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ABSTRACT: Modern technologies that can replace state-of-the-art Li-ion batteries (LIBs),
such as Na-ion batteries (NIBs), are currently driving new advancements in energy storage
research. Developing functional active materials having sustainable features and enhanced
performances able to assess their exploitation in the large-scale market represents a major
challenge. Rationally designed P2-type layered transition metal (TM) oxides can enable high-
energy NIB cathodes, where the tailored composition directly tunes the electrochemical and
structural properties. Such positive electrodes need stable electrolytes, and exploration of
unconventional room-temperature ionic liquid (RTIL)-based formulations paves the route
toward safer options to flammable organic solvents. Notwithstanding the fact that Li+ doping
in these materials has been proposed as a viable strategy to improve structural issues, an in-
depth understanding of structure−property relationship as well as electrochemical testing
with innovative RTIL-based electrolytes is still missing. Herein, we propose the solid-state synthesis of P2-Na0.84Li0.1Ni0.27Mn0.63O2
(NLNMO) cathode material, which exhibits promising structural reversibility and superior capacity retention upon cycling when
tested in combination with RTIL-based electrolytes (EMI-, PYR14-, and N1114-FSI) compared to the standard NaClO4/PC. As
unveiled from DFT calculations, lattice integrity is ensured by the reduced Jahn−Teller distortion upon Na removal exerted by Mn4+

and Li+ sublattices, while the good redox reversibility is mainly associated with the electrochemically active Ni2+/Ni3+/Ni4+ series
burdening the charge compensation upon desodiation. By declaring the electrochemical compatibility of the P2-NLNMO cathode
with three RTIL-based electrolytes and dissecting the role of Li/Ni/Mn sublattices in determining the electrochemical behavior, our
comprehensive study enlightens the potential application of this electrode/electrolyte setup for future high-energy NIB prototype
cells.

1. INTRODUCTION
Research in secondary batteries is being enriched over past
decades by dynamic development of different chemistries and
systems, as well as the optimization of related active materials
and their operating principles.1 Since the pioneering Li-ion
batteries (LIBs) have been powering all modern portable
electronic devices and electricity-propelled vehicles, Na-ion
batteries (NIBs) with cell configuration and working
mechanisms similar to LIBs have emerged as ideal alternatives,
likely but not exclusively, for large-scale energy storage
systems.2,3 The advantage of NIBs mainly resides in the
remarkable cost reduction of raw materials, comprising either
the sodium resources abundantly distributed in Earth's crust
and the less expensive transition metals (e.g., manganese,
nickel, and iron) solely required to fabricate high-performance
cathode materials.4 The unprecedented demand for lithium
and other critical materials has driven new frontiers of energy
storage toward sustainability and triggered the commercializa-
tion of NIBs as promising post-lithium technology.5 Besides,
cost reduction, increased energy density and improved cycling
stability as well as safety are highly pursued features, which

have put layered sodium TM oxides (NaxTMO2) in the
spotlight of advanced cathode research.6 Several key aspects
still characterize this family of materials, including irreversible
phase transformations during cycling, poor air stability, and
complex charge-compensation mechanisms.7 Fundamental
understanding of degradation behavior upon cycling and air
exposure,8 correlating structure-performance relationships, and
establishing general design strategies must be considered for
their effective exploitation in commercial NIBs.9 Recent
progress in this field has highlighted critical factors that
would balance the overall material efficiency.10 General
consensus exists on the key role of chemical composition at
TM sites, where both ratio and nature of involved TM redox
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couples are known to sensibly affect the phase stability and
structural retention during subsequent Na insertion/extraction
from the layered lattice.11,12 How the NaxTMO2 stoichiometry
determines the physicochemical properties as well as the
electrochemical response is decisive for the cell performance.13

In particular, Mn- and Ni-containing NaxTMO2 have been
frequently investigated because of the enhanced energy density
resulting from high operating potential and relatively large
reversible capacity.14−17 However, P2 polymorphs usually
exhibit staircase potential curves due to multiple phase
transitions upon Na-ion insertion and extraction, which lead
to decreased cycling stability. To suppress severe structure
transformation, Li+ can be introduced to partially substitute
Ni2+ in the TM layer thanks to similar ionic radius.18,19

