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Structural Aspects of P2-Type Na0.67Mn0.6Ni0.2Li0.2O2 (MNL) 
Stabilization by Lithium Defects as a Cathode Material for 
Sodium-Ion Batteries

Liangtao Yang, Liang-Yin Kuo, Juan Miguel López del Amo, Prasant Kumar Nayak, 
Katherine A. Mazzio, Sebastian Maletti, Daria Mikhailova, Lars Giebeler, 
Payam Kaghazchi,* Teófilo Rojo, and Philipp Adelhelm*

A known strategy for improving the properties of layered oxide electrodes 
in sodium-ion batteries is the partial substitution of transition metals by 
Li. Herein, the role of Li as a defect and its impact on sodium storage in 
P2-Na0.67Mn0.6Ni0.2Li0.2O2 is discussed. In tandem with electrochemical 
studies, the electronic and atomic structure are studied using solid-state 
NMR, operando XRD, and density functional theory (DFT). For the as-synthe-
sized material, Li is located in comparable amounts within the sodium and 
the transition metal oxide (TMO) layers. Desodiation leads to a redistribu-
tion of Li ions within the crystal lattice. During charging, Li ions from the Na 
layer first migrate to the TMO layer before reversing their course at low Na 
contents. There is little change in the lattice parameters during charging/
discharging, indicating stabilization of the P2 structure. This leads to a solid-
solution type storage mechanism (sloping voltage profile) and hence excel-
lent cycle life with a capacity of 110 mAh g-1 after 100 cycles. In contrast, the 
Li-free compositions Na0.67Mn0.6Ni0.4O2 and Na0.67Mn0.8Ni0.2O2 show phase 
transitions and a stair-case voltage profile. The capacity is found to originate 
from mainly Ni3+/Ni4+ and O2-/O2-δ redox processes by DFT, although a 
small contribution from Mn4+/Mn5+ to the capacity cannot be excluded.

DOI: 10.1002/adfm.202102939

1. Introduction

Sodium-ion batteries (SIBs) are among the 
most promising options for expanding the 
number of high performance rechargeable 
batteries.[1–3] While lithium-ion batteries 
(LIBs) provide the highest energy density, 
the major motivation for implementing 
SIB technology is the hope for lowering 
costs and supply risks as well as improving 
environmental friendliness by using more 
abundant elements such as Na, Mn, or Fe 
for the positive electrode (cathode during 
cell discharge).[4,5] Positive electrode mate-
rials can be classified according to their 
structure into four major types, i.e., poly-
anionic compounds, conversion materials, 
layered oxides, and sodium rich mate-
rials.[5,6] Among them, layered oxides are 
the most promising candidates, because 
they meet a number of application rel-
evant parameters, such as high redox 
potential (vs Na+/Na), high energy density, 
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and good cycling stability.[3,7,8] Sodium layered oxides are clas-
sified as P-type and O-type depending on the prismatic or octa-
hedral coordination of Na+. The most frequent ones are P2 and 
O3, where the numbers indicate the number of TMO layers per 
unit cell.[9] Structural properties of layered oxides for LIBs and 
SIBs have been recently discussed by Delmas et al.[10]

In view of its elemental abundance, price, and environ-
mental friendliness, Mn-rich layered oxides are highly desir-
able for SIBs.[11–14] NaxMnO2 (0.44 < x < 1.0) has been intensively 
studied since the 1970s with varying parameters of calcination 
temperature, Na content, and cut-off potential.[15] Although the 
reported capacity values largely depend on the Na content and 
experimental conditions, capacity fading has been reported in all 
cases.[8,16,17] To mitigate this, studies on layered oxides with two 
NaxMnTM'O2 and three NaxMnTM'TM’’O2 transition metals 
have been conducted and revealed that substitution (or “doping”) 
is so far the most effective strategy to tackle the capacity fading 
upon cycling.[2,7a,8,14,18] Despite the well-known substitution ele-
ments such as Ni or Co, TM substitution by Li has been reported 
to enhance the ion storage properties.[13,19–23] An early publica-
tion on Li-substituted NaxLiyNi0.25Mn0.75O2+δ by Johnson and 
coworkers showed a capacity of 133 mAh g–1, but more than 20% 
of the capacity was lost after 50 cycles.[19] Studies on Li-substi-
tuted P2 and O3 cathode materials were reported by Meng and 
coworkers.[20,21,24] For the P2 material, Li acted as a structural 
stabilizer by minimizing the number of phase transformations 
during Na storage/release up to 4.4  V, thereby increasing the 
average voltage and storage capacity. The preferred location of Li+ 
in this material was in the TMO layer. Similar stabilization effects 
were also found in Li-substituted O3 materials.[21] Minimizing 
the number of phase transitions during charging/discharging is 
generally desired for achieving a better cycle life. However, the 
role of lithium in the stabilization process is still unclear during 
de-/sodiation, and a more detailed understanding on the benefi-
cial effects of Li as a substitutional element are worthwhile.

