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ABSTRACT: Design and development of high-energy, efficient,
and structurally stable positive electrodes for Na-ion batteries
(NIBs) have recently been focusing on layered transition metal
oxides (NaxTMO2, 0 < x < 1). When doped with late transition
metals, the redox reactions ensuring the charge compensation upon
Na+ removal can rely on the direct participation of anionic
chemistry, with encouraging outcomes in terms of both energy
density and power. However, the control of reversible O2−/O−

reactions is still a major issue, as the undesired release of O2 can
lead to detrimental effects on cathode capacity and overall cell
stability. The fine-tuning of metal−oxygen bond covalency has
recently emerged as a promising strategy toward the reversible access of oxygen redox. Following the route paved by Ru-based Li-
rich cathode materials, we hereby present a first-principles investigation of a Ru-doped NaxTMO2 (TM = Ru, Ni, and Mn) system
and the related structural and electronic properties of interest for NIB applications. We aim to dissect the specific role of each
element sublattice in compensating the electronic charge along desodiation, with a major focus on the anionic contribution. The
oxygen activity is addressed in the high-voltage range (i.e.,xNa = 0.25), and the underlying mechanism is derived from PBE + U(-
D3BJ) calculations. We also discuss the effects of Mn deficiency as a suitable site for the formation of low-energy superoxide species
via preferential breaking of the Ni−O bond. Conversely, breaking a Ru−O bond is unlikely to occur, which assesses the key role of
the Ru dopant in stabilizing the oxide lattice and enabling the desired reversible conditions. Our results also highlight the oxygen
vacancy formation energy as an effective descriptor for different activities toward the O2−/O−/O2 evolution. All these theoretical
insights can be useful to drive further experimental efforts toward the optimal design of efficient and high-energy NIB cathodes with
enhanced practical reversible capacity.
KEYWORDS: sodium-ion battery, high-energy cathode, anionic redox activity, Ru doping, DFT calculation

■ INTRODUCTION
The perspective of a sustainable society based on a green
economy strictly relies on the development and exploitation of
energy storage technologies.1 By capturing and delivering clean
energy from renewables, large-scale units integrated to smart
electrical grids can reduce imbalances between the demand
and the production of energy for both domestic and industrial
purposes.2 Several aspects are key for the rapid entry in the
market, such as cost, safety, and recyclability. Post-lithium
batteries based on cheap and widespread raw materials and
fabricated in all-solid-state configurations would meet the
market requirements and thus have been quickly emerging as a
promising solution toward the green energy transition.3,4

However, addressing the device performance parameters, such
as energy density, cycle life, and long-term stability, still
represents a great challenge from the scientific point of view.5

Great efforts from the worldwide research community are

being dedicated to the rational design of efficient component
materials and the assessment of main working processes.6−8

Among many other technologies, Na-ion batteries (NIBs)
would represent a viable and convenient alternative to their Li-
ion counterparts for large-scale applications, and their
development could benefit from similar operating principles.4

However, novel electrode materials need to be designed with a
similar or even superior performance toward ion intercalation/
deintercalation reactions compared to state-of-the-art Li-ion
batteries (LIBs).6−8 At the cathode side, structurally stable
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compounds, able to operate at high voltage, thus allowing for
high-energy density devices, are at the forefront of this research
field.9−11 Layered transition metal oxides (NaxTMO2, 0 < x <
1) have been attracting great attention due to enhanced
electrochemical properties.11−14 The crystalline structure
features TMO2-based layers alternated with Na ones that act
as open diffusion pathways for efficient Na+ uptake and
storage.14 Within Na channels, the crystalline site can feature
either an octahedral or trigonal prismatic coordination, which
are usually defined as O or P, respectively.13 The oxygen
stacking also gives rise to different lattice symmetries, labeled
as 2 or 3, according to the number of TMO2 layers contained
in the unit cell.13 In the energy material community, the major
interest in the P2 polymorphs arises from their higher capacity
and better cycle life due to larger trigonal prismatic sites
facilitating Na+ transport.14 The Na+ removal during cathode
charge usually hinges on the reversible TM redox couples. In
the case of early-TM-based oxides, O 2p states lie well below
the TM d states, leading to a predominantly metallic character
at the Fermi level, and the transition metals mainly undertake
the burden of the redox reaction, that is, the cationic redox
chemistry.15 As going from early to late transition metals or to
higher valence metal states, the electronegativity is increased,
which enables larger overlapping between TM d and O p states
and allows more covalent interactions.16 In this scenario, the
oxygen electron density can directly participate in charge
compensation, giving rise to the so-called anionic redox
chemistry.17,18 Enabling reduction/oxidation of the oxide
sublattice pushes the cathode capacity beyond the limit of
TM redox potentials and leads to further improvements in
both the amount of energy stored and the power
delivered.19−25 Unfortunately, an uncontrolled oxidation
process can lead to the formation of unbound molecular
oxygen, with detrimental effects on the overall capacity and
long-term stability during cycling.21−24 Several strategies are
being pursued to prevent such undesired reactions, and
theoretical studies can reinforce the experimental efforts to
this end by enlightening the origin of anionic redox at the
atomistic scale.25−29 From a general perspective, the fine-
tuning of TM doping is required for the activation and control
of reversible O2−/O− reactions. Playing with atom substitution
at the TM site can be a tricky task, as the electrochemical
properties are very sensitive to the cation chemical nature.30

