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Anion redox reactions offer a means of enhancing the capacity of layered sodium transition metal oxide
positive electrode materials. However, oxygen redox reactions typically show limited reversibility and
irreversible structural changes upon cycling, resulting in rapid capacity loss. Here, the Ti-substituted
Nag/7[[01/7Ti17Mns/710, (where [0 represents a transition metal vacancy) is presented as a positive
electrode material for sodium-ion batteries. Nags/7[[d1/7Ti;;zMns/710, delivers a reversible capacity of
167 mA h g~* after 25 cycles at 10 mA g~ within the voltage range of 1.6-4.4 V and presents enhanced
stability compared with Nayg/7[[d17Mng710, over the voltage range 3.0-4.4 V. The structural and
electronic structural changes of this Ti** substituted phase are investigated by powder X-ray diffraction,
X-ray absorption spectroscopy, electron paramagnetic resonance and Raman spectroscopy, supported
by density functional theory calculations. These results show that the Nag/;[[(11,7Mng/710, structure is
maintained between 3.0 and 4.4 V, and the presence of TiOg octahedra in Nag/[[1/7Ti1;7Mns/7105
relieves structural distortions from Jahn-Teller distorted Mn3+06 between 1.6 and 4.4 V. Furthermore,
Ti4+
increasing the operating potential of Nag/7[[(01/7Ti;7Mns/710,. Thereby providing evidence that the
improved electrochemical performance of Nag/7[[1/7Tiy/7Mns,7105 can be attributed to Ti** substitution.
This work provides insight and strategies for improving the structural stability and electrochemical

substitution stabilises the adjacent O 2p orbitals and raises the ionicity of the Mn-O bonds,
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1. Introduction

The limited availability and hence the high-cost of raw mate-
rials used in lithium-ion batteries (LIBs) has driven research
towards alternative rechargeable battery technologies. Among
these, sodium-ion batteries (SIBs) have attracted considerable
attention as a viable replacement to LIBs for large-scale
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performance of sodium layered oxides.

applications, such as grid energy storage because of the low-
cost, high-abundance and uniform geographical distribution
of sodium."” However, one of the main challenges to overcome
is the development of high energy density positive electrode
materials for the practical application of SIBs.*™*

The use of both cation and anion redox couples has become
a promising method to enhance the capacity of positive electrode
materials, thereby increasing the energy density of batteries.
Lithium-rich layered oxides (Lij+xM;_,0,, M = transition metal),
have been widely-studied and are promising positive electrode
materials for lithium-ion batteries (LIBs).”® For instance,
Li; »,oMng 5,C00.13Nig 130, in which lithium atoms are situated in
the transition metal layer, delivers an extraordinarily high
capacity, attributed to the cumulative use of transition metal and
oxygen redox couples.'®**> However, materials that exhibit oxygen
redox generally show large voltage hysteresis during the initial
charge/discharge cycles, because of irreversible structural changes
including cation migration from the transition metal layers,
resulting in the release of molecular O, and thus, rapid capacity
fade.””®*** Alternatively, some sodium-based transition metal
layered oxides, Na,M,0,, have shown suppressed cation migration
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owing to the increased ionic size difference between sodium
and the transition metal.**”® One sodium-based layered material
that exhibits stable oxygen anion redox is Nays[[11,Mne/]O,.
The transition metal vacancies in Na,,[[1;,,Mng,]O, (where []
represents a transition metal vacancy) and the unique order-
ing between vacancies and manganese, generates O 2p
nonbonding orbitals, promoting reversible oxygen redox activity.**
Nay/[[d1/7,Mne/;]O, maintains the layered structure over several
cycles without migration of Mn cations and preserves the ABBCCA
oxygen stacking sequence.”* As a result, Na,,[[1;,Mng;]O,
exhibits more reversible anion redox compared with other
sodium-based oxygen redox active materials with negligible
voltage hysteresis and can deliver a high specific capacity of up to
~200 mA h g, thereby demonstrating the importance of
vacancies in stabilising anion redox.****®

Despite the good reversibility of Na,/,[[1,,Mng/,]O, reported
to date, its long-term cycle life remains questionable. This is
especially true when both cation and anion redox reactions are
utilised, where Na,;,[[J;,Mn;]O, undergoes a continuous
capacity fade from ~200 to ~125 mA h g~ * over 60 cycles.?"* To
promote reversible redox reactions, an effective strategy is
through doping with transition metals. Among the dopants
studied, Ti-substituted materials have drawn attention in recent
years due to the low-cost, chemical stability and wide-spread
distribution in the earth's crust. Yoshida et al. revealed that
substituting Mn with Ti in P2-type Na,;Nij;;Mny; 4TiOs,
enhanced the cycling performance and increased average
discharge voltage to 3.7 V. Moreover, increasing the amount of
Ti-substitution resulted in a smoother voltage profile, possibly
because of the suppression of the P2 — O2 phase transition.*® Li
et al. demonstrated that Ti** substitution reduced the Li*/Mn*"
ordering for Nag7,Lig»4Tip.10MNg O, which enhanced the
reversibility of the oxygen redox process and resulted in a supe-
rior reversible capacity of 165 mA h g~ over 80 cycles.”” These
results show that Ti-substitution is a proven method to stabilise
the structure, smooth the charge/discharge profile, elevate the
working potential, and improve the cycling stability.>*>*

