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is loop as a fingerprint of slow
kinetics Co2+-to-Co3+ transition in layered NaxCox/

2Ti1−x/2O2 cathodes for sodium batteries†

Daria Mikhailova, *a Mikhail V. Gorbunov, a Hoang Bao An Nguyen, a

Björn Pohle, a Sebastian Maletti b and Christian Heubner c

Sodium transition metal oxides are one of the most promising cathode materials for future sodium ion

batteries. Chemical flexibility of layered Na-oxides including cobalt enables its partial substitution by

other redox-active or non-active metals, often leading to structural stabilization. Sharing the same

structural positions with other transition metals in layered oxides, Co can be double- or triple-charged,

and as Co3+ can adopt a low-spin (LS), intermediate-spin (IS), high-spin (HS) state, or a combination of

them. Using Ti4+ in the structure together with Co2+ results in a reduced number of phase

transformations compared to Ti-free compositions. However, a large potential hysteresis of about 1.5–

2.5 V between battery charge and discharge is observed, pointing a first-order cooperative phase

transition. Based on several examples, we found that Na extraction from NaxCox/2Ti1−x/2O2 materials with

high-spin HS-Co2+, crystallizing in the P2 or O3 structure, mostly results in valence and spin-state

transition of Co, leading to the formation of a second phase with a low-spin LS-Co3+, and a much

smaller unit cell volume. We elucidated a kinetic origin of the potential hysteresis, which can be

minimized by increasing temperature or reduction of the current density during battery cycling with P2-

and O3-Na0.67Co0.33Ti0.67O2 materials. The slow kinetics of the structural phase transition, especially

upon Na-insertion, hampers the application of classical methods of electrochemical thermodynamics,

such as determining the entropic potential dE/dT. We showed that the entropic potential depends only

on the Na-content in NaxCo0.33Ti0.67O2 during battery charge or discharge, what additionally confirms

a kinetic nature of the potential hysteresis.
Introduction

Sodium-ion batteries (SIBs), rst explored in close analogy to
lithium-ion batteries (LIBs) in the 1980s, have come back into
the spotlight because of their great potential as successors to
lithium batteries in low-cost electrical energy storage.1 Since
they belong to the same alkali group, Na-containing materials
and their electrochemistry have many similarities with Li, so
SIB development is based on the success story of the LIB tech-
nology. Within a short period of time, a variety of cathode and
anode materials have been explored, and some of them have
shown promise for practical SIBs. However, as our under-
standing increases, it is becoming clear that analogous
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electrode materials in SIBs and LIBs and their electrochemical
behavior have less in common than expected.

The high redox potential of cobalt and its ability to change
the oxidation state from +2 to +4 make cobalt-containing
layered oxides promising cathode materials for SIBs with
a high theoretical specic capacity, and a high energy density.2–5

Various NaxCoO2 layered oxides with different crystal structures
having octahedral (O) or prismatic (P) oxygen surrounding of Na
atoms demonstrate plenty of phase transformations during Na-
extraction and insertion, associated with formation and
ordering of Na-vacancies, and change in the lattice symmetry.2

Due to a relatively big size of Na cations in comparison to Li,
and multiple phase transformations, such cobalt-containing
oxides have poor rate capability of sodiation and desodiation
because of a high energy barrier for the phase boundary
movement. In most cases, the observed specic capacity is
signicantly lower than the theoretical one, suggesting only
partial redox activity of cobalt.2,4 Furthermore, the preparation
procedure of NaxCoO2 is hard to control since the material is
very sensitive to the Na-content and synthesis temperature,
resulting in multi-phase samples.6,7 At least three different
structures, O3, P3 and P2, are usually obtained for NaxCoO2
J. Mater. Chem. A, 2023, 11, 187–204 | 187
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compositions by a solid-state synthesis.7,8 This impedes scaling-
up of the material production as well. Therefore, for
a commercial application in electrochemical energy storage
devices, improvements in electrochemical performance are
needed, including suppression of irreversible and very slow
phase transformations, and extension of solid-solution regions.
A common way to enhance the structural stability and to reduce
the number of phase transformations implies a cation
replacement in metal–oxygen layers due to a high chemical
exibility of the layered structure. Different redox-active and
inactive transitionmetals were already implemented to partially
substitute Co in NaxCoO2 oxides.3,9–11 Particularly, the partial
substitution by Mn, Fe, and Ti has been shown to improve the
electrochemical performance of NaxCoO2 in Na-batteries. In
case of the Mn-doping, P2-Na0.67Co0.67Mn0.33O2 (ref. 12 and 13)
and P2-Na0.67Co0.5Mn0.5O2 (ref. 14) were studied in detail
regarding electrochemical properties, structural changes and
charge compensation mechanism during (de)sodiation. It was
shown that Na-removal from Na0.67Co0.67Mn0.33O2 to at least
x(Na)= 0.40 occurs as a single-phase process, and a subsequent
Na-insertion up to x(Na) = 0.9 proceeds as a solid-solution
process as well. Low-spin Co3+ and Mn4+ cations were
conrmed in the pristine material, while only Co3+ participated
in the redox process during Na-removal.12 Partial replacement
of Co by Ti stabilizes the crystal structure resulting in less phase
varieties aer solid-state synthesis and less phase trans-
formations upon (de)sodiation.11,15–21 For application as
a cathode in Na-batteries, replacement of Co with Ti up to 50
at% is reasonable, while a higher substitution degree would
lower the specic capacity. During Na-extraction, a change in
the oxidation state of Co from Co2+ to Co4+ occurs to compen-
sate the charge decit in the structure.17,19

Electrochemical behavior of P2, O3 and P3 Na-oxides with Co
and Ti is quite different. While P2-Na0.67Co0.5Ti0.5O2 provides
a capacity of about 100 mA h g−1 without noticeable cell
polarization,16 O3 and P3 phases show a much higher specic
capacity of almost 200 mA h g−1 accompanied by large hyster-
esis of the cell voltage of about 2 V during battery charging and
discharging.17,19

Various explanations for this phenomenon have been
proposed. First, a large difference in Co–O bond lengths in
initial O3-NaCo0.5Ti0.5O2 and de-sodiated P3-Na0.33Co0.5Ti0.5O2

was emphasized,17,19,22 which originates from different spin-
states of cobalt in both phases: while high-spin HS-Co2+ was
observed in O3-NaCo0.5Ti0.5O2, a low-spin LS-Co3+ was present
in P3-Na0.33Co0.5Ti0.5O2.17 This spin-state transition of Co was
further conrmed by DFT calculations.19 Second, two reaction
paths with different intermediate states were proposed for Na-
removal from O3-NaCo0.5Ti0.5O2, and Na-insertion into P3-
Na0.33Co0.5Ti0.5O2,19,22 leading to a potential hysteresis.

A composition-induced spin-state transition phenomenon
has never been reported for layered Li-oxides with Co due to
a much smaller structural lattice and generally shorter Co–O
distances, which force Co to adopt the low-spin state already in
the fully lithiated state (“chemical pressure”). Due to the similar
ionic radii of Co2+ and Li+, synthesis of substituted composi-
tions results mostly in a rock-salt structure with cation mixing.
188 | J. Mater. Chem. A, 2023, 11, 187–204
In case of the bigger Na cations, the crystal lattice is more
expanded along the c-axis, and Na and transition metal cations
do not share crystallographic positions. Consequently, an
intermediate or a high-spin state of Co can be stabilized in the
sodiated state. Na-extraction from the structure results in
a lattice shrinkage, which can lead to a spin-state transition of
Co. Although a noticeable potential hysteresis was also observed
for some layered Li, Co-oxide cathodes as for example Li-rich
xLi2MnO3$(1−x) LiCoO2, an involvement of oxygen anions in
the redox reaction (oxygen redox) was proposed as the
reason.23,24

However, details regarding the phase transitions in layered
Na,Co-oxides are still not completely understood, although they
are very important for the targeted design of cobalt-containing
materials for battery application. In this work, we discuss
thermodynamic and kinetic aspects of phase transformations
in layered Na,Co,Ti-oxides including spin-state transition under
operation in Na-batteries. Two Na0.67Co0.33Ti0.67O2 compounds
with different P2 and O3 structures were selected for detailed
room-temperature structural and temperature-dependent elec-
trochemical investigations using classical diffraction and ther-
modynamic methods. These materials can easily be (de)-
sodiated in Na-batteries, thus representing optimal model
systems to study correlations between phase transformations
upon Na-removal, spin-state transition, and temperature- and
time-dependent electrochemical behavior. The presence of
diamagnetic Ti4+ cations in the structure, randomly sharing
positions with Co2+, prevents any strong magnetic interactions
between Co ions.
Experimental

P2- and O3-Na0.67Co0.33Ti0.67O2 materials were prepared by
solid-state reactions using stoichiometric amounts of Na2CO3

(Fluka, >99.0%), TiO2 (Sigma Aldrich) and Co(CH3COO)2$4H2O
(Alfa Aesar, >99.0%). Powdered mixtures of reactants were
placed in alumina crucibles and heated up to 600 °C for 15 h in
air. Aer that, powders were ground, pressed into pellets and
annealed at 900 °C (O3) and 940 °C (P2) for 25 h in air. The
synthesis temperatures were adopted from the work.25 In order
to obtain materials with high crystallinity, P2 was quenched to
room temperature from 900 °C, while the O3 material from
800 °C. Aer heat treatment, the samples were immediately
transferred to an Argon-lled glovebox.