Simultaneously, lithium ions also enter intrinsic Na+ vacancies
in the Na layer, which results in the disruption of Na+/vacancy
ordering of the more stabilized structure.20 Several Li-
substituted NaxTMO2-layered oxides have been investigated,
with a promising specific capacity of 100−120 mAh g−1

achieved in the 2.0−4.2 V potential range18,21,22 and stable
cycling for 50 cycles.19 Structural benefits in Li-doped
NaxTMO2 also comprise the steady and long-term cycling
that can be achieved at a relatively high voltage range,23 which
is usually characterized by subtle irreversible oxygen evolution
processes. Generally embodying a debated topic, the anionic
redox activity can represent a source of additional energy
density, provided that the tunable and controlled evolution of
oxide oxidation reactions can prevent undesired side effects of
structure collapse.24−26

From a practical point of view, the current synthetic
procedures have made significant progress in terms of handling
and tunability of the resulting structures. These layered oxides
can be usually prepared by different approaches, including
coprecipitation of the TM(OH)2 produced by controlled
titration of TM nitrates with NaOH solution,19 sintering of
TM(OH)2 nanoplate precursors and alkali metal carbonates,27

or solid-state reactions employing carbonates and oxides of
corresponding TM and alkali metals.18,28 The solid-state
method is one of the most widely used approaches for the
production of active electrode materials. It typically includes
mixing of the starting materials and heating of precursors,
followed by annealing or quenching, thus allowing to achieve
high degrees of crystallinity, low defect concentration, and
highly pure phases.29 While a general picture for the design
and production of efficient NaxTMO2 materials with desired
properties is rapidly taking shape, the predictive power of
computational approaches can be helpful in assisting the
experimental investigations.13 By gaining access to the
electronic structure of materials, ab initio simulations can
unveil the mechanistic details of sodiation/desodiation at the
nanoscale, outline rational descriptors to predict main
properties from the chemical structure, and identify driving
factors toward the optimization of required features (i.e.,
stabilization of oxygen electron holes, suppression of TM
interlayer migration, and increased TM−O bond cova-
lency).30−38 To our knowledge, advanced characterization
studies on P2-type layered Li-doped NaxTMO2 are at an early
stage, while the emerging interest for efficient and stable NIB
cathodes would call for wide investigations of their underlying
properties, as well as ultimate application in real devices. So far,
electrochemical testing has been solely carried out with
conventional electrolytes, such as aprotic solutions of NaPF6
or NaClO4 salts in organic carbonates.18,19,27,28 Exploring the

compatibility with innovative RTIL-based electrolytes would
undoubtedly meet the safety and sustainability requirements
established for the new generation battery targets.39,40 As low-
volatile and essentially nonflammable organic salts with
extremely low melting points, RTILs are highly structured
fluids composed of large and soft cations and anions, the
chemical and physical properties of which can be tuned
depending on the adopted composition (as reported in the
literature).41 Among many investigated combinations, pyrro-
lidinium (PYR)- and imidazolium (EMI)-based cations, with
bis(trifluoromethanesulfonyl) and bis(fluorosulfonyl) imides,
namely, TFSI and FSI anions, are the most widely adopted in
battery devices because of the low interfacial resistance, good
transport properties, and outstanding ability toward formation
of a stable solid-electrolyte-interphase (SEI) layer.42−45

With these premises, we hereby present a comprehensive
study of the P2-type layered Na0.84Li0.1Ni0.27Mn0.63O2 (namely,
NLNMO) successfully prepared via the solid-state reaction
method. The resulting oxide is fully characterized from the
physicochemical point of view and employed as active material
to prepare NIB positive electrodes, which are tested in
combination with standard electrolyte and different RTIL-
based formulations. Structural and electronic features upon
desodiation are dissected from first-principles calculations:
charge compensation is mainly ensured by Ni2+/Ni3+/Ni4+

redox species, while Mn4+ and Li+ sublattices determine the
structural integrity of the lattice with a reduced Jahn−Teller
distortion upon Na removal. The NLNMO-based electrodes
exhibit enhanced performance in combination with RTIL-
based electrolytes, showing superior stability compared to
carbonate-based electrodes, along with good structural
retention upon cycling. All in all, these findings highlight
promising prospects of the investigated setup for future
applications in high energy density NIBs.

