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Ab initio determination of a simultaneous dual-ion charg-

ing mechanism for Ni0.25Mn0.75O2 through redox reac-

tions of Ni2+/Ni4+ and O2−/O−†

Robert Shepard,a,b Scott Brennan,a Taylor Juran,a Joshua Young,a,c and Manuel Smeua,*

Over recent years, great e�orts have been made to push the limits of layered transition metal oxides

for secondary battery cathodes. This is particularly true for overall capacity, which has reached a

terminal theoretical value for many materials. One avenue for increasing this capacity during charg-

ing is the intercalation of anions post cation deintercalation. This work investigates the charging

mechanism of the P3-Na0.5Ni0.25Mn0.75O2 cathode material through cation (Na) deintercalation and

anion (ClO4) intercalation by means of density functional theory. The calculations corroborate exper-

imental �ndings of increased capacity (135 mAh g−1 to 180 mAh g−1) through the intercalation of

anions. However, this work demonstrates that a process of simultaneous cation deintercalation/anion

intercalation is the primary charging mechanism, with charge compensation reactions of Ni2+/Ni4+

and O2−/O− occurring within the cathode material. To elucidate this simultaneous process, a novel

method for computationally determining anion voltage in which one must consider full electrolyte

interactions is proposed. Based on the results, it is believed that a simultaneous cation deinterca-

lation/anion intercalation mechanism provides one potential avenue for the discovery of the next

generation of secondary batteries.

1 Introduction

The Li ion battery (LIB)1–7 has long been held as the industry
standard for powering portable electronics8. While it is believed
that LIBs will never completely be replaced, many studies into al-
ternative secondary batteries have been undertaken8–16. To start,
investigation into Na would be prudent; the monovalent nature
of both ions, abundance of Na, and similar chemical/electronic
properties between Li and Na would make it a great choice17,18.
Although Na mimics Li in many aspects, advancement of Na ion
batteries (NIBs) is not without adversity.

Many materials have shown the ability to act as a cathode for
NIBs, such as various oxides (i.e., layered, olivine, and spinel),
phosphates, and chalcogenides15,16,19–23. These materials have
been shown to possess the ability to reach 4.5 V and obtain
300 mAh g−1 in various studies24 and references therein. However,
such performance is rare; on average, NIBs fail to outperform
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the industry standard of 3.7 V and 372 mAh g−1 of LIBs. That
is, of course, unless we go beyond the performance achieved
with full extraction/intercalation of sodium. This raises the ques-
tion on how one could continue further if all ions have been ex-
tracted. The answer lies with anions; the process of deintercalat-
ing cations is electronically equivalent to intercalating anions.

Recently, an experimental study by Li et al.25 investigated the
layered transition metal oxide (TMO) P3-Na0.5Ni0.25Mn0.75O2 for
use as a Na ion battery (NIB) cathode. They found that after ex-
tracting all Na ions, ClO4 would intercalate, thereby increasing
capacity beyond what is theoretically predicted for Na ion par-
ticipation alone. Specifically, they obtained a final capacity of
180 mAh g−1 (a ∼34% increase over the all-Na theoretical ca-
pacity of 134 mAh g−1), which corresponds to an overall volt-
age of 4.15 V when charging their system. Furthermore, Li et
al. proposed a multi-step process for cycling Ni0.25Mn0.75O2 dur-
ing which Ni species undergo a reversible cationic redox reaction
(Ni2+↔ Ni4+) and O atoms undergo a reversible anionic redox
reaction (O2−↔ O−).

To the best of the authors’ knowledge, only two other com-
putational studies have investigated ClO4 intercalation. How-
ever, these works investigated intercalation into graphite, with
the focus of their calculations solely on the physical and elec-
tronic structure changes during intercalation; no electrochemical
performance was determined through density functional theory
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(DFT)26,27. Additionally, several studies can be found with ClO4

present in various electrolytes, again focusing on physical and
electronic properties and not electrochemical performance28–31.
The work presented here will involve both intercalation within
the Ni0.25Mn0.75O2 cathode and the ion-electrolyte interactions
present within a realistic system.

2 Compuational Methods

2.1 Computational details

In this work we investigate the processes of Na deintercala-
tion and ClO4 intercalation within the layered TMO of P3-
Ni0.25Mn0.75O2 (referred to simply as NMO hereafter) when
paired with a Na metal anode and propylene carbonate (PC) elec-
trolyte, by means of computational modeling based in DFT32–38.
To accomplish this, physical structures, density of states (DOS),
cell voltages, diffusion barriers, and charge analyses are all cal-
culated with various forms of the exchange-correlation (xc) func-
tional and van der Waals (vdW) correction schemes. Specifically,
the generalized gradient approximation (GGA) by Perdew, Burke,
and Ernzerhof (PBE)39 and the strongly constrained and appro-
priately normed (SCAN)40 functionals, and the DFT-D341 and
rVV1042,43 vdW corrections were used. In addition, the rotation-
ally invariant approach to the Hubbard U correction, as intro-
duced by Dudarev et al.44,45, was employed in conjunction with
the PBE-D3 xc functional-vdW correction combination to accu-
rately account for the on-site Coulomb interactions of transition
metal (TM) 3(d) electrons. This combination was utilized only
in electronic structure calculations revolving around the inves-
tigation of computationally demonstrating the charge compen-
sation redox reactions of NMO (see Sec. 3.4), with values of
U=4.0 eV for Mn and 6.0 eV for Ni. The decision to utilize the
Hubbard U correction only for the investigations of redox reac-
tions was based on previous computational investigations46–50

which demonstrated its effectiveness in describing TMOs.

DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP)51, which utilizes a plane wave ba-
sis set in the expansion of the Kohn-Sham single particle wave
functions. The ion-electron interactions were approximated us-
ing the projector augmented wave (PAW) potentials52 with non-
spherical contributions from gradient corrections inside the PAW
spheres included. Both the kinetic energy cutoff and Γ-centered
Monkhorst-Pack53 k-point grid were tested independently for
convergence against a 1-meV/atom threshold. It was determined
that a 700-eV kinetic energy cutoff and a 3× 3× 1 k-point grid
were sufficient for the NMO unit cell (shown in Fig. 1). Ap-
propriate smearing methods were used for sampling the Bril-
louin zone for intercalated and empty NMO structures, includ-
ing the Methfessel-Paxton54 method. For electronic structure in-
vestigations (i.e., DOS), the previous methods and the tetrahe-
dron method with Blöchl corrections55 were utilized. All struc-
tural relaxations and energy calculations were performed using
the conjugate-gradient algorithm56 with the inclusion of elec-
tron spin (i.e., spin polarization). The ground state configuration
was considered reached upon net forces on atoms falling below
0.01 eV/Å. Each system was modeled and analyzed using the Vi-

(a)

(b) (c)

Fig. 1 The R	3m unit cells of (a) Na0.5Ni0.25Mn0.75O2, (b) Ni0.25Mn0.75O2,

and (c) Ni0.25Mn0.75O2(ClO4)0.167 used in this work. As the discharged

cathode (i.e., Na0.5Ni0.25Mn0.75O2) was synthesized in the P3 phase25,

such a structure was used for the empty and ClO4-intercalated systems.

Nickel atoms are shown in gray, manganese in purple, and oxygen in red.

NOTE: The three panels are not to scale.

sualization for Electronic and STructural Analysis (VESTA) soft-
ware57.

2.2 Relaxations

Full structural relaxations (including lattice vectors) were com-
pleted on empty and cation/anion-intercalated NMO structures
(see Fig. 1) using the PBE, PBE-D3, PBE-D3+U, SCAN and SCAN-
rVV10 xc-vdW approximations, as mentioned in Sec. 2.1. Con-
centrations between x = 0.083 and x = 0.5, inclusive, were used
for simulating intercalation of Na in NaxNMO. These concentra-
tions correspond to 1 and 6 ions, respectively, in our simulation
cells. Additionally, x = 0.5 is referred to as the “fully sodiated”
concentration hereafter.

For the intercalation of ClO4, concentrations of y = 0.083 and
y = 0.167 (i.e., 1 and 2 molecules, repsectively) in NMO(ClO4)y

were investigated. Intercalation of ClO4 was halted at y = 0.167
(referred to as “fully perchlorated” hereafter) based on the pre-
viously reported percentage increase in overall capacity as com-
pared to that obtained from full desodiation25. Ion intercalation
was completed via a series of independent site testing, the details
of which are discussed in Sec. S1 & S2†.

2.3 Nudged Elastic Band

Ion migration in NMO was investigated for both Na and ClO4,
individually, using the nudged elastic band (NEB) method58–65

with PBE-D3. The migration pathways investigated (shown in
Fig. 3a & 3b) were based on the results of the site testing dis-
cussed in Sec. S1 & S2†. To simulate ion migration, a 2×2×1 su-

2 | 1�12Journal Name, [year], [vol.],

Page 2 of 12Journal of Materials Chemistry A



percell was created to allow each NEB pathway to start and end at
an equivalent site (i.e., the lowest energy position of a single Na
or ClO4) and to create sufficient distance (i.e., ∼10 Å) between
repeated images to greatly reduce any interactions between them.
Unique pathways were individually tested and combined in such a
way to show ion migration throughout the NMO interlayer space.
The use of this method allowed migration of both Na and ClO4

along similar, although not identical, pathways. A total of 7 im-
ages were used to sample along each migration pathway.

2.4 Ab initio Molecular Dynamics

To determine the energies of our electrolyte systems, we per-
formed ab initio molecular dynamics (AIMD)66–69 simulations.
To simulate the electrolyte, AIMD calculations were completed
on a simulation cell consisting of 24 PC molecules and 0, 1, 2,
or 3 NaClO4 units (shown in Fig. S3†), all of which were ran-
domly distributed throughout the simulation cell. For each system
containing NaClO4 salt, the proximity of Na to ClO4 was investi-
gated (including both contact and solvent-separated ion pairs)
and each system was designed to correspond to densities previ-
ously reported for NaClO4 in PC based on molarity (both explicitly
determined by, and interpolated from, experiment)70,71. Molar-
ity and density data for these systems are provided in Table S1†.

The AIMD simulations were run at 350 K with 1-fs time steps
using the canonical (NVT) ensemble72–77. First, each system was
equilibrated for 5 ps; following this, an additional 2 ps of simu-
lation time was performed. Frozen images were taken from each
2-ps simulation in increments of 0.1 ps and the total energy of
each was computed self-consistently. The final total energy was
then taken through two methods; 1) as the average of these 20
image energies and 2) an average of the entire 2-ps AIMD trajec-
tory. For all AIMD calculations, only the Γ k-point was used and
vdW interactions were included via the Grimme D3 approach41

(i.e., PBE-D3).

