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Synergetic stability enhancement with magnesium
and calcium ion substitution for Ni/Mn-based P2-
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The conventional P2-type cathode material Nag g7Nig 33MNg 670> suffers from an irreversible P2—-02 phase
transition and serious capacity fading during cycling. Here, we successfully carry out magnesium and
calcium ion doping into the transition-metal layers (TM layers) and the alkali-metal layers (AM layers),
respectively, of Nagg7Nig33Mng670,. Both Mg and Ca doping can reduce O-type stacking in the high-
voltage region, leading to enhanced cycling endurance, however, this is associated with a decrease in
capacity. The results of density functional theory (DFT) studies reveal that the introduction of Mg and
Ca®* make high-voltage reactions (oxygen redox and Ni**/Ni** redox reactions) less accessible. Thanks
to the synergetic effect of co-doping with Mg?* and Ca®* ions, the adverse effects on high-voltage

reactions involving Ni—-O bonding are limited, and the structural stability is further enhanced. The finally
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Accepted 2nd December 2021 obtained P2-type Nage2Cap.025Nin28Mgoo0sMnpe702 exhibits a satisfactory initial energy density of

468.2 W h kg™! and good capacity retention of 83% after 100 cycles at 50 mA g~ within the voltage

DOI: 10.1039/d1sc05715d range of 2.2-4.35 V. This work deepens our understanding of the specific effects of Mg®* and Ca®*
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Introduction

Large-scale energy storage systems are urgently required to
meet the needs relating to electric power distribution and
renewable energy utilization.”* Owing to the low cost and the
abundant resources, sodium-ion batteries (SIBs) are promising
candidates for large-scale applications.>® Although the mass
production of commercial SIBs has already started, the insuf-
ficient cycling durability remains a challenge that needs to be
overcome.
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dopants and provides a stability-enhancing strategy utilizing abundant alkaline earth elements.

Layered-structured oxides have attractive traits, such as their
two-dimensional ion diffusion channels, relatively high capac-
ities, convenient preparation methods, etc. However, irrevers-
ible phase transitions, volume changes, surface side reactions,
and other drawbacks hinder their electrochemical perfor-
mance.'*** Targeted strategies have been proposed, however,
these cathode materials are still far from achieving their theo-
retical limits.**-*

Early in 2001, Lu et al. reported the capacity and phase
evolution process of P2-type Na,/3Ni;;3Mn,30,.>> Doping with
both electrochemically active and inactive elements has been
proved to be an effective method for improving the electro-
chemical performance of this material.”® Partially replacing Ni**
with Mg** or Li* can reduce the Na" extraction levels during
charging, altering the harmful P2-O2 phase transition to an
acceptable P2-OP4 phase transition or even completely sup-
pressing the phase transition.**” It is worth mentioning that
Mg>" ions can act as pillars in the AM layers to stabilize the
structure under conditions of heavy use or deliberately-high-
voltage charging. However, this can decrease the rate perfor-
mance or the capacity above 4.0 V, and the number of Mg**
pillars cannot be controlled directly. In addition, a stable elec-
trolyte is required for long-term cycling at high voltages. By
contrast, Ca*>" pillars have been adopted in P2-type Na,CoO,
and some O3-type cathode materials, resulting in significant

© 2022 The Author(s). Published by the Royal Society of Chemistry
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enhancements in cycling and rate performance with the use of
a simple preparation method.**"

In this work, we dope two kinds of alkaline earth elements,
i.e.,, Mg®" and Ca®', into P2-type Nay ¢, Nig 33Mng 6,0,. Consid-
ering the ionic radii of the involved cations (Na': 1.02 A, Ca*":
1.00 A, Ni**: 0.69 A, Mn*": 0.53 A and Mg>": 0.72 A), Mg®" and
Ca®" ions are likely to occupy the TM sites and the AM sites,
respectively. A small number of Ca" pillars can effectively boost
the stability during Ni**/Ni*" redox reactions in the layered
cathode. Using Mg®" to replace Ni** can enhance the cycling
durability and, in particular, the stability of high-voltage reac-
tions is markedly enhanced. However, capacity loss is
unavoidable when the dopants are heavily used. As revealed via
DFT calculations, this is mainly caused by the alteration of high-
voltage reactions upon Mg- and Ca-doping. In the meantime,
this reminds us that the usage of Ca®>" dopants requires close
attention when oxygen redox reactions are involved. The insta-
bility at high levels of desodiation is also briefly studied. In
addition, a significant synergetic effect has been found through
which high-voltage reactions involving Ni-O bonding could be
largely preserved when Ca®" ions are trapped near Mg”"* ions.
The obtained P2-type Nag ,Cag.025Nip.28Mg0.0sMNg 6,0, mate-
rial possesses better all-round performance compared with the
other discussed counterparts.