For phase analysis and determination of cell parameters,
powder X-ray diffraction was carried out using the STOE STADI
P diffractometer with Co-Ka1 radiation (l = 1.78896 Å) in
a transmission mode. To avoid air contact, samples were sealed
between polyimide sheets. For both materials, structural
parameters were determined by Rietveld analysis based on all
available reections using the program Fullprof implemented
in the WinPLOTR soware.26
Electrochemical investigations

Electrochemical tests were performed in two-electrode
Swagelok-type cells using a VMP3 potentiostat (Biologic
This journal is © The Royal Society of Chemistry 2023
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Instruments). Electrodes were prepared by pressing a mixture of
the active material with Super P carbon (BASF) as a conductive
additive and poly(tetrauoroethylene) (PTFE, Aldrich) as
a binder, in the 80 : 10 : 10 weight ratio onto an aluminium
current collector. Sodium anodes were home-made by rolling
pieces of metallic sodium (Alfa Aesar, 99.95%) into plates and
cutting out as disks. A glass ber cloth (Whatman, GF/D),
soaked with electrolyte, served as separator. A home-made
electrolyte contained 1 M NaClO4 (ACS, 98.0–102.0%) dis-
solved in a mixture of propylene carbonate (PC, BASF) and
ethylene carbonate (EC, BASF) in the 1 : 1 ratio with adding 5%
uoroethylene carbonate (FEC, BASF).

For measurements of the entropic potential dE/dT, elec-
trodes were prepared by mixing the active material powders
with polyvinylidenuorid PVDF 5130 (Solvay) and carbon black
(Super P, Imerys) in N-methyl-2-pyrrolidone (NMP, 99.5%, GPR
Rectapur®) in a 77/11.5/11.5 weight ratio and casting the
mixture onto an Al foil (MTI). The electrodes were assembled
against Na metal (99%, Alfa Aesar) as counter and reference
electrode using an electrolyte of 1 M NaClO4 (>99.9%, Sigma
Aldrich) in PC : FEC 98 : 2 (Sigma Aldrich). Electrochemical
thermodynamic tests were carried out in CR2032 coin cells,
using two glass microber separators (Whatman GF/C), soaked
with electrolyte. The electrochemical measurements were per-
formed in a climate test chamber (BIND9020-0199, Binder)
using a multichannel potentiostat (VMP3, Biologic). First, the
cells were subjected to a formation procedure by cycling three
times between 0.2 V and 4.4 V to establish stable conditions.
Aerwards, the cells were charged stepwise to different states of
charge (SoC) by applying a constant current of 0.1C, corre-
sponding to deintercalation of 1 Na per formula unit during
10 h, for 20 min. Aer each charging step, the cells were allowed
to relax for 12 h. At each SoC, the entropic potential dE/dT was
determined by temperature-dependent measurements of the
equilibrium potential. Therefore, the temperature was varied
linearly between 15 and 35 °C at a rate of dT/dt = 0.5 K min−1,
while recording the open-circuit potential. This procedure was
repeated for each charge step until the cut-off potential of 4.4 V
was reached. Subsequently, a similar procedure was carried out
for the discharging process.
Operando X-ray diffraction

Operando X-ray diffraction measurements on P2- and O3-
Na0.67Co0.33Ti0.67O2 were performed in a transmission mode,
using laboratory STOE STADI P diffractometer with Mo K-a1
radiation (l = 0.7093 Å). The home-built experimental setup
represents a single coin cell holder connected to a one-channel
VMP3 potentiostat. For experiments, dedicated in situ coin cells
2032 with windows of 4 mm diameter on both sides, closed by
Kapton foil, were used.

In order to characterize the P2- and O3–Na0.67Co0.33Ti0.67O2

pristine materials, a pattern was recorded before the electro-
chemical process (Na-removal and -insertion) was started. The
electrochemical cell was then successively charged and dis-
charged in galvanostatic mode at a current corresponding to the
intercalation or deintercalation of 1 Na per formula unit during
This journal is © The Royal Society of Chemistry 2023
20 h (0.05C rate). All diffraction patterns were analysed by
Fullprof implemented into the soware package FullProf
Suite.26 The Al-foil as current collector on the cathode side
served as an internal standard during the measurements, and
the rened lattice parameter of Al provided an independent
control of the reliability of the obtained model parameters. Two
different sample shis, for the oxide and for the Al-foil, were
considered in the analysis procedure.

Operando X-ray absorption measurements

Operando X-ray absorption experiments were carried out at the
beamline P65 at PETRA III extension (DESY, Hamburg, Ger-
many) in transmission and uorescence setup. An 8-fold coin
cell holder, coupled with a Biologic Instruments potentiostat,
was used for electrochemical cycling.27 For EXAFS data analysis,
the measured spectrum below the pre-edge was tted linearly
while the post-edge background contribution was tted to
a quadratic polynomial. This background m0(E) was subtracted
from the absorption spectrum m(E) and the resulting data were
normalized according to c(E) = {m(E) − m0(E)}/Dm0(E), where
Dm0(E) denotes the measured jump in absorption at the edge.
The normalized spectrum was converted into k space using k =
[2m(E − E0)/ħ2]1/2. By weighting c(k) with k3, contributions of
higher k numbers were amplied. The resulting k3c(k) function
was Fourier-transformed into the R space, allowing determina-
tion of interatomic distances. Least-square ts were performed
using the FEFF6 code.28

Magnetization measurements

Magnetization measurements of pristine, charged and dis-
charged P2-and O3-Na0.67Co0.33Ti0.67O2 materials were per-
formed using a SQUID magnetometer (MPMS) from Quantum
Design. The temperature dependences of the magnetization
were measured both in zero-eld-cooled (ZFC) and in eld-
cooled (FC) mode between T = 2 and 330 K at 6 T. Magnetic
susceptibilities in the paramagnetic region were analysed in
terms of the modied Curie–Weiss law with a temperature-
independent paramagnetic contribution c0 : c = C/(T − q) +
c0, where the Curie constant C = NAmeff

2/3kB yields the para-
magnetic effective moment meff.

