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Abstract: Room-temperature sodium-ion batteries (SIBs)
have shown great promise in grid-scale energy storage,
portable electronics, and electric vehicles because of the
abundance of low-cost sodium. Sodium-based layered oxides
with a P2-type layered framework have been considered as one
of the most promising cathode materials for SIBs. However,
they suffer from the undesired P2—O2 phase transition, which
leads to rapid capacity decay and limited reversible capacities.
Herein, we show that this problem can be significantly
mitigated by substituting some of the nickel ions with
magnesium to obtain Na,s;MnsNi3;_Mg.O, (0<x<0.33).
Both the reversible capacity and the capacity retention of the
P2-type cathode material were remarkably improved as the
P2-02 phase transition was thus suppressed during cycling.
This strategy might also be applicable to the modulation of the
physical and chemical properties of layered oxides and
provides new insight into the rational design of high-capacity
and highly stable cathode materials for SIBs.

The use of renewable electricity to address the global energy
demand requires effective means for electric-energy storage.
Although lithium-ion batteries offer the highest energy
density among all secondary batteries, concerns regarding
the lithium availability and its rising cost have driven
researchers to investigate sustainable alternatives for energy
storage.l'l Therefore, sodium-ion batteries (SIBs) have made
a major comeback because of the natural abundance of
sodium and the wide distribution of sodium resources.’! New
cathode materials for SIB systems are thus indispensable. A
broad range of compounds, including oxides,”’ polyanionic
frameworks,”! and hexacyanoferrates, have been studied as
possible cathode materials, and layered oxides were found to
be promising candidates as high-capacity cathode materials
for SIBs.
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Following the successful development of lithium ion
insertion materials, sodium-based layered oxides, Na,TMO,
(TM = transition metal, e.g., Co, Fe, Mn, Ni, V; these can be
grouped into two families, namely P2-type and O3-type
structures), have been extensively investigated as model
cathode materials for SIBs since the early 1980s.! Compared
with O3-type Na,TMO, materials, such as Na,CoO,[
Na,MnO,,”" and Na,Ni,sMn,;0,® P2-type mixed-transi-
tion-metal layered frameworks, such as
Nay5[Nip,sFeq 3Mn,3]0,,) have open prismatic paths for
sodium diffusion with a low Na ion diffusion barrier, which
makes the P2 phase a promising cathode with a high
reversible capacity and good cycle life in SIBs. In layered
P2-Na,;Ni,;Mn,;0,, all of the Na ions can by reversibly
exchanged by the Ni**/Ni*" redox reaction between 2.0 and
4.5V in SIBs, leading to a capacity of 160 mAhg ' with an
average discharge voltage of approximately 3.7 V versus Na*/
Na.l'l Moreover, P2-Na,;Ni,sMn,;O, is stable in moist air,
and water molecules cannot insert into the structure.!"!
However, unlike in P2-Na,;MnO,, which features high-spin
Jahn-Teller active Mn** centers,'” the P2-O2 phase transi-
tion occurs because of an oxygen framework shift when
charging to 4.22'V in P2-Na®,,[Ni*",;Mn*",;JO*",; a large
volume change is unavoidable in this region associated with
the O2 phase transition. Therefore, the discharge capacity of
a Na//Na,;Ni;;sMn,;0, cell fades rapidly during cycles upon
charging to 4.35V, and the available reversible capacity is
limited to only 80 mAhg ' in a lower potential domain of
3.8 V.81 Recently, doping electrochemically inactive elements
into transition-metal oxide layers in such systems was found
to be an effective means for improving the electrochemical
performance of P2-type NagsLig;,NigMnyeO0,!"* and P2-
type Na,;;Ni;sMn,;  Ti,0,.°1 However, further studies are
still needed to understand the phase transition mechanism
and the structural changes that occur upon charge/discharge
at voltages greater than 4.2 V.

