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vacancy ordering in a distorted manganese oxide
cathode material by Li substitutiont
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Layered manganese-based oxides are promising candidates as cathode materials for sodium-ion batteries
(SIBs) due to their low cost and high specific capacity. However, the Jahn-Teller distortion from high-spin
Mn** induces detrimental lattice strain and severe structural degradation during sodiation and desodiation.
Herein, lithium is introduced to partially substitute manganese ions to form distorted P'2-
Nag.g7Lin.0sMnp.9s0O2, which leads to restrained anisotropic change of Mn-O bond lengths and
reinforced bond strength in the [MnOg] octahedra by mitigation of Jahn-Teller distortion and
contraction of MnO, layers. This ensures the structural stability during charge and discharge of P'2-
Nag e7Li0.0sMNngosO, and Na*/vacancy disordering for facile Na* diffusion in the Na layers with a low
activation energy barrier of ~0.53 eV. It exhibits a high specific capacity of 192.2 mA h g™, good cycling
stability (90.3% capacity retention after 100 cycles) and superior rate capability (118.5 mA h g~ at 1.0 A

g™, as well as smooth charge/discharge profiles. This strategy is effective to tune the crystal structure

rsc.li/chemical-science

Introduction

Sodium-ion batteries (SIBs) have attracted extensive attention
for large-scale electric energy storage due to the abundance and
low cost of sodium resources.'® However, low energy density
and insufficient cycling life limit the practical application of
SIBs because of the large radius and heavy mass of Na'.*®
Cathode materials play a crucial role in the overall performance
and cost of SIBs. Cathode materials with high capacity, long
cycling stability and fast Na* diffusion are of great signifi-
cance.*”” Among various cathode materials, layered transition
metal oxides Na,TMO, (TM = Mn, Co, Ni, Fe, etc.) exhibit high
Na' storage capacities.** Layered Na,TMO, can be mainly
classified into P2 and O3 phases, based on the atomic envi-
ronment of Na (prismatic or octahedral) and the oxygen layer
stacking patterns along the c-axis (ABBA or ABCABC).'"**> P2-
Type oxides have more open frameworks and spacious pris-
matic paths within TMO, slabs for direct Na* diffusion, which
favor rate and cycling capability.*>**

P2-Na,MnO, with a hexagonal structure has tremendous
potential as a cathode material for SIBs because of the
elemental abundance, eco-friendly nature and considerable
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of layered oxide cathodes for SIBs with high performance.

specific capacity. Particularly, the distorted P'2-Na,, ;MnO, with
an orthorhombic structure caused by the Jahn-Teller (J-T) effect
exhibits higher capacity than the wundistorted P2-
Nay ¢7MnO,."**° However, the J-T distortion, derived from high
spin Mn®" (t,,’>-€,"), causes an abnormal bond length change of
O-Mn-O in [MnOg] octahedra, large lattice strain and aniso-
tropic volume change during the charge and discharge
processes, resulting in Na'/vacancy ordering and rapid degra-
dation of structural and electrochemical properties of P2/P'2-
type Nag,Mn0,.**?*>* Due to the lattice distortion in P'2-
Na, ¢;MnO,, a high specific capacity of ~200 mA h g¢" can be
obtained at the initial cycles, but followed by rapid capacity
decay because of the drastic J-T effect during Na" extraction/
insertion. In order to enhance the structural stability of Mn-
based layered oxides, electrochemically inactive ion substitu-
tion, such as Mg**, AI’*, and Zn*", etc., has been attempted to
suppress the J-T effect via modulating the electron and bond
structure of [MnOg].>**” When doped with Ti, P'2-Naye/[(-
Mng 5sFeq 22)0.0Tio.1]0, delivers a capacity of ~180 mA h g™ ' and
exhibits reversible Na* extraction and insertion for 200 cycles
with a retention of 86%." With the introduction of Al into P2-
Na, 6,ALMn;_,0,, the complex phases of P’2 + P2 are electro-
chemically converted to the undistorted P2, leading to better
capacity retentions. The sample doped with 10 mol% Al yields
a specific capacity of 175 mA h ¢! and long cycling stability
exceeding 200 cycles with 85% capacity retention.”® Achieving
the high performance of P'2-Na, ¢;MnO,, which is limited by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the Na'/vacancy ordering and drastic J-T effect, is still a great
challenge for SIBs.

