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P2—Na,,;Mn;,,Fe; /3Ti; /1,0, (NMFTO) exhibits a solid solution

mechanism during the complete desodiation/resodiation process “ I
45 50 8.0 8.5

and delivers an initial discharge capacity of 170 mA h g_1 ata 0.1 C 45 30 15 20 22 ¥ j
rate and a capacity retention of 80% after SO cycles. The main Voltage /| V 2 Theta / degree

focus is to understand the electrochemical mechanism of P2—

Na,,3Mn;,,Fe, ;3Ti; /1,0, by exploring the redox processes of transition metal cations and oxygen anions upon cycling. In situ
synchrotron radiation diffraction reveals a single-phase reaction of NMFTO during cycling, which is beneficial to improving cycle
stability. In situ X-ray absorption spectroscopy (XAS), in situ *’Fe Mdssbauer spectroscopy, and ex situ *Na nuclear magnetic
resonance spectroscopy are used to elucidate the changes in the crystallographic/electronic structure during desodiation/resodiation.
Ex situ soft XAS reveals the participation of oxygen anions in the electrochemical reactions.

ABSTRACT: Iron- and manganese-based layered electrodes for
sodium-ion batteries have attracted renewed interest due to their
low cost and environmental friendliness. However, phase changes
at high voltage and the Jahn—Teller effect lead to a short cycle life
and poor rate capability. Herein, we describe the optimization of
the structure of a Co/Ni free Na,,;Mn, ,Fe,,,0, cathode via
partial substitution of Fe by Mn and Ti and explore the redox
activity of P2-type Mn/Fe-based layered cathodes. The obtained

1. INTRODUCTION diffusion barriers in P2-type Na,TMO, are associated with
prismatic sites of Na ions.'” P2-type materials undergo phase
transitions upon cycling, leading to short cycle life and poor
rate capability.'® A first approach to alleviate the limits of P2-
type cathodes is limiting the upper cutoff voltage to 4.1 V to
avoid the P2—02 transition."* The second approach is
chemical modification, which can suppress structural tran-
sitions at higher voltages. The initial report about P2-type
Na,3Mn, ,Fe; ,0, (NMFO) is from Komaba’s group, which

Na,TMO, has been extensively reported due to its layered dem‘onstrated the activity of Fe31+4/ Fe™ redo%g couple duripg
structure, facile synthesis, promising electrochemical proper- CYChnfo" I—Ilcg\ﬁrgver, structural t_ranSItlonS result in poor capacity
ties, and feasibility for commercial production."™ The .retentlon. To address this chauenge, .replacmg ™ atoms
classification of layered oxides into O3, P2, and P3 types is in  the ) TMO, slabs such as 'N1-subst1tuted and Mn/Ni
based on the coordination environment of Na cations, which cosubstituted P2—Na,[Feys_, Ni,Mnys, ]O, have been dem-

can be found in either octahedral or prismatic sites, and the

Sodium-ion batteries (SIBs) are a low-cost alternative to
lithium-ion batteries (LIBs) in large-scale electric energy
storage applications due to the natural-abundant sodium
resources and similar working principles to LIBs during
cycling.' ™ Until now, many different cathodes for SIBs have
been studied, including layered transition metal (TM) oxides
(Na,TMO,, x < 1), Prussian blue-type compounds, and
polyanionic and organic compounds.” Among them,

stacking order of different oxygen layers such as ABCABC, Received: June 21, 2023 i
ABBA, and ABBCCA.® At low potentials (<2.0 V vs Na/Na*), ~ Revised:  March 13, 2024 Yl
there is a phase transition P2—P’2 connected with the Accepted:  March 18, 2024 @
manganese redox activity and a significant Jahn—Teller Published: April 24, 2024

distortion.'” Compared with the O3-type structure, P2-type

11

Na, TMO, provides better structural stability. The lower
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onstrated as an effective strategy to suppress these structural
changes over a wider compositional range. As one example
from the literature, Zn-doping prevents the phase transition of
Na, 6oFegsMny 5O, cathodes from P2 to OP4 (i.e., alternating
stacking of octahedral and prismatic Na sites along the ¢ axis)
during cycling.ls P'2-Nay ;[ (Mng 75Feq2,)00Tig. JO, was re-
ported by Myung’s group in 2019 and Ti was used to
substitute both Mn and Fe to minimize the phase transition of
P'2-Nay ¢ [Fe,Mn,_,]O, during cycling.” The authors claimed
that the introduction of Ti** in the P’2-
Nay ¢7[ (Mng7gFeq2)09Tig1]O, successfully suppresses the
phase transition from P2 to OP4, as evidenced by in situ
synchrotron X-ray diffraction (SXRD), which revealed the
occurrence of a single phase reaction during cycling. The
suppression of the P2 to OP4 phase transition may have
contributed to the delivery of high capacity even at high rates
and excellent capacity retention with prolonged cycling.”
Compared with NMFO, P2-type Na,,;Mn,,;Fe; /30, merely
shows stacking fault distortions instead of a phase transition
from P2-Z during cycling, where Z is a low-crystallinity phase
which can be characterized as an evolving intergrowth that
includes varying ratios of P2, O2, and OP4 structures,
progressing from P2 through OP4 to O2 during the charging
process (Na extraction).'”~*" This can improve the capacity
retention.”” Nevertheless, the remaining P’2 phase with space
group Cmcm observed in the low potential range leads to
anisotropic strain in the layered structure and deteriorates the
electrochemical performance.”> One way to avoid the Jahn—
Teller distortion is to increase the lower cutoff voltage to a
value higher than 2.0 V with compromised specific capacity.”*
Moreover, the insertion of electrochemically inactive elements
(AL> Mgzs) into the layered oxide structure is an effective
approach to mitigate Jahn—Teller distortion and enhance
cycling performance. Yang et al. introduced Ti doping into
Na,,;Fe; 3Mn, 30, to suppress the Jahn—Teller distortion and
improve both cycling and rate performance and P2—
Na,,;Fe;/sMn, 5, Ti;;0, undergoes a single-phase reaction
and maintains the single P2 phase during cylcling, as evidenced
by in situ synchrotron X-ray diffraction. In addition, XPS
analysis was applied to explore the influence of Ti doping on
the valence composition, which can only provide information
from the surface of the electrode materials.”*

