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Impact of Ti and Zn Dual-Substitution in P2 Type
Na,;;Ni; ;3sMn, 30, on Ni-Mn and Na-Vacancy Ordering

and Electrochemical Properties

Kei Kubota,* Takuya Asari, and Shinichi Komaba*

High-entropy layered oxide materials containing various metals that exhibit
smooth voltage curves and excellent electrochemical performances have
attracted attention in the development of positive electrode materials for
sodium-ion batteries. However, a smooth voltage curve can be obtained by
suppression of the Nat-vacancy ordering, and therefore, transition metal
slabs do not need to be more multi-element than necessary. Here, the
Na*-vacancy ordering is found to be disturbed by dual substitution of Ti" for
Mn" and Zn" for Ni" in P2-Na, ;[Ni; ;Mn, ;]O,. Dual-substituted

Na,5[Ni; 4,Mn;, ;,Ti; sZn, ;,]O, demonstrates almost non-step voltage curves
with a reversible capacity of 114 mAh g~ and less structural changes with a

Therefore, to realize environmental-
friendly and low-cost Na-ion batteries,
development of higher energy positive
electrode materials are of significant im-
portance to increase the energy density
of Na-ion cells and decrease the usage of
expensive separators and non-aqueous
electrolytes.l®]

Among sodium layered oxides, P2 type
Na, 3[Ni; ;Mn,;]0, has a unique V3x\/3
superlattice structure with an in-plane
Ni'"-Mn!V honeycomb ordering and high

high crystalline structure maintained during charging and discharging.
Synchrotron X-ray, neutron, and electron diffraction measurements reveal that
dual-substitution with Ti'V and Zn" uniquely promotes in-plane Ni"-Mn'"
ordering, which is quite different from the disordered mixing in conventional

multiple metal substitution.

1. Introduction

Na-ion batteries have recently attracted much attention for bat-
tery researchers!!=3] since acceptable cycle stability was achieved
by hard carbon||O3 type Na[Ni, ,Mn, ,]O, full cell in 2009.1 Ow-
ing to the rapid and significant developments of carbonous elec-
trode materials, the negative electrode have recently achieved
an extremely large reversible capacity of ~480 mAh g=.1%]
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water-stabilityl®! enabling facile handling
in the battery assembly process. Electro-
chemical Na intercalation performance is
also unique, almost all Na* ions can be ex-
tracted by charging to 4.5 V versus Na and
reversibly intercalated into the structure by
discharging. P2 type Na,;[Ni;;;Mn,;]O,
delivers a high reversible capacity of
~150 mAh g! with a high discharge-voltage during a few
cycles. However, the large reversible capacity rapidly deterio-
rates charge-discharge cycling.”®! The severe capacity decay is
thought to be due to severe volume change in the phase transition
from P2 Na,[Ni, ;Mn,;]0, to O2 type [Ni;;;Mn,;;]O, on charg-
ing to above 4.1 V% and many researchers have devoted much
effort on the improvement mainly using metal substitution.[>~14]

For the metal substitution, our group has emphasized the
general trend that suitable valence state of metals and metal
ratio exist in layered composite oxides like M and M'V in
Na,;[M", ;M"Y 510, (M" = Mg, Ni, Zn, Cu, M"Y = Mn, Ti,
Sn).[51 As we earlier reported in 2014, partial Ti'V substitution
for Mn' in Na,;[Ni; ;Mn, ;]O, successfully suppresses the
drastic volume change during charging of Na [Ni,;;Mn,;]O,
and improves cycle stability. Furthermore, the Ti substitution
changes shape of voltage curves from stepwise into sloping and
also increases average operating voltage.[’) The decrease in the
number of voltage steps is known to originate from the suppres-
sion of Na*-vacancy ordering and the decrease in the number
of phase transitions during charge—discharge. This is caused by
doped redox-inactive metals such as Ti!V, whose Fermi level in
the oxide is different from that of redox-active metals.['%”] The
Na*-vacancy ordering is known to be governed by the complex
interaction between Na* and Na* repulsion, Na* and TM™ inter-
action, and TM charge ordering (TM = transition metals),'®] and
evidenced by X-ray diffraction (XRD) and neutron diffraction
(ND) measurements.['"3] Indeed, the multi-elementalization
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and disordering of metals in the slabs leads to a sloping
voltage curve and excellent electrochemical properties. High-
entropy materials containing various metals?*2°l such as
NaNi, 1, Cttg1,Mgo.1,Feq.15C0g 15 Mng 1 Tig 1 S1p 1 Sb ,0,1%*) have
attracted attention in the recent development of positive electrode
materials for Na-ion batteries. Although multi-elementalization
of the metals should not be necessary in terms of suppressing
Na*-vacancy ordering, the relationship between the Na*-vacancy
ordering and the atomic arrangement of 3d transiton metals
with the dopted multi-element is not fully understood because
3d transition metals cannot be distinguished by XRD.

To fully understand the effect of multi-elements substitu-
tion, in this study, Mn'" and Ni"" in P2 type Na, 3[Ni; ;Mn, ;]O,
were co-substituted with Ti'"V and Me' (Me' = Mg, Zn, Cu),
respectively, and the correlation between their crystal struc-
tures (including Ni-Mn and Na*-vacancy ordering) and electro-
chemical properties were investigated. Novel Ti"V and Zn'" dual-
substituted Na, 5[Ni; ;Mn, ;]O, has demonstrated non-stepwise
charge—discharge curves and delivering a reversible capacity of
114 mAh g~! and high voltage of 3.60 V with excellent cycle stabil-
ity. XRD, ND, and electron diffraction (ED) measurements were
used to determine the effect of Ti"V and Zn"" dual-substitution
on Ni""-Mn!" ordering and Na*-vacancy ordering. Furthermore,
operando XRD and transmission electron microscopy (TEM) ob-
servation were carried out to elucidate highly stable crystalline
structures of Ti" and Zn"' dual-substituted Na, ;[Ni; ;Mn, ;]O,.