Liu et al., have recently reported a superior cycling stability
of 79% for Na,/,[[J4,;Ti;;Mns5,,]O, compared with 17% for
Nay,,[[d1/7Mng,;]O, within 1.5-4.6 V at 50 mA g~ ', negligible
volume change (0.11%) during charge/discharge and no irre-
versible O, evolution upon charge to 4.6 V.> The present
study aims to understand the role of Ti-substitution on the
charge compensation mechanism of Na,,,[[1;,Mng;]O,.
Herein, we report that Ti-substituted Na,,[[11/7Ti;;Mns/;]0,
shows a remarkable improvement over Na,,;[[J;,Mng/;]O,
for both cation and anion redox stability: for a wide
voltage range (1.6-4.4 V) over which both cation (Mn**/Mn*")
and anion (0*>7/0,") redox reactions are activated,
Nay/,[[d4,7Ti1;7Mns5,;]O, delivers higher operating potential,
reversible capacity (167 mA h g '), and greater capacity
retention of 88% than Na,,[[d;,Mne;]O, with a lower
reversible capacity of 143 mA h g and capacity retention of
76% after 25 cycles at 10 mA g~ . Additional electrochemical
tests performed for Na,,[[],,,Ti;;Mns;;,]O, over the voltage
range 3.0-4.4 V revealed a highly reversible oxygen redox
process with no capacity loss after 50 cycles at 10 mA g~ '. We
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evaluated the changes in the crystal structure and the elec-
tronic structure upon cycling using a combination of spec-
troscopic techniques, together with DFT calculations to
determine the redox mechanism and the effects of
Ti-substitution on the electrochemical performance. This
work on Nay,[[14/7;Ti;;sMns/;]0,, which has the oxygen
stacking (ABBCCA) characteristic of P3-type structures extends
our survey of P3-type sodium-based layered oxides, and our
understanding of the importance of transition metal dopants
on stabilising oxygen anion redox.*-*?

2. Results and discussion

2.1. Structure and electrochemical properties

Nay-[[d17,Mne;]0, and Nay,[[4/,TiyzMns/;]0, were syn-
thesised by a solid-state method.?® The synchrotron PXRD
pattern of as-synthesised Nay;[[4,;Ti;;7Mn;s;7]O, can be
indexed to a triclinic lattice with space group P1. The Rietveld
refinement of the Na,/;[[11,Mng;]O, model using synchro-
tron PXRD data for Nay,[[],,Ti;;Mns;;]O, is shown in
Fig. 1(a) and the results are given in Table S1.{ Similarly, the
diffraction peaks of the laboratory PXRD pattern of as-
synthesised Na,/;[[;,Mng;]O, can be indexed using the
same model (P1), as shown in Fig. S1(a),t consistent with
previous reports.”?**>** The structure of Na,,[[];,Mne/;]O,
consists of one Na' ion (Na1) which occupies distorted pris-
matic sites above and below the vacant Mn sites, and the other
Na® ion (Na2) occupies distorted octahedral sites, the Mn**
ions occupy octahedral sites with distorted P3-type oxygen
stacking (ABBCCA), as shown in Fig. 1(b). As for Ti-substituted
Nay,;[[d4/,Tiy;sMns;;]O,, the Ti** ions can occupy any one of
the three Mn sites, as confirmed by calculations which found
negligible energy difference between the three Mn sites (see
ESI for more details, Fig. S21). Furthermore, the position of the
(001) diffraction peak which relates to the interlayer distance
between the transition metal oxide layers is compared in
Fig. S3.7 The (001) diffraction peak for Na, ;[ [14,,Ti;;Mns;;]O,
shifts towards a lower angle. This corresponds to a greater
interlayer separation of 5.569 A for Nay/,[[d4,7Ti17Mns5,5]0,,
compared with 5.534 A for Nay/;[[d1,7,Mng/7]0,, as a result of
the partial substitution of Ti*" for Mn** ions, because of the
larger ionic radius of Ti*' (0.605 A) compared with Mn**
(0.53 A).»

The morphology of Nay,[[1,,,Ti;;sMn;/;]O, was examined
by SEM. Fig. 1(b) is representative of Na,,;[[1;/;Ti1;;Mns,;;]0,
and shows a homogeneous morphology with agglomerated
primary particle size of roughly 100 nm. As-synthesised
Nay;[[4/7Mng/;]O, displays a similar morphology to
Nay/;[(4/7Ti;zMns5,;]O, (Fig. S1(b)), showing that there is no
obvious change in the morphology for the Ti-substituted
sample compared with the parent material. EDS elemental
maps of Nay,[[1,,,Ti;,Mns,;]O, are given in Fig. 1(c) and
show uniform distribution of Na, Mn, Ti and O. Furthermore,
the stoichiometries of Mn and Ti (normalised to Mn + Ti =
6/7) were determined by EDS analysis averaged across
several regions to be 0.72 and 0.14, respectively, and close
to the expected stoichiometry. This stoichiometry ratio of

This journal is © The Royal Society of Chemistry 2022
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(a) Synchrotron X-ray Rietveld fit of as-synthesised Nay/7[[11/7Ti1;7Mns,7]0,. Observed data points are shown in blue, with fitted profile in

black. Tick marks indicate allowed reflections. (b) Refined structural model of Nag,;[ 1,7 Ti1;zMns,710, with Na* ions shown as yellow spheres, Mn
as purple polyhedra, Ti shown in white and O as red spheres. The top image shows the alternating layers of Na* ions and [[4/;Ti**1,7,Mn**5,7]
layers. The Nal ions occupy distorted prismatic sites and Na2 ions occupy distorted octahedral sites. The bottom image shows the Mn vacancies
in the [D1/7Ti4+1,7Mn4+5/7] layer. (c) SEM micrograph and (d) EDS mapping of as-synthesised Nag,7[[11/7Ti;;zMns,7105.

