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Introduction

On the origin of phase transition suppression
of P2—Nag ¢7MnO, by substitution of Mn with Li

*ab

Najma Yaqoob, 2 2° Mark Huijben (2° and Payam Kaghazchi
Mn-based layered oxides are promising cathode materials for Na-ion batteries, but their low cyclability
due to phase transition during charge/discharge remains a challenge. P2—Nag g;MnO, compound under-
goes a severe phase transition of P2 — O2 during charging. It has been proposed that this behavior
results from the desodiation-induced change in the Jahn-Teller (J-T) activity of Mn after its oxidation
from 3+ to 4+. In this work, we show that the driving force of the phase transition is indeed the
oxidation of Mn®** to Mn** but not the suppression of J-T activity with desodiation. Combining density
functional theory calculations and electrostatic analyses indicates that the main factor stabilizing the P2
phase is the Na—Mn interaction, which strongly favors this phase over the O2 phase. Desodiation
induced-weakening of this interaction leads to the formation of O2-Nag11MnO,, which is driven by
O-0 interaction. Substituting Mn with Li stabilizes P2—-Na,Lig2,Mng780, even at low Na content
(x = 0.11). This is because the Na—Mn interaction is more favorable for the P2 phase, and this energy
preference remains almost unchanged after desodiation. The absorption energy of Na at Na sites close
to Litm is much stronger than at sites near Mnwn,, and favors P2 phase. As the overall Na absorption
energy (dictated by Na—Mn repulsion) is mainly determined by the nearest Na—Mn neighbor interaction,
which does not change much with desodiation, no phase transition to O2 occurs for NayLig2oMng 7802
at x = 0.11. Overall, the phase stability of Na-based layered oxide materials is driven by electrostatic forces,
which can be tuned by substitution of Mn by a metal ion of appropriate charge and concentration.

The P2-type materials generally show a better rate performance
and higher initial capacity than O3-type.”® Delmas et al.’

After the successful application of Li-ion batteries (LIBs) in
portable electronic devices and electric vehicles, significant
attention has been directed to sodium-ion batteries (SIBs)
because of the low cost and natural abundance of sodium (Na)
resources."”” Mn-based layered oxides, Na,M; ,Mn,]O, (M:
metals), are perhaps among the most promising cathode mate-
rials because of their low toxicity and high energy density.>*
The basic compound Na,MnO, can be classified into P- and
O-type depending on the site occupation preference for Na®,
prismatic or octahedral coordination, respectively.” The most
common layered oxide types are P2 and O3, where the numbers
represent the number of distinguishable oxygen layers stacking
arrangements per unit cell. Compounds with O3 phases often
undergo multiple phase transitions, such as 03-P3-03'-O1
during charging with a gradual capacity loss during cycling.®

“ Institute of Energy Materials and Devices, Materials Synthesis and Processing
(IMD-2), Forschungszentrum Jiilich GmbH, 52425 Jiilich, Germany.
E-mail: n.yagoob@fz-juelich.de, p.kaghazchi@fz-juelich.de

b MESA+ Institute for Nanotechnology, University of Twente, 7500 AE Enschede,
The Netherlands. E-mail: m.huijben@utwente.nl