2. Results and Discussion

2.1. Na,5[Ni; ,Mn, ,Me, 1, Ti; 4]0, (Me = Mg, Cu, Zn)
2.1.1. Structural Characterization

Na, 5[Ni; ;_,Mn, ,Me,Ti; 4]0, (Me = Mg, Cu, and Zn, x = 0 and
1/12) were prepared by a solid-state reaction of Na,CO, and metal
oxides (see the details in the experimental section). The synthe-
sized samples of Na, ;[Ni; ;Mn,5]O,, Na,;3[Ni; ;Mn, ,Ti, (]0,,
Na, 5[Ni; ,Mn, ,Ti; Cuy 1,]O,,  Nay3[Niy,Mn, )Ty s Mg, 1,]O,,
and Na, 5[Ni; ;,Mn, , Ti; s Zn, ;,]O, are, hereinafter, referred to as
“Non-sub”, “Ti-sub”, “Ti-Cu-sub”, “Ti-Mg-sub”, and “Ti-Zn-sub”,
respectively. Crystal structures of the synthesized Ti-substituted
samples were identified by synchrotron XRD measurements.
Figure 1a displays synchrotron powder XRD patterns of as-
prepared Ti-sub, Ti-Mg-sub, Ti-Cu-sub, and Ti-Zn-sub samples.
Observed Bragg diffraction peaks can be mainly indexed as an
P2 type layered phase with a space group of P6,/mmc, which
is isostructural to RbScO,.””] Only in the case of Ti-Zn-sub
sample, an impurity phase is detected and diffraction peaks at
34.4° and 36.3° in diffraction angles of 26 are assigned to ZnO
(ICSD#26170).12") Even when the targeted Zn content x was
reduced from 1/12 to 1/24 in Na, ;5[Ni; ;_ Mn, ,Zn,Ti, ]O,, the
diffraction peaks of ZnO are still detected as an impurity phase
(see Figure S1 in the Supporting Information), indicating that
the amount of Zn in the layered oxide (i.e., solid solution limit
of Zn) is very small.

The superlattice peaks indexed as 1/6 2/3 I reflections are quite
weak but are observed in the diffraction angle region of 26 = 8-
10° (Figure 1Db). These superlattice peaks are mainly attributed

Adv. Mater. 2023, 35, 2300714 2300714 (2 of 12)

www.advmat.de

—_
Q
—

(b)

o o~
s . = e
° o - Ti-sub S o S«
éil 2] & o 2 T 7 Tisub
— LIEL o v et
3 - [
2 Ti-Mg-sub P 1 Ti-Mg-sub
z i | i
2 | 1 | o st T
£ Ti-Cu-sub P ! | Ti-Cu-sub
| LA_J I ‘
<>Znol Ti-Zn-sub i\ Ti-Zn-sub
aklid ety e
5 10 15 20 6 7 8 9 10

26/ deg. (A= 0.5 A)

26/deg. (A=0.5A)
(d) Na,;3€00,  Nay;[Niy;3Mn,;5]0,

(2V3x2V3)R30°T
e

Figure 1. a) Synchrotron powder XRD patterns of as-prepared
Nay3[Niq;3Mnq3Tiq )]0, (Ti-sub),  Nagy3[NiyjyMny 5 Tiq Mgy 12]0,
(Ti-Mg-sub),  Nay3[Niy;sMny 5 Tiy 6Cuy 15]O;  (Ti-Cu-sub),  and
Naz/3[N|1/4Mn1/2T| 6ZNn71/12]0, (Ti-Zn-sub) samples. b) Enlarged pat-
terns of (a) in the dlé'ractlon angle range of 6.0-10.0°. ¢) Schematic of the
in-plane N|” Mn" and Na*-vacancy ordering in P2- Na2/3[N|1/3Mn2/3]OZ,
the same as reported by Lee et al.l8] and Gutierrez et al.l’®] The primitive
cell (black diamond) represents the conventional unit cell of typical
P2 type materials such as P2-NaZ/3[Coz/3Mn1/3]02.[2°] The hexagonal
superstructure unit cell (24/3 x 24/3)R30° (blue diamond) has both
Ni'"-Mn"V and Na*-vacancy ordering, '8 while the (y/3x1/3)R30°
superstructure unit cell (red diamond) has only Ni"'-Mn'V ordering and
cannot represent Na*-vacancy ordering.3l d) Schematic illustrations
comparing stacking types of TMO, slabs in P2 type Na,;3TMO,. The
thick dashed line represents the TMO, slab, and the thin dashed line
represents the Na*-vacancy layer.

to Na*-vacancy ordering as reported for P2-Na, ;CoO, and Non-
sub,[®17] while the superlattice peaks attributed to the in-plane
TM ordering in the TMO, slab in 20 = 6-8° are indexed as
1/3 1/3 I reflections. The latter superlattice peaks are visible in
the XRD patterns only for light elemental substitution such as
P2-Na ¢[Li; ,Mn, ,]0,*) and P2-Na,[Mg,Mn]O,,*" but are vis-
ible in the neutron diffraction patterns for almost any elemen-
tal substitution. The superlattice peaks of the Ni-Mn ordered
(\/E X \/§)R30° superstructure were reported with the neutron
diffraction pattern by Lu et al.l®) Since the diffraction index h
of the Nat-vacancy ordered structure is half that of the Ni-Mn

ordered one, a (2\/§x2\/§)R30° superlattice is needed to rep-
resent Na*-vacancy ordering in the Ni-Mn ordered structure as
shown in Figure 1c."®*! Indeed, P2-Na, ;CoO, has a specific in-

plane Na*-vacancy-ordering with a (2 V3x2 \/§)R30° superstruc-
ture (Figure S2a, Supporting Information) as almost the same
proposed for Non-sub (Figure 1c).?°l However, the superlattice
peaks in the XRD pattern of P2-Na,;;CoO, are different from
Non-sub and substituted samples (see Figure S2b, Supporting In-
formation). One plausible reason for this is the difference in the
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Figure 2. SEM images of as-prepared Ti-sub, Ti-Mg-sub, Ti-Cu-sub, and
Ti-Zn-sub samples.

stacking structure of Na*-vacancy layers, which correlates with
the stacking sequence of TMO, slabs.

