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ABSTRACT: O3-type layered NaNi0.5Ti0.5O2, which has been reported previously as a promising cathode material for Na-
ion batteries, has been characterized using comprehensive operando techniques combined with electrochemical and mag-
netization measurements. Synchrotron diffraction revealed a reversible O3-P3 transformation during charge and discharge 
without any intermediate phases, which stands in contrast to NaNiO2 and NaNi0.5Mn0.5O2. X-ray absorption studies showed 
that the electrochemical process in the potential window of 1.5-4.2 V vs. Na+/Na is sustained exclusively by Ni oxidation and 
reduction while Ti remains inactive. These findings are further supported by ex situ magnetization measurements, yielding 
a lower paramagnetic moment in the charged state. On the basis of these insights, we elaborate on the beneficial stabilizing 
effect of Ti. However, a strong C-rate dependence for NaNi0.5Ti0.5O2 and NaNi0.5Mn0.5O2 during cycling known from the 
literature points at a rather high influence of the original structure stacking and the associated Na migration paths.

INTRODUCTION  

As lithium-ion batteries are reaching limits in many re-
spects, alternative chemistries for energy storage are heav-
ily demanded. Sodium-ion batteries represent a promising 
way forward for economic and ecologic reasons, as sodium 
is far more abundant than lithium. Although their opera-
tion principle is similar to the well-known lithium chemis-
try, application of sodium-ion batteries is still hampered, 
above all by a lack of cathode materials. Presently, layered 
sodium oxides are the dominating material family among 
investigated cathodes. Single transition metal oxides such 
as NaNiO2 exhibit numerous structural transformations 
upon desodiation and are therefore unfavorable for battery 
applications. Although NaNiO2 yields a reasonable initial 
discharge capacity of 147 mAh g-1, a low cycling stability is 
observed due to a series of five plateaus between 2.0 and 
4.5 V vs. Na+/Na.1 It has been shown that as much as seven 
different O3 and P3 phases appear during a charge-dis-
charge cycle.2 These phases differ mainly in terms of the 
oxygen coordination of sodium which is either octahedral 
(O3) or prismatic (P3). From a practical point of view, the 
multi-step potential curve is unwanted since a battery 
should provide a constant power output. By incorporating 
a second element into the transition metal layers, these 

structures can be stabilized and transformations can be 
suppressed. Moreover, a smooth potential curve is ob-
tained.  

O3-type NaxNi0.5Ti0.5O2 has been reported first in 2014 as a 
Na-ion battery cathode by Yu et al.3 The authors followed 
the approach of Komaba et al.4 who had studied a solid so-
lution of NaNiO2 and NaMnO2 and found Mn4+ to be elec-
trochemically inactive and responsible for a significant 
structure stabilization. Consequently, Ti4+ should have a 
similar effect while increasing the material’s sustainability. 
The obtained Ti-containing material exhibited 121 mAh g-1 
at a 0.2C current density and an impressive cycle life with 
a capacity retention of 75 % after 300 cycles at 1C. The 
structure of the pristine material was reported as a rhom-
bohedral α-NaFeO2 type. However, only the unit cell di-
mensions are presented. Also, the structural evolution 
upon cycling was not studied, which leaves many explana-
tions for the compound’s electrochemical performance un-
revealed. Recently, it was reported for NaNi0.5Mn0.5-xTixO2 
that Ti substitution for Mn is favorable due to increased 
interslab distances and suppressed phase transformations 
in the high voltage region.5 
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Zhou’s group continued research on this material and 
pushed the concept further by reporting symmetric so-
dium-ion batteries of an O3 material with the slightly al-
tered composition Na0.8Ni0.4Ti0.6O2.6 Therein, a large po-
tential range was investigated and redox processes were 
observed at 3.6/3.5 V and at 0.95/0.7 V vs. Na+/Na. Hence, 
it was assumed that in a symmetric cell, sodium is drawn 
from the cathodic half-cell by oxidizing nickel at high po-
tentials while in the anodic half-cell sodium is inserted and 
titanium is reduced at low potentials. The symmetric full 
cells deliver an average voltage of 3 V, a capacity of 80 mAh 
g-1 and a capacity retention of 75 % after 150 cycles. This 
bifunctionality of layered oxides had been already reported 
for P2-type NaxNix/2Ti1-x/2O2,7–9 however all the presented 
symmetric cells deliver capacities significantly lower than 
100 mAh g-1 and do not offer much space for improvement. 
Moreover, as shown in a recent review, O3 phases usually 
deliver higher reversible capacities than their P2 counter-
parts and offer better practicability for full cell applica-
tion.10 Therefore we focused on the properties of O3-
NaNi0.5Ti0.5O2 as a cathode material, which offers capacities 
and potentials clearly exceeding 100 mAh g-1 and 4 V, re-
spectively. Also, this material has been successfully tested 
in full cells using hard carbon anodes already.11  