2. EXPERIMENTAL SECTION
2.1. Synthesis and Characterization Techniques. NLNMO

was prepared by a solid-state method. Stoichiometric amounts of
sodium carbonate (Na2CO3, ≥99.5%, Sigma-Aldrich), lithium
carbonate (Li2CO3, ≥99%, Sigma-Aldrich), nickel acetate tetrahydrate
(Ni(OCOCH3)2·4H2O, 98%, Sigma-Aldrich), and manganese acetate
tetrahydrate ((CH3COO)2Mn·4H2O, 99%, Carlo Erba) were
premixed and dissolved in a solution of 5% vol. acetic acid and
deionized water. The solution was then dried at 80 °C with stirring
until drying. The dried precursors were then calcined at 600 °C for 5
h, ground uniformly in an agate mortar, and uniaxially pressed to form
green pellets. The final active material powder was obtained by
sintering the pellets at 900 °C for 8 h in air followed by grinding in an
agate mortar. X-ray diffraction (XRD) was performed by a
Panalytical’s X’Pert3MRD PRO diffractometer, equipped with a
CuKα X-ray source (V = 40 kV, i = 30 mA) and a curved graphite
secondary monochromator. The diffraction profiles were collected
directly on the electrodes in the 2θ range between 30° and 70° after
peak evaluation in the whole range from 10° to 80°. The morphology
of the synthesized powder was analyzed by means of scanning
electron microscopy (SEM) with field emission gun (FEG)-SEM
(ZEISS Gemini LEO 1530, Germany).

2.2. Computational Details. Spin-polarized density functional
theory (DFT) calculations were performed with the DFT + U
Hubbard-like correction scheme to overcome the large self-interaction
error (SIE) that affects DFT when applied to mid-to-late first-row TM
oxides with tightly localized d-electrons.46−48 Projector-augmented
wave (PAW) potentials and plane wave (PW) basis sets were used, as
implemented in the Vienna Ab-initio Simulation Package (VASP)
code (version 5.4.4).49 For all of the calculations, the following PAW
potentials were considered: Na_pv [Be]2p63s1; Li [He]2s1; Mn
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[Ar]3d7; Ni [Ar]3d10; O [He]2s22p4.50,51 The Perdew−Burke−
Ernzerhof (PBE) exchange-correlation functional with Ueff = 4.0 eV
parameter was adopted for both Ni and Mn atoms, and the D3-BJ
dispersion correction was added to account for van der Waals (vdW)
interactions that play a crucial role in layered structures.52−54 The PW
kinetic energy value and k-points sampling mesh were determined
from preliminary convergence tests. For all the calculations, the
convergence threshold for energy has been set to 10−5 eV. The
structural model for Na0.75Li0.125Ni0.25Mn0.625O2 consists of a 120
atoms-containing 4 × 4 × 1 supercell of α-NaMnO2 within the P63/
mmc space group, deriving from the 2 f.u.-containing unit cell of
NaMnO2, which allows to model the desired compositions both at the
metal and Na sites (i.e., 1:2:5 Li:Ni:Mn and 1:3 vacancy:Na ratios,
respectively). The mixed occupancy of Li/Ni/Mn at the correspond-
ing atomic sites results in TM disorder,7,55 which can be simulated via
the special quasi random structure (SQS) approach, as implemented
in the Alloy Theoretic Automated Toolkit (ATAT) code.56−58 Na
atoms were placed in edge and face sites with Na(e)/Na(f) ratio
being equal to 2.59 Lattice constants and atomic positions for each Na
composition (xNa = 0.75, 0.50, and 0.375) were fully relaxed until the
maximum forces acting on each atom were below 0.03 eV/Å. The net
magnetic moment on each atom was obtained as the difference in the
up and down spin channels integrated within a sphere with a Wigner−
Seitz radius for each atom type (default values from VASP are used).