Herein, we unravel the beneficial role of lithium for the com-
pound Na0.67Mn0.6Ni0.2Li0.2O2 (MNL) that was synthesized using 
a previously reported sol-gel method followed by high tempera-
ture calcination.[5] In order to study the impact of Li-substitu-
tion at Mn or Ni sites on the structure and electrochemistry, 
materials with compositions of Na0.67Mn0.6Ni0.4O2 (MN32) and 
Na0.67Mn0.8Ni0.2O2 (MN41) were also prepared, i.e., the com-
pound contains either additional Mn or Ni instead of Li. X-ray 
diffraction (XRD), scanning electron microscopy (SEM) and 
solid-state nuclear magnetic resonance spectroscopy (ssNMR) 
were used to study the structure and the morphology of the 
compounds as well as the lattice occupation of these two alkali 
ions during cycling. All as-synthesized materials have the same 
P2 structure, which is in line with the cationic potential con-
cept published by Hu and coworkers (Φcation  = 13.01 (MN32), 
17.74 (MN41), 14.37 (MNL)).[25] In MNL, around 46% of the Li+ 
occupies the Na layer and the rest is located in the TMO layer. 
After desodiation, the P2 phase is maintained (as confirmed by 
operando XRD and DFT calculations) as well as the distribution 

of the lithium ions (even after 10 cycles). DFT calculations sug-
gest that the redox activity is dominated by Ni3+/Ni4+ and O2–/
O2−δ redox processes. However, also the Mn4+/Mn5+ redox 
couple might be active in this material. MNL displays a smooth 
charge and discharge voltage profile with a reversible capacity of 
around 110 mAh g–1 (MNL) at 0.1 C (1 C = 100 mA g–1) between 
2.0-4.6 V versus Na+/Na. Notably, the capacity retention is sig-
nificantly improved to around 100% (compared to MN32 and 
MN46). LiTM disorders the distribution of octahedral ions and 
LiNa disorders the Na/vacancy ordering. The phase transition 
(P2 → O2) is mitigated, which leads to a solid-solution type 
mechanism for ion storage and hence improves cycle life.

