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Abstract

O3-type layered oxide cathodes, such as NaNipsMngsO,, have garnered significant attention
due to their high theoretical specific capacity while using abundant and low-cost sodium as
intercalation species. Unlike the lithium analog (LiNiO;), NaNiO, (NNO) exhibits poor
electrochemical performance resulting from structural instability and inferior Coulomb
efficiency. To enhance its cyclability for practical application, NNO was modified by titanium
substitution to yield the O3-type NaNig¢Tip O, (NNTO), which was successfully synthesized
for the first time via a solid-state reaction. The mechanism behind its superior performance in
comparison to that of similar materials is examined in detail using a variety of characterization
techniques. NNTO delivers a specific discharge capacity of ~190 mAh g~! and exhibits good
reversibility, even in the presence of multiple phase transitions during cycling in a potential
window of 2.0—4.2 V vs. Nat/Na. This behavior can be attributed to the substituent, which
helps maintain a larger interslab distance in the Na-deficient phases and to mitigate Jahn—Teller
activity by reducing the average oxidation state of nickel. However, volume collapse at high
potentials and irreversible lattice oxygen loss are still detrimental to the NNTO. Nevertheless,
the performance can be further enhanced through coating and doping strategies. This not only
positions NNTO as a promising next-generation cathode material, but also serves as inspiration
for future research directions in the field of high-energy-density Na-ion batteries.
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1. Introduction

With the rapid development of lithium-ion batteries (LIBs),
both electric vehicles and large-scale energy storage systems
have experienced significant advancements [1-3]. However,
due to the uneven distribution of lithium resources and cost
considerations, there is an urgent need for novel, more sus-
tainable solutions to meet future demands. Because of sim-
ilarities in the storage mechanisms between sodium-ion bat-
teries (SIBs or NIBs) and LIBs and the higher abundance
and widespread distribution of sodium in the Earth’s crust, as
well as in the seawater, SIBs have the potential to become a
next-generation (low-cost) technology in the field of electro-
chemical energy storage [4—-6]. Among numerous SIB cath-
ode materials, layered transition metal oxides, Na,TMO,
(TM = Ni, Co, Mn, Fe, Cr, etc), stand out as the most prom-
ising candidates due to their high theoretical specific capacities
and high operation potentials, similar to the successfully util-
ized LiITMO; (e.g. LiNi,Co,Mn,O,, referred to as NCMs or
NMCs) in LIBs [6-10].

Transition metal oxide cathode materials in SIBs exist
mostly in two thermodynamically stable structures, known as
03 (Na™ on octahedral sites coordinated by oxygen) and P2
(Nat on prismatic sites) [3, 11-13]. In the O3-type struc-
ture, Na™ diffuses between adjacent NaOg octahedra through
interstitial tetrahedral sites, leading to a relatively higher
energy barrier compared to P2-type structures, and therefore
to inferior rate capability. In the P2-type structure, sodium
transport occurs via face-shared trigonal prismatic sites, res-
ulting in better diffusivity. Nevertheless, the higher sodium
content of O3-type compounds and the resulting higher
storage capacity make them more attractive for practical
(full cell) applications [6, 7, 13, 14].

In LIBs, to achieve high specific capacities
(genvdis = 200 mAh g_l) in a reasonable potential range, the
focus is strongly placed on layered Ni-rich oxides (>80% Ni
fraction), such as LiNiO, (LNO) [15-19]. However, due to
the relatively close ionic radii of Li™ (r = 0.76 A) and Ni2*
(r = 0.69 A), Nij ; point defects (Ni** occupying crystallo-
graphic Li sites) form during calcination, which is generally
believed to be detrimental to the electrochemical behavior
[20-23]. Inspired by the high capacity achievable with LNO,
O’3-type NaNiO, (NNO) in SIBs is also widely investigated
(owing to both its high operating potential and high theoretical
specific capacity of 235 mAh g~') [24-26]. Na® (r = 1.02 A)
has a significantly different ionic radius compared to Ni>* and
Ni** (r = 0.56 A), which prevents the formation of substitu-
tional (interlayer) defects, but causes larger volume variations
during cycling [22, 27-29].

Due to the larger ionic radius of Na®, NNO exper-
iences in-plane TMO, slab gliding during the inter-
calation and extraction of sodium ions, which in turn
can lead to multiple, poorly reversible phase transitions
(0’3 —=P’3—=P’3 =073 = 03). Aside from that, low-spin
Ni** (#5,%¢,') induces strong Jahn-Teller distortion, leading
to strain and ultimately resulting in capacity fading [7, 13, 14,
24, 25]. In 2013, Vassilaras et al reported on the extraction of
0.85 Nat (equivalent to g., ~ 199 mAh g~!) and re-insertion
of 0.62 Na™t (equivalent to gg; ~ 147 mAh g=!) in NNO
during the initial cycle in a potential window of 2.0—4.5 V
vs. Na*/Na [24]. However, the low Coulomb efficiency indic-
ates that further research is required to address the challenges
associated with the potential use of NNO. Komaba et al con-
ducted a comprehensive study on NaNipsMnysO,, where
divalent Ni** is oxidized to tetravalent Ni** during charging,
and the electrochemically inactive Mn** contributes to struc-
tural stability [30]. Inspired by this work, Yu et al proposed
that Ti** could play a similar role to Mn** and successfully
incorporated Ti*t into the crystallographic Ni position, res-
ulting in the formation of rhombohedral (a-NaFeO,-type)
NaNig 5Tip50;. Electrochemical testing revealed a revers-
ible specific capacity of 121 mAh g~ at a rate of 0.2C [31].
Maletti et al further probed NaNijsTigs0, using operando
synchrotron x-ray diffraction measurements, demonstrating
that titanium remains tetravalent throughout cycling and the
gliding of TMO, slabs is strongly suppressed. This led to a
reversible transition between the O3 and P3 phases (1.5—4.2V
vs. Na™/Na), exhibiting a much smoother voltage profile than
that of NNO [32]. Even though NaNig 5Tip sO, shows superior
cycling stability over NNO, the low reversible capacity leaves
room for improvements.