Herein, considering the similar ionic radii and valence
states of Mg?* (0.72 A) and Ni** (0.69 A), a small number of
nickel ions were substituted with electrochemically inactive
magnesium ions to obtain Mg-substituted P2-type
Na, ;Mng ¢;Niy33_,Mg,O, as a novel positive electrode mate-
rial for SIBs. The magnesium substitution resulted in
a smoothed charge/discharge profile and improved capacity
retention. Partial Mg substitution in a P2-Na; ;;Mn 33Nij3;0,
electrode was shown to be effective in inhibiting the P2-O2
phase transition and retaining the hexagonal P2-stacked
structure during cycling, which greatly enhances the structural
stability of P2-Naj;sMng;Nig3;0, and thus improves the
cycling performance. Furthermore, the P2-O2 transition was
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directly observed by scanning transmission electron micros-
copy (STEM) with atomic resolution for the first time.

A series of Mg-substituted P2-Naj;Mn,;Nij33_. Mg O,
(0<x<0.33) layered oxides were synthesized by a sol-gel
method. The XRD patterns of these Na, ;Mn, ¢;Ni 33 Mg, O,
compounds reveal that Mg doping maintained the P2 layered
structure with the P6;/mmec space group (Supporting Infor-
mation, Figure S1). A trace amount of a NiO impurity was
also observed and is associated with the solubility limit of
nickel in P2-type phases."® The XRD Rietveld refinement
patterns presented in Figure 1a,b suggest that the magnesium
ions are located in the transition-metal oxide layer. The lattice
parameters (a,c¢) increase upon Mg substitution owing to the
difference in the ionic radii of Ni*" (69 pm) and Mg*" (72 pm).
A summary of the crystallographic data is given in Tables S1
and S2. To study the changes in the local atom arrangement
induced by oxygen shifts and Na* ordering upon magnesium
substitution, the compound was analyzed by Raman spec-
troscopy (Figure S2). The three intense bands at 580, 470, and
385cm™! were attributed to the A, and E;, modes of O
vibrations and the E,, mode of Na vibrations, respectively.'”!
The E,, and E,, bands became more intense with an increase
in Mg content, thus leading to an increase of the intensity
ratio of E,, and E,, against A,,, which indicates that the short-
range structure of pristine P2-Na,sMn;Nij3;0, might be
affected by Mg substitution. This result manifests the
hypothesis that electrochemically inactive Mg®" ions had
been successfully incorporated into the lattice of the Mg-free
material instead of forming multi-phase mixtures. P2-
Nay;Mng ¢;Nig33_Mg,O, (x=0.05) powders consisted of
well-formed plate-like crystals, and these plates had diame-
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ters of 1-2 um (Figure 1c). The morphologies of other P2-
Nay;Mn 6;Nij33_Mg,0, (x=0, 0.02, 0.10, 0.15) powders are
shown in Figure S3. The lattice fringes of P2-
Nay s;Mn ¢;Niy,5Mg 05O, could be clearly observed in high
resolution (HR) TEM images (Figure S4), indicating its high
crystallinity. The distance of 2.51 A between neighboring
lattice fringes corresponds to the (100) planes of P2-
Nay;Mn 67N ,sMg0s0,. The energy dispersive spectroscopy
(EDS) mappings for the white rectangle in Figure 1d clearly
show that sodium, manganese, nickel, magnesium, and
oxygen are uniformly distributed in this particle.