Results and discussion
Solid state synthesis and preliminary characterization

According to the composition stability diagram for O3 and P2
structural modications of NaxCo

2+
x/2Ti

4+
1−x/2O2,25 a material

with the Na0.67Co0.33Ti0.67O2 stoichiometry can adopt both O3
and P2 structures by temperature variation during synthesis.
We found that the P2 structure needs a higher synthesis
temperature of 940 °C in air and a fast cooling to room
temperature from 900 °C. For preparation of the O3 phase,
a lower temperature of 900 °C in air was used. The sample was
quenched to room temperature from 800 °C. According to the
XRD analysis, these synthesis conditions provided single-phase
materials, crystallizing in P63/mmc (P2-phase) and R�3m (O3-
phase) space groups, see Fig. 1. Structural data for both
J. Mater. Chem. A, 2023, 11, 187–204 | 189
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Fig. 1 Experimental XRD patterns of O3- and P2-Na0.67Co0.33Ti0.67O2 (red spheres) together with the calculated one (black line) and the
difference between them (blue line). Green marks correspond to the position of Bragg reflections, determined by Rietveld analysis. Structural
parameters of both Na0.67Co0.33Ti0.67O2 modifications are presented in Table 1.
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materials, presented in Table 1, disclosed for the P2 phase
a shorter average (Co, Ti)–O distance of 1.985(3) Å and a longer
Na–O distance of 2.485(4) Å in trigonal NaO6-prisms in
comparison to (Co, Ti)–O of 2.024(1) Å and Na–O of 2.409(2) Å in
NaO6-octahedra in the O3-phase. The structural transformation
O3 / P2 at high temperatures is caused by the lattice energy
changes, arisen from the stronger metal–oxygen bonding in P2
than in O3, and the entropy factor. In the P2-lattice, Na-cations
are distributed on two crystallographic sites in contrast to the
O3-lattice with only one Na site (Table 1), leading to a higher
entropy value.29 The Na+ diffusion pathways in both structures
are different, namely a NaO6-octahedron/NaO4-tetrahedron –

NaO6-octahedron through narrow triangular faces in O3, and
a more voluminous NaO6-prism(1) / NaO6-prism(2) – NaO6-
prism(1) through rectangular faces together with longer Na–O
bonds in P2. This must result in a higher ionic conductivity and
a lower energy barrier for Na-diffusivity in the P2 material, in
Table 1 Structural parameters for O3-Na0.67Co0.33Ti0.67O2 and P2-Na
diffraction data (Co-Ka radiation). The oxygen occupancy numbers in
displacement parameter for two Na-sites in the P2 phase was refined sim

O3-Na0.67Co0.33Ti0

Space group R�3m
a (Å), c (Å) 2.98569(3), 16.467
V (Å3) 127.126(3)
V/f.u. (Å3) 42.375(1)
Z 3
Co,Ti (x, y, z) 3a (0, 0, 0)
B (Å2) 2.61(4)
Na1 (x, y, z) 3b (0, 0, 0.5)
n(Na1) 0.666(4)
Na2 (x, y, z) —
n(Na2) —
B (Å2) 3.5(1)
O1 (x, y, z) 6c (0, 0, 0.2689(1))
B (Å2) 2.63(5)
(Co, Ti) – O (Å) 2.024(1) × 6
Na–O (Å) 2.409(2) × 6
Bragg R-factor, % 1.95
Rf-factor, % 2.90

190 | J. Mater. Chem. A, 2023, 11, 187–204
accordance with the reported experimental data.28 However, as
it was shown by theoretical calculations, Na-diffusivity in P2-
type NaxMO2 structures is strongly Na-concentration depen-
dent, being superior for x(Na) < 0.67 and inferior for x(Na) > 0.67
compared to O3-NaxMO2.30 The O3-type structure, in contrast, is
less Na-content dependent30
Electrochemical properties

Since the crystal structure of both compounds is Na-decient,
they can be used for Na-removal (as a cathode) as well as for
Na-insertion (as an anode) in Na-batteries, with nearly the same
specic capacity in the assumption that Co2+ is reversibly
oxidized to Co3+ during desodiation, while half of Ti4+ ions are
reversibly reduced to Ti3+. The electrochemical characteristics
of the two materials during desodiation (charging) and sodia-
tion (discharging) are in principle very similar. Both materials
0.67Co0.33Ti0.67O2 at 25 °C as refined based on laboratory powder
both structures were constrained to the 100% value. The thermal
ultaneously

.67O2 P2-Na0.67Co0.33Ti0.67O2

P63/mmc
0(3) 2.97388(5), 11.1762(5)

85.600(4)
42.800(2)
2
2a (0, 0, 0)
3.2(1)
2b (0, 0, 0.25)
0.188(6)
2c (0.33, 0.66, 0.25)
0.420(10)
3.1(4)
4f (0.6667, 0.3333, 0.0892(5))
2.3(1)
1.985(3) × 6
2.485(4) × 6
3.55
4.02

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Examples of electrochemical cycling of O3- and P2-Na0.67Co0.33Ti0.67O2 with 0.1C in Na-batteries in the potential range between 4.2
and 0.2 V (cell charge was applied first) and 0.2 V and 2.6 V (first discharge). For the last case, only Ti is supposed to be redox-active. (b) dQ/dE
differential curves for O3 and P3 phase plotted from the graphs (a) for the second cycle.
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show a large hysteresis of the cell voltage between charging and
discharging between 4.2 and 0.2 V (see Fig. 2). Such a large
potential hysteresis upon Na-removal and insertion, already
reported for NaxCo0.5Ti0.5O2 materials in our previous work,17

was supposed to be associated with a phase transition, accom-
panied by a spin-state transition of high-spin HS-Co2+ to low-
spin LS-Co3+. Generally, we can expect a similar scenario for
other Co2+/Ti4+ ratios and particularly for Na0.67Co0.33Ti0.67O2,
although a small difference in the crystal structures of P2 and
O3 could have a certain impact on the transition and the elec-
trochemical behavior. In the rst cycles, both structures provide
This journal is © The Royal Society of Chemistry 2023
very similar overall specic capacity (Fig. 2a). The P2 structure
exhibits a higher capacity in the low potential window between
0.2 and 2.6 V, while the O3 structure shows a higher value in the
high-voltage region. Separatemeasurements of P2 and O3 in the
low-potential window of 0.2–2.6 V, reecting their Na-
intercalation ability, provided reversible capacities of
65 mA h g−1 and 45 mA h g−1, respectively. Note that at
potentials below 1 V, carbon black, which is added as
a conductive component to the composite electrode, incorpo-
rates some sodium ions as well, see Fig. S1.†
J. Mater. Chem. A, 2023, 11, 187–204 | 191
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The difference in the electrochemical activities of P2 and O3
phases in the potential range of 4.2–0.2 V, can clearly be seen in
differential capacity plots dQ/dE (Fig. 2b). During sodiation, O3
shows redox activity around 3.5 V, although the major process
takes place around 1 V, whereas for P2, the redox reaction
during Na-insertion sets rst at cell potentials around 1 V.

As mentioned above, the potential hysteresis observed for
P2- and O3-Na0.67Co0.33Ti0.67O2 strongly resembles the behavior
of previously reported NaxCo0.5Ti0.5O2. Therefore, at the next
step, the underlying reaction mechanisms and temperature
dependence of the electrochemical properties of these two
phases were investigated and compared with those of Nax-
Co0.5Ti0.5O2, with the purpose to elaborate special characteris-
tics of the systems responsible for the large potential hysteresis
loop.

Reaction mechanisms in P2- and O3-Na0.67Co0.33Ti0.67O2

modications

Using O3-NaCo0.5Ti0.5O2, we have shown that during sodiation
upon cell discharge Co was reduced to Co2+, while Ti remained
in the structure as Ti4+, even down to cell potentials close to 0 V
vs. Na+/Na.17 In contrast, for Na0.67Co0.33Ti0.67O2, increase of the
Na content higher than x(Na) > 0.67, must result in reduction of
Ti4+. Since the intercalation process aer charge of Na0.67-
Co0.33Ti0.67O2 to 4.2 V begins below 1.6 V, two possible scenarios
can be realized here, either (i) Co- and Ti-based redox processes
are independent and well-separated on the potential scale, or
(ii) Co-reduction occurs simultaneously with the Ti-reduction
during sodiation. Operando diffraction experiments not only
provide information about the crystallographic phases that
participate in the redox process, but also enable analysis of
interatomic distances, which indirectly reect the valence states
of metals.

Crystal structure evolution of P2- and O3-Na0.67Co0.33Ti0.67O2

during Na-removal and insertion

Structural changes in the P2 material. We monitored
changes in the crystal structure of the P2 material during the
rst charge–discharge cycle between 4.2 and 0.2 V. At the
beginning of Na-removal, a second phase is formed (here
labeled as P2*). It can be described by the same space group P63/
mmc as the pristine one, but exhibits a smaller lattice parameter
a. This corresponds to a shorter transition metal–oxygen
distance, and a bigger parameter c, reecting a stronger repul-
sion between metal–oxygen layers aer Na-removal. The unit
cell volume of the P2* phase is 2.8 Å3 smaller than the unit cell
volume of the pristine structure, see Fig. 3. At the end of
charging, the material with a total Na amount of about 0.34
contains solely the new P2* phase. During discharging, the
initial P2 phase appeared again, having, however, a slightly
higher lattice parameter a than in the initial state, which may
correspond to a slightly higher Na content.28 The re-formation
of the pristine phase is not completed aer the rst Na-
insertion even up to x(Na) = 0.8, which exceeds the initial Na
content. The reections of the second phase are still present in
the diffraction pattern, see for example the evolution of 002
192 | J. Mater. Chem. A, 2023, 11, 187–204
reection in the waterfall-plot of Fig. 3 (le). Calculation of P2
and P2* amounts in the material from the Rietveld analysis
gives 60 wt% of the P2 phase at x(Na) = 0.8 (Fig. 3). Therefore,
phase transformation during sodiation of the P2 material
appears to be more time-dependent when compared to des-
odiation. This nding indicates that even in the P2 structure,
which is supposed to be superior in terms of Na-diffusivity than
the O3 structure,30 the phase transformation accompanying Na-
insertion is kinetically impeded.