P2-Na,;Co0, has the stacking sequence of CoO, slabs,
AJAAAL A, A, (A represents a slab of A, rotated 180° around

[110]) and a thombohedral 2v/3a%x 21/3b x 3¢ cell with a space
group of R3¢ (Figure 1d; Figure S2, Supporting Information)./%)
On the other hand, in Non-sub, the stacking sequence of
[Ni;;3Mn,5]O, slabs was reported to be A,A;A,A; with a hexago-

nal v/3a x v/3b x ¢ cell (Figure 1d) based on the ND results.3%31]
The detailed crystal structures of Non-sub and Ti-sub are dis-
cussed in detail in a later section based on the results of ND mea-
surements. Here, a comparison based on XRD patterns suggests
that Ti-Mg-sub and Ti-Zn-sub show similar peak profile of 1/6
2/3 I peaks, indicating similar Na*-vacancy ordering and stack-
ing. In contrast, Ti-Cu-sub and Ti-sub represent broader 1/6 2/3
| peaks, suggesting that Na‘t-vacancy ordering is present with
abundant stacking faults. Despite the differences in the peak pro-
file of the superlattice peaks, all four Ti-Me-substituted samples
exhibit similar morphology, hexagonal platelet particles a few mi-
crons in diameter as shown in Figure 2.

2.1.2. Electrochemical Properties

Electrochemical properties of the Na,;5[Ni, ;_,Mn, ,Me Ti, 4]0,
electrodes were examined in non-aqueous Na cells filled with
1.0 mol dm~ NaPF/PC electrolyte. Figure 3a—d displays gal-
vanostatic charge/discharge curves in the wide voltage range of
2.5-4.5 V at a current density of 13 mA g' for 40 cycles. Com-
pared to Non-sub (160 mAh g~! in Figure 3e), Ti-sub, Ti-Mg-sub,
Ti-Cu-sub, and Ti-Zn-sub electrodes deliver smaller discharge ca-
pacities of 115-120 mAh g~! at the initial cycle. Among them, the
Ti-sub electrode exhibits pronounced stepwise voltage curves as
observed in the case of Non-sub.l! Such voltage steps are known
to be caused by the ordering of sodium and vacancy in the in-
terslab space and the simultaneous charge ordering (or dimer-
ization or trimerization) of transition metal ions at the specific
sodium content, such as x = 2/3, 1/2, and 1/3 in Na, TMO,.[332]
In contrast, the dual-substituted samples with Ti and divalent
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metals represent smooth voltage curves. Distinct voltage-jump
and -drop are seen only at the beginning and the end of charge
and discharge. Although the initial charge—discharge profiles
of the dual-substituted samples are similar, Ti-Cu-sub and Ti-
Zn-sub electrodes demonstrate superior reversibility and excel-
lent capacity retention for 40 cycles (Figure 3e). Despite the
limited solubility of Zn in a solid-solution and its segregation
as a ZnO particle, Zn-substitution is remarkably effective on
smooth charge—discharge voltage profiles and improvent of cy-
cle stability (see Figure S3, Supporting Information). Excellent
capacity retention is achieved in the cases of Zn-rich Ti-Zn-sub
samples (x = 1/20 and 1/12 in Na,;[Ni;;_,Mn, ,Zn,Ti; ]O,).
When rate performance of Ti-Me-substituted samples is further
compared (Figure 3f), Ti-sub and Ti-Mg-sub electrodes exhibit
better rate-capability than Non-sub as previously reported.['*]
Ti-Cu-sub and Ti-Zn-sub electrodes demonstrate further supe-
rior rate-performance and deliver more than 90% of the max-
imum reversible capacity at 2C-rate, which is much higher
than Non-sub (33% retention). Furthermore, the Ti-Zn-sub elec-
trode demonstrates high cycle-stability in the voltage ranges of
1.0-4.5 V and 2.5-4.8 V as well as 2.5-4.5 V (Figure S4, Sup-
porting Information). The stability in the wider voltage ranges
is much better than that of Non-sub reported previously.[®?]

2.2. Nay5[Niy;5_ Mn,;_,Zn,Ti JO,
2.2.1. Na*-Vacancy Ordering and Ni-Mn Ordering

Focusing on Ti-Zn-sub, which demonstrated the best elec-
trochemical performance among the Ti-Me-substituted sam-
ples, we will now discuss the effect of Ti-substitution and
Ti-Zn dual-substitution. First, we compared ND patterns of
Na, 3[Ni; 3Mn, 5 Ti)]O, (y=0, 1/6,1/3, and 2/3) and Ti-Zn-sub
in order to understand the Ni-Mn and Na*-vacancy ordering as
shown in Figure 4a. Similar to the previous report,[!#3!l the ND
pattern of Non-sub represents 1/31/3 (1= 0, 1, 2, and 3) reflec-
tions in the d-spacing range of 2.7-4.5 A, attributed to V3x1/3
superlattice with an in-plane honeycomb ordering of Ni-Mn in
a slab and a stacking sequence of A,A;A,A,.P! In addition to
the 1/3 1/3 I reflections, 1/6 2/3 I (I = 0 and 1) reflections are
also observed. The former 1/3 1/3 I superlattice peaks are quite
weak and almost negligible in the synchrotron XRD pattern (Fig-
ure 4b), which is due to similar X-ray scattering factors but dif-
ferent neutron coherent scattering lengths of Ni and Mn (10.3(1)
and —3.73(2) fm, respectively!®}]). On the other hand, the latter su-
perlattice peaks of 1/6 2/3 I reflections, observed in both XRD and
ND patterns, are attributed to the in-plane Na*-vacancy ordering
with a (21/3%24/3)R30° superlattice.l®! Though the calculated
structural model has been reported for Non-sub having both Na*-
vacancy and Ni-Mn ordering,®! no structural model has been
proved experimentally and a stacking sequence of Na*-vacancy
layers is not reported yet. Therefore, we considered both Na*-
vacancy and Ni-Mn orderings on the basis of calculated model
which was predicted by DFT calculations and illustrated®! as
shown in Figure 1c. The crystal structure of Non-sub was mod-

eled with a superstructure unit cell 2 \/ga X2 \/E b x cand refined
for the first time by the Rietveld method for the ND pattern of
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Figure 3. a—d) Galvanostatic charge—discharge curves of Ti-sub (a), Ti-Mg-sub (b), Ti-Cu-sub (c), Ti-Zn-sub (d) electrodes in non-aqueous Na cells.

e) Cycle stability and f) rate performance of the electrodes.