Meanwhile, anionic redox activity, which has been frequently
reported for LIBs, is also involved in the electrochemical
process in a few cathode materials for SIBs. For example, Ma et
al. provided evidence of the participation of oxygen anions in
the charge compensation process of the high energy P2-type
Nay 75Nij3Mng 490, cathode material by electron energy loss
spectroscopy (EELS) and soft X-ray absorption spectroscopy
(sXAS).” The first peak in the EELS spectra at an energy loss
of 532 eV obtained at the surface of cycled particles almost
vanishes. The decrease in intensity of the oxygen prepeak at
the surface of cycled particles can be attributed to the
electronic transition from the 1s core state to the O 2p-TM 3d
hybridized states, indicating fewer holes in the 2p-3d
hybridized orbitals and suggesting that surface transition
metals are in a lower valence state. The observed sXAS
spectra for cycled particles indicate that lattice oxygen redox
processes take place upon charge. Maitra et al. claimed that
during the charging period when x has dropped below ~0.53,
the additional capacity obtained for Na,Mg,,sMn,,,0,
(beyond what can be expected from just the transition metals)
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must correspond to the removal of electrons from oxygen and
the creation of electron—hole states on the 0.**

Herein, we present a structure optimization of the P2-type
layered NMFO positive electrode material via a partial
substitution of Fe by Mn and Ti to explore the electrochemical
mechanism of redox activity of P2-type Mn/Fe based layered
cathodes. The NMFO cathode exhibits subsequent phase
transitions P2 — P2/Z — Z — Z/P2 — P2 — P’2 during
cycling.29 However, in the modified NMFTO structure, the
additional Mn** and Ti** cations in the TM layers can suppress
the P2-Z phase transition and decrease the extent of distortions
in the structure. The similar ionic radii and the same valence of
Mn*" and Ti*" ensure a homogeneous incorporation of Ti*"
into the TM layers. As a result, the Mn*"/Ti* cosubstituted
material (NMFTO) exhibits a single P2 phase during the
whole charging/discharging process as revealed by in situ
synchrotron radiation diffraction (SRD). In situ ’Fe
Mossbauer spectroscopy and in situ X-ray absorption spec-
troscopy (XAS) are used to characterize the reversible
oxidation of Fe’* to Fe*. The oxidation of Mn is also
observed by in situ XAS. Moreover, ex situ **Na nuclear
magnetic resonance (NMR) spectroscopy and ex situ soft X-
ray absorption spectroscopy (sXAS) are performed to
investigate the changes in the Na environments and the
participation of oxygen anions during electrochemical cycling,
respectively.

2. EXPERIMENTAL SECTION

2.1. Materials Synthesis. NMFO and NMFTO phases were
synthesized by a solid-state method from stoichiometric amounts of
Na,0, (Alfa Aesar, 99%), Mn,0; (Sigma-Aldrich, 99%), Fe,O,
(Sigma-Aldrich, 99%), and TiO, (Sigma-Aldrich, 99.8%) with molar
ratios of 2/3:1/2:1/2 and 2/3:7/12:1/3:1/12, respectively. For each
composition, the mixture was pelletized and heated at 850 °C for 12 h
in air. Due to the sensitivity against ambient atmosphere, samples
then were quenched to room temperature and stored in an Ar-filled
glovebox until use. The morphology of the as-synthesized materials
was observed by using a scanning electron microscope (SEM, Zeiss
Merlin). The powder X-ray diffraction (XRD) patterns were collected
using a STOE STADI P diffractometer with Mo Kal radiation (4 =
0.709320 A) in a scanning range of 4°—50°. The XRD data of NMFO
and NMFTO were analyzed using Rietveld refinement. The FullProf
software package was utilized.*® Berar & Lelann corrected estimated
standard deviations are given for the refined parameters.’

2.2. Materials Characterization. High-resolution in situ SRD
experiments on NMFO and NMFTO were performed with a photon
energy of 60 keV (4 = 0.2072 A) at beamline P02.1, storage ring
PETRA III at Deutsches Elektronensynchrotron (DESY) in
Hamburg, Germany.*” The diffraction patterns were acquired using
a VAREX XRD 4343CT (150 X 150 um? pixel size, 2880 X 2880
pixel area) 2D position-sensitive detector. The exposure time for each
pattern was 60 s. CR2032 coin cells with glass windows (diameter of 6
mm) were used. Data calibration (LaBg, NIST-660c) and integration
were done using the DawnSci software.>

»Na magic-angle spinning nuclear magnetic resonance (MAS
NMR) experiments were performed at a Bruker Avance neo 200 MHz
spectrometer at a field of 4.7 T using a 1.3 mm MAS probe at a
spinning speed of 60 kHz. The recycle delay was set to 1 s, and the
Larmor frequency was 52.9 MHz. *Na MAS NMR spectra were
acquired by using a rotor-synchronized Hahn-echo pulse sequence
(90°—7—180°—7—acquisition) with a 90° pulse length of 0.95 ys.
Spectral intensities were normalized with respect to sample mass and
number of scans.

In situ XAS analysis on NMFO and NMFTO positive electrodes
were performed during charging/discharging using a cell design
similar to that used for the in situ XRD studies. XAS was performed at
beamline P65 at PETRA-III, Germany. Electrochemical cycling was

https://doi.org/10.1021/acs.chemmater.3c01552
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Figure 1. Rietveld refinement based on XRD diffraction (1 = 0.71 A) of cathode materials (a) NMFO and (b) NMFTO. Crystal structures of (c)
NMFO and (d) NMFTO. SEM images of pristine () NMFO and (f) NMFTO.

conducted in 2032-type coin cells with a 6 mm Kapton window in the
voltage range of 1.5—4.3 V. XAS spectra at the Fe K-edge and Mn K-
edge were acquired with a beam size of 0.3 X 1.5 mm’ All XAS
spectra were analyzed and processed utilizing the ATHENA software
package.**

’Fe Mdssbaur spectra were collected at room temperature with a
constant-acceleration spectrometer in transmission mode and a "Fe
(Rh) source. All isomer shifts were given relative to those of a-Fe
metal. Synthesis of the cathode materials was done with Fe,O;
enriched in *’Fe (95%). The NMFO and NMFTO powder together
with the conductive carbon (C6S) and poly(vinylidene difluoride)
(PVDF) binder in a weight ratio of 8:1:1 was mixed in 1-methyl-2-
pyrrolidone (NMP) and cast onto Al foil. After drying at 80 °C,
electrode tapes were cut into discs of 19 mm diameter, pressed with a
hydraulic press at 6 tons, and dried at 120 °C under vacuum
overnight. Electrochemical cycling was conducted in special cells with
a 14 mm Kapton window in the voltage range of 1.5-4.3 V.