During desodiation, the lattice parameter c of the initial P2
phase, which strongly correlates with the Na occupancy number
in the structure, slightly changes. The difference between the
highest c-value and initial c0-value for P2, calculated as Dc/c0, is
0.17%. It is much smaller than the value of 1.5%, calculated for
the P3-NaxCo0.5Ti0.5O2 material, showing a single-phase de-
intercalation mechanism,17 in which all structural changes are
originated from the Na-removal. Therefore, a quasi-constant
composition of P2 can be assumed. Lattice parameters of the
new P2* phase change more at the beginning of the formation
up to about 40 wt% in the material. This is concerned primarily
with nucleation and growth processes of the new phase. Start-
ing from the composition corresponding to about 50% wt% of
each phase in the material, lattice parameters of P2* do not
change notably anymore. Hence, a quasi-constant composition
of P2* can be proposed as well.

Structural changes in the O3 material. Structural variations
in the O3 material have been investigated for the rst two
charge–discharge cycles between 4.2 and 0.2 V (Fig. 4). During
the rst charging, about 0.45 Na per formula unit was removed
from the material before the cell voltage reached 4.2 V.

Aer extraction of 0.05 Na, reections of a second phase
with P3 symmetry appeared in the diffraction patterns. The
transition of the O3 into the P3 phase can be envisaged like
sliding of the oxygen layer across the Na layer by (1/3, 1/3, 0).6

Both O3 and P3 phases co-exist during the entire charging
process. The P3 phase has a smaller lattice parameter a and
a bigger parameter c, similar to the new P2* phase in case of
the P2 material. At the end of the charging process, the initial
O3 structure disappears completely, and the electrode poten-
tial increases sharply. Analysis of the data revealed a very small
change in the lattice parameter c of the O3 phase, while more
noticeable changes in the lattice parameters a and c of the P3
phase were observed. During the discharge process, the
reections of the O3 phase appeared aer the electrode
potential decreased to 1.3 V and about 0.1 Na was inserted into
the material. Interestingly, the cell metrics of the O3 phase
slightly differ from the pristine ones, pointing that the O3
phase has a slightly higher Na-content during discharging,
like the P2 material. Therefore, a two-phase reaction mecha-
nism with almost constant composition of the O3 and P3
phases can be deduced.

Upon discharge, at the total Na-content of 0.8 (Na0.8Co0.33-
Ti0.67O2), the O3 material is already single-phase, in contrast to
the P2 material with only 60% of the initial phase. A bigger
mismatch between the pristine and the formed phases may
decelerate the phase transformation. However, analysis of the
cell volume per formula unit, which corresponds to V/2 for the
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Results of operando XRD measurements for the P2 phase. (a) Part of a waterfall-plot of diffraction patterns, and corresponding elec-
trochemical curve, (b) a and c cell parameters and unit cell volumes of P2- and P2*-phase changes during Na-removal and insertion, (c) relative
amount of P2-phase in the “NaxCo0.33Ti0.67O2”-material during battery charge and discharge.
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P2/P2* and V/3 for the O3/P3 phases, gives a smaller difference
of 1.50 Å3 for the P2 material compared with 1.67 Å3 for the O3
material. Therefore, despite the lower mismatch between the
unit cell volume in the initial and formed structure, and
supposed enhanced Na-diffusion properties, P2 shows more
impeded kinetics upon sodiation than O3, since the phase
transformation P3 / O3 is completed while P2* / P2 is still
occurring. Interestingly, the nucleation mechanism of P2* and
P3 phases is different. Just formed P2* structure is larger at the
beginning of crystal growth than in the “equilibrium” state
while P3 structure is smaller, as can be seen from the unit cell
volumes at the beginning of formation at cell discharging.
Evaluation of the local cobalt environment

Valence and spin states of cobalt in O3 and P2 with various Na-
contents were evaluated. Since Co and Ti cations in both Nax-
Co0.33Ti0.67O2 materials share the same crystallographic site in
the structure, XRD analysis cannot give a direct information
This journal is © The Royal Society of Chemistry 2023
about geometry of CoO6 octahedra and particularly about Co–O
bond lengths, which are directly related to the valence and spin
state of Co. However, such information can be obtained from
the XAS analysis. Ex situ XAS studies of O3- and P2-materials in
different sodiation states showed Co2+ at the beginning of
charge, and almost a Co3+ state at 4.2 V, if we examine the
energy positions at 0.8 normalized intensity31 and compare
them with the Co2+/Co3+ reference materials (Fig. 5 le).

The results of EXAFS ts for the P2 material are shown in
Fig. 5 (le), while for the O3 material in Fig. S2.† The Co–O
distances of 2.09 and 2.10 Å in the initial O3 and P2 are very
close to 2.12 Å of cubic CoO with high-spin (HS) Co2+,32 while
a Co–O bond length of 1.92 Å of both materials aer charge is
very close to the distance of 1.93 Å in LaCoO3 with Co3+ and
a trigonal R�3c structure.33 In the O3-NaxCo0.5Ti0.5O2 material
aer charge, the Co–O bond length of 1.89 Å corresponded to
low-spin (LS) Co3+.17 Therefore, we can also expect the presence
of LS-Co3+ in charged NaxCo0.33Ti0.67O2. Note, both P2 and O3
J. Mater. Chem. A, 2023, 11, 187–204 | 193
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Fig. 4 Results of operando XRD measurements for the O3 phase. (a) the a and c cell parameter changes and unit cell volumes of O3- and P3-
phase during Na-removal and insertion, (b) part of a waterfall-plot of diffraction patterns, and the corresponding electrochemical curve, (c) the
relative amount of O3 in the “Na0.67−xCo0.33Ti0.67O2”-material during cell charge and discharge.
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materials in a fully sodiated state aer a complete charge–
discharge cycle reached the Co–O distances of the initial state
(Table 2).
Magnetization measurements

Magnetization of P2 and O3 in certain states of sodiation in the
temperature range of 2–330 K was measured to estimate the
spin state of Co cations, see Fig. 6. Above 100 K, the magneti-
zation curves of materials excluding P2-Na0.33Co0.33Ti0.67O2

obey a modied Curie–Weiss law with a temperature-
independent paramagnetic contribution c0 : c = C/(T − q) +
c0, where the Curie constant C = NAmeff

2/3kB yields the
194 | J. Mater. Chem. A, 2023, 11, 187–204
paramagnetic effective moment meff; the results of calculations
are presented in Table 3.

Both pristine O3 and P2 materials have a paramagnetic
moment slightly higher than the spin-only calculation (S = 3/2),
which can be referred to a strong unquenched orbital compo-
nent oen discussed for octahedrally coordinated HS-Co2+ in
the literature.28,34–36 Furthermore, according to our expectations,
the fully sodiated material with x(Na) = 1 shows a higher
paramagnetic moment than the pristine and desodiated ones,
since diamagnetic Ti4+ cations (d0) are partially reduced to
paramagnetic Ti3+ (d1). The material with the P2-Na0.33Co0.33-
Ti0.67O2 composition does not show a temperature dependence
of magnetization typical for a paramagnetic behavior, which
can result from a non-magnetic low-spin Co3+ (S = 0). In
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Normalized Co–K edge absorption spectra of O3- and P2-NaxCo0.33Ti0.67O2 in different states of charge, together with CoO, Co3O4 and
Co(AcAc)3 as Co

2+, Co2+/Co3+ and Co3+ referencematerials, respectively (left). Right: experimental and simulated Fourier transformations of the
k3-weighted Co–K EXAFS data for the P2 material in selected states of sodiation.
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contrast, overoxidized O3 material with the Na0.18Co0.33Ti0.67O2

composition becomes magnetic again, because of the presence
of some amount of Co4+ (d5, S = 1/2). The magnetization
measurements thus clearly demonstrate a transition of HS-Co2+

into LS-Co3+ and LS-Co4+ upon desodiation, and a transition
back to HS-Co2+ upon sodiation.