Non-sub in the large d-spacing value region (d > 4) obtained by a
low-angle bank detector.

The refinement results of the ND patterns (Figure S5, Sup-
porting Information) and structural parameters (Table S1, Sup-
porting Information) represent good agreement between the
observed and calculated patterns. The refined structure with a
space group of P6, has an in-plane Na*-vacancy ordering as
well as an in-plane Ni-Mn ordering in the slab with the slab
stacking of A,A;A,A; as shown in Figure 4c. The in-plane Na*t-
vacancy ordering is identical to that of the theoretically predicted
model® and that of P2-Na,;;C00,.*"! Following the stacking se-
quence of Na*-vacancy layers in P2-Na, ;CoO, (Figure S2, Sup-
porting Information), the overall stacking sequence in Non-sub
is Ay, Ajap Asay A, ay. Although the good refinement results are
obtained for the ND pattern detected by a low-angle bank detec-
tor, the ND pattern detected by a high-resolution bank detector

and the synchrotron XRD pattern show split 220, 221, and 223
reflections at a d-spacing of around 2.504, 2.443, and 2.077 A, re-
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spectively, which is different from single peaks of the calculated
pattern (Figure S6, Supporting Information). The fact suggests
slightly different lattice parameters of a and b, and an orthorhom-
bic or monoclinic lattice instead of the abovementioned hexago-
nal one. Due to the presence of stacking defects as indicated by
broader 1/6 2/3 1 reflection than 1/6 2/3 0 reflection (Figure 4D),
it was difficult to perform more precise structural refinements
for the ND and XRD patterns.

Instead, the SAED pattern of Non-sub along the 001 zone
axis proves clear differences in symmetry between a- and b-axes
(Figure 4d). When the diffraction spots are indexed with the
2v/3x21/3 superlattice model, hkO (h, k = +2n) spots such as
220 and 240 reflections are remarkably bright and have six-fold
rotational symmetry, typically observed for the P2-type (y-type)
Na, CoO, (P6,/mmc) phase with randomly occupied Na sites.>]
Between the bright spots, characteristic additional small spots are
observed. For example, the spots of 200 and 400 reflections and
those of 020 and 040 ones are observed along a* and b* axis,
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Figure 4. a) ND and b) XRD patterns of Nay;[Ni;3Mn;;3]0;, (Non-sub), Nay;[Niy3Mny;3Tiy6]O; (Ti-sub), Nay;3[Nij3Mny;3Tiq5]0,, and
Na\2/3[Ni]/4Mﬂ#TH/GZn]/n]O2 (Ti-Zn-sub) samples. c) Schematic illustrations of a refined hexagonal superlattice structure of Non-sub. d—f) Selected-

area electron diffraction (SAED) patterns of Non-sub (d), Ti-sub (e), and Ti-Zn-sub (f) samples along the [001];,., zone axis. g) Schematic illustrations of

a refined hexagonal superlattlce structure of Ti-Zn-sub. To compare the structures with that of P2-Na,3CoO, in Figure S2 (Supporting Information), the
atomic positions in (c) and (g) were transformed and differ from the standardized structural parameters in Tables S2 and S3 (Supporting Information),

respectively.

respectively. However, h00 (h = +(6n + 1)) reflection spots such
as 100 and 500 are not seen along the a* axis despite 0kO
(k = =(6n + 1)) spots such as 050 and 070 are visible along
b* axis. This indicates that the symmetry elements of the a-
and b-axes are different, and the lattice might not be hexagonal
at room temperature. Even if the lattice is hexagonal, the hk0
(h = £2n, k = +(6n + 1)) satellite spots such as the 050/070 and
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210/230 reflections observed to the left and right around the
bright hk0 (h, k = +£2n) spots cannot be indexed with a conven-

tional Ni-Mn ordered \/gu X \/Eb superlattice but can be in-
dexed with a 2\/5{1 X 2\/§b superlattice. The fact indicates the

presence of Na*-vacancy ordering with a pseudo 2v/3ax2/3b
superlattice in Non-sub.
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When the ND and XRD patterns of Ti-substituted samples
Na, 5[Ni; 3Mn,;;_,Ti)JO, (y = 1/6, 1/3, and 2/3) are compared
with those of Non-sub in Figure 4a,b, the peak intensity of the
1/6 2/3 1 (I = 0 and 1) reflections, which are attributed to the

Nat-vacancy ordering in the superstructure 2\/§a X 2\/§b X c,
decreases with increase in the Ti content. Simultaneously, the 1/3
1/3 I reflections also become weaker. In Na, ;[Ni; ;Ti, 3]0, (y =
2/3), the absence of superlattice peaks is the same result reported
by Paulsen,*% suggesting the absence of Na*-vacancy or Ni-Ti in-
plane ordering. This is a similar trend for cobalt substitution for
nickel in Na, ;[Ni, ;Mn, ;]0,, Na, 5[Ni, ;_,Co,Mn, ;]0,.*!! Con-
sequently, substitution of Ti'"V having an intermediate ionic ra-
dius (0.605 A at a octahedral sitel*!) between Ni'' (0.69 A) and
Mn'" (0.53 A) simultaneously disturbs both Ni-Mn and Nat*-
vacancy ordering. In the slightly Ti-substituted sample of Ti-sub
(y = 1/6), the 1/6 2/3 | superlattice peaks are weak but certainly
observed in the ND pattern (Figure 4a), but the 1/6 2/3 | peaks as
well as 1/3 1/3 | ones are very broad, indicating the presence of
stacking faults in the structure having Ni-Mn and Na*-vacancy
ordering. In the SAED pattern of Ti-sub (Figure 4e), six-fold ro-
tating blurry satellite spots are observed surrounding the bright
spot, which is obviously different from the satellite spots that
are sharply visible only on the left and right sides of the bright
spot in Non-sub. The high-resolution ND pattern of Ti-sub, in-
deed, shows single peaks of 220, 221, and 223 reflections and
confirms a hexagonal symmetry (Figure S7, Supporting Infor-
mation). Consequently, complete replacement of Mn' by Ti'V
is found to disrupt both Ni'l-Ti!V and Na*-vacancy ordering, and
slight Ti-substitution has led to a hexagonal lattice symmetry with
Na*-vacancy ordering but with a high degree of stacking defects
in the structure.