Experimental
Synthesis

The materials were prepared through a simple ball-milling-
assisted solid-state reaction. Na,COj; (99.8%), CaCO; (99%),
NiO (99%), MgO (98%), and Mn,Oj; (98%) are the raw materials.
After ball-milling for 12 h at 350 rpm, stoichiometric amounts
of raw materials (5 mol% excess Na,CO; was added) were
pressed into pellets under a pressure of 15 MPa. Then the
pellets were annealed at 1173 K for 12 h and naturally cooled to
room temperature.

Characterization

X-ray diffraction patterns were collected using a Rigaku mini
flex 600 diffractometer (Cu K, radiation, A; = 1.54060 A x =
1.54439 A). The morphologies, selected area electron diffraction
patterns, and elemental mapping images were obtained using
a transmission electron microscope (TEM, JEOL JEM-2100F).

Electrochemical measurements

Cathodes were prepared via casting a slurry of active material
(70 wt%), super P (20 wt%), and poly(vinylidene fluoride) (PVDF,
10 wt%) on Al foil and drying at 90 °C for 12 h under vacuum.
The loaded mass of active material is about 2 mg cm™>. The
above-mentioned cathode, a glass fiber separator (Whatman),
a pure sodium foil counter electrode, and 1 M NaClO, electro-
lyte (dissolved in propylene carbonate with 5% fluoroethylene
carbonate) were used to assemble coin-type cells (CR2025) in an
Ar-filled glovebox. The galvanostatic charge-discharge perfor-
mance and galvanostatic intermittent titration technique
(GITT) data were measured using a LANHE CT2001A battery test

© 2022 The Author(s). Published by the Royal Society of Chemistry
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system. For GITT testing, the half cells were charged or dis-
charged at 10 mA g~ ' for 10 min, followed by relaxation for
60 min. If linear behavior of E vs. > is observed during the
pulse time, Dy,+ can be calculated via the following equation:*

4 (mgVa\>/AE\?
(32) () e

DNa* = E
where 7 is the pulse time; mg, Mg, and Vy are the mass,
molecular weight, and molar volume of the material, respec-
tively; S is the surface area of the cathode; AEs and AE; are the
voltage change in the steady-state and the voltage change
during the pulse time in a single GITT step, respectively; and L
is the thickness of the cathode. The cyclic voltammetry (CV)
data was gathered using a CHI 604E electrochemical worksta-
tion. All of the tests were conducted at 300 K after the coin cells
had been left to stand for 3 days.

Computational methods

First-principles calculations were carried out using density
functional theory with the projector augmented-wave method
as implemented using Vienna Ab initio Simulation Package
(VASP) code.*** Hubbard corrections to intra-atomic
coulombic repulsion were considered via setting the effective
Hubbard U parameters to 4.0 eV for Mn and 6.0 eV for Ni. The
wave functions were expanded based on plane-waves with the
energy cutoff set to 400 eV. The minimum spacing between k-
points was set to 0.2 A%, A 31/3 x 31/3 supercell containing 36
Mn and 18 Ni ions was considered for exploring the energies of
different configurations of Na ions. More than 10 different
configurations of Na ions were generated for each Na concen-
tration and these were fully relaxed. The energy of the most
stable Na configuration was selected to evaluate the relative
stabilities of the P2 and O2 phases. Bader analysis was con-
ducted using code developed by Henkelman's group.*® Crystal
structures were visualized using the Visualization for Electronic
and Structure Analysis (VESTA) program.*

Results and discussion
Ca>* substitution

Stabilizing structures with Ca®>' pillars has been reported in
both P2 and O3 cathode materials. Given that the Na* crystal-
lographic sites are different between P2, 02, O3, and P3 struc-
tures (Fig. 1),""***' we believe that pillars are more appropriate
to be applied to P2-type cathodes rather than O3-type ones, and
the detailed reasons are given below. Except for structural
stabilization effects, the pillars also have the ability to hinder
the phase transition, owing to stronger electrostatic interac-
tions with nearby oxygen ions. The O3-P3 phase transition is
inevitable and necessary for O3-type cathodes in order to
acquire better Na" conductivity, while the P2-0O2 phase transi-
tion is commonly harmful and needs to be suppressed.

