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d Ti doping in O3 type
NaNi1/2Mn1/2O2 on reversibility and phase
transition during electrochemical Na intercalation†
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and Shinichi Komaba *ab

O3 type layered sodium nickel manganese oxide, NaNi1/2Mn1/2O2, which is isostructural with a-NaFeO2, has

attracted attention as a promising positive electrode material for sodium-ion batteries owing to its large

reversible capacity of ca. 200 mA h g�1. To improve the cycle stability for practical use, O3 type NaNi1/

2Mn1/2O2 materials with Mg or/and Ti substitution are synthesized. The materials with Mg or Ti

substitution exhibit better capacity capability, and Mg and Ti co-substituted material demonstrates even

better capacity capability, with an initial discharge capacity of 200 mA h g�1 without any capacity loss

due to substitution. Substitution of Mg2+ and Ti4+, which are larger ions than Ni2+ or Mn4+, results in

a larger in-plane lattice of the O3 type structure, in contrast to the shrinkage during charging, and this

has the potential to delay the phase transition during charging. In contrast to the non-substituted NaNi1/

2Mn1/2O2, the Mg and Ti co-substituted material demonstrates more continuous phase transitions and

lattice parameter changes, and no significant shrinkage of the interslab spacing in the layered structure,

as evidenced by ex situ and operando X-ray diffraction. The coexistence of Mg and Ti enhances not only

the reversibility of the structural change but also the structural stability at the surface, resulting in the

excellent sodium battery performance.
Introduction

Since acceptable charge–discharge cycling performance of
a sodium-ion battery full cell at room temperature was rst
demonstrated by using hard carbon as a negative electrode and
Na[Ni1/2Mn1/2]O2 as a positive electrode material,1 much effort
has been devoted by many researchers in developing further
high-energy electrode materials.2 We recently developed an
extremely high-capacity hard carbon, and the negative electrode
achieved a large reversible capacity of more than 450 mA h g�1

in a non-aqueous Na cell.3 On the other hand, a positive elec-
trode material with outstanding Na battery performance like
LiCoO2 in lithium-ion batteries has been not found yet.

As Ni-rich Ni–Mn–Co-based layered oxides have been exten-
sively studied in lithium-ion batteries, Ni–Mn-based layered
oxides have attracted attention as high capacity positive elec-
trode materials for sodium-ion batteries.4 In particular, O3 type
(a-NaFeO2 type) layered oxides are promising candidates as
practically feasible high-capacity positive electrode materials
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because of the high capacity obtainable in the moderately high
voltage range to avoid severe anodic electrolyte decomposition5

and almost the stoichiometric Na amount in the formula to
deliver a balanced initial discharge capacity with a charge
capacity.6

Among the O3 type layered oxides, O3 type Na[Ni1/2Mn1/2]O2

is very attractive owing to the large reversible capacity of ca.
200 mA h g�1.7 However, the available capacity was limited to
120 mA h g�1 in the full cell1 because of the narrower voltage
range of approximately 2.0–3.8 V vs. Na+/Na to avoid the severe
capacity decay by charging beyond 4.0 V. The capacity decay is
known to be due to the signicant change in interslab spacing
by extraction of almost all sodium ions from the structure8 and
surface deterioration.9 To improve the cycle stability, coating
with MgO was carried out by Hwang et al., and the performance
is partly enhanced.9 As we found in P2 type Na2/3Ni1/3Mn2/3O2,10

Ti-substitution is effective to enhance the performance, but the
obtained reversible capacity in the O3 type was limited to less
than 150 mA h g�1.11,12 Recently, Tarascon's group reported
signicantly improved performance by the co-substitution of Ti
and Cu in Na[Ni1/2Mn1/2]O2 as Na[Ni1/2�xCuxMn1/2�yTiy]O2 (ref.
13) and by that of Ti and Zn as Na[Ni1/2�xZnxMn1/2�yTiy]O2.14

Here, we have synthesized O3 type Na[Ni1/2Mn1/2]O2 with Mg
and/or Ti substitution as Na[Ni1/2�xMn1/2�yMgxTiy]O2 (x¼ 0 and
1/18, y ¼ 0 and 1/6) and investigated the inuence of the tita-
nium and magnesium dopants on the crystal structure and
This journal is © The Royal Society of Chemistry 2021
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electrochemical Na intercalation properties. To elucidate the
relationship between electrochemical and structural properties,
structural changes in the bulk and surface of the layered oxides
during electrochemical Na (de)intercalation are systematically
studied by using operando and ex situ X-ray diffraction and X-ray
absorption spectroscopy as well as TEM observation. Based on
the results, the inuence of the dopants titanium and magne-
sium is discussed in order to understand the suitable dopants
for layered oxide positive electrode materials for Na-ion
batteries.
Experimental
Synthesis procedures

Na[Ni1/2�xMn1/2�yMgxTiy]O2 (x ¼ 0 and 1/18, y ¼ 0 and 1/6), i.e.
Na[Ni1/2Mn1/2]O2, Na[Ni4/9Mn1/2Mg1/18]O2, Na[Ni1/2Mn1/3Ti1/6]
O2, and Na[Ni4/9Mn1/3Mg1/18Ti1/6]O2, was prepared by a solid–
state reaction. Reagent grade Na2CO3 (Nacalai Tesque, Inc.,
99.8%), Ni(OH)2 (Wako Co., Inc., >95.0%), and Mn2O3 prepared
by calcining MnCO3 (Kishida Chem. Co., Ltd, 44% as Mn
content) at 700 �C were mixed at stoichiometric ratio by plan-
etary ball-milling with acetone at 600 rpm for 12 h by using
a planetary ball mill (PULVERISETTE 7 classic line, FRITSCH
GmbH). The mixture was dried and pressed into pellets, fol-
lowed by heating for 24 h in air at 800 �C. Aer the calcination,
the samples were taken out from the furnace without the
cooling process, and then immediately transferred into an
argon-lled glove box. The samples were cooled to room
temperature in the glove box and were kept inside to avoid the
exposure to moisture in air. The synthesized samples of Na[Ni1/
2Mn1/2]O2, Na[Ni4/9Mn1/2Mg1/18]O2, Na[Ni1/2Mn1/3Ti1/6]O2, and
Na[Ni4/9Mn1/3Mg1/18Ti1/6]O2 are, hereinaer, referred to as
“Non-sub”, “Mg-sub”, “Ti-sub”, and “Mg–Ti-sub”, respectively.
Structural and morphological characterization

Structures of the Na[Ni1/2�xMn1/2�yMgxTiy]O2 samples were
identied by using an X-ray diffractometer (SmartLab, Rigaku
Corporation) equipped with a high-speed position sensitive
detector (D/teX Ultra, Rigaku Corporation) and Ni-ltered Cu Ka
radiation as an X-ray source. A homemade air-tight sample
holder was used for the XRDmeasurements to avoid the sample
exposure to air. Detailed structures of the samples were deter-
mined with a synchrotron X-ray diffractometer at BL02B2 (ref.
15) and BL19B2 (ref. 16) of SPring-8 in Japan, equipped with
a large Debye–Scherrer camera. For ex situ measurements,
samples were electrochemically prepared in the coin type cells,
the constitution of which is described in the next section. The
composite electrodes, taken out from the coin cells, were rinsed
with dimethyl carbonate (DMC) to remove an electrolyte salt
and then dried at room temperature in an Ar-lled glovebox.
The oxide composites were separated from the aluminum
current collectors and crushed into powders. As-prepared and
electrochemically tested samples were put into glass capillaries
with 0.3 and 0.5 mm in diameter, respectively. The glass capil-
laries were sealed with a resin in the glovebox or by heating and
melting the end of glass capillaries to eliminate sample
This journal is © The Royal Society of Chemistry 2021
exposure to air. To minimize the effect of X-ray absorption by
the samples, the wavelength of the incident X-ray beam was set
to 0.5 Å using a silicon monochromator and was calibrated with
NIST standard reference material 674b CeO2 as an external
standard reference. Structural parameters were rened by the
Rietveld method with the program RIETAN-FP.17 The observed
pattern was compared to the simulated patterns using the
FAULTS program18 based on the structural models having
stacking faults. Schematic illustrations of the crystal structures
of the sample were drawn using the program VESTA.19 Struc-
tural changes during an initial charging process were examined
for O3 type Na[Ni1/2Mn1/2]O2 and Na[Ni4/9Mn1/3Mg1/18Ti1/6]O2 as
representatives of the samples and by an operando XRD tech-
nique using a battery-cell attachment (Rigaku Corporation)20

and the data were collected using an X-ray diffractometer
(MultiFlex, Rigaku Corporation) equipped with a high-speed
position sensitive detector (D/teX Ultra, Rigaku Corporation)
and non-monochromatized but Ni-ltered Cu Ka radiation as
an X-ray source. Particle morphology of the samples was
conrmed with a scanning electron microscope (SEM, JCM-
6000, JEOL Ltd.). The outermost surface structure and
morphology of the samples were observed with a JEM-2100F
transmission electron microscope (JEOL Ltd.) at an acceler-
ating voltage of 200 kV. The composition of the samples was
conrmed by inductively coupled plasma atomic emission
spectrometry (ICP-AES) using SPS3500 (Hitachi High-Tech
Corporation).