In addition to doping/substitution, the synthesis condi-
tions for layered oxides, particularly the calcination temper-
ature, play a significant role in the material’s performance.
In the case of LIBs, it has been found that the calcination
temperature has a critical influence on the electrochemical
performance of Li; ;Mng 56Nig.16C00 08O [33]. Similarly, for
SIBs, the choice of synthesis temperature can lead to the
formation of either a-NaMnO, at a lower temperature or
B-NaMnO, at a higher temperature [34, 35]. Moreover, the
Na/TM ratio also has a notable effect on the material’s per-
formance. Some studies have proposed using excess sodium
to compensate for losses during calcination, thereby achiev-
ing the desired stoichiometry [36, 37]. However, Zhou et al
discovered that a slight sodium deficiency can have benefi-
cial effects on the initial capacity and capacity retention [38].
Furthermore, layered oxides are sensitive to the cooling rate
(as part of the synthesis). In LIBs, Liu et al explored the
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correlation between cooling rate, calcination conditions, and
the generation of Ni/Mn disorder and oxygen vacancies in the
spinel LiNipsMn; sO4 [39]. Their research demonstrated that
a slow cooling rate, combined with annealing steps, effect-
ively mitigates the formation of oxygen vacancies and impur-
ity phases. However, the findings indicate that a certain frac-
tion of oxygen vacancies is required for achieving high per-
formance. Similarly, in SIBs, the cooling rate plays a pivotal
role. Liu et al enhanced the capacity by quenching the Mn-
based material Nay3sM,Mn; _,O, (M = dopant) in liquid nitro-
gen to achieve a vacancy-free structure [40]. Xu et al also
proposed the significance of native lattice stress induced by
quenching on the fading behavior [41]. In general, variations
of parameters during the calcination process appear to have
a significant impact on both the material’s structure and per-
formance, yet quantitative knowledge is lacking.

In the present work, we consider NaNig ¢Tip 1O, (NNTO) as
a potentially new cathode material for application in SIBs. We
have investigated different synthesis conditions in a systematic
manner and analyzed the resulting structures, particle morpho-
logies, and electrochemical properties of the obtained samples.
Through optimization of the preparation conditions, NNTO
of high purity (>98%) was produced, which delivered higher
specific capacity (~190 mAh g~! at C/30 rate in the potential
window of 2.0—4.2 V vs. Na*/Na) and showed better cyc-
ling stability than NNO and titanium-rich NaNig 5Tip 50, [25,
26, 31, 32, 37]. However, NNTO still suffers from degradation
upon battery operation. By combining physical and electro-
chemical characterization techniques, we gain insight into the
potential reasons behind the capacity fading, which provides
new avenues for tailoring this promising cathode material.

2. Experimental section

2.1 Synthesis

NaNig ¢Tip; O, was prepared by a two-step solid-state reaction
from Ni(OH); (dso ~ 4 pm, BASF SE), nanoscale TiO,, and
reagent-grade NaOH powder (97%; Sigma-Aldrich). For the
initial pre-calcination, the reactants were homogenized under
Ar atmosphere for 10 min with different molar equivalents of
NaOH, namely 1.0, 1.025, and 1.05, i.e. n(TM)/n(Na) = 1:1,
1:1.025, and 1:1.05, respectively, using a laboratory blender
(Kinematica). The precursor mixture was then heated in an
alumina crucible under O, flow (1.4 1 h~") in a tube furnace
(Nabertherm P330) at 300 °C for 10 h with 3 K min~! heating
and cooling rates. After cooling to room temperature, the inter-
mediate product was homogenized again for 10 min, followed
by transfer to an alumina crucible for the main calcination
under different O, flow rates of 1.4 and 71h~" at temperatures
ranging from 600 °C to 900 °C for 12 h with 3 K min~—! heat-
ing rate and different cooling rates of 2 K min™ 1 0.5Kmin!,
and quenching. For quenching, the quartz tube containing the
sample was directly removed from the furnace and rapidly
cooled to room temperature.

For the study of different molar Ni/Ti ratios (95:5,
90:10, 85:15, and 80:20), the molar TM/Na ratio was set to

1:1. Powder mixtures were prepared by blending and pre-
calcination, as described above. The homogenized mixtures
were calcined under O, flow (7 1h~1!) at 800 °C for 12 h with
3 K min~! heating rate and 2 K min~' cooling rate.

NaNiO, was also prepared by solid-state reaction from
Ni(OH), and NaOH (10 mol.% excess) at 700 °C for 12 h
using the above-mentioned conditions.

2.2. Surface coating

An oven-dried Schlenk flask with a magnetic stirring bar
was transferred into the glovebox, and 7 ml of dry toluene
(Sigma-Aldrich) was added to the flask. Subsequently, 2 M
trimethylaluminum (TMA) in toluene (Sigma-Aldrich) was
added dropwise (given in equivalents of a base amount of
100 pmol TMA per 1 g of cathode material), and the solution
was stirred for 1 h before adding 1 g of cathode material. After
2 h, the flask was transferred to a Schlenk line equipped with
a cold trap between the line and flask to remove the solvent
under vacuum. Once no liquid phase was visible anymore, the
flask was directly connected to the Schlenk line, and the cath-
ode material was dried at room temperature and 1 x 10~ mbar
overnight. Lastly, the product was heated at 300 °C for 1 h
under oxygen flow in a tube furnace (Nabertherm P330). The

heating and cooling rates were set to 3 K min—!.

2.3. Electrochemical testing

Electrodes were prepared by casting an N-methyl-pyrrolidone
(NMP) slurry with 94 wt.% cathode material, 3 wt.% Super
C65 carbon, and 3 wt.% polyvinylidene difluoride (Solef
5130; Solvay) binder onto 0.03 mm Al foil as the current
collector. The slurry was prepared by combining all com-
ponents with 20 wt.% additional NMP in a planetary centri-
fuge mixer (Thinky ARE-250), applying a two-step program
with 3 min at 2000 rpm and 3 min at 400 rpm. The slurry
was spread onto the current collector using a film applic-
ator (Coatmaster 510; Erichsen) at a rate of 5 mm s~!. The
as-made tapes were dried overnight in a vacuum at 120 °C
and then calendared at 14 N mm~! (Sumet Messtechnik).
Electrodes of 13 mm diameter and 9—12 mg cm~? areal load-
ing were punched out. 95 ul of a 1 M solution of NaClO4
in ethylene carbonate (EC), dimethyl carbonate (DMC), and
propylene carbonate (PC), 1:1:1 by vol., containing 5 vol.%
fluoroethylene carbonate (FEC) as additive was used as the
electrolyte. In a variation, the electrolyte contained no FEC.
Subsequently, the prepared electrodes, GF/D glass fiber separ-
ator, Na metal, and electrolyte were assembled into 2032-type
coin half-cells in an Ar glovebox. Electrochemical testing was
done in a potential window of 2.0—4.2 V vs. Na*/Na at various
C-rates (1C = 200 mA g’l).