This journal is © the Owner Societies 2025

introduced, to our knowledge, the first work on the structural
properties of P2-Na, -MnO,. They found that there is a P2 — 02
phase transition during charging. This behavior decreases the
capacity of this compound with cycling and was assigned to the
co-operative Jahn-Teller distortion of Mn**, To solve this issue,
Dahn et al' substituted Mn with Ni and reported P2-
Nag 6;Nig33Mny 6,0, with a capacity of 173 mAh g
However, the drastic volume change of ~23% after desodia-
tion, originating from the P2 — O2 phase transition, still
decreases the capacity retention of this material. Additionally,
Konarov et al.’® reported a reduction in the volume change
(~13%) in P2-Naye,;Ni,Mn; ,O, by varying the Ni-content
from x = 0.0 to 0.2. They found that the P2-Na, ¢,Nig ,Mng g0,
material shows the best electrochemical performance com-
pared to other Ni contents. The small volume changes in P2-
Nay 67Nig ,Mn, 3O, was possible because of Ni** — Mn** sub-
stitution, which can suppress Jahn-Teller distortions. However,
suppression of P2 — O2 phase transition during charging is
still challenging. In order to enhance the electrochemical
properties of P2-type materials, Yabuuchi et al.™® reported that
the P2 — O2 phase transition in P2-type Nag¢;Mng sFeq 50,,
which showed a reversible capacity of 190 mAh g ' with
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electrochemically active Mn*'/Mn*" and Fe®'/Fe*" redox pro-
cesses, is suppressed. However, they found that a reversible
P2 — OP4 phase transition occurs at x = 0.13 during charging.
Bruce et al.'* applied Ni besides Fe to partially substitute Mn,
and found that their synthesized cathode material, P2-
Nay ¢7Nip 17F€0.33Mng 500,, also shows the P2 — OP4 phase
transition during charging and less volume change, as com-
pared to the typical P2 — O2 phase transition, which enhances
the capacity retention. These previous studies show the impor-
tance of doping/substitution to stabilize the P2-Na,MnO,
structure by minimizing/reducing the effect of Jahn-Teller
distortion in Mn*' and by suppressing the volume change
during charging. An improved cycling stability and better
capacity retention can be achieved not only by redox-active
transition metal substituents such as Ni and Fe but also by
electro-inactive elements such as Li and Mg in P2-Na,MnO,
structure. Yabuuchi et al.'® reported that the Li-substitution at
Mn-sites can suppress the P2 — O2 phase transition in P2-
Nay 75Lig 25Mng 750,. Density functional theory (DFT) has also
been applied to gain further insight into this mechanism. For
example, Yang et al.'® studied P2-Nay ¢,Li, »Nig ;Mn, O, using
experimental measurements and DFT calculations. They were
able to suppress the P2 — O2 phase transition in Nag ¢7Lig .-
Niy.Mn, 60, upon charging and showed a reversible capacity of
110 mAh g~ " over 100 cycles. Their DFT analysis found that the
capacity originated from both cationic and anionic redox
processes. Further computational studies show that the extrac-
tion of sodium ions increases the oxidation state of manganese
during charging. This results in a higher concentration of
Mn**, which is prone to Jahn-Teller (J-T) distortions. It has
been proposed that these J-T distortions alter the MnOg
octahedra by changing bond lengths and angles, ultimately
destabilizing the P2-structure leading to structural phase
transitions."””'® Experimental studies have also proposed that
the J-T distortion is a driving force of structural instability and
phase transition during charging.'® However, the fundamental
mechanism behind the P2 — O2 phase transition in P2-
Na,MnO, and the role of low valent substitution (Li*, Ni**,
and Fe”") to stabilize the P2 structure during charging/dischar-
ging is, however, to our knowledge still unclear and a more
detailed understanding is required. In this work, we study the
origin of the P2 — O2 phase transition as well as the impact of
Li — Mn substitution on the phase stability and transition in
P2-Na,MnO,. Our DFT-PBE calculation reproduces J-T distor-
tions for Na,e,MnO, (as also reported earlier by Delmas,’
Langella et al."” and Jung et al.'®) and no J-T distortions for
Nag 7Lip22Mng 730,, and confirms phase transition in the
former and its suppression in the latter case. Our simple
electrostatic model without considering J-T distortions also
predicts the same trend as DFT which shows the key role
of electrostatic interaction rather than J-T distortion on the
phase stability. Moreover, for the first time, we also provided
a simple quantitative explanation for the phase stabilization
(as-synthesized material) and transition (during operation) of
P2-Na, -MnO, materials with and without Li — Mn substitu-
tion, which is an important phenomenon in Na-ion batteries.
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Results and discussion

The most favorable atomistic structure for each compound
and Na concentration, as well as their corresponding relative
electrostatic energies are presented in Fig. 1. We studied the
influence of desodiation on the phase stability of Na,Li,
Mn,_,0, materials, by computing the energy difference of P2,
02, and O3 phases as a function of Na (x = 1.00, 0.67, and 0.11)
and Li (y = 0, 0.06, 0.22) concentrations using DFT-PBE (Fig. S1).
For the fully sodiated case of Na; ,oMnO,, the O3 phase is
more favorable than the P2 and O2 phases which agrees with
the previous experimental study by Xiaohua et al?° With a
x = 1.0 — 0.67 decrease in Na concentration, the P2 phase
becomes more stable than O3 and O2 phases for Na,MnO, by
13 meV and 23 meV (per formula unit) respectively. Stabili-
zation of the P2 phase has also been reported by experimental
measurements from Delmas et al.® For the desodiation struc-
tures, we focused on P2 and O2 phases. After desodiation from
x =0.67 — 0.50, the P2 phase remains more stable by 15 meV
than the O2 phase.