Kinetic and thermodynamic considerations

Structural phase transformations in electrode materials during
battery operation can be characterized in terms of enthalpy and
entropy changes, if a linear temperature dependence of the
equilibrium cell potential is available. According to the Gibbs'
phase rule, if the cathode contains only one phase (for example
O3-NaxCo0.33Ti0.67O2), the system exhibits one degree of
freedom, f = 1, being mono-variant. It means that the cell
potential depends on the amount of Na in the phase and varies
Table 2 Selected fitting results for the Fourier transformed k3-weight
charged and discharged states

Sample Shell R

Pristine O3-Na0.67Co0.33Ti0.67O2 Co–O 2
Co–(Co, Ti) 2

Pristine P2-Na0.67Co0.33Ti0.67O2 Co–O 2
Co–(Co, Ti) 2

Charged O3-Na0.33Co0.33Ti0.67O2 Co–O 1
Co–(Co, Ti) 2

Charged P2-Na0.33Co0.33Ti0.67O2 Co–O 1
Co–(Co, Ti) 2

1 cycle O3-Na1.0Co0.33Ti0.67O2 Co–O 2
Co–(Co, Ti) 2

1 cycle P2-Na1.0Co0.33Ti0.67O2 Co–O 2
Co–(Co, Ti) 2

This journal is © The Royal Society of Chemistry 2023
with the Na concentration at a constant temperature. If the
cathode contains two phases like O3-NaxCo0.33Ti0.67O2 and P3-
NayCo0.33Ti0.67O2, the system is nonvariant (f = 0) and the cell
potential is constant at xed temperature and pressure, inde-
pendently from the total amount of Na in the system.

Operando XRD measurements have shown that upon des-
odiation of O3 and P2 materials, the second phase is formed
already when a small Na amount is extracted, and a plateau-like
dependence of the cell potential vs. Na content was observed, as
expected for a two-phase coexistence.37 Of course, the sodium
content in the pristine and new phase must be different. A
moderate temperature change of the cell (between 0 °C and 40 °
C in the temperature-dependent experiments) will inuence the
sodium content of both phases; however, the plateau-like
behavior of the potential must retain in the two-phase region.
ed Co K-edge EXAFS of O3- and P2-Na0.67Co0.33Ti0.67O2, for initial,

(Å) DE (eV) s2 (Å2) R-factor

.085 1.933 0.007 0.015

.96 0.01

.097 −1.808 0.007 0.021

.97 0.02

.920 −0.883 0.003 0.018

.86 0.01

.924 −5.815 0.003 0.019

.88 0.01

.097 1.345 0.005 0.0065

.97 0.02

.103 −2.519 0.006 0.018

.97 0.02
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Fig. 6 Temperature dependences of magnetization and magnetic susceptibility (inset) together with paramagnetic curves calculated by the
Curie–Weiss equation, for O3 and P2 materials in different states of sodiation at the field strength of 1 T.
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Hysteresis effects coming along with a spin-state transition
(spin-crossover) in solids is a well-known phenomenon widely
discussed in the literature in various elds. It involves a rst-
order phase transition, in which kinetics of nucleation and
growth of the second phase play the major role.38 The presence
of a large hysteresis reects a non-equilibrium state arising
from kinetic reasons, which make this process irreversible.39 In
this case, studies of rate-dependent distortions of the hysteresis
loop might be even more important than applying of conven-
tional equilibrium thermodynamic approaches commonly used
in electrochemistry, which might become meaningless or
difficult to interpret in processes with a large kinetic impact.

To approach these issues, we studied the cell potential for
the O3 and P2 cathodes as a function of temperature, current
density (rate of (de)sodiation), and Na-composition using three
different approaches: (i) a very slow galvanostatic charge–
discharge cycling of P2 and O3 with 0.01C at constant temper-
atures between 0 °C and 40 °C, (ii) galvanostatic intermittent
titration (GITT) with a long relaxation time of 8 h at 10–60 °C,
and (iii) measurements of a temperature dependent open
circuit voltage (OCV) at xed Na-contents (entropic potential).

The GITT results, representing a cell potential development
aer a current pulse of 0.2C for 15 min followed by a relaxation
time of 8 h, vs. Na content (Fig. 7a as an example for the O3
phase), still show some hysteresis behavior, although a hyster-
esis loop becomes noticeably smaller with the temperature.
Interestingly, a much higher difference in the potentials
Table 3 Effective paramagnetic moments of O3- and P2-NaxCo0.33Ti0.67
calculated for different compositions with HS-Co2+ (d7, S = 3/2), LS-Co

Material meff (exp), mB/f.u. q, K

O3-Na0.67Co0.33Ti0.67O2 2.70(2) 16.3(1)
O3-Na0.18Co0.33Ti0.67O2 0.83(2) −13(1)
P2-Na0.67Co0.33Ti0.67O2 2.59(2) 0
P2-Na0.33Co0.33Ti0.67O2 Not a Curie–Weiss paramagnet
P2-Na1.0Co0.33Ti0.67O2 2.83(2) 2.2(2)

196 | J. Mater. Chem. A, 2023, 11, 187–204
between the immediate value and aer relaxation time is
observed during sodiation than desodiation. At x(Na) = 0.67,
which corresponds to pure Co2+ in the composition, the cell
potential values for charge and discharge overlap at all
temperatures. A qualitative estimation of Na+ diffusion coeffi-
cients in P2 and O3 phases at 25 °C by GITT measurements gave
values of about 10−8 to 10−9 cm2 s−1 for charging and below
10−10 cm2 s−1 during discharging, see Fig. S3.†

From slow GCPL measurements of O3 and P2 materials, the
difference between the charge and discharge voltage curves
becomes smaller with the temperature as well, see Fig. 7b.
Moreover, for both materials, the charging potential (des-
odiation) demonstrates a weaker temperature dependence than
the sodiation process. This coincidences with the GITT data,
showing a weaker time-dependence of the voltage during
charge, as well as with operando measurements of P2 and O3,
showing a longer two-phase co-existence range during cell
discharge in comparison to cell charge. Therefore, both O3 and
P2 undergo an asymmetric potential hysteresis during (de)
sodiation.

Further, we studied composition and temperature depen-
dence of the open circuit voltage (OCV) of O3 and P2 to deter-
mine thermodynamic functions of sodium metal insertion into
these materials. From the thermodynamic considerations
applied to the electrochemical cell, the utilizable electrical
energy corresponds to the reaction free energy for the cell
discharge reaction DG0 = DG0(NaxCo0.33Ti0.67O2)reduction +
O2 materials. Theoretical spin-only moments meff
2 = 2S(S + 1)mB

2 were
3+ (d6, S = 0), LS-Co4+ (d5, S = 1

2) and Ti3+ (d1, S = 1/2)

c0, emu per mol
T range
for t, K meff (theor), mB/f.u.

0 100–300 2.22 (HS-Co2+)
5.77(3) × 10−5 100–300 0.69 (LS-Co3+ + LS-Co4+)
1.03(6) × 10−4 100–300 2.22 (HS-Co2+)

100–300 0
5.26(9) × 10−4 100–300 2.44 (HS-Co2+ + Ti3+)

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Dependence of the cell potential of a Na-battery: (a) with the O3-cathode in GITT experiments with a current pulse of 0.2C for 15 min,
corresponding to Dx(Na) = 0.05, and a relaxation time of 8 h at temperatures 10–60 °C, and (b) with the O3-and P2-cathode in GCPL
experiments at 0.01 current density at temperatures 0°–40 °C. Potential hysteresis in GITT measurements is depicted as dotted lines.
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DG0(Na)oxidation, where E0 is the equilibrium cell voltage, which
is equal to the difference between the equilibrium potentials of
the cathode and anode, F is the Faraday constant, and z is the
number of charge per charge carrier (z = 1 for alkali cations).40

The cell discharge reaction can be represented as insertion of
1 mol Na into innitive amount of the cathode oxide. The
temperature dependence of the cell voltage DE at a constant cell
pressure corresponds to reaction entropy.