Soft X-ray measurements were carried out at the beamline WERA
at the KIT light source in Karlsruhe, Germany. The measurements
were conducted on electrodes that were charged or discharged to
different voltages. Data were acquired in fluorescence yield (FY) and
inverse partial fluorescence yield (IPFY) mode using a low-energy 4-
channel silicon drift detector.

The crystal structure and elemental distribution of the samples
were measured by high-resolution transmission electron microscopy
(HRTEM) and high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM)-energy dispersive X-ray spec-
troscopy (EDS) mapping measurements at 300 kV acceleration
voltage using a Thermo-Fisher Themis-Z equipped with double
aberration correctors (TEM and STEM).

2.3. Electrochemical Characterization. To prepare electrodes,
the obtained powder (NMFO and NMFTO) together with
conductive carbon (C6S) and poly(vinylidene difluoride) (PVDF)
binder were mixed in a weight ratio of 8:1:1 in 1-methyl-2-pyrrolidone
(NMP) and cast onto Al foil. After drying at 80 °C, electrode tapes
were cut into discs of 12 mm diameter, pressed with a hydraulic press
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at 6 tons, and dried at 120 °C under vacuum overnight. The average
mass loading was approximately S mg for both materials. Metallic
sodium foil served as a counter electrode, and the electrodes were
measured in 2032-type two-electrode coin cells. One molar NaClO,
in a 1:1 (v:v) ratio of ethylene carbonate/dimethyl carbonate (EC/
DMC) with S wt % fluoroethylene carbonate (FEC) was used as
electrolyte. The cells were galvanostatically charged and discharged
with a Biologic potentiostat at different C rates between 1.5 and 43V
at 25 °C.

For the GITT measurement, short current pulses were applied to
the cell with a resting time of 5 h inserted after each pulse. The
diffusion coeflicient could be calculated based on the following
equation:35

4(1Vm]2 du°/dy
D=—— o
z\FS dv/d/t

where I is the current value for the short pulse, F is Faraday’s constant,
V., is the molar volume of the NMFO or NMFTO active material, S is
the composite electrode active area, U® is the open-circuit potential at
the end of each rest period, y is the state of charge (SoC), V and t are
the voltage and time during pulse periods, and R is the diffusion
length. Instead of giving the absolute diffusion coeflicients, DSSZ/ V2
was calculated since the molar volume (V) and active surface area
(S) are difficult to obtain. Two additional GITT experiments were
conducted to increase the reliability of the conclusions.

2
) ,t < R*/D,

3. RESULTS AND DISCUSSION

Both P2-type layered compounds NMFO and NMFTO were
synthesized as single-phase material. The atomic compositions
of the samples were measured by inductively coupled plasma-
optical emission spectroscopy (ICP-OES), and the results are
listed in Table SI1. The results for the TM ratios were almost
identical with the targeted values as expressed by the chemical
formulas Na,,3;Mn,,,Fe;,,0, (NMFO) and

https://doi.org/10.1021/acs.chemmater.3c01552
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Figure 2. Charge/discharge curves at rates between 0.05 and 2 C of (a) NMFO and (b) NMFTO; rate capability of NMFO and NMFTO at rates
between 0.05 and 2 C in voltage windows of (c) 1.5-4.3 V and (d) 1.5—4.5 V; (e) first five CV curves of NMFO and NMFTO at 0.1 mV/s in the
voltage range of 1.5—4.3 V; (f) dQ/dV curves of NMFO and NMFTO at 0.1 C; cycling performance of NMFO and NMFTO at 0.1 C in voltage

windows of (g) 1.5-4.3 V and (h) 1.5-4.5 V.

Na,,3sMn.,,Fe, 3Ti; /1,0, (NMFTO). The Na/TM ratio for
both materials is around 0.66, which is again very close to the
targeted value of 0.67. X-ray diffraction (XRD) patterns
(Figure 1ab) show that all reflections of these two materials
can be ascribed to a hexagonal lattice with space group P6;/
mmc, which is isostructural with P2-type Na,CoO,. © The unit
cell parameters of NMFO (a = b = 2.92410(7) A, ¢
11.24914(52) A) turn out to be slightly larger than those of
the substituted NMFTO (a = b = 291911(11) A, ¢
11.23690(102) A). The obtained crystallographic character-
istics for both materials are given in Table S2. The crystal
structure illustration of both materials is shown in Figure lc
(NMFO) and Figure 1d (NMFTO). The increased sodium
interlayer spacing of the substituted material can promote Na*
intercalation/deintercalation. The radii of Ti** (0.605 A) and
Mn** (0.53 A) are smaller than that of Fe>* (0.645 A),>” which
leads to the reduced slab thickness of the TM layer of the
substituted material. The primary particle size of both materials
is approximately 500 nm, as shown in Figure lef, and these
primary particles are agglomerated, forming several micro-
meter-sized secondary particles. SEM-EDX mappings of both
materials are shown in Figures S1 and S2. The EDX mappings
of NMFO and NMFTO demonstrate that the elements are
homogeneously distributed over the particles. A high-
resolution transmission electron microscopy (HRTEM)
image (Figure S3b) of NMFO displays two sets of lattice
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fringes with d-spacings of 0.247 and 0.253 nm, which can be
indexed to the (111) and (010) planes of the P65/mmc
symmetry. The HRTEM image of NMFTO shown in Figure
S4b displays two sets of lattice fringes with d-spacings of 0.246
and 0.252 nm, which are very similar to the values of the
unsubstituted material. This is in good agreement with the
XRD results where the differences in the a and ¢ lattice
parameters between both samples was 0.2% and 0.1%,
respectively. The corresponding fast Fourier transform
(FFT) patterns (Figures S3c and S4c) exhibit an array of
dots with hexagonal symmetry. The high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) together with energy dispersive X-ray spectroscopy
(EDX) demonstrates that the elements are homogeneously
distributed over the particles for both NMFO (Figure S3a,d—
g) and NMFTO (Figure S4a,d—h).

