 
the better reversibility. In Fig. 6E the comparison of the 
normalized third cycles of all the samples is shown (as 
mentioned, the current density would be much lower for 
NMFO and NMFO-Al, hindering an efficient comparison). 
Both the Si- and Cu- samples show higher peak resolu-
tion, hence sharper peaks. As already mentioned, this 
can be an index of higher structural stability. Another 
indication of better performance is given by the lower 
and flatter background current at the high- and low-end 
of the voltammogram, which suggests smaller cell resist-
ance manifested as a lower ohmic drop. The better per-
formance of these samples can also be explained with an 
improved electron conductivity, which can be foreseen 
in the lower ohmic drop. The little differences between 
the peak potentials can be attributed to the influence of 

the dopant ions, slightly altering the M–O bond energies 
and affecting the site energy.

3.5 � Charge–discharge cycles

To evaluate the influence of dopants on the electrochem-
ical performance of the materials, charge–discharge 
cycles were performed for all the samples at different 
C-rates (Fig. 7). The theoretical capacity of the undoped 
Na0.44Mn0.5Fe0.5O2 is 121 mAh/g, practically unchanged 
when small dopant amount are introduced. It is well 
evident that at the lowest C rate (C/10) the best perfor-
mance is shown by NMFO-Cu, followed by NMFO-Si with 
discharge capacities very close to the theoretical one. 
NMFO-Al and NMFO show in general much lower capac-
ity values, even at the lowest C-rates. For the Al doping the 
charge–discharge measurements reinforce the hypothe-
ses made about CV curves: it is very likely that Al ions seg-
regate on particle surface forming a coating layer inhib-
iting Na intercalation/deintercalation, hence worsening 

Table 1   Lattice parameters, 
weight amount, crystallite 
sizes and Na amount 
in NaxMn0.5Fe0.5O2 and 
NaxMn0.45Fe0.45M0.1O2 obtained 
from Rietveld refinements 
for all the samples, together 
with the goodness of fit (* 
secondary phase, not relevant 
to the discussion)

Phase amount/
wt%

Na amount Lattice parameters/Å Cry size/nm GoF

NMFO
O3 69 0.55 2.9270(4)

16.7255(39)
72(4) 1.5

P3 31 0.20 2.9269(5)
16.8524(56)

50(3)

NMFO-Al
P3 21 0.35 2.8944(6)

17.0709(65)
22(1) 1.09

P’3 78 0.4 5.0646(17)
2.8159(10)
5.8922(61)
105.98(8)

20(1)

Fe2O3* 1 – –
NMFO-Si
P3 82 0.4 2.9089(2)

17.0253(28)
50(1) 1.19

P’3 15 0.4 5.0754(18)
2.8500(11)
5.9277(21)
106.76(3)

80(1)

Fe2O3* 3 – –
NMFO-Cu
P3 32 0.4 2.9083(2)

16.9341(22)
67(2) 1.23

P’3 59 0.45 5.0022(14)
2.9923(4)
5.7968(53)
105.07(5)

60(4)

P2 6 0.4 2.9067(5)
11.5519(70)

70(3)

Fe3O4* 3 – –
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its performance. The better performance is shown at 
all the C-rates by NMFO-Cu sample, that even at 2C has 
a discharge capacity of about 45 mAh/g. At the highest 
C values (5C) all the doped samples have similar capaci-
ties. After cycling, when 10 cycles are again performed 
at C/2 all the samples can recover the initial capacities, 
suggesting reversible structural changes and a stable and 
strong lattice framework. The capacity loss during cycling 

is a phenomenon related to the reactions between the 
manganese-rich cathode and the electrolyte, promoting 
the dissolution of manganese ions into the electrolyte, 
followed by their migration and deposition at the anode, 
which results in a significant capacity loss.

A prolonged cycling was performed for the most prom-
ising samples: NMFO-Cu and NMFO-Si were cycled for 50 
cycles at C/2 (Fig. 7). The capacity values are well stable, 

Fig. 6   CV curves of the six cycles of A NMFO, B NMFO-Al, C NMFO-Si and D NMFO-Cu samples in the potential range 1.5–4.8 V at 0.1 mV/s; 
E comparison between the third cycle of all the samples
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only a slight decrease can be evidenced in both cases: 
a capacity retention of about 86% and 80% can be cal-
culated. The comparison with NMFO shows the positive 
effect of the addition of other cations on the performance.

The Silicon substitution was never reported for this kind 
of materials: we suppose that its influence can be mainly 
expressed on the bonds strength. The copper instead can 
help to suppress the Jahn–Teller effect of Mn3+ and pro-
vide its contribution to the capacity values, because Cu2+/
Cu3+ redox couple is electrochemically active. In addition, 
the improvement of the air stability of the material, as 
determined by XRPD, is a very tempting result.