2.4. X-ray diffraction

XRD data were collected in Debye—Scherrer geometry using
a STOE STADI-P diffractometer equipped with a DECTRIS
MYTHEN 1K strip detector and a Mo anode (A = 0.70926 A,
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50 kV, 40 mA). The instrumental contribution to peak broad-
ening was determined by measuring a NIST 660c LaBg stand-
ard as a line broadening reference. The samples for XRD were
flame-sealed in borosilicate capillaries of 0.5 mm inner dia-
meter and 0.01 mm wall thickness (Hilgenberg).

2.5. Operando XRD

The positive and negative caps and the spacers of the coin-
cell casings were subject to modification by electro-erosion
machining for operando XRD measurements, resulting in a
5 mm diameter hole in the center. The outer holes were sealed
with Kapton windows of 6 mm diameter. The cells were cycled
at a rate of C/20 utilizing a Gamry Interface 1000 potentio-
stat. XRD patterns were collected within an angular range of
5° < 260 < 37° with an acquisition time of about 10 min util-
izing the aforementioned STOE Stadi-P diffractometer. The
patterns were analyzed according to the Rietveld method using
the GSAS-II software [42].

2.6. In situ XRD

XRD using a customized diffractometer was used to study
the main calcination process; the setup is reported elsewhere
[43]. For sample preparation, the pre-calcination mixture for
NaNig ¢Tig.; O, with 1:1 TM/Na ratio was employed. The mix-
ture was heated at a rate of 1 K min—! under an O, atmo-
sphere, with each pattern being the accumulated signal over
5 min. Temperature calibration was performed by compar-
ison with the cell volume of Al,O3, which was measured in a
separate experiment.

2.7 Scanning electron microscopy

SEM analysis was performed at an accelerating voltage
of 10 kV using a LEO-1530 microscope (Carl Zeiss AG)
with a field emission source. For cross-sectional imaging,
an IB-19510CP polisher (JEOL Ltd) with an Ar-gas source
was employed.

2.8. Transmission electron microscopy

Samples for low-magnification TEM imaging and energy-
dispersive x-ray spectroscopy (EDS) analysis were embed-
ded in resin in an Ar glovebox to prevent sample degrada-
tion. The material was then cut by ultramicrotomy under dry
conditions and directly investigated. During preparation, the
samples were exposed to air for about 10 min. Samples for
atomic resolution analysis were prepared by Ga-focused ion
beam (FIB) milling using a Helios 5 CX DualBeam (Thermo
Fisher Scientific) and directly transferred to the microscope to
minimize exposure to air. The samples were examined using
a probe-corrected Themis Z (3.1; Thermo Fisher Scientific)
in high-angle annular dark-field (HAADF) scanning trans-
mission electron microscopy (STEM) mode at 300 kV. The
chemical composition was examined with the integrated
SuperX G2 EDS detector. The data were analyzed using the
Velox 3.10 software.

2.9. Inductively coupled plasma-optical emission
spectroscopy

The elemental composition was studied by ICP-OES using
a Thermo Fisher Scientific ICAP 7600 DUQO instrument.
Powder samples were dissolved in an acid digester within a
graphite furnace. Mass fractions were derived from three inde-
pendent measurements for each sample of which about 10 mg
were dissolved in a mixture of 6 ml hydrochloric acid and 2 ml
nitric acid at 353 K for 4 h. The digested samples were diluted
for analysis utilizing four different calibration solutions and an
internal standard (Sc). The oxygen content was determined by
carrier gas hot extraction with a commercial oxygen/nitrogen
analyzer TC600 (LECO Corp.). Certified standard KED-1025
was employed for calibration.

2.10. X-ray absorption spectroscopy

XAS at the Ni K-edge was performed in transmission
mode using a laboratory Rowland-circle based instrument
(easyXAFS300+; easyXAFS, LLC). The Ag x-ray tube was
operated at 35 kV, and a Si(444) crystal analyzer was
employed [44]. Pristine powder samples were diluted with
cellulose and pelletized by a hydraulic press in an Ar glove-
box. The prepared pellets were sealed with Kapton tape and
then taken out for XAS measurements under ambient atmo-
sphere. Reference NiO and Ni(OH), were prepared in a sim-
ilar fashion. Cycled electrodes (two cycles at C/30 and 8 cycles
at C/10) were measured by pre-sealing them in the glove-
box using Kapton tape. Energy grids of 2 eV, 0.25 eV, and
0.05 A~ were used for the pre-edge, near-edge, and post-
edge regions, respectively. Multiple scans were collected for
the reference Ni foil (Goodfellow or Exafs Materials) and each
sample. The absorption spectra were obtained using a Python-
based software with integrated dead-time correction (easyX-
AFS, LLC), according to the relation p(E) ~ In({o/I;). Energy
calibration was based on the first peak in the first derivative of
1(E) of the Ni reference foil. XAS data were further analyzed
using the Demeter package. The normalization energy range
was set up to 8800 eV, employing the normalization order 2
within k = 0-12 A=,

2.11. Acoustic emission

AE signals were acquired using a differential wideband sensor
(125—1000 kHz; MISTRAS Group) mounted to the bottom of
coin cells using vacuum grease to improve contact. The exper-
imental setup also incorporated an in-line pre-amplifier and a
data acquisition system (USB AE Node; MISTRAS Group).
The pre-amplifier gain, analog filter, and sampling rate were
set to 40 dB, 20-1000 kHz, and 5 MSPS, respectively. Sensor
coupling was verified by the pencil-lead break test [45, 46]. A
minimum of two samples was tested to ensure reproducibil-
ity. Initially, the recorded data underwent pre-processing via
the AEwin software (MISTRAS Group), involving removal
of background noise by excluding all hits with less than two
counts, peak frequencies below 100 kHz, and/or amplitudes
of less than 27 dB. Subsequently, the data were analyzed in
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conjunction with the corresponding electrochemical measure-
ments (one cycle at C/30 and four cycles at C/10).