2.3. Electrochemical Measurements. The different RTILs
(>99.9 wt %, moisture content <5 ppm), including 1-ethyl-3-
methyl-imidazolium bis(fluorosulfonyl)imide (EMI-FSI), 1-butyl-1-
methylpyrrolidinium bis(fluorosulfonyl)imide (PYR14-FSI), and N-
trimethyl-N-butyl-ammonium bis(fluorosulfonyl)imide (N1114-FSI),
and the sodium salts (>99.9 wt %, moisture content <5 ppm),
including sodium bis(fluorosulfonyl)imide (NaFSI) and sodium
perchlorate (NaClO4), were provided by Solvionic (France) and
used as received. Propylene carbonate (PC, anhydrous, 99.7%) was
provided by Merck and stored in a controlled Ar-atmosphere dry
glovebox (MBraun UNILab, H2O and O2 content <1 ppm) with
molecular sieves. The RTIL-based and standard electrolyte for-
mulations were prepared in the glovebox: proper amounts of the
selected sodium salt were dissolved in each RTIL by stirring at
ambient temperature for few hours. The RTIL:sodium salt molar ratio
was fixed to 4:1,42,60 while the standard electrolyte was prepared by
dissolving NaClO4 in PC (1M). Positive electrodes were prepared
with the following composition: 80 wt % of active material
Na0.84Li0.1Ni0.27Mn0.63O2, 10 wt % of electrically conductive agent
(carbon black CNERGY Super C65), and 10 wt % of poly(vinylidene
difluoride) PVdF (Solvay Solef 2010) as a binder. First, powders of
active material and C65 were gently mixed in a hand mortar.
Successively, the mixture was added to a solution of PVdF in N-
methyl pyrrolidone (NMP, Merck) under constant stirring, which was
continued for ∼3−4h at ambient laboratory temperature (i.e., ∼ 21
°C). The resulting dense and homogeneous slurry was casted onto an
Al current collector using a doctor blade. The NMP solvent was
removed by evaporation at ambient temperature, and the electrodes

were further dried at 120 °C/vacuum for 24 h prior to utilization. The
materials were tested in laboratory-scale Na-metal cells (ECC-Std test
cells by EL-Cell Gmbh), which were assembled by sandwiching
sodium metal anode and NLNMO cathode disks having an area of
2.54 cm2 (mass loading of 2.30 ± 0.15 mg cm−2) in a Na/electrolyte/
NLNMO configuration. The Na-metal cells for the cyclic
voltammetry (CV) measurement were assembled with a cathode
loading of 1.5 mg cm−2. Glass fiber (Whatman GF/A) 100 μm-thick
disks (2.54 cm2 area) were used as separators with 250 μL of selected
electrolyte uptake. The laboratory-scale cells were assembled inside
the dry glovebox and tested under constant current (galvanostatic)
regime in a range of voltage between 2.1 and 4.0 V vs Na+/Na at
ambient laboratory temperature using an Arbin BT2000 battery tester.

3. RESULTS AND DISCUSSION
Synthesis of NLNMO via the solid-state reaction method leads
to uniform powders, showing a homogeneous particle size
distribution in the range from 1 to 3 μm (see Figure 1a). XRD
analysis together with Rietveld refinement confirms the
distinctive P2-type structure with the P63/mmc space group
and lattice parameters a = 2.8838 Å and c = 11.0046 Å
comparable to the literature (i.e., a = 2.8852 Å and c = 11.0162
Å, Figure 1b).19 The larger deviation is found on the c-axis,
which seems slightly compressed (see Table S1 in the
Supporting Information).

XRD results can be directly compared to theoretical insights
gained by DFT calculations. NLNMO has been modeled as
Na0.75Li0.125Ni0.25Mn0.625O2 stoichiometry, which complies
with the nominal experimental composition. Being aware of
the influence on relevant properties, we take structural disorder
into account in our theoretical model. On the one hand, we
enclose a random distribution of Li:Ni:Mn at the metal site for
a highly disordered model that would reflect the isotropic
properties and align with the absence of local aggregation in
real samples.7,55 On the other hand, we entail a Na+/vacancy
ordering that mirrors the 2:1 Na(face):Na(edge) ratio as
previously reported,59 which is rather kept constant upon
desodiation of NaxLi0.125Ni0.25Mn0.75O2. While the Na+

displacement from less stable face sites toward edge and
pseudo-octahedral positions has been addressed as a
thermodynamic driving force in the P2-OP4 phase transition
upon NaxMnO2 charging,61 the constant ratio obtained for
NaxLi0.125Ni0.25Mn0.75O2 would suggest a hindered Na displace-
ment and, thus, a high P2 structure retention upon
desodiation. The minimum-energy structure obtained at the
PBE + U(-D3BJ) level of theory shows good agreement with
the XRD results (Table S2 in the Supporting Information). To