DG0 = −zFE0 = DH0 − TDS0 (1)
�
vE0

vT

�
p

¼ 1

zF

�
DrS0

�
p

(2)

Accordingly, the entropy change caused by the cell reaction
can be obtained by determining the temperature dependence of
the OCV for a xed composition.

The entropy change caused by the half-cell reaction is
determined by difference in partial molar entropy between Na
in the Na-metal anode and Na in the cathode. As the partial
molar entropy of Na in the Na-metal anode does not change
with the state of charge of the battery cell, any composition
dependence is determined by changes of the partial molar
entropy of Na in the cathode. Sodiation of the NaxCo0.33Ti0.67O2

cathode can be considered as the reaction P3 + Na / O3 with
coexistence of P3/O3 phases, followed by a single-phase O3-
region at high Na concentrations of 0.8–1.0. Since the lattice
parameters of both O3 and P3 phases do not change consider-
ably during (de)sodiation according to the operando XRD
This journal is © The Royal Society of Chemistry 2023
studies, we can assume the constant compositions O3-Na0.67-
Co0.33Ti0.67O2 and P3-Na0.33Co0.33Ti0.67O2 for the coexisting
region.

Fig. 8a depicts exemplarily OCVmeasurements during linear
temperature variation for various Na-compositions of the O3
material. While for x = 0.97 and x = 0.31, the changes in OCV
correspond to the temperature changes, hardly any direct
correlation exists in the case of x = 0.71. This becomes even
more clear when plotting the OCV against the respective
temperature (Fig. 8b). The linear relationship between the OCV
and temperature for x = 0.97 and x = 0.31 enables determina-
tion of the entropic potential dE/dT, while an anomalous but
reproducible hyperbolic correlation for x = 0.71 obviously does
not allow reliable calculation. A correlation between the Na-
compositions, for which a linear relationship between the
OCV and respective temperature allowed entropy determina-
tion, and position of these compositions on the charging/
discharging electrochemical curve is shown in Fig. 8c. The
anomalous temperature behavior of the OCV was noticed for
the compositions, which correspond to the nucleation and
begin of crystal growth of the second phase with the changed
oxidation and spin-state of Co. In this state, the system could be
very sensitive to temperature variations, e.g. with respect to the
stability of nuclei of the newly formed phase or the phase
equilibrium itself. Outside this range, reliable linear ts could
be performed and corresponding entropic potentials, dE/dT,
were determined (Fig. 8d).

The potential dependence of the entropic potential dE/dT,
obtained aer charging and discharging steps for two similar
J. Mater. Chem. A, 2023, 11, 187–204 | 197
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Fig. 8 (a) OCVmeasurement of O3-NaxCo0.33Ti0.67O2jNa half-cells at different compositions (x= 0.31, 0.71 and 0.97) during linear temperature
variations. (b) Temperature dependence of the OCV determined from the measured data and associated linear fits (dashed lines) to determine
dE/dT and DrS0, respectively. Note that for reasons of comparability, the initial OCV value was subtracted in each case. (c) Entropic potential of
the O3-NaxCo0.33Ti0.67O2 I Na half-cells plotted against OCV, and (d) the composition dependence of the partial molar entropy change of O3-
NaxCo0.33Ti0.67O2 with respect to x for two identical cells. The entropic potential dE/dT was determined by temperature-dependent
measurements of the equilibrium potential for each SoC, in case of a linear temperature dependence of OCV. Shaded areas indicate anomalous
temperature dependence of OCV either after charging or discharging, in which reliable entropy determination was not always possible. (e)
Composition-dependent charge–discharge curves of O3-NaxCo0.33Ti0.67O2 with marked composites (green color), for which entropy deter-
mination in OCV measurements was possible.
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cells (O3-phase vs. Na-metal) is in reasonable agreement. Based
on these data, the change in partial molar entropy of the
cathode material with respect to the sodium composition is
determined from the relation:41

�
vE0

vT

�
p

¼ 1

zF

�
dSNaxCo0:33Ti0:67O2

dx
� S0

Na

�
(3)
198 | J. Mater. Chem. A, 2023, 11, 187–204
Note that S0Na is the entropy of the metallic sodium electrode,
which is always positive and depends only on temperature; at
room temperature (298 K) S0Na was reported to be 51 J mol K−1.
When considering the composition dependence of the partial
molar entropy change (Fig. 8e), a signicant hysteresis is
observed between values obtained aer charging and dis-
charging steps at formally identical x in O3-NaxCo0.33Ti0.67O2. A
plateau-l0069ke region with approximately 20 J mol−1 K−1 is
found for 0.4 < x < 0.6 aer charging steps, which is to be
This journal is © The Royal Society of Chemistry 2023
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expected for the two-phase O3/P3 region. However, entropy
determination aer discharging steps could not be performed
in this stoichiometry range due to the anomalous temperature
behavior of the OCV.

This indicates different states present aer charging and
discharging at formally the same composition. It can be caused
by insufficient adjustment of the equilibrium state (relaxation)
or a ‘path dependence’ as has been observed previously42 for the
olivine-like NaFePO4 and is typically related to different phase
transformation paths caused by a mechanical stress or lattice
mismatch between the existing and the forming phase. For
NaFePO4, Na-extraction is accompanied by formation of the
Na0.7FePO4 intermediate phase, which is discussed in
numerous structural studies, while Na-insertion into FePO4

occurs as a classical two-phase reaction process with coexis-
tence of only initial and formed phases. However, for O3-Nax-
Co0.33Ti0.67O2, the phase transformation is symmetric without
any hints for crystalline intermediate products. Therefore, some
insufficient adjustment of the equilibrium state is most likely
the reason for the observed non-linear phenomena, which
appears when either the P3 phase starts to form during charge,
or when the amount of the P3 phase is predominated in the two-
phase region during discharge.

Very slow kinetics associated with LS-Co3+ was already re-
ported for metal complexes in ligand exchange reactions
proceeding in liquid media.43,44 It was theoretically predicted
and conrmed by numerous experimental results that the
reaction speed of the ligand exchange relates to a lower crystal
eld energy splitting in the intermediate state in comparison
with the initial state and decreases depending on the electronic
structure of transition metal ions as d5 > d4 > d8 ∼ d3 > d6 (d4, d5

and d6 systems are in a low-spin state).43 Therefore, low-spin
metal complexes with d6 conguration like LS-Co3+ show an
extremely high kinetics stability (inertness) independently on
the thermodynamic stability of the reaction products. In case of
NaxCo0.33Ti0.66O2 cathodes, oxidation of HS-Co2+ to LS-Co3+ via
a two-phase reaction route is much faster and less temperature-
dependent than reduction of LS-Co3+ to HS-Co2+, likely metal
complexes with LS-Co3+.

For 0.62 < x < 0.77, entropy values could not be determined
aer charging steps due to the anomalous temperature
behavior of the OCV (s: Fig. 8a and c). This composition range
corresponds to the transition between the single-phase region
(O3) with only Ti-redox activity, and the two-phase region O3/P3
with the Co-redox activity. For the 0.77 < x < 1 range, associated
with only Ti4+/Ti3+ redox, the partial molar entropy change is
larger than for the two-phase region O3/P3, and further
increases with increasing Na-content. Entropy values deter-
mined aer discharging steps in this composition range are
higher than aer charging steps, again indicating insufficient
adjustment of the equilibrium state.

Basically, there are three main contributions to the entropy
of O3-NaxCo0.33Ti0.67O2, which might be sensitive to the Na-
composition, namely the congurational, vibrational, and
electronic entropy: DS = DSconf + DSel + DSvib.38,41,45

The congurational entropy gives information about the
distributional variability of Na and vacancies in the host
This journal is © The Royal Society of Chemistry 2023
structure. In a simplied ideal solid solution model with Na
atoms moving freely between a given number of empty sites of
the rigid “Co0.33Ti0.67O2” host without changing interactions,
the change in congurational entropy with respect to the Na-
composition is given by:

dDSconf

dx
¼ �R ln

� x

1� x

	
(4)

Within two-phase regions, the contribution from
dDSconf

dx
is

constant and given by the difference congurational entropy of
the participating phases. In the case of O3-Na0.33Co0.33Ti0.67O2 –

P3-Na0.66Co0.33Ti0.67O2 coexistence, the congurational entropy

of these phases is identical. Thus,
dDSconf

dx
should be zero for the

composition range 0.33 < x < 0.66. For 0.77 < x < 1, associated
with Ti4+/Ti3+ redox, according to eqn (4), a dramatic decrease in
congurational entropy should occur with increasing Na
content as the distribution variability of Na and vacancies in the
host structure becomes negligible. However, the experimental
measurements clearly show an increase in the partial molar
entropy change (Fig. 8e). This indicates that an additional
entropy contribution overcompensates the impact of congu-
rational entropy.