Electrochemical characterization

Positive electrodes were prepared by the following procedures. A
slurry with a mixture of 80 wt% Na[Ni1/2�xMn1/2�yMgxTiy]O2,
10 wt% acetylene black (AB, Strem Chemicals, Inc.) and 10 wt%
poly(vinylidene uoride) (PVdF, Polysciences, Inc.) with N-
methyl pyrrolidone (Kanto Chemical Co., Ltd.) as a solvent was
prepared and pasted on aluminum foil and then dried at 80 �C
under vacuum. Single side coated electrodes were punched into
disks of 10 mm or 15 mm in diameter and evaluated as a posi-
tive electrode for the R2032 type coin cells with an Al-clad type
of stainless-steel cap for the positive electrode side (Hohsen
Corp.). The active material loading was �2.5 mg cm�2. The
separator used was a glass ber lter (GB-100R, ADVANTEC,
Co.), the electrolyte solution was 1.0 mol dm�3 NaPF6 dissolved
in the solvent mixture of ethylene carbonate (EC) and propylene
carbonate (PC) at 1 : 1 vol/vol (Kishida Chemical Co., Ltd.), and
the negative electrode was sodium metal (purity > 99%, Kanto
Chemical Co., Ltd). The electrode preparation and fabrication
of the coin cells were carried out in an Ar-lled glove box. Gal-
vanostatic charge–discharge tests were conducted with
a charge/discharge measurement system (TOSCAT-3100, TOYO
System Co., Ltd.) in the voltage range of 2.2–4.5 V at C/20 (ca.
12.0 mA g�1) at 25 �C.

Hard X-ray absorption spectroscopy

Hard X-ray absorption spectroscopy was performed at beam line
BL-12C in the Photon Factory, High Energy Accelerator
Research Organization (KEK), Japan. The spectra were collected
J. Mater. Chem. A, 2021, 9, 12830–12844 | 12831
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with a silicon monochromator in the transmission mode. The
intensities of incident and transmitted X-ray were measured
using ionization chambers at room temperature. The energy
was calibrated by setting the rst inection point in the spec-
trum of a Cu foil to 8979 eV. Electrode samples were electro-
chemically prepared with the coin cells. The positive electrodes
were taken out from the coin cells, rinsed with DMC solvent,
and then dried at room temperature in an Ar-lled glovebox.
The several electrodes with Al-foil current collectors were
stacked and sealed in an oxygen and moisture barrier polymer
lm in the Ar-lled glovebox. Absorption spectroscopy data
were normalized and treated using the ATHENA program in the
Demeter soware package.21 Fourier transform of c(k)k3–k plots,
where c and k are oscillatory components of normalized
absorption and angular wavenumber, respectively, was per-
formed using the ATHENA program.
Results and discussion
Characterization of as-prepared Na[Ni1/2�xMn1/2�yMgxTiy]O2

Crystal structures of the synthesized samples were rst identi-
ed by an XRD method. Fig. 1a displays powder synchrotron
XRD patterns of as-prepared Non-sub, Mg-sub, Ti-sub, and Mg–
Ti-sub samples. Observed Bragg diffraction peaks can be
Fig. 1 (a) Synchrotron powder XRD patterns and (b) SEM images of
pristine Na[Ni1/2Mn1/2]O2 (Non-sub), Na[Ni4/9Mn1/2Mg1/18]O2 (Mg-
sub), Na[Ni1/2Mn1/3Ti1/6]O2 (Ti-sub), and Na[Ni4/9Mn1/3Mg1/18Ti1/6]O2

(Mg–Ti-sub).

12832 | J. Mater. Chem. A, 2021, 9, 12830–12844
indexed as an O3 type layered phase with a space group of R�3m,
which is isostructural to a-NaFeO2.22 The formation of a rock
salt type NiO impurity is oen a concern in the synthesis of Na
[Ni1/2Mn1/2]O2-related materials.23–25 When the diffraction angle
region around 13.7� (l ¼ 0.5 Å) is magnied, one can see NiO
and MgO like peaks with quite small intensities (see Fig. S1 in
the ESI†). Considering the rock salt type impurities, Rietveld
renements were carried out on the synchrotron XRD patterns,
and the renement results are shown in Fig. S2–S5 and Table
S1–S4.† The renement results for all the samples represent
small differences between the observed and calculated inten-
sities and low R values, indicating good agreement between the
observed and calculated patterns. The rened lattice parame-
ters a ¼ 2.96277(4) Å and c ¼ 15.9132(2) Å for Non-sub are
identical with those in previous reports.7,26,27 In our Non-sub
sample, the concerned mass fraction of the NiO phase is quite
small (0.2 mass%), indicating that an almost NiO-free O3 type
phase of Na[Ni1/2Mn1/2]O2 is synthesized in this study.

Similar to the Non-sub sample, two rock-salt type phases are
detected as MgO and MgO–NiO solid-solution phases in the
XRD patterns of Mg-sub and Mg–Ti-sub samples (see Fig. S1†).
For the Rietveld renements, three phases of O3 type NaMeO2

(Me ¼ Ni, Mn, Mg, Ti), (Mg, Ni)O, and MgO were used and the
results are shown in Fig. S3 and S5.† The rened phase fractions
of NaMeO2, (Mg, Ni)O, and MgO for the Mg-sub sample are
98.77 mass% (97.04 mol%), 0.78 mass% (2.03 mol%), and 0.45
mass% (0.93 mol%), respectively, and those for the Mg–Ti-sub
sample are 99.77 mass% (99.45 mol%), 0.17 mass%
(0.45 mol%), and 0.06 mass% (0.10 mol%), respectively. The
trace amounts of rock-salt type MgO and Mg1�xNixO are indeed
detected in the Mg-doped samples as previously reported in the
literature,9,28 but the amounts in our Mg-substituted samples
are negligibly small compared to the reported values.

In contrast to the three samples, no rock-salt type phase is
conrmed in the Ti-sub sample (see Fig. S4†). Even in the Mg
and Ti co-substitution, the phase fractions of MgO and Mg1�x-
NixO phases in Mg–Ti-sub are slightly lower than those in Mg-
sub. Ti-substitution might disturb the formation of rock-salt
type phases under our synthesis conditions although a NiO
impurity phase was found in the reported patterns of Na[Ni1/
2Mn1/2�xTix]O2 (0 # x # 0.5).12 Furthermore, Ti-containing
samples of Ti-sub and Mg–Ti-sub exhibit larger values of
lattice volume than those in Non-sub and Mg-sub, which agrees
with a signicant increase in ionic radii by replacing 1/6 of Mn4+

(0.53 Å) with Ti4+ (0.605 Å) than that by replacing 1/18 of Ni2+

(0.69 Å) with Mg2+ (0.72 Å) in six-folded coordination.29 All the
results prove that Mg or Ti substitution and Mg and Ti co-
substitution are successful in Na[Ni1/2Mn1/2]O2 to form an iso-
structural O3 type phase. ICP-AES data in Table S5† also conrm
that metal ratios of the Na[Ni1/2�xMn1/2�yMgxTiy]O2 samples are
almost identical to the targeted ones.

Particle morphology of the as-prepared samples was
observed by using SEM as shown in Fig. 1b. All the four samples
show almost the same morphology. Particles of several hundred
nanometers in diameter are agglomerated homogeneously.
This journal is © The Royal Society of Chemistry 2021
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Electrochemical properties

Electrochemical properties of the Na[Ni1/2�xMn1/2�yMgxTiy]O2

electrodes were examined by using coin-type aprotic Na cells.
The mixture of EC : PC (1 : 1 v/v) was used as an electrolyte
solvent because the Non-sub electrode in a Na cell lled with
1.0 mol dm�3 NaPF6 dissolved in EC : PC (1 : 1 v/v) demon-
strates a higher initial Coulombic efficiency than those in the
cases of PC or EC : DEC (1 : 1 v/v) solvent (see Fig. S6†). Fig. 2a
displays galvanostatic charge/discharge curves in the wide
voltage range of 2.2–4.5 V at a current density of 12 mA g�1 for
the initial 20 cycles. Mg-sub and Ti-sub electrodes deliver
slightly smaller discharge capacities of ca. 185 mA h g�1 than
202 mA h g�1 for Non-sub at the initial cycle. Mg–Ti-sub delivers
a large reversible capacity of 198 mA h g�1, which is almost
identical to that of Non-sub. The initial Coulombic efficiency of
Non-sub andMg-sub electrodes is almost the same value of 80%
while Ti-sub electrode exhibits slightly lower efficiency of 76%.
Mg–Ti-sub electrode demonstrates the highest efficiency of
86%.