The performance of various P2-Na,¢,Mn,¢;Nij3;_Mg,O,
cathodes was examined in coin-type cells with Na metal as the
counter electrode. Figure 2 a displays the galvanostatic charge/
discharge curves of the first five cycles cycled at a current
density of 17mA g (0.1C) between 2.5 and 4.35 V. Mg-free
Nay ;Mn, ¢;Nij3;0, shows a large initial discharge capacity of
143mAhg' (0.55Na") above 2.5V and the average voltage
reaches 3.7 V. However, the pristine material experiences
severe capacity fading during the initial several cycles, as the
length of the 4.22 V plateau is shortened on charging, which is
in good agreement with a recent report by Lee et al.'¥l The
long plateau at 4.22V in the charge/discharge profile of
Na, ¢;Mny ¢;Nij 330, is due to the P2-O2 phase transition, which
is accompanied by the gliding and expansion of the transition-
metal layers, leading to the irreversible capacity loss, whereas
the plateaus below 4.0 V are associated with Na'/vacancy
ordering occurring within the sodium layer."">/ Tt was found
that a Mg content of 5% is sufficient to smooth the charge/
discharge profiles without affecting the capacity, whereas
further increasing the Mg content improves the cycling
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Figure 1. Rietveld refinement patterns of the powder XRD data for P2-type Nags;Mng¢;Nigs3_ MgO, with a) x=0 and b) x=0.05. c) SEM image of
P2-type Nage;Mngg;Nigs;_,MgO, (x=0.05). d) TEM image and EDS maps of P2-type N30‘67Mn0.67NIO_B,XMgXOZ (x=0.05).
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Figure 2. a) Galvanostatic charge/discharge voltage profiles of various P2-type Nay4;Mnge;Nig33_MgO, electrodes (x=0, 0.02, 0.05, 0.10, and
0.15) at 0.1C (1C=173 mAhg™"). b) Cycling performance of various P2-type Nags,Mny¢;,Nig33_,Mg,0, electrodes (x=0, 0.02, 0.05, 0.10, and 0.15)
during 50 cycles. c) Cycling performance of P2-type Nagg;Mnge;Nig3;_,Mg,O, electrodes (x=0.10 and 0.15) during 100 cycles.

stability, but at the expense of a lower discharge capacity
(Figure 2b). It is worth noting that the P2-
Na, ;Mn, ¢;Nij,sMg sO, cathode delivers a reversible capacity
of 123 mAhg ' (0.48Na") with an average discharge voltage of
about 3.7 V for the initial cycles. The estimated energy density
of the cathode is 455 Whkg™' with the Na metal anode
(Table S3), and approximately 85% of the reversible capacity
was retained after 50 cycles. The Coulombic efficiency for these
electrodes with different Mg content was always greater than
98 % during continuous cycle tests (Figure 2b). The long-term
cycling stability of this material with a higher Mg content is
excellent at current rates of 0.1 C (with capacity retentions of
91.7% for the P2-type Na,s;Mng¢;Nij ;Mg 1,0, electrode and
92.4% for the P2-type Na, ;Mn, ;Ni, ;sMg, 150, electrode after
the 100th cycle; Figure 2¢). Furthermore, the charge/discharge
curves became smooth in regions below 4.0 V, and the 4.22 V
plateau in the charge curves was better retained and becomes
more sloping with an increase in Mg content (Figure 2a),
indicating that the substitution of Ni by Mg effectively
suppresses the Na*/vacancy ordering and the gliding of the
transition-metal layers."® This systematic variation in the
charge/discharge profiles is an additional piece of evidence
for the formation of Mg-substituted polycrystalline oxides
instead of multi-phase mixtures.

In situ and ex situ XPS studies (Figures S5 and S6) helped
with the interpretation of the status of the solid-state
electrode reaction during the charge/discharge process. On
charging, the Ni 2p;, peak changed from divalent (854.9 V)
to tetravalent (856.3 eV). When discharged to 2.5V, the Ni
2ps, binding energy moves back to almost the original
position while no shift is observed for Mn 2p;,
(642.0 eV),”! which is consistent with a previous report.!"”!
It indicates that within the explored 2.5-4.35 V potential
window, the measured capacity for the electrodes originates
from the Ni*"<Ni*" redox couple, which is identical to the
cyclic voltammetry results (Figure S7). The three pairs of
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reversible oxidation/reduction peaks at 3.5/3.2V, 3.8/3.5V,
and 4.3/4.0 V were ascribed to the sequential oxidation of Ni*"
to Ni** and Ni*", respectively. The Mg-substituted sample also
showed a much better rate capability than pristine P2-type
Na, ;Mn, s, Ni, 30, (Figure S8); however, the capacity was
reduced by more than 50% at 2C (340 mA g ') witha 2.5V
cutoff. To reduce the ohmic resistance for improving the rate
capability, the electrode design needs to be further inves-
tigated with P2-type Na,¢Mn s Ni, 13- Mg, O, as the cathode
materials for SIBs.

