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A universal strategy for bridging Prussian blue
analogues and sodium layered oxide cathodes:
direct fast conversion, dynamic structural
evolution, and sodium storage mechanisms+

*d Jing Yu,® Jia-Yang Li,?® Yan-Fang Zhu,*®f
*¢ Yong Jiang,® Shi-Xue Dou® and Yao Xiao

Hong-Wei Li,2°° Jinggiang Wang,

Huanhuan Dong,alo Zhijia Zhang, xabt

Prussian blue analogues (PBAs) are widely recognized as one of the most promising cathode materials for
sodium-ion batteries (SIBs). However, many unqualified PBAs with unsatisfactory electrochemical
performance are difficult to dispose of and pose a risk of environmental contamination. Additionally, the
production process of layered oxides, another popular cathode material for SIBs, requires prolonged
high-temperature sintering, resulting in significant energy consumption. To address the aforementioned
issues, a "two birds with one stone” strategy is proposed. This approach not only demonstrates the
feasibility of directly preparing layered oxides with PBAs as precursors through a fast sintering process
but also simultaneously addresses the challenge of treating unqualified PBAs while minimizing excessive
energy consumption during the preparation of layered oxides. Furthermore, a series of binary, ternary,
and quaternary layered oxides were synthesized directly by utilizing PBAs with varying compositions,
showcasing the universality of this strategy. This innovative approach breaks the boundaries between
different types of sodium cathode materials and builds a distinctive bridge for the direct conversion of
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Introduction

Environmental pollution and climate change increasingly
necessitate the substitution of traditional fossil fuels with
sustainable and clean energy sources."* Recently, the worldwide
utilization of solar and wind energy has surged dramatically;
however integrating the power generated by these intermittent
renewable sources into large-scale grids presents significant
challenges. Consequently, the development of energy storage
technologies has become urgently necessary.>* Compared to
mechanical, thermal, and hydrogen energy storage systems,
secondary battery energy storage systems are prioritized in new
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PBAs into layered oxides, thereby widening the feasibility of the cathode for SIBs.

energy storage applications due to their lack of geographical
constraints, lower costs, and higher efficiency.**>* Among them,
lithium-ion batteries (LIBs) are struggling to meet the growing
demand for energy storage due to limited lithium resources. In
contrast, sodium-ion batteries (SIBs), which utilize abundant
sodium resources, present a viable alternative to new energy
storage systems.'*"'® SIBs that employ Prussian blue analogues
(PBAs) and transition metal layered oxides as cathodes are
widely adopted because of their high theoretical specific
capacity, low cost, and simple preparation method."”°

PBAs cathode systems have been extensively studied by many
world-renowned SIB companies such as Natron Energy (US),
Altris (SE), HiNa, CATL (CN), etc. Logically, a significant yield of
unqualified PBAs arises during the optimization process of
material preparation as it transitions from the laboratory scale
to commercial production scale.”* Owing to the intrinsic struc-
tural characteristics of -CN present in PBAs, the potential
toxicity undoubtedly poses a considerable threat to the envi-
ronment and human beings. Consequently, the disposal of
these unqualified PBAs is a significant challenge.**** Separately,
since the early exploration of the Na* de-/intercalation behavior
in NaCoO, during the 1980s, transition metal layered oxides
have been extensively studied as prominent cathode materials
for SIBs due to their high specific capacity and facile synthesis
methods.”*” Typically, layered oxide cathodes are produced
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through high-temperature solid-state sintering of various
reagents in stoichiometric ratios that correspond to the desired
composition of the target product.”®*° This process often results
in significant energy consumption, requiring holding times of
over ten hours. Therefore, it is important to explore a fast sin-
tering strategy to reduce the energy consumption in the
production of layered oxide cathodes for SIBs.** It would be very
interesting and prospective if layered oxide cathodes could be
synthesized through fast sintering of PBAs precursors, with
transition metals and sodium ions uniformly distributed in the
open skeletal structure of PBAs. This “two birds with one stone”
strategy not only conserves substantial energy during the
layered oxide production process but also addresses the issue of
dealing with unqualified PBAs, thereby achieving both
economic and environmental benefits.