As recent works show, the complex processes in layered so-
dium oxides are hard to understand using conventional ex 
situ characterization techniques, in some cases even im-
possible due to the metastable nature of intermediate 
states.12,13 Hence, for a comprising understanding of the 
material, we combined operando synchrotron techniques 
such as X-ray diffraction (XRD) for observing structural 
transformations and X-ray absorption spectroscopy (XAS) 
in order to learn about the occurring valence changes. The 
insights are further supported by magnetization measure-
ments and transferred to application by accompanying 
electrochemical measurements. 

 

EXPERIMENTAL 

Synthesis and Characterization. O3-NaNi0.5Ti0.5O2 was 
prepared by solid-state reaction using stoichiometric 
amounts of Na2CO3 (Merck >99.9 %), TiO2 (Chempur 
>99.5 %) and Ni(CH3COO)2∙4H2O (Fluka, >99.0 %). Pellets 
made from the reactants were placed in alumina crucibles 
and heated up to 930 °C for 25 h in air.  After heat treat-
ment, the samples were immediately transferred to an Ar-
gon-filled glovebox with water and oxygen content less 
than 1 ppm. 

For phase analysis of the synthesized compounds as well as 
of electrochemically treated ex situ samples, powder X-ray 
diffraction was carried out using a STOE STADI P diffrac-
tometer with Co-Kα1 radiation (λ = 1.78896 Å) in transmis-
sion mode. To avoid air contact, the samples were sealed 
between polyimide sheets. 

 

Electrochemical Investigations. Electrochemical tests 
were performed in two-electrode Swagelok-type half cells 
using a VMP3 potentiostat (Biologic Instruments). For Gal-
vanostatic Cycling with Potential Limitation (GCPL), cells 
were charged and discharged with a current of C/20, where 
1 C corresponds to the (de-)insertion of 1 Na per formula 
unit within one hour. Electrodes were prepared by pressing 
a mixture of the active material with Super P carbon 
(BASF) and PTFE (Aldrich) in an 85:10:5 weight ratio onto 
an aluminium current collector. Sodium anodes were 
home-made by rolling pieces of metallic sodium (Alfa Ae-
sar, 99.95 %) into plates and cutting out disks. A glass fiber 
cloth (Whatman, GE), soaked with electrolyte, served as 
separator. The influence of various home-made electro-
lytes was investigated. Therefore NaClO4 (ACS, 98.0 – 102.0 
%) and NaPF6 (abcr, 99.0 %) salts were dissolved in propyl-
ene carbonate (PC, BASF) or a mixture of ethylene car-
bonate (EC, BASF) and dimethyl carbonate (DMC, BASF).  