Figure 1. (a) SEM image of the as-synthesized NLNMO powder; (b) Rietveld refinement of the XRD pattern of NLNMO (the intense peak at 65°
labeled with the asterisk is due to the underlying Al current collector). The starting structure for the refinement was taken from ref 19. (reproduced
from [Xu et al., Chem. Mater. 26 (2014) 1260−1269], copyright 2014 American Chemical Society).
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dissect the role of each metal dopant and understand the
cathode electrochemical behavior, we have simulated the
desodiation process occurring upon charge by varying the Na
c o n t e n t w i t h i n t h e p a r e n t s t r u c t u r e s
(Na0.75Li0.125Ni0.25Mn0.625O2, Na0.50Li0.125Ni0.25Mn0.625O2, and
Na0.375Li0.125Ni0.25Mn0.625O2, as displayed on the left side of
Figure 2). The selected sodiation contents used in the DFT
simulations can be directly correlated to the states of charge
adopted by the cathode upon cycling. As shown later in the
text, even though the electrochemical measurements are not
run above 4.1 V, the lowest sodium content (xNa = 0.375) is
still required as a theoretical reference of the upper desodiation
limit. Indeed, the sodium intercalation potential can be
calculated from first principles according to the following
equation:

V
E E x x E

x x

( )

( )
Na LNMO Na LNMO 2 1

1
2 Na

2 1

x x2 1=
(1)

where ENa LNMOx2
and ENa LNMOx1

are the total energies of the
NLNMO cathode material at, respectively, x2 and x1 sodium
contents (x2 > x1), and ENa is the total energy of sodium metal
in its 2-atoms containing a bcc lattice used as a reference. This
represents a well-established method to predict the cathode
behavior upon charge.36−38,62 Analysis of pair distribution
functions (PDFs) as a function of sodium content can unveil
the possible structural transformations occurring within MO6
octahedra upon desodiation (see Figure 2). While Li−O and
Mn−O distances are retained upon Na extraction, the Ni−O
ones clearly undergo bond shortening at decreasing Na
content. As already reported in previous studies, the left-
shifting trend of the short-range distances suggests a general
compression of the MO6 octahedra as a result of the
underlying metal oxidation.36−38

Electronic structure calculations can unveil the redox-active
mechanisms for charge compensation. The magnetization
trends upon desodiation reveal that the Mn4+ oxidation state is
clearly retained (see purple lines in Figure 3a), while the Ni

Figure 2. Pair distribution functions of Li−O (green), Ni−O (gray), and Mn−O (purple) distances in Na0.75Li0.125Ni0.25Mn0.625O2 calculated at the
PBE + U(-D3BJ) level of theory at different Na contents. Structural models are displayed on the left-hand side to associate the corresponding state
of charge. Color code: Na (yellow), Li (green), Ni (gray), Mn (purple), and O (red). Atoms are depicted as spheres, and MO6 octahedra are
highlighted as polyhedrons.

Figure 3. Electronic structure analysis of NLNMO as a function of Na content performed at the PBE + U(-D3BJ) level of theory: (a) net
magnetization averaged on Mn and Ni sublattices; (b) atom- and angular momentum-projected density of states (PDOS). The color code is
declared on the right side.
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sublattice plays the redox active role and compensates for the
Na+ removal by undergoing Ni2+→ Ni3+→ Ni4+ oxidation (see
gray lines in Figure 3a). Further calculations performed at
different Ueff values on the Mn d shell endorse the constant
trend of magnetization values on Mn sites along desodiation, as
reported in Table S3. While confirming the previous discussion
from PDF analysis on the different electrochemical role exerted
by the TM sublattices, the electronic structure analysis can
provide further insights on the charge compensation
mechanisms that are activated in the NLNMO cathode upon
charge. Noteworthily, the atom- and angular momentum-
projected density of states (PDOS, Figure 3b) shows the O p
state band crossing the Fermi level, leading to p-type
conductivity burdened by the formation of electron holes on
oxygen atoms. Evidence of any triggerable oxygen redox
process highlights a non-innocent role in participating to
charge compensation, which is usually featured in similar
layered transition metal oxide cathodes in the high operating
voltage range. Our findings are in close agreement to recent
DFT and XAS results by Zhao et al. for the closely related
Na10−xLiNi3Mn8O24-layered oxide, which indicate electron
extraction taking place from Ni 3d states upon charge and O
2p states starting to participate at high desodiation degrees.21