2.5 Voltage

Once all relaxation and AIMD energies are obtained, voltage can
then be calculated. In previous computational works, it has been
demonstrated that the average voltage for a secondary battery
can be calculated as

V =
−∆G
nF

, (1)

where ∆G is the difference in Gibbs free energy between the
charged and discharged states, n is the number of electrons trans-
ferred during intercalation, and F is Faraday’s constant78–84. Al-
though ∆G can explicitly be calculated, we approximate it as
equal to the internal energy (i.e., DFT determined ground state
energy) for this work. This approximation is expected not only to
save on the overall computational costs for this investigation, but
to be accurate (i.e., within 0.2 V of the “true” voltage78,82,84) as
well.

The approximation above allows Eqn. 1 to be rewritten in the
general form of,

V =
Echarged −Edischarged

# of e− transferred
, (2)

where Echarged is the sum of energies of the components in the
charged state and Edischarged is the sum of energies of the compo-
nents in the discharged state. When intercalating cations, Eqn. 2
becomes,

V =
(Ey +(x− y)Emetal)−Ex

(x− y)Z
, (3)

where Ey and Ex are the energies of NMO intercalated with y
and x cations (where x > y), respectively, Emetal is the energy per
atom of the pure cation-metal anode, and Z is the valency of the
intercalated cation (Z = 1 for Na). To ensure conformity to ther-
modynamic principles, Eqn. 3 is only applied to those cation in-
tercalation concentrations residing on a convex hull of formation
energies15,16. When intercalating anions, however, Eqn. 3 is no
longer applicable due to the intercalated ion (ClO4 in this work)
not having a solid metal counterpart. Here, we revisit Eqn. 2
and expand based on a novel approach developed in part from
previous computational work which also investigated anion volt-
age85–90.

In the present work, we begin our anion voltage calculations
by considering the Na metal anode, ClO4-intercalated cathode,
and electrolyte with lower molarity of salt as components of the
charged state (see Fig. 2c). The components of the discharged
state (with respect to ClO4) are then an electrolyte with a higher
molarity of salt and the empty NMO structure (see Fig. 2b). This
is represented mathematically by Eqn. 4 and shown schematically
in Fig. 2.

In Eqn. 4, the first, second, and fifth terms are all found as de-
scribed in Sec. 2.2, where ENa is the energy per atom of the pure
Na metal anode, ENMO,(x− y)ClO4

is the energy of NMO interca-
lated with (x− y) (where x > y) ClO4 molecules, and ENMO is the
energy of the empty NMO structure. The third and fourth terms
in Eqn. 4 represent the PC electrolyte with y and x salt pairs, re-
spectively. This equation was utilized to simulate charging from
the empty NMO structure to the fully perchlorated one, as origi-
nally proposed by Li et al.25. However, as discussed in Sec. 3.3,
Eqn. 4 will require modification to accommodate a novel charging
mechanism proposed by this work.

To the best of the authors’ knowledge, only four other groups
have reported on the computation of anionic voltages. However,
many of these other works did not model a true representation
of the electrolyte with salt; they employed a molecular species
model85–89. One group did simulate such a realistic electrolyte
model of salt in solvent, but their work did not involve a change
in molarity of salt but a change in anionic species from AlCl−4 to
Al2Cl−7

90.

V =
((x− y)ENa +ENMO,(x− y)ClO4

+E24PC,yNaClO4
)− (E24PC,xNaClO4

+ENMO)

(x− y)e−
(4)
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(a)

(b)

(c)

Fig. 2 Structural models of the anode, electrolyte, and cathode for dif-

ferent stages of the initially investigated charging mechanism of full des-

odiation followed by perchlorate intercalation. This charging �path� (i.e.,

(a)→(b)→(c)) is denoted with red arrows, while the discharge mecha-

nism ((c)→(b)→(a)) is shown with green arrows.

2.6 Charge Compensation Reactions

During the charging cycle of NMO, charge compensation reac-
tions involving cationic (Ni2+↔ Ni4+) and anionic (O2−↔ O−)
redox reactions have been shown to occur25. Therefore, the abil-
ity to computationally capture and accurately model these reac-
tions is of particular interest in this work. To investigate these
proposed reactions, DOS, oxidation state determination through
the use of the density derived electrostatic and chemical (DDEC6)
charges approach91–99 in conjunction with ligand field theory100,
Bader charge analysis, and structural deformations (i.e., changes
in X– O bond lengths, where X = Mn, Ni, O) are all computed to
determine the computational validity of these charge compensa-
tion mechanisms.

3 Results

3.1 Structural Characterization

As stated in Sec. 2.2, full structural relaxations were completed
for the fully sodiated NMO structure using an assortment of xc
functionals, both with and without additonal vdW correction

terms. The numerical results of these calculations can be found
in Table S2†, with a full comparison between them and exper-
iment25 in Sec. S4†. In short, we conclude that the xc func-
tional of PBE (without the inclusion of vdW corrections) yields
best overall agreement. Discussion on the structural characteri-
zation for the fully perchlorated structure can also be found in
Sec. S4†, with additional anion intercalation investigations dis-
cussed in Sec. S5†.