Almost all the samples show quite large irreversibility 
in the first couple of cycles. The origin of such a problem 
can be spotted from Fig. 8. The 1st charge greatly differs 
from the others, likely because of the phase evolution dur-
ing cycling: the original mixture of phases (P3 and P’3 for 
most samples, occasionally with some O3 or P2 amount) 
converts into low Na/f.u. phases (up to Mn0.5Fe0.5O2 and 
the correlated doped samples, theoretically) and then 
back to a higher sodium content one during discharge. 
Due to the electrochemical nature of the sodiation, which 
is well-known for affecting the formation of metastable 
phases that cannot be obtained outside electrochemical 
cells, a different mixture of phases is the starting point for 
the 2nd cycle. It can be inferred that the electrochemically 
re-sodiated phases are less electrochemically active than 
the starting active material, for which larger capacities are 
always obtained.

4 � Discussion

NMO is a well-known material in NIBs with encouraging 
electrochemical properties, but with some drawbacks, 
in particular the Jahn–Teller distortion accompanied by 
the reduction of Mn4+ to Mn3+ inducing the failure of 

Na0.44MnO2 lattice upon Na+ intercalation, resulting in 
unsatisfactory cycling performance [9, 22]. The doping is 
considered as a good way to mitigate this problem. In our 
paper, the choice to introduce Fe ions into NMO lattice 
is due to the will to improve the cell operational voltage, 
up to at least 3.56 V or higher. This introduction, however, 
produced the structure change, from S-tunnel type to 
layered one. The original NMO structure, to mainly pre-
serve its high air stability, can be maintained by the use 
of proper dopant, such as Ti [1, 26]. In our case instead, 
we were interested in stabilizing layered phases, and all 
the chosen dopant (Al, Si and Cu) provided samples that 
offer interesting hints for discussion. First, all of them are 
easily substituted into NMFO lattice, inducing slightly dif-
ferent phases stabilization. NMFO-Al and NMFO-Si have 
two opposite behaviour: for the first one the preferred 
phase is P’3, while for Si doping it is the “regular” P3. The 
differences between these two layered polymorphs reside 
in the different crystal symmetry, monoclinic for the P’3 
and hexagonal for P3 and, for this reason, P’3 is referred 
in the literature as a distorted form of P3 [27]. To explain 
the preference towards one of these polymorphs, we can 
perform some hypotheses based on charge balance into 
layered materials. In NMFO we can expect the presence of 
Mn4+ and Fe3+ in equal amount. When a trivalent cation 
(Al3+) is introduced on both Mn and Fe sites, there is the 
need to increase the amount of 4+ cations (such as Fe4+) or 
to produce oxygen vacancies. In both cases, we can expect 
some distortion of the octahedra, due to the Jahn–Teller 
Fe4+ ions or to the lack of oxygen. This could be the rea-
son of the lowering of the phase symmetry. When instead 
a tetravalent cation (Si4+) is used as a substituent, it can 
induce the reduction of Mn to Mn2+, well stable in regu-
lar octahedral sites, so allowing to maintain the “regular” 
P3 lattice. The reduction of Fe3+ to Fe2+ seems less likely. 
For Cu doping (Cu2+) a hybrid situation is detected: both 
P3 and P’3 polymorphs are formed in significant amount, 

Fig. 7   Discharge capacity values at different C-rates (NMFO, black; NMFO-Al, red; NMFO-Si, blue and NMFO-Cu, green) and long cycling (50 
cycles) at C/2 for NMFO-Cu (green) and NMFO-Si (blue), compared with NMFO (black)
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even if with the preference towards the monoclinic phase. 
Copper inhibits the Mn reduction, favouring instead Fe4+ 
or oxygen vacancies formation. So, we can expect the P’3 
preferred stabilization, but the presence of Na inhomo-
geneity in the sample stabilizes also the P3 phase. It was 
demonstrated from EDS measurements (Fig. 4), that two 
phases with slightly different chemical compositions of Na 
and Cu are stabilized, probably corresponding to P3 and 
P’3 polymorphs. The NMFO-Cu sample is the most prom-
ising, for what concern air stability and electrochemical 
performances. The first aspect, even if not mandatory 
for electrode materials assembled in the cell under inert 
conditions, can be useful for handling the material during 
the synthesis steps and the slurries preparation. The high 
structural stability in air does not seem to be related to the 
polymorph type (which are very similar in all the prepared 
samples), but could be related instead to the synthesis 
route (solid state for the most air-stable samples).

For what concerns the electrochemical behaviour of 
NMFO-Cu, both the rate capability test and the long-term 
cycling show satisfactory results: at 1C, 60mAh/g of capac-
ity can be obtained, while for the prolonged cycling at C/2, 
a capacity retention of about 86% is determined after 50 
cycles.

5 � Conclusion

In the present paper, we demonstrated that the use of sub-
stituents in a classical cathode material for NIBs allowed to 
stabilize mixtures of layered polymorphs. Si and Cu sub-
stitution into Na0.44Mn0.5Fe0.5O2 seems the most promis-
ing, this last one producing higher capacity values and 
improved air stability. The copper substitution, in particu-
lar, can be considered an advisable method to suppress 
surface side effects and improve the electrochemical prop-
erties of manganese-rich materials.
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