Herein, partial substitution of Li for Mn to form P'2-Na, ¢
Lip.0sMny 950, is reported. It results in mitigation of J-T
distortion and contraction of MnO, layers, and then restrains
the anisotropic Mn-O bond lengths and reinforces the bond
strength in the [MnOg] octahedra. These strengthened crystal
structures and Na'/vacancy disordering ensure facile Na'
diffusion. The as-synthesized P'2-Na, ¢;Lig.05Mny 050, exhibits
a high specific capacity of 192.2 mA h g~ within 1.8-4.3 V, good
cycling stability and rate capability. This investigation provides
insights into the modulation of the chemical environment of
redox centers in advanced cathodes for SIBs.

Results and discussion

Structure features

A group of Li-substituted P'2-Na ¢,Li,Mn; ,O, (x =0, 0.03, 0.05
and 0.08) layered oxides were synthesized via a facile solid-state
reaction at 1000 °C followed by a quenching process. The X-ray
diffraction (XRD) patterns and Rietveld refinement of the as-
synthesized compounds are presented in Fig. 1a, b, S1 and
Tables S1-S4.1 All the diffraction peaks of Na, ¢,Li,Mn,_,O, can
be indexed to an orthorhombic structure with a space group of
Cmcm.*® The J-T distortion in the orthorhombic lattice is
accompanied by the elongation along the b axis and shrinkage
along the a axis, and the degree of distortion () is determined
by using the equation of Dy tho/@ortho = (1 + 6)y/3. The evolution
of lattice parameters, Na interlayer spacing (d(xa-o-na)) and
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Fig. 1 Rietveld refinement of powder XRD patterns for (a) P'2-
Nao_67M|’102 and (b) P/Z—Nao_67Li0_05Mn0_9502. (c) 7|_| ss-NMR of P'2-
Nao67Li0.0sMNp.9sO,. (d) XPS spectra of the Mn 2p region of
Nao_57MnOZ and P/z-Nao_67Lio_05Mno_9502. (e) Elemental SIMS
mappings and () HRTEM and SAED images of P2-
Nao 67Li0.0sMNg.9502.
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6 with the increase of Li content in P'2-Nag ¢,Li,Mn,;_,0, is
depicted in Fig. S2,T which reveals that a and d(xa-o-~a) increase
with decreasing b. Note that P’2-Nag ¢,Lig sMng ¢,0, and P'2-
Nay ¢7Lig 0sMNg 050, exhibit similarly decreased degrees of
distortion of 6.80% and 6.73% in comparison with 7.68% in P'2-
Nay 6;MnO,, while P'2-Na, ¢,Lig.05Mng 950, shows the largest
d(na-0-na)- Though more Li content in P'2-Nag ;Lig 0sMNg 0,05
can lead to smaller 6, the dna-0-na) NO longer increases, and
redox-active Mn decreases. In the optimal P'2-Na,e;Lig 05
Mn, 950,, obvious shrinkage of bond lengths of Mn-O (dym-o0))
along the axial O-Mn-O direction and contraction of MnO,
layers are observed in Fig. S3 and Table S5.t1 This results in the
alleviated anisotropic change of Mn-O bond lengths in the
octahedra of [MnOg| and mitigation of J-T distortion. The
elemental composition of P'2-Nag ¢;Lig.0sMng.50, was deter-
mined using an inductively coupled plasma-optical emission
spectrometer (ICP-OES), and the result in Table S67 is close to
the expected stoichiometry. The robust and shortened Mn-O
bond in P'2-Na ¢,Lig 0sMny.950, associated with contraction of
MnO, layers ensures a stable structure, and the enlarged Na
interlayer space favors Na" diffusion.™