Finally, Ti-Zn dual-doping effect is discussed with compar-
ing the ND, XRD, and SAED patterns of Non-sub, Ti-sub, and
Ti-Zn-sub. As seen for the Ti-sub, the peak intensity of the 1/6
2/3 I superlattice peaks is quite lower for Ti-Zn-sub than Non-
sub, proving a suppressed Na*-vacancy ordering in Ti-Zn-sub.
Differing from the Ti-sub, the 1/3 1/3 I superlattice peaks get
rather stronger and sharper than Non-sub (Figure 4a), evidencing
highly ordered structure including the Ni-Mn ordering and less
stacking faults. These results suggest that the peak intensity of
the 1/6 2/3 I reflection is weak in Ti-Zn-sub, which is almost the
same as in the Ti-sub case, but the cause is quite different. Fur-
thermore, in the SAED pattern of Ti-Zn-sub (Figure 4f), satel-
lite spots surrounding the bright hkO (h, k = +2n) spots are quite
weak, while small spots such as 200, 400, 020, and 040 reflections,
corresponding to the \/EX\/? superlattice with a Ni-Mn order-
ing, are clearly observed. These are consistent with the results of
ND and XRD. Moreover, single peaks of 220, ZZT, and 223 reflec-
tions are also confirmed in the ND pattern (Figure S7, Support-
ing Information) and can be indexed with a hexagonal unit cell.
Since the diffraction peaks/spots of 1/6 2/3 I reflection are quite
weak but certainly observed in Figure 4a,bf, a 2\/§a X 2\/§b Xc
superstructure unit cell same as the case of Non-sub (Figure 4c)
was used for Rietveld refinement of the synchrotron XRD and
ND patterns (Figure S8, Supporting Information). We have suc-
ceeded in fitting the experimental data of XRD and ND with satis-
factory reliability factors of the refinement as shown in Figure 4g
and Table S2 (Supporting Information). The refined structure
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Figure 5. a) Whole and b) narrow angle ranges of XRD patterns, and
c) SEM-EDS mapping of Zn element for the Ti-Zn-sub samples in the
states as-synthesized, treated with distilled water, and treated with NaOH
aqueous solution. d) Cycle stability of the electrodes of the untreated and
treated Ti-Zn-sub samples.

uniquely proves the almost Na-disordered (widely and randomly

Na-distributed) and Ni-Mn ordered 2v/3ax2V3bx¢c superlat-
tice for Ti-Zn-sub. Although multi-element substitution is gen-
erally thought to result in a disordered arrangement of metals in
a slab, dual-substitution with Ti'"V and Zn" uniquely promotes
Ni""-Mn" ordering.

2.2.2. Water Stability and Effect of ZnO Impurity

Lu et al. pointed out high water-stability for in-plane Ni-Mn or-
dered materials,[®! although the water resistance mechanism ap-
plicable to all layered oxides is still debatable.[*®] To test water sta-
bility of Ti-Zn-sub and any effect of the ZnO impurity phase on
the electrochemical performance, ZnO particles were removed
from the Ti-Zn-sub powder sample through treatment with aque-
ous sodium hydroxide solution because ZnO is generally known
to be soluble in basic NaOH aqueous solution. We also prepared a
sample that was treated with deionized water to check its stability
in water.[’! Figure 5a,b displays the XRD patterns of the treated
Ti-Zn-sub samples. Diffraction peaks of a crystalline ZnO phase
are observed for the as-prepared and water-treated samples but
completely disappear for the NaOH, -treated sample. Energy-
dispersive X-ray spectrometry (EDS) mappings for Zn also prove
that ZnO particles are removed by treating with NaOH solution
as shown in Figure 5c (see EDS mappings for other elements in
Figure S9, Supporting Information). Inductively coupled plasma
atomic emission spectrometry (ICP-AES) results reveal slight de-
crease of Zn amount in the solid-solution from 0.082 to 0.056 for
the Ti-Zn-sub sample after the treatment with the NaOH aqueous
solution as shown in Table S3 (Supporting Information). Even
after treating with deionized water, the XRD peak intensity and
peak position of the P2 type phase are almost the same as those
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of the untreated Ti-Zn-sub sample, indicating the high stability
of the Ti-Zn-sub sample in water. Although the reversible capaci-
ties of both treated samples are slightly lower, their cycle stability
is comparable to that of the untreated sample, confirming no ap-
parent effects of the impurity phase of ZnO as well as the aque-
ous wet process on the electrochemical performance as shown in
Figure 5d and Figure S10 (Supporting Information).

From the above results and discussion, we found that Ti-Zn
dual-substitution retains in-plane Ni-Mn ordering as well as wa-
ter stability and suppresses Na*-vacancy ordering as well as stack-
ing faults. One can see the remarkable effect of suppressed Na*-
vacancy ordering in the sloping and smooth voltage curves com-
pared to those of Ti-sub (Figure 3). The stepless curves indicate
a least structural changes and phase transition during charging
and discharging, which is expected to explain the longer cycle-
life and higher rate performances. We further conduct operando
XRD to elucidate exact phase transformation during charge—
discharge processes.