Substituting TM for d0 or alkali metals, introducing TM
deficiency using cation-disordered structures as well as
increasing the TM−O bond covalency are among the most
investigated strategies to suppress irreversible O2 loss.

26,31−33

In particular, the employment of TM-defective oxides has
attracted consideration as a viable strategy to enable anionic
redox and thus enhance the specific capacity of layered oxides
due to the emergence of nonbonding O 2p states.32 However,
the presence of a TM vacancy in the bulk lattice can represent
a suitable site to accommodate the reactive oxygen species
resulting from the uncontrolled anionic redox.21,28 In general,
the development of efficient NIB cathodes could benefit from
advances and knowledge already attained for LIB analogues.
The relationship between TM composition and reversible
anionic redox in Li-rich layered oxides (Li2TMO3) has been
extensively reported and elucidated.34−38 By correlating the
oxygen frequency shifts observed in the phonon density of
states along Li2−xTMO3 delithiation (TM = Ru, Ni, and Mn)
to the nature of the TM−O chemical bond, Shao-Horn and co-
workers have unveiled that lattice dynamics can affect both ion

mobility and structural stability; they clarified that these effects
can be successfully restrained in highly covalent TM
oxides.35,37 The presence of Ru in such Li-rich materials
seems to be a key enabler to accomplish a reversible access of
oxygen redox.39 Not only do the electronic signatures of
reversible O−O coupling in Li2−xRuO3 at ∼4.2 V versus Li+/Li
represent direct evidence of lattice oxygen redox activated at
high voltage,36 but also the oxygen dimerization mechanism in
Ru-doped Li2TMO3 is shown to be hampered compared to
other TM doping.37,38 Despite being few, the scientific reports
on the use of Ru-doped NIB cathodes have shown promising
results.40 Of course, from the perspective of sustainability and
low-cost, it is crucial to find an optimal balance between the Ru
amount employed and the possible benefits on the overall cell
performances. From the above-mentioned considerations, we
think that further investigation based on first-principles
methods can shed light on the oxygen redox in Ru-doped
NaxTMO2 and drive the experimental efforts toward the fine-
tuning of high-energy cathodes working in reversible
conditions. In our previous work, we have addressed the
charge compensation exerted by the oxide sublattice at a high
voltage (i.e., low Na content) in NaxTMO2 systems (TM = Ni,
Mn, and Fe):28,29 while molecular oxygen can be released via
preferential breaking of labile Ni−O bonds, Fe doping is
shown to effectively suppress the O2 loss, which still enables
the activation of anionic redox (e.g., the formation of low-
energy superoxide species) due to introduction of mild TM−O
bond strength. In this way, experimental evidence of a high-
voltage plateau (∼4.5 V vs Na+/Na) recorded during the first
charge cycle of Na0.78Ni0.23Mn0.69O2 or the reversible behavior
observed at ∼4.3 V versus Na+/Na for Na2/3Fe2/9Ni2/9Mn5/9O2
could have been clarified from first principles.22,23 We have
also highlighted that oxygen vacancy formation energies can be
used to quantify the tendency of a given TM composition to
stabilize/destabilize the oxide sublattice.
Following this path, we hereby report a thorough

investigation of NaxRu1/8Ni1/8Mn3/4O2 (NRNMO) at different
sodiation stages. This stoichiometry complies with the doping
ratio from former case-studies from our research group28,29

and is still comparable to the one reported in the literature, for
example, Na0.75Ni1/3Ru1/6Mn1/2O2.