3.2 Ion Migration Barriers

Diffusion barriers were calculated for both Na and ClO4, individ-
ually, as outlined in Sec. 2.3. A combination of four individually
calculated pathways (shown in Fig. 3a & 3b for Na and ClO4,
respectively) are combined to represent ion migration through-
out the NMO interlayer space. The combination of these plots is
shown in Fig. 3c, where it is evident that both Na and ClO4 are
freely able to diffuse (with barriers < 0.1 eV) through the inter-
layer spacing of NMO; corroborating the experimental claim that
both ions readily intercalate within the bulk25.

(a) (b)

(c)

Fig. 3 The four individual migration pathways investigated for (a) Na

and (b) ClO4. The energetics of these pathways were combined following

the pathway of A→B→D→A→C (i.e., numerical order of red arrows in

(a) and (b)) to create the di�usion barrier plot in (c). For both Na

and ClO4, di�usion barriers calculated with PBE-D3 are well below the

theoretically determined threshold of 0.525 eV from Rong et al.
101.

3.3 Electrochemical Performance

Due to the structural match between our calculations for Na in-
tercalation and experiment (and how closely the empty and ClO4-
intercalated structures match that of Na-intercalated for the a and
b lattice vectors), only PBE-D3 was used in all voltage calculations
in this work. The decision to include D3 was based on the desire
to more accurately account for interactions occurring within the
electrolyte simulation cells, in turn more accurately determining
the voltage profile.

We began our electrochemical investigation with the process
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Fig. 4 Voltage pro�les for charging NMO from Na0.5Ni0.25Mn0.75O2 to

Ni0.25Mn0.75O2(ClO4)0.167 for this work are shown as red and blue lines,

which are discussed in Sec. 3.3. The reported voltage pro�le of Li et

al.
25 has been adapted and included as a black line. Also labeled are the

three distinct charging plateaus.

of full desodiation followed by perchlorate intercalation, as was
the suggested mechanism reported by Li et al.25. Their reported
voltage profile (which was adapted and included in Fig. 4 as a
black line) consists of three distinct plateaus during charging.
These plateaus approximately run from 0–22, 22–67, and 67–
180 mAh g−1, respectively, and are labeled on Fig. 4. In their
analyses (e.g., Field-Emission Transmission Electron Microscopy
and X-ray Diffraction), Li et al. demonstrated the NMO cathode
contained only Na cations when discharged and only ClO4 an-
ions when charged. These two end points of charging correspond
to our fully sodiated and fully perchlorated structures (shown in
Fig. 1a & 1c, respectively). It is the middle region (i.e., partially
charged) that is the focus of this investigation as it was not com-
prehensively characterized previously.

For the desodiation process, formation energies were deter-
mined and a corresponding convex hull (Fig. S7†) was con-
structed. Next, a voltage profile (red data points in Fig. 4) was
created utilizing Eqn. 3 for those points residing on the convex
hull. Complete desodiation corresponds to the voltage profile
from 0 to 134 mAh g−1. From the empty NMO structure, ClO4

intercalation was then simulated. The voltages were calculated
for a variety of simulated systems, as discussed in Sec. 2.4 & 2.5.
All voltages obtained for charging from empty NMO to ClO4-
intercalated are shown in Table S4†. All of those voltages are
well above the experimentally reported25 value of ∼4.15 V for
the third charging plateau, with some values as high as 6 V. The
resulting voltage profile for the combination of sequential des-
odiation and subsequent perchloration is shown as the red line
Fig. 4.

From Fig. 4, we noticed how the first two plateaus are of ap-
propriate width (i.e., capacity range), despite the fact they are an
underestimation of the experimental voltage. Due to the discrep-

ancy between calculated and experimental voltage, one needs to
consider the validity of Eqn. 3. However, we are confident in this
method as it has provided excellent agreement to experiment in
previous works11,12,15,16,102,103. The third plateau, however, is
broken when following the process of full desodiation and then
perchloration such that the voltage corresponding to perchlorate
intercalation into empty NMO is well above the experimentally
reported value. Therefore, we propose an alternative mechanism
to that of Li et al.25 in which the sequence of cation deintercala-
tion/anion intercalation is investigated.

Our electrochemical investigation shifted to the possibility and
plausibility of a charging mechanism that was not sequential in
nature. That is, one in which cation deintercalation and anion in-
tercalation was occurring simultaneously. As one potential mech-
anism, the first two plateaus are kept the same as the sequen-
tial mechanism (i.e., 6→5→3 Na ions, for our supercell). At this
partially charged state, half of the total Na has been removed.
Then, in one simultaneous step, the remaining Na is to be re-
moved while all of the ClO4 is inserted. However, in order to
calculate the voltage for this new mechanism, we need to revisit
Eqn. 4.