To confirm the local environments of Li', “Li solid-state
nuclear magnetic resonance (ss-NMR) spectroscopy was carried
out for P'2-Nagg,Lig0sMngos0,. As shown in Fig. 1c, the
chemical shift values of 1401 ppm and 1318 ppm indicate that
Li" occupies the octahedral Mn sites in the TMO, layer, which is
consistent with the chemical shifts of two kinds of Li" sites in
Li,MnOs, namely, in the [MnO,] and Li layers.'**® This can be
interpreted as the comparable ionic radii of Li* (0.76 A) and
Mn*" (0.65 A). The X-ray photoelectron spectroscopy (XPS)
spectrum of Mn 2p in Fig. 1d shows the electronic structure of
Mn in P'2-Nay¢;MnO, and P'2-Nay ¢;Lig.05MnNg 950,. Mn 2p in
P/2-Nay ¢,Lig.05Mng 950, shows a higher binding energy, owing
to the partial Mn*" oxidation to the J-T inactive Mn"" (t,,°-€,°)
via Li* substitution. The replacement of Mn** with Li" in the
octahedral sites increases the average valence of Mn and miti-
gates the J-T distortion with robust Mn-O bonds, which facili-
tates the structural stability of P'2-Nay ¢,Lig.05MNg.9505.

The elemental distributions of P/2-Nag g-Lig.0sMnNg.o50, at
different depths are recorded by dynamic secondary ion mass
spectroscopy (SIMS), as shown in Fig. 1e and S4.1 The intensity
variation of Na, Li, Mn and O with sputtering time shows the
elemental distribution changes at different sputtering depths.*
The intensity of Na and Li increases rapidly in the initial 50 s,
which can be attributed to the minor deposition of impurities
during preparation and storage, such as Na,CO; and Li,CO; on
the surface. Starting from ~300 s, the concentration of Li and
Mn remains steady, showing a homogeneous distribution
throughout the bulk. The particle size of P'2-Na,,MnO, and
P'2-Na, ,Lip.0sMng 950, ranges from 2.0 to 5.0 pm, as shown in
the scanning electron microscopy (SEM) images in Fig. S5.7 The
selected-area electron diffraction (SAED) along the [001] zone of
Nay,67Lig.05Mno.950, is presented in Fig. 1f, implying a typical
P2 phase. The crystal lattice spacing in the high-resolution
transmission electron microscopy (HRTEM) image of Fig. 1f is
0.56 nm, consistent with the (002) planes of P'2-Nay ¢,Lig o5
Mn, 050, and the XRD refinement in Fig. S6.}
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Structural evolution and reaction mechanism

The structural evolution of P'2-Naj,,MnO, and P'2-Nag -
Lip.0sMny 950, during charge and discharge is monitored by in
situ XRD in a voltage window of 1.8-4.3 V. As shown in Fig. 2a
and b, during the initial charge of P'2-Na,Liy gsMng 9505, the P'2
phase is maintained with 0.26 < x < 0.79. The ¢ parameter
increases along with the (002) and (004) peaks shifting to lower
angles due to the repulsive force between the adjacent oxygen
layers during Na' extraction, and the ab plane contracts as the
(112) peak shifts to higher angles because of the smaller ion
radius of Mn at the valence state of 4+.*%*° The OP4 phase starts
to appear upon extraction of ~0.39 mol Na* and remains till full
charge, as confirmed by the typical OP4 (004) peak at ~17.5° in
Fig. 2 and illustrated in Fig. S71.>** Notably, at the fully
charged states, P'2-Na,Lij osMng 950, exhibits a slight variation
of dmn-o) from 1.980 A to 1.928 A, while P'2-Na,MnO, shows an
obvious shrinkage from 2.133 to 1.944 A, based on the Rietveld
refinements in Fig. S8 and Table S7.1+ The robust Mn-O bond
enabled by the mitigated J-T distortion due to Li doping
ensures structural stability of [MnOg] octahedra in P'2-Na,-
Lig.0sMng 050, upon Na* extraction in the charge process.