However, after further desodiation the Na,MnO, system
undergoes a P2 — O2 phase transition at x = 0.17, as the 02
phase is 2 meV more stable than the P2 phase. With a further
decrease in Na-concentration (x = 0.11), the O2 phase remains
more stable than the P2 phase (by 4 meV per formula unit).

Na,MnO, Na,Lig 0sMng 040,

1

03 04 05 06 07 08 09
1x 1x

Na,Lig ,,Mn, 750,

4
3|
2|
1

,ih-\_‘—:‘

1

2
3
“

L]

. AE(eV)

Lawos

AEEV)

P2

Rl

03 04 05 06 07 08 09
1-x

Lok oa

03 04 05 06 07 08 09

Na,MnO,

P-phase (x=0.67) P-phase (x=0.11) O-phase (x=0.11)

0000009

SSSSSS

000000

S22

Na,Lig sMno940;
P-phase (x=0.67)

ONaQOLi@mn@o

P-phase (x=0.11)

Q00000 (] &
2000000 (&) (]
ONaOLi@Mn@0
Na,Lig 2,Mng 750,

P-phase (x=0.11)

O-phase (x=0.11)

P-phase (x=0.67)

Q00000

000000

ONaOLi@Mn@o

Fig. 1 (top) Computed electrostatic energy difference between the P2
and O2 phase AE (eV) = ER3 — EQZ versus Na-concentration using the
Ewald summation (with point charges). (bottom) Side views of atomistic
structures.
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Our results indicating the P2 — O2 phase transition during
charging is consistent with experimental results by Delmas
et al.’> and Dahn et al.’* DFT calculations show the following
phase transitions to occur for x = 1.00 —» 0.67 — 0.50 —
0.17 - 0.11: O3 - P2 —» P2 —» 02 — O2.

The DFT calculations indicate that in the case of
Nay goLip.06MnNg 940, (Fig. S1), in which 6% of Mn is substituted
with Li, the P2 phase is more favorable than the O2 and O3
phases. For the Na concentration of x = 0.67, the P2 phase
remains more favorable for Li concentrations of y = 0.06
(Nay ¢,LiyMn,_,0,) showing similar behavior to the case of
Yy = 0.0. Furthermore, for Na,LiyosMngo40, (X = 0.67), our
DFT-PBE calculation shows that the P2 phase is more stable
than the O2 phase by 30 meV (per formula unit) and after
desodiation from x = 0.67 to 0.11, a P2 — O2 phase transition
occurs and the O2 phase becomes more stable than the P2
phase by 20 meV per formula unit. This means that with 6%
Li at Mn sites there is only one phase transition occurring:
P2 —» P2 — O2 for desodiation of x = 1.00 —» 0.67 — 0.11.

After increasing the substitution of Mn by Li to 22% the P2
phase remains the most favorable in Na; ggLip2,Mng 750,
(Fig. S1). For the Na concentration of x = 0.67, the P2 phase
forms for Li concentrations of y = 0.22 (Nagg,Li,Mn,;_,0,)
similar to the cases of y = 0.0 and y = 0.06, which agrees
well with experimental measurements by Myung et al.>' How-
ever, with such large amount of Li on the Mn sites
(Na,Liy,5Mn, 740,) there is no phase transition occurring,
and the P2 phase is always more stable than the O2 phase by
11 meV and 4 meV (per formula unit) for high (x = 0.67) and low
(x = 0.11) Na-concentrations respectively. Experimental studies
by Myung et al.>* also show that 22% of Li-doping in Na,MnO,
(x=0.67, 0.11) can suppress the phase transition during charging.
The absence of a desodiation-induced phase transition has also
been reported by Tarascon et al. for Na,LiMn,_,0, with larger
values of y = 0.33.%” These results indicate a strong influence of Li
on the phase stability of Na,Li,Mn;_,0,.