More obvious differences are found in the initial charge/
discharge voltage proles. Ti-containing samples of Ti-sub
and Mg–Ti-sub represent sloping voltage proles while Non-
sub and Mg-sub samples show stepwise voltage proles which
are obviously observed as redox peaks in the differential curves
in Fig. 2b. Compared to Non-sub and Mg-sub, Ti-sub and Mg–
Ti-sub exhibit smaller numbers of redox peaks in the differen-
tial proles. Such sloping voltage proles were consistent with
those reported for O3 type Na[Ni1/2Mn1/2�xTix]O2 (0 # x #

0.5),12,30 and P2 type Na2/3[Ni1/3Mn2/3�xTix]O2,10 and suppressed
phase evolution is expected for Ti-sub and Mg–Ti-sub.
Furthermore, the Ti-substitution raises the redox voltages of
Fig. 2 (a) Charge–discharge curves, (b) dQ/dV curves, and (c) cycle
stability of Non-sub, Mg-sub, Ti-sub, and Mg–Ti-sub electrodes in Na
cells. Galvanostatic charge–discharge tests were carried out at
a current density of 12 mA g�1.

This journal is © The Royal Society of Chemistry 2021
the plateau region in 2.5–3.0 V in Fig. 2a (peak shi towards
higher voltage in the differential curves in Fig. 2b), which are
consistent with those reported for Na0.9[Ni0.45MnxTi0.55�x]O2

(ref. 30) and Na2/3[Ni1/3Mn2/3�xTix]O2.10

In contrast to the clear difference between Mg-containing
and Ti-containing electrodes in the voltage prole, in the cycle
performance (Fig. 2c), Mg-sub and Ti-sub electrodes similarly
exhibit improved cycle stability for 50 cycles with ca. 60% of the
initial discharge capacities at the 50th cycle compared to 43% of
that of Non-sub. The co-substitution demonstrates further
enhanced cycle performance. The Mg–Ti-sub electrode delivers
70% of the initial discharge capacity at the 50th cycle. Similar
signicant improvement is observed for Cu and Ti co-
substituted13,24,31 and Zn and Ti co-substituted Na[Ni1/2Mn1/2]
O2.14 Thus, dual-substitution with a tetravalent titanium ion
and a divalent metal ion, which includes not only Cu2+ and Zn2+

ions but also Mg2+ ion, is effective in improving the electro-
chemical properties of Na[Ni1/2Mn1/2]O2 and signicantly
enhances cycle stability even in the wide voltage range including
the high potential region above 4.0 V vs. Na+/Na.
X-ray absorption spectroscopy

To conrm the oxidation state of nickel and manganese ions as
well as titanium ions in pristine and electrochemically tested Na
[Ni1/2�xMn1/2�yMgxTiy]O2, hard X-ray absorption spectroscopy
was carried out for Non-sub and Mg–Ti-sub sample electrodes
as representatives of the synthesized samples. Fig. 3a and
b display ex situ Ni K-edge X-ray absorption near-edge structure
Fig. 3 Ex situ XANES spectra of (a) and (c) Non-sub and (b), (d) and (e)
Mg–Ti-sub electrodes at (a) and (b) Ni K-edge, (c) and (d) Mn K-edge,
and (e) Ti K-edge. The tested electrodes were prepared by charging
and discharging in Na cells followed by taking the electrodes from the
cells.

J. Mater. Chem. A, 2021, 9, 12830–12844 | 12833
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(XANES) spectra of Non-sub and Mg–Ti-sub electrodes, respec-
tively. Ni K-edge for both pristine samples is located at a similar
energy to that of Ni2+O, suggesting that nickel ions have
a divalent state in both the pristine Non-sub and Mg–Ti-sub
electrodes. The Ni K-edge gradually shis towards higher
energy through a charging process, and the K-edge energies
aer fully charging to 4.5 V are almost the same as that for the
O2 type [Ni1/3

4+Mn2/3]O2.32 Upon discharging to 2.2 V, the Ni K-
edge shis back to the initial energy position. The results
suggest a reversible redox reaction with the Ni2+/4+ redox couple
for both the Non-sub andMg–Ti-sub electrodes during charging
and discharging processes in Na cells. Corresponding to the
reversible change in Ni K-edge energy, a reversible change in the
Ni–O bond distance, decreasing during charging and increasing
during discharging, is conrmed in the Fourier-transform Ni K-
edge extended X-ray absorption ne structure (EXAFS) spectra
in Fig. S7a and S7b.†

In contrast to the Ni K-edge, no signicant changes in Mn K-
edge energy are observed in the ex situ Mn K-edge spectra
during charge and discharge for both the Non-sub and Mg–Ti-
sub electrodes as shown in Fig. 3c and d, respectively. The Mn
K-edge energies of both samples are almost the same as that for
[Ni1/3Mn2/3

4+]O2,32 indicating that manganese ions are tetrava-
lent and electrochemically inactive during charge and
discharge. Fourier-transform EXAFS spectra in Fig. S7c and
S7d† clearly conrm no signicant changes in Mn–O bond
distances. On the other hand, the maximum absorption peak,
the so-called white line, located at ca. 6557 eV, is slightly shied
to ca. 2 eV higher energy side by charging and reversibly returns
to its original position by discharging. This indicates reversible
changes in the local structures of manganese coordination as
previously reported for Na[Ni1/2Mn1/2]O2.7 We expected the
change in Mn-to-Me distance (Me ¼ Ni, Mn, Mg, and Ti) to be
different from the change in Ni-to-Me distance, but there is no
signicant difference, resulting in almost the same degree of
contraction of Mn–Me and Ni–Me distances on charge and
elongation on discharge. The energy change of the white line at
the Mn K-edge is probably due to the change in the local
structure in response to the redox of nickel ion. Between Non-
sub and Mg–Ti-sub electrodes, the redox behavior of electro-
chemically active nickel and inactive manganese ions is found
to be very similar, consistent with that previously reported for
Na[Ni1/2Mn1/2]O2 (ref. 7) and Na[Ni1/2Mn1/2�xTix]O2 (0 # x #

0.5).12 It should be noted that Ti K-edge XANES spectra in Fig. 3e
and Fourier-transform EXAFS spectra in Fig. S7e† exhibit slight
but certain changes in K-edge energy and Ti–O bonds, respec-
tively, during charge and discharge. Tetravalent titanium ions at
octahedral sites have an electronic 3d0 conguration. In the
octahedrally coordinated d0 transition metal, a pseudo (or
second-order) Jahn–Teller effect (PJTE) occurs when the empty
d-orbitals of the metal mix with the lled p-orbitals of the
ligands (oxide ions in our case).33 The PJTE produces a distorted
structure with a low-symmetry conguration like the Jahn–
Teller effect. Thus, as proposed for O3–Na[Ti1/4Fe1/4Co1/4Ni1/4]
O2,34 the PJTE may be related to the local structural changes
during charge and discharge in the present study. Since the Mg–
Ti-sub electrode delivers almost the same discharge capacity as
12834 | J. Mater. Chem. A, 2021, 9, 12830–12844
the Non-sub electrode, almost the same amount of Na should
be extracted by charging, even thouth the redox-inactive Mg is
subsituted. This implies that ligands of oxide ions partially
participate in the redox reaction of Mg–Ti-sub.
Operando and ex situ XRD

Structural changes in Non-sub. In addition to the local
structural changes, long-range structural changes of an O3 type
phase and the differences between Non-sub and Mg–Ti-sub are
expected from the difference in dQ/dV curves in Fig. 2. Thus, we
performed operando laboratory-scale XRD during initial
charging and ex situ synchrotron XRD. Fig. 4a and b display
contour plots of operando XRD patterns of Non-sub and Mg–Ti-
sub electrodes, respectively, during the initial charging process
in Na cells (see original XRD patterns in Fig. S8†). To under-
stand the difference in the structural changes of layered oxides
between Non-sub and Mg–Ti-sub, phase transition in Non-sub
is rst discussed in detail.