Mn and Ti corresponds to the solubility limit of Ti in
Nay/;[[4/7TiMng/;_,]O, at the synthesis temperature of
600 °C, indicating that the maximum amount of Ti (x) is
substituted in Na,;[[1;,,Mng/;]O, (see Fig. S4-S6 and Tables
S2-S4 in ESIT for the detailed procedures for the Ti solubility
limit calculations).

The electrochemical performance of Nay/,[[;/,Ti;zMns/7]O,
and Na, ;[ [, ,Mne/;]O, was evaluated in sodium-half cells, cycled
galvanostatically between 1.6 and 4.4 V at a current rate of
10 mA g~ . Fig. 2(a) and (b) presents the galvanostatic charge/
discharge profiles and the corresponding differential capacity
versus voltage (dQ/dV) plots, respectively, collected for the first
cycle of Nay,[[d4/,Ti;;Mns;]0, and Nay,[[d1,Mng/;]O,. The
materials exhibit similar charge/discharge profiles (Fig. 2(a)) for
the first cycle. Na,,[[J1,Mne;]O, delivers an initial charge
capacity of 63.7 mA h g™, corresponding to the removal of 0.22
Na" ions. It shows a reversible plateau at around 4.20 V, observed
in the dQ/dV plot (Fig. 2(b)) as sharp oxidation and reduction
peaks at 4.22 and 4.18 V, respectively, based on oxygen
redox, which is consistent with data previously reported for
Nag/;[[1/,;Mng/,]0,.>*> On discharge to 1.6 V, Na, ;[ [11/,Mng/;]O,
delivers a discharge capacity of 189.9 mA h g~ * equivalent to the
insertion of 0.65 Na' ions, and exhibits a long, flat discharge
plateau at 2.10 V associated with the Mn**/Mn®" redox couple.*

This journal is © The Royal Society of Chemistry 2022

As for Nagy;[[d4/,Ti;;Mn;/;]O,, Fig. 2(b) shows it delivers an
initial charge capacity of 94.9 mA h g™, equivalent to the
extraction of 0.32 Na', and exhibits a discharge capacity of
189.9 mA h g ' corresponding to the insertion of 0.65 Na'.
Fig. 2(b) reveals oxidation and reduction peaks, at higher poten-
tials of 4.28 and 4.24 V, respectively, for the oxygen redox process,
and a reduction peak at a higher potential of 2.12 V for the Mn**/
Mn** redox couple for Na,;[[4,,Ti;;;Mns/;]O,. To confirm the
higher working potential of Na,[[]4/,Ti;;Mns;;]O,, cyclic vol-
tammograms were collected for both materials between 1.6 and
4.4V at a scan rate of 30 uV s~ " and these data are compared in
Fig. 2(c). The cyclic voltammograms are consistent with the dQ/dV
plots (Fig. 2(b)), showing Na,,[[];,Ti;;Mn;;]O, operates at
a higher potential (4.31 and 4.23 V) to Na,,[[11,Mng;]O,
(4.28 and 4.16 V). Furthermore, Fig. 2(d) compares the
galvanostatic cycling performance of Na,,[[1,,Mne;]O, and
Nay/7[[d41,,Tiy;Mns/;]O,, cycled between 1.6 and 4.4 V at rates of
10 and 100 mA g . The discharge capacity of Na,,[[1,,Mng/;]O,
fades rapidly on cycling with only 62 and 44% of the
initial discharge capacity retained at 10 and 100 mA g,
respectively, after 50 cycles. This agrees with earlier work on
Na,/,[[01,Mng/;]O, by de Boisse et al. which reported similar
cycling performance.® By contrast, Nay,[[1;,Ti;;Mns;]O,
reveals superior cycling stability at 10 and 100 mA g%,

J. Mater. Chem. A, 2022, 10, 9941-9953 | 9943
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(a) Galvanostatic charge/discharge curves of the first cycle for Nay/7[[1/7Mng/710; (black) and Nag7[[4,7Tiy/7zMns,7105 (blue) cycled within

the voltage range 1.6-4.4 V at a current rate of 10 mA g~*at 30 °C and (b) the corresponding differential capacity versus voltage dQ/dV plots. (c)
Voltammetric analysis of Na4/7[[1/7Mng,710, (black) and Nag/7[[1,7Ti1,zMns/7105 (blue) collected at a scan rate of 30 pV s~ at 30 °C using 1 M
NaClOy, in propylene carbonate containing 3% fluoroethylene carbonate by weight as electrolyte. (d) Galvanostatic cycling performance of
Nag7[1/7Mng710, (black) and Naa/7[4/7Ti1zMns/710, (blue) cycled within the voltage range 1.6-4.4 V at 30 °C. Square-shaped symbols
represent discharge capacities of cells cycled at a rate of 10 mA g~ and triangle-shaped symbols represent discharge capacities of cells cycled at

arate of 100 mA g%,

maintaining 77% and 65%, respectively, of its initial discharge
capacity after 50 cycles, showing that Ti-substitution improves the
reversibility and cycling performance, consistent with data re-
ported for Na,,[[1;,Ti;;Mns;]O, by Liu et al and other
Ti-substituted materials.?®*72%34+4

In order to separate the effect of Ti-substitution on oxygen
anionic redox from the combined cation and anion redox reac-
tions, cells of Na,,[[1;,Mng;,]0, and Na,,[[1,,,Ti;;Mn;,,]0,
were cycled galvanostatically between 3.0 and 4.4 V where only
oxygen redox couples become active. Fig. 3(a) and (b) shows the
differential capacity versus voltage for Na,;[[1,,Mn¢;]O, and
Nay,[[J4/,Ti;;sMns/;]0,, respectively, cycled between 3.0 and
4.4V at a current rate of 10 mA g~ over 50 cycles. Fig. 3(a) shows
that on cycling Na,/[[];,Mng;]O, the redox couple at 4.2 V,
associated with oxygen redox, is lost after about 30 cycles.
Whereas, Fig. 3(b) shows that on cycling Na, ;[ [11,,Ti;/;Mns;; |0,
the redox couple centred about 4.25 V persists after 50 cycles,
thereby demonstrating enhanced oxygen redox stability due to
the partial substitution of Ti. Additionally, Fig. 3(c) presents
the galvanostatic cycling performance of Na,,[[1;,Mng/;]O,
and Nay,[[J4,Ti;7Mns;]O, cycled between 3.0 and 4.4 V