Here, we propose a modification to the constituents included
in the charged and discharged states. For a simultaneous mecha-
nism, there may exist Na and ClO4 within our cathode at the start
and end of a given charging step. As such, Eqn. 4 requires modifi-
cation to account for this possibility. We therefore present Eqn. 5
below. Here, all terms are defined as before. Now, y and j (x and
i) are the number of Na and ClO4 units, respectively, within the
charged (discharged) cathode. Similarly, β (α) is the number of
salt pairs within the charged (discharged) electrolyte. These two
new variables are taken as {α ,β} = {3,2} and {2,1}, with corre-
sponding voltages calculated for both sets and averaged. This is
done to simulate the voltage around the average of 2 salt pairs
in our simulated electrolyte, which corresponds to a 1M concen-
tration (as used by Li et al.25 and shown in Table S1†). Addi-
tionally, γ = (x−y)+( j− i), which equates to the number of elec-
trons transferred within the charging reaction shown in Eqn. 6 be-
low. If an investigated charging step involves a process such that
( j − i) = 2 (i.e., the largest value it can have for our simulation
cell), then a single voltage is calculated for {α ,β} = {3,1}; this
again keeps the 1M average for electrolyte molarity. If ( j− i) = 0
(i.e., only Na deintercalation occurs), then α = β and those terms
are dropped from Eqn. 5. Utilizing our new equation, we are now
able to compute the voltage of our initially proposed simultane-
ous mechanism of going from partially sodiated (x = 3 and i = 0)
to fully perchlorated (y = 0 and j = 2). The result of this charging
mechanism is shown in Fig. 4 as a blue line, which results in a
voltage profile that qualitatively matches the experimental result
much better, having a continuous (i.e., unbroken) third plateau.

With this result, the proposed mechanism of simultaneous Na

V =

(
γENa +ENMO,yNa, jClO4

+E24PC,βNaClO4

)
−
(

E24PC,αNaClO4
+ENMO,xNa,iClO4

)
γe−

(5)
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Fig. 5 A subset of some of the numerous potential steps to charge

from Na0.5Ni0.25Mn0.75O2 to Ni0.25Mn0.75O2(ClO4)0.167 investigated in

this work. The reported voltage pro�le of Li et al.
25 has been adapted

and included as a black line.

deintercalation and ClO4 intercalation was now of great interest.
A thorough search of the literature determined that the process
of simultaneous cation deintercalation/anion intercalation within
the same material is a novel idea with only one other work stat-
ing its possibility104 (others have reported it for different elec-
trodes105). Based on this novel idea, we began investigating var-
ious pathways from fully sodiated to fully perchlorated involving
several simultaneous processes. A telling, non-exhaustive, sum-
mary of these results is provided in Fig. 5.

Inspection of Fig. 5 reveals several key insights into the pro-
posed charging mechanism for NMO. For the first charging
plateau (0–22 mAh g−1), it can be seen that Na deintercala-
tion alone (blue line) results in a voltage mostly below that of
experiment (black line). However, when coupled with simulta-
neous intercalation of ClO4 (i.e., 1 molecule or half of the to-
tal amount of ClO4 based on our simulation cell used), an in-
crease in voltage is observed (red line). It is understood that
this process does not correspond to the same capacity range for
the first plateau; it is simply a consequence of the available com-
binations/concentrations of our simulated cells. Therefore, it is
believed the actual process for this first charging step to be a mix
of Na removed and ClO4 inserted.

It is evident for the second plateau (22–67 mAh g−1) of charg-
ing that desodiation alone (blue line) yields a voltage too low
yet again and that a simultaneous process (green line) yields a
voltage higher than experiment. For this step, it is our belief
that one-sixth of the total Na is removed from the NMO material,
while one-quarter of the total ClO4 is inserted. It should be noted
that these concentrations are based on those available within our
supercell. However, we suspect the true concentrations be quite
close to those proposed above.

Finally, the last (and largest) plateau of the charging process
(67–180 mAh g−1) demonstrates two things. First, the voltage
obtained from intercalating 100% of the perchlorate (blue line)

Fig. 6 The proposed mechanism for charging from Na0.5Ni0.25Mn0.75O2
to Ni0.25Mn0.75O2(ClO4)0.167 through simultaneous cation (Na) deinter-

calation and anion (ClO4) intercalation for the voltage pro�le of Li et

al.
25 (adapted and included as a black line). NOTE: The number of

each ion represented here is based on those concentrations available with

the simulation cells utilized in this work.

or the remaining 50% of the perchlorate (after 50% of the per-
chlorate is already interclated; yellow line) resulted in voltages
that are too high (by 0.53 V and 0.26 V, respectively). Secondly,
the voltage obtained when more Na is removed and less ClO4 is
inserted yields better agreement with experiment (i.e., the yellow
line compared to the blue line).

Based on the previously discussed steps, we propose the actual
charging mechanism for NMO from fully sodiated to fully perchlo-
rated is that as shown in Fig. 6, in which we have adapted and
included the reported voltage profile from Li et al.25. It would be
ideal to compute the voltage for the proposed dual ion concentra-
tions presented in Fig. 6. However, such concentrations require
simulation cells beyond what could be handled with the available
computational resources. It is to the best of our knowledge that
this proposed mechanism is the first account of a computational
claim of simultaneous cation deintercalation/anion intercalation
within the same cathode material. With this newly proposed
charging mechanism, and the previous claims of redox charge
compensation reactions, we turn our investigation to determine
how NMO electronically responds to each of these intercalated
ions.