40 It is worth mentioning
that the Ru doping amount proposed herein is rather small,
and it is shown to be beneficial for controlling the oxygen
redox reactions in such high-energy cathodes. Our computa-
tional-assisted analysis dissects the contribution of each
element sublattice along desodiation so as to assess the role
of Ru doping in preventing the O2 release and, thus, improving
the reversible capacity. We also investigate the role that Mn
deficiency plays on both structural and electronic features of
NRNMO material in order to discuss the effects on the
electrochemical properties and to suggest possible design
strategies for high-energy Ru-based cathodes. It is worth
recalling that, on the one hand, TM-deficient phases in layered
oxides are foreseen to enable the desired anionic chemistry and
thus enhance the cathode specific capacity, and on the other
hand, the TM-vacant site can host unwanted oxygen reactive
species. The effective design of a high-energy NIB cathode able
to work in reversible conditions should not neglect the in-
depth investigation of the structure−property relationship in
bulk TM-deficient phases as well as the mechanism underlying
the oxygen redox activity. Structural evolution and redox
properties of stoichiometric and Mn-deficient NRNMO are
described within the PBE + U(-D3BJ) approach as a function
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of the sodiation degree. The oxygen activity is addressed as the
oxide-to-dioxygen transition near the Mn deficiency. By
comparing oxygen vacancy formation energies in various
chemical environments featured in NRNMO, we could unveil
the role of TM−O bond strength in determining the
superoxide formation mechanisms. Our results point out that
Ru doping is crucial to stabilize the oxide lattice and prevent
the loss of molecular oxygen. This new knowledge can be
helpful for further investigations on Ru-doped NIB cathodes,
thus boosting their application in high-performing efficient
devices with enhanced reversible capacity.

■ STRUCTURAL MODELS AND COMPUTATIONAL
DETAILS

Spin-polarized density functional theory (DFT) calculations
are performed within 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.41−43 Projector-augmented
wave (PAW) potentials (Na_pv [Be]2p63s1; Ru [Kr]4d8; Ni
[Ar]3d10; Mn [Ar]3d7; O [He]2s22p4) and plane wave (PW)
basis sets are used, as implemented in the Vienna ab-initio
simulation package (VASP) code (version 5.4.4).44−46 From
electronic structure calculations, the net magnetic moment on
each atom is derived as an estimation based on the computed
spin density, that is, the difference in the up and down spin
channels integrated within a sphere with a Wigner-Seitz radius
for each atom type. We employ the Perdew−Burke−Ernzerhof
(PBE) exchange−correlation functional within the generalized
gradient approximation (GGA).47 The on-site correction is
applied to the d electrons of Ru, Ni, and Mn atoms with a
unified average effective U-J parameter, Ueff, equal to 4 eV, as
already successfully applied to TM oxides.38,48−51 This choice
is based on previous experience on mixed TM oxides where
having the same average Ueff value for different TM oxides
allowed us to obtain qualitatively reliable results.52−54 The
proposed approach has also been validated against hybrid HF-
DFT calculations for the undoped parent material
Na0.75Ni1/4Mn3/4O2.

28 The D3 dispersion correction with the
Becke−Johnson (BJ) damping function is included to account
for van der Waals (vdW) forces that represent dominant
interactions in interfaces and layered materials.55−58 A kinetic
energy of 750 eV and a Γ-centered 4 × 4 × 4 k-point sampling
mesh are used to ensure converged energies within 3 meV/f.u.
with respect to the PW basis set size and Brillouin zone
sampling, respectively. For all the calculations, the convergence
threshold for energy is set to 10−5 eV. We build up a 4 × 4 × 1
supercell of Na3/4Ru1/8Ni1/8Mn3/4O2 (i.e., stoichiometric
NRNMO) containing 120 atoms within the P63/mmc space
group (and then 112 atoms for xNa = 0.50 and 104 atoms for
xNa = 0.25). The TM disorder at the 2a atomic site can be
simulated via the special quasi-random structure (SQS)
approach as implemented in the Alloy Theoretic Automated
Toolkit (ATAT) code.59−61 The SQS is a state-of-the-art
method to study solid solutions with two or more components
and allows our models to properly account for the configura-
tional entropy by achieving a mixed Ru/Ni/Mn occupancy. Na
atoms are placed at edge and face sites according to the
occupancy ratio reported in the literature.40 Lattice constants
and atomic positions for the NaxRu1/8Ni1/8Mn3/4O2 system
with x = 0.75, 0.50, and 0.25 are fully relaxed until the
maximum forces acting on each atom are below 0.03 eV/Å. We
introduce two Mn vacancies in the most homogeneous