9944 | J Mater. Chem. A, 2022, 10, 9941-9953

at 10 mA g . Nay,[[Jy,Tiy;Mn;;]O, exhibits excellent
cycling performance, showing no capacity loss. Whereas,
Nay/,[[117,Mng;]O, only retains 82% of its initial discharge
capacity. The aforementioned tests show that Ti*" has a remark-
able effect on the cycling stability, especially for the oxygen redox
reversibility. In order to study the role of Ti** in improving the
reversibility of the insertion and extraction of Na" ions in
Nay/,[[14,,Ti;;Mn;,;]0, a computational study was performed
(see Section 2.4). The rate capability of Na,[[];,,Mng;]O, and
Na,/;[ [J1,,Ti1/zMns;;]O, cycled between 3.0 and 4.4 V at 50, 100,
200 mA g~ ' has also been tested. Fig. 3(d) reveals that both
materials exhibit similar rate performance in this voltage
window.

2.2. Structural evolution and charge compensation
mechanism

The changes in structure of Nay,[[1;/,Ti;»Mns,;]O, upon Na*
ion extraction and insertion were investigated using powder
X-ray diffraction (PXRD). Ex situ PXRD patterns were collected
over the initial charge/discharge cycle between 1.6 and 4.4 V

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Derivative dQ/dV plots of (a) Nay7[17Mne710, and (b) Nay,[4/7TiyzMns710,, collected at 30 °C between 3.0 and 4.4 V at a rate
of 10 mA gt showing the first (black), second (red), fifth (blue), tenth (green), twentieth (orange), thirtieth (cyan), fortieth (pink) and fiftieth
(purple) cycles. (c) Galvanostatic cycling performance of Nag,/7[[11,7,Mng/710, (black) and Nay/7[[1/7Ti1/zMns/710, (blue) cycled between 3.0 and 4.4 V at
a current rate of 10 mA g*1 at 30 °C, showing the discharge capacities. (d) Rate capability of Nag7[[11,7,Mne710, (black) and Nag/7[[d1/7Ti17Mns710,
(blue) cycled between 3.0 and 4.4 V at a current rate of 50, 100, and 200 mA g~ at 30 °C, showing the discharge capacities.

(Fig. 4(a)). Rietveld refinements were performed, and the fits
obtained for data from the electrodes charged to 4.4 V (CH4.4V),
and then subsequently discharged to 3.0 V (DIS3.0V) and 1.6 V
(CYC1.6V) are shown in Fig. 4(b)-(d), respectively. The PXRD
pattern for Na,,[[],,Ti;>Mns;]O, after charge to 4.4 V
(Fig. 4(b)), can be fitted to a simple P3-type model with the R3m
space group, with refined unit cell parameters a = 2.849(1),
¢ = 16.637(14) A. This shows that upon Na' ion removal
there is an increase in the crystallographic symmetry,
with a transition from the Na,,[[J;,Mne;]O, structure
(P1 space group) for pristine Nay,[[14,,Ti;;Mns,,]O, (Fig. 1(a))
to a structure which can be well-described in R3m symme-
try, demonstrating that the P3 oxygen stacking sequence
is preserved (Table S5%), consistent with the structural
evolution observed for Na,,[[];,Mng;]0,.>*** Furthermore,
Nay,[[d4,7Ti1zMns,;]O, shows a minimal volume contraction
of ~0.6%. Upon subsequent Na’ ion insertion, the PXRD
pattern after discharge to 3.0 V can effectively be modelled
using the P1 space group (Fig. 4(c)), showing that the
Nay-[[J17,Mng;]O, structure is restored and reveals a small
volume contraction of ~0.3% relative to the pristine phase.
Moreover, upon charge to 4.4 V and subsequent discharge to

This journal is © The Royal Society of Chemistry 2022

3.0V, the shift in the position of the 001 diffraction peak (7.39°
26), corresponding to the interlayer distance between the
[O,/,Ti;;7Mn;/;]0, layers is negligible (0.01° 26), suggesting
that the interlayer distance is preserved at 5.57 A which agrees
with data reported for Na,,[[11,,Mng/;]0,.2>** Additionally, the
superstructure is restored on discharge and it is likely that the
superstructure is preserved after charge to 4.4 V, but cannot be
resolved in ex situ measurements. Upon further Na" ion inser-
tion, the PXRD pattern of Na,,[[1,/,Ti;;Mn;/;]O, discharged to
1.6 V after charge to 4.4 V (Fig. 4(d)), shows partial trans-
formation of 15% to an O3-type phase which shows an expan-
sion of 1.5% relative to the volume of the pristine phase. This is
reasonable since the insertion of additional Na" ions increases
the coulombic repulsion between the Na and Mn cations and
the P3 structure undergoes a structural transformation to the
O3-type phase to relieve this repulsion.*>** Since 85% of the
Na,,[[1,7Mng/;]O, structure is retained and shows essentially
no volume change, there is an average overall expansion of
~0.2% relative to the pristine phase. Nay,[[1;/,Ti;;Mns;,]0,
undergoes minimal volume changes upon cycling, agreeing
with in situ PXRD measurements previously reported by Liu
et al. who also showed a larger volume change of 6.8% for
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Fig. 4 (a) Galvanostatic charge/discharge profile for Nay/7[[d1/7Ti1;Mns/7]O, cycled at 30 °C between 1.6 and 4.4 V at a rate of 10 mA gfl,
showing the voltages for the ex situ PXRD measurements. (b) Laboratory X-ray Rietveld fits for Nay/7[(d1/7Tiy7Mns,7 10, charged to 4.4V, (c)
cycled between 3.0 and 4.4 V, and (d) cycled between 1.6 and 4.4 V. The observed data points are shown in red, with the fitted profiles in black.