Figure 2 displays the results of electrochemical cycling for
both cathodes against Na metal counter electrodes. The rate
capabilities at rates between 0.05 and 2 C are shown for P2-
NMFO and P2-NMFTO in Figure 2a and Figure 2b,
respectively. In comparison to the slower cycling at 0.05 C
(in the voltage range 1.5—4.3 V), NMFO delivers approx-
imately 18.7% of specific capacity for fast cycling at 2 C, while
it is 42% for P2-NMFTO. This confirms that the rate capability
of the substituted material is much better than that of the
unsubstitutes material. The charge/discharge curves at differ-
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ent rates show that the capacity is reduced and the polarization
is increased with increasing current density. However, the
effects for the substituted NMFTO are far less pronounced
than that for unsubstituted NMFO. As shown in Figure S5a,d,
compared to those for NMFO, the curves of NMFTO show
much smaller polarization during cycling, which confirms the
high cycling stability of the substituted material.

Moreover, the rate performance of both cathodes at different
rates is compared in Figure 2c (voltage window: 1.5-4.3 V)
and Figure 2d (voltage window: 1.5—4.5 V). The capacities of
NMFTO are 180 mAh g, 169 mAh g/, 152 mAh g/, 120
mAh g™!, 93.3 mAh ¢/, and 56 mAh g™* at 0.05, 0.1, 0.2, 0.5,
1, and 2 C, respectively, in the voltage range of 1.5-4.3 V.
However, for NMFO, only 15.3 mA h™' is obtained at 2 C.
Figure 2d shows the capacities of both materials at different
rates in the voltage range 1.5—4.5 V, which reveals that the
substituted NMFTO has higher capacities and better rate
performance than the unsubstituted material, even in this
larger voltage window. The cycling performance of NMFO and
NMEFTO in the voltage range of 1.5—4.3 V at 0.1 C is
compared in Figure 2e. NMFTO has a significantly improved
cycling stability with an initial discharge capacity of 170 mA h
g ' at 0.1 C and a capacity retention of 80% after SO cycles,
while the capacity retention of NMFO is just 64.9%. The
cycling performance is also tested in the voltage range 1.5—4.5
V to compare the stability of both materials at higher working
voltages, as shown in Figure 2f. The capacity retention of
NMFTO is 83.4% after 30 cycles, and it is only 71.1% for
NMEFO. The electrochemical performance comparison of
reported iron- and manganese-based cathodes and materials
described in this paper are summarized in Table S3, which
shows that Ti substituted P2-NMFTO has better cycling
stability than most iron- and manganese-based cathodes. The
cycling performance of NMFO and NMFTO at 1 C in the
voltage window 1.5—4.5 V is displayed in Figure S6. The
results reveal that substituted NMFTO has a better cycling
stability even in the higher potential range and at a higher scan
rate.

Figure 2g shows the first five cyclic voltammogram (CV)
curves of NMFO and NMFTO at a scan rate of 0.1 mV s™".
For NMFO, the reduction in peak intensity involving O
oxidation at about 4.25 V after five cycles is larger than for
NMEFTO.”**” The loss of O in NMFO at high voltages results
in a rapid decrease in the level of O-redox activity in the
following cycles. The oxidation and reduction peaks of
NMFTO show very small polarization after cycling, which
reveals the improved stability, lower polarization, and more
reversible cationic redox of the substituted materials.”” The
first five CV cycles of NMFO (Figure S7a) and NMFTO
(Figure S7b) at 0.1 mV s™" in the voltage window of 1.5—4.5 V
show that the oxidation and reduction peaks of NMFTO after
cycling in a larger voltage window show polarization that is
even smaller than that for the unsubstituted material, especially
for the Fe reduction peaks observed at 2.8 V. Figure 2h
presents the dQ/dV result of NMFO and NMFTO in the
potential range of 1.5—4.3 V. The Mn oxidation and reduction
peaks for NMFO are observed at around 2.6 and 2.0 V. The
Mn oxidation peak for NMFTO is located at around 2.75 V,
which reveals that the oxidation of Mn occurs a little bit later
than for NMFO. The peak belonging to Fe reduction occurs
around 3.25 V. However, the Fe reduction peak of NMFO is
more pronounced than that of NMFTO. Oxidation of oxide
ions occurs at the end of the charge and the reaction in NMFO
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occurs earlier than in NMFTO. Figure S8 shows the dQ/dV
curves of NMFO and NMFTO at a scan rate of 0.1 mV s~ in
the voltage ranges of 1.5-4.3 and 1.5-4.5 V. For NMFO
(Figure S8a), when the cathode is charged to higher voltages,
the Fe reduction peak shows a drastic change, while the
corresponding peaks of NMFTO (Figure S8b) are very stable,
which indicates the better structural stability of the substituted
material even in the wider potential window.

In order to explain the better performance of substituted
NMFTO, in situ and ex situ measurements were performed to
explore the overall reaction mechanism. The structural
evolution of NMFO and NMFTO during Na* deintercala-
tion/reintercalation was investigated by in situ SRD measure-
ments at a 0.1 C rate in the voltage range 1.5—4.3 V, as shown
in Figure 3. From the open circuit voltage (OCV) to 4.1V, the

(b) (c)
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II I | |
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Figure 3. Contour maps (a) of in situ synchrotron diffraction data
collected during the first charge/discharge process and the
corresponding voltage profiles on the left side and the changes of
the lattice parameters on the right side (b, c) for NMFO at 0.1 C rate
and over the range of 1.5-4.3 V and the corresponding data for
NMFTO (d—f). The error bars of the lattice constants a and ¢ are
much smaller than the size of the markers used in panels (b, ¢, e, f).