2.2.3. Structural Evolution During Charge—Discharge

To understand the relationship between the voltage curves and
structural evolution of the layered oxides, operando XRD was
carried out for Non-sub, Ti-sub, and Ti-Zn-sub electrodes dur-
ing 1st charge and discharge at a low current rate of C/50 as
shown in Figure 6 and Figures S11-S13 (Supporting Informa-
tion). In the operando XRD patterns of Ti-sub (Figure S12, Sup-
porting Information), there is a lack of data during charging,
which is due to temporary trouble of the diffractometer and
not due to the electrochemical test. As expected from the al-
most non-stepped charge—discharge curves of Ti-Zn-sub, the
operando XRD patterns (Figure 6a; Figure S13, Supporting In-
formation) show almost monotonous and continuous peak-shift
of diffraction peaks. In contrast, as several voltage steps are seen
in the charge-discharge curves (Figure S11a, Supporting Infor-
mation), Non-sub electrode represents repetitive intensity-gain/-
reduction of diffraction peaks in the operando XRD patterns
(Figure S11b, Supporting Information) in the voltage regions
below the high-voltage plateau located at 4.20 V on charging
and at 4.06 V on discharging (Figure S11a, Supporting Informa-
tion). These variation in diffraction intensity and peak position
are not highly remarkable but the observed repetitive intensity-
gain/-reduction indicates several two-phase reactions. A slight
but repetitive increase/decrease in the intensity of the diffraction
peaks is also observed for the Ti-sub electrode (Figure S12, Sup-
porting Information), as expected from the observation of satel-
lite spots attributed to Nat-vacancy ordering in the SAED pattern
(Figure 4e).

More distinct differences are found in the high voltage re-
gion above 4.0 V (Figure 6¢—f). Non-sub electrode clearly exhibits
disappearance of 002, reflection and simultaneous appearance
of 002, reflection without a peak shift during charging in Fig-
ure 6¢, suggesting a two-phasic reaction from P2 type to O2 type
transition in the flat voltage region as reported in the literature.l”]
Ti-sub electrode also shows disappearance of 002, on charging,
but a simultaneously appeared peak is very broad and weak in in-
tensity (Figure 6d). Furthermore, despite the flat voltage region
at ~#4.25 V on the 1st charging (Figure S12a, Supporting Infor-
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mation), the newly appearing peak around 26 = 17° gradually
shifts toward higher diffraction angle. The observed broad and
weak peak indicates presence of multiple phases and/or lower pe-
riodicity of the slabs stacking including a high degree of stacking
faults. On the contrary, Ti-Zn-sub electrode retains sharp diffrac-
tion peaks above 4.0 V (Figure 6e). Unlike Non-sub and Ti-sub, a
new peak is observed around 26 = 16.2° between the two peaks
at 260 = 15.7° and 17° (see the enlarged patterns in Figure S13c,
Supporting Information). The fact indicates possible formation
of an intermediate intergrowth between P2 and O2 types such as
OP4 typel**# and a more coherent slab-stacking than Ti-sub.

When synchrotron XRD patterns of the fully charged elec-
trodes are compared among the three samples as shown in Fig-
ure Sl4a (Supporting Information), the main phase of all the
three samples is found to be O2 type phase. However, their lattice
parameters are different, which is confirmed as different peak
positions of 002 and 110 reflections in Figure S14b (Supporting
Information). It should be noted that the broadening of the 10!
reflections is due to the stacking faults of the TM slabs, because it
is equally possible to form two different O2-type structures from
a P2-type one by two different gliding vectors of the TM slabs.[*!
Even in the synchrotron XRD pattern (Figure S14, Supporting In-
formation), 002 peak of the Ti-sub electrode is much broader than
the other two samples, which is consistent with the operando
XRD patterns in Figure 6d. A minor phase having smaller a and ¢
lattice parameters should co-exist in the charged Ti-sub electrode.
When diffraction peaks are indexed with a conventional small
hexagonal lattice, the lattice parameters of the samples charged
to 4.5 V are calculated as a = 2.845 A and ¢ = 8.877 A for Non-
sub, a =2.83 A and ¢ = 10.1 A for Ti-sub, and a = 2.862 A and c =
10.768 A for Ti-Zn-sub. The interslab distance of the hexagonal
02 type phage for Non-sub, Ti-sub, and Ti-Zn-sub is 4.438, 5.05,
and 5.384 A, respectively. The Ti—Zn dual substitution success-
fully suppresses the interslab shrinkage.

From the above discussion, we schematically summarize
structural change mechanism in Figure 6f. By Na extraction in
Non-sub, O2 type domains are grown with disappearance of P2
type domains, resulting in the P2-O2 transition with distinct
phase separation. In contrast, Ti-sub has a wider distribution of
the TM slabs with different Na concentrations in the interslab
space during charging above 4.0 V. The stacking defects induced
by Ti substitution, which is confirmed with the ND and SAED
patterns, would lead to random Na extraction, resulting in dis-
turbing the phase separation between P2 and O2 types and/or
destabilization of intermediate P—O phases. In the case of Ti-Zn
dual-substitution, X-ray absorption near-edge structure (XANES)
data represent reversible energy shift of only Ni K-edge during
charging and discharging and no significant energy shift for Mn,
Ti, and Zn K-edge (Figure 7). The fact suggests that nickel redox
mainly participates in the redox reaction and Zn" is not oxidized
by charging and would attract sodium ions in the structure as
an electrochemically inactive metal (Figure 7d). Furthermore, the
Zn K-edge spectra, which show a reversible return to the initial
state, indicate that Zn is not migrated, such as irreversible extrac-
tion on charging. The Ni K-edge energy of Ti-Zn-sub at 4.5 V is
very close to that of the reference material, LaNi"'O;. As recent
papers reported for Non-sub with O K-edge XAS and resonant in-
elastic X-ray scattering (RIXS) spectra,[“1=*?] only the nickel redox
cannot explain charging and discharge capacities. Lattice oxygen
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mechanism.

should take part in the charge compensation mechanism of Ti-
Zn-sub during charging and discharging as an anion redox with-
out oxygen gas generation. Thus, oxidation of nickel and oxide
ions during charging results in reducing the averaged Na con-
centration in the interslab space, changing the structures from a
widely spaced P2-type structure to a narrowly spaced O2-type one.
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and Ti-Zn-sub (e) electrodes. f) Schematic illustrations of structural change

Nevertheless, the O type layer in the O2 type phase of Ti-Zn-sub
has wider interslab space than the other two samples. Formation
of the wider interslab space of the O type layer would facilitate
faster P2-02 transition in Ti-Zn-sub with keeping the high crys-
tallinity along the stacking direction. Furthermore, the presence
of the P2-02 intermediate phase observed in Figure 6e would
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Figure 7. a—d) Ex situ XANES spectra of the Ti-Zn-sub electrodes at Ni K-edge (a), Mn K-edge (b), Ti K-edge (c), and Zn K-edge (d). The Ni K-edge

spectrum of LaNiOj; as a standard reference is shown in (a).

compensate for the small but present lattice mismatch between
the P2 and O2 phases.