Here, Nay 6;Ni.33Mn 6705 (NM), Nag 62C20.025Nio.33MNg.670,
(Cag.025~NM), and Nay 5;Cag,05Nig.33MNp.670; (Cap.0s~NM) were
synthesized through a solid-state method. The main phase of
these three samples is the P2 phase with the P63/mmc space
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Fig.1 Schematic illustrations of the different prismatic and octahedral
sites in AM layers in P2-, O2-, O3- and P3-type layered structures.

group (Fig. S1f). No obvious calcium-related impurities are
observed, and the (002)p, peak shifts to a high degree for the Ca-
doped samples, inferring that Ca** ions are successfully doped
into the AM layers. The shrinkage of the lattice parameter “c”
here is consistent with reports relating to Ca-doped P2-type
cathodes.”?® For reports relating to O3-type cathodes, the
outcomes are a bit more complicated. O3-Nag ogCag 01 Nig.5-
Mn, 0, shows a reduced “c” value, while O3-Nag ¢5Cag.¢25Niy,
sFe;sMny 30, and 03-NagoCag gsNigsFeqsMny 30,  show
expanded “c” values.*>** However, no clear explanation for the
expansion of “c” in O3-type cathodes has been provided.

The electrochemical performances were measured at
a current density of 50 mA g~ and in the voltage range of 2.2-
4.35 V, and the results are displayed in Fig. 2. The charge-
discharge profiles are composed of three plateau regions. The
two plateaus in the lower voltage range (below 4.1 V) are mainly
attributed to Ni**/Ni** redox reactions (with a small number of
oxygen redox reactions), and the plateau at 4.2 V is mainly
attributed to oxygen redox reactions, while Ni**/Ni** redox

View Article Online
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reactions are also involved.** The results show that the amount
of Ca®" ions is positively associated with the cycling stability and
negatively correlated with the initial capacity. Unlike NM, whose
Na" ions can be almost completely extracted when charged to
4.35 V, the Na' deintercalation levels in the initial charging
processes of Cagg,5-NM and Cag¢s—-NM are about 0.52 and
0.45 mol, respectively, which are obviously lower than their
initial Na content levels of 0.62 and 0.57. In particular, capacity
differences occur above 4.1 V for these three samples, while
their capacities below 4.1 V show negligible disparity (Fig. 2).
This phenomenon indicates that Ca doping suppresses the
reactivity of high-voltage reactions. To discern the variations
related to Ni**/Ni** and high-voltage reactions during cycling
more intuitively, the capacities below and above 4.1 V are pre-
sented for the three samples in Fig. 2d-f. Rapid capacity decay
above 4.1 V is observed for all three samples, inferring that
merely adopting Ca** pillars is insufficient for maintaining the
capacity based on high-voltage reactions. This may be caused by
the enrichment of Ca>" ions at the surface, leading to the
deactivation of high-voltage reactions. Nonetheless, Ca doping
is extremely useful for maintaining the Ni**/Ni** redox capacity
and boosting the coulombic efficiency (CE), as capacity reten-
tion below 4.1 V is promoted to above 95% and the CE is
increased to about 99% at the 50™ cycle with Ca doping.

The structural stabilization of Ca®* pillars

To examine the effects of Ca®>* doping on phase transitions, the
XRD patterns of the three samples charged to 4.35 V were
recorded and they are presented in Fig. 3a. The intensity of the
(002), peak is reduced as the amount of the Ca** is increased,
and this peak vanished when the Ca-doping level reached 0.05,
suggesting that the P2-O2 phase transition is weakened in the
presence of Ca>" pillars. This also indicates that Ca and Mg
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Fig. 2 Electrochemical performances of undoped and Ca-doped samples. Charge—discharge profiles at 50 mA g~
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Fig. 3 Alteration of the phase transitions and electrochemical reactivity upon Ca®* doping. (a) The XRD patterns from NM, Cag 925—NM, and
Cap.os—NM electrodes charged to 4.35 V. (b) Energy differences between the P2 and O2 structures of Ca—NM at various Na content levels. The
densities of states of (c) NM at a Na content of 1/3 and (d) Ca—NM at a Na content of 7/27; the Fermi energy levelis set to zero. (e) A corresponding
schematic illustration of the DOS. (f) The Bader charge of O in NM at Na = 1/3, 5/27, and 0, and in Ca—NM at Na = 7/27 and 1/9; and the
corresponding relaxed structures with labeled O atoms in different chemical environments and with different Bader charge.

doping have different effects on phase transitions, as Mg
doping leads to the P2-OP4 transition. To investigate the effects
of Ca doping rationally, we need the help of first-principles
calculations to evaluate the structural stabilization effect
difference between Ca*>* and Na' ions. The energy differences
between the P2 and O2 structures of Na,Ca;,;Ni;;3Mn, 30,
(abbreviated to Ca-NM) are shown in Fig. 3b. The bottom axis
shows the amount of Na* and the top axis shows the amount of
positive charge remaining in the AM layer. For NM, the O2
phase is more stable than the P2 phase when more than 1/3 mol
Na' has been extracted, and the P2-02 phase transition will
start, according to in situ XRD results obtained by Lu and co-
workers® and the calculation results obtained by Meng and co-
workers.** From our theoretical calculation results, the O2
structure is more stable than the P2 structure when x is below
0.1 for Ca-NM. We can more intuitively notice that less positive
charge is required to maintain the P2 structure for Ca-NM than
for NM. The critical values for these materials are 0.17 and 0.33,
respectively, showing that Ca®>" ions are superior to Na* ions