2. Results and Discussion

2.1. Structural Properties of the Pristine Materials

The material was synthesized from sodium nitrate, lithium 
nitrate, nickel nitrate hexahydrate, and manganese acetate tet-
rahydrate using a sol-gel method followed by calcination at 950 °C,  
as described in detail in the Supporting Information. The 
stoichiometry of Na0.67Mn0.6Ni0.2Li0.2O2 (MNL) was confirmed 
using ICP analysis (Na0.67Mn0.59Ni0.20Li0.20O2), and the struc-
tural properties were determined using ssNMR. The 23Na NMR 
spectrum for MNL shows a quadrupolar signal related to pris-
matic Na which indicates that a pure P2 structure is obtained as 
previously reported,[26] see Figure S1 in the Supporting Informa-
tion. Figure 1a presents the 6/7Li spectra that were recorded for 
MNL to study the location of the lithium ions. The 7Li isotope  
is more abundant and has a higher gyromagnetic ratio and 
quadrupolar character compared to 6Li, and therefore typically 
gives rise to many magic-angle spinning sidebands (marked 
with asterisks) leading to strong signal overlap, which compli-
cates analysis. The 6Li spectrum, however, shows much weaker 
signal intensity due to its much smaller polarization. From the 
6Li spectrum, it can be observed that there are two signals cen-
tered at 1750 and 750  ppm. Previous studies[11,27] suggest that 
the signal at 1750  ppm originates from Li+ in the TMO layer 
and the signal at 750 ppm originates from Li+ in the Na layer. 
Quantitative analysis shows that around 46% of the lithium 
ions are located in the Na layer while around 54% are located 
in the TMO layer. It is of note that this differs from our pre-
vious study on the compound Na0.8Mn0.6Fe0.2Li0.2O2 for which 
most of the Li+ was found to reside in the TMO layer.[28] This 
might be due to the different Na contents (0.67 Na+ per for-
mula unit compared to 0.8), suggesting that decreasing the Na 
content leads to increased occupancy of the Na layer by Li+. At 
the moment, these multi-element compounds are too complex 
to make more explicit statements on the ion occupancy. The 
side bands are not preferred for quantitative analysis, whereas 
they are good indicators of the coordination environment, e.g. 
limited and periodical signals of side bands apparently reflect 
an ordering coordination.[29] In our case, the complex compo-
sition of the material leads to the development of many side 
bands with varying peak intensity and position, indicating that 
the presence of Li+ disorders the octahedral ion distribution.

XRD patterns of the as-synthesized materials are shown in 
Figure  1b and Figure S2 (Supporting Information). MNL and 
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Figure 1.  Structural properties of the as-synthesized material of MNL: a) ssNMR spectra of 6Li (red line) and 7Li (black line). Asterisks mark the 
MAS rotational sidebands. The plus signs mark the chemical shift of Li in the TMO layers, and the dot marks the chemical shift of Li in Na layers.  
b) Experimental XRD pattern (Co-radiation, λ = 1.7889 Å) of MNL together with the calculated pattern (black solid line) based on Rietveld analysis, and 
a residual curve (blue), with lattice parameters and R-factors. The green marks show the Bragg positions of the P2 phase. Simulated XRD patterns for 
MNL with distribution of c) equal number of Li+ in Na and TMO layers, d) all Li+ in TMO layers, and e) all Li+ in one Na layer.[31]
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MN41 adopt a P2 structure with P63/mmc symmetry, while 
the MN32 sample shows a majority phase of P2 along with 
some impurities due to the increased Ni content. The small  
reflection observed at around 22.2° 2θ in sample MN41 (Figure S2,  
Supporting Information) might be due to the development of 
a partial ordering of metal cations in the TM slab.[30] A similar 
set of reflections in the range of 20° ≤ 2θ ≤ 30° has also been 
observed in Li-substituted sodium layered oxides with P-type 
structure, for example Na5/6Li5/18Mn13/18O2, which was attrib-
uted to a Li/Mn ordering.[25] A small reflection was also found 
at 21.7° 2θ in the X-ray diffraction pattern of MNL (Figure 1b), 
which was not convolved within the Rietveld analysis. A struc-
tural model for Rietveld refinement is presented in Table S1. 
It includes two separate Na-sites and randomly distributed Ni-, 
Mn-, and Li-atoms in the TM slab (LiTM). A refined total Na-
occupancy of 0.63(3) is in a good agreement with the results of 
chemical analysis. The occupancy numbers for Li and transi-
tion metal cations as well as oxygen anions were fixed to 100% 
according to the chemical formula. Additionally, a possible 
mixed occupancy of the Na-sites by Na- and Li-atoms (LiNa) was 
also considered. We tested two different structure models and 
compared them with the experimental XRD data, one with Li-
atoms randomly distributed exclusively on the Na-sites (1LiNa), 
and the other with an equal distribution of Li-atoms between 
the Na- and TM-sites (0.5 LiNa  + 0.5 LiTM). Nearly the same 
R-factors were obtained in both cases (Rp = 6.38%, Rwp = 9.63%, 
and Rp  = 6.37%, Rwp  = 9.61%, respectively). Therefore, based 
solely on the XRD method, we cannot unambiguously confirm 
a possible mixed occupancy of Na and Li atoms in MNL as a 
result of the weak scattering factor of Li. We further simulated 
XRD patterns of structures from the DFT calculations, where 
Li+ was either equally distributed within the Na and TMO 
layers, or only distributed in individual TMO or Na layers, see 
Figure 1c,d,e. Notable reflections between 20° and 25° (2θ) only 
appear when Li+ either equally occupied the Na and TM sites, or 
when all Li+ is located on TM sites. The results clearly illustrate 
that some structural features can only be resolved by additional 
methods such as NMR (in our case) or neutron scattering.