Based on the discussion above, a straightforward strategy has
been adopted to prepare layered oxide cathodes for SIBs using
PBAs as precursors, and the applicability of the fast sintering
strategy has been verified. Compared to the traditional solid-state
method, the fast sintering strategy eliminates the need for
precursor hybridization and reduces the high-temperature holding
time from over 10 hours to just 10 minutes. All binary, ternary, and
quaternary layered oxides produced from PBAs with different
components, whether by the long period sintering or fast sintering
method, exhibit favorable crystalline properties and excellent
sodium storage performance. Furthermore, this innovative
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strategy allows for the disposal of unqualified PBAs, achieving
waste reutilization while balancing economic and environmental
benefits.>*** Additionally, the fast sintering technology signifi-
cantly enhances production efficiency and reduces energy
consumption. This process also mitigates potential pollution by
converting waste materials into valuable products, thereby signif-
icantly lowering treatment costs and generating added economic
value, making it highly attractive for industrial-scale applications.
Take the quaternary Fe/Mn-based layered oxides produced
through this fast sintering method for example. These oxides
demonstrate a high specific capacity of 124.3 mAh g ' at 0.1 C and
exhibit excellent rate performance, achieving a capacity of
88.5 mAh g~ ! at 2 C, as well as maintaining a capacity retention of
76.1% after 250 cycles at 1 C. The structural evolution from the
PBAs to layered oxides was elucidated using in situ high-
temperature X-ray diffraction (HTXRD). The remarkable revers-
ibility of the layered oxide cathodes, prepared by the fast sintering
of PBAs precursors, during sodium ion insertion and extraction
was confirmed through in situ XRD. Collectively, these results
validate the practicality and scalability of the method for directly
fast sintering PBAs into layered oxides.

Results and discussion

As schematically illustrated in Fig. 1a, layered oxides with
various phases can be tailored by modulating the composition

[ |

—

P2
> >@ w>»

Layered oxide cathodes

Waste utilization

o

Intensity / a.u.

i aa—

0 30 40 s 6 70
2-Theta / degree

Intensity / a.u.

2-Theta / degree

Observed
—Calculated

Intensity / a.u.

e
™ (.

e e
2-Theta / degree

Fig. 1

ical and envir

benefits

RELTR Ry=33%

Intensity / a.u.

| UL

IE

20 % 40 s 6 70
2-Theta / degree

L;J

N

3 Observed
© —calculated
Difference

| Bragg position
RE04%  R,=13.0%
NaNFM.

H -

Intensity / a.u.

'
= el
t ¥

2 % 40 s 6 70
2-Theta / degree

I [v;m fin
- o
i1 @ R 1 T

[ P

‘ |
10 20 % 40 s s 70
2-Theta  degree

Intensity / a.u.

(a) Schematic diagram of PBAs sintering conversion into layered oxides. (b) Rietveld refinement of the XRD results and (c) SEM images of