3.4 Charge Compensation Response of NMO
The following investigations and analyses are completed for the
fully sodiated to empty to perchlorated charging mechanism, in
apparent contradiction with our proposed mechanism in the pre-
vious section. However, the choice to investigate the following
methods in this manner was deliberate to isolate the effects of
cation deintercalation from those of anion intercalation, allow-
ing us to determine which ion plays the major contributing role
in the charge compensation reactions proposed. As discussed in
Sec. 2.1, all charge compensation investigations utilize the PBE-

NMOxNa,iClO4
+PCαNaClO4

→ NMOyNa, jClO4
+PCβNaClO4

+ γNa . (6)
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(a)

(b)

(c)

Fig. 7 Atom-resolved density of states (PDOS) for (a) Na0.5Ni0.25Mn0.75O2, (b) Ni0.25Mn0.75O2, and (c) Ni0.25Mn0.75O2(ClO4)0.167. Each of these

plots was calculated using PBE-D3+U. NMO oxygens have been separately plotted from those of ClO4 in plot (c). The Fermi level is indicated by

the vertical dashed lines.

D3+U combination for their respective calculations.

3.4.1 Density of States

We begin with the electronic structure of the fully sodiated NMO
system. As shown in Fig. 7a, there is a high level of hybridiza-
tion between the TM(d) states and O(p) states. Such hybridiza-
tion indicates a strong covalent character of the TM–O bonds106.
Consequently, this indicates O redox is more likely to occur than
TM redox107. When inspecting the states slightly below the Fermi
level (-1 ≤ E −EF ≤ 0), one can see that mainly O(p) and Ni(d)
states contribute to these energies. As such, one would expect the
Ni–O bonds to be the redox active centers during desodiation46.

In the electronic structure of empty NMO (Fig. 7b), a drastic
increase in contributions from O(p) states can be seen just be-
low the Fermi level. This shift to higher energies is indicative
of O atoms compensating for the charge removed during cation
deintercalation, as previously reported46,49,50,106–110. Concur-
rent with this change, Ni(d) states have emptied and shifted to
the conduction band (around 1 to 2 eV), indicating Ni atoms
are compensating for charge removal during cation deintercala-
tion46,47,50,108,110,111.

Lastly, Fig. 7c presents the electronic structure of the fully per-
chlorated structure. From the claim of Li et al.25, and others
in literature46,47,50,106–109, it was expected to see further redox
activity of O(p) states. Comparing Fig. 7c to Fig. 7b, one can
see that no significant change in any Ni, Mn, or lattice O atoms
occurs. However, there is interesting behavior of the O atoms
contained within ClO4. For these states, we see high levels of hy-

bridization with all other atoms throughout the displayed energy
range, as well as significant contribution to those states near the
Fermi level; behaviors indicative of some level of redox activity.

Throughout the charging process, the character of the Mn(d)
states remains unchanged, indicating that Mn takes no part in
any redox reactions present in our system. This is expected as
further oxidation of Mn4+ to Mn5+ is highly unfavorable energet-
ically for Mn atoms in octahedral coordination geometries. Al-
though a small increase in Mn character can be seen just below
the Fermi level during desodiation, we attribute this to lattice O
coordinated with Mn undergoing redox. As the TM(d) and O(p)
states are strongly hybridized, this change is Mn character is not
unreasonable. As such, the PDOS of Mn throughout the charging
process are deemed to be the typical charge order of Mn4+.

From our electronic structure investigation for the fully sodi-
ated, empty, and fully perchlorated systems, we conclude that Mn
atoms within all systems maintains a Mn4+ oxidation state. For
the desodiation portion of the charging process, clear changes in
electronic character of Ni(d) and O(p) states suggests simultane-
ous Ni2+→ Ni4+ and O2−→ O− transitions. Additionally, it would
appear the O atoms on ClO4 experience some nature of redox.
However, further investigation into this intriguing observation is
necessary prior to any definitive claims of such redox activity. To
corroborate our other redox activity findings, we move to investi-
gate the electronic nature of all atoms by their net magnetization
through the use of the DDEC6 method.
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3.4.2 DDEC6

To further examine the oxidation state of Ni, Mn, and O atoms in
our fully sodiated, empty, and fully perchlorated NMO systems,
we calculated the net spin moments on all atoms following the
DDEC6 method91–99. However, the net spin moment is insuffi-
cient to determine oxidation state on its own. One must follow
ligand field theory100 (the more accurate modification of crystal
field theory112,113) to take this spin moment and determine the
oxidation state it corresponds to49,50,106–108,111. A description
of this process is given in Sec. S7†, where electronic configura-
tions for Ni and Mn are presented in Fig. S8 & S9†, respectively.
From these electronic configurations, we expect to obtain a value
of 3 µB for a Mn4+ oxidation state, and a value of 2/0 µB for a
Ni2+/Ni4+ oxidation state. However, it has been reported111 that
these numbers may be closer to 2.75 µB for a Mn4+ and 1.5 µB for
Ni2+ due to the TM(d) and O(p) orbital hybridization discussed
in Sec. 3.4.1.

The results of all net spin moment determinations are pre-
sented in Fig. 8. To start, we focus on Mn in the fully sodiated
and empty NMO structures. Here, the Mn atoms average a net
spin moment of 3.24 and 3.26 µB, respectively, matching a previ-
ously reported value106. Moving to the perchlorated system, we
see a slight increase (3.4 µB). As with the PDOS of Sec. 3.4.1, this
slight change could be attributed to the coordinated O atoms’ re-
dox activity and is unlikely an indication of a shift towards Mn5+

due to the energetic favorability of Mn4+ in the octahedral geom-
etry.