002, 004, and 106 reflections of NFMO shifted to lower angles,
reflecting a gradual expansion of the interlayer spacing (Figure
3c). At the same time, the 100, 102, 110, and 112 reflections
are shifted toward larger angles, revealing a contraction of the
distances within the layer (Figure 3b). When the NMFO
cathode is charged to voltages above 4.1 V, new reflections
appear indicating the phase transition in this material, due to
the gliding of [Fe,;,Mn, /,]O, slabs.”” This phase transition is
the transition from the P2 to the Z structure, as reported
previously for P2—Na,[Fe,;,Mn, /,]0,.”” Upon further charg-
ing, the reflections of P2 disappear due to the formation of the
Z phase. This phase transition is reversibly achieved by gliding
of the TM slabs, which is attributed to the thermodynamic
instability of unoccupied prismatic sites. Rietveld refinements
against the in situ SRD patterns show that the lattice parameter
a (Figure 3b) initially decreases, while the lattice parameter ¢
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(Figure 3c) increases which is in good agreement with
previous results on P2-NMFO." According to the contour
maps and corresponding cell parameters, no phase change
occurs for NMFO during the initial desodiation process up to
~4.1 V. In the following discharging to 3.1 V, the positive
electrode changes back from the Z to the P2 phase. During
further discharging to 1.9 V, a new orthorhombic phase P2
starts to appear because of the reduction of Mn*" to Jahn—
Teller distorted Mn**. The evolutions of the XRD diffraction
patterns of NMFO during charging/discharging and the
Rietveld refinement of P’2-NMFO are shown in Figure S9a,b.

In stark contrast, the contour maps of NMFTO (Figure 3d)
demonstrate that all reflections show only shifts, and no new
reflections appear during the whole charging/discharging
process, implying a solid-solution behavior upon Na®
deintercalation/reintercalation. During the charging process
of NMFTO, the 002, 004, and 106 reflections are shifted to
lower angles, and they are shifted back to higher angles during
the discharging process, again revealing the changes of the
interlayer spacings (Figure 3f). Meanwhile, the 100, 102, 110,
and 112 reflections are shifted toward higher angles showing a
gradual contraction of the in-plane distances during the
charging process, and they are shifted back to lower angles
during the discharging process (Figure 3e). As reported in
earlier work,”® no P2 — Z phase change occurs for
Na,,3Mn,3Fe; 30, at highly charged states, i.e., Mn
substitution can suppress sliding of the TMO, slabs. At the
same time, Ti substitution in NMFO can suppress the
formation of the P'2 phase in deeply discharged states, thus
improving the capacity retention during cycling.”

The XRD diffraction patterns of NMFO and NMFTO are
shown in Figure S10a,b for the pristine state, after one full
cycle, and after two full cycles in two different voltage ranges at
1.5-4.3 and 1.5—4.5 V, respectively. For the smaller voltage
range 1.5—4.3 V, the XRD patterns obtained for the pristine
electrode and after one or two cycles do not show significant
changes for both materials. However, when the cathodes are
charged to 4.5 V, the patterns for NMFTO in the discharged
state after one and two cycles show higher stability, i.e., much
smaller changes compared to the pristine state, than the
unsubstituted NMFO material. The latter one shows a strong
line broadening but also appearance/disappearance of
reflections. These results reveal that Mn*'/Ti*" substitution
can increase the stability of such materials toward higher
voltages.

To investigate the local structural changes in more detail, ex
situ solid state *Na MAS NMR measurements were performed
on as-synthesized NMFO and NMFTO cathodes and on
electrodes extracted from cells after charging/discharging to
different voltages during the first cycle (Figure 4a—d). The
spectrum of pristine NMFO (Figure 4b) shows a major
resonance at about 1850 ppm. A much narrower signal close to
0 ppm indicates the presence of small amounts of diamagnetic
impurities, such as NaOH/Na,CO;. These are probably
residues from the electrolyte or its decomposition prod-
ucts”***~* For the spectrum of pristine NMFTO (Figure 4d),
the major resonance is located at around 1500 ppm. The
comparison of the spectra of pristine NMFO and pristine
NMFTO is shown in Figure S11. The decrease of the *Na
NMR shift in NMFTO compared to NMFO is caused by the
substitution of diamagnetic Ti*" for highly paramagnetic Fe®"
centers with large magnetic moments in the environment
around Na.*?** According to the elemental composition, the
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Figure 4. Cell voltage as a function of the state of charge and
discharge for the first galvanostatic cycle of (a) NMFO and (c)
NMEFTO cells; marked points indicate voltages where cells were
disassembled for solid-state NMR measurements. 2>Na MAS NMR
spectra of the (b) NMFO and (d) NMFTO cathode samples.
Spinning sidebands are denoted with “*”.

average oxidation state of Mn in pristine NMFO is +3.66 and
+3.43 in NMFTO (as shown below with Mossbauer
spectroscopy, the oxidation state of Fe is +3 in the pristine
state for both materials). As a general trend, during the
charging process, the major resonance in the BNa NMR
spectra moves to the right (lower ppm values) and back to the
left during discharging. The right shift during charging is
caused by the oxidation of high-spin Fe®" (electronic
configuration 3d°) to Fe*" (3d*) and oxidation of Mn**
(3d*) to Mn*" (3d*) resulting in less unpaired electronic
spins. During the whole charging process, a clear decrease in
the intensity of this major resonance is observed since more
and more Na is removed from the material and finally, at 4.3 V,
the signal completely disappears, revealing that most of the Na
is removed from the structure. During discharging, the BNa
resonance shifts back to higher ppm values due to the
reduction of Fe*" to Fe** and Mn*" to Mn*". When the NMFO
is completely discharged to 1.9 V, the **Na signal becomes
very broad and almost invisible. As shown above via in situ
SRD, the P’2 phase starts to appear at around 1.9 V, which
means that local distortions around Mn occur that can cause
this extreme broadening and which can also reduce the
mobility of Na*. »*Na has a quadrupolar nucleus (spin I = 3/2)
with quite large quadrupolar moment (Q = 104 mb)* and
thus it is very sensitive to local structural distortions which
cause the line broadening. The resulting decrease in Na
mobility can further broaden the spectra. The evolution of the
Na NMR spectra during this complete cycle clearly shows
that after the full discharge the cathode material is reduced to a
state beyond the pristine state, as also expected from the
voltage profile, i.e., after the reversible changes observed in the
spectra, an additional reduction of the material is observed
associated with a sodiation above the initial Na content of 0.67.