Tick marks indicate allowed reflections.

Nay-[[1,,Mng;]0,,% correlating enhanced structural stability
with superior cycle life.

To follow changes in the oxidation states of Mn, Ti and O
during the first cycle, ex situ SXAS spectra were collected at
different states of charge and discharge over the first cycle
between 3.0 and 4.4 V. SXAS measurements were collected at the
Mn L, ;-edge (Fig. 5(a)), Ti L,z-edge (Fig. 5(b)) and O K-edge
(Fig. S7(a)f) using the partial fluorescence yield (PFY) and total
electron yield (TEY) modes. During cycling the Mn L, ;-edge
spectrum of pristine Na,,,[[14,,Ti;;>Mns;;]O, shows absorption
peaks at 643.4 and 653.4 eV, which correspond to the L; and L,
edges, respectively, and is consistent with Mn*".** The spectra
show no shift in energy upon cycling (Fig. 5(c)), indicating that
Mn remains tetravalent and does not participate in the charge
transfer mechanism between 3.0 and 4.4 V. The Ti L, ;-edge SXAS
spectrum of the pristine electrode shows that Ti exists as Ti*" and
similarly reveals no changes upon charge/discharge (Fig. 5(c)),
confirming that Ti does not contribute towards the capacity
between 3.0 and 4.4 V.** Therefore, these data suggest that lattice
oxygen participates in the charge compensation mechanism.

The O K-edge SXAS spectrum of pristine Na,/,[ [14,,Ti;/;Mns/;]O,
shows two pre-edge peaks which correspond to the excitation
from the O 1s to unoccupied O 2p states hybridised with the
transition metal 3d t,, (ca. 530 eV) and e, states (532 eV).>*>*
The broad peaks above 535 eV are characteristic of transitions to
the O 2p states hybridised with transition metal 4s and 4p
states. The area under the pre-edge peak (between 525 and

9946 | J Mater. Chem. A, 2022, 10, 9941-9953

533 eV) relates to changes in the density of empty states above
the Fermi level. The relative intensity of the pre-edge peaks is
shown in Fig. S7(b).t This reveals minimal intensity changes
and does not provide sufficient evidence of oxygen redox
activity. These metastable O™~ species where 3 = n = 1 relax
over time and it is reasonable to assume that they relaxed prior
to data acquisition. Therefore, electron paramagnetic reso-
nance (EPR) spectroscopy (Fig. 6) and Raman spectroscopy
(Fig. S107) were used to investigate the oxygen redox activity. By
contrast EPR spectroscopy demonstrate stronger indications of
oxygen anion redox activity, consistent with the Mn and Ti
L-edge SXAS spectra (Fig. 5), and these findings are discussed in
more detail below.

Ex situ EPR measurements were collected for Na,,[[(1;,Mng/;]O,
and Nay;[[14/,Ti;;zMns/;]O, at different states of charge and
discharge over the first cycle between 3.0 and 4.4 V. EPR spec-
troscopy can identify the formation and disappearance of radical
oxygen species and therefore, provide mechanistic insights into
oxygen anion redox.®**® Fig. 6 presents the evolution of the EPR
spectra for Nay/,[[1,,,Ti;Mns;;]O, at various states of charge
and discharge. Pristine Nay,[[J/,Ti;sMns;]0,, without
conductive carbon additive, shows an intense broad
symmetric signal, attributed to the antiferromagnetic Mn*"-O.
The Mn*'-O EPR signal presents a single Lorentzian line
shape centred at g = 2.00.* The addition of conductive carbon
C65 to Nay;[[1,,,Tii;;Mns;;]O, gives rise to a sharp peak, as
shown for the Na,,[[J;,Ti;7Mn;s;,]O, electrodes, due to

This journal is © The Royal Society of Chemistry 2022
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delocalised electrons within C65. After charge to 4.1 V, the
intensity of the EPR spectrum decreases relative to that of pris-
tine Nay/,[[d4/,Ti;;;Mns5/,]O,. Upon further charge to 4.4 V, the
intensity of the EPR signal reduces further. Based on the SXAS
data (Fig. 5), Mn and Ti do not participate in the charge
compensation mechanism between 3.0 and 4.4 V. Therefore, the
extraction of Na* ions upon charge to 4.4 V is associated with O*~
oxidation to O,"” where 3 = n = 1. Of these anion redox species,
only O,°~ and superoxo O,  species have a single unpaired
electron (S = 1) and are therefore detectable by EPR. Whereas
peroxo O,>~ has an even number of paired electrons (S = 0) and
is EPR-silent. Upon discharge, the EPR signal intensity increases
with decreasing potential, demonstrating the reversibility of the
0O,"” redox reaction.