The electronic molar entropy DSel is sensitive to the charge
and spin state of ions. Spin and orbital contribution to the
entropy variation upon a spin-state charge (spin crossover) can
be estimated according to DSspin= R ln[(2SHS + 1)/(2SLS + 1)] and
DSorb = R ln[(2LHS + 1)/(2LLS + 1)].38 In most cases, DSorb is
neglectable due to a lowered local symmetry of cations as
a result of structural distortion. The spin contribution to the
entropy in case of LS-Co3+ /HS-Co3+ transition would be 13.38
J mol−1 K−1, while 5.76 J mol−1 K−1 in case of LS-Co2+ / HS-
Co2+. Therefore, electronic entropy would favor the HS-Co3+

state in the P3 phase, which, however, was not observed
experimentally.

The vibrational entropy DSvib is associated with changes of
vibrational frequencies in the crystal lattice.38 It is much higher
in HS than in LS states as well, providing the highest contri-
bution to the total entropy difference between the two states,
which usually varies between 40 and 80 J mol−1 K−1.38

To summarize, the HS state is entropically favored due to the
higher electronic and vibrational contribution, being stabilized
at higher temperatures, whereas the LS state is enthalpically
favored due to a stronger bonding (shorter metal–ligand
distances) and a bigger crystal eld splitting energy, CFSE,
being stable at lower temperatures.39

Increasing temperature of the two-phase O3/P3 composition
must shi the reaction towards P3 phase formation while
lowering temperature shis to the O3 formation. At the same
time, higher temperature supports HS-Co3+ in the P3 phase
leading to a faster kinetics of the sodiation reaction and smaller
potential hysteresis, which we observed experimentally. For the
O3 phase, temperature variations are less crucial due to a very
high thermodynamic stability of HS-Co2+ in octahedral oxygen
surrounding. Indeed, a temperature-controllable co-existence of
J. Mater. Chem. A, 2023, 11, 187–204 | 199
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octahedrally coordinated HS-Co3+ and LS-Co3+ in complex
oxides is a well-known phenomenon reported elsewhere,46

whereas existence of CoO6-octahedra with LS-Co2+ under
ambient conditions has never been experimentally
conrmed.43,44

Close to the single-phase stability region of O3-NaxCo0.33-
Ti0.67O2 at high Na-concentrations, the experimental measure-
ments clearly show an increase in the reaction entropy. This
indicates an additional entropy contribution exceeding the
above-discussed impacts. As Na-insertion into NaxCo0.33Ti0.67O2

for x > 0.67 corresponds to the partial reduction of Ti4+ to Ti3+,
one can expect a signicant increase in electronic conductivity,
similar to an insulator-to-metal transition reported for Li4Ti5O12

spinel during lithiation to Li7Ti5O12.47 Such an insulator-to-
metal transition is usually accompanied by an entropy rise of
10–15 J mol−1 K−1 due to a high contribution of the electronic
degree of freedom (62–67% of the total entropy of transition)
because of an increased amount of free charge carriers, and an
increased vibrational degree of freedom (around 33%) as it was
elaborately discussed for VO2.48 Therefore, further entropy gain
may be expected in the Ti4+/Ti3+ redox activity region due to
a possible composition-induced narrowing the band gap of O3-
NaxCo0.33Ti0.67O2 at the Fermi level because of the Ti4+ to Ti3+

reduction, and corresponding elongation of Ti–O bond
distances, visible from the rising lattice parameter a in this
range of compositions (Fig. 3).

Comparison of the partial molar entropy for O3 and P2 gives
very similar values at x(Na) = 0.67, which, however, become 7–9
J mol−1 K−1 higher for the P2 material in the two-phase
composition range (see Fig. S4†), probably originating from
a slightly variation in the Na-composition of the P2* phase as
visible in Fig. 3. In contrast, in the single -phase region of the
Ti4+/Ti3+ charge compensation mechanism, the change of the
partial molar entropy for both materials is similar.

Discussion

Members of the layered NaxCo
2+

x/2Ti
4+

1−x/2O2 series with x =

0.67 (this work) and x = 0.50 (ref. 17) show a very similar elec-
trochemical and structural behavior during cycling in Na-
batteries. Particularly, a large hysteresis of the cell potential
between charging and discharging (Na-removal and insertion)
even at very low current density of 0.01C, and a reversible
structural transformation of the initial O3 or P2 into the P3 or
P2* Na-poor phase with a much lower unit cell volume.

The driving force for the potential hysteresis cannot be solely
the difference in the Co–O bond lengths of 0.2 Å in Na-rich and
Na-poor phases as proposed in works:19,22 the interatomic
distance is an important, but not the dominating factor which
leads to the hysteresis behavior. Literature contains numerous
examples of two-phase reaction mechanisms upon Li+/Na+/K+

extraction, which proceed without any potential hysteresis. One
of the most famous examples is the olivine-type family of Li-
cathodes. LiFePO4 undergoes a two-phase transformation with
a change in the unit cell volume from 293 Å3 (lithiated phase) to
272 Å3 (Li-free phase), corresponding to the 7.2% lattice
mismatch.49–51 LiFePO4 is well-known for a very low cell
200 | J. Mater. Chem. A, 2023, 11, 187–204
polarization and superior rate capability in Li-ion batteries. A
higher lattice mismatch of 8.9% between two phases was
observed for LiMnPO4 during Li-extraction (302 Å3 vs. 275 Å3).52

The olivine-like structure with Na exhibits even a higher
difference in the unit cell volume upon transition NaFePO4 /

Na0.7FePO4 / NaFePO4 varying from 320 Å3 to 309 Å3 and to
281 Å3, or 3.4% and 12.2% lattice mismatch53. The average Fe–O
distance in the olivine-like NaFePO4 is 2.20 Å, in contrast to
2.015 Å in the completely desodiated FePO4 form.53

None of these materials exhibits signicant potential
hysteresis during charging and discharging. Therefore, a large
difference of 0.18–0.20 Å in the metal–oxygen distance of the
electrode cannot alone be responsible for the big potential
hysteresis in the cell.

According to the previously reported DFT calculations for
O3–NaCo0.5Ti0.5O2 material with a similarly large potential
hysteresis, the hysteresis phenomena should originate from the
different reaction pathways during cell charge and discharge.
Oxidation and spin-state transformation of Co upon Na-removal
was represented as a sequence of processes HS-Co2+ /HS-Co3+

/ LS-Co3+, since a direct transformation of HS-Co2+ to LS-Co3+

is spin-forbidden.19,22 A time-consuming process was attributed
to the oxidation HS-Co2+ / HS-Co3+, while the transition HS-
Co3+ / LS-Co3+ was assumed to be fast. Upon Na-insertion (cell
discharge), cobalt cations undergo transformations LS-Co3+ /
LS-Co2+ / HS-Co2+. The slowest reaction step here should
correspond to the cobalt redox LS-Co3+ / LS-Co2+ as well, while
spin transition LS-Co2+ / HS-Co2+ supposes to occur imme-
diately.19 Furthermore, corresponding electrochemical poten-
tials ascribed to HS-Co2+ /HS-Co3+ / LS-Co3+ and LS-Co3+ /
LS-Co2+ / HS-Co2+ were calculated, which could evoke an
impression of a thermodynamically-induced potential
hysteresis.

Our low-current galvanostatic measurements clearly prove
a kinetic reason for the observed hysteresis phenomenon.
Indeed, a long relaxation time of 12 h in GITT measurements
signicantly reduced the magnitude of the potential hysteresis.
Therefore, applying a sufficient relaxation time can lead to
a complete annihilation of the hysteresis. The same conclusion
can be drawn based on entropy determinationmeasurements in
the composition range, in which kinetics plays a less important
role, and entropy values are very close during sodiation and
desodiation. Moreover, operando XRD studies of O3 and P2
materials aer one completed charge–discharge cycle showed
almost the same crystal structure as the pristine one.