For NMFTO (Figure 4d), during the charging period, the
main resonance again is shifted to lower values due to the
oxidation of Fe and Mn. Even in the fully charged state, some
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Figure 5. XANES spectra at the Mn K-edge during charging (a) and discharging (b). XANES spectra at the Fe K-edge during charging (c) and
discharging (d). (e) Fourier transforms (k*-weighted) of the Mn K-edge EXAFS spectra of NMFO. (f) Fourier transforms (k*-weighted) of the Mn
K-edge EXAFS spectra of NMFTO. (g) Fourier transforms (k*>-weighted) of the Fe K-edge EXAFS spectra of NMFO. (h) Fourier transforms (k*-
weighted) of the Fe K-edge EXAFS spectra of NMFTO.

residual intensity is observed for the broad main resonance, in The residual Na content observed at 4.3 V explains why the
contrast to NMFO. This residual intensity reveals that capacity of NMFTO can be further increased by cycling in the
NMETO is not completely desodiated by charging to 4.3 V. larger voltage window of 1.5—4.5 V. During the discharging
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Figure 6. Voltage profiles and contour plots of in situ *’Fe Mdssbauer spectroscopy on (a) NMFO and (b) NMFTO during cycling between 1.5

and 4.3 V at a rate of 0.05 C. "Fe Mossbauer spectra of NMFO in differe

nt states: (c) pristine, (d) charged to 4.3 V, and (e) discharged to 1.5 V.

S7Fe Mossbauer spectra of NMFTO: (f) pristine, (g) charged to 4.3 V, and (h) discharged to 1.5 V. The experimental spectra are shown as black
spheres and the fitting as purple lines. Fe>* and Fe** contributions are shown as red and green doublets, respectively.

period, the resonance shifts back to higher values due to the
reduction of Fe and Mn. When the cathode is completely
discharged to 2.0 V, the signal becomes very broad and again is
difficult to be detected. Also for this material, the overall
evolution of the spectra shows that after one complete cycle
the material is reduced to a state beyond the initial state, i.e.,
sodiated to a Na content higher than in the pristine material.
This means that the Na content after the first complete cycle is
larger than 0.67, maybe close to 1. This is consistent with the
length of the first charge/discharge plateaus (the latter one
being much longer) and the fact that the voltage after one
complete cycle (1.5 V) is smaller than the open-circuit voltage
before this cycle (about 2.8 V).

The changes in the electronic structure and local environ-
ments of manganese and iron in NMFO and NMFTO during
the first cycle are studied by in situ XAS. As described above,
the average valence of Mn is +3.66 in pristine NMFO and
+3.43 in NMFTO. For both materials, the Mn K-edge shifts to
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higher energies upon charging (Figure Sa) and shifts back to
lower energies throughout the whole discharging process
(Figure Sb), indicating the continuous oxidation and reduction
of Mn during charging/discharging. Figure S12e shows the
linear combination fitting for the variations of Mn*/Mn**
contents during cycling, which corresponds to the XANES data
described above. As seen from this figure, Mn is almost
completely oxidized to Mn*" at the end of the charge and
reduced to Mn**/Mn*" with a ratio of about 1:1 at the end of
discharge. However, for NMFTO, Mn is not fully oxidized to
Mn*" at the end of charging and is reduced to Mn**/Mn*" with
a ratio of about 0.7:0.3 at the end of discharging. Nevertheless,
due to the larger Mn content of NMFTO, this contributes to
the larger discharge capacity. The Fe K-edge for both materials
also shifts to higher energies upon charging (Figure Sc) and
shifts back to lower energies upon discharging (Figure Sd),
again revealing the reversible oxidation and reduction of Fe.
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Selected in situ XANES spectra in the pristine, fully charged,
and fully discharged state confirm this tendency (Figure S12b).

The Mn K-edge and Fe K-edge Fourier-transformed (k*-
weighted) EXAFS (FT-EXAFS) spectra acquired during
charging/discharging are shown in Figure S (e,f: Mn K-edge;
gh: Fe K-edge). There are two peaks at about 1.3 and 2.3 A in
the radial distributions, corresponding to the TM-O distance
and the TM-TM/Na distance, respectively. For NMFO, the
amplitude of the Mn—O peak (at 1.3 A) is higher than that of
the Mn-TM peak, while the opposite behavior is observed for
NMEFTO. The change of this Mn—O peak during discharging
is very weak for NMFTO, while for NMFO, a strong decrease
in intensity occurs in the voltage range from 2.21 to 1.5 V. This
strong change can be ascribed to the changes in the local
Jahn—Teller distortions around Mn3* during charging/
discharging and also the phase change observed via XRD in
the highly discharged states. The shift of the second Mn-TM
peak (at 2.5 A) to a larger value, observed for NMFO and
NMFTO, indicates the increase of the Mn-TM distance. This
is consistent with the changes in the a lattice constant observed
by SRD, as described above. For NMFTO, the Mn—O and
Mn-TM bond length variations are fully reversible, as observed
in the subsequent discharging process, and the interatomic
distances return to their initial values. For NMFO, a clear
decrease in the intensity of the Mn—O peak (at 1.3 A) at the
very end of discharging (Figure Se and Figure S12c) is
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observed. This strong decrease in intensity is not observed for
NMFTO. One reason is that the changes in Mn oxidation state
during charging/discharging are smaller for NMFTO (pristine:
+3.43, fully charged: +3.67, fully discharged: 3.34) compared
to NMFO (pristine: +3.66, fully charged: +4, fully discharged:
3.55), as revealed by EXAFS fitting (Table S4).

In summary, our XAS results show that the incorporation of
Ti/Mn does not decrease the Jahn—Teller distortion itself but
it decreases the changes in the Jahn—Teller distortion during
charging/discharging. Furthermore, the presence of inactive
Ti*" seems to additionally alleviate the changes in the Jahn—
Teller distortion resulting in better cycling stability.

The intensities of the Fe—O peak are lower than those of the
Fe-TM peak for both materials. The variations in the Fe—O
and Fe-TM bond lengths of both materials are not completely
reversible, as shown in Figure S12d. When the spectrum in the
pristine state is compared with that in the fully charged state,
the radial distribution of NMFO shows a decrease in the Fe—O
distance and a reduced intensity of the Fe-TM peak during
charging. Meanwhile, the increase in the intensity of the pre-
edge peak in the Fe K-edge XANES spectra indicates the
migration of a small fraction of Fe ions into interlayer P2-
tetrahedral sites at voltages higher than 4.1 V*°.