Our DFT calculations show that the lattice parameter a
decreases with a reduction of the Na-concentration from 0.67
to 0.11 for all studied systems (see Table S1 in SI) due to the
oxidation of Mn and O, which will be discussed later. The
lattice parameter ¢ contracts strongly after desodiation from
0.67 to 0.11 for the cases in which either no Li or a small
amount of Li exist at the TM sites (Na,Li,Mn;_,0,, y < 0.06),
which is because of the phase transition as well as migration of
half of the Li cations from TM to Na sites after desodiation.
However, the decrease in ¢ parameter in the compound with a
high amount of Li at TM sites, namely Na,Lij2,Mng ;50,, in
which no P2 — O2 phase transition occurs, is very small. The
small decrease in ¢ parameter is most likely due to the Li-
migration from TM to Na-sites during charging. An experi-
mental study by Tarascon et al.>*> on O3-NaLiy 33Mn, 6,0, also
indicates Li migration from TM to Na-site during charging and
the presence of Li in the Na-layer leads to a decrease in the ¢
parameter with respect to a discharged system which is con-
sistent with our findings. In the discharged state of Li-doped
compounds, Li ions occupy TM sites, but upon charging they
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migrate from TM to Na sites (see Fig. S2 in SI). To determine
whether the migrated Li ions from TM to Na sites stay at the Na
sites or move to the surface of the cathode during charging, we
removed the Li-ions from Na-site in Nag 1;Lig.0sMng 9,0, and
Nay 11Lip 2oMn, 730, and optimized both structures and lattice
parameters. An expansion in the c-value was found for this
model, which agrees with the o-XRD measurement by Myung
et al.** This result indicates a spontaneous migration of frac-
tional Li ions from TM to Na sites and subsequent segregation
to the surface of Nay ,;Lig2,Mng 530,. Therefore, we conclude
that most of the migrated Li-ions from TM to Na sites do not
stay in those Na sites, but segregate to the surface of the
cathode consistent with previous study.”" Therefore, we used
Nag.11Lig.03Mng.040, and Nag;1Lip11Mng 550, to calculate the
electronic structure. However, it is important to mention that
we calculated electrostatic calculations for both models instead
of Nag 11Li.06MnNg.040, and Nag 11Lig 22Mng 7505.

Furthermore, the redox mechanism of Na,Li,Mn,_,0, were
investigated to determine change states of elements for further
electrostatic analysis on phase transition, which will be dis-
cussed later. To achieve this aim, magnetic moments (repre-
sented as number of unpaired electrons (Nupnp)) on elements as
well as spin density difference (SDD) plots (Fig. 2 and 3) were
computed using DFT-HSE06. The calculated average value of
unpaired electrons (Nyy,p) on Mn in NageMnO, (Fig. 2)
indicates that 36.11% of Mn exhibit a charge state of ~3.8+
(g€9) Nunp = 3.24), and the rest have a charge state of 3.0+-3.3+,
from which 44.44% are in the low spin (tzgeg, NLlnp = 2.02), and
19.44% in high spin (t3geg, Nunp = 3.70). The formation of Mn®>"
in the high spin state leads to the ]ahn—TelIer (JT) distortion as
the average axial Mn-O bond lengths (d yemi = 2.27 A) are longer
than average equatorial Mn-O bond lengths (@ Xlﬂamﬁal =1.96 A). A
similar Jahn-Teller effect for Mn>" has been reported earlier by
Delmas et al.> With the desodiation of x = 0.67 to 0.11, Mn
cations that had charge states between 3.0+ and 3.3+ are
oxidized and the average charge state of Mn cations becomes

~3.8+ (Nunp = 3.21).

NaL0.06MO NaLO 22MO0

ischarged

20 s [\‘""J_Q‘%}
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Fig. 2 Calculated number of unpaired electrons Ny, on Mn in P2-
Na,MnO, (NayMO), P2-NayLig0sMNo 940, (NayLoosMO), and P2-Na,.
Lin.22MNo 780, (NayLo 2oMO) using DFT-HSEQG6. Inset represents visualiza-
tion of oxidation state of Mn. Yellow and blue colors represent the up-
and down-spin electrons respectively and red arrow represents from
discharged to charged state.
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Fig. 3 Calculated number of unpaired electrons Ny, of O ions (left
figure) and spin density difference (SDD) plots (with an isosurface of
0.006 eV A% of chosen O-TM-0 layers of (a) P2-Na,MnO, (Na,MO),
(b) P2-NayLio 0sMno94a02 (NaLoosMO), and (c) P2-NayLig2:Mng 7502
(NayLp.22MO) with x = 0.67 (middle figure) and x = 0.11 (right figure) using
DFT-HSEQ6. Yellow and blue colors represent the up- and down-spin
electrons respectively. The red arrow represents from discharged to
charged state.