© 2022 The Author(s). Published by the Royal Society of Chemistry

with equal charge in stabilizing the structure. Since the Ca
content in Ca-NM is 1/27, lying between 0.025 and 0.05, the
existence of the O2 phase in Cag o,5~NM charged to 4.35 V is
reasonable (0.1 mol Na' remaining), while no 02 phase is
detected in Cag o5s—NM.

Adverse effects of Ca>* ions

The GITT results from NM, Cag,5-NM, and Cagg5-NM
conform with the analysis above. It is clearly shown in Fig. S2a-
ct that the Ca-doped samples have higher Na* diffusion coef-
ficients (Dno+) than that of NM at the 4.2 V plateau, corre-
sponding to different Dy, values between the P2 and O2 phases.
Furthermore, the Ca-doped samples exhibit higher voltage
polarization in the high-voltage region than NM (Fig. S2g-if).
Since the high-voltage reactions of NM stem from Ni-O bonding
with high ionicity,'>** the lowering of the capacity caused by Ca-
doping probably lies in the alteration of Ni-O bonding hybrid-
ization. Given that the high-voltage reactions mainly occur in
the 4.2 V plateau region, corresponding to the removal of more

Chem. Sci., 2022, 13, 726-736 | 729
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than 1/3 mol Na', we calculated the density of states (DOS) of
NM and Ca-NM with 1/3 mol positive charge remaining in the
AM layers and focused on the orbital differences below the
Fermi level. In Fig. 3c and d, in the regions highlighted in gray,
the ionicity of Ni-O bonding is obvious, as the contributions
from the O 2p orbitals are much higher than those of the Ni 3d
orbitals. This result tallies with the experimental results, sug-
gesting that the high-voltage reactions mainly involve oxygen
redox reactions with some Ni**/Ni** redox reactions.’* It is
worth noting that the distributions of the O 2p and the Ni 3d
orbitals of Ca-NM in the gray region are expanded significantly
to deeper energy levels, making the high-voltage reactions less
accessible in the case of Ca—-NM. In other words, the electronic
states of the O atoms bonded to Ca>" ions are stabilized. Even at
the end of charging (Na;Ca;,;-NM), these O atoms remain
unoxidized (Fig. 3f). In addition, some nickel remains in the
form of Ni** and Ni** due to the limited deintercalation of the
Na" ions and the stabilization effects of Ca®" ions (Fig. S3at).
These results conform to the electrochemical performance data,
in which Cag,5-NM and Cag os-NM have lower high-voltage
reaction capacities than NM in the voltage range of 4.1-
4.35 V. To provide a more direct comparison, we present the
calculated redox potentials of NM and Ca-NM with positive
charge lower than 1/3 in the AM layers in Fig. S3b.t The results
reveals that the redox voltage of NM from Na = 1/3 to 0 is 4.20 V.
In the meantime, the voltage of Ca-NM is increased to 4.54 V if
all the Na* ions are extracted from the lattice. Apparently, this is
unachievable experimentally. According to the above analysis,
the shortcomings of Ca doping demonstrated here imply that
the use of Ca®" pillars should be carried out with extreme
caution, particularly when oxygen redox is involved. Other
modifications are required to alleviate the impact on high-
voltage reactions. This will be discussed below.