As for Nay,[[11,,Mng/;]O,, Fig. S81 shows the EPR spectra
for Nay,[[0:7,Mne;;]O, cycled between 3.0 and 4.4 V.
Nay;[[J,7Mne;]O,  presents the same trend as
Nag/,[[1,,Ti;Mns,;]O, upon charge/discharge. The intensity
of the EPR signal similarly decreases on charge to 4.4 V and
increases again on discharge. These data also agree well with
EPR data previously reported for Na,[[1,,Mn¢;]O, by Song
et al.”*

This journal is © The Royal Society of Chemistry 2022

Further analysis of the same samples after 5 days (Fig. S9t)
shows a change in the EPR signals of the electrodes after charge
to 4.4 V. The Nay;[ [(1,,,Mng/;]O, electrode after charge to 4.4 V
reveals an increase in intensity after 5 days, suggesting that the
0,"" species formed at the end of charge is unstable and relaxes
over 5 days. The Nay/;[ [(11/,Ti17Mns;;]O, system shows a similar
relaxation of the EPR signal after five days but to a lesser extent
to that of the Na,;[[d;/,Mng;]O, system. Thereby, implying
that the presence of Ti*" increases the stability of the O,""
species somewhat. Based on these data, the O," species decays
within days of being charge/discharged and therefore explains
the minimal changes observed for the SXAS O K-edge spectra
(Fig. S71), as these data were collected roughly four weeks after
preparation.

Raman spectroscopy was used to evaluate the structural
evolution of Nay;[[14,,Ti;;Mns;;]O, upon cycling and examine
if peroxide species, 0,>, form. Pristine Nay,,[[11/,Ti;/sMns,5]O,
and Nay[[;/;Ti;;Mn5;;]0, mixed with carbon C65
(Fig. S10(a)t) show an intense band at ~640 cm ™" and a broad
shoulder at ~582 cm™' which probably correspond to the
O-TM-O bending and TM-O stretching modes (TM = Mn, Ti) of
the transition metal TMOg layer, respectively. Li et al. examined

J. Mater. Chem. A, 2022, 10, 9941-9953 | 9947
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static charge/discharge profile with the voltages highlighted where the
ex situ EPR measurements were conducted.

the structural evolution of Na,/,[ [(14/7Mns/;]O, upon cycling and
likewise observed bands at 638 and 580 cm ™ * for the pristine
material.”® Fig. S10(b)} presents the ex situ Raman spectra
recorded for Na,,[[d,/;Ti;;Mns;;]O, at different states of
charge and discharge over the first cycle between 3.0 and 4.4 V.
These spectra show that the position of the TM-O (TM = Mn, Ti)
bands remain constant upon cycling which agrees with the
PXRD results (Fig. 4, i.e., no structural transformation between
3.0 and 4.4 V) and Raman data previously presented for
Nay-[[1,,Mns5,;]0,.* Essentially the spectra do not reveal any
clear additional bands or changes in intensity in the region
where O-O stretches (700-900 cm™') have been observed for
peroxide-containing species (e.g., Li,O,, Na,0,, H,0, and
Zn0,)."*> Unfortunately, contributions from the EL-Cell holder/
separator (~790-1090 cm™') are within the same region for
0-0 stretches and therefore hinder definitive detection of O-O
bonds. This can be seen in Fig. S10(a), where the bands within
the ~790-1090 cm ' region are only observed for the
measurements carried out inside the EL-Cell for both the pris-
tine Nay;[ (4, Ti;/7Mns;;]O, and Nay ;[ [(14,,Ti;;Mn5,;]O, mixed
with carbon C65. Similar to this work, ex situ Raman spectro-
scopic studies performed on Na,,[[];,Mne/;]O, could not
confirm the presence of peroxide species 0,>~ upon charging.?
However, in situ Raman spectroscopic experiments on related
systems have revealed bands between 700 and 900 cm™*, cor-
responding to O-O stretches of peroxo-species.>*>>

2.3. Interpretation on the increased voltages after Ti
substitution

To gain insight into the origin of the higher potentials observed
for Na,/,[[(14/,Ti;;7Mns/7]O, (Fig. 2), theoretical voltage profiles
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were constructed, and the associated electronic structures were
analysed. We first constructed model atomic structures for
Na,[[J4/;Mng/;]O, and Na,[[1,/,Ti;;;Mn5/,]0,, with Na content
being 0.0 = x =< 6/7, based on the x values (~0.25 to 1.0 Na) from
the galvanostatic charge/discharge curves over the voltage range
1.6-4.4 V (see Fig. 2). In this regard, partially desodiated phases
with x < 4/7 were generated by removing Na' ions from primitive
Na,,[[J17Mne;]O, and Nagy,[[d4/,Ti;zMns;]0,, whereas
phases after discharging with x > 4/7 were created by adding
Na' ions into stable interstitial sites (see ESIf for more
details). Tables S6 and S7f show the constructed ground
state structures of fully discharged Nag/;[[1;,Mng;]O, and
Nag,7[ 1/7Ti1zMns/7]O,.

After generating intermediate Na,[[J,,Mn¢/;]O, and
Na,[[4/,Ti;;»Mns5/,]O, phases, with Na contents being 0.0 = x <
6/7, we next searched the stable low-energy structures that
primarily determine the shape of theoretical voltage curves.
This was attained by calculating total energies of all symmetry
unique atomic arrangements, followed by plotting their convex-
hull diagrams as a function of Na content (Fig. 7(a)). For both
Na,[[,,,;Mng/;]O, and Na,[[1,/,Ti;;;Mn5/;]O,, the convex-hull
diagrams show that there are six stable structures, with Na
concentrations of x = 1/7, 2/7, 3/7, 4/7 and 6/7. This suggests
that voltage profiles upon charging from x = 4/7 to 2/7 are
characterised by two voltage plateaux, whereas those upon
discharge from x = 4/7 to 6/7 will have a single voltage plateau.