For Ni atoms, there is a clear change from the Ni2+ oxidation
state to that of Ni4+ during desodiation, with a further decrease
in net spin moment during perchlorate intercalation. However,
like those changes for Mn, these variations for Ni during perchlo-
rate intercalation are minimal, most likely due to coordinated O
redox activity, and the corresponding values match those previ-
ously reported106.

Although ligand field theory is not applied, the net spin mo-
ments for O atoms were investigated for sake of completeness and
are included on Fig. 8 as well. For both desodiation and perchlo-
rate intercalation, there are negligible changes. The reason no
change in net spin moment is found for O is likely due to the hy-

Fig. 8 Net spin moments for Ni (△), Mn (×), and O (#) atoms in

fully sodiated, empty, and fully perchlorated NMO when calculated with

PBE-D3+U. Shown on the right are the corresponding oxidation states

for the Ni and Mn atoms. The red circles for the fully perchlorated system

denote oxygen atoms within ClO4.

bridization of the TM(d) and O(p) states and choice of functional
combination. Any changes that do occur for O are overshadowed
by the drastic changes occurring on the Ni atoms. Additionally,
electrons from neighboring atoms could be captured with the in-
clusion of the D3 correction, effectively canceling out any spin
moments on O (as well as leading to the overestimation for Mn
and Ni atoms).

Thus far, PDOS and net spin moments have been investigated
to find evidence of charge compensation redox reactions. What
these methods highlight is that no single method should be used
in the determination of electronic structure. Various methods
should be used in conjunction to fully understand the underly-
ing electronic structure and any fluctuations therein. To this end,
we move to further investigate/corroborate the suspected charge
compensation reactions of Ni2+→ Ni4+ and O2−→ O−, as well as
the inactivity of Mn, through Bader charge analysis.

3.4.3 Bader Charge Analysis

For Bader charge analysis, we are not specifically interested in
the absolute value obtained from this method. Instead, we seek
to find how the quantity changes during the charging process.
It is this change that will indicate potential redox activity. The
calculated Bader charge for all atoms within our three systems
are presented in Fig. 9. To accentuate any changes that occur
in the data, Fig. 9a & 9b zoom in on the Ni/Mn and O Bader
charges, respectively. For both plots, two dashed lines represent
linear fits for subsets of the data. One subset is the fully sodiated
and empty systems, the other being those data for the empty and
fully perchlorated systems.

(a)

(b)

Fig. 9 Bader charge analysis for (a) Ni (△), Mn (×), and (b) O (#) atoms

in fully sodiated, empty, and fully perchlorated NMO when calculated

with PBE-D3+U. The red circles for the fully perchlorated system in

(b) denote the oxygen atoms within ClO4. Also shown are linear-�ts

(discussed in Sec. 3.4.3) to accentuate changes.
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In Fig. 9a, Mn maintains a consistent value across all stages
of charging. For Ni, however, a clear discontinuity occurs at the
empty NMO system. For desodiation, a change of ∼0.16e occurs
on Ni atoms, which matches changes others have previously re-
ported for similar systems49,106. It should be noted that such a
change (specifically, a change < 0.2e) has been reported as in-
significant106. However, in combination with the PDOS and net
spin moments previously discussed, we believe this small change
to be further evidence for the Ni2+→ Ni4+ transition. Upon fur-
ther charging, Ni atoms experience no additional change.

For O atoms, Fig. 9b illustrates several interesting points. First,
as with Ni, we can see a change (∼0.2e) occur for the desodiation
process and no change for perchlorate intercalation. Although
such a change has been previously reported as insignificant106,
combining this change with those observations in the PDOS cor-
roborates a O2−→ O− transition. As previously discussed for the
PDOS in Sec. 3.4.1, Fig. 9b shows O atoms within ClO4 exhibit-
ing interesting behavior. For some of these atoms (which are de-
noted by the red circles), the calculated Bader charge seemingly
demonstrates further redox activity. However, this is difficult to
determine as the ClO4 O’s have no previous values to compare
to; their Bader charges may simply be the result of computational
artifacts and should not be taken as claim of redox activity.

As previously stated, utilizing a single method is not sufficient
for investigating charge compensation redox reactions, as evident
by the minimal change in Bader charge for Ni and O atoms. While
PDOS, the DDEC6 method, and Bader charge analysis provide in-
sight into the electronic nature of a material, sometimes a simple
structural analysis can prove insightful as well. Therefore, the
changes in various X–O (X = Mn, Ni, O) bonds were investigated
for structural (octahedron) distortions as evidence of redox activ-
ity.

3.4.4 X–O Bond Changes

As structural distortions (i.e., bond length changes) have
been previously reported as evidence of redox activ-
ity46,49,106,107,109,114,115, we include such a method to comple-
ment the electronic structure analyses from Sec. 3.4.1–3.4.3 and
conclude our investigation of the charge compensation response
of NMO. To accomplish this, the radial distribution function, g(r),
was individually determined for Mn–O, Ni–O, and O–O bonds
with the Open Visualization Tool (OVITO)116. Each of these
bond types are separately plotted for the fully sodiated, empty,
and fully perchlorated systems.

The Mn–O and Ni–O bonds are shown in Fig. 10a & 10b, re-
spectively. These two bond types are discussed most succinctly.
The Mn–O bonds show no change throughout charging, indicative
of no redox activity for these atoms. Conversely, the Ni–O bonds
show a distinct shortening during desodiation and no change for
perchlorate intercalation, indicating redox activity of these atoms
during desodiation. These results further corroborate those pre-
viously discussed.