Overall, the structural analysis by NMR and XRD reveals 
that all materials exhibit a P2 structure, and that the lithium 
is roughly equally distributed in the Na layer and the TMO 
layer. This distribution of Li is emphasized by adopting the 
formula NaxLi0.1[Mn0.6Ni0.2Li0.1]O2 during discussion. The Li 
in the square brackets is indicative of the Li+ content in the 
TMO layer, while the Li outside the square brackets reflects that 
which resides in the Na layer.

2.2. Electrochemical Properties

The electrochemical properties of all materials were tested 
between 2.0 and 4.6 V. MN32 and MN41 (Figure S3, Supporting 
Information) show three plateaus that originate from the redox 
reaction of the TMs along with superstructure formation and 
a P2 → O2 phase transition.[31–33] This behavior (along with 
superstructure formation) is completely suppressed in the MNL 
sample, leading to a solid solution-type ion storage mechanism 
as studied further below using operando XRD. The voltage pro-
file is clearly smoothed after lithium substitution (Figure 2a; 

Figure S4, Supporting Information), indicating that the inclu-
sion of lithium leads to a more solid solution-type ion storage 
mechanism. Many voltage steps were observed in most previ-
ously published sodium layered oxides. Delmas and coworkers 
reported that the ordering of Na/vacancies leads to multiple 
plateaus during desodiation.[34] Also Ceder and coworkers 
suggested that the multiple voltage steps of NaMnO2 are also 
related to Na/vacancy ordering.[35] In this case, Li+ might reduce 
the ordering of Na/vacancies upon de/intercalation.[31,33] This 
is because Li ions change the OAO (A = Li or Na) inter-
action, see section  2.4. Figure  2b shows the rate capability of 
the MNL electrode between 0.1 C and 2 C. At a C-Rate of 1 C  
(1 C = 100 mA g−1), the capacity is 78 mAh g−1. No capacity loss 
is observed after returning to 0.1 C at the end of the test. The 
excellent capacity retention is also seen from Figure 2c, which 
shows a discharge capacity over 110 mAh g–1 after 100 cycles. 
This is different from what is generally observed in P2 phase 
materials which tend to show capacity fading due to P2 → O2 
phase transitions.[31,34,36] This behavior (along with superstruc-
ture formation) is completely suppressed in the MNL sample, 
leading to a solid solution-type ion storage mechanism as dis-
cussed further below using operando XRD. Although it shows 
a relatively lower capacity compared to the reported analogues, 
its capacity retention is significantly better.[22,28,37] This implies 
that the Li effectively prevents the formation of the O2 structure 
during electrochemical cycling, thereby improving cycle life.

2.3. Structural Features upon Cycling

To investigate the lattice occupation of both alkali ions (Li+ 
and Na+) during cycling, ssNMR spectra of 7Li and 23Na were 
recorded for electrodes at selected charge/discharge states: pris-
tine, after desodiation (@4.6  V), and after resodiation (1st and 
10th cycle@2.0 V). When the electrodes were charged to 4.6 V 
(Figure 3a), the 23Na NMR signal shifts from 1750  ppm to 
around 1200 ppm. This is caused by a change in the valence state 
of the TMs.[17,20,38] After resodiation (1st and 10th cycle), the peak 
has shifted back to the original position, indicating the struc-
tural stability of the compound. The corresponding 7Li spectra 
(Figure  3b) show that the peaks at 1750 and 750  ppm are well 
maintained as well. In contrast to the previously reported P2/O3 
biphasic material Na0.8Mn0.6Ni0.2Li0.2O2, there is no significant 
change in relative peak intensities in this case.[28] This shows 
that the lithium ions remain in the structure during cycling, 
thereby maintaining the disordering of the octahedral ions.