c o n fi g u r a t i o n t o m o d e l t h e M n - d e fi c i e n t
NaxRu1/8Ni1/8Mn3/4−yO2 (i.e., Mn-deficient NRNMO, y =
6.25%) systems and perform further relaxation of atomic
positions with the same convergence criteria (see Figure S1 in
Supporting Information for the structural model). No local
aggregation of Mn vacancies has been reported in experiments,
and macroscopic samples present isotropic properties, so we
consider the homogeneous configuration as the best reliable
model of the system.32 To model O-defective structures, we
remove one oxygen atom from the 4 × 4 × 1 supercell
(NaxRu1/8Ni1/8Mn3/4−yO2−δ, VO concentration δ = 1.56%).
The same computational protocol described so far is applied
for all the electronic structure calculations and geometry
optimizations of O-defective structures and dioxygen com-
plexes.

■ RESULTS AND DISCUSSION
The minimum-energy structures of NaxRu1/8Ni1/8Mn3/4O2,
with x = 0.75, 0.50, and 0.25, have been derived by means of
the PBE + U(-D3BJ) approach. The computed lattice
constants are shown in Table S1 of Supporting Information
in comparison with experimental data. We obtain a 1.13%
deviation on the a/b parameters and a 2.13% deviation on the
c one, which is in the range of common errors from DFT
calculations. Our structural models rely on the energy stability
ensured by the SQS approach, which is the method of choice
to properly account for configurational entropy in local
minimum-energy structures.59 Further investigation of the
dynamic stability of these phases was beyond the aim of this
work, where we can validate our structural model by direct
comparison to experimental data.40 However, it is worth
mentioning that including phonon density calculations may
improve the model description in the future. As a matter of
fact, very little is known about the structure and electro-
chemistry of these kinds of electrodes in the high-voltage
range, and even lower Na compositions (e.g.,xNa < 0.25) result
tricky to model and predict.40 Since we can assume the lattice
parameters to be constant upon introduction of Mn vacancies,
the Mn-deficient NRNMO has been relaxed only in terms of
atomic positions. A typical NIB operates by shuttling x Na+
between the cathode and anode upon cycling; thus, the
simplified cathode reaction at NRNMO can be written as

+ ++x x x xNa RNMO ( )Na ( )e

Na RNMO

x

x

2 1 2 11

2
F (1)

where Na RNMOx1
and Na RNMOx2

indicate the cathode
stoichiometry, respectively, before and after the intercalation of
(x2 − x1) Na+, which is the reduction process taking place at
the cathode side upon charging. Defined this way, it is possible
to consider an intercalation potential, V

=V
E E x x E

x x

( )

( )
Na RNMO Na RNMO 2 1

1
2 Na

2 1

x x2 1

(2)

where ENa RNMOx1
and ENa RNMOx2

are the total energies of the
NRNMO material at x1 and x2 Na contents, as obtained within
our computational protocol. The sodium metal (two-atoms
containing bcc cell) is generally used as a reference, and thus,
the 1/2ENa will take into account the energy contribution from
intercalating (x2 − x1) Na atoms. To the best of our
knowledge, this represents a common approach in the available
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literature to calculate a theoretical voltage-capacity profile for
electrode materials.7 Figure 1 shows the resulting intercalation

potential as a function of the Na load and provides a direct
comparison with the experimental voltage-capacity plot in the

Figure 1. Sodium intercalation potential computed according to eq 2 at PBE + U(-D3BJ) for stoichiometric (solid line) and Mn-deficient (dashed
line) NRNMO and plotted as a function of Na content. Inset: voltage-capacity profile of the P2-type Na3/4Ni1/3Ru1/6Mn1/2O2 electrode from
previous experimental data.40 Reproduced from [Wang, Q. et al. ACS Appl. Mater. Interfaces 2020, 12 (35), 39056−39062]. Copyright 2020
American Chemical Society. The corresponding minimum-energy structures are displayed on the right side of the plot. Color code: Na, yellow; Ru,
blue; Ni, green; Mn, violet; and O, red; TMO6 octahedra are depicted in the corresponding colors.