In the following discharge of P’2-Na,Lij ¢sMng ¢50,, the OP4
phase reversibly transforms to the P’2 phase, as evidenced by the
XRD patterns in Fig. 2b. When ~0.65 mol Na' is re-inserted into
the structure, a two-phase reaction occurs with the phase trans-
formation of P'2 to P"2 due to the dominant Mn®".** The P"2
phase of Na,MnO, exhibits a larger elongation of Mn-O bonds of
2.305 A in the axial direction than that of Na,LiyosMng o0,
(2.230 A), based on the Rietveld refinements at the discharged
state in Fig. S9 and Table S8.1 In the meantime, the change of the
bond length of the axial Mn-O from OP4 to P”2 in Na,MnO, is
18.57%, in contrast to 15.66% in Na,Lij osMng 950,. The degree of
distortion of P”2 decreases from 13.37% in P'2-Na, ¢-MnO, to
9.30% in P'2-Naje;Lig0sMng050,. Particularly, the volume
change is merely 1.30% for Na,Lig 0sMng.950,, as compared to
2.61% for P'2-Na, ¢;MnO,, indicating the alleviated J-T effect.
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Fig. 2 In situ XRD patterns collected in the first cycle and second
Charge of (a) P/Z—Nao_67MnOZ and (b) PIZ-Nao_67Lio'05Mno_9502.
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The P'2 phase of Na,Lij0sMng 950, fully recovers from its P"2
phase during the second charge. The reversible phase transitions
of P'2-Na,Lij osMng ¢50, in the charge and discharge process are
also revealed by HRTEM and fast Fourier transform (FFT) images
shown in Fig. S10.f Meanwhile, asymmetrical shape changes of
(112), (114) and (116) are observed in P'2-Na,MnO, (0.29 < x <
0.77), corresponding to the multiple stepwise charge/discharge
curves in Fig. 2a. This is derived from several phase transitions
related to long-range ordering of both Na‘/vacancy and Mn
charge,"* which generally leads to severe polarization and poor
rate performance.”** However, only peak position shifts are
observed in P'2-Na,LijosMny 050, (0.26 < x < 0.79) without
asymmetrical diffraction peaks, indicating that the significantly
restrained multistep phase transition is related to Na'/vacancy
disordering and a solid-solution reaction process during charge
and discharge.

Ex situ XPS was carried out to investigate the charge
compensation in P'2-Na, ;MnO, and P'2-Na, 4,Li; 0sMn, 950, at
different states. Fig. 3a and b show the Mn 2p spectra of the
pristine, discharged and charged P'2-Na,¢,MnO, and P'2-
Nay 67Lip.0sMnNg 950,, respectively. The two major peaks are
deconvoluted into four peaks of Mn 2p3/, and Mn 2p, ;. The two
peaks located at 641.7 and 653.2 eV are assigned to Mn>" of the
pristine P'2-Na, ¢;Lig 05Mng 9505, while the other two peaks at
643.1 and 654.6 eV correspond to Mn*". An additional peak at
646.6 eV can be identified as the signal from some Mn ions at
higher oxidation state in a fluorine environment.*® The fluorine
mainly comes from additives of fluoroethylene carbonate (FEC)
and poly(vinyl difluoride) (PVDF), which are added during the
preparation of electrodes. Mn®* is oxidized to Mn*" in the
charging process, and a reverse process occurs during discharge,
indicating that the Mn**/Mn*" redox is responsible for the charge
compensation (0.72 e~ transfer). As for P'2-Na, 6;MnO,, 0.83 e~
transfer occurs during charge/discharge. Hence, the redox couple
of Mn**/Mn*" in both of P'2-Na, sMnO, and P'2-Na, ¢;Lig o5
Mn, 450, is responsible for the charge and discharge.