To gain more insight into the Na intercalation/deinterca-
lation mechanism and more specifically on the effect of the Mg
substitution on the Na-driven crystal structure transformations,
the material was analyzed by ex situ XRD at various charge
and discharge states during the first cycle (Figure 3a—c). A
detailed analysis of the ex situ XRD patterns shows that when
the electrode crosses the long plateau at 422V, the phase
transition from hexagonal P2 to the O2 phase occurs upon Na
ion extraction for Mg-free samples (Figure 3a). The original
(004), (100), (012), (104), and (106) peaks that were due to the
P2 phase disappear, and a new set of O2-characteristic Bragg
peaks is observed (Figure 3a). For example, the new (002)
peak, referred to as (002'), is located at about 21°, and the
(112) peak is found at approximately 70°. The new O2-
characteristic peaks gradually become more intense as the scan
number increases while the original P2 peaks weaken, showing
that at this point, two phases coexist in the electrode.'” In
contrast, all of the major reflections corresponding to the P2
phase were clearly maintained for a sample with a Mg content
of 5% (Figure 3b), which demonstrates that no significant
phase transitions had occurred at 4.22 V. The exsitu XRD
patterns (Figure S9) of all Mg-substituted electrodes charged
at4.22 V further demonstrate that the P2—-O2 transition can be
suppressed when x >0.05. As further Na ions are extracted
from the P2 structure of NajsMn s Nij,sMg0sO,, the major
reflections corresponding to the P2 phase are clearly main-
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Figure 3. Ex situ XRD patterns of P2-type Na,;Mng¢;,Nigs;_,Mg,O, electrodes with a) x=0, b) x=0.05 at various discharge and charge states.
c) Charge/discharge profiles of P2-type Nags;Mngg;Nig330; electrodes; the dots indicate the depth of the charge/discharge at which the samples
were taken for the ex situ XRD analysis. d) Illustration of the structural variations in Mg-free (top) and Mg-substituted (bottom) samples upon

Na' extraction and insertion.

tained except for the (002) diffraction peak, which splits into
two peaks at 4.35 V, indicating the formation of a P2 phase in
a highly desodiated state with many Na vacancies.”” There-
fore, the P2-O2 phase transition is suppressed in the
Nag e Mng ¢ NigsMgosO, electrode, which explains the
smoothened charge/discharge profile and the better capacity
retention upon magnesium substitution.

The illustration in Figure 3d (top) shows a complete P2—
O2 phase transition based on the gliding of the TMO, layer as
suggested by Delmas and co-workers.”!! There are two
different prismatic Na sites in the pristine P2 structure,
which are face-sharing with MO, (Na;) and edge-sharing
(Na.). Upon charging, the Na ions in the Na, sites are
extracted faster than the Na ions in the Na; sites owing to the
higher in-plane Na*-Na™ electrostatic repulsion for the Na,
sites. The large prismatic sites in the P2-type phase are
energetically stabilized by the large Na ions, and the TMO,
slabs move (glide) to form octahedral sites after extraction of
the Na ions in the Mg-free electrodes. This TMO, gliding
leads to the formation of a new O2-type phase with stacking
faults and a unique oxygen packing, “ABCBAB”. This phase
contains two crystallographically different TMO, layers with
AB and CB oxygen arrangements. The vacancies left in
between the AB and CB layers are octahedral sites."*??! On
the other hand, the presence of immobile Mg*" in the TM
layers allows more Na* ions to reside in the prismatic sites,
stabilizing the overall charge bal-
ance of the compound. Conse-
quently, more Na ions remain in
the compound upon charging, and
the P2 structure is retained in the
high-voltage region, which is con-
sistent with the reduced reversible
discharge capacity with an

increase in Mg content.
Furthermore, apart from the
variations in the intensities of

some diffraction peaks during
charge/discharge, some of the
shifts in the peak positions are
mainly due to lattice distortions
induced by Na® extraction.””)
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After one cycle, the layered P2 structure of both electrodes
was completely recovered, as confirmed by the presence of
sharp, well-defined XRD peaks at the original positions. The
reason for this is the alignment of the TM ions along the ¢ axis
of the P2 structure to form trigonal-prismatic Na sites. Hence,
when Na ions are reinserted back into the structure, stacking
faults are eliminated in such a way that Na-ion prismatic sites
can be reconstructed for the first few cycles.”¥) We also
compared the structural stability of the Mg-free electrode
with the Mg-substituted sample after many cycles (Fig-
ure S10). The structure of the Mg-substituted electrode was
well preserved even after 100 cycles, suggesting that the
electrochemical reactions in the Mg-substituted samples are
highly reversible, which contributes to the impressive cycling
stability.