 

Operando X-ray Synchrotron Diffraction. Operando X-
ray synchrotron diffraction measurements were conducted 
at PETRA III, beamline P02.1 (DESY, Hamburg, Germany). 
An eight-fold coin cell holder, connected to a Biologic In-
struments potentiostat, was applied as described in our 
earlier work.14 A wavelength of 0.20737(1) Å was deter-
mined by a refinement from the reflections of the LaB6 re-
ference material. For characterization of pristine materials, 
the first diffraction pattern was recorded before starting 
the electrochemical measurement. Subsequently, the cells 
were charged and discharged at a constant current. All dif-
fraction patterns were analysed by the Rietveld method u-
sing Fullprof.15 Reflections of the Al current collector 
served as an internal standard during the measurements 
providing an independent control of the reliability of the 
obtained model parameters. 

Operando X-ray Absorption. Operando X-ray absorption 
experiments were carried out at the beamline P65 at 
PETRA III extension (DESY, Hamburg, Germany) in trans-
mission and fluorescence setup. As described for the oper-
ando XRD measurements, a coin cell holder, coupled with 
a Biologic Instruments potentiostat, was used for electro-
chemical cycling. For EXAFS data analysis, the measured 
spectrum below the pre-edge region was fitted linearly 
while the post-edge background contribution was fitted to 
a quadratic polynomial. This background 𝜇𝑜(𝐸) was sub-
tracted from the absorption spectrum 𝜇(𝐸) and the result-
ing data were normalized according to the formula 𝜒(𝐸) ={𝜇(𝐸) − 𝜇0(𝐸)}/Δ𝜇0(𝐸), where Δ𝜇0(𝐸) denotes the meas-
ured jump in absorption at the edge. The normalized spec-
trum was converted into k space using 𝑘 = [2𝑚(𝐸 − 𝐸0)/ℏ2]1 2⁄ . By weighting 𝜒(𝑘) with 𝑘3, contributions of higher 
k space were amplified. The resulting 𝑘3𝜒(𝑘) was Fourier-
transformed into the R space, allowing the determination 
of bond contributions. Least-square fits were performed 
using the FEFF6 code.16 
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SQUID Magnetometry. Magnetization measurements of 
pristine O3-NaNi0.5Ti0.5O2 and products of desodiation/so-
diation were performed using a SQUID magnetometer 
(MPMS) from Quantum Design. The temperature depend-
encies of the magnetization were measured both in zero-
field-cooled (ZFC) and in field-cooled (FC) mode between 
T = 2 and 330 K at 6 T. Magnetic susceptibilities in the par-
amagnetic region were analysed in terms of the modified 
Curie-Weiss law with a temperature-independent para-
magnetic contribution 0:  = C/(T-) + 0, where the Curie 
constant C = NAeff

2/3kB yields the paramagnetic effective 
moment eff. 

 

RESULTS AND DISCUSSION 

Solid State Synthesis. O3-type NaNi0.5Ti0.5O2 was ob-
tained by a simple calcination of powder agents. The ob-
tained diffraction pattern is presented in Figure 1, corre-
sponding structural information is presented in Table S1. 
As depicted, a small percentage of NiO (~7 mol-%) is pre-
sent in the material. The appearance of this phase seems 
inevitable, despite all synthesis efforts, which is consistent 
with the available literature.3,6  

 
Figure 1. XRD of the as-synthesized NaNi0.5Ti0.5O2 compound 
(λ = 1.78896 Å). Red circles represent measured intensity, the 
black line indicates the calculated pattern; the difference be-
tween both is shown in blue. Green bars indicate Bragg posi-
tions of NaNi0.5Ti0.5O2 (upper row) and NiO (lower row). 
 

Electrochemical Characterization. The material exhib-
its the same charge-discharge behaviour that has already 
been reported,3 see Figure 2. The charge half cycle starts 
with a flat plateau-like region closely above 3 V, followed 
by a more sloping region, consuming more than 150 mAh 
g-1. The subsequent discharge profile proceeds nearly line-
arly until 3 V, where a short plateau follows, leading into a 
steeply sloping region. At the cutoff voltage of 1.5 V, a dis-
charge capacity of 120 mAh g-1 is delivered, which is re-
markably less than the charge capacity. 

 
 Figure 2. First charge-discharge cycle of the title compound 
between 4.2 V and 1.5 V vs. sodium using a NaClO4 in EC:PC 
electrolyte. 
 