When returning to the charge-discharge profiles during
cycling, we notice a change that might be associated with the
P2-02 phase transition. The three samples possess three
plateau regions (Fig. 2a—c), and the two plateaus below 4 V can
be further divided into four peak-pairs, as presented in Fig. 4a—c
(O1/R1, O2/R2, O3/R3, and O4/R4). Upon an increase in the
cycle number, the dQ/dV plot of NM exhibits the greatest
change. Ignoring the O5/R5 peak pair, which is mainly
contributed to by high-voltage reactions, significant asymmetry
is observed among the O3/R3 and the 04/R4 pairs from the 20™
and 50 cycle for NM. Interestingly, the O1/R1 and O2/R2 peak
pairs present relatively good symmetry. We can see in Fig. 4d
that some of the discharge capacity that ought to belong to the
R3 and R4 peaks shifts to the lower voltage region (2.2-3 V). This
indicates that some redox reactions corresponding to the O3
and O4 peaks show abnormal high overpotentials compared
with other redox reactions relating to NM during long-term
cycling. We also highlight the variations in the charge-
discharge profiles in Fig. S41 for an intuitive view. When Ca**
ions are introduced into the AM layers in the cases of Cag g25—
NM and Ca, o5—NM, this phenomenon is restrained effectively,
and no significant changes are observed in these two regions
(Fig. 4b, c, e, f, and S47).
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We suspect that this is caused by the migration of nickel ions
from the TM layers to the AM layers. The migration of TM ions
can alter the Na environment in Na,;;Ni;;3Mn,;30,,** and TM
ions have been directly detected in the AM layers of charged P2~
Nag 5gAlg.05Nig 33MnNg 600,,* which is a derivative of Na,;;Niy,
3Mn,;;0,. Here, we prefer to only consider the migration of
nickel rather than manganese, since the migration of iron and
nickel ions to the AM layers has been observed.**** Meanwhile,
our DFT calculation outcomes show that O2 structures with Ni
migration are more stable than with Mn migration (Fig. S51). It
should be noted that the superstructure might be lost upon TM-
ion migration, resulting in voltage hysteresis relating to oxygen
redox reactions in the low-voltage range.***"*> Most TM migra-
tion happens in O-type stacking arrangements, since the TM
ions tend to migrate to the tetrahedral and octahedral sites in
the AM layers (which only exist in O-type stacking) when a large
number of Na' vacancies exist (Fig. S61).433-% Therefore, it is
reasonable that the suppression of the P2-O2 phase transition
in the presence of Ca>* pillars weakens nickel migration.

In addition, if we adjust the voltage range to 2.2-4 V, NM
exhibits great cycling performance without the phenomenon of
the discharge capacity shifting towards a lower voltage
(Fig. S77), as the P2-O2 phase transition is prevented.

Mg”* substitution

The strategy of replacing Ni** with Mg”* in NM has already been
recognized by several research groups.**?*”***” The P2-02 phase
transition is successfully altered to a more reversible P2-OP4
phase transition upon using Mg>*, however, some of the capacity
is sacrificed. Komaba et al. concluded that MgO, octahedra can
strongly attract Na" ions to realize a pillar effect at the end of
charging.** In addition, it has been proved that Mg** ions can
also act as pillars under certain circumstances.”**” Besides
structural stabilization, Mg>" substitution enables highly revers-
ible oxygen redox reactions in Mn-based layered oxide cath-
odes.’™*** NM also has oxygen reactivity above 4.2 V.*>** It is well-
known that oxygen release is a serious issue for both lithium and
sodium layered cathode materials.'®**** Unfortunately, irrevers-
ible oxygen release has been observed in NM through in situ
differential electrochemical mass spectrometry analysis."”
Besides structural stabilization effects, we are also interested in
how the doping of a small number of Mg”* ions into NM can
improve the reversibility of high-voltage reactions.

Here, we choose 5% Mg-doped Nag 6;Nig2sMgo.0sMnNg 6,0,
(NMM) since it has better overall performance, according to
Guo's research.” The cycling performance of NMM is better than
that of NM (Fig. S8at), in accordance with previous results.?*27*
Although Mg doping promotes the stabilization of Ni**/Ni**
redox reactions to a lower extent compared with the Ca-doped
samples, a dramatic enhancement of the reversibility of high-
voltage reactions is observed (Fig. 5c). Meanwhile, a small
amount of the OP4 phase is observed when the NMM electrode is
charged to 4.35 V (Fig. 5a). Upon comparing the CV curves of NM
and NMM, the difference is also obvious (Fig. S91). It is clearly
noticed that the high-voltage reaction peaks of NM change
dramatically upon cycling, as the peaks broaden and shift to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The degradation of electrochemical performance. dQ/dV plots of (a) NM, (b) Cag.025—NM, and (c) Cag os—NM. Enlarged views of the dQ/
dV plots between 2.2 and 3 V of (d) NM, (e) Cag.g25—NM, and (f) Cag g5s—NM. The oxidation peaks are denoted as O1-0O5 and the reduction peaks

are denoted as R1-R5.

lower voltages. This indicates the existence of TM-ion migration
and the loss of superstructure.®*>%> However, for NMM, smaller
changes are seen in the oxygen redox peaks. Moreover, the
symmetry of the capacities of the O3/R3 and O4/R4 peak pairs
and the 2.2-3 V region of NMM is higher than NM (Fig. S10 and
S11t). These results all suggest the suppression of TM-ion
migration, as less O-type stacking in the OP4 phase than that

in the O2 phase might restrain TM-ion migration (Fig. S6t),
leading to more reversible redox reactions and structure evolu-
tion in NMM.