In situ S"Fe Mbssbauer spectroscopy on complete cells
during cycling was performed to investigate the change of Fe
oxidation state as displayed in Figure 6. Cycling of the cells was
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evaluated in the voltage range of 1.5-4.3 V, and one
Mossbauer spectrum was acquired every 2 h. The voltage
profiles and contour plots of in situ *’Fe Mdossbauer
spectroscopy during the first cycle are shown in Figure 6a
(NMFO) and Figure 6b (NMFTO). For both cathodes, the
contour plots clearly show the reversible partial conversion of
Fe’" to Fe*" and back to Fe’" during the cycling. The detailed
parameters resulting from fitting all °’Fe Mdssbauer spectra are
shown in Figure S13.

As shown in Figure 6¢f, the spectra for both pristine
materials exhibit a single sharp doublet with an isomer shift
(1S) around ~0.24 mm s~" consistent with Fe*" in a high-spin
state and in an octahedral environment of oxygen. The
quadrupolar splitting (QS) of NMFTO is around 0.77 mm s~
and is larger than that of unsubstituted NMFO (0.73 mm s™"),
revealing a less symmetric environment. As can be seen from
the contour plots, during charging a new component appears
in the spectra with negative isomer shift that can be assigned to
Fe*".*° A higher amount of Fe*" is observed for NMFO at the
end of charging in comparison to NMFTO (Figure S13). This
might be related to the larger overall Fe content in NMFO
where a larger fraction of the specific capacity is based on the
Fe’"/Fe*" redox activity. The oxidation/reduction kinetics of
Fe**/Fe** can be very sluggish.46 Therefore, for NMFTO,
where a larger fraction of the charge—discharge capacity is
based on Mn*"/Mn*, the cycling is more stable. The spectra
of NMFO and NMFTO in the fully discharged state (Figure
6e,h) are very similar to those of the pristine materials with
almost identical IS and QS values, demonstrating the complete
reduction back to Fe®* and thus the high reversibility of this
redox process. The spectra of the charged materials (Figure
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6d,g) were fitted by using two doublets. The first component is
ascribed to Fe**Oy in an octahedral environment with isomer
shift IS very similar to that of the pristine material while the
quadrupole splitting QS is larger compared to the pristine
materials, revealing local distortions of the octahedral environ-
ment around Fe. The second doublet with negative isomer
shift clearly reveals the existence of Fe*', and all Fe* is
reduced back to Fe®* during discharging. The Fe*" doublet
observed in the charged state of NMFO shows a larger isomer
shift and a larger quadrupole splitting than that of NMFTO,
revealing stronger local distortions.

Ex situ soft XAS measurements were performed on NMFO
and NMFTO cathodes extracted from cells at different
voltages during the first cycle (Figure 7a,d) to predict changes
in the oxidation states and chemical environments. The Mn L-
edge XAS spectra acquired in the inverse fluorescence yield
(iFY) mode are shown in Figure 7b,e. Enlarged views of Mn
L,; NEXAFS spectra of NMFO and NMFTO at different
voltages are shown in Figure S14a,b. The peak at 642 eV is
ascribed to Mn®* and the peaks at 641 and 643 eV correspond
to Mn*".* The spectra for both cathodes obtained in the
pristine state demonstrate that Mn exists in a mixed oxidation
state, Mn>*/Mn**, which is in good agreement with the results
on the Mn K-edge described above. The spectra show no
pronounced change in the fully charged state. However, during
discharging, when the potential reaches 2.65 V, the spectra of
both materials predominantly show the Mn** peak. The L;-
edge (observed at 643 eV) of both materials shows almost no
change when going from 2.65 to 1.5 V. However, for the L,-
edge (observed at 653.6 eV), the spectra of NMFTO have
clearer features of Mn>*, which indicates that Mn in NMFTO
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can be reduced to lower valence states, in agreement with the
result obtained by linear combination fitting of in situ XAS Mn
K-edge data (Figure S12e). The Fe L-edge XAS spectra in the
iFY mode for these samples are shown in Figure S15a,b. The
Fe L-edge spectra of both pristine materials show obvious
features of Fe®*,*® in good agreement with the Mossbauer
results. However, no big changes can be observed during
charging. We ascribe this to the fact that these measurements
are performed ex situ and the stability of Fe*" seems to be
limited outside the batteries.*” The changes in the Fe oxidation
state during cycling can thus be much better observed by the in
situ MOssbauer measurements.

The O K-edge XAS spectra acquired in the fluorescence
yield (FY) mode are shown in Figure 7c,f. Enlarged views of O
K-edge XAS spectra of NMFO and NMFTO at different
voltages are shown in Figure S16a,b. For the O K-edge, the
pre-edge peaks below 535 eV are related to the hybridization of
O 2p-TM 3d orbitals, while the broad peak above 535 eV is
related to O 2p-TM 4sp hybridized states. The peaks around
529.4 and §31.3 eV correspond to contributions from the t,,
band and the e, band, respectively. Because the density of the
empty bound state in the molecular energy level is related to
the hybridization of metal 3d-O 2p orbitals, the variation of
integrated pre-edge intensity (shadow region in Figure 7c,f)
can show the hole state distribution and the effective charge on
the oxygen atom.’’ The integrated intensity that reflects the
changes in the density of empty states was calculated and is
displayed in Figure S17. For NMFO, the intensity of the
integrated pre-edge (Figure S17a) shows irregular changes
during the charging and discharging process, which are caused
by gliding of TMO, slabs during the phase change process, as
observed in the in situ XRD measurements described above.
However, for NMFTO, the intensity of integrated pre-edge
(Figure S17b) shows more regular changes during the
electrochemical cycling, which is relevant to electron removal
from oxygen and the consequently generated holes in O 2p
orbitals.”" So the anionic contribtion to the charge/discharge
capacity can be observed from this integrated pre-edge
intensity for NMFTO, while it is somehow obscured by the
stronger crystallographic changes for NMFO.