The electrochemical compatibility and stability of the novel
NLNMO composition have been evaluated in combination
with different electrolytes through galvanostatic cycling at
ambient laboratory temperature (∼21 °C) and at different

increasing current regimes (C-rates of C/10, C/5, C/2, and
1C) calculated from the theoretical specific capacity of the
active electrode material that can desodiate in the explored
voltage range up to xNa = 0.375, i.e., 102 mAh g−1 (namely, the
practical theoretical specific capacity, obtained by considering a
molecular weight of 98.6 g mol−1 for Na0.84Li0.1Ni0.27Mn0.63O2
and an electric charge exchange of 0.375·96500 C per mol of
cathode compound). The voltage range has been defined after
CV test performed with a standard liquid electrolyte (see
Figure S1 in the Supporting Information), which allowed to
detect a reversible redox activity within the 2.1−4.0 V vs Na+/
Na range.63 During the first two cycles, the two peaks observed
between 2.5 and 3.7 V do not decrease significantly in
intensity, indicating good initial reversibility. As shown in
Figure 4a, the NLNMO electrode in combination with
conventional NaClO4/PC electrolyte delivers a specific
capacity of ∼90 mAh g−1 at C/10, which decreases to 50
mAh g−1 at 1C rate. The specific capacity of NLNMO is in line
with the results reported in the recent literature about P2-type
layered oxides as NIB cathode materials, briefly summarized in
Table S4.10,64 Indeed, after the C-rate test with increasing
current rate from C/10 to 1C, the prolonged cycling at C/10
evidences a gradual, significant decrease in specific capacity
values with time/cycles, i.e., down to 50 mAh g−1 after only 45
cycles (viz., below 50% of the above-reported practical
theoretical specific capacity of the material). This trend
suggests a poor compatibility of this specific layered oxide

Figure 4. Specific capacity vs cycles plots of Na-metal cells assembled with NLNMO and (a) standard NaClO4/PC liquid electrolyte; (b−d) three
RTIL-based electrolytes galvanostatically cycled at different current regimes (C/10, C/5, C/2, and 1C) under ambient laboratory temperature.
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cathode structure with the standard electrolyte and the
formation of a poor passivation layer, which is not preventing
the solubilization of TM ions in the electrolyte and the
following collapse of the layered structure upon cycling. Proper
selection of the electrolyte can inhibit such decay in
electrochemical performance, specifically by enhancing the
quality of the passivation layer obtained over the cathode at
high anodic potential and thus mitigating the structural
degradation of the electrode active material particles. In this
context, RTIL-based electrolytes are considered extremely
promising to guarantee improved performances.65,66 The
laboratory-scale cells prepared using different RTIL-based
electrolytes (Figure 4b−d) show a similar behavior at C/10,
delivering only a slightly lower initial specific capacity
compared to that of the NaClO4/PC liquid electrolyte (Figure
4a). During initial charge/discharge at C/10, higher values are
obtained with the EMI-FSI electrolyte, which allows to achieve
86 mAh g−1 (Figure 4b); meanwhile, PYR14-FSI and N1114-FSI
approach 80 mAh g−1 (Figure 4c,d). Interestingly, the specific
capacity gained by the NaClO4/PC electrolyte approaches
88% of the calculated practical theoretical capacity, while the
RTIL-based cells turn out to approach ∼85% of the maximum
capacity achievable under C/10 and ambient laboratory
temperature conditions. Nevertheless, it is worth to notice