The phase of the MNL electrode was studied using oper-
ando XRD using synchrotron radiation. Figure S5a in the 
Supporting Information shows the electrochemical charge 
and discharge profiles of the operando cell (1st cycle). The 
capacities obtained in the operando cell were in agreement 
with the coin cell experiments. Figure S5c,d shows the con-
tour plot and enlarged (002) reflection collected by oper-
ando synchrotron diffraction. No new peaks are found, but 
a slight peak shift is observed. A Rietveld fit was applied to 
analyze the lattice parameters and the unit cell volume, see 
Figure  3c,d and Figure S5b (Supporting Information). The 
change of the lattice parameter a during charging is 0.06 Å, 
while 0.07 Å are gained during the subsequent discharging 
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(sodiation). Larger changes are observed for the lattice para-
meter c with a total expansion of up to 0.29 Å during charging 
and a reduction of up to 0.31 Å after discharging. Note that 
the c parameter shows an expansion maximum at x = 0.2. The 
contraction of the lattice parameter a during desodiation is 
caused by two effects. Firstly, the decrease in Na concentra-
tion weakens the repulsive interaction between Na+ ions in 
the Na layer. Secondly, and more importantly, the oxidation 
of the TMs strengthens the TM-O bonds. The expansion of 
the lattice parameter c during desodiation originates from the 
increased O-O inter-planar electrostatic repulsion between the 
TMO layers.[39] Further details on this will be discussed in the 
next section. Overall, however, the observed changes are quite 
small. For comparison, one would expect much larger and 
more sudden changes in the case of a P2 → O2 phase tran-
sition. For example, Dahn and coworkers observed a reduc-
tion in the c lattice parameter by about 2.8 Å resulting from 
the P2 → O2 phase transition in P2-Na2/3Ni1/3Mn2/3O2 once 
the Na content became less than 1/3 during charging.[32] The 
same effect has been observed by Meng and coworkers with a 
change of about 2.3 Å.[40] For the MNL composition discussed 
herein, the observed changes in the lattice parameters a and c, 
alongside the negligible changes in the structure volume sug-
gest that the phase transition (P2 → O2) is successfully sup-
pressed during de/sodiation.

2.4. Computational Study

A further understanding of the lattice parameter changes 
and mechanism of charge/discharge was obtained through 
DFT (Density Functional Theory) calculations on composi-
tions of NaxLi0.1[Mn0.6Ni0.2Li0.1]O2. Variation of lattice param-
eters and interlayer distances (Figure 4a,a’) as well as atomic 
structures (Figure  4b,b′; Figure S6, Supporting Information), 
spin density differences (SDD, Figure  4c,c’), and number of 
unpaired electrons on various ions (Nunp, Figure S7, Sup-
porting Information) upon sodiation/desodiation (repre-
sented by Na concentration x) were simulated using both 
DFT-PBE (Perdew–Burke–Ernzerhof) and DFT-PBE+U (U: 
Hubbard correction parameter) methods. We concentrated on 
varying Na concentrations within this structure in an effort 
to simulate the processes occurring during charge and dis-
charge, with a focus on Na0.67Li0.1[Mn0.6Ni0.2Li0.1]O2 (MNL) 
and Na0.33Li0.1[Mn0.6Ni0.2Li0.1]O2 which experimentally demon-
strated the lowest and highest c values, respectively, as well as 
Na0.17Li0.1[Mn0.6Ni0.2Li0.1]O2 which was the endpoint of charging 
during our experiments.