Fig. 4a shows that the pristine O3 type Na[Ni1/2Mn1/2]O2

phase changes in rhombohedral O3 / monoclinic O03 /

monoclinic P03 and hexagonal P3 / monoclinic O03 /

rhombohedral O3 during the initial charging process. The rst
half sequence until P3 phase formation is almost the same as
that previously reported with ex situ XRD patterns.7 Operando
XRD successfully reveals the complicated multiple structural
changes without the formation of a hydrated phase, which is
oen observed in ex situ XRD patterns due to slight leakage of
the sealed sample holder and moisture exposure of the charged
materials despite the conventional argon atmosphere
measurement.7,35,36

As we reported previously, by Na extraction upon charging,
the O3 type phase rst transforms into the O03 type one as a two-
phase reaction in the approximate compositional range of 0.94
> x > 0.85 in Nax[Ni1/2Mn1/2]O2.7 According to Delmas' notation,
the O03 type structure refers to a distorted O3 type structure,
generally having a monoclinic lattice.37 The reections of the O3
type phase, such as 101, 104, and 018, disappear with reduced
peak intensity, and new peaks corresponding to the O03 type
phase, such as 110, 20�1, 11�1, 20�2, 111, and 11�3 peaks, appear
with increasing peak intensity during the O3–O03 transition (see
magnied XRD patterns in Fig. S9† with the peak intensities
attributed to an Al-coated Be window and an Al current collector
subtracted). The 110/20�1, 20�2/111, and 11�3/202 doublets in the
O03 type phase correspond to 101, 104, and 018 singlet reec-
tions in the O3 type phase, respectively, based on the crystal-
lographic relationship between the monoclinic cell and the
rhombohedral one with hexagonal setting as follows:38

ðamon:O
0
3; bmon:O

0
3; cmon:O

0
3Þ ¼ ðahex:O3; bhex:O3; chex:O3Þ

�
0
@

�2 0 2=3
�1 �1 1=3
0 0 1=3

1
A (1)

However, the peak splitting is not continuous, suggesting
a two-phase reaction for the O3–O03 transition. The
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Contour plots of operando XRD patterns for (a) Non-sub and (b) Mg–Ti-sub electrodes during 1st charging to 4.5 V.
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corresponding at voltage plateau is conrmed at 2.65 V on
charge in Fig. 2a.

In the subsequent O03–P03 transition in the approximate
compositional range of 0.85 > x > 0.74 in Nax[Ni1/2Mn1/2]O2, the
reections of the O03 type phase, such as 110, 20�1, 11�1, 20�2, 111,
and 11�3, disappear with reduced peak intensity, and new peaks
corresponding to the P03 type phase, such as 110, 20�1, 11, 11�2,
and 11�3 peaks, appear at the diffraction angles different from
those for the O03 type one as shown in Fig. 4a, S8a and S9a,†
indicating a two-phase reaction for the O03–P03 transition. The
corresponding at charging voltage plateau is conrmed at
2.75 V in Fig. 2a. P03 structure generally has a low-symmetry
monoclinic unit cell, unlike the high-symmetry rhombohedral
P3 type one.39 A vectorial relationship between the rhombohe-
dral P3 type cell in hexagonal setting and the monoclinic P03
type one is formulated as follows:40

ðamon:P
0
3; bmon:P

0
3; cmon:P

0
3Þ ¼ ðahex:P3; bhex:P3; chex:P3Þ

�
0
@

1 1 �1=3
�1 1 1=3
0 0 1=3

1
A (2)

In the early P03 phase region of 0.74 > x > 0.70 in Nax[Ni1/
2Mn1/2]O2 just aer the O03–P03 transition, except for the 00l
reections, diffraction peaks such as 201 and 11�2 and 202 and
11�3 reection pairs are very low in intensity, and the peak
positions of the pairs gradually become close to each other, like
broad and anisotropic reections of 015 and 018, respectively,
in the rhombohedral P3 phase (Fig. 4a and S9a†). Similar
anisotropic peak-broadening was reported for O03–P03 transi-
tion in NaxVO2, which is related to the formation of stacking
This journal is © The Royal Society of Chemistry 2021
faults.41 The O03–P03 transition in this study might induce
stacking faults and/or OP2-like stacking formation, where an
octahedral type and a prismatic type Na layers are alternatively
stacked with sandwiching MeO2 slabs.42 The formation of
stacking faults and residual O03 domains41 under the non-
equilibrium operando condition might affect the anisotropic
peak broadening. In our previous data, ex situ XRD patterns also
displayed relatively broad peaks of 10l and 01l reections
compared to 00l ones for the P3 type phases in 0.7 > x > 0.45 in
Nax[Ni1/2Mn1/2]O2,7 implying the formation of stacking faults
and/or slightly different a and b lattice parameters as a P03 type
phase. In the previous ex situ data, clear differences in the a and
b lattice parameters were conrmed at x ¼ 0.5.7

Similar to the previous report,7 slight but certain peak
separation is conrmed in the range of 0.6 > x > 0.5 in Nax[Ni1/
2Mn1/2]O2 (Fig. 4a and S9a†). For example, 202 and 11�3 reec-
tions are observed at different diffraction angles of 56.8� and
57.5�, respectively. At Na content x ¼ 0.5 in NaxMeO2, Na-
vacancy ordering is expected as Didier et al. reported for P03
type Na0.5VO2 (ref. 41) and our group for P03 type Na0.5[Fe1/2Co1/
2]O2 (ref. 43) and Na0.5CrO2.44 Thus, we carried out an ex situ
synchrotron XRD measurement for the electrochemically
prepared Nax[Ni1/2Mn1/2]O2 electrode by charging to 3.35 V. For
the Rietveld renement, the amon. � 2bmon. � cmon. superlattice
model with a space group of P21/m similar to P03 type Na0.5[Fe1/
2Co1/2]O2 (ref. 43) was used because 1120 and 112�1 superlattice
peaks, corresponding to 110 and 11�1 reections, respectively, in
the rened lattice, are observed as shown in Fig. 5a. Rietveld
renement results in Fig. 5a and Table S6† display small R-
factors and good agreement between the calculated and
observed patterns. This suggests that P03 type Na�0.5[Ni1/2Mn1/2]
J. Mater. Chem. A, 2021, 9, 12830–12844 | 12835
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Fig. 5 (a) Rietveld refinement results for the ex situ synchrotron XRD
pattern of the Non-sub electrode prepared by charging to 3.35 V and
floating for 12 h. (b) Schematic illustration of the refined crystal
structure projected along the c-axis.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 7

/1
8/

20
25

 8
:5

1:
31

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
O2 has in-plane Na ordering in the structure as shown in the
schematic illustration of Fig. 5b. The Na-vacancy ordering
generally stabilizes the structure, resulting in a voltage jump at
the specic Na composition41,43–45 as conrmed in the voltage
curves in the narrow region of 0.575 > x > 0.548 in Nax[Ni1/2Mn1/

2]O2 (Fig. 4a).
Furthermore, sandwiching this compositional region, at

charging voltage plateaus are observed at 3.2 V and 3.5 V in the
ranges of 0.560 > x > 0.575 and 0.548 > x > 0.500, respectively.
This indicates two-phase reactions accompanied by Na-vacancy
ordering. Despite the two-phase regions, two P03 phases were
hardly distinguished in the laboratory-scale XRD patterns.

At the end of the later two-phase region at x ¼ ca. 0.50 in
Nax[Ni1/2Mn1/2]O2, 201 and 11�2 reections are overlapped at
45.3� in 2q and become a singlet broad peak as 015 reection of
a non-distorted P3 type phase (see Fig. S9a†).

Aer the single-phase P3 region of 0.50 > x > 0.44, a two-
phase region corresponding to P3–O03 transition is found in
0.44 > x > 0. New peaks corresponding to an O03 type phase, such
as 110, 11�1, 20�2, 111, and 11�3 reections, appear with
increasing peak intensity upon charge (Fig. 4a and S9a†). A
corresponding at charging voltage plateau at 3.7 V in Fig. 2a
and 4a (top) agrees with the two-phase reaction. The O03 type
phase was not observed in the previous ex situ XRD patterns of
NaxNi1/2Mn1/2O2 electrodes.7 Instead, a hydrated phase was
observed due to signicant moisture sensitivity of the O03 type
phase as described above.

The calculated interslab distance of the O03 type phase is
5.67 Å at x ¼ 0.37 in Nax[Ni1/2Mn1/2]O2 which slightly smaller
12836 | J. Mater. Chem. A, 2021, 9, 12830–12844
than 5.69 Å for the last P3 type phase but much larger than 5.30
Å for the as-prepared O3 type phase. Generally, by Na extraction
on charge, most O3 type NaMeO2 (Me ¼ 3d transition metals)
materials transform into a P3 type (including P03 type) phase
and then into O3 type NaxMeO2 (0 < x < 0.3) having a smaller
interslab distance (<5.0 Å) through a two-phase reaction of P3–
O3 transition and/or formation of a P3–O3 intergrowth phase
without formation of the O3 or O03 type NaxMeO2 phases having
such large interslab spacing.2,46,47

Such large interslab-spacing O3 and O03 type phases are
commonly reported for the charged Ni-rich O3 type layered
oxides such as O03–NaNiO2,48 O3–Na[Ni0.5Co0.5]O2,49 O3– and
O03–Na[Ni0.8Co0.15Al0.05]O2,50 O3–Na[Ni0.60Fe0.25Mn0.15]O2,51

O3–Na[Ni0.5Mn0.4Ti0.1]O2,13 and O3–Na0.98Ca0.01[Ni0.5Mn0.5]
O2.52 The fact suggests that increasing the amount of Jahn–
Teller active low-spin Ni3+ ion (t2g

6eg
1) would be the driving

force of the P3–O03 transition. Similar to our study, Yu et al.
recently studied structural changes of O3 type Na[Ni1/2Mn1/2]O2

by an in situ XRD measurement during the initial charging to
4.0 V, and P3–O3 transition above 3.6 V and formation of the
large interslab spacing of the O3 phase was conrmed,27 which
is consistent with our results in this study.