For Nag 6;Lig.06MnNg,040,, the computed Ny, for 53% of Mn
(t2¢€g Nunp = 1.98, low spin) and 47% of Mn (t3geg, Nunp = 3.10)
indicates that Mn cations have an oxidation state of ~3+ and
~ 4+, respectively. After desodiation of x = 0.67 to 0.11, 53% of
Mn cations that had an initial charge state of ~ 3+ experiences
oxidation and exhibits a charge state of ~4+ (Ny,, = 3.11),
which can be clearly seen in the SDD plots (Fig. 3) where the
Mn features shrink after desodiation. It is noteworthy that,
in comparison to the NayeMnO, compound, the Nager
Lip.0sMny 940, system shows no cooperative Jahn-Teller distor-
tion in the discharged state but shows phase transition from
P2 — O2 during charging of x = 0.67 — 0.11. The computed
Nunp of all Mn cations is 3.05 for Nay ¢;Lio 2,Mn, 750, indicating
the oxidation state of Mn cations to be 4+ (t3geg, Nunp = 3.05).
This can also be seen in the SDD plot (Fig. 3) where small
features exist on Mn. Upon desodiation from x = 0.67 — 0.11,
the calculated Ny, for Mn remains almost the same, indicating
an oxidation state of ~4+.

Compared to Naj ¢;MnO,, there is no cooperative JT-effect
and no phase transition from P2 — O2 for the Na,Lij,,-
Mn, ;50, (for x = 0.67 — 0.11) system as all of Mn shows an
oxidation state of 4+ before and after desodiation. Therefore, it
seems that this amount of Li acts as a structure stabilizer for
Nay 67Lio.22Mny 750, as well as Nag 11Lio.11Mng 750,.

The calculated values of Ny, on O for Na,MnO,, Na,Lig ¢
Mnj040,, and Na,Lip,,Mng 550, in the discharge state
(x = 0.67) are equal to or smaller than —0.05 indicating that
the average charge state on O is between 2— and 1.95— (Fig. 3).
The small features on O anions in the SDD plot confirm that
the charge state of O is close to 2— in the discharge state.
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Computed m = —0.08 of O in Na,MnO, for x = 0.11 shows
only a small charging-induced oxidation of oxygen. Similarly,
the O anions in Nag 11Lip.03MnN 940, do not experience much
oxidation as the calculated value of Ny, is —0.12. The oxidation
of O in this composition is, however, slightly higher than
Nay 1;MnO,, which is because of Li for Mn substitution.
In particular, some of O anions (e.g. 03, O5, and 040) close
to the vacant site, which are created after Li migration, undergo
the highest oxidations (Nu, = —0.56). The larger blue feature
on 03, 05, and 040 in the SDD plot of Nay 11Lip.03MnNg 9405
compared to all O anions in Naj,;MnO, (Fig. 3) visualize
this result. As we discussed earlier, Mn is inactive for
Nag.11Lip11Mny 550,, and, therefore, the ion that contributes
to the redox mechanism is oxygen. This result is in agreement
with previous DFT studies by De la Llave et al.>* and Kim et al.**
who studied P2-Nag ¢Liy ,Mng 5O, and P2-Nag ¢,Lig.33MNg 6705,
respectively, and found extra oxygen states appearing near the
Fermi level (in the computed projected density of states)
indicating an oxygen anion redox to compensate the charge
imbalance. After desodiation of x = 0.67 — 0.11, higher Ny
(Nunp = —0.27) and larger SDD (more blue features) of O
anions close to the vacant site (e.g. 06, 07, 010, O11) show
that they experience strong oxidation. Higher oxygen redox
activity in Nag11Lip11Mng 750,, as compared to Nag;;MnO,
and Nag ;;Lig.03Mng 940,, is most likely due to the formation
of more 8% TM vacancies in the crystal structure. This triggers
oxygen redox reaction as the oxygen anions that have lost their
binding to removed Li ions undergo significant oxidation
(Nunp = —0.55). The sequence of oxygen redox activity in our
studied systems from lower to higher is as follows: Na, ;;MnO, —
Nag.11Lig.03MnNg.940, — Nag.11Lip.11Mng 550,. The electrostatic
interaction between different cations as well as between them
and the oxygen anions might explain the phase stability/
transition.