2.12. Differential electrochemical mass spectrometry

Customized DEMS cells using a 30 mm diameter cathode
(with 10 mg cm ™~ areal loading) were cycled at a rate of C/10.
A 4 mm diameter hole in the center of the cathode allowed
for gas flow. GF/D, Na metal, and 700 pl of 1.0 M NaClOy in
EC:DMC:PC with FEC were used as the separator, anode, and
electrolyte, respectively. During cycling, a constant stream of
He carrier gas (purity 6.0, 2.5 ml min—') was passed through
the cells. The extracted gas mixture was probed using a mass
spectrometer (OmniStar GSD 320, Pfeiffer Vacuum GmbH).
More details can be found in the literature [47, 48].

3. Results and discussion

Since the calcination temperature is crucial for the synthesis
of layered oxides, a systematic study of its influence was first
carried out. Prior to the main calcination step, a well-blended
mixture of 4 pm Ni(OH), particles (figure S1(a)), NaOH,
and nano-sized TiO, was heated at 300 °C under O, atmo-
sphere for 10 h (see Experimental section for more details)
to facilitate dehydration and ensure good contact between the
reactants. The resultant sample was probed using XRD (figure
S1(b)). The main reflections matched the rocksalt-type NiO
phase. The remaining weaker reflections did neither match
the pattern of NaOH nor that of TiO,. Instead, they can be
attributed to a layered structure of Nay,Ti;_,O, (referred to
as Na,Ti,O; in the following) formed by solid-state reac-
tion between NaOH and TiO, [49]. Notably, the latter side
phase was largely amorphous, due to the relatively low pre-
calcination temperature.

To determine the optimal temperature range for the main
calcination step, an in situ XRD measurement was conduc-
ted on the pre-heated precursor mixture. The setup used is
illustrated in figure S2(a) [43]. During the continuous heat-
ing process, C2/m, R—3m, and Fm—3m phases were identi-
fied. Figure 1 shows that NiO (Fm—3m) remains the dom-
inant phase up to 630 °C. However, alongside NiO, the
above-mentioned Na,Ti,O, was observed, with its structure
exhibiting temperature-dependent variations. From 630 °C
on, the formation of the layered structure of NNTO with the
space group R—3m is apparent, which persists until 870 °C.
As shown in figures 1 and S2(b), with further temperat-
ure increase, the reflections of both NNO (C2/m), such as
(20—2), (111), (021), and (221), and NiO become dominant.
Additionally, the intensity of the (104) reflection of NNTO
decreases. This indicates that NNTO undergoes decomposi-
tion into NNO and NiO at higher temperatures. As a result,
we determined that the desired R—3m phase (NNTO) can be
achieved in the temperature range of about 630 °C—870 °C.

For verification of the phase evaluation, four distinct tem-
peratures, namely 700, 750, 800, and 850 °C, were selected
from the range acquired from the in situ XRD experiment,

plus 600 and 900 °C. All other synthesis parameters remained
constant: n(Na)/n(TM) = 1/1, n(Ni)/n(Ti) = 9/1, 71 h~!' O,
flow rate, and 2 K min~! cooling rate. As evident from the
phase fractions (table S1) from Rietveld refinement analysis of
the XRD data shown in figure 2, there is an obvious trend. As
the temperature increases from 600 °C to 800 °C, the phase
purity of NNTO increases from 79.5 to 98.5 wt.% while the
fractions of the NNO and NiO impurities decrease. This is
highlighted by the red dashed rectangle in figure 2. At tem-
peratures above 800 °C, the intensity of the NNTO (104)
reflection diminishes while that of the NiO (002) and NNO
(111)/(20—2) reflections increases. By 900 °C, NNTO largely
decomposes into NNO and NiO, which is consistent with the
in situ XRD results.

Next, SEM images were collected from the dif-
ferent samples to examine the particle morphology
(figures 3(a)—(e)). The flower-shaped structure of Na,Ti,O,
was observed on the surface of the secondary particles in
figures 3(a) and (b), which is likely due to incomplete reaction
at calcination temperatures <750 °C. To gain a better under-
standing of the structure of the samples prepared at a lower
temperature and their elemental distribution, STEM and EDS
measurements were conducted on NNTO obtained at 700 °C.
EDS mapping (figure S3(a)) indicated a uniform distribution
of Ni. In contrast, the Na and Ti signals revealed signs of
inhomogeneities, which agrees with the presence of Na,Ti, O,
as an impurity phase. The latter apparently segregates on the
surface of the secondary particles at lower calcination temper-
atures. HAADF images at different magnifications of a FIB-
prepared specimen are shown in figures S3(b)—(d). Some
minor variations in contrast are clearly visible, which may
be indicative of local non-uniformities. However, the high-
resolution image in figure S3(d) indicates that a well-layered
structure is already present at 700 °C.

A smooth particle surface was observed upon reaching
800 °C (figure 3(c)). EDS mapping confirmed the uniform
distribution of Ni, Na, and Ti on different length scales
(figures 4(a) and S4), while cross-sectional STEM imaging
(figures 4(b)—(d)) revealed a well-defined secondary/primary
particle morphology and a distinct layered structure. This
demonstrates that the diffusion kinetics of titanium and
sodium, which is correlated to the reaction between NNO and
Na,Ti,O,, is enhanced as the temperature rises from 700 °C
to 800 °C. It should be noted that an uneven distribution of
Na was observed in a few secondary particles (figure S(5)),
which is due to sodium loss during the solid-state reaction
(see discussion below). The latter leads to the formation of Na-
deficient NNTO, along with trace amounts of NiO impurities
(table S1). With further temperature increase beyond 800 °C,
NNTO seems to first sinter into larger particles (figure 3(d))
and then to decompose into NiO and NNO, which helps
explain the ill-defined particle morphology seen in figure 3(e)
[8, 24-26, 31, 32, 37].

Since the NNTO samples obtained at 700, 750 and 800 °C
had a higher overall purity, their electrochemical behavior
was further investigated. To this end, all three materials were
incorporated into electrodes and cycled against Na metal
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Figure 1. Contour plot of in situ XRD data collected from the pre-heated NNTO mixture during calcination under O, atmosphere.
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Figure 2. XRD patterns of NNTO prepared at different
calcination temperatures.

in the potential range between 2.0 and 4.2 V vs. Nat/Na
at C-rates ranging from C/30 to 1C. As evident from the
voltage profiles shown in figures S6(a)—(c), they exhibit
promising initial Coulomb efficiencies of 91% (700 °C),
93% (750 °C), and 94% (800 °C). This is indicative of
improved Na™ diffusivity in NNTO as compared to NNO
(first-cycle Coulomb efficiency of 69%) and NaNig 5Tip 50,
(first-cycle Coulomb efficiency of 74%). By comparing the
cycling performance, NNTO prepared at 800 °C, which
also had the highest purity, was found to exhibit the least
polarization, as well as the best stability and rate capability
(figures 3(f) and S6(d)—(f)). Therefore, the calcination tem-
perature of 800 °C was applied throughout the rest of this
study.