Large repetitive changes in interslab distance (or volume) dur-
ing charging and discharging are known to cause cracks in the
particles, resulting in capacity degradation during cycling, as re-
ported for Non-sub with a 23% shrinkage in volume.[*}] Based on
the synchrotron XRD results (Figure S14, Supporting Informa-
tion), shrinkage ratio in volume between the pristine and fully
charged states is 13% for Ti-sub and 7% for Ti-Zn-sub. The sup-
pressed volume shrinkage can explain the better cycle stability
and rate capability for Ti-sub and Ti-Zn-sub samples.

2.2.4. Particle Surface Morphology after Cycling

To confirm the metal-substitution effect on the particle surface af-
ter cycling, ex situ TEM observation was performed for the Non-
sub, Ti-sub, and Ti-Zn-sub electrodes after 10 cycles (Figure 8).
Although large cracks breaking particles are not observed after
10 cycles, corrosive pits with 15-20 nm in depth are seen at the
outermost surface of Non-sub particles as previously reported.[*]
Ti-sub also shows corrosive pits at the outermost surface, but the
pits are fewer and shallower (~10 nm) than those of Non-sub.
Surprisingly, no corrosive pits are observed for Ti-Zn-sub parti-
cles, indicating the stable particle surface during cycling. Similar
to the case of P2-Na, 5[Al ;gNi;; 54Mn,; 3]0, the stable sur-
face would result in the excellent performance of Ti-Zn-sub.
The Ti-Zn dual-substituted layered oxide retains the original
wide interslab space during charging, contributing to suppres-
sion of the structural stress between the P2 and O2 phases and
stabilization of the crystal structures in both bulk and surface.
In the present study, high concentration of Ti or Zn was not
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Figure 8. TEM images of the Non-sub, Ti-sub, and Ti-Zn-sub electrode
samples in the pristine (left) and 10 cycled (right) states.
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found on the outermost surface, but doped Ti possibly protect
the particle surface against HF attack during electrolyte decom-
position at high voltage as reported for NaMn, ¢ Ti; Nij ; 0,.1*°! In
the present Ti-Zn-sub sample, the excess Zn is not present as a
thin ZnO coating layer with a few nanometers in thickness,¢!
and is contained as ZnO particles of several hundred nanome-
ters. Further optimizing of synthesis conditions such as Zn con-
tent, starting materials, precursors, and calcination temperature
and time would reduce electrochemically inactive and insulating
ZnO particles and the optimal P2-Na [Ni, Mn, Ti, Zn]O, is ex-
pected to demonstrate further improved electrochemical proper-
ties. Furthermore, we hope that the findings of this study will lead
to the understanding that conventional metal substitution, which
is a disorderly mixing of metals in a slab, is not always the best
method, and that the further development of metal substitution
methods yield promising positive electrode materials for Na-ion
batteries.

3. Conclusion

In Na, 3[Ni, ;_ Mn,;;_ Me,Ti O, (Me = Mg, Cu, Zn), the effects
of substitution by titanium and divalent metals of Mg, Cu, and Zn
on the crystal structure and electrochemical properties have been
studied. The Ti-Zn and Ti-Cu dual-substituted samples demon-
strate superior cycle stability and rate capability in non-aqueous
Na cells in the voltage range of 2.5-4.5 V. The novel moisture-
stable positive electrode material of Na, ;Ni; ,Mn, ;, Ti; s Zn, ;,0,
exhibits non-stepwise charge—discharge voltage curves and deliv-
ers areversible capacity of 114 mAh g~! with an average discharge
voltage of 3.60 V versus Na. Comparing the three samples of
non-substituted, Ti-substituted, and Ti-Zn dual-substituted sam-
ples, synchrotron X-ray, neutron, and electron diffraction mea-
surements reveal modified Ni-Mn and Na*-vacancy orderings by
the substitution. Dual-substitution by Ti'"V and Zn"! maintains the
Ni’-Mn!" ordering but disrupts the Na*-vacancy ordering, lead-
ing to the smooth voltage curves with less structural changes.
The amount of solid-solution Zn is very small (~0.06 per for-
mula unit), but dual-substituting with Ti and Zn uniquely pro-
motes Ni''-Mn'V ordering and improves electrochemical sodium
(de)intercalation properties.

4. Experimental Section

Synthesis Procedures:  Na3[Niy3_,Mn;;3_,Me,Ti ]O, (Me = Mg, Cu,
and Zn, x = 1/12 for the Mg and Cu cases and x=0, 1/24, 1/20, and 1/12
for the Zn case, y = 1/6) and Nay3[Niy 3Mn,;3_,Ti)JO, (y =0, 1/6, 1/3,
and 2/3) were prepared by a solid-state reaction. Reagent grade Na,CO;
(Nacalai Tesque, Inc., 99.8%), and NiO (FUJIFILM Wako Pure Chemi-
cal Corporation), TiO, (anatase, Sigma-Aldrich Co. LLC), MgO (Kishida
Chem. Co., Ltd.), Cu,O (Kishida Chem. Co., Ltd.), ZnO (Kanto Chemi-
cal Co., Ltd.) and Mn,O; prepared by calcining MnCO; (Kishida Chem.
Co., Ltd., 44% as Mn content) at 700 °C were used as starting materi-
als. 5 mol% excess amounts of Na,CO; were added in starting materi-
als in the consideration for the high volatility of sodium oxides during
the heat treatment. The starting materials were ball-milled with acetone
at 600 rpm for 12 h by using a planetary ball mill (PULVERISETTE 7 classic
line, Fritsch Japan Co., Ltd). The mixture was dried and pelletized, then
heated to 900 °C in air at a temperature increase rate of 5 °C min~', and
the temperature was held for 12 h. After the calcination, the samples were
taken out from the furnace without cooling process, and then immedi-
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ately transferred into an argon-filled 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.