Operando Evaluation of Reaction Mechanism (I):  
Average Crystal Structure. In order to follow structural 
changes accompanying sodium extraction and insertion, 
we carried out operando synchrotron diffraction in the first 
cycle. The evolution of Bragg reflections of NaNi0.5Ti0.5O2, 
along with the voltage profile, is given in Figure 3. After a 
continuous shift of the initial O3 phase reflections, the ap-
pearance of new reflections can be clearly seen at the volt-
age corresponding to the beginning of the steep region in 
the charging curve. These reflections can be assigned to a 
sodium-deficient P3 structure. A diffraction pattern and 
structural information about the P3 phase are presented in 
Figure S1 and Table S1, respectively. After a short coexist-
ence of both phases, the O3 structure vanishes and the P3 
lattice undergoes a solid solution regime during further 
charge and subsequent discharge until O3 reappears at the 
end of discharge. 

  
Figure 3. Contour plot of operando synchrotron XRD data (λ 
=0.20737(1) Å) with the corresponding galvanostatic cycling 
curve. After five hours of charging, the appearance of a new 
structure is visible, which mostly transforms back into the 
original structure after twelve hours of discharging. For clar-
ity, a plot of stacked diffraction patterns is presented in Figure 
S1c. 

 

The lattice parameters of both phases obtained from these 
data, shown in Figure 4, allow a more detailed description 
of the non-trivial structural changes. The solid solution 
mechanism of the pristine O3 phase reaches from its initial 
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sodium content of x=1 to x=0.85. Upon further desodiation, 
the P3 structure appears, but it retains its composition 
since its lattice parameters remain constant while further 
sodium is removed from O3, producing a unit cell shrink-
age in a-direction and an expansion in c-direction. Only 
after the remaining O3 proportion vanishes at x=0.65, the 
P3 phase starts to release sodium and undergoes a lattice 
shrinkage and expansion in the a- and c-directions, respec-
tively. Note that the difference in the lattice parameters a, 
which reflects the bond length between transition metal 
and oxygen, is quite big for O3 and P3 phases, meaning ex-
istence of Ni in different valence states in both materials. 
Two scenarios, either coexistence of Ni3+ and Ni2+, or Ni4+ 
and Ni2+, are possible. 

During the subsequent discharge, the P3 phase exhibits the 
reversed changes until the O3 form reappears at x=0.65. 
From this state of discharge, the composition of the P3 
phase does not change anymore, only its amount in the 
material. Afterwards, the fraction of O3 increases, as well 
as its sodium content. At the end of discharge however, an 
amount of P3 material (about 20 %) remains. This finding 
will be revived in later sections.  

 
Figure 4. Lattice parameters of the pristine O3 phase (brown 
circles) and the rising P3 phase (magenta squares) during ini-
tial charge (full symbols) and discharge (hollow symbols). 
During charge, a decreases and c increases for both phases. 
Discharging reverses these changes. 

 

Refinement of oxygen coordinates in both phases allowed 
analysis of interatomic distances between (Ni,Ti) and O, as 
presented in Figure 5. The starting M-O distance matches 
excellently with the theoretical value of 2.048 Å (consider-
ing the average of 50 % Ni2+ and 50 % Ti4+ coordinated oc-
tahedrally with O2-).17 As sodium is extracted and nickel 
gets oxidized, the Ni-O bond shortens. At the desodiation 
cutoff, a distance of 1.93 Å is obtained, which points at pos-
sible mixtures of Ti4+ with Ni3+ and Ni4+. The observed 
changes are reversible, except for a small hysteresis of M-
O distances in the reappearing O3 phase. 

 
Figure 5. Average transition metal-oxygen distances in the O3 
(brown circles) and P3 (magenta squares) phases. A decreas-
ing trend for the charge process (full symbols) and an increase 
during discharge (hollow symbols) is observed, correlating 
with the a parameter. 