In addition to the calcination temperature, the molar
Na/TM ratio can also strongly affect the material’s per-
formance. For this reason, three different ratios, namely 1,
1.025, and 1.05, which should theoretically produce Na-
deficient, stoichiometric, and Na-excess NNTO, respectively,
were explored in this study. As evident from the XRD pat-
terns in figure 5(a) and the phase fractions given in table S2,

all three ratios yield high-purity NNTO (>97 wt.%). ICP-
OES (table S3) revealed an average sodium loss in the range
of 1—3 mol.% for the different samples, which agrees with
reported findings [50, 51]. Notably, it seems that the formation
of NNO becomes more energetically favorable with increasing
sodium excess.

SEM was then applied to visualize the influence of the
molar Na/TM ratio on the NNTO properties. The images
in figures 5(b) and (c) (see also figure 3(c)), as well as
the particle size distributions acquired from the SEM data
(figure 5(d)), clearly indicate the growth of primary particles
from dsyp = 355 nm for n(Na)/n(TM) = 1.0 to 516 nm
for 1.05. This finding can be ascribed to the excess NaOH
serving as a flux during calcination. Note that the primary
particle size usually has a profound effect on the cycling per-
formance. Accordingly, electrochemical tests were performed
under the same conditions to verify this hypothesis. The dif-
ferent voltage profiles for the initial cycle (figures S6(c) and
S7(a) and (b)) were similar—the materials delivered compar-
able specific capacities at C/30. However, the discharge capa-
city of NNTO prepared with molar Na/TM ratios of 1.025 and
1.05 decreased strongly with increasing C-rate (figure 5(e)),
thus pointing toward slower diffusion kinetics with increas-
ing primary particle size. This is in agreement with the higher
polarization apparent from the dg/dV curves in figures S7(c)
and (d) compared to figure S6(f). The superior performance of
NNTO prepared with n(Na)/n(TM) = 1.0 could also be attrib-
uted to the slight sodium deficiency, as vacancy sites likely
facilitate sodium transport [38]. Regardless, the ratio was
set to 1 hereafter.

In addition to the previously mentioned calcination temper-
ature and the molar Na/TM ratio, the cooling rate has varying
effects on the performance and morphology of layered oxides
too. Here, we have investigated NNTO by using three dif-
ferent cooling rates, namely 0.5 K min~!, 2 K min~', and
quenching in O, atmosphere (see Experimental section for
more details). All other synthesis parameters remained con-
stant: n(Na)/n(TM) = 1/1, n(Ni)/n(Ti) = 9/1, 71h~! O, flow
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Figure 3. (a)—(e) Low- and high-magnification SEM images of NNTO prepared at different calcination temperatures. (f) Cycling

performance of samples obtained at 700, 750, and 800 °C.

Figure 4. (a) STEM-EDS mapping of NNTO (800 °C). The random dots in the Ti map are artifacts. (b), (¢) Low- and high-magnification
cross-sectional HAADF STEM images of a FIB-prepared NNTO (800 °C) particle. (d) High-resolution image of the area indicated by the

white dashed circle in (c).

rate, and 800 °C calcination temperature. XRD analysis was
first conducted on the obtained samples. Figure 6(a) and table
S4 demonstrate that only NNTO prepared at a cooling rate
of 0.5 K min~—! exhibits relatively lower purity (96.1 wt.%).
This can be attributed to the longer annealing time caused by
the slower cooling, which apparently leads to partial decom-
position of NNTO and further induces growth and sintering
of the primary particles (figure 6(b)). The subsequent electro-
chemical testing (figures 6(e) and (f)) indicated that the lar-
ger primary particles, resulting from slow cooling, negatively

affect the rate capability. Notably, despite the comparable
primary particle size between the quenched and 2 K min~!
samples (figures 6(d) and 5(d)), with dsg = 403 and 355 nm,
respectively, the quenched NNTO experienced much stronger
capacity fading. This discrepancy seems to be due to the pres-
ence of cracks (see magnified SEM image in figure 6(c)) on the
primary particle level produced by quenching, which appar-
ently leads to more serious degradation during cycling [41].
Therefore, a cooling rate of 2 K min~! was maintained in
the following.
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Figure 5. (a) XRD patterns, (b), (c) SEM images, (d) primary particle size distributions, and (e) cycling performance of NNTO prepared

with different molar Na/TM ratios.
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Figure 6. (a) XRD patterns, (b), (c) SEM images, (d) primary particle size distributions, (e) first-cycle voltage profiles, and (f) cycling

performance of NNTO prepared with different cooling rates.

To explore the effect that the flow rate of O, has on the mor-
phology and purity of NNTO, calcinations were performed
at high (7 1 h=') and low rates (1.4 1 h~—'). XRD analysis
(figure 7(a)) revealed that the phase fraction of NiO decreases
while that of NNTO increases with increasing rate (table S5).
This observation indicates that sufficient O, supply facilitates
the oxidation of Ni** to Ni** to generate the layered struc-
ture. Figure 7(b) presents SEM images of NNTO prepared
with the lower O, flow rate. Notably, the primary particle size
was found to be markedly larger in this case (SEM images
at different magnifications of NNTO prepared with the higher
O, flow rate are shown in figure 3(c)). This can potentially be

attributed to the following reasons. In the synthesis of NNO,
particle sizes of dsp ~ 1.4 and 3.6 um are achieved at 600
and 700 °C, respectively [23]. However, the polycrystalline
morphology of the Ni(OH), precursor (figure S1(a)) used here
was retained by introducing Ti** into the NNO, which demon-
strates the profound effect that titanium substitution has on
the primary particle size in NNTO. When the O, flow rate is
reduced, the relatively slower NiO oxidation can impede the
reaction of the precursor particles with the titanium source.
Consequently, these incompletely reacted precursor particles
undergo growth (to larger NNO grains) and are then slowly
sodiated by the Na,Ti,O, present on the surface, resulting in
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Figure 7. (a) XRD patterns of NNTO prepared with different O, flow rates of 1.4 1 h! (cyan) and 7 1h~! (purple). (b) SEM images at

different magnifications of the 1.4 1h~!' sample.

the formation of bigger NNTO primary particles. However,
local cooling effects with increasing flow rate cannot be ruled
out. In agreement with the phase purity and primary particle
size, the electrochemical testing (figure S(8)) confirmed that
NNTO prepared with the higher O, flow rate delivers higher
specific capacities, independent of the C-rate.