Structural and Morphological Characterization: Structures of the
Nay3[Niq/3_4Mny;3_,Me,Ti,JO, samples were identified by using an X-
ray diffractometer (SmartLab, Rigaku Corporation) equipped with a high-
speed position sensitive detector (D/teX Ultra, Rigaku Corporation) and
Ni-filtered Cu Ka radiation as an X-ray source. The samples were fixed in a
homemade air-tight sample holder during XRD measurements to avoid air
exposure. Detailed structures of the samples were determined with a syn-
chrotron X-ray diffractometer at BLO2B2[4”] 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 and sodium con-
tent was calculated from the charge passed. The composite electrodes,
taken out from the coin cells, were rinsed with propylene carbonate (PC,
Kishida Chemical Co., Ltd.) and then with diethyl carbonate (DEC, Kishida
Chemical Co., Ltd.) to remove an electrolyte salt and then dried at room
temperature in an Ar-filled glovebox. The oxide composites were sepa-
rated from the aluminum current collectors, crushed into powders. As-
prepared and electrochemically tested samples were put into glass cap-
illaries 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 melt-
ing the end of glass capillaries to eliminate sample exposure to air. To
minimize the effect of X-ray absorption by the samples, the wavelength
of incident X-ray beam was set to 0.5 A using a silicon monochromator,
which was calibrated with NIST standard reference material CeO, as an ex-
ternal standard reference. Structural parameters were refined by Rietveld
method with the program RIETAN-FPI“8] and the program Z-Rietveld (ver-
sion 1.1.3 for Windows).[*?] Schematic illustrations of the crystal struc-
tures of the sample were drawn using the program VESTA.I3] Structural
changes during an initial charging and discharging processes were ex-
amined for P2 type Nay3[Niy;3Mn;3]0,, Nag3[Niy 3Mny 3Tiq 6]0,, and
Nay3[Niq/4Mny 5 Tiy6Zny1,]O, by an operando XRD tec(mique using a
battery-cell attachment (Rigaku Corporation)[®'l and the data were col-
lected by an X-ray diffractometer (MultiFlex, Rigaku Corporation) equipped
with a high-speed position sensitive detector (D/teX Ultra, Rigaku Corpo-
ration) and non-monochromatized but Ni-filtered Cu Ka radiation as an
X-ray source.

Particle morphology of the samples was observed by using a scan-
ning electron microscope (SEM, JCM-6000, JEOL Ltd.) equipped with an
energy-dispersive X-ray spectrometer. The outermost surface structure
and morphology of the samples were observed with the JEM-2100F trans-
mission electron microscope (TEM, JEOL Ltd.) at an accelerating voltage
of 200 kV. Selected area electron diffraction (SAED) patterns of the sam-
ples were also collected with the microscope. The composition of the non-
washed and washed Naj3[Niy;,Mn;;Tiy6Zny;1,]0; samples was con-
firmed by inductively coupled plasma atomic emission spectrometry (ICP-
AES) using SPS3500 (Hitachi High-Tech Corporation).

Electrochemical ~ Characterization: Positive electrodes were pre-
pared by following procedures. A slurry with a mixture of 80 wt%
Nay3[Niq;3_4Mny/3_,Me,Ti)JO,, 10 wt% acetylene black (AB, Strem
Chemicals, Inc.) and 10 wt% poly(vinylidene fluoride) (PVdF, Poly-
sciences, Inc.) with N-methylpyrrolidone (Kanto Chemical Co., Ltd.) as
a solvent was prepared, pasted on an aluminum foil and then dried at
80 °C under vacuum. Single-side-coated electrodes were punched into
10 or 15 mm disks in diameter for 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
glass fiber filter (GB-100R, ADVANTEC, Co.), the electrolyte solution was
1.0 mol dm~3 NaPF¢ dissolved in PC (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-filled glove box. Galvanostatic charge-discharge
tests were conducted with a charge/discharge measurement system
(TOSCAT-3100, TOYO System Co., Ltd.) in the voltage range of 2.5-4.5 V
at C/20 (~13.0 mA g~1) at 25 °C.

Hard X-ray Absorption Spectroscopy: Hard X-ray absorption spec-
troscopy (XAS) was performed at beam line BL-12C in the Photon Factory,
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High Energy Accelerator Research Organization (KEK), Japan. The spectra
were collected with a silicon monochromator in a transmission mode. The
intensity of incident and transmitted X-ray was measured using ionization
chambers at room temperature. The energy was calibrated by setting the
first inflection point in the spectrum of a Cu foil to 8979 eV. Na-extracted
electrode samples were electrochemically prepared in the coin cells. The
positive electrodes were taken out from the coin cells, rinsed with PC and
DEC and then dried at room temperature in an Ar-filled glovebox. The sev-
eral electrodes with Al-foil current collectors were stacked and sealed in an
oxygen- and moisture-barrier polymer film in the Ar-filled glovebox. The Ni
K-edge spectrum of LaNiO; (99.9%, Kojundo Chemical Laboratory Co.,
Ltd.) mixed with BN (99%, Kanto Chemical Co., Ltd.) powder was mea-
sured as a standard reference. Absorption spectroscopy data were nor-
malized and treated using the ATHENA program on the Demeter software
package.[2] Fourier transformation of the y (k)k*~k plots, where y and
k are oscillatory components of the normalized absorption and angular
wavenumber, respectively, was performed using the ATHENA program.
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