Further charging through the single-phase O03 region in 0.38
> x > 0.31 in Nax[Ni1/2Mn1/2]O2 (Fig. 4a), a two-phase reaction of
O03–O3 transition proceeds in 0.31 > x > 0, and new peaks cor-
responding to the O3 type phase, such as 101 and 104 appear at
37� and 46� in 2q, respectively, with increasing peak intensity
(see Fig. S9a†). A corresponding at charging voltage plateau is
conrmed at 4.13 V in a coin cell (Fig. 2a) and 4.24 V in an
operando cell (Fig. 4a). 003 reection of the O3 phase is located
at 20.1� in 2q (d ¼ 4.42 Å) without variation of the angle posi-
tion, and the O3 type phase should have almost no sodium in
the structure according to the current passing through the
whole charging process as well as the same order of magnitude
of the measured interslab distance (4.42 Å) with those of O3–
Li0.02Ni1.02O2 (4.45 Å),53 O1–Ni1.02O2 (4.33 Å),53 and O01–NiO2

(4.53 Å).54 The oxidation states of nickel and manganese ions in
the fully charged state, which are conrmed to be close to Ni4+

and Mn4+ by XANES spectra (Fig. 3a and c), also support almost
complete Na extraction upon charging. Consequently, a signi-
cant reduction in interslab distances is observed from 5.67 Å of
O03 to 4.42 Å of the O3 type phase. Variations of the interslab
distances are discussed in detail in a later section.

Structural changes in Mg–Ti-sub. Compared to the Non-sub
sample, relatively continuous changes in peak intensities and
positions are observed in the operando XRD patterns of the Mg–
Ti-sub electrode (Fig. 4b). The pristine O3 type Na[Ni4/9Mn1/

3Mg1/18Ti1/6]O2 phase transforms from the rhombohedral O3/
monoclinic O03 / rhombohedral P3 / trigonal OP2-like /

rhombohedral O3 phase during the initial charging process.
The transition sequence is similar to that of Non-sub, but
a large interslab-spacing O03 type phase is not found in the Mg–
Ti-sub case. Indeed, the content of Ni, which is oxidized to form
Jahn–Teller active Ni3+ on charging, is 4/9 in the formula of Mg–
Ti-sub and lower than 1/2 in Non-sub. Instead of P3–O03 tran-
sition, an OP2-like phase is detected in the Mg–Ti-sub case.
Furthermore, a smaller number of two-phase regions as well as
This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a) Ex situ synchrotron XRD patterns of Mg–Ti-sub electrodes in
the pristine and charged state at 3.40, 4.20, and 4.50 V through
floating at each voltage for 12 h, 2 h, and 2 h, respectively. (b) and (c)
Simulated XRD patterns in comparison to the observed ones in the
charged state of (b) 4.20 V and (c) 4.50 V. Schematic illustrations of the
plausible crystal structures are drawn.
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a long compositional range of single-phase regions are
conrmed in the operando XRD patterns (Fig. 4b). No obvious
voltage jumps in the charge–discharge curves (Fig. 2a) also
imply no formation of a Na-vacancy ordered phase.

Compared to Non-sub, the primary O3 type pristine phase in
Mg–Ti-sub has a wider Na content range of 1.0 $ x > 0.92 in
NaxMeO2 (Me ¼ Ni4/9Mn1/3Mg1/18Ti1/6) as a single phase. The
reections of the O3 type phase, such as 003, 006, 101, 012, 104,
and 018, continuously shi during charging. By further
charging to x < 0.92, peak intensities of the reections gradually
reduce, and new peaks corresponding to the O03 type phase,
such as 110, 20�1, 11�1, 20�2, 111, and 11�3 peaks, appear with
increasing peak intensity as a two-phase reaction of O3–O03
transition in 0.92 > x > 0.82 in NaxMeO2 (Fig. 4b and S9b†).
However, in contrast to the typical two-phase reaction of O3–O03
transition in Non-sub (Fig. 4a), the O3–O03 transition in Mg–Ti-
sub has a slightly narrower range in Na content with lower
diffraction intensities of the O03 type phase. Furthermore, the
prior rhombohedral O3 type phase coexists even in the
This journal is © The Royal Society of Chemistry 2021
subsequent O03–P3 transition region in 0.82 > x > 0.73. The high
peak-intensities and continuous peak-shi for the prior O3 type
phase look like O3–P3 transition without formation of the O03
type phase. One can indeed see a relatively sloping voltage
plateau corresponding to the O3–O03 transition (Fig. 2a) and
a corresponding broad oxidation peak at 2.79 V in the dQ/dV
curve of Fig. 2b. However, a distinct oxidation peak is observed
at 2.87 V in Fig. 2b, indicating a two-phase reaction of the O03–
P3 transition. Thus, the dQ/dV curves prove the two two-phase
reactions: the O3–O03 transition at 2.79 and the O03–P3 transi-
tion at 2.87 V.

During the O03–P3 transition in 0.82 > x > 0.73, the reec-
tions of the P3 type phase, such as 003, 006, 101, 012, 015, and
018, appear with increasing intensity as a two-phase reaction
(Fig. 4b and S9b†). Aer complete transition into the P3 type
phase, the peak position continuously changes, and a long Na
content range of the single-phase P3 region is observed in 0.73 >
x > 0.22 in NaxMeO2. No clear peak separation is found in the P3
region in Mg–Ti-sub (Fig. 4b and S9b†) unlike the Non-sub case
(Fig. 4a and S9a†). Even in the ex situ synchrotron XRD pattern
of the P3 phase at 3.40 V in Fig. 6a, no superlattice peaks are
observed unlike the P03–Na�0.5[Ni1/2Mn1/2]O2 phase (Fig. 5a). As
no sharp redox peaks are also conrmed in the P3 phase region
of the dQ/dV curve (Fig. 2b), Mg and Ti co-substitution
successfully disturbs Na-vacancy ordering and enlarges a Na
content range of single-phase regions.

By further charging, the reections of the P3 type phase,
such as 003, 006, 101, 012, 015, and 018, disappear with
reducing intensity, and new peaks appear as a two-phase reac-
tion in 0.22 > x > 0.21 in NaxMeO2 (Fig. 4b and S9b†) with
a corresponding charging voltage plateau at 4.20 V (Fig. 2a). The
new diffraction peaks can be indexed as an OP2 type phase with
a space group of P3m1 (ref. 42) as shown in the ex situ
synchrotron XRD pattern in Fig. 6a. Aer the single-phase
region of the OP2-like phase in 0.21 > x > 0.09 (Fig. 4b), new
diffraction peaks appear as a two-phase reaction (Fig. 4b) and
can be indexed as an O3 type phase as shown in the ex situ
synchrotron XRD pattern in Fig. 6a.

Even in the ex situ synchrotron XRD patterns of the Mg–Ti-
sub electrodes prepared by charging and oating for 2 h
(Fig. 6a), broad peaks are observed not only for the fully charged
O3 but also the prior OP2-like phase. In the latter case, the ideal
P3-derived OP2 type structure consists of two MeO2 slabs in the
trigonal unit cell, which stack along the c-axis with the ABCAAB
oxygen stacking sequence as shown in Fig. S10a.† In the OP2
type structure, two triangular prismatic Na sites exist in the
same P type interlayer space and are in an upside-down
symmetric relationshipt. One side of the Na prism in the P type
Na layer shares the edge with MeO6 octahedra, and the other
side shares the face. In the other O type interlayer space, Na or
vacancy occupies octahedral sites. The Na or vacancy octahedra
share only edge with MeO6 octahedra. Alternative stacking of
the P type Na layer and the edge-shared O type layer (hereinaer
referred to as the Oe type layer) with the MeO2 slabs forms an
OP2 type structure and theoretically provides sharp diffraction
peaks as shown in Fig. 6b. However, the observed 00l reections
are very broad, indicating a disordered stacking sequence of P
J. Mater. Chem. A, 2021, 9, 12830–12844 | 12837
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and Oe layers as stacking faults. According to previous
reports,6,28,32 we simulated XRD patterns of the stacking-faulted
layered structures using the FAULTS program18 as shown in
Fig. 6b.