To study this, the differences in total electrostatic energies
were calculated using Coulomb energy analysis by using ele-
mentary charge states, which balance the system, as well as by
applying computed charge states from Fig. 2 and 3 between the
P2 and O2 phases (AE (eV) = Eg, — Eqoy) for Na,Li,Mn;_,0, with
different Na (x = 0.67, 0.11) and Li (y = 0, 0.22) concentrations
(Fig. 4). The P2 phase is found to be electrostatically more stable
than the O2 counterpart for x = 0.67 in all compositions, namely
Nay 6;MnO, and Na, ¢;Li 2,Mng 750,. This finding is in line with
both our DFT results (Fig. S1) as well as experimental studies on
Nag ¢;MnO, and Nag ¢;Lig 2,Mng 750, by Delmas et al.’ and Myung
et al.*" respectively. Our electrostatic calculation (Fig. 4) for low Na
concentrations (charged state) shows that the O2 phase becomes
more favorable in the case of Li free, namely Nay;MnO, and
consistent with DFT calculations and with experimental studies by
Delmas et al’> and Dahn et al.™" However, for the case of high
concentrations of Li, namely Nay ,Lig,Mng750,, the P2 phase
remains stable after desodiation, in agreement with DFT and
experimental study by Myung et al.>!

Furthermore, we analyzed the pairwise ion-ion interaction
by computing their corresponding electrostatic energy differences
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between P2 and O2 phases for two compounds with the largest
difference in Li and Na concentrations, namely Na,s;MnO,,
Nag11MnO,, Nage;Lig2oMng 750, and  Nag13Lip22Mng 750,
(Fig. 4). Moreover, we analyzed pair distribution function
(pdf) of ions to determine the underlying mechanism for the
phase stability and transition in these materials (Fig. 5 and
Fig. S3).

In all cases, the O-O interaction favors the O2 phase, i.e. Eg o is
lower for the O2 phase. This is most likely due to the shorter
distances (ro-o) of nearest neighbors in P2: e.g. Fpea(P2) = 3.40 A
< Tpea(02) = 3.80 A and rpear(P2) = 4.40 A < rpeg02) =
4.84 A (Fig. $3). With desodiation, the values of AEq o remain
unchanged for Nay;;MnO, (Fig. 4) because of the same oxida-
tion state of O before and after desodiation. However, the
0O-0 interaction changes slightly for Na,Lij ,,Mn, 550, (x = 0.11)
after desodiation because of a very small oxidation of O
(1.95— — 1.92—). The cation-O interactions (cation: Mn, Na,
and Li) do not stabilize significantly any of the P2 or O2 phases
in both studied systems (AE.,o < 0.18 eV from Fig. 4).
Although the Mn-Mn interaction does not stabilize any of these
phases for Na,MnO, as AEym-wvm = 0.02 eV, it does prefer O2
phase over P2 phase (AEp,_mn = 2.62 eV) for Na,Lig ,,Mng 7505,
which is probably due to the stronger interlayer Mn-Mn repul-
sion (as all of Mn become 4+) in the P2 phase after replacing
partial Mn by Li cations.

Fig. 4 indicates that the Na-Mn interaction is the determin-
ing factor controlling the phase stability of the studied materi-
als. This can be due to the high charge of the Mn cations (from
3.34+ to 4+ depending on the Li and Na concentrations) as well
as the distinct phase-dependent Na-Mn separations as dis-
cussed later. Since the other pairwise interactions do not
change much with desodiation, we will focus on Na-Mn pairs.