Alteration of the properties with Mg>*

To understand the effects of Mg doping on high-voltage reac-
tions, we calculated the DOS of Na,Nis;;gMg;,1sMn, 30, (Mg-

x in Na Nij ,.Mg, Mn, O
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Fig.5 The effects of Mg doping on the structural stability and electrochemical performance. (a) The XRD pattern of the NMM electrode charged
to 4.35 V (the inset shows an enlarged view in the range of 10-35°). (b) Charge—discharge profiles at 50 mA g~ of NMM. (c) The corresponding
coulombic efficiency and charge capacities below and above 4.1 V. (d) The density of states of Mg—NM at a Na content of 1/3; the Fermi energy
levelis set to zero. (e) Corresponding schematic illustrations of the DOS and spatial charge density at —0.31<E — Er<0.06 eV and at —0.6 < E—E¢
< —0.45 eV. (f) The calculated Gibbs free energies of O, evolution of OP4-Mg—-NM (Na = 1/9), OP4-Mg-NM (Na = 1/9) with one Ni ion at an
octahedral site, O2—NM (Na = 0), O2—-NM (Na = 0) with one Niion at a tetrahedral site, and O2—-NM (Na = 0) with one Niion at an octahedral site.
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NM) at x = 1/3. As shown in Fig. 5d, the orbitals of Mg-NM near
the Fermi level split into three parts (labeled in gray). The two
parts with higher energy levels are principally composed of O 2p
and Ni 3d orbitals, similar to NM. However, the contribution
from Ni 3d orbitals to the lowest part can almost be ignored,
indicating that this part is attributed to Mg-O bonding, as
verified based on the spatial charge density (Fig. 5e; a wider view
is shown in Fig. $121). When looking into the energy distribu-
tions of these three parts, we notice that the Fermi level pene-
trates the highest part. Given that the presence of 5/18 mol of
Ni** in Mg-NM is not enough for the deintercalation of 1/3 mol
of Na* merely through Ni**/Ni** redox, some Ni**/Ni** redox and
oxygen redox reactions are needed to participate in charge
compensation, and an outward expression of this is shown in
the changes in the charge-discharge profiles (red dotted circle
in Fig. 5b). The other two parts of Mg-NM are lower in energy
than the corresponding part of NM. This result shows that the
remaining ~1/9 mol of Na" in NMM at 4.35 V comes from the
less accessible high-voltage reactions upon Mg doping, and the
corresponding calculated redox voltage is presented in
Fig. S13.7 In addition, the gap between the lowest two parts,
coinciding with the charge profiles (Fig. 5b) and the CV
(Fig. S9t) curves of NMM, is observed as a sloping region and
a plateau region above 4.1 V (highlighted with green dotted
circle in Fig. 5b).

The DOS results discussed above only reveal the changes in
high-voltage reactions upon Mg doping, however, they are not
enough to explain the stabilization of the high-voltage reac-
tions. For obtaining an intuitive view of the structural stability,
we also calculated the Gibbs free energy change (AG) of oxygen
evolution based on the following reaction:**

Na,MO,—Na,MO, , + goz )

The corresponding enthalpy can be calculated as follows:
_ y
AH = [E(NaXMOZ,y) +3E(0:) — E(NaXMOz)} / 0.59) (3)

where E(O,) and E(Na,MO,) are the total energies of O, and
Na,MO,, respectively; and E(Na,MO,_,) is the total energy of the
relaxed structure of Na,MO,_, (via removing the oxygen atom
with the smallest Bader atomic charge from Na,MO,). With the
addition of the entropy of gaseous O, under standard condi-
tions (—TAS = —0.63 eV, 1 bar, 298 K),** AG can be obtained.
Here, we consider the states upon charging to 4.35 V: the 02
phase and Na = 0 for NM, and the OP4 phase and Na = 1/9 for
Mg-NM. The results are still unable to demonstrate the effects
of Mg doping. As exhibited in Fig. 5f, the values of AG for O2-
NM and the OP4-Mg-NM are both positive, indicating that
oxygen evolution is thermodynamically unfavorable for these
two structures. Therefore, in the case of TM migration, we have
ignored here what could be a key point. Given that oxygen loss
can occur based on under-bonded oxygen (fewer than 3 cations
coordinating with oxygen)' and that Ni ions can migrate from
TM layers to the tetrahedral and the octahedral sites in the AM
layers,*® we further move one Ni ion in O2 phase NM (Na = 0) to
a tetrahedral site (NM-tet) and to an octahedral site (NM-oct),
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and calculate the respective AG values of oxygen evolution.
Oxygen evolution becomes thermodynamically spontaneous
upon Ni ion migration, as the AG values for NM-tet and NM-oct
are negative. When looking into the Bader atomic charge results
for the oxygen atoms of these four structures (Fig. S14b¥), we
find that the migration of Ni ions will cause a dramatic redis-
tribution of charge density among the oxygen atoms. The
oxygen atoms coordinated with 2 TM cations in NM-tet and NM-
oct exhibit much lower Bader charge than the average value,
that is, they are in a higher oxidation state. In the meantime,
some oxygen atoms show an increase in Bader charge, indi-
cating a chemical environment change for these oxygen atoms.
This result is similar to the work of Saubanére and co-
workers.**