PBAs-FM, PBAs-NFM, and PBAs-NFMM. (d) Rietveld refinement of the XRD results and (e) SEM images of NaFM, NaNFM, and NaNFMM.
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of the PBAs precursors and controlling the sintering process.
Herein, three distinct types of PBAs were designed and
synthesized as the prototypes for the development of layered
oxide cathodes for SIBs using the long period sintering method.
Based on their composition, the binary (Fe/Mn-containing),
ternary (Ni/Fe/Mn-containing), and quaternary (Ni/Fe/Mg/Mn-
containing) PBAs are designated as PBAs-FM, PBAs-NFM, and
PBAs-NFMM, respectively. The X-ray diffraction (XRD) patterns
and Rietveld refinement results (Fig. Sla-ct and 1b) indicate
that the binary, ternary, and quaternary PBAs exhibit favorable
crystallinity, consistent with the standard peaks of the Prussian
blue analogue (JCPDS card no. 82-1111),** and their cell
parameters are summarized in Table S1.f The SEM images in
Fig. 1c reveal that all the PBAs possess a uniform cubic
morphology; however, the particle size decreases as the number
of element types in the composition increases. Utilizing these
three types of PBAs as precursors, layered oxides with P2 and O3
phases respectively can be obtained through the long period
sintering method. According to the XRD pattern shown in Fig.
S2a,t the characteristic peaks of NagsFeysMngs0, (NaFM)
derived from the binary PBAs-FM correspond to those of the P2-
type layered oxide in the P6;/mmc space group (JCPDS card no.
27-0752).** However, when employing the same sintering
procedure, the layered oxides of NaggNijy,FeqsMng 30,
(NaNFM) and Nag gNig 15Fe5Mgo.0sMng 30, (NaNFMM) ob-
tained from the ternary PBAs-NFM and quaternary PBAs-NFMM
precursors, respectively, exhibit the O3 phase within the R3m
space group (JCPDS card no. 54-0887) (Fig. S2b and c%).*” The
prepared layered oxides with different phases are further vali-
dated by the Rietveld refinement of the XRD results (Fig. 1d),
from which the specific cell parameters of NaFM, NaNFM, and
NaNFMM can be derived, as shown in Table S2.f The SEM
images in Fig. 1e illustrate that the morphology of NaFM,
NaNFM, and NaNFMM all exhibit a hexagonal plate shape
characteristic of layered oxides, with sizes comparable to their
corresponding PBAs precursors. This similarity may be attrib-
uted to the confinement of atomic rearrangement and crystal
growth within the distinct structure of PBAs during the long
period sintering process.*® Energy dispersive spectroscopy (EDS)
elemental mapping of NaNFM and NaNFMM, presented in Fig.
S3 and S4,f demonstrates a homogeneous distribution of
elements without any segregation.

NaNFM was characterized in detail to verify the feasibility
and beneficial effects of the strategy for directly converting PBAs
into layered oxides using the long period sintering method. The
crystalline structure of NaNFM was further investigated by
employing high-resolution transmission electron microscopy
(HRTEM). The TEM image in Fig. S5at further confirms the
hexagonal, plate-like layered structure of NaNFM, while the
HRTEM images in Fig. S5b and ct reveal a lattice fringe spacing
of 0.252 nm, which corresponds to the (101) facet of the O3
phase structure, as calculated using the Bragg equation (2d sin ¢
=n4).* In addition, the chemical valence states of the transition
metals in NaNFM were further investigated using X-ray photo-
electron spectroscopy (XPS). As illustrated in Fig. S6,} the high-
resolution Ni 2p spectra of the NaNFM can be deconvoluted into
two peaks at 854.9 eV and 872.5 eV, which correspond to Ni**,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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along with two associated satellite peaks.* The high-resolution
Fe 2p spectra reveal two pairs of peaks with binding energies of
709.9 eV and 723.1 eV, as well as 713.2 eV and 726.3 eV, corre-
sponding to Fe*" and Fe®*, respectively, along with two satellite
peaks.* Similarly, the binding energies of 641.1 eV and 652.3 eV
corresponding to Mn*", are also observed in the high-resolution
Mn 2p spectrum.*>*® The presence of various valence states
among these transition metal cations indicates their electro-
chemical activity, which ensures the capability to deliver high
specific capacities in NaNFM derived from the PBAs-NFM
precursor. Furthermore, in addition to the lattice oxygen peak
with a binding energy of 529.3 eV in the high-resolution O 1s,
there is a peak representing OH , which may result from
unavoidable exposure to air during the XPS testing.**** Like-
wise, as demonstrated by the XPS spectra in Fig. S7,f the
chemical environment of the transition metals in NaNFMM is
consistent with that of NaNFM.