that the RTIL-based cells are not at all affected by the gradual
decrease in specific capacity upon time/cycling, and the
capacity retention percentages after more than 45 cycles are
90, 98, and 97% for EMI-, PYR14-, and N1114-FSI-based cells,
respectively, in contrast with the low residual capacity
delivered by the conventional liquid electrolyte-based cell.
The different electrochemical behavior observed for these
electrolytes can be explained by tracing back to fundamental
physical-chemical properties. Organic solvent-based electro-
lytes, i.e., carbonates (EC and PC), are usually known to
exhibit higher ionic conductivities than RTILs, which can be
ascribed to the much lower viscosity values (e.g., at 25 °C, the
viscosity is 2.5 mPa s for PC, while for RTILs, it ranges from
24.5 mPa s for EMI-FSI to 64.1 mPa s for Pyr14-FSI).
According to the Walden law, the viscosity−conductivity
inverse dependency would also rationalize the better electro-
chemical performances observed with the less viscous and,
thus, more conductive EMIFSI-based electrolyte. Still, the low-
volatile RTILs usually come with a wider thermal and
electrochemical stability range compared to the more volatile
organic solvents, which could explain the higher capacity
retention in RTIL-based cells. These results clearly state the
enhanced compatibility of the NLNMO cathode under study
with RTIL-based electrolyte solutions, which allow for much

Figure 5. Electrochemical behavior of the laboratory-scale Na-metal cell assembled with the EMI-FSI-based electrolyte: (a) plot of specific capacity
vs cycles at C/5; (b) plot of charge/discharge profiles vs specific capacity at different C rates; (c) plot of specific capacity vs cycles at C/10; (d)
related dQ/dV profiles extrapolated at different cycles.
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more stable cycling even at higher Coulombic efficiency (CE)
both at low and high C-rates. Indeed, the CE of the RTIL-
based cells approaches 100% during the whole cycling test,
while the CE of the standard electrolyte cell never increases
above 96%.

Considering the preliminary results at C/10 rate and the
similar behavior in terms of specific capacity output and CE
obtained with RTIL-based electrolytes, EMI-FSI has been
chosen as a representative sample for further characterization
because of its lower viscosity and, in turn, higher conductivity,
as well as lower cost, which is important in view of future scale-
up based on the envisaged application. A preliminary long-term
stability test has also been performed over 55 cycles at C/5, as
shown in Figure 5a. We have selected the last cycles of each C-
rate step of the EMI-FSI-based cell (i.e., 5th, 10th, 15th, 20th,
and 25th) to plot the charge/discharge voltage profile vs
specific capacity (Figure 5b). Slight changes in voltage profiles
are observed as a result of the increasing C-rate, meaning that
at higher C-rate, the impedance contribution increases and the
higher polarization causes the appearance of sloppy profiles
rather than the well-defined plateaus, typically accounting for
characteristic material redox reactions. Nevertheless, the
voltage plot highlights the good capacity retention at ReC/
10 after the test at relatively high C-rates. At the same time, the
minor change in the profile shape at ReC/10 could be
associated with little electrode structural variation.67 Differ-
ential capacity analysis (dQ/dV) has been applied to data
collected on a fresh EMI-FSI-based cell at a slow rate (C/10)
to better resolve the electrode features and to minimize the
impedance effects on the profiles (Figure 5c,d). The features of
the dQ/dV plot in Figure 5d are assigned to the oxide
electrode, and they are correlated to the CV analysis (Figure
S1 in the Supporting Information). Notably, the minor
modification in the peak profile along with cycling can be
ascribed to small structural rearrangements, especially upon
discharge where two defined peaks arise after few cycles.

To assess whether prolonged cycling affects the structural
stability of the electrode, XRD analysis was performed after 10
cycles at C/10 (Figure S2 in the Supporting Information). The
spectra after cycling exhibits alterations compared to that of
the fresh electrode. Both broadening and the intensity decrease
of the distinctive peaks of the P2-type structure are most likely
due to distortion across the entire structure associated with a
decrease in crystallinity and uneven spacing between layers;
anyhow, it is important to remark that these minor
inconsistencies apparently do not compromise the structure,
as also suggested by our computational models.67 The P2
phase acts as a support, alleviating the structural strain
associated with the transition between composite phases P2-
P2/O3-P3 during the desodiation process. The minor
structural rearrangement confirms the relatively high stability
and compatibility of the NLNMO electrode in combination
with RTIL-based electrolytes without using any further
additive (e.g., PC, FEC, VC, etc.), which is conversely typically
done to stabilize the cathode/electrode interface and the
layered oxide structure upon prolonged cycling.68