The case of Ni migration in OP4-Mg-NM at Na = 1/9 is also
considered. The structural optimization results show that the
migration of Ni to an octahedral site in O-type stacking is more
preferable in energy than migrating to a tetrahedral site (Fig.-
S14at). Thanks to Na' ions remaining in the lattice of Mg-NM-
oct, oxygen that ought to be under-bonded upon Ni migration is
stabilized by Na* ions, and no significant redistribution of charge
density is observed among the oxygen atoms (Fig. S14bt). As
a consequence, oxygen evolution is thermodynamically unfavor-
able for this example of Mg-NM-oct (Fig. 5f). Therefore, the
higher retention of the high-voltage reaction capacity of NMM
should come from the suppression (not the elimination) of Ni ion
migration, with less O-type stacking and the stabilization of
under-bonded oxygen with remaining Na" ions.

Mg?* and Ca®* co-substitution

The oxidation of Ni*" ions to higher valence will increase the
electrostatic repulsion toward Ca®>* ions. Therefore, we specu-
late that under co-doping circumstances Ca** ions might be
trapped near MgO, octahedrons, and the calculation results
show that the Ca®" ions in the optimized structure occupy
prismatic sites adjacent to the MgO, octahedrons (Fig. S157).
On this basis, the reactivity of Ni-O bonding might be largely
retained, since less active Mg—O bonding will suffer the effects
of the Ca** ions. Considering that one Ca>" pillar will affect two
neighboring TM layers, the amount of Mg”* should be twice that
of Ca®". In addition, the usage of 0.05 mol of Ca*" will lead to
unacceptably low capacity. Therefore, we synthesized Nage,-
Cag.025Nig.28Mg0.0sMng 6,0, (Cag.02s-NMM) and examined its
properties. The main phase of the Cagg,s~NMM is the P2
structure, as shown in Fig. S16a,t and the Rietveld refinement
results are presented in Table S7 (ESIT). Some peaks with weak
intensities are present in the range of 20-30°, suggesting the
existence of Na' ordering and Ni-Mn honeycomb ordering.**%
In the HRTEM image, lattice spacing of 0.58 nm is noticed
(Fig. S16ct). This is consistent with our Rietveld refinement
results from Ca, g,5-NMM, in which the lattice parameter “c” is
calculated to be 1.166 nm.

Synergetic effect of Mg”* and Ca”* ions

The electrochemical performance and XRD pattern in a fully
charged state are exhibited in Fig. 6. Cag ,5~NMM possesses

© 2022 The Author(s). Published by the Royal Society of Chemistry
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better stability compared with the previously mentioned
examples. In particular, the high-voltage reaction peaks of
Cap.025-NMM remain almost unchanged over three CV cycles
(Fig. 6b), and the highest capacity retention is seen after the 50"
cycle over 4.1 V (Fig. 6d), suggesting that a synergetic effect from
Mg and Ca doping is beneficial for maintaining the reactivity of
Ni-O bonding. As seen in Fig. 6g, the DOS of Na,/,,Ca;/,,;Ni,
27Mg2/57,Mn, 30, (Ca-Mg-NM) reveals that the reactivity
suppression effect is mainly seen with respect to Mg-O
bonding, as the corresponding orbitals expand to a deeper
energy level compared with the DOS of Mg-NM. Meanwhile, we
can find that the capacity associated with Mg-O (the slope
region above 4.1 V) of Cag ¢,5-NMM is slightly lower than that in
the case of NMM. Furthermore, the electron distribution
around Mg-O bonding is changed upon Ca®" doping according
to the electron localization function (ELF) map shown in
Fig. 6h. The ELF maps of the other structures are provided in
Fig. S18,7 and the effects of Ca®>" ions on bonding can be
observed intuitively.