Both PBE and PBE+U calculate a in fair agreement with our 
experimental data. However, PBE performs better than PBE +U 
for computing c(x = 0.33)–c(x  = 0.17). The underestimation of 
c(x = 0.17) with the PBE+U method is not directly related to the 

Figure 2.  Electrochemical properties of MNL electrode measured in a two-electrode cell with sodium as the counter electrode: a) The voltage profiles 
for the first cycle of MN32 (blue) and MNL (green) electrodes. b) Rate capability of MNL at 0.1 C, 0.2 C, 0.5 C, 1 C, and 2 C. c) Capacity retention over 
100 cycles of MNL at 0.1 C. (1 C = 100 mA g−1).
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Figure 4.  DFT calculations: Calculated lattice parameters and average interlayer and intralayer OO separations of NaxLi0.1[Mn0.6Ni0.2Li0.1]O2 (x = 0.17, 
0.33, and 0.67) as function of Na concentration x using a) PBE and a′) PBE+U as well as computed atomic structures (Na: yellow, Li: green, Mn: purple, 
Ni: grey, O: red) of NaxLi0.1[Mn0.6Ni0.2Li0.1]O2 with b) PBE and b′) PBE+U and corresponding spin density differences (an isosurface of 0.006 eV Å−3) 
with c) PBE and c′) PBE+U The up- and down-spin electrons are in yellow and blue, respectively.

Figure 3.  Structure properties of MNL during cycling: ssNMR spectra of a) 23Na and b) 6/7Li at different states of charge including fully desodiated 
(4.6 V), and fully resodiated (1st and 10th cycles, 2.0 V). The red line in (b) indicates 6Li signals. c) a and d) c lattice parameter changes during the 
initial de/sodiation.

Adv. Funct. Mater. 2021, 31, 2102939
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Hubbard correction, but to the geometry optimization. Optimiza-
tion of the PBE structure with PBE+U leads to the migration of 
more Li ions from TM to Na sites. This will be discussed further.

DFT calculations have been shown to be a powerful tool  
to quantitatively predict the proportion of elemental oxida-
tion states.[41] As expected, both PBE and PBE+U with U(Ni) =  
3.0  eV and U(Mn) = 3.0  eV predict (Figure S7, Supporting 
Information) that in Na0.67Li0.1[Mn0.6Ni0.2Li0.1]O2 5/8 Ni4+  
and 3/8 Ni3+ co-exist and the charge states of all Mn cations 
(Figure S7, Supporting Information) are about 4+. These results 
demonstrate that 5/8 of Ni as well as all Mn have their normal 
maximum charge states in the sodiated state. Very small SDD 
features with yellow colors, i.e., up-spin electrons, (Figure 4c,c′) 
on 5/8 Ni cations confirm their charge states to be 4+. With the 
desodiation from x  = 0.67 to x  = 0.33, both PBE and PBE+U 
indicate that all Ni3+ cations are oxidized to Ni4+, i.e., SDD 
features on these Ni cations (highlighted by blue squares in 
Figure 4c,c′) become smaller. Computed Nunp values in Figure S7  
in the Supporting Information also clearly indicate that all Ni 
cations are oxidized to around 4+ for 0.33 ≥ x. However, PBE+U 
predicts a different redox mechanism on Mn and O than PBE 
for 0.33 ≥ x. Although the later method shows that mainly the 
Mn4+ cations are further oxidized, the former indicates that 
mainly O2– is oxidized. For example, with DFT-PBE we find 
that for the Na0.33Li0.1[Mn0.6Ni0.2Li0.1]O2 structure, 10/20 and 
2/20 Mn have charge states of about +5 and +6, respectively 
(Figure S7, Supporting Information). The 2/20 Mn6+ cations are 
accompanied by 2/20 Mn3+ to reduce the electrostatic repulsion 
between their possible initial charges, namely Mn5+ and Mn4+. 
Wolverton also predicted the Mn4+/5+ redox in the Mn-based 
oxide for batteries by a DFT study.[42] Cabana et al. also observed 
Mn5+ in the fully charged Mn-based cathode material.[43] Oxida-
tion of a few O2– can also be observed in our computed Nunp 
plot (Figure S7, Supporting Information) for PBE. DFT-PBE+U, 
however, predicts that a large number of O anions undergo sig-
nificant oxidation when 0.33 ≥ x, which can be clearly recog-
nized in Figure S7 (Supporting Information) and Figure 4c′ (for 
example see the left O inside the red circle). A slight oxidation 
of several Mn cations is also observed from the PBE+U calcula-
tion in Figure S7 in the Supporting Information. At the highly 
charged state, PBE predicts 16/20 Mn cations have charge 
states of about +5 in Na0.17Li0.1[Mn0.6Ni0.2Li0.1]O2 (see Figure S7 
in the Supporting Information) and some O anions undergo 
oxidation as well. However, PBE+U shows that the majority 
of O anions are clearly oxidized from x = 0.33 to x = 0.17 (for 
example see the right O inside the red circle in Figure 4c′). It 
should be considered that i) both PBE+U and PBE give similar 
results on lattice parameters and atomic structures, but ii) the 
former method is expected to compute the electronic structure 
of 3d TMs more accurately. Thus, it is observed that both O and 
Mn undergo oxidation during charging, but the O is probably 
the more active ion. As mentioned, Wolverton also predicted  
the coexistence of Mn4+/5+ and anion redox in a Mn-based 
positive material.[42] The confirmation of the Mn4+/5+ redox 
couple is the subject of further experiments that are beyond the 
scope of this manuscript. It should be mentioned, however, that 
even in the much more studied lithium layered oxides, that the 
discussion on oxygen redox in Mn-rich layered compounds is 
quite controversial and still not conclusive. For example, van 