The Na-Mn interaction favors the P2 phase in all cases due
to the shorter Na-Mn distances for the O2 phase. This can be
clearly observed from the pdf plots in Fig. 5. The decrease in the

This journal is © the Owner Societies 2025

phase stability of the P2 phase over the O2 phase after desodia-
tion in the case of Na,MnO, is probably because of oxidation of
Mn from 3.34+ to 4+ (Fig. 2) as well as a decrease in the number
of nearest neighbors Na-Mn pairs (rpea(02) = 2.73 A and
Tpeak(02) = 3.20 A). However, in the case of Na,Liy,,Mng 50,
the charge states of Mn cations do not change much. Moreover,
the intensities of nearest neighbor Na-Mn pairs do not
decrease significantly in contrast to the case for Na,MnO,. This
is because Na ions prefer occupying the Na sites that are closest
to the Li ions to reduce the Na*-Mn*" repulsion. Our DFT
calculation shows that these Na sites (shown by Nagy ™™ and
Nagy MMM for the 02 and P2 phases, respectively, in Fig. 5) are
much more favorable (by 2.82 eV) for Na occupation than the
other Na sites that are next to Mn** (shown by Naya™™ and
Napa™MM for the 02 and P2 phases, respectively, in Fig. 5).
Therefore, they are the determining sites for the electrostatic
energy difference between the P2 and O2 phases. For the
aforementioned reasons, the phase stability of the P2 phase
over the O2 phase does not change much after desodiation. The
similar energy difference between P2 and O2 phases for high
and low Na concentrations of the Li-doped case (in spite of
their different PDF intensities of next nearest neighbors) con-
firm our assumption that the interactions between the first
nearest Na-Mn neighbors determine the phase stabilities.

We additionally calculated all pairwise interactions for
y(Li) = 0.06, 0.11, 0.33, and 0.4 and found that Na-Mn inter-
action still favors the P2 phase for y(Li) = 0.06, 0.11, and 0.22.
With higher Li concentrations of 0.33 and 0.40, the O-O
interaction becomes dominant and favors the O2 phase.

As mentioned earlier, there is a Li migration from TM- to Na-
sites for Nag,;1Lig0eMnNg.040, and Nagq4Lig,,Mng 550, struc-
tures. We found that for example in Nag,Lip2,Mng 750,, Li
at the transition metal (TM) site is 7.96 eV less favorable than
that in the Na site. Consequently, after the geometry optimiza-
tion, Li migrates from the TM site to the Na site. Probably, Li is
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Fig. 5 Calculated pair distribution function which is the difference of O—P (Go(r) — Gpl(r)) corresponding to atomic pairs of Na—Mn, inset shows top view
of the layer and bond length in angstrom (A) of (a) Nag.s;MNnO,, (b) Nag11MnOs, (c) Nag s7Lio 22Mng 7602 and (d) Nag11Lip 22Mng 760, and shaded area

represent the nearest neighbors.

not even stable in the octahedral Na sites due to its small size
(compared to Na). Our previous theoretical/experimental study
has shown that partially migrated Li to TM sites migrate further
to the surface of electrode forming a CEI layer.*' Therefore, we
removed the Li-ions from the Na-sites and studied the phase
transition. However, a similar result to the case without Li
migration was found: the O2 phase is more favorable than the
P2 phase in Nagq;Lip03Mng040,, while the P2 phase is more
favorable than the O2 phase in Nay 11Lip 11Mny 750,. Moreover, in
these models containing TM vacancies (due to Li migration), Na
ions prefer to occupy Na sites next to a TM vacancy to lower the
electrostatic energy. A mechanism, similar to Nag ;1Lig 2,Mng 750,
containing Li ions at TM sites, is expected for Nag ;1Lip 11Mng 750,
containing TM vacancies (created by Li migration) to explain why
the P2 — O2 phase transition is prevented.

Method

To obtain the most favorable structures of P2-Na,MnQO,, P2—
Na,Lig 0gMnNg.940, and P2-Na,Lig,,Mn,,50,, with different
x values, we modeled and calculated the total Coulomb energy
(Ec) of a large number of likely structures. Total Coulomb
energy (Ec) calculations on possible combinations were carried
out using the so-called supercell code.>® We computed electro-
static energies (E¢) for specific elements using the Pymatgen
code.?® By performing DFT-PBE calculation on the electrostati-
cally most favorable configuration, we determined the lowest
total energy structure for each Na concentration and used the
optimized geometries for further DFT-PBE-D3 and -HSEO06
calculations. The total number of considered configurations
for E¢ calculation and the charge states of ions are discussed in
detail in SI. Spin-polarized DFT calculations were performed
using the projector augmented wave (PAW) potential method?”
implemented in the Vienna ab initio Simulation Package (VASP)
code.”® The Perdew-Burke-Ernzerhof (PBE)*° form of general-
ized gradient approximation (GGA) was used for the exchange
and correlation potential. The dispersion D3 correction by

Phys. Chem. Chem. Phys.