Furthermore, experiments were performed to examine the
effect of varying molar Ni/Ti ratios on the material’s perform-
ance. For a titanium content of 5 mol.%, the R—3m phase frac-
tion from Rietveld refinement analysis (table S6) was found to
be only 46.6 wt.%, while the C2/m fraction was 49.4 wt%. We
attribute the higher proportion of residual NNO to an insuf-
ficient titanium content for proper suppression of the Jahn—
Teller distortion in NNO. Likewise, we attempted the synthesis
with 15 and 20 mol.% titanium. However, under the same cal-
cination conditions, the fraction of R—3m phase decreased
with increasing degree of substitution. Despite applying the
optimized preparation route for NNTO, as well as literat-
ure known ones for synthesizing NaNigsTigs50,, we were
not able to obtain phase-pure materials for the intermediate
stoichiometries [31, 37]. The SEM images presented in figures
S9(a)—(c), especially those in figure S9(a), suggest that the
morphology of the primary particles resembles that of NNO
[23], albeit they are smaller in size due to the presence of
titanium, the latter preventing sintering of grains. Furthermore,
as can be seen from figures S9(b) and (c), the surface of
the secondary particles is increasingly covered with nano-
scale particles with increasing titanium content. This might
be attributed to Ti** reaching its solubility limit. However,
it should be noted that for NaNigsTipsO,, an R—3m phase
fraction of 93 wt.% (7 wt.% NiO) has been reported in
the literature [31, 37]. Overall, the synthesis variables were
tailored using the one parameter at a time approach, yield-
ing the following optimal conditions: n(Na)/n(TM) = 1/1,
n(Ni)/n(Ti) = 9/1, 800 °C, 2 K min~!, and 7 loxysen
h~!. The structural parameters from Rietveld analysis of
NNTO prepared with these optimized conditions are given in
table S7.

When compared with NaNi sTigsO, and NNO, the revers-
ible specific capacity of NNTO is greatly enhanced [25, 26,
31, 32]. However, due to the relatively larger ionic radius
of Nat, NNTO, like most O3-type cathodes in SIBs, under-
goes complex phase transitions resulting from the gliding of

TMO; slabs. This can be clearly seen from the voltage pro-
files and dg/dV curves shown in figures S6(c) and (f), respect-
ively. Even though the introduction of Ti** into the Ni sites
helps mitigate the phase transitions to some extent, fading
issues persist.

To further investigate the charge-storage properties of
NNTO, electrochemical testing was done on half-cells. To
this end, NNTO was fabricated into electrodes, as described
in the Experimental section, and cycled against Na metal
as the counter electrode in coin cells in the potential win-
dow of 2.0-4.2 V vs. Nat/Na. The electrolyte was a mix-
ture of 1 M NaClO4 in EC:PC:DMC (1:1:1 by vol.) with 5
vol.% FEC additive. FEC was used to enhance the reversib-
ility of the Na* insertion/extraction reactions (figure S(10))
[31, 52]. For long-term cycling, initially five cycles at C/30
were performed to ensure formation of a robust cathode solid-
electrolyte interphase (cSEI). Subsequently, the cells were
cycled at C/2 in the following 200 cycles. It should be noted
that the latter C-rate is comparatively higher and more realistic
than those (C/20 or C/10) often applied in the study of other
O3-type cathode materials in SIBs [31, 53]. The cycling data
(figure 8(a)) revealed an average Coulomb efficiency of 99.2%
at C/2 and a capacity retention of 26.4% after 200 cycles. In
comparison to NaNig 5Tip sO,, which exhibits a capacity reten-
tion of only ~53% after 50 cycles at C/5 in the potential range
between 2.0 and 4.7 V, NNTO demonstrates improved stabil-
ity, maintaining 64% after 50 cycles at C/2 [31]. Nevertheless,
the fading of NNTO cannot be ignored. The voltage profiles
and dg/dV curves in figures S11(a) and (b), respectively, indic-
ate severe impedance buildup with cycling. Rate performance
testing was also conducted (figure 8(b)), revealing distinct
capacity decay with increasing C-rate. This can be attributed
to the diffusion resistance in O3-type cathodes, which is amp-
lified with increasing current density, leading to severe polar-
ization. However, NNTO still managed to deliver a specific
discharge capacity of 89 mAh g~! at 2C. Upon reducing the
C-rate back to C/30, the capacity failed to reach that achieved
in the initial cycles (~190 mAh g—!). Compared to the extens-
ively studied NaNigsTig50, [31], NNTO exhibits superior
rate capability. This highlights that the inclusion of Ti** in
NNTO improves the sodium transport properties.

To determine the oxidation state of nickel in the pristine
and cycled states, representative NNTO and NNO cathodes
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Figure 8. (a) Long-term cycling performance of NNTO in coin half-cells and (b) corresponding rate capability.
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Figure 9. Ex situ XANES spectra at the Ni K-edge of NNTO and
NNO in the pristine and discharged states (after 10 cycles).

were probed using XAS. We note that due to the limited resolu-
tion of the laboratory spectrometer used in this study, accurate
testing of the oxidation state of the titanium substituent was
not possible. To ensure comparability of the electrodes across
various states, both NNTO and NNO were subject to elec-
trochemical testing under the same conditions (figure S(12)).
Subsequently, XAS measurements were conducted on both the
pristine electrodes and those collected in the discharged state
after 10 cycles. As can be seen from figure 9, the Ni K-edge
of pristine NNTO lies between that of NNO and NiO, indicat-
ing the coexistence of Ni’t and Ni**, as expected from the
titanium substitution. After 10 cycles, because of localized
structural alterations, both NNTO and NNO exhibit varying
degrees of rightward shifts at the Ni K-edge. However, the
energy position of NNO was about 1 eV higher than that of
NNTO, indicating that NNTO has a better structural stability.