The broad 00l peaks are successfully simulated with the
stacking fault model in which P-type and Oe-type layers are
randomly stacked at the P : Oe ratio of 50 : 50 in Fig. 6b.
However, 013 and 015 reections still have a sharper peak
prole than the observed ones. Thus, we further employed
stacking-faults including an O1-type Of layer (Fig. S10a†) for the
XRD simulations. An O1 typeMeO2 phase is ideally isostructural
to Cdl2.53,55 The O1 type structure consists of a single MeO2 slab
in a trigonal unit cell with an ABAB oxygen stacking sequence
along the c-axis as shown in Fig. S10a.† The interslab Na or
vacancy site has an octahedral coordination, and the octahe-
dron shares face with the MeO6 octahedra in both upper and
lower sides. Thus, the interslab layer is, henceforth, denoted as
the Of type layer. The simulated pattern at P : Oe : Of ratio of
50 : 40 : 10 is in good agreement with the observed one in
Fig. 6b. From the results, the continuous peak shi of 00l
reections for the OP2-like phase (Fig. 4b) is explainable by the
continuous formation of the P–Oe intergrowth phase, that is,
solid-solution-like P3–O3 transition and by partial formation of
Of layer as stacking faults. Although quantitative analysis is
difficult in a further complicated model, an ideal OP2 domain
might be included in the observed P–Oe–Of phase because 011
and 013 reection peaks are slightly sharper in the observed
pattern (Fig. 6b), and local P Oe P Oe P stacking was conrmed
with high resolution-scanning TEM (HR-STEM) for Nax[Mn1/

4Fe1/4Co1/4Ni1/4]O2 (0.31 < x < 0.18).34 Furthermore, in this study,
the OP2-like region is isolated from the prior P3 phase and the
subsequent O3 phase through the two two-phase regions of P3–
OP2 and OP2–O3 transitions (Fig. 4b). All the results indicate
formation of a stable P–Oe intergrowth phase as an interme-
diate phase between P3 and O3 phases.

On the other hand, the fully charged electrode prepared by
oating at 4.50 V for 2 h represents an asymmetric peak prole
of 003 reection at 5.79� in 2q (wavelength l ¼ 0.5 Å). The peak
is tailing on the high angle side. A peak shoulder is also
observed at 13.33� between 012 and 104 reections. These peaks
are assigned to an O1 type phase.53,55 Even in the O3-like main
phase, 10l and 01l reections are slightly broader than 110
reection, indicating stacking faults including the O1 like Of

layer, that is, O3–O1 (Oe–Of) intergrowth phase as reported by
Croguennec et al. for NiO2.53 Thus, we rst considered the
stacking-faulted phase consisting of the Oe and Of layers and
simulated XRD patterns with different Oe–Of ratios as shown in
Fig. S11.† Similar to the simulated patterns in the literature, the
broadened 10l and 01l reections of the simulated patterns are
consistent with those in the observed synchrotron XRD pattern.
However, 113O3/111O1 reections located at 21.06� in l ¼ 0.5 Å
(68.6� in CuKa X-ray) are broader and have lower intensities
than those of the simulations (Fig. S11†). The O1 type phase
formed at the high voltage is oen reported to have migrated
transition metal ions in the interslab space.14 Thus, we applied
the stacking-faults model with a Me-migrated Of layer, which is,
henceforth, described as the Of(Me) type Me0.5Me0.5O2 layer (Me
12838 | J. Mater. Chem. A, 2021, 9, 12830–12844
¼ transition metals and Mg) as shown in Fig. S10b.† Conse-
quently, the two patterns at the Oe/Of(Me) ratio of 95 : 5 and
40 : 60 are simulated and summed up at 0.67 : 0.33 ratio. The
simulations produce a good agreement between the calculated
and observed patterns (Fig. 6c). As irreversible structural
changes were reported for LixNiO2 during the oating process in
a high voltage region,56 the Me-migration to form the Of(Me)–

Me0.5Me0.5O2 unit might occur during the oating period at
4.50 V for 2 h and not during the prior galvanostatic charging
process because a reversible structural change into a pristine O3
type phase is conrmed by ex situ synchrotron XRD for the
discharged electrode without the oating charging process as
shown in a later section. Thus, migration of a transition metal
into the Na layer would be negligibly small during the galva-
nostatic charge and discharge. Since the Oe/Of(Me) ratio of the
main phase is 95 : 5, an almost pure O3 type MeO2 phase con-
sisting of Oe type stacking is conrmed to be mainly formed by
fully charging Mg–Ti-sub like the Non-sub case.

The ex situ XRD pattern of the fully charged Mg–Ti-sub
electrode is compared to those of Non-sub, Mg-sub, and Ti-
sub ones in Fig. S12.† Only the Mg-sub electrode represents
distinct reections of the O1 type phase (or Of-layer rich phase)
in addition to the O3 type phase containing Na, even though the
Mg content is very low, 1/18 (see Fig. S12b†). Consequently, the
Mg–Ti-sub electrode relatively retains sharp diffraction peaks
and suppresses irreversible migration of transition metal ions.
Furthermore, the 003 reection of Mg–Ti-sub is located at
a lower diffraction angle compared to Non-sub, indicating
a wider interslab spacing in the fully charged state of Mg–Ti-
sub.

Variations of lattice parameters: Non-sub vs. Mg–Ti-sub.
Based on the phase assignment and from the peak position in
operando XRD patterns (Fig. 4a and b), hexagonal and mono-
clinic lattice parameters were calculated, and the hexagonal
lattice parameters are transformed into those in the monoclinic
setting using the following equations:57

amon: ¼
ffiffiffi
3

p
ahex:;

bmon: ¼ ahex:;

cmon: ¼ chex:

3 sin bmon:

; and

bmon: ¼ 180� � tan�1 chex:ffiffiffi
3

p
ahex:

:

(3)

Furthermore, averaged interslab distance dinterslab and in-
plane Me–Me distance dMe–Me were calculated using the
following equations:

dinterslab ¼ cmon: sin bmon:;

dMe�Me ¼ bmon: and dMe�Me ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
amon:

2 þ bmon:
2

p

2
:

(4)

These distances are depicted in the schematic illustrations
of the crystal structures in Fig. S13.† The calculated dinterslab and
dMe–Me versus Na content plots are shown and compared in
Fig. 7.
This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Variations of interslab distance dinterslab and Me–Me distance dMe–Me (Me includes Ni, Mn, Mg, and Ti) for (a) Non-sub and (b) Mg–Ti-sub
electrodes during charging to 4.5 V at the 1st cycle. Schematic illustrations of structural changes of layered oxides for (c) Non-sub and (d) Mg–Ti-
sub during Na extraction on charging.
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In the Non-sub sample, discrete dinterslab values of 5.30–5.35
and 5.46 Å are observed for the O3 and O03 phases, respectively,
and the dMe–Me value of the O03 phase corresponding to bmon.O03

is obviously different and quite smaller (2.91 Å) than that of the
O3 type one (2.95–2.96 Å). The fact agrees with the two-phase
reaction of O3–O03 transition as mentioned above. Another
This journal is © The Royal Society of Chemistry 2021
dMe–Me value derived from 0:5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
amon:O03

2 þ bmon:O03
2

p
is, however,

almost the same as that of O3, and continuously reduces from

2.94 Å to 2.93 Å during the O3–O03 transition. As Saadoune et al.
referred to the O03 phase as an intermediate stage of O3–P3
transition in Nax[Ni0.6Co0.4]O2,58 our results also indicate that
the O03 phase acts as an intermediate phase between the prior
J. Mater. Chem. A, 2021, 9, 12830–12844 | 12839
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Fig. 8 (a) and (b) Ex situ synchrotron XRD patterns of (a) Non-sub and
(b) Mg–Ti-sub electrodes in pristine and discharged states at the 10th
cycle. TEM images of (c)–(f) Non-sub and (g)–(j) Mg–Ti-sub particles
taken from the (c, d, g and h) pristine and (e, f, i and j) discharged
electrodes at the 10th cycle. Blue squares in ‘c’, ‘e’, ‘g’, and ‘i’ panels
represent the observed area of themagnified images of ‘d’, ‘f’, ‘h’, and ‘j’

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 7

/1
8/

20
25

 8
:5

1:
31

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
O3 type phase and the following P03 phase. Despite the distinct

and larger values of dinterslab for the P03 phase (5.57 Å) than that

for the O03 type one (5.46 Å), dMe–Me of the P03 phase corre-

sponding to bmon.P03 is almost the same (2.89 Å) as that corre-

sponding to 0:5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
amon:O03

2 þ bmon:O03
2

p
of the O03 one (2.91 Å),

which is similarly found in the relationship between O3 and O03
as mentioned above. Consequently, dMe–Me values are signi-
cantly different between O3 and P03 type phases, but each value
is close to the two different dMe–Me values of the O03 type one.
These results support the hypothesis that the O03 type phase is
formed as an intermediate phase to compensate the obvious
difference in dMe–Me values between O3 and P03 type phases. In
addition, oxidation of Ni2+ ion, formation of Jahn–Teller active
Ni3+ ion ((t2g)

6(eg)
1 in low spin state), and possible Na/vacancy

ordering associated by Ni2+/Ni3+ ordering like the Mn3+/Mn4+

one in NaxMnO2 (ref. 59) might stabilize the monoclinic O03
structure and facilitate O03 phase formation as only O03 type
phases are formed in NaxMnO2 by Na extraction.60

By further charging from x ¼ 0.74 to x ¼ 0.6 in Nax[Ni1/2Mn1/

2]O2, two different dMe–Me values of the P03 type phase, corre-

sponding to bmon.P03 and 0:5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
amon:P03

2 þ bmon:P03
2

p
, gradually

become close to each other although the initial values are very

similar (2.89 and 2.91 Å) at x ¼ 0.74. The P03 phase which is
observed in 0.7 > x > 0.6 in Nax[Ni1/2Mn1/2]O2 might be a non-
distorted P3 type as mentioned above for the contour plots
(Fig. 4a). In the dinterslab and dMe–Me plots in Fig. 7a, the dinterslab
and dMe–Me values were calculated as a monoclinic P03 lattice
even in the P3-like region. Two different dMe–Me values are
observed again in the range of 0.6 > x > 0.5 in Nax[Ni1/2Mn1/2]O2

(Fig. 7a) due to the formation of the Na-vacancy ordered phase,
which is conrmed in Fig. 5. Note that lattice parameters for the
P03 phases were calculated as a single phase even in the two-
phase regions of 0.560 > x > 0.575 and 0.548 > x > 0.500 in
Nax[Ni1/2Mn1/2]O2 sandwiching the single-phase Na-ordered P03
region of 0.575 > x > 0.548. This is because that the diffraction
peaks are overlapped, and the lattice parameters of the two
phases are quite similar to each other. Nevertheless, almost

constant values of dinterslab (5.640–5.647 Å) and dMe–Me (2.853–

2.852 Å and 2.858–2.856 Å) in 0.6 > x > 0.5 indicate two-phase
reaction regions surrounding the narrow single-phase region
(Fig. 7a).