The O–O bond changes are shown in Fig. 11. While a great
deal is shown, we will break down the changes based on our cat-
egorization of these bonds, which are all shown individually in
Sec. S8†. As with the Mn–O and Ni–O bonds, O–O bonds show

(a)

(b)

Fig. 10 Radial distribution, g(r), plots of (a) Mn�O and (b) Ni�O bonds

within the fully sodiated, empty, and fully perchlorated structures when

relaxed with PBE-D3+U.

no change during charging from empty to fully perchlorated (i.e.,
red and gray lines, respectively, in Fig. 11). Therefore, the follow-
ing discussion refers exclusively to the desodiation process.

We first focus on the black arrow in Fig. 11, which points to the
peaks (∼2.5 & 2.7 Å) corresponding to O atoms diagonal from
one another in the NiO6 octahedra (Fig. S10a†). These bonds
shorten from 2.7 to 2.5 Å during desodiation. Similarly, O atoms
within the same plane of the NiO6 octahedra (Fig. S10b†) experi-
ence a shortening from ∼3.05 to 2.8 Å (denoted by green arrows).
As these two O–O bond types shorten within the NiO6 octahedra,
a bond type within the MnO6 octahedra must lengthen to com-
pensate. This is shown by the purple arrows, which correspond

Fig. 11 Radial distribution plots of O�O bonds within the fully sodiated,

empty, and fully perchlorated structures when relaxed with PBE-D3+U.

Included are colored arrows denoting peaks corresponding to the same

type of O atoms across the di�erent systems (see Sec. S8� for �gures of

the classi�cations of O atoms).
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to O atoms in the same plane around Mn (Fig. S10c†). Those
investigated bond types which experienced no significant change
are O atoms diagonally around Mn atoms (orange arrows) and
those we coined as “honeycomb" (brown arrows); both of these
are shown in Fig. S10d and Fig. S10e†, respectively.

Taking these data into consideration, it is evident the Mn–O
bonds experience minimal change in length. Based on this, we
would expect no redox activity for Mn or O (at least for those co-
ordinated around Mn) throughout the charging process. For Ni–O
bonds, a clear shortening occurs, indicating that one (or both) of
the involved species undergo an electronic change during desodi-
ation. Such a change from cation concentration alone has been
shown in other investigations as well46,49,106,107,109,114,115. The
results for the Mn–O and Ni–O bond types are further corrobo-
rated through the O–O bond length investigation. Here, O atoms
coordinated around Ni experience a shortening of their bonds in
two different directions, providing further evidence that a concur-
rent redox mechanism occurs for both species. Additionally, the O
atoms coordinated around Mn only experience a change in bond
length as to compensate for those structural changes occurring
within the neighboring NiO6 octahedra.

Due to only investigating the sodiated and perchlorated struc-
tures (i.e., the starting and ending point for the full charging pro-
cess), it is of no surprise that Li et al.25 found evidence of Ni
and O redox. However, as with the charging mechanism, we pro-
pose it is in actuality a simultaneous occurrence. As such, one
may ask what then compensates for the addition of charge during
perchlorate intercalation. An intriguing observation within our
DOS and Bader charge calculations was that the O atoms within
ClO4 appear to become oxidized upon intercalation. However,
the definitive claim of ClO4 redox activity cannot be made with-
out further analysis, which remains to be carried out in future
work. This is where we further believe a simultaneous charging
mechanism occurs, leading to no independent charge compensa-
tion required for anion intercalation as such a process does not
occur on its own; Ni and O atoms undergo redox throughout the
charging mechanism solely due to cation involvement.

4 Conclusion

Through our computational investigation of Na deintercalation
and ClO4 intercalation within the Ni0.25Mn0.75O2 cathode mate-
rial, several key insights were uncovered. First, we proposed a
novel method for computationally determining the voltage asso-
ciated with anion intercalation. While other methods exist for
determining the voltage from anion intercalation, ours is the first
to fully account for all solvent/salt interactions within the elec-
trolyte. Through this novel method, voltages were calculated
for a variety of pathways to charge from Na0.5Ni0.25Mn0.75O2 to
Ni0.25Mn0.75O2(ClO4)0.167. It was determined that a novel simul-
taneous cation (Na) deintercalation and anion (ClO4) intercala-
tion charging mechanism occurs within this material, providing
an alternative interpretation to previous reports. A major contri-
bution to this charging mechanism of Ni0.25Mn0.75O2 is the charge
compensation redox reactions of Ni2+→ Ni4+ and O2−→ O−. Evi-
dence of both oxidation state transitions was found through plot-
ting of density of states, determination of net atomic spin mo-

ments, Bader charge analyses, and changes to X–O (X = Mn, Ni,
O) bond lengths leading to structural distortions. However, our
calculations show that these reactions occur simultaneously as a
result of cation deintercalation and not due to anion intercalation.

In order to meet the ever-growing demand for batteries, it is
essential to develop a toolkit from which we can select the next-
generation batteries. In recent years, we have seen great advance-
ments in building our battery toolkit with solid-state batteries,
multivalent ion batteries, Li-air batteries, sulfur batteries, and be-
yond. In this study, we show that simultaneous dual-ion charg-
ing is a characteristic that can enhance battery performance and
should be included in our growing repository of next-generation
batteries.
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