Figure 2. Pair distribution functions (PDF) of Ru−O (blue) and Ni−O (green) distances in (a) stoichiometric and (b) Mn-deficient NRNMO
computed at PBE + U(-D3BJ).
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inset.40 The smooth profile obtained from experiments
suggests good structural retention upon electrode charge,
which in turn validates our P2 model (reported on the right
side of Figure 1) within the explored voltage range. We can
clearly see that p-type doping induced by Mn deficiency shifts
the intercalation potential at higher values, the increase being
more evident at a high state of charge. As far as we know, the
introduction of TM vacancies does represent a possible
strategy toward higher energy NIB cathodes32 that we have
also addressed in our previous work from the theoretical point
of view.28,29 However, it is important to assess to what extent
the presence of Mn-vacant sites and the following increased
working potential can affect the charge compensation
mechanisms upon desodiation of Ru-doped layered oxides,
that is, the anionic redox chemistry and the underlying
reversibility.
The structural evolution of NRNMO, in both stoichiometric

and Mn-deficient forms, is analyzed by means of pair
distribution functions (PDFs) for TM-O distances (reported
in Figures 2 and S2). The short-range peaks and the related
shifts upon desodiation can account for bond distortion within
the TMO6 octahedra: the Mn−O distances are mostly kept
constant at decreasing Na content (see Figure S2 in
Supporting Information); Ru-centered octahedra show bond
compression from ∼2.00 to ∼1.90 Å at xNa = 0.25 in the
stoichiometric NRNMO, while in the Mn-deficient phase Ru−
O distances cover a wide range of values at each sodiation
degree (see blue histogram in the left panels of Figure 2a,b);
Ni−O bonds undergo shortening from ∼2.05 to ∼1.90 Å at
xNa = 0.25, especially in Mn-deficient NRNMO (green
histogram in the right panels of Figure 2a,b). The pictorial
representations and red boxes in Figure 2 highlight this effect.
The correlation between the TMO6 octahedra distortion and
TM oxidation change is well established in the literature.28,62

Thus, the wide range of distance spanned by Ru−O bonds may

be ascribed to the coexistence of differently charged Ru atoms
and the partial oxidation occurring at low Na content of
stoichiometric NRNMO, as well as the compression effect in
the NiO6 octahedra may be due to a change in Ni oxidation
states occurring along Na+ removal. The analysis of electronic
properties can shed light on this correlation.
Calculation of average charges for each element sublattice

reveals that TM-O bonds in both stoichiometric and Mn-
deficient NRNMO are highly covalent, as suggested by the
Bader charge values far below the ionic limits (left panels in
Figure 3a,b), as well as by the hybridization of TM d and O p
states that can be observed in the projected density of states
(PDOS) in Figure S3. It is worth mentioning that the average
charge on oxygen sublattice undergoes a slight increase, for
example, less negative values, when going from xNa = 0.75 to
0.25 (red lines in Figure 3a,b), which may suggest the
activation of anionic redox at a high voltage. The fairly
constant trend in TM charges upon desodiation is ascribed to
the so-called negative-feedback charge regulation mechanism:
the new bonding orbitals formed in TM-O bonds upon
electron gain will be shifted toward the ligand due to
realignment of energy levels, and this leads to depopulation
of TM charges in the bonding states, with the charge allocated
at the TM site remaining approximately constant.63 Indeed, the
variation of Mn and Ni oxidation states upon desodiation can
be more easily evinced by the magnetization trends (right
panels in Figure 3a,b): (i) both stoichiometric and Mn-
deficient NRNMO feature a mixed oxidation within the Mn
sublattice (∼3.5 μB�d4/d3 configuration), meaning that both
Mn3+ and Mn4+ states are present (violet lines); (ii) the
average Ni magnetization only slightly decreases upon
desodiation in the stoichiometric form while shifting down
to ∼0.8 μB at xNa = 0.25 in Mn-deficient NRNMO and
indicating the Ni2+ → Ni3+ oxidation (d7 low-spin config-
uration, see green lines). For what concerns Ru in

Figure 3. Average Bader charges and net magnetization computed for each element sublattice at PBE + U(-D3BJ) in (a) stoichiometric and (b)
Mn-deficient NRNMO as a function of Na content. Standard deviations are displayed as error bars at each point. Color code: Na, yellow; Ru, blue;
Ni, green; Mn, violet; and O, red.
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stoichiometric NRNMO, both charge and magnetization
increase at xNa = 0.25 (blue lines in Figure 3a), suggesting a
partial variation from the mixed Ru3+/Ru4+ oxidation state
(∼1.5 μB�d5/d4 low-spin configuration) in agreement with
the literature.40 On the other hand, a more significant change is
predicted in the Mn-deficient structure, where the Ru
sublattice is oxidized to Ru5+ (∼2.4 μB�d3 configuration, see
blue lines in Figure 3b). Other quantum mechanics methods
for more accurate calculation of oxidation states have been
developed.64 The use of more effective approaches aiming to
decouple the contribution of TM-ligand orbital mixing from
the actual occupation of the TM d orbitals will certainly
improve the electronic structure analysis and can be addressed
in the future. Indeed, our evaluation of TM oxidation state
variation upon desodiation remains qualitative, with the net
magnetization results showing good agreement with available
experimental data.40