Close comparison of the formation energies of two convex-
hull diagrams of Na,[[;,,Mng/;]O, and Na,[[1,,,Ti;;Mns;;]O,
show that, upon charging, Ti-doped materials are relatively
unstable, as can be confirmed by the higher formation energy of
Na,/;[ 4,7 Ti;/zMns;]0, than Na,/,[[d1,,Mng;]O, (see inset of
Fig. 7(a)). This suggests that the addition of Ti destabilises the
desodiated materials, resulting in the increase of charging
voltage. By incorporating the stable phases predicted from the
convex-hull diagrams and other unstable Na arrangements that
can form under thermal vibration at room temperature, we
calculated theoretical voltage profiles of Na,[[1,,,Mng/,]O, and
Na,[[,/,Ti;;7Mns5/;]O, (Fig. 7(b) and (c)). In this calculation, the
mean and standard deviations of voltages that arise from
differing Na arrangements are considered to reflect the poten-
tial errors that occur during Na diffusion (see ESIf). The pre-
dicted voltage profiles are in good agreement with experimental
data, especially for the Ti-substituted material which shows
slightly higher voltages over Na,/;[[1,,,;Mng/;]O,. The voltages
required to remove and insert Na from Ti-substituted
Na,[[14/,Ti;/;Mns/;]O, are greater by 0.08-0.15 V and 0.09 V,
respectively, which is consistent with the capacity versus voltage
and dQ/dV plots shown in Fig. 2.

Having reproduced the higher voltages of Ti-substituted
Nay/,[[(1,7Mng;]O, (Fig. 7), we proceeded to analyse the
redox mechanisms of voltage plateaux to identify the origin of the
increased voltages. To this end, projected densities of states were
calculated for differing Na concentrations (x) of Na,[[1;,,Mng/;]O,
and Na,[[1,,Ti;;Mn;;]O, (Fig. 9). For both materials, Na
extraction during charging oxidises non-bonding oxygens adja-
cent to the unoccupied Mn sites, causing the oxygens to have
localised excess holes. On the other hand, adding excess Na into

This journal is © The Royal Society of Chemistry 2022
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diagrams were plotted by connecting ground state structures (empty circles). Unstable atomic configurations are denoted as horizontal lines for
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Na,/,[[1,Mng/;]O, and Nay ;[ (14/,Ti;,Mns5/,]O, accompanies the
localisation of excess electrons on Mn*", reducing it to Mn>". The
above results indicate that the high potentials (4.3 V) during
charging (x < 4/7) arise from anion redox, as revealed by EPR
measurements (Fig. 6), whereas the low potentials (2.0 V) during
discharging (4/7 < x < 6/7) are associated with the Mn**/Mn**
redox couple. Unlike Mn and O, Ti does not participate in the
redox reaction (between 1.6 and 4.4 V), as none of the excess
electrons/holes are centred near Ti upon charge or discharge.

Despite Ti being redox-inactive upon cycling, it influences the
bond ionicity and associated electronic structures. Ti, with
slightly lower electronegativity than Mn, tends to make stronger
ionic Ti-O bonds, as revealed by the greater band gap of
Nay,[[J1/,Ti;;Mns; |0, compared to that of Na,;[[11/,Mng/;]O,.
From an atomistic perspective, Ti makes adjacent O 2p orbitals
more stable and therefore, harder to remove. Upon Na extraction,
this causes the electron holes to be localised away from Ti, as
shown by the partial charge density of Na,,[[14/,Ti;;Mns,;]O, in
Fig. 8(b). Additional calculations of the local Madelung potentials
(Fig. S111),*%* further support this argument, that oxygens
positioned further away from Ti atoms have lower Madelung
potential and can readily be oxidised upon charging. Such
hindrance of Ti on anion redox increases the energy required to
remove Na, resulting in greater charge voltages.

This journal is © The Royal Society of Chemistry 2022

The stronger ionicity of Ti-O bonds also contributes to the
increase in the discharge voltage: when a less electronegative Ti
atom bonds with an oxygen, the oxygen has a greater share of
electrons, thereby making the nearby Mn-O bonding more
ionic (Fig. S121). The increased ionicity of Mn-O bonds reduces
the repulsion between the bonding and antibonding orbitals,
pulling the antibonding orbitals away from the Na'/Na redox
couple.” These changes are observed as higher discharge volt-
ages for Nay;[[J;,Mng;]O, and Na,,[[14,Ti;zMn;s;]O,, as
their discharge voltages are related to the location of the anti-
bonding Mn-O hybrid orbitals with respect to the Na'/Na redox
couple.

2.4. Interpretation of enhanced cyclability after Ti
substitution

The cation and anion redox couples have their own respective
mechanisms that can reduce the cycling stability of Mn-based
materials. Cation redox reactions can cause Jahn-Teller distor-
tion of MnOg octahedra upon reduction of Mn*" to Mn®"
reducing the structural stability of Mn-based materials.®® To
better understand the effect of Ti-substitution on the structural
stability and associated cyclability of Na,,[[1,,Mng/;]O, upon
cation redox, we compared the structural changes upon cycling
before and after Ti-substitution (Fig. 9). The volumes of the MnOy
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octahedra for Na,,[[1;,Mn;]O, and Nay,[[1,,,Ti;zMns;;]O,
(Fig. 9(a)), tend to expand with increasing Na content. The
greatest volumetric changes occur during discharge from x = 4/7
to 6/7, where MnOg octahedra volumes are enlarged by up to
roughly 20%. Such large volumetric change can be attributed to
excess electrons supplied from inserted Na* ions, which reduces
Mn*" to Mn*" and form Jahn-Teller distorted Mn*'Og octahedra,
with larger volumes. On the other hand, the charging process
from x = 4/7 to 0.0 is governed by anion redox reactions and
compresses the octahedra by oxidation of 0>~ to O~ with smaller
ionic radius. Compared to the volume changes from the cation
redox couples, the volume changes from this anion redox reac-
tion have a minor effect, which can enlarge/compress octahedra
volumes by up to only ~5%. Therefore, between 1.6 and 4.4 V,
where both cation and anion redox reactions occur, the major
structural degradation arises from cation redox reactions. From
this perspective, one can improve the structural stability of
positive electrodes by reducing the voltage window above cation
redox voltage of ~2.1 V. However, this method compromises
cation-redox capacities, as revealed by the galvanostatic cycling
performance in Fig. 2.