der Ven and coworkers favor Mn redox over O redox based on 
theoretical studies.[44] On the other hand, it is also important 
to stress that a complete theoretical treatment of layered oxides 
with vacancies and mixed occupations on several sites accom-
panied by the partial oxidation of oxygen anions is challenging 
due to their complexity. Impurities due to CO2 (formation of car-
bonates during calcination) and water (e.g., OH– instead of O2– 
at the surface, protons) can also alter the materials properties 
as well but we do not believe that the surface effects can impact 
the main conclusions from our calculations.[36,45]

To study the non-monotonic variation of c with Na concentra-
tion x, we evaluated the interlayer and intralayer O–TM–O sepa-
rations (Figure  4a,a′), namely dz(ONaO) and dz(OTMO), 
respectively. It is clearly seen that from x = 0.67 to x = 0.33 the 
expansion of dz(ONaO) is larger than the contraction of 
dz(OTMO) leading to the expansion of c. Since this result is 
found with both PBE and PBE+U calculations, the desodiation-
induced expansion of dz(ONaO) is proposed to be due to (i) 
a weakening of the total attractive electrostatic ONaO inter-
action because of the removal of Na, and more importantly (ii) 
migration of one Li ion (out of 8 per unit cell) from the Na to TM 
layer. The Li ion migration from its initial position in the Na layer 
into a free TM site takes place through geometric optimization. 
This migration can occur because there are 0.1 (per formula unit) 
vacancies in the TMO layer in the initial state, as determined 
by the ssNMR measurements. This results in a weaker attrac-
tive ONa/LiO interaction. The contraction of dz(OTMO) 
is mainly caused by the reduction of the radii of the Ni cations 
and strengthening of OTMO bonds with the oxidation of Ni. 
Oxidation of Mn (predicted by PBE) and O (predicted by PBE+U) 
are not the dominant factors in controlling the lattice parameter 
change, as both functionals give similar results from x = 0.67 to 
x = 0.33. For desodiation from x = 0.33 to x = 0.17, the contrac-
tion of dz(ONaO) can be attributed to primarily originating 
from the following two causes. i) The OTMO layers start to 
slide with respect to each other and pack as closely as possible to 
optimize the overall electrostatic interactions. This can be seen 
in Figure  4b′ where the α angle slightly decreases from 88.99° 
(x = 0.67) to 84.62° (x = 0.17) with the PBE+U approximation. ii) 
more Li ions occupy the Na layers leading to a stronger ONa/
LiO attraction. PBE calculation predicts two Li ions to migrate 
from TM to Na (5/8 Li ions in Na layers), but PBE+U predicts 
migration of three Li ions (6/8 Li ions in Na layers). This is most 
likely driven by electrostatic forces. Migration of Li ions from 
the TMO to Na layer, where a large number of vacant sites exist, 
reduces the TM-Li repulsion. Since the magnitude of the change 
in dz(OTMO) is not as large as that of dz(ONaO) during 
desodiation from x = 0.33 to x = 0.17, the c value decreases (based 
on PBE and PBE+U) as a result of the two aforementioned rea-
sons. It is predicted that the increase in dz(OTMO) with the 
PBE +U functional is probably due to the weakening of attraction 
between TMs, whose charge states do not change significantly,  
and the oxidation of O.