Crystal structure and Na* kinetics

Theoretical calculations based on density functional theory
(DFT) and crystal orbital Hamilton population (COHP) analyses
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Fig. 3 XPS spectra of Mn 2p collected on the pristine, first discharged
and second charged electrode of (a) P'2-Nagg,;MnO, and (b) P'2-
Nag 67Li0.0sMNo.9502.
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were performed to explore the bonding situations and struc-
tural change with Li" doped in P'2-type oxides.*”"** The struc-
tures of P'2-Nage,MnO, and P'2-Nag¢-LigosMngos0, were
optimized based on the Rietveld refinement of XRD data. The
geometrical optimization of P'2-Nays,MnO, was performed
within a 3 x 1 x 1 supercell, which consists of 12 Mn, 8 Na and
24 O atoms. As for P'2-Nag ¢;Lig gsMng 9505, the structure was
obtained via replacing one of the Mn atoms by a Li atom in the
optimized P'2-Nay,Mn0O,. Both of the optimized P'2-
Nay 6;MnO, and P'2-Nay ¢;Li 0sMng 950, are shown in Fig. 4a
and b. The COHP method is efficient to provide the chemical
bonding information by indicating “bond-weighted” density of
states between the interacting neighbor atoms.*® Positive and
negative values of -COHP suggest the bonding and anti-
bonding interactions, and zero of -COHP indicates a non-
bonding interaction. The integrated ~-COHP shows a bonding
interaction between O 2p and Mn 3d, and the intensity of
bonding interaction of adjacent Mn-O is strengthened obvi-
ously by Li substitution, as depicted in Fig. 4c and d. The
stronger Mn-O bonds in [MnOg] are contributed by the
increased hybridization of the O 2p and Mn 3d orbitals, owing
to the weak overlap between Li 2s and O 2p orbitals. As shown in
Table S9,T the orbital overlap of Mn(;1)-O in P'2-Nag 6;Lig o5
Mn, 50, increases by 22.67%. The enhanced [MnOg] slabs
result in a robust and stable skeleton to suppress the inferior J-
T distortion. Based on the calculated density of states (DOS) of
P'2-Naj ;MnO, and P'2-Nay ¢;Lig0sMng.050, in Fig. S11,1 the
number of electrons in Mn e, orbitals decreases obviously for
Li*-doped material, suggesting that some Mn** ions are
oxidized and the J-T inactive Mn*" centers increase.
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Fig. 4 Optimized structure of (a) P'2-Nage;MnO, and (b) P'2-
Nag.67Li0.05MNg.950,. COHP analysis of the transition metal octahedral
sites of (c) P’2-Nag.6;MNO, and (d) P'2-Nag e7Lig 05MNg.9505. (€) Na3—
Na7 diffusion pathway in P’2-Nag g7Lig.05MNg 9505. (f) activation energy
barrier for Na* diffusion in P'2-NageyMnO, and P'2-
Nao 67Li0.0sMNg.9502.
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The activation energy barrier of Na' in P'2-Nay ,;MnO, and
P'2-Nag ¢;Lig osMng 50, was calculated using the climbing
image nudged elastic band (CINEB) method. As shown in Fig. 4e
and f, the activation energy barrier is ~0.53 eV in P'2-Na, ¢,-
Lip.0sMng 950, along the Na3-Na7 pathway in the ab plane,
which is 0.07 eV lower than that in P'2-Na, ¢;MnO,. Further-
more, the Na" diffusion coefficients were investigated using the
galvanostatic intermittent titration technique (GITT). In
contrast, P'2-Nag¢;Lig.0sMnNgo50, displays smaller voltage
hysteresis and high coulombic efficiency in the GITT curves
(Fig. 5a and b). The calculated Na" diffusion coefficients of P'2-
Nag ¢7Lig.0sMNg 050, range from 2.0 x 10~ to 107'° cm® s7*
within the scope of the solid-solution reaction, which are an
order of magnitude higher than those of P'2-Na, ¢;MnO, (Fig. 5¢
and d). The results are in good agreement with the calculation
of activation barriers in Fig. 4f and the smooth charge and
discharge curves in Fig. 2. Lower polarization and activation
energy barrier, as well as increased Na* diffusion kinetics, are
realized by virtue of the expanded Na" layer spacing and sup-
pressed Na'/vacancy ordering by Li doping.

Electrochemical performance

The electrochemical performance of P'2-Nay ¢;MnO, and P'2-
Nay ¢7Lig.05Mng 950, was examined in coin cells with Na as the
negative electrode. Fig. 6a and b exhibit the galvanostatic
charge/discharge curves of P'2-Na,s,MnO, and P'2-Nag e -
Lig.0sMn, 050, in the initial three cycles at 20 mA g~ " within 1.8-
4.3 V. P'2-Na, 6;MnO, delivers a high initial discharge capacity
of 217.6 mA h g~' (0.83 Na*) but severe capacity and voltage
fading during the first three cycles. The multiple stepwise
curves observed in P'2-Na, ¢;MnO, are assigned to the phase
transitions and Na'/vacancy ordering. In contrast, P'2-Nag ¢
Lip.0sMny 950, displays smooth and highly overlapped charge/
discharge profiles with a reversible capacity of 192.2 mA h g~*
(0.72 Na*), which are attributed to the solid-solution reaction
process between 2.1 and 3.6 V. The specific capacity decreases
with the increased content of Li, because the inactive Li* dopant
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Fig. 6 Charge and discharge profiles of (a) P’2-Nag.¢;MnO, and (b)
P'2-Nag.e7Lio 0sMNg 0505 at 20 mA g~ (c) Rate capability comparison
of and P/Z-Nao_67MnOZ and P/Z-Nao_67Lio_05MnO‘9502 at different rates.
(d) Cycle performance of P'2-Nage;MnO, and P'2-Nagg7Lioos-
Mng 950> at 50 mA g~

does not participate in the electrochemical reaction but can
effectively restrain the unfavorable Na'/vacancy ordering.