Galvanostatic intermittent titration technique (GITT) is
used to estimate the diffusion coefficient of Na* and thus to
verify the fact that Ti substitution enhances the transport
channels. Figure S18a,b shows the details of the GITT
measurement during the charging and discharging of NMFO.
GITT tests are performed with a 0.5 h current pulse at C/20
followed by S h relaxation for every step and the results are
shown in Figure S18c (NMFO) and Figure S18d (NMFTO).
The overall charge/discharge capacities obtained during this
GITT measurements show no big differences between the two
samples. However, the voltage plateau of NMFTO is
suppressed, which can be explained by Mn/Ti-substitution
delaying the phase transition. The normalized quantity D,S*/
VZ, was used to represent the change in Na mobility because it
is challenging to get the exact values for the molar volume and
the active surface area, as shown in Figure S18e (charging) and
Figure S18f (discharging). Compared with NMFO, the
substituted NMFTO shows higher D,S*/V? values both during
charging and discharging, which indicates a higher Na*
mobility induced by Mn/Ti substitution.*”

The results of the multiple characterization techniques are
summarized in Figure 8. For the cosubstitution described in
this manuscript, when going from NMFO to NMFTO, 1/12 of
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Fe per formula unit is replaced by Ti and 1/12 of Fe per
formula unit is replaced by Mn. The Mossbauer results (Figure
6) clearly show that the pristine NMFO and NMFTO samples
contain exclusively trivalent Fe ions. The soft-XAS measure-
ments reveal that Ti is present exclusively as tetravalent ions.
From this, assuming the oxidation states of Na and O to be 1+
and 2—, respectively, the average oxidation state of Mn can be
determined to be 3.66+ for NMFO and 3.43+ for NMFTO.

Furthermore, Figure 8c,d shows the summary of all
conclusions from the different experimental techniques. For
NMFTO, the XAS results clearly show that Mn is active in the
beginning of charging and at the end of discharging (Figure
S12). The Mossbauer results clearly show that for NMFTO Fe
is active at the end of charging and at the beginning of
discharging. For NMFO similar trends are observed, although
the changes in the Mn oxidation state in the beginning of
charging are less obvious, probably due to the higher initial Mn
oxidation state compared to NMFTO, resulting in a smaller
Mn contribution to the charge capacity, as also revealed by the
shorter plateau observed around 3.0 V.

A single-electron redox process of a Mn**/Mn*" couple in
NMFO (0.5 Mn per formular unit) corresponds to a specific
capacity of around 133.5 mAh g~'. Taking together the linear
combination fitting of the in situ Mn K-edge XAS measure-
ments with the results of Fe Mossbauer spectroscopy, during
charging from the OCV to 4.07 V, the theoretical capacity
based on oxidation of Mn*®* to Mn**** corresponds to
around 23 mAh g~'. The remaining 41 mAh g~' observed
during charging from the OCV to 4.07 V can be attributed to
the oxidation of oxygen ions. It is known for overlithiated Li
cathodes, that the contributions from oxygen during charging/
discharging can cover a large range of voltages, including
annihilation of eletron holes in the oxygen 2p band (around
4.3 V) and reversible O*/"~ contributions (around 3.3
V3#343057) The theoretical capacity based on a single-electron
redox process of an Fe**/Fe* couple in NMFO (0.5 Fe per
formula unit) is 133.5 mAh g~'. From 4.07 to 4.3 V, the area
ratio of Fe*':Fe®* is 0.48:0.52, which means that the
contribution of Fe** oxidation is around 64 mAh g~!, which
is somewhat larger than the observed capacity of 46 mAh g
The reason might be that the different cationic/anionic
contributions are overlapping, possibly due to sluggish kinetics,
and cannot be clearly separated. Furthermore, at these high
voltages, mixed metal/oxygen hybride orbitals might be
involved. Therefore, the exact contributions from the cations
and anions, as indicated in Figure 8¢,d, should be taken with
care. From 4.07 to 4.3 V, the oxidation of a Mn>®**/Mn*
couple should also provide 23 mAh g~". During the discharging
period, from 4.3 to 3.0V, the capacity of Fe>*** reduction is 64
mAh ¢! and the capacity of reduction from Mn** to Mn**" is
16 mAh g~'. From 3.0 to 1.5V, the theoretical capacity based
on reduction of Mn**** to Mn**** is around 44 mAh g~'. The
additionally observed capacity can be attributed to contribu-
tions from oxygen ions.

A single-electron redox process of a Mn**/Mn*" couple in
NMFTO (0.58 Mn per formula unit) corresponds to 155 mAh
g~". Combining the linear combination fitting of the in situ Mn
K-edge XAS measurements with the results of Fe Mossbauer
spectroscopy, during charging from OCV to 4.1 V, the
theoretical capacity based on oxidation of Mn*** to Mn*¢"* is
around 37 mAh g~'. The remaining 25 mAh g™' observed from
the OCV to 4.1 V can be attributed to the oxidation of oxygen
ions. The theoretical capacity based on a single-electron redox
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process of a Fe**/Fe*" couple in NMFTO (0.33 Fe per formula
unit) is 90 mAh g~'. From 4.1 to 4.3 V, the area ratio of Fe*":
Fe®" is 0.47:0.53, which means that the theoretical capacity of
Fe’* oxidation is around 42 mAh g~', which is in good
agreement with the observed capacity of 48 mAh g™'. During
discharging from 4.3 to 3.0 V, the capacity of Fe**’* reduction
is 50 mAh g~', which is very close to the capacity of Fe®"
oxidation during charging. The reduction of Mn**"* starts at
3.0 V. From 3.0 to 1.5 V, the theoretical capacity based on
reduction of Mn*®* to Mn***" is around 51 mAh g™'. The
additionally observed capacity can be attributed to contribu-
tions from the oxygen ions.

4. CONCLUSIONS

In summary, we have investigated the redox reactions of
transition metals and oxygen to explain the mechanism of the
electrochemical performance of P2-type Mn/Fe based layered
cathodes. We introduce P2-NMFTO as the cathode to
overcome the short cycle life and poor rate capability caused
by the phase changes at high potentials and the Jahn—Teller
effect at low potentials, which are both related to Mn
oxidation/reduction. The partial substitution of Fe by Mn
and Ti has been done to explore and optimize the mechanism
of redox activity of these P2-type Mn/Fe based layered
cathodes without phase changes. The Mn substitution
suppresses the phase transition from the P2-type to the Z-
type at high voltages. At the same time, Ti substitution in
NMFO can suppress the formation of the P'2 phase at low
voltages, thus improving the capacity retention during cycling
and increasing the structural stability in the wider potential
voltage from 1.5 to 4.5 V.
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