For a more detailed understanding of the structural changes
occurring in NNTO during cycling, operando XRD was con-
ducted on the cathodes. The contour plot in figure 10(a) reveals
four reversible phase transitions. Due to the low intensity
(laboratory diffractometer), continuous refinement was not
possible. Therefore, individual XRD patterns were refined to
describe the structural evolution. As shown in figure S(13),

the Ni?* ions undergo oxidation to Ni** upon Na* extrac-
tion, which enhances the Jahn-Teller distortion and leads to
the emergence of monoclinic distortion and formation of the
O’3 phase. The most prominent feature was a splitting of
the (104) reflection into (20—2) and (111) for O’3. However,
the (20—2) reflection was barely visible (low intensity). With
further desodiation, the repulsion within the oxygen layers
increases, causing gliding of the TMO, slabs and formation
of the P3 phase. The most noticeable change was a significant
enhancement of the (105), (102), (006), and (003) reflections
[7]. As the sodium content depleted further, P3 transitioned
toward O”3, causing less lattice distortion. The latter is evid-
ent from the decrease in a/b value from O’3 (1.86) to O3
(1.83) [25]. Nevertheless, the cubic volume of O”3 is slight
larger than that of P3 (table S8). Similar results have been
reported for other (charged) Ni-rich O3-type layered oxides
in SIBs, such as O’3-NaNiO, and O3-NaNiys5Cos0, [25,
53-57]. With progressing desodiation, the Ni** ions undergo
further oxidation to Ni**, accompanied by the formation of
the O1 phase. The hypothesis is that O1 is thermodynamically
more stable at high states of charge, similar to the O3-O1 trans-
ition occurring in LiCoO, (LCO) [58]. The different trans-
itions (based on the discharge data in table S8) are indicated in
the dg/dV curve for the second cycle in figure S(14), aiming at
providing a more intuitive understanding of the phase changes.
Due to significant overpotentials in the initial charge cycle, an
accurate comparison is not feasible. It should be noted that
the peaks at about 3.1, 3.4, and 3.5 V (figure S(14)) cannot be
unambiguously correlated with features in the XRD data; they
can likely be attributed to Na*/vacancy ordering or reversible
reactions involving the Ni>*—Ni** and/or Ni**-Ni** redox
couples, with the former potentially stabilizing the monoclinic
0”3 phase and facilitating its formation [56, 59-62].

The structural parameters from Rietveld refinements of the
individual XRD patterns are given in table S8. All unit-cell
volumes were translated into values analogous to the primit-
ive cubic cell for easier comparison between different phases.
As can be seen, prior to the formation of the O1 phase, the
volume changes are minor, irrespective of the transitions from
03 — 0’3 — P3 — 0”3 (figure 10(b)). However, upon O1
formation at potentials above 4.0 V vs. Na*/Na (equivalent
to ~80% state of charge), the volume collapses to about 70%
of the initial O3 volume, eventually resulting in the formation
of cracks (figures 10(c) and (d)) and leading to mechanical
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Figure 10. (a) 2D contour plot of operando XRD data collected during the first cycle at C/10 rate. (b) Illustration of crystal structures for
03, 0’3, P3, 0”3, and O1. Cross-sectional SEM images of NNTO (c) in the pristine state and (d) after 200 cycles.

degradation. A similar fading behavior has been observed for
the O3-type NaNipsMngsO, [36]. Notably, although the P3
phase is in a Na-deficient state, its ¢ parameter was found to
not deviate much from that of the initial O3 phase. This can
be explained by weakening of the oxygen—oxygen shielding
effect upon Na™ extraction [63].

To gain further insight into crack formation during cycling
of NNTO, operando AE as a non-destructive technique was
employed. AE is widely used for monitoring the fatigue and
mechanical damage of construction materials [64]. Regarding
batteries, AE has been employed both to monitor cell health
and predict cycle life, and as a characterization tool for indi-
vidual electrodes [65-67]. While (bulk) phase evolution can
be studied via XRD, information about microscopic structural
changes, such as particle fracture, are not easily obtained in
operando mode [68]. By monitoring the AE of NNTO, particle
cracking can be examined. In general, AE directly detects

1

the generation and propagation of cracks, thereby indirectly
providing information about structural changes on the mater-
ial and/or electrode level. Nevertheless, other acoustically act-
ive processes can be monitored as well, such as SEI formation
[46, 64, 68, 69]. As shown in figures 11(a) and (b), acoustic
activity accumulated early in the initial cycle, due to form-
ation of the cSEI [68, 70-73]. This has also been found for
LCO and LNO cathodes [68, 70]. Near the end of charge and in
subsequent cycles, the majority of acoustic activity was detec-
ted at potentials associated with particle fracture due to phase
transitions and the corresponding unit-cell volume changes
during desodiation [68, 70, 71, 74-76]. The number of new
hits per cycle gradually decreased, which is reflected in the
hit density shown in figure 11(b) and highlighted for the later
cycles in figure S15(a). A similar observation of AE being
closely related to particle fracture has recently been reported
for a P2-type SIB CAM [46].
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Figure 11. (a) Voltage profiles for the first five cycles (at C/30 rate followed by C/10 cycling) and corresponding cumulated hits. (b)
Contour plot of acoustic activity (hit density) as a function of time and potential.

Since the AE is concentrated in the phase-transition
regions, dg/dV curves of the first two cycles are displayed in
figures S15(b) and (c). In the beginning of the initial cycle,
which corresponds to the (acoustically active) cSEI formation
stage, the acoustic behavior associated with phase transitions
was relatively weak, but strong activity caused by the 0”3-O1
transition at about 4.0 V vs. Na*/Na was clearly observed. In
the second cycle, two distinct peaks, centered around 3.5 V, led
to acoustic activity. A possible reason might be Na™/vacancy
ordering, leading to a reduction in Jahn-Teller distortion and
further resulting in strain concentration, plastic deformation,
and/or intragranular cracking [53]. While Jahn—Teller distor-
tion can be observed by XRD, the latter effects may only be
detected in real-time by AE or advanced electron microscopy
techniques. However, other peaks in the dg/dV curves were not
associated with distinct acoustic behavior. Overall, the volume
collapse at high potentials can be correlated with specific
AE signals, strongly suggesting crack formation. Therefore, it
seems that chemo-mechanical degradation is one of the main
factors contributing to the NNTO fading.