4. CONCLUSIONS
Here, we have studied and developed a P2-type layered Li-
doped NaxTMO2 oxide as a high-energy cathode for Na-ion
batteries. The NLNMO composition has been synthesized via
the solid-state method, structurally and morphologically
characterized by XRD and SEM analyses and DFT

calculations, and then ultimately tested as an active cathode
material in combination with RTIL-based electrolyte for-
mulations. The main outcomes of this thorough material
investigation can be summed up as follows:

• The structural features of the synthesized P2 phase are
retained upon prolonged cycling, as confirmed by the
minor changes in the XRD spectra recorded after
cycling. Through synergistic action, the composite
phases P2-P2/O3-P3 collaborate to alleviate the
structural strain, reduce the lattice mismatch, and
prevent the sliding of the TM plate. DFT calculations
reveal that the structural integrity of the lattice is
ensured by Mn4+ and Li+ sublattices, with a reduced
Jahn−Teller distortion upon Na removal.

• The good redox reversibility attested by CV measure-
ments is unveiled from first principles as mainly
associated with Ni2+ → Ni3+ → Ni4+, exerting the
redox active role and burdening the charge compensa-
tion upon sodiation/desodiation.

• Although the specific capacity delivered by the NLNMO
cathode in combination with the conventional NaClO4/
PC liquid electrolyte is slightly higher (90 mAh g−1 vs
86−80 mAh g−1 for NaClO4/PC and NaFSI/RTILs,
respectively), electrochemical performance with all the
three (i.e., NaFSI/EMI-FSI, PYR14-FSI, and N1114-FSI)
RTIL-based formulations is enhanced in terms of
reversible cycling stability and specific capacity retention
over prolonged cycling (i.e., 90, 98, and 97% vs 60% for
NaFSI/EMI-FSI, NaFSI/PYR14-FSI, and NaFSI/N1114-
FSI vs NaClO4/PC, respectively).

As a result, the P2-type NLNMO-based electrode exhibits
promising electrochemical behavior in combination with
RTILs, which paves the route toward its application in future
high energy density NIB devices.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01311.

Rietveld refinement results; lattice constants calculated
from DFT results; magnetic moments obtained with
different Ueff values; CV profile with the NaClO4/PC
electrolyte; XRD profile of pristine and cycled electrodes
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Michele Pavone − Department of Chemical Sciences,
University of Naples Federico II, Napoli 80126, Italy;
National Reference Centre for Electrochemical Energy Storage
(GISEL), INSTM, Firenze 50121, Italy; orcid.org/0000-
0001-7549-631X; Email: michele.pavone@unina.it

Claudio Gerbaldi − GAME Lab, Department of Applied
Science and Technology (DISAT), Politecnico di Torino,
Torino 10129, Italy; National Reference Centre for
Electrochemical Energy Storage (GISEL), INSTM, Firenze
50121, Italy; orcid.org/0000-0002-8084-0143;
Email: claudio.gerbaldi@polito.it

Authors
Arianna Massaro − Department of Chemical Sciences,
University of Naples Federico II, Napoli 80126, Italy;

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.4c01311
Chem. Mater. 2024, 36, 7046−7055

7052



National Reference Centre for Electrochemical Energy Storage
(GISEL), INSTM, Firenze 50121, Italy; orcid.org/0000-
0003-2950-6745

Gabriele Lingua − National Reference Centre for
Electrochemical Energy Storage (GISEL), INSTM, Firenze
50121, Italy; GAME Lab, Department of Applied Science
and Technology (DISAT), Politecnico di Torino, Torino
10129, Italy; Present Address: POLYMAT, University of
the Basque Country UPV/EHU, Avenida Tolosa 72,
Gipuzkoa, 20018 Donostia-San Sebastian, Spain (G.L.)

Francesco Bozza − Energy Technologies and Renewable
Sources Department (ENEA), Roma 00123, Italy

Alessandro Piovano − GAME Lab, Department of Applied
Science and Technology (DISAT), Politecnico di Torino,
Torino 10129, Italy; National Reference Centre for
Electrochemical Energy Storage (GISEL), INSTM, Firenze
50121, Italy; orcid.org/0000-0002-5784-6897

Pier Paolo Prosini − Energy Technologies and Renewable
Sources Department (ENEA), Roma 00123, Italy
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