 

As mentioned above, a fraction of the P3 phase remains af-
ter discharging. The evolution of this phase content, calcu-
lated from Rietveld analysis, is presented in Figure 6. After 
galvanostatic discharging to 1.5 V, approximately 20 w/w % 
of the P3 phase remain in the electrode. This content de-
creases only slowly to about 10 w/w-% after three hours of 
hold time at the sodiation cutoff potential. 

 
Figure 6. Calculated fraction of P3 phase during discharge and 
hold period. At the end of the galvanostatic discharge, approx-
imately 20 % of the P3 structure remain. This fraction de-
creases only slowly during the potentiostatic period. 
 

The quality of synchrotron diffraction data allowed to re-
fine sodium site occupancies as a verification of the sodium 
content which is calculated from the current flow in the 
galvanostatic experiment. Both of these x values are op-
posed to each other in Figure 7. Ideally, the end points (the 
pure O3 phase and the pure P3 phase) should coincide with 
the dashed bisector line. While for the O3 phase, sodium 
contents from GCPL and from Rietveld refinement are in 
reasonable accordance, a remarkable mismatch is seen for 
P3. In the charged state, 0.37 Na per formula unit should 
be present according to the electrochemical experiment, 
while the Rietveld analysis yields only 0.19 Na remaining in 
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the P3 phase. In order to explain this, multiple aspects have 
to be considered. Note, in additional experiments during 
monitoring the open-circuit voltage of i) Na metal and ii) 
NaNi0.5Ti0.5O2 vs. Na in carbonate-based NaClO4-electro-
lytes we detected persistent fluctuations, representing a 
non-stable situation, see Figure S2. Recently, the instability 
of solid electrolyte interphases (SEI) in sodium batteries 
was attributed to a continuous dissolution of its major 
parts, giving rise to self-discharge phenomena.18 The ob-
served mismatch of sodium contents provides further evi-
dence for these explanations. Interestingly, the high-volt-
age region above 4 V has already been associated with side 
reactions of different origins, as for example for 
NaxNi0.3Mn0.7O2 and NaxCo0.5Ti0.5O2.12,19 Therein, a stagna-
tion of lattice parameters and a higher degree of desodia-
tion according to GCPL compared to the refined occupan-
cies were measured. In our case, the lattice parameters 
keep changing and GCPL delivers a lower desodiation state 
than the refined occupancies, pointing at a considerably 
different situation. Note that Rietveld refinement provides 
Na occupancy values for the crystalline phase only and the 
presence of amorphous domains containing Na cannot be 
determined. Another possibility for the discrepancy may 
be a partial delocalization of Na from its crystallographic 
site in the P3 phase and the random distribution in the in-
terlayer space, giving rise to enhanced ionic transport.20,21 

 
Figure 7. Comparison of sodium contents obtained from GCPL 
measurement and from Rietveld refinement. 
 

Operando Evaluation of Reaction Mechanism (II):  
Local structure and valence state. Since two transition 
metals are present in the title compound, their individual 
role in the redox processes has to be examined carefully in 
order to understand the reaction mechanisms. Therefore, 
operando X-Ray absorption was performed at the Ni-K and 
Ti-K edges, respectively. Figure 8a depicts the evolution of 
Ni-K edge spectra during the first cycle. The valence state 
of the 3d transition metals is directly correlated with the 

position of the absorption edge E, defined at μ = 0.8. 22,23 In 
the pristine state, the position of the absorption edge of the 
sample concurs well with the NiO reference, evidencing 
the Ni2+ state. Upon charging, the spectra shift towards 
higher energies, indicating the oxidation of Ni. The subse-
quent discharge causes an edge shift back to lower energies 
and therefore indicates the reduction of Ni. A plot of the 
edge positions at 80 % of the averaged post-edge intensity 
is given in Figure 8b. An almost linear trend in edge shifts 
is observed, yielding a total shift of ~2.5 eV, which is also 
reflected by the pre-edge peak position (Figure 8a inset). 
In the literature, varying relations between oxidation states 
and edge shifts are reported for Ni oxides, e.g. a shift of 
1 eV24 or 1.5 eV25 per unit change in valency.  