These findings show that the desodiation process strongly
affects the electronic structure of the NRNMO material and
directly involves Ni and Ru sublattices. As suggested by the
charge increasing trend on the O sublattice, we investigate to
what extent its oxidation degree would be beneficial for the
cathode performance. The same method adopted and validated
in our former work on NaxNi0.25Mn0.68O2 and the Fe-doped
counterpart (NNMO and NFNMO, respectively) is applied
here to address the O2− evolution in NRNMO.28,29 As
anticipated in the introduction, the Mn-deficient NRNMO can
be considered as the initial structure along the oxide-to-
superoxide process, that is, the formation of dioxygen
complexes coordinated to TM atoms near the Mn vacancy
site as a reasonable consequence of O2− oxidation at xNa =
0.25. These latter structures are formed within the lattice via

the displacement of two oxygen atoms from their regular
positions to certain intermediated coordinates. The associated
energy variation can be defined as:

=E E ETM O TM Na Ru Ni Mn Oy2 0.25 1/8 1/8 3/4 2 (3)

where ETM O TM2
is the total energy of the dioxygen-metal

complex (TM−O2−TM, see Figure 4 and related discussion
further in the text) formed in a specific configuration and
ENa Ru Ni Mn Oy0.25 1/8 1/8 3/4 2

is the total energy of the Mn-deficient
NRNMO used as a reference. We consider all possible
chemical environments that differ for the position of both
binding and leaving oxygen. In this way, we can dissect the role
of each TM dopant in the dioxygen formation process. As
clarified in Figure 4, the following configurations are explored
(from left to right): (i) Mn−O2−Mn and Mn−O2−Ru, as a
result of Ni−O bond breaking; (ii) Mn−O2−Ni and Mn−O2−
Ru originated from the breaking of the Mn−O bond; and (iii)
Mn−O2−Ni and Mn−O2−Mn coupled to Ru−O breaking.
For each configuration, the PBE + U(-D3BJ) minimum-energy
structure consists of superoxide moieties binding the TM
atoms in a bridging coordination mode, as suggested by the
O−O bond length ranging from 1.28 to 1.32 Å and the pair of
TM-O distance lying between 1.95 and 2.44 Å.65,66 In all the
explored configurations, the dioxygen moiety is found to bind
the nearby transition metals in different coordination modes.
Indeed, no free O2 is detected, contrary to what was previously
observed for the undoped NaxNi0.25Mn0.68O2.

28 The formation
of such dioxygen-metal complexes can unveil the oxygen redox
mechanism occurring in NRNMO at a high voltage: it
represents the oxide-to-superoxide transition, which relies on
the partial oxidation of the oxide sublattice and thus accounts
for the anionic redox chemistry. As first observed exper-

Figure 4. Formation of a dioxygen-metal complex in Na1/4Ru1/8Ni1/8Mn3/4−yO2 at the Mn deficiency site. Color code as in Figure 1, O (dioxygen),
brown. The orange circles highlight the original position before dioxygen formation. Only atoms around the dioxygen species are shown for clarity.
Corresponding formation energy, ΔE, computed according to eq 3 at PBE + U(-D3BJ) and structural details (dO−O and dM−O distances) are also
reported.
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imentally and now proved theoretically,40 the Ru-doped
material does not fully exert the anionic redox since further
oxidation to O2 is inhibited and the cathode can work in
reversible conditions. By looking at the calculated energy
values, we can carry out a comparative analysis aiming to
identify to what extent the chemical environment can alter the
dioxygen-metal formation mechanism. It is evident that both
binding and breaking sites affect the associated energetics: the
most favorable cases are found when only Ni and Mn atoms
are involved, leading to Mn−O2−Mn and Mn−O2−Ni species
via preferential breaking of Ni- and Mn−O bonds (ΔE = 0.800
and 0.922 eV, respectively). In fact, much higher energy is
required to form the dioxygen in an Mn−O2−Ru configuration
when coupled to the same Ni-/Mn−O bond breaking (ΔE =
1.584 and 1.732 eV). Although binding to Ru leads to less
stable dioxygen compounds, the formation mechanism is even
more unlikely to occur via breaking of Ru−O bonds: the high-
energy Mn−O2−Ni configuration can be formed with ΔE =
3.283 eV, while the Mn−O2−Mn does not even represent a
stable structure and dioxygen moves toward the Ru site to
restore the strong Ru−O bond (leading to the same Mn−O2−
Ru structure with ΔE = 1.732 eV). The so-obtained formation
energies are higher than the ones calculated in NNMO and
NFNMO,28,29 this outcome being comparable to the higher
dimerization barriers reported by the Shao-Horn group.38