The P2-O2 phase transition was further analyzed with
atomic resolution by annular bright field (ABF) and high-angle
annular dark field (HAADF) STEM. Representative ABF-
STEM and HAADF-STEM images of the P2- and O2-type
phases of the Mg-free electrode are shown in Figure 4a and 4 b,
respectively, and indicate the coexistence of both faces across
the 4.22 V plateau. The dark-dot contrast in the ABF-STEM
images (Figure 4 a) and the bright-dot contrast in the HAADF-
STEM images (Figure 4b) reveal the TM (Mn, Ni) atom
column positions. The dark-dot contrasts with the interlayer
positions in the ABF-STEM images (Figure 4a) correspond to

Figure 4. a) ABF- and b) HAADF-STEM images of a P2-type Nag¢;Mng¢;Nig33_,MgO, (x=0) electrode
when charging to 4.22 V at the [010] zone axis; the yellow and red rectangles indicate areas with the
P2 and O2 structure. c) ABF- and d) HAADF-STEM images of a P2-type Nags;Mng¢;Nig33_ Mg,O,
(x=0.05) electrode when charging to 4.22 V.
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the sodium and oxygen atom column positions in these layered
structures. As shown in Figure 4 a, b, the yellow and red frames
reveal the detailed atomic arrangements for different P2 and
02 stacks, respectively, and these two structures are shown for
comparison. The ABF-STEM observation of octahedral TMO,
(TM =Mn/Ni) is highly consistent with the structural model.
The alkali metal atoms are held in their positions by the
layered TMO,. In particular, head-to-head stacking was
observed, and every two layers of TMO, are structurally
mirror-symmetric in the P2 phase, which is distinctly different
to the layer distance of each O column in the O2 phase. The
coexistence of the two phases in the plateau region was also
confirmed by HAADF-STEM (Figure 4b). Moreover, as
a sample with the O2 phase has stacking faults, a clear decrease
of the adjacent layer distance d, from the P2 phase to the O2
phase was also observed. In contrast, ABF-STEM and
HAADF-STEM images of the Mg-substituted electrode only
show the P2 phase (Figure 4c,d), which is highly consistent
with the ex situ XRD data. In short, the coexistence of the P2
and O2 phases was clearly characterized from the macro- to
the microscale by ex situ XRD and STEM. Above all, only
a few studies on the P2-O2 phase transition in Na cells have
been reported thus far, and this transition has mainly been
characterized by XRD analysis on the macroscale.”**! The
phase transition was thus confirmed with atomic resolution for
the first time, and this atomic-scale integration engineering
should enable the modulation of the physical and chemical
properties of layered oxides.

In summary, we have prepared a series of magnesium-
substituted layered P2-type Na, ¢ Mng ¢;Nij33_ Mg,0, (0 <x <
0.33) compounds as cathode materials for SIBs. The as-
obtained Mg-substituted P2-NajsMn ¢ Nij,sMg0sO, cath-
ode delivers a reversible capacity of 123 mAhg™' with an
average discharge voltage of approximately 3.7 V versus Na*/
Na, leading to a high-energy density cathode material with
455 Whkg'. The inactive Mg”" ions in the TM layers allow
more Na* ions to reside in the prismatic sites upon charging,
stabilizing the overall charge balance of the compound. The
P2-O2 phase transition and the Na'/vacancy ordering in
Naj;Mn 4 Niy330, are both effectively inhibited during
charging and discharging upon magnesium substitution,
suggesting that the whole process involves a simple single-
phase reaction with a reduced volume change, thus improving
the cycling performance. Therefore, substitution with a mod-
erate amount of inactive metals ions (such as Mg*", Zn*",
Cu?', Ti*', etc.) with similar ionic radii and valence states in
the transition-metal oxide layer might be an effective strategy
to improve the cycling performance of P2-type compounds
owing to the enhancement of the structural stability, and also
gives new insight into the rational design of high-capacity and
high-stability cathode materials for sodium-ion batteries.
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