A linear fit of our data along with a Ni foil and NiO as 
standards reveals a shift of 2 eV per unit change of the Ni 
oxidation state, see Figure S3. 

On the contrary, the Ti-K edge does not exhibit a measur-
able shift within the whole electrochemical process, as 
shown in Figure 9. This indicates complete redox inactivity 
of Ti in the potential window 1.5 V - 4.2 V vs. Na+/Na, acting 
as a structure stabilizer only. 

 
Figure 8. a) X-Ray absorption near edge structure at the Ni-K 
edge during charge and discharge. Inset: enlarged pre-edge 
peak. b) Edge shift of the Ni-K edge upon electrochemical cy-
cling. Red squares indicate the charge half cycle, blue circles 
depict the discharge process. 

 

The data quality allowed for fits of the extended X-ray ab-
sorption fine structure with the aim to determine the local 
environment of Ni ions (bond lengths Ni-O as the first co-
ordination shell and Ni-(Ni,Ti) as second shell). The evo-
lution of forward Fourier transformed spectra and an ex-
ample spectrum, demonstrating the excellent fit quality, 
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are provided in Figure S4. Figure 10 provides the intera-
tomic distances obtained from these fits. Ni-O distances, 
starting from 2.1 Å, are reversibly decreasing to 1.9 Å during 
charge while Ni-(Ni,Ti) distances change less severe from 
2.95 Å to 2.90 Å. Therefore, in the pristine material Ti 
slightly contracts the crystal structure because the average 
Ni,Ti-O distance evaluated from Rietveld analysis is 
slightly  shorter than the Ni-O distance (see Figure 5). In 
contrast, in the charged state it expands the lattice in com-
parison to the hypothetic “NaxNiO2” structure. Detailed fit 
parameters are listed in Table S2. 

 
Figure 9. a) X-Ray absorption near edge structure of the Ti-K 
edge during the first cycle. b) Edge shift of the Ti-K edge upon 
electrochemical cycling. Red squares indicate the charge half 
cycle, blue circles depict the discharge process. 

 

 
Figure 10. Nickel-oxygen and nickel-transition metal (Ni, Ti) 
distances, calculated from EXAFS. Both Ni-O as well as Ni-
(Ni,Ti) decrease upon charge and reversibly increase again 
when the cell is discharged. 
 

Magnetization Measurements. For further insights into 
transition metal valence states of NaxNi0.5Ti0.5O2, ex situ 
magnetization measurements were carried out. All sam-
ples feature a paramagnetic behaviour above 130 K. Figure 
11 clearly shows a lower paramagnetic moment for the 
charged state (P3 phase), as compared to the pristine and 
the cycled material. The initially present Ni2+ (d8, S=1) is 
oxidized to either Ni3+ (d7, S=1/2, low-spin state) or directly 
to Ni4+ (d6, S=0, low-spin state) when the cell is charged. As 
both pathways are possible, and we cannot reliable distin-
guish between them, the charged state consists either of a 
Ni3+/Ni4+ or a Ni2+/Ni4+ mixture. The observed paramag-
netic moments along with theoretical values are provided 
in Table 1. The magnetization curve after the first cycle al-
most replicates the curve of the pristine material, indicat-
ing the reversed reduction to Ni2+. However, the slightly 
smaller paramagnetic moment gives further evidence of an 
incomplete back-transformation and a remaining P3 frac-
tion. Inverse magnetic susceptibilities of the measured 
data and the Curie-Weiss fits are shown in Figure S5. 

 
Figure 11. Magnetization measurements of NaxNi0.5Ti0.5O2, per-
formed at 6 T. The almost identity of pristine and cycled state 
indicate reversible behaviour, while a lower paramagnetic mo-
ment exists after charging. 
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Table 1. Ex situ Magnetization data. 
 