Despite being large and positive, these values imply that non-
spontaneous processes can still be accessible under NIB
operating conditions, that is, upon charge. However, we should
warn the reader that they need to be interpreted only
comparatively, as the absolute numbers can sensibly vary by
considering the conversion to free energy variations via
phonon calculations as well as the effects of an electrolyte or
an external electric field. Herein, our purpose is to provide the
simplest model that is able to explain the oxygen redox activity
and the underlying mechanisms observed in the experiments.
The intense debate in the literature on activation and

control of O-based redox in layered NaxTMO2 seems to agree
in identifying the TM−O bond strength as a key factor which
tuning strategies may be referred to. To this end, we have
previously shown that this property can be easily quantified in
terms of oxygen vacancy formation energies:28,29 the lower the
formation energy of a given oxygen vacancy, the easier the
tendency to break the involved chemical bonds. To the best of
our knowledge, investigating oxygen vacancy formation
represents a suitable way in materials science to address
open questions about defect chemistry in simple and mixed
transition metal oxides or oxide migration in perovskite
structures.67−69 In the case of a layered oxide with the general
formula NaxTMO2, the reaction leading to the oxygen
defective material can be written as

* +Na TMO Na TMO
1
2

Ox x2 2 2 (4)

where NaxTMO2 and *Na TMOx 2 are, respectively, the layered
oxide in its pristine structure and the corresponding defective
system after formation of the oxygen vacancy, VO. The removal
of one oxygen atom from our 4 × 4 × 1 supercell of
NaxRu1/8Ni1/8Mn3/4−yO2 system corresponds to a 1.56%
oxygen vacancy concentration. The free oxygen molecule in
its triplet state is usually considered as reference.67−69 The
associated energy variation can be calculated according to eq 5

=

+

*E E E

E
1
2

V Na Ru Ni Mn O Na Ru Ni Mn O

O

y yO 0.25 1/8 1/8 3/4 2 0.25 1/8 1/8 3/4 2

2 (5)

where *ENa Ru Ni Mn Oy0.25 1/8 1/8 3/4 2
and ENa Ru Ni Mn Oy0.25 1/8 1/8 3/4 2

are the
total energies of the oxygen defective and the pristine
NaxRu1/8Ni1/8Mn3/4−yO2, respectively, and EO2

is the total
energy of the oxygen molecule as computed in its triplet
ground state at the same level of theory. We consider different
kinds of oxygen vacancies, differing for both the coordination
(twofold and threefold coordinated, VO(2c) and VO(3c),
respectively) and the chemical environment (according to the
coordinating atoms: Mn, Mn/Ni, Mn/Ru, and Mn/Ni/Ru, see
Figure S4 in Supporting Information for further details on the
labeling). Table 1 shows the results for VO(2c), while EVO

for

three-coordinated vacancies are collected in Table S2. By
comparing the VO(2c) values obtained here for NRNMO to
our former results on Fe-doped and undoped NNMO (see the
corresponding rows in Table 1), we can see that the EVO

trend
is altered: besides the Mn/Ni configuration showing the lowest
EVO

values in all materials, the effect of Ru doping is the
opposite compared to Fe, leading to EVO

(Mn/Ru) > EVO
(Mn).

While Fe doping was introducing mild TM−O covalency
conditions, the introduction of Ru atoms results in a significant
strengthening of the chemical bond. It is worth noticing that
the doping effects on the VO(3c) are more intertwined:
removal of oxygen atom is found to be more difficult not only
from Ru- but also from Ni-containing configurations (EVO

(Mn/Ru, Mn/Ni) > EVO
(Mn)). In the case of the most

heterogeneous sites (i.e., Mn/Ni/Ru), Ru and Ni seem to play
a synergic effect that still leads to a higher EVO

compared to EVO

(Mn) (see Table S2 in Supporting Information). Conversely,
the EVO

for Mn/Fe and Mn/Ni/Fe in NFNMO were always
lower than Mn and Mn/Ni ones, suggesting that the opposite
effect of Ru doping compared to Fe is even exerted in the
stabilization of the oxide moiety in a Ni-containing site.
From the values shown in Table 1 and the discussion

reported so far, it is clear that the VO formation energy trend
directly reflects the tendency of a given composition to release
an oxygen atom and thus can represent a solid way to predict
different activities toward the O2−/O−/O2 evolution from
predictions of TM−O bond strength. We can conclude that Ru
doping would ensure such desirable strong TM−O bonds for
preventing irreversible O2 loss and allowing efficient reversible
conditions at a high working voltage.