Grimme®° was applied to calculate atomistic structures. We have
not applied the PBE+U*" functional for geometry optimization as
it is known from previous theoretical works that it does not
provide a better description for lattice parameters compared to
PBE.**? Performing geometry optimizations with Heyd-Scuseria-
Ernzerhof (HSE06)** functional is not a common approach to
compute the atomistic structure either, because HSE06 is often
used for calculating electronic properties such as band gaps and
magnetic moments. Moreover, it’s computationally expensive and
usually doesn’t change the structure much compared to PBE.*’
Therefore, it is a more common approach to optimize the
geometry with PBE first, then use this optimized geometry and
perform single-point calculations with HSE06 functional.**>®
Therefore, we used HSE06 functional to compute the electronic
structure (Z.e. number of unpaired electrons (Nyyp) on elements
and spin density difference (SDD) plots). Na,MnO,, Na,.
Lip.0sMng 940,, and Na,Lij ,Mn, 730, were modeled by 3 x
6 x 1 supercells with the following number of atoms per
supercell: P2-Naye;MnO, (NayMn;s05,), P2-Naj,;MnO,
(NasMn;505,), P2-Nag ¢7Lig.06MNo.0402 (Nay4LiMn3,055),
P2-Nag 11Lig 0sMNg.040, (NayLi;Mn3z,05,) and P2-Nag g,Lig 20
Mng 750, (Nay,LisMnyg055), P2-Nagq1Lig22Mng 750, (NayLis-
Mn,05,). Afterwards, we also studied the influence of desodia-
tion on the phase stability of Na,Li,Mn,_,0, materials by using
a large supercell (3 x 6 x 3) to decrease the uncertainty in the
energy differences (Fig. SI). A Gamma-centered k-points mesh
of 2 x 1 x 2 and an energy cut off of 500 eV were applied.
We performed convergence tests for the energy cut off and
k-points sampling (see SI). An electronic and a force conver-
gence criterion of 10™* eV and 2 x 102 eV A™?, respectively,
were used for DFT calculations. Atomistic structures and SDD
plots were visualized with the VESTA program.*®

Conclusions

We investigated the origin behind the phase transition in the
P2-Nays;MnO, cathode by performing DFT calculations and
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electrostatic energy analyses. We also simulated the effect of
substitution of Mn by Li on the stability of P2-Na, ¢;MnO,. It is
found that the Na-Mn interaction is the most determining factor
controlling the phase stability of Na, 6;MnO,, which is strongly Na
concentration (x) dependent. This pairwise interaction prefers the
P2 phase over the O2 phase independent of x value, but this
preference weakens with decreasing x. The O-O interaction, which
is the second most important parameter determining the phase
stability, favours the O2 phase with a very weak Na concentration
dependency. For the aforementioned reasons, the preference of
the P2 phase due to the Na-Mn interaction becomes weaker than
that of the O2 phase due to the O-O interaction leading to the
P2 — 02 phase transition in Na,MnO, at low x values (e.g. x=0.11).
Decrease in the number of nearest neighbor Na-Mn pairs and
the oxidation of Mn*3*" to Mn"" after charging are probably
responsible for the phase transition. We also explained the
reason behind the suppression of the phase transition through
the substitution of Mn by low-charge state elements such as Li.
It was found that the 22% doping with Li retains the P2 phase
during charging. The higher stability of the P2 phase as
compared to O2-Na,Lip,,Mng;50, even after desodiation
(x = 0.67 — 0.11) is dictated by Na-Mn interaction, which is
much weaker (more favorable) for Na absorption close to Li at
TM sites for the P2 phase. This preference is determined mainly
by nearest Na-Mn neighbours which does not change with Na
concentration. This work not only quantitatively proves
the phase preference in the as-synthesized and desodiated
P2-Na,MnO, and P2-Na,Li,,,Mn,,s0, but also the corres-
ponding driving force behind the phase stabilities.
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