Material eff(exp), 
B/f.u. 

, K χ0, emu/mol T range 
for fit, K 

eff(theor), B/f.u. 

O3-NaNi0.5Ti0.5O2 2.20(2) 18.5(4) -1.2(7)*10-5 130 - 330 2.0  

for 0.5Ni2+ (d8, S=1) 

P3-Na0.3Ni0.5Ti0.5O2 1.10(2) -3(1) 1.87(6)*10-4 130 - 330 0.95  

for 0.3Ni3+(d7, S=1/2) and 0.2Ni4+(d6, S=0), or 

1.09 

for 0.15Ni2+(d8, S=1) and 0.35Ni4+(d6, S=0) 

“O3 + P3”- 
Na0.9Ni0.5Ti0.5O2 

2.05(2) 22(1) -1.7(2)*10-6 130 - 330 1.87 

for 0.4 Ni2+ (d8, S=1) and 0.1 Ni3+ (d7, S=1/2), or 

1.90 

for 0.45 Ni2+ (d8, S=1) and 0.05 Ni4+ (d6, S=0) 

 

 

DISCUSSION 

Since layered sodium oxides are liable to show significant 
structural changes during (de-)sodiation, they remain a 
black box until substantiated conclusions are drawn from 
operando studies. 

An obvious advantage of Ti doping is its superior structural 
stabilization of the layered oxide in comparison to un-
doped materials or materials with different transition 
metal substitution. Undoped NaNiO2 exhibits a couple of 
transformations upon desodiation/sodiation,26 which are 
not reversible below 3.0 V and over 4.0 V. Substitution of 
50% Ni by Ti allows to significantly change the reaction 
mechanism resulting in the only transformation being 
O3→P3→O3, as we showed by operando XRD measure-
ments. Note that there is an exciting similarity in the reac-
tion mechanism of Ti-substituted layered materials as our 
recent work on NaCo0.5Ti0.5O2 revealed:19 the O3→P3→O3 
transformation is also the only reaction observed in case of 
the Co-containing compound upon Na-removal and inser-
tion. In both systems, Ti does not participate in the redox 
process, as shown by operando XAS studies. In case of 
NaxCo0.5Ti0.5O2, a complex interplay of charge and spin 
transfer of Co results in a large volume change of more 
than 5 Å3 per unit cell during the O3→P3 transformation, 
producing a large potential hysteresis between charge and 
discharge which in turn dramatically reduces the energy 
density.19 The volume change between P3 and O3 modifi-
cations of NaxNi0.5Ti0.5O2 is less than 1 Å3, explaining the 
absence of a voltage hysteresis.  

For O3-NaxNi0.5Mn0.5O2, four structural transformations 
occur during sodium extraction,4 while the isostructural 
Ti-containing material shows only one. We conclude that 
the buffering effect of Ti4+ cations is therefore stronger 
than the one of Mn4+. While Ti4+ (0.605 Å) is only slightly 
smaller than Ni2+ (0.69 Å), the difference between Mn4+ 
(0.53 Å) and Ni2+ is much bigger. The introduction of Ti4+ 
causes a slight lattice contraction, leading to stabilization 

whereas the introduction of Mn4+ causes a much stronger 
contracting force, resulting in less stabilization as the lat-
tice is “over-contracted”. Therefore, the presence of Mn4+ 
is more likely to lead to phase transformations as the sodi-
ation state changes. The electrochemical performance of 
both oxides is comparable and Mn as well as Ti are electro-
chemically inactive. The C-rate dependence that has been 
observed for the two O3 structures indicates a generally 
hampered Na diffusion, which is in accordance with the lit-
erature, where superior kinetics in P2 phases have often 
been reported.29,30 The main difference between the P2 and 
P3 phases is the stacking sequence of oxygen layers yield-
ing the number of sheets within a unit cell (AABB… vs. 
AABBCC…). Guo et al. compared P2-Na0.62Ti0.37Cr0.63O2 to 
P3-Na0.63Ti0.37Cr0.63O2 in terms of structural and electro-
chemical properties as well as their sodium migration char-
acteristics.30 The superior capacity retention and rate capa-
bility of the P2 phase were attributed to lower sodium dif-
fusion barriers, which was predicted by DFT calculations 
and validated experimentally by GITT measurements.  On 
the other hand, P2 structures, usually containing ~0.67 Na 
per formula unit, limit the electrochemical capacity from 
the beginning as less sodium can be extracted. 