Several works on Ca doping have shown that the introduc-
tion of Ca** is beneficial for the rate performance.?***> Here in
our study, similar results are also obtained. The capacity
retention levels at 500 mA g ' are 66.7% for Cag gys-NMM
(Fig. 6€e), 42.2% for NM and 57.9% for NMM (Fig. S19a and
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S19b¥). Moreover, Cag 5-NMM possesses the highest energy
efficiency at 500 mA g~ among all the samples (Fig. S19if).
Considering that the phase transition occurs at the 4.2 V
plateau, the rate performances above and below 4.1 V must be
diverse. In Fig. S19g-i,T we present the capacities at different
current densities separately. For the three samples, the capacity
decay below 4.1 V is much lower than that above 4.1 V owing to
the phase transition. It is widely accepted that the P-type
structure has a better Na" diffusion rate than the O-type struc-
ture. Apparently, NMM and Ca,,5-NMM have better rate
performances above 4.1 V as the P2-O2 phase transition is
prevented and prismatic Na' sites still exist in the high voltage
region. The GITT results in Fig. S201 support the same case. In
addition, the overpotentials of these three samples are clearly
different during the charge-discharge process, as shown in
Fig. S20g-i.f NM shows a much larger overpotential than
Cag p25-NMM and NMM, demonstrating that the electro-
chemical reaction resistance is lower in the presence of Mg”*. In
the meantime, a higher overpotential is observed for Cag op5—
NMM than NMM in the region related to Mg-O bonding reac-
tions, while the overpotential for Ni-O bonding reactions is
almost unchanged (Fig. S20g-if). This also confirms the pres-
ence of neighboring Mg®>" and Ca®" in the lattice. Thanks to
structural stabilization due to Mg and Ca doping, Cag g,5s~NMM
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Fig. 6 The properties of the co-doped sample. (a) The XRD pattern at

4.35V (the inset shows an enlarged view in the range of 10-35°), (b) CV

curves, (c) the charge—discharge profiles at 50 mA g, (d) corresponding charge capacity above and below 4.1V at 50 mA g2, (e) the rate
performance, and (f) the cycling performance at 50 mA g~ of Cag 925~ NMM. (g) The density of states of Ca—Mg—NM at a Na content of 7/27 and
the corresponding spatial charge density at —0.37 < E—E¢ < 0.00 eV and at —0.82 < £ — £z < —0.37 eV. (h) The ELF map of Ca—Mg—NM along the

blue lattice plane shown in the left panel.
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shows the best capacity retention of 83% at 50 mA g~ * after 100
cycles (Fig. 6f). A more intuitive comparison can be seen in
Fig. S8a.f Although NMM has a higher initial capacity and
average voltage due to the absence of Ca®" pillars, it is surpassed
after 40 cycles by Cag o25~NMM, which presents a slower dete-
rioration in capacity. The XRD patterns of all samples after 100
cycles are shown in Fig. S21,t also verifying the superior
stability of Cag 925~ NMM.

To achieve a cathode material with higher energy density,
boosting either the capacity or the average voltage can be
successful. Taking the anode material into account, enhancing
the average voltage is more efficient if the energy density of the
cathode is unchanged. Commonly, the potential of TM-ion
redox reactions is in the range of 1.5-4 V vs. Na'/Na, while the
potential of oxygen redox reactions can exceed 4 V if small
voltage hysteresis is obtained. This is one of the reasons why
several efforts have been made to unveil the mechanism
relating to oxygen redox reactions in layered oxide cathodes.
Although co-doping with Mg®" and Ca®" enhances the cycling
stability, the capacity and voltage decays relating to high-voltage
reactions are still much more serious than those relating to
Ni**/Ni*>" redox reactions, and the coulombic efficiency is not
high enough (only 99%). This suggests that more modifications
are needed to restrain TM-ion migration and reduce irreversible
reactions, while better high-voltage electrolytes should be
developed. Hopefully, our strategy can suppress the notorious
P2-02 phase transition effectively and economically, and this
will help in maintaining the integrity of surface coatings if they
are applied to P2-type materials.

Conclusions

In summary, we have investigated the stabilization effects of Mg
and Ca doping on a P2-type Ni/Mn-based cathode material. The
results show that when these two alkaline earth elements are
doped individually, both can stabilize the structure, making the
phase evolution process more reversible. In particular, the pillar
effects of Ca®" ions are better than those of Na* ions with the
same electric charge. However, side effects toward high-voltage
reactions are observed, especially in the case of Ca doping
alone. The DOS results reveal that Mg and Ca doping will make
high-voltage reactions less accessible than in the undoped
material, leading to a reduction in capacity. Furthermore,
a synergetic effect involving Mg®" and Ca** ions is discovered in
co-doped Cag,5s~NMM, and better structural stability is ob-
tained with a less adverse impact exerted on Ni-O bonding. A
satisfying initial energy density of 468.2 W h kg™' and the
greater retention of both capacity and average voltage were
observed. This work provides insight into structural stabiliza-
tion based on Mg>" and Ca®" in P2-type cathodes, and it also
warns that the adoption of Ca** ions requires particular atten-
tion when oxygen redox reactions are involved.
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