Table 1. Formation Energies of Twofold-Coordinated
Oxygen Vacancies, EV (2c)O

(eV), Computed in Different
Chemical Environments (Mn, Mn/Ni, and Mn/Ru, See
Figure S4 in Supporting Information) at PBE + U(-D3BJ)
According to eq 5a

Mn Mn/Ni Mn/Ru Mn/Fe

NRNMO (this work) 1.404 1.101 2.498
NFNMO29 1.587 1.152 1.397
NNMO28 1.515 1.079

aMn/Fe configurations from NFNMO and other previous results
obtained in NNMO with the same method are also reported for direct
comparison.28,29
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■ CONCLUSIONS AND OUTLOOK
In this work, we have presented the theoretical characterization
of a Ru-doped NaxTMO2 (TM = Ru, Ni, and Mn) system with
promising properties for application as a cathode material in
Na-ion batteries. The structural evolution and electronic
features in NaxRu1/8Ni1/8Mn3/4O2 have been derived from
PBE + U(-D3BJ) calculations as a function of Na content to
simulate the cathode charging process. We have also modeled
the Mn-deficient counterpart (e.g., NaxRu1/8Ni1/8Mn3/4−yO2)
in order to provide insightful design strategies for high-energy
cathodes and explore the mechanism of O2−/O− evolution.
With the computational method being validated according to
the existent experimental data and former ab initio simulations
on similar materials, we can sum up our results as follows:

• Mn sublattice retains its mixed Mn3+/Mn4+ oxidation
upon desodiation as suggested by constant charge/
magnetization and steady PDF of Mn−O distances in
both stoichiometric and Mn-deficient NRNMO;

• Ni2+ undergoes oxidation to Ni3+ at low Na content,
leading to bond shrinking within the Ni-centered
octahedra, the effect being more remarkable in the
Mn-deficient form;

• the mixed Ru3+/Ru4+ seems to be involved in the charge
compensation at xNa = 0.25 of both stoichiometric and
Mn-deficient NRNMO, with a net oxidation up to Ru5+
occurring in the latter, also coupled to Ru−O bond
compression;

• two low-energy superoxide species can be formed at xNa
= 0.25 near the Mn deficiency site via preferential
breaking of Ni- and Mn−O bonds, featuring a bridging
coordination mode to Mn/Mn and Mn/Ni atoms (Mn−
O2−Mn and Mn−O2−Ni, respectively). The more labile
character of Ni- and Mn−O is confirmed by lower VO
formation energies;

• dioxygen formation via Ru−O breaking is more unlikely
to occur due to the enhanced bond strength, also
quantified in terms of E(VO).

Thanks to the broad and inspiring literature on Li-ion
analogues, despite being few, the experimental efforts to exploit
highly covalent transition metal oxides in efficient NIB devices
are well underway. All-in-all, these findings shed light on the
charge compensation occurring at high voltage in the P2-type
NaxTMO2 (TM = Ru, Ni, and Mn) layered oxide that is
described with atomistic detail. By decoupling the single
element contributions, we could highlight the key role exerted
by the Ru dopant in stabilizing the oxide lattice redox and thus
promoting access to reversible anionic chemistry. This study
paves the route for future investigation, aiming to consider the
interplay of other charge compensation mechanisms that may
hamper the cathode capacity, for example, TM/oxygen
vacancies and antisite defects at different desodiation degrees.
Great steps forward in the design of highly performing cathode
materials are being made and, as has been demonstrated here,
the theoretical intake can sensibly help to boost their future
deployment in effective NIB devices.
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(54) Muñoz-García, A. B.; Pavone, M. First-Principles Design of
New Electrodes for Proton-Conducting Solid-Oxide Electrochemical
Cells: A-Site Doped Sr2Fe1.5Mo0.5O6−δ Perovskite. Chem. Mater. 2016,
28, 490−500.
(55) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and
Accurate Ab Initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132, 154104.
(56) Barone, V.; Casarin, M.; Forrer, D.; Pavone, M.; Sambi, M.;
Vittadini, A. Role and Effective Treatment of Dispersive Forces in
Materials: Polyethylene and Graphite Crystals as Test Cases. J.
Comput. Chem. 2009, 30, 934−939.

(57) Pecoraro, A.; Schiavo, E.; Maddalena, P.; Muñoz-García, A. B.;
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