As mentioned, NaxNi0.5Ti0.5O2 still shows capacity loss upon 
cycling, especially when increasing the current density 
from 0.2C to 1C.3 The capacity loss is much more pro-
nounced for the related Li-containing LixNi0.45Ti0.55O2 in Li-
ion batteries.27 This was explained by Ti4+ migration into 
the Li layers during charge, which impedes further Li dif-
fusion. Also, intermixing of Li and Ni is well known, as for 
LiNiO2.28 This effect is neglectable for NaxNi0.5Ti0.5O2 since 
Na shows a largely different radius compared to Ni and Ti 
(1.02 Å vs. 0.69 Å for Ni2+ and 0.605 Å for Ti4+ in oxygen 
octahedra, respectively) and is highly unlikely to be the 
reason for the observed capacity fading. 

However, the O3→P3→O3 transformation in 
NaxNi0.5Ti0.5O2 repeated over many charge-discharge cycles 
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can lead to accumulation of structural defects which act as 
fault centres hindering Na diffusion. We can indirectly 
confirm this by XRD measurements of the material after 
long-term cycling (see Figure S6): relatively low intensities 
and shape anomalies in Bragg reflections suggest a lot of 
structural defects and even partial amorphization of the 
material. If we provide the system with more time for com-
pleting the transformation by implementing constant volt-
age regimes during cycling, we can improve capacity values 
for subsequent cycles. However, this improvement disap-
pears during further cycling, see Figure S7. Therefore, fur-
ther detailed studies are needed to understand the Na-dif-
fusion mechanisms in dependence on the doping elements 
and resulting structure, unit cell dimensions and changes.  

Our findings together with the literature reports demon-
strate once more the attractivity of Ni-containing layered 
oxides as electrode materials for sodium-ion batteries be-
cause of their high redox potential as well as reduced cost 
and toxicity in comparison to Co. However, they still need 
to be optimized in terms of the material composition and 
morphologies. Compared to their lithium analogues, these 
materials are still much less understood and, although 
beneficial electrochemical properties have been demon-
strated multiple times, much effort still has to be spent in 
order to advance in understanding this family of com-
pounds. 

CONCLUSIONS 

O3-type layered NaNi0.5Ti0.5O2 has been synthesized and 
comprehensively characterized in sodium-ion batteries. A 
combination of operando techniques was applied for a 
deep understanding of the cathode material. Synchrotron 
diffraction revealed a reversible transformation into a P3 
layered structure during desodiation. The corresponding 
back-transformation remains incomplete and a P3 fraction 
is still present after subsequently sodiating the material. 
Compared to NaNiO2 and NaNi0.5Mn0.5O2, the series of 
structural changes is dramatically reduced due to the sta-
bilizing effect of Ti4+ within the structure. Additionally, the 
average potential is increased compared to half cells using 
NaNiO2 cathodes. X-Ray absorption studies revealed the 
electrochemical inactivity of Ti4+ under the investigated 
conditions in the entire potential range. The redox process 
is sustained by a reversible oxidation and reduction of the 
initially present Ni2+, as further evidenced by magnetiza-
tion measurements. Similar to other layered O3 sodium ox-
ides this material shows a strong dependence on C-rate,3 
demonstrating the high importance of diffusion ways for 
sodium cations within the interlayers between transition 
metal and oxygen planes. Our findings demonstrate the ur-
gent need of profound studies on future energy storage 
compounds since only thorough understanding will allow 
their design and the development of advanced handling 
procedures. 
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