The cyclic voltammograms (CV) and dQ/dE curves of P'2-
Nay 6;MnO, in Fig. S12 and S131 show two main pairs of peaks
at 3.54/3.39 and 2.50/2.19 V and additional multiple redox
peaks, which are assigned to the phase transition reaction and
Na'/vacancy ordering.*® The multiple redox peaks of Nag ¢, Li,
Mn, 0, (x = 0.03, 0.05 and 0.08) weaken, and disappear when
the Li content increases, further indicating that the Na*/vacancy
ordering can be suppressed by substitution of Mn** with Li". In
addition, based on the equation i = av?, capacitive storage of
Na' in P'2-Nag ¢;Li,Mn;_,0, (x = 0, 0.05 and 0.08) is demon-
strated by quantitative electrochemical kinetics calculation, in
which the values of b determining the sodiation and des-
odiation behaviors are exhibited in Fig. S14.F This indicates that
the electrochemical process is partially controlled by capacitive
behavior. The capacitive contribution of peak 1 of P'2-Nag ¢/~
Lip.0sMny 950, ranges from 44.12% to 72.58% at the various
scan rates from 0.1 to 1.0 mV s~ '. A larger capacitive contri-
bution can be observed with the increase of Li content. Fig. 6¢
presents the rate capability of P'2-Na, 6;MnO, and P'2-Nag ¢/~
Lip.0sMny 950, at various current densities ranging from 0.08 to
4C. (1C = 250 mA g~ "). P'2-Nag ¢;Lig 0sMny 050, delivers high
reversible capacities of 187.3,177.3,139.2 and 118.5mAh g " at
0.2, 0.4, 2 and 4C, respectively. The superior rate capability of
P'2-Na ¢,Lig.05MnNy 950, is benefited from its expanded spacing
of Na" layers and solid-solution reaction with fast Na* kinetics.

The long-term cycling stability of prepared P'2-Na, ¢;MnO,
and P'2-Nag ¢,Lig.0sMng.950, within 1.8-4.3 V at the current of
50 mA g~ ' is shown in Fig. 6d. P'2-Nay ¢,Lig.0sMn 950, exhibits
good capacity retention of 90.3% after 100 cycles, correspond-
ing to a capacity loss of around 0.097% per cycle. The coulombic
efficiency of P'2-Nag6;Lig 0sMng 50, remains above 99%. In
contrast, the capacity retention of P'2-Na, c;MnO, is only 48.0%
after 100 cycles. This is attributed to the Li incorporation in P'2-
Nag 67Lip.0sMnNg 9505, Which can effectively suppress the J-T
distortion and Na'/vacancy ordering and facilitate the structural
stability and facile Na* transport.

1066 | Chem. Sci, 2021, 12, 1062-1067

View Article Online

Edge Article

Conclusions

In summary, Li substitution in P'2-Na;;MnO, has been
demonstrated to be an impactful strategy to suppress the
detrimental J-T distortion and Na'/vacancy ordering to enhance
its structural stability. The inactive Li" in the TMO, layers tends
to prevent the anisotropic change of the Mn-O bond and
promotes its bond strength, leading to a more stable skeleton
and contraction of TMO, layers. The J-T distortion of [MnOg]
octahedra in P'2-Nag ¢,Lig.0sMng.050, is effectively mitigated
during phase transitions, and the volume change in P'2-P"2
transition is merely 1.30%, which enable good cycling stability
(90.3% capacity retention after 100 cycles at 50 mA g~ ). The
suppressed Na'/vacancy ordering with enlarged Na interlayer
spacing and low activation energy barrier (~0.53 eV) yields
superior rate capability (118.5 mA h g* at 1.0 A g~ "). This
investigation sheds light on the design of advanced electrode
materials by tuning their chemical environments for high-
performance SIBs.
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