Another important finding from Fig. 9(a) is that the volumes
of TiOg octahedra are located in between those of Mn®*"O, and
Mn**Og during cation redox reactions (see Na contents range of
4/7 <x < 6/7). This is because of the ionic radius of Ti** (0.605 A),
is close to the average value of those of Mn®" (0.645 A) and Mn**
(0.53 A).** Moreover, unlike MnO; octahedra, these TiOq octa-
hedra do not undergo cation redox reactions and are immune to
the associated volumetric changes. This suggests that TiOg
octahedra are mechanically stable and act as a buffer that
mediates the structural changes of MnOg octahedra upon cation
redox reactions. In this regard, Ti-substitution can be an effec-
tive method to relieve the structural degradation and improve
cyclability under the wide voltage windows, while exploiting the
large capacities from Mn**/Mn** redox couples.

Owing to the larger ionic radius of Ti** compared to Mn*",
the addition of Ti increases the size of the TMO, layer and
thereby the size of the unit cell. Fig. 9(b) and (c) shows the effect
of Ti on the interlayer distance (d) and the area of octahedra
cross-sectioned by a plane parallel to TMO, layer. The interlayer
distance is slightly greater for Na,[[14/,Ti;;;Mns/;]0, (5.45 10\)
than Na,;[[J;,,Mng/;]O, (5.44 A), which is consistent with (001)
diffraction peaks from PXRD results. However, the broadened
interlayer spacing may not persist upon cycling, as the inter-
layer spacing becomes greater for Na,/;[[1,,Mng;]O, for Na
composition ranges (x = 0.0, 1/7, 2/7, and 5/7). Unlike the
interlayer spacing, the cross-sectional area of TMOg octahedra is
greater for the Ti-substituted material over the full range of Na
compositions (Fig. 9(c)).

The above results suggest that
Nag/;[[1/,;Mng/,]O, primarily enlarges the TMO, layer parallel to
the (001) planes, while having only minor influences on the
interlayer spacing. In practical experiments, such structural
changes may cause negative effects on the rate performances of
the positive electrode materials, as they will lengthen the path-
ways for Na diffusion along (001) planes. Further examination of
Fig. 9(b) and (c) shows that, upon discharge from x = 2/7 to 6/7,

Ti-substitution in
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both materials show decrease in their interlayer distances,
accompanied by a widening of the cross-sectional area. These
structural changes can be explained based on the type of Na sites:
when examining the calculated (see ESIt) and observed structures
(see Rietveld refinement results in Table S17) of Na,[[1,,,Mng/;]O,
and Na,{[1,,,Ti;sMn;/;]0,, Na atoms prefer to be in prismatic
sites under Na-poor conditions (x = 2/6) and gradually transform
to octahedral sites as the Na content increases to x = 6/7, as
confirmed by ex situ PXRD results (Fig. 4). This is common for
transition metal oxides, as prismatic and octahedral stackings are
the optimal configurations to minimise face-sharing between
cations and the associated electrostatic repulsions under Na-poor
and Na-rich conditions, respectively.”** Among these two stack-
ings, prismatic sites are characterised by greater interlayer
distance and smaller cross-sectional TM layer area compared to
octahedra,”* resulting in wider and shorter Na diffusion
channels for prismatic stackings. Both Na,[[1;,Mn,]O, and
Na,[[1,/,Ti;;Mns,;]O, undergo transition from prismatic to
octahedral stacking, which can cause the cyclability to deteriorate.

3. Conclusions

Partial substitution of Mn by Ti has been shown to enhance the
electrochemical performance of Nay,[[1;7Mne/;]0,. Ti-
substituted Na,/;[[1,,,Ti;;7Mns;;]O, delivers a highly revers-
ible capacity of 146 mA h g~ * after 50 cycles with 77% capacity
retention within the voltage range 1.6-4.4 Vat 10 mA g~ ". In the
voltage range of 3.0-4.4 V, Nay[[],,Ti;;Mns;;]O, shows no
capacity fade after 50 cycles, based on oxygen redox reactions.
The improved cyclability is likely to be rooted in the presence of
TiOe octahedra that maintain their volume upon cycling, thus
relieving structural distortions arising from Jahn-Teller dis-
torted Mn>"O, octahedra below 3.0 V. The stable anion redox
activity above 3.0 V, on the other hand, is believed to arise from
the low electronegativity of Ti that enhances bond ionicity and
thereby bond strength of Mn-O bonds. The low electronega-
tivity of Ti also stabilises the adjacent O 2p orbitals, increasing
the charge/discharge voltages of Na,;[[14/7TiizMns/7]O0,.
Finally, despite the larger ionic radius of the Ti*", its effect on
the interlayer separation is insignificant, as the so-formed TiOg
octahedra distort the TMO, layer to be stretched mostly along
the TM layer direction, as the TiOg octahedra distort rather than
widening interlayer distances. This work provides new methods
to preserve the structural integrity in oxygen redox active
sodium layered oxides which can achieve high energy densities
and show enhanced oxygen redox reversibility.
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