Based on literature data, we can suggest another sodiation
mechanism of the P3-phase alternatively to LS-Co2+ interme-
diate formation discussed in ref. 19 and 22. It is well-known that
in numerous Co-oxides, LS-Co3+ and HS-Co3+ coexist in octa-
hedral oxygen surrounding, and the spin-state ratio of cations is
temperature-dependent, as it was reported for the perovskite-
like LaCoO3 in the temperature range of 20–650 K.46 Analo-
gously, one can suggest a coexistence of LS-Co3+ (major
concentration) and HS-Co3+ (very minor concentration) in P3–
Na0.33Co0.33Ti0.67O2, as a quasi-equilibrium state. Since only HS-
Co3+ can be reduced to HS-Co2+, the redox reaction kinetics is
dened by the concentration of HS-Co3+ in the material.
This journal is © The Royal Society of Chemistry 2023
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A combination of charge and spin-state transformations HS-
Co2+/ LS-Co3+ has never been registered in layered oxides with
Li. Such a transformation is exclusively the property of the
layered Na-oxides arising from the larger ionic radii of Na+ in
comparison to Li+ for oxygen surrounding. Indeed, a conven-
tional solid-state synthesis of layered structures with Li and
transition metals with a big ionic radius close to the radius of
Li+ (0.76 Å) as Ni2+ (0.69 Å), HS-Co2+ (0.745 Å), HS-Fe2+ (0.78 Å) or
HS-Mn2+ (0.83 Å) will lead to a cation mixing and, as a result, to
disordered three-dimensional rock-salt structures.54 Much
bigger Na+ cations (1.02 Å for oxygen octahedra) prevent
a cation mixing during synthesis at ambient pressure, thus
facilitating the layered structure formation with cation separa-
tion. During desodiation in the charging process, Co2+ trans-
forms to Co3+, for charge balancing. The Co3+ cations can adopt
different spin states, which will be reected in the average Co–O
bond distances, since the ionic radii of HS-Co3+ (r = 0.61 Å) and
LS-Co3+ (r = 0.545 Å) are different. In addition, an intermediate
spin-state of Co3+ (IS–Co3+) in oxides is oen discussed in the
literature as well. Applying external measures as elevated pres-
sure or low temperature, or creating an internal “chemical
pressure” in the crystal structure through a cation/anion
replacement can change spin state of Co3+ from the high-spin
to the low-spin due to the shrinkage of the structure. The spin
state degree of freedom of Co is a result of balancing between
the crystal eld splitting and Hund's rule exchange energy. Pure
low-spin (LS) Co3+ is very common in oxides, for example in
LiCoO2 and NaCoO2, while pure high-spin (HS) Co3+ exists only
in systems with a relatively weak crystal eld like YBa2Co4O7

with CoO4 tetrahedrons55 or Sr2CoO3Cl with CoO5 pyramids.56

HS-Co3+ in CoO6 octahedra was reported for systems with
a temperature-controlled mixture of HS and LS like LaCoO3,46 or
in a system with an oxygen deciency such as GdBaCo2O5.5.57 In
the last case, half of Co3+ cations have an octahedral oxygen
surrounding showing a mixed HS- and LS state while the other
half with HS occupies pyramidal CoO5 sites.

According to the spectroscopic studies combined with
theoretical calculations, the critical Co–O bond length in oxides
for the transition LS-Co3+ / HS-Co3+ corresponds to 1.93 Å.58 A
lower bond length facilitates the existence of Co3+ in LS state.
The Co–O distance of 1.93 Å was evaluated from XAS studies of
P2-Na0.67Co0.67Mn0.33O2,12 and presence of a low-spin state of
Co3+ was conrmed by both the magnetic measurements and
ESR analysis.13 Determination of the Co–O bond lengths in O3-
and P2-Na0.33Co0.33Ti0.67O2 from our XAS experiments provides
1.920 and 1.924 Å, very close to the boundary between HS-Co3+

and LS-Co3+.
Recently, a low-level substitution approach for structure

stabilization of layered oxides was discussed in the literature
based on sodium manganese oxides NaxMnO2 as examples.59,60

Implementation of a small amount of bigger Li+ cations instead
of Mn in MnO2 blocks,59 or partial replacement of Na+ with
larger K+ between the MnO2 layers60 leads to signicant
improvement of the electrochemical performance. In the rst
example, a Jahn–Teller structural distortion upon Mn3+/Mn4+

redox is mitigated due to the noticeable shrinkage of MnO6-
octahedra in the dopedmaterial, while a facilitated Na-diffusion
This journal is © The Royal Society of Chemistry 2023
and suppression of a phase transformation during battery
charge was registered in the K-doped material. A similar
strategy could be applied for Co-containing oxides using doping
with larger cations, which can alleviate structural contraction
during desodiation.

Conclusion

In the present work, we considered layered Na-oxides with two
redox-active cations, Co and Ti, as electrode materials for Na-
batteries. The redox activity of these cations is usually charac-
terized by two well-separated cell potentials. The Co-oxidation
(Co2+ / Co3+ and Co3+ / Co4+) occurs typically at potentials
close to or above 3 V vs. Na+/Na, referring the material to cath-
odes while Ti4+/Ti3+ redox process takes place below 1.5 V, as
common for anode materials. Since O3- and P2-Na0.67Co0.33-
Ti0.67O2 are Na-decient, Na-removal up to Naxz0.33Co0.33-
Ti0.67O2 and Na-insertion up to Naxz1.0Co0.33Ti0.67O2 was
studied.

For both materials, Na-removal from the fully sodiated state
to the Naxz0.3Co0.33Ti0.67O2 composition occurs as a two-step
process, with a slope-like region at 1.5 V (single-phase
process) and a plateau around 3.8 V (two-phase process). Des-
odiation at ca. 3.8 V proceeds as a two-phase reaction with
a nearly constant composition of the participating phases. The
O3 phase undergoes a transition to P3 through a gliding of
metal–oxygen layers in the O3 structure. The P2 phase trans-
forms into a P2* phase, which is isostructural to P2 but has
a higher distance between metal–oxygen layers in the c-direc-
tion, and shorter metal–oxygen bonds within the layers. In both
materials, oxidation and reduction of cobalt cations is accom-
panied by the charge and spin transition HS-Co2+ 4 LS-Co3+.
Cell metrics of the second phases with LS-Co3+ in the O3 and P2
materials are about 3.6–3.9% smaller than of pristine phases.

Na-insertion into desodiated P3- and P2*-Naxz0.3Co0.33-
Ti0.67O2 takes place at 1.3 V rst as a two-phase process. The
phase transformation P3/ O3 in the O3 material is completed
already at a total x(Na)-content of about 0.7, whereas P2* is still
presented in the material together with P2 at x(Na) > 0.8,
pointing less reactivity of P2 in comparison to O3.

The reason for the overpotential of 2.5 V during cycling of
O3- and P2-Na0.67Co0.33Ti0.67O2 at 0.1C is a very slow kinetics
related to the nucleation and growth of the second phase with
the different valence- and spin-state of Co, especially for the LS-
Co3+/HS-Co2+ transition. The reduction of LS-Co3+ to HS-Co2+

during Na-intercalation occurs probably either through LS-Co2+

or HS-Co3+ as intermediate spin states, having a very low rate
constant. The potential difference between cell charge and
discharge can be minimized either by increasing working
temperature or decreasing current, applied to the battery.

The extremely slow kinetics of the phase transition results in
a very long time needed to reach the equilibrium state, thus
inuencing thermodynamic measurements. Especially long
time is required at Na-contents corresponding to the onset of
the phase transformation: the measurements of the entropic
potential were not possible for compositions with the second
phase part of less than 20–30%, independently on cell charging
J. Mater. Chem. A, 2023, 11, 187–204 | 201
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or discharging. The partial entropy of Na-intercalation into both
desodiated O3 (∼20 J mol−1 K−1) and P2 (∼27 J mol−1 K−1) is
nearly composition-independent on the eld of Co3+/Co2+

charge compensation, and it is growing for the compositions
corresponding to the Ti4+/Ti3+ redox.
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