At the end of the latter two-phase region at x ¼ ca. 0.50 in
Nax[Ni1/2Mn1/2]O2, the two dMe–Me values corresponding to

0:5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
amon:P03

2 þ bmon:P03
2

p
and bmon.P03 are almost the same (2.85

Å), indicating a non-distorted P3 phase. The dMe–Me slightly

decreases from 2.850 Å to 2.845 Å, while dinterslab gradually

increases from 5.66 Å to 5.69 Å, implying a single-phase reaction
in 0.5 > x > 0.44 in Nax[Ni1/2Mn1/2]O2. In the subsequent two-
phase region of P3–O03 transition in 0.44 > x > 0.38, slight

reduction of dinterslab value from 5.69 Å for the last P3 type phase

to 5.67 Å for the O03 type phase is conrmed. In contrast, the
two dMe–Me values for the O03 type phase corresponding to

0:5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
amon:O03

2 þ bmon:O03
2

p
and bmon.O03, which are almost the

same (2.845 Å), are close to those for the prior P3 type phase,
12840 | J. Mater. Chem. A, 2021, 9, 12830–12844
which is consistent with the results reported by Yu et al. in the
literature.27

The most signicant reduction of dinterslab value is visible in
the O03–O3 transition in 0.31 > x > 0 in Nax[Ni1/2Mn1/2]O2

(Fig. 7a). The dinterslab value obviously reduces from 5.67 Å of O03
to 4.42 Å of the O3 type phase. In contrast, dMe–Me values for O03
and O3 phases are 2.85 Å and 2.84 Å, respectively, and almost
same.

Consequently, the Non-sub electrode demonstrates the
phase transitions from O3/ O03/ P03/P3/ O03/ O3 phase
by Na extraction during the charging process (Fig. 7c). The
relative changes of the dinterslab values in percentages are as
follows: +3.0% at the two-phase O3–O03 transition, +1.9% at the
two-phase O03–P03 transition, +2.2% in the single-phase P03–P3
region, �0.4% at the two-phase P3–O03 transition, and �22.0%
at the two-phase O03–O3 transition. In contrast, the relative
panels.

This journal is © The Royal Society of Chemistry 2021
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changes of the dMe–Me values in percentages are much smaller
and �4.2% in total and ca. �1.8% at maximum between the
smaller and larger dMe–Me at the two-phase O03–P03 transition
(Fig. 7a). These values are consistent with those reported for
Nax[Ni1/2Mn1/2]O2.27 The shrinkage of the interslab distance is
known to generate microcracks between primary submicron
particles, leading to electrical isolation of the primary parti-
cles.27,52 In fact, as shown in Fig. 8a, the ex situ XRD of the Non-
sub electrode aer 10 cycles proves a residual P3 (or P03) type
phase, although the reversibly reverted O3 phase is the main
phase. This partial irreversible structural change is similarly
reported by Yu et al. with observation of a trace amount of an
O03 phase aer 10 and 20 cycles.52

From the detailed identication of the structural changes in
Non-sub Nax[Ni1/2Mn1/2]O2 upon charging (Fig. 4a, 5 and 7c)
and variations of dinterslab and dMe–Me values calculated from
lattice parameters (Fig. 7a) as well as reported results in the
literature, characteristic features are found as follows: (i)
formation of the O03 type intermediate phase to compensate
a big difference in dMe–Me values between pristine O3 and P3
type phases, (ii) Na-vacancy ordering at specic Na content of x
� 0.5 in NaxMeO2 (Me ¼ Cr, Mn, Fe, Co, Ni) having a narrow
single-phase region surrounded by two two-phase reaction
regions, (iii) formation of the O03 type phase in x < 0.5 in Nax-
MeO2 having a large interslab spacing as commonly observed in
Ni-rich NaxMeO2, (iv) slight shrinkage of dinterslab by P3–O03
transition, and (v) no signicant change in dMe–Me values in x <
0.5 in NaxMeO2.

As in the case of Non-sub (Fig. 7a), variations of dinterslab and
dMe–Me values for Mg–Ti-sub were also calculated from the
lattice parameters and are plotted in Fig. 7b. Both the initial
dinterslab and dMe–Me values of the O3 type phase at the starting
points (Fig. 7b) are larger for Mg–Ti-sub than for Non-sub
(Fig. 7a), which are consistent with those of pristine powder
(Table S1 and S4†). In contrast to the almost constant dinterslab
and dMe–Me values of the O3 phase in Non-sub (Fig. 7a), Mg–Ti-
sub represents distinct increase in dinterslab from 5.33 to 5.48 Å
and reduction in dMe–Me from 2.98 to 2.94 Å in the single-phase
O3 region in 1.0 > x > 0.84 in NaxMeO2 (Me ¼ Ni4/9Mn1/3Mg1/
8Ti1/6) upon charge (Fig. 7b). By further charging, the dinterslab
slightly increases from 5.48 Å for O3 to 5.52 Å for O03 in the
subsequent O3–O03 transition in 0.92 > x > 0.82 and further but
slightly increases to 5.57 Å for P3 in the O03–P3 transition in
0.82 > x > 0.73. The overall increase in dinterslab in the O3–O03–P3
transition of Mg–Ti-sub is 1.6% (0.7% in the O3–O03 transition
and 0.9% in the O03–P3 transition), which is much lower than
2.8% in the prior single-phase O3 region of Mg–Ti-sub (Fig. 7b)
and 4.9% in the O3–O03–P03 transition of Non-sub (Fig. 7a).
Furthermore, dMe–Me slightly reduces from 2.94 Å for O3 to 2.90
Å for P3 in the O3–O03–P3 transition of Mg–Ti-sub, and the
reduction rate is 1.5% (Fig. 7b), which is lower than 2.0% in the
O3–O03–P03 transition of Non-sub (Fig. 7a). In Mg–Ti-sub,
signicant variations in both dinterslab and dMe–Me within the
O3 region result in the small differences between O3 and P3
type phases on the transition.

In principle, when Na+ ions are extracted from the layered
transition metal oxides during the charging process,
This journal is © The Royal Society of Chemistry 2021
electrostatic repulsion between oxide-ion layers sandwiching
the Na layer is pronounced. Transition metal ions are simulta-
neously oxidized, and Me–O distances shorten. The shortening
of the in-plane Me–Me distance in the MeO2 slab competes with
electrostatic Na+–Na+ repulsion in the Na layer. Further elec-
trochemical charging and oxidation of transition metal ions
lead to shorter Me–Me distance and stronger Na+–Na+ repulsion
despite the reduced Na content, resulting in the formation of
a P type Na layer having a large interslab space by gliding the
MeO2 slabs. Such a stabilization mechanism of the P type phase
was proposed for potassium-containing layered 3d transition
metal oxides,61 which generally crystallize into P2 or P3 type
phases.62,63 Therefore, the longer Me–Me distance of Mg–Ti-sub
in the pristine state delays O3–P3 transition and enlarges the Na
content range of the O3 phase region, resulting in the signi-
cant variation in dMe–Me in the O3 region. In spite of the large
initial dMe–Me (2.98 Å), the minimum dMe–Me value of the O3 type
phase just before the O3–O03 transition is ca. 2.94 Å (Fig. 7b) and
almost the same with ca. 2.95 Å in Non-sub (Fig. 7a). Further-
more, the dMe–Me value of the initial P3 phase (2.90 Å) is larger
and closer to that of the prior O3 phase in Mg–Ti-sub compared
to that of the initial P03 phase in Non-sub (2.89 Å) due to the
substitution of Ni2+ and Mn4+ for larger ions of Mg2+ and Ti4+,
respectively. The smaller differences in the dMe–Me values
between O3 and P3 phases are expected to result in the facile P3
phase formation partially skipping O03 phase formation in Mg–
Ti-sub (Fig. 4b and 7b) compared to Non-sub (Fig. 4a and 7a).