Finally, in situ DEMS measurements were performed to
study the gassing behavior of NNTO. Figures 12(a)—(d) illus-
trates the relationship between voltage profile and gas evolu-
tion rate and total amount of the three species detected, namely
hydrogen (H,, m/z = 2), oxygen (O,, m/z = 32), and carbon
dioxide (CO,, m/z = 44). The evolution of these gases can be
seen in analogy to their generation in LIBs. CO, originates
from the chemical oxidation of electrolyte associated with the
release of lattice oxygen or from electrochemical oxidation of
the electrolyte (or, mainly during the initial cycle, from surface
carbonates) [77-82]. In LIBs, the O, released from layered
oxide cathode materials is reactive oxygen and is seldom dir-
ectly detected in the form of molecular oxygen. Instead, it
is indirectly detected in the form of the electrolyte oxidation
product CO, [83, 84]. However, small amounts of O, were
observed in this study. H is initially generated through the
reduction of trace water at the anode. Its release at higher
potentials is typically attributed to the formation of protic spe-
cies as secondary products, stemming from oxidation reac-
tions involving the electrolyte, at the cathode. These species
then migrate to the anode, where they undergo reduction pro-
cesses under the release of H, (figure 12(b)) [81, 82, 85]. In

the first cycle, a small amount of O, (~2.9 umol g’l) evolved
(figure 12(c)), which can be attributed to NNTO undergoing
oxygen redox activation, as known for O3-type layered oxides
containing redox-inactive transition metals [86, 87]. This in
turn can lead to anion oxidation at higher potentials, result-
ing partially in irreversible O, evolution [82, 87, 88]. The
main evolved gas was CO, (figure 12(d)), with the highest
rate at about 4.0 V vs. Na*/Na. Generally, residual carbon-
ates can explain much of the CO; evolution in the initial cycle
[78]. However, no carbonate vibrational bands were detec-
ted by Fourier-transform infrared spectroscopy (figure S(16)),
indicating a largely carbonate-free surface of the NNTO sec-
ondary particles. Because the H, evolution exhibited a sim-
ilar behavior (figure 12(b)), we attribute the generation of H,
and a major portion of CO, at 4.0 V to the reaction between
released lattice oxygen and electrolyte. A smaller portion of
CO,, explaining the gas evolution shoulder at 4.2 V, may
be attributed to the decomposition of trace carbonates and/or
electrochemical oxidation of the electrolyte, which however is
commonly observed only at potentials above 4.7 V vs. LiT/Li
(equivalent to ~4.4 V vs. Na™/Na), and thus considered less
likely [82]. In the second cycle, due to the formation of the
c¢SEI and an oxygen-depleted surface, the gas generated by
chemical oxidation of electrolyte significantly decreased. Yet,
small amounts of H, and CO, were observed, implying the
persistence of lattice oxygen loss and subsequent electrolyte
degradation. In conclusion, the gassing behavior infers that
irreversible oxidation of lattice oxygen is, next to the phase
transitions and resulting particle fracture, another underlying
mechanism of the continuous degradation of NNTO.

In addressing the two degradation mechanisms mentioned
above, a preliminary optimization was performed. For mitig-
ating chemo-mechanical degradation induced by continuous
cracking, an Al,O3 coating was applied to the NNTO second-
ary particles [89-92]. The purpose was to prevent adverse side
reactions from occurring between newly formed (reactive)
interfaces and electrolyte. As shown in figure S(17), the Al,O3
coating indeed helps stabilize the NNTO surface, improving
the cycling stability, although some degradation remains. In
the future, dopants may be employed, along with protect-
ive coatings. This approach is expected to not only alleviate
the volume collapse of NNTO at high potentials, but also to
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Figure 12. (a) Voltage profiles at C/10 rate and corresponding time-resolved evolution rates (left y-axis) and cumulative amounts (right

y-axis) of (b) Ha, (c) Oz, and (d) CO, measured by DEMS.

suppress lattice oxygen loss to ultimately enhancing the over-
all cycling performance.

4. Conclusions

In summary, in the present work, we have reported about
NaNig¢Tip;O, (NNTO), which is superior to NaNiO, and
NaNij5Tip50, when used as a cathode material in sodium-
ion cells. By systematic exploration of the synthesis condi-
tions, high-purity NNTO was prepared through a solid-state
route. The material is capable of delivering a reversible spe-
cific capacity of ggis ~ 190 mAh g~! in the electrochemical
window of 2.0—4.2 V vs. Na™/Na at an average operating
potential of 3.2 V. Compared to NaNiO, and NaNig 5TipsO,,
NNTO demonstrates increased cycling stability even at higher
C-rates (maintaining ~64% of the capacity after 50 cycles at
C/2). However, significant fading is still observed upon long-
term cycling. Through operando XRD, we found that NNTO
undergoes an O”3-01 phase transition at around 4.0 V, caus-
ing a ~30% volume collapse and resulting in crack initiation
and propagation during battery operation. This observation

was verified through post mortem SEM imaging and oper-
ando AE measurements. Furthermore, in situ gas analysis via
DEMS revealed irreversible lattice oxygen loss, contributing
to structural instability and fading. To address these degrad-
ation mechanisms, we have implemented an alumina surface
coating, and intend to introduce dopants into the Na sites [93],
or further to the transition metal sites of NNTO, to mitigate the
volume variation at high potentials.

5. Future perspectives

The rapid advancement of LIBs has significantly propelled
the electric and hybrid vehicle industry in recent years. SIBs,
as a promising alternative to LIBs, are particularly suit-
able for large-scale electrochemical energy storage, due to
their lower cost and the abundant availability of raw materi-
als. However, recent research on layered oxide cathodes has
revealed that favorable operating potentials and high theor-
etical specific capacities make SIBs also viable for high-
performance applications. Among the existing layered oxides,
sodium-rich O3-type materials generally exhibit a higher
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theoretical specific capacity than sodium-deficient P2-type
materials, making the former more promising for practical
application. Nonetheless, the multiple phase transitions and
Jahn-Teller distortion associated with O3-type structures can
severely affect the cycling performance and stability. Doping
transition metal sites with tetravalent metal species (such as
Ti**) has been shown to effectively mitigate some of the
issues. Despite these advances, further investigation into the
material’s stability/reactivity (bulk/surface) at high potentials
is required to fully realize the potential of this promising class
of cathode materials.
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