The migration of Li from Na to TMO layers or vice versa is in 
fact the most important parameter to determine the c value. For 
this reason, the decrease in c is larger in the PBE+U calculations 
(3/8 → 6/8 Li ions in Na layers) than that with PBE (3/8 → 5/8 
Li ions in Na layers) for x  = 0.33 → x  = 0.17. This is also true 
for Na0.67Li0.1[Mn0.6Ni0.2Li0.1]O2 where the value of c in a studied 
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structure with 6/8 Li ions is 0.06 Å shorter than that with 4/8 Li 
ions in Na layers. This can explain the reason behind the contrac-
tion of the c value after the first discharge (Figure 3d). Moreover, 
we find that the distribution of Li ions in the Na layers does not 
influence the c value as much since a Na0.67Li0.1[Mn0.6Ni0.2Li0.1]O2  
structure with 2 Li ions at each Na layer (concentration of Li 
ions in Na layers = 4/8) has a similar c value to that presented 
in Figure 4a with 4/8 Li ions at every second Na layer. However, 
it is difficult to quantify the Li+ distribution for the intermediate 
charged electrode (i.e., Na0.33Li0.1(Mn0.6Ni0.2Li0.1)O2) by ssNMR 
due to its relatively poor stability.

Overall, our DFT-PBE calculations show that the P2 phase is 
more favorable than the O2 counterpart by 164 meV (per primi-
tive unit cell) and 16 meV (per primitive unit cell) in the cases 
of Na0.67Li0.1[Mn0.6Ni0.2Li0.1]O2 and Na0.17Li0.1[Mn0.6Ni0.2Li0.1]O2, 
respectively. This result confirms that the stability of the P2 
phase is preserved during charging.

3. Conclusion

Our study unravels the role of lithium defects for improving the 
cycle life of Ni/Mn-based layered oxides as cathode materials 
for SIBs. The lithium-substituted (MNL, Na0.67Mn0.6Ni0.2Li0.2O2) 
and unsubstituted (MN32 and MN41, Na0.67Mn0.6Ni0.4O2 and 
Na0.67Mn0.8Ni0.2O2, respectively) materials were prepared by a 
sol-gel synthesis followed by a high temperature calcination. 
All as-synthesized materials showed a P2 structure, but dem-
onstrated clear differences in their voltage profiles. While the 
voltage profile for MN32 and MN41 showed several steps due 
to ordering phenomena and phase transitions, introducing 
lithium leads to a solid-solution type behavior in MNL and 
also a much better cycle life. To understand the underlying 
reasons for the behavior of MNL, (operando) XRD, ssNMR 
and DFT calculations were applied. ssNMR revealed that the 
lithium ions are almost equally distributed in the Na layer 
(46%) and TMO layer (54%). The same ratio was found after 
cycling. Results from operando XRD showed that the changes  
in lattice parameters are small, indicating stability of the P2 
structure during cycling. However, the c lattice parameter first 
increases and then decreases. DFT calculations showed that 
this behavior is due to the dynamic redistribution of lithium 
ions during cycling. Li ions first migrate to TM sites leading 
to a lattice expansion in the c-direction (x  = 0.67 to x  = 0.33). 
Below x < 0.33, Li ions migrate back to the Na sites leading to a 
shrinkage in the c-direction. The reversible capacity of MNL was 
around 110 mAh g–1 with negligible capacity loss over 100 cycles. 
DFT calculations suggest that the capacity arises from Ni3+/Ni4+ 
and O2–/O2−δ redox processes, although Mn4+/Mn5+ also contrib-
utes to a small degree. Overall, this study clarifies how lithium 
defects improve the Na storage in Na0.67Mn0.6Ni0.2Li0.2O2.  
Lithium stabilizes the P2 phase and redistributes between the 
Na and TMO layers during charging/discharging.
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