By further charging and in the single-phase P3 region in 0.73
> x > 0.22 in NaxMeO2, the dinterslab value continuously increases
from 5.57 to 5.72 Å, while the dMe–Me value gradually decreases
from 2.90 to 2.86 Å (Fig. 7b). In the subsequent two-phase P3–
OP2-like transition in 0.22 > x > 0.21, the dinterslab value reduces
from 5.72 Å for P3 to 5.55 Å for the OP2-like phase. In the OP2-
like P–Oe–Of intergrowth phase region and the following tran-
sition region into the almost O3-like Oe–Of intergrowth phase,
dinterslab of the OP2-like phase further reduces to 5.35 Å gradu-
ally. Finally, the dinterslab value reduces from 5.35 Å for the OP2-
like phase to 4.90 Å for the O3-like phase by Na extraction on
charging to 4.5 V. Compared to the Non-sub case (ca. 4.42 Å) in
Fig. 7a, the O3 type phase has a larger dinterslab value of ca. 4.90
Å. Substitution with electrochemically inactive Mg2+ ion would
disturb complete Na extraction even by fully charging to 4.50 V,
resulting in the larger dinterslab value in Mg–Ti-sub.

Consequently, the Mg–Ti-sub electrode demonstrates the
phase transitions from O3 / (O03/) P3 / OP2-like P–Oe

intergrowth / O3 phase by Na extraction during the charging
process (Fig. 7d). The change in dMe–Me values is �4.3%, which
is almost the same as �4.2% in Non-sub (Fig. 7a). However, the
maximum change is just �1.5% between the initial and end
phases of the P3 type, which is attributed to the certain reduc-
tion within the primary O3 type single-phase region (�1.2%,
which is double of �0.6% for the O3 region in Non-sub). The
large Na content range of the O3 type phase and the smooth O3–
P3 transition almost skipping an O03 intermediate phase
signicantly contribute to the gradual structural changes
without specic Na-ordering phases. The relative changes of the
dinterslab values in percentages are as follows: +2.8% in the
J. Mater. Chem. A, 2021, 9, 12830–12844 | 12841
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primary O3 single-phase region, +1.6% at the two-phase O3–P3
transition (+0.7% for O3–O03 and +0.9% for O03–P3 transition),
+2.0% in the single-phase P3 region, �3.0% at the two-phase
reaction of P3–OP2-like transition, �3.6% in the single-phase
OP2-like P–Oe intergrowth, and �8.4% at the two-phase reac-
tion fromOP2-like to O3-like phase (Fig. 7d). The dinterslab values
gradually increase and decrease in Mg–Ti-sub, resulting in the
smaller dinterslab change (�8.4%) at the nal OP2–O3 transition
than �22.0% at the nal O03–O3 transition in Non-sub (Fig. 7c).
No signicant difference in the XRD patterns and no residual
intermediate phase are conrmed for the electrode aer 10
cycles compared to the pristine elctrode as shown in Fig. 8b.
The gradual change in dinterslab values would disturb electrical
isolation of primary particles in Mg–Ti-sub. Furthermore, Mg
and Ti co-substitution stabilizes the O3 type phase in the fully
charged state as discussed above with Fig. 6 and S12.†

Structural deterioration in the bulk and surface. Interest-
ingly, all the fully charged and oated Non-sub, Mg-sub, Ti-sub,
and Mg–Ti-sub electrodes exhibit 110O3–O1 reection at almost
the same diffraction angle of ca. 20.3� in 2q, indicating almost
the same dMe–Me values of ca. 2.83–2.85 Å (Fig. S9†). Regardless
of the dopants, 00l reections corresponding to the minor
phases are commonly observed at almost the same diffraction
angle of ca. 6.20� in 2q, indicating almost the same interslab
distances of 4.62–4.63 Å. Complete Me-migration to the inter-
slab space produces formation of a cation-disordered rock-salt
type phase with a cubic close-packed oxygen framework.
When chex: ¼ 2

ffiffiffi
6

p
ahex:; the O3 type trigonal lattice in the

hexagonal setting can be converted into a cubic lattice, such as
a cubic rock-salt type structure.64 The lattice constant ratio chex./
ahex. of the second phases is close to 2

ffiffiffi
6

p
(Fig. S12†). The fact

indicates a gradual and irreversible structural change into
a cation-disordered rock-salt type cubic phase during charging
to 4.50 V and oating processes. Even without the oating
process, surface deterioration and formation of the disordered
rock-salt type cubic phase were proved by TEM images for the
cycled Na[Ni1/2Mn1/2]O2.27 Herein, we conducted ex situ TEM
observation for cycled Non-sub and Mg–Ti-sub electrodes.

Fig. 8c–j display ex situ TEM images of the two samples in the
pristine and discharged state at the 10th cycle. Before charge–
discharge tests, both Non-sub (Fig. 8c and d) and Mg–Ti-sub
(Fig. 8g and h) pristine samples exhibit ne lattice fringes and
smooth surface morphology without any cracks. Aer galvano-
static charge–discharge for 10 cycles, Non-sub (Fig. 8e and f)
represents corrosion-like pits in the outer edge of 5–10 nm in
depth (Fig. 8f). Such surface deterioration is similar to that re-
ported by Yu et al. and probably attributed to a side reaction
with the electrolyte and dissolution of transition metals into the
electrolyte.27 In contrast, the TEM images of the cycled Mg–Ti-
sub (Fig. 8i and j) display no signicant change in the outer-
most surface (Fig. 8j). The fact agrees with a smaller change of
structures in bulk compared to Non-sub (Fig. S12†).

These results suggest that Mg and Ti co-substitution stabi-
lizes layered structures in both bulk and surface. Mg-
substitution would be effective as a HF scavenger, protecting
the particle surface against the electrolyte attack.9 The substi-
tution only of Mg2+ results in slight improvement of cycle
12842 | J. Mater. Chem. A, 2021, 9, 12830–12844
stability (Fig. 2c) and formation of a huge amount of a Me-
migrated O1-like phase aer oating at 4.50 V for 2 h
(Fig. S12†). Substitution only with Ti4+ also presents similar
electrochemical properties and a highly stacking-faulted phase
at 4.50 V.

Elemental combination of the dopants and the parent tran-
sition metals as well as substitution amount would be impor-
tant for enhancing the electrochemical properties of layered
oxides.4 Consequently, co-substitution of large and electro-
chemically inactive Mg2+ and Ti4+ ions is found to be highly
effective to improve the electrochemical performance and
structural stability of O3 type Na[Ni1/2Mn1/2]O2 during charge–
discharge cycles. Our ndings from the systematic studies on
the inuencing substitution metals are believed to accelerate
further development of layered oxide positive electrode mate-
rials for practical Na-ion batteries.
Conclusions

Mg or Ti substituted, and Mg and Ti co-substituted O3 type NaNi1/
2Mn1/2O2 are synthesized as positive electrode materials for Na-ion
batteries. Mg- or Ti-substituted materials deliver slightly smaller
reversible capacities of 185 mA h g�1 and exhibit better capacity
capability in non-aqueous Na cells than non-substituted ones. The
Mg and Ti co-substituted material demonstrates a large initial
discharge capacity of 200 mA h g�1 almost same as the non-
substituted one and much better capacity capability. Operando
XRD reveals that co-substitution of large Mg2+ and Ti4+ ions delays
O3–O03 transition, enlarges the Na content range of the primary O3
type single-phase region, and reduces lattice mismatch between
the charged O3 and the subsequent P3 type phases, leading to
gradual structural changes during Na extraction on charge.
Furthermore, Mg and Ti co-substitution produces an OP2-like P–
Oe–Of intergrowth phase as an intermediate buffer phase between
the P3 and the O3 phases, resulting in suppression of the signi-
cant shrinkage in interslab spacing which is observed in non-
substituted Nax[Ni1/2Mn1/2]O2. Ex situ synchrotron XRD conrms
the P03 type Na-ordered phase at x � 0.5 in the non-substituted
Nax[Ni1/2Mn1/2]O2 phase, which exhibits the characteristic
features of Na-vacancy ordering, such as voltage jump at the
specic Na content and two-phase reaction regions surrounding
the Na-ordered phase. However, the Na-ordering behaviors are not
observed in theMg and Ti co-substitutedmaterial. Furthermore, at
the outermost surface, in the case of Mg and Ti co-substitution, the
particle surface aer cycling is as smooth as pristine, which is
conrmed by ex situ TEM observation. On the other hand, non-
substituted Na[Ni1/2Mn1/2]O2 represents deteriorated particle
surface aer cycling. Mg and Ti co-substitution enhances the
structural stability in terms of not only the reversibility of structural
changes but also surface protection against the electrolyte at high
voltage. The comprehensive modication of the layered structures
is generated by Mg and Ti co-substitution leading to the superior
sodium battery performance.
This journal is © The Royal Society of Chemistry 2021
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