To gain insight into the mechanisms underlying the transi-
tion from PBAs-NFM to NaNFM, an in situ high-temperature X-
ray diffraction (HTXRD) test was conducted to monitor the
dynamic sintering process of PBAs-NFM in an air atmosphere,
ranging from 25 to 950 °C. As shown in Fig. 2a, the PBAs-NFM
retain their original hexagonal structure from room tempera-
ture up to 200 °C (Fig. S8at). And the gradually diminishing
peaks at around 15° can be attributed to the removal of crys-
tallization water from the PBAs-NFM as the temperature
increases.*® When the temperature reaches 300 °C, the well-
defined crystalline structure of PBAs-NFM is destroyed,
causing the atoms to escape the constraints of the lattice and
become randomly arranged; additionally, the escape velocity of
the lighter oxygen and sodium atoms exceeds that of the heavier
transition metal atoms, resulting in an amorphous structure
(Fig. S8b¥). This amorphous state persists until the temperature
increases to 480 °C, at which point the P2 phase begins to
emerge. The crystal structure of the P2 phase progressively
improves with increasing temperature, as evidenced by the
enhanced intensity of the (002), (004), and (100) peaks at 15.4,
31.5, and 35.8°, respectively (Fig. S8ct). Notably, as the
temperature continues to increase, the characteristic peaks at
16.0, 32.4, 34.8, and 40.9° corresponding to (003), (006), (101),
and (104) crystal planes, respectively, of the O3 phase, gradually
increase in intensity within the temperature range of 620-700 °
C. This observation signifies the transition from the P2 phase to
the O3 phase (Fig. S8df). In the final stage of sintering, the
characteristic peaks of the O3 phase in the temperature range of
760-950 °C become progressively sharper and more intense,
indicating an improvement in the crystallinity of the O3 phase
structure with increasing temperature (Fig. S8et).*” Ultimately,
a well-crystallized O3 phase structure can be achieved after the
temperature reaches 950 °C or upon cooling to 25 °C (Fig. S8f¥).
Furthermore, Fig. S9t and 2b present the in situ HTXRD
patterns corresponding to the main characteristic diffraction
peak intensity contour maps (bird's eye view), which further
illustrate the phase transition from PBAs to layered oxides
during the sintering process. Overall, as schematically depicted
in Fig. 2c, the transformation of PBAs-NFM to NaNFM involves
a structural evolution from PBAs to an amorphous state, and
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In situ HTXRD patterns of the process (a) from PBAs-NFM to NaNFM and (d) from PBAs-FM to NaFM. The corresponding main char-

acteristic diffraction peak intensity contour maps (bird's eye view) of the process (b) from PBAs-NFM to NaNFM and (e) from PBAs-FM to NaFM.
Schematic diagram of the transformation process (c) from PBAs-NFM to NaNFM and (f) from PBAs-FM to NaFM.

subsequently, driven by thermodynamic factors, to the P2 phase
and ultimately to the O3 structure. The structural trans-
formation process of PBAs-NFMM precursors is similar to that
of PBAs-NFM, maintaining the original structure except for the
loss of crystallization water below 200 °C, then becoming
amorphous between 300 and 460 °C, subsequently forming
a P2-type layered oxide structure, with the characteristic peaks
gradually intensifying within the temperature range of 480-560
°C. As the temperature continues to increase, the O3 phase
gradually becomes the dominant phase, and the P2 phase
completely disappears at 740 °C. Ultimately, the material
transformed into a fully O3 phase after being sintered at 950 °C
or cooled to 25 °C. The conversion process of PBAs-NFMM into
the O3 phase layered oxide throughout the entire sintering
process is illustrated in Fig. S10 and S11.1 The HTXRD test was
employed to investigate the formation process of the NaFM
from the PBAs-FM precursor in an air atmosphere, with
temperatures ranging from 25 to 950 °C (Fig. 2d). Similar to
PBAs-NFM, the PBAs-FM can also retain the integrity of their
crystal structure below 200 °C (Fig. S12at). In the temperature
range of 300 to 460 °C, organic structure decomposition occurs,
resulting in a disordered atomic arrangement that exhibits an
amorphous structure (Fig. S12bt). As the temperature increases
to 480 °C, thermodynamic forces drive these disordered atoms
into an entropy-stable ordered arrangement,*® triggering
a transition from the amorphous phase to the P2 phase. The P2
phase becomes progressively more refined as the temperature
continues to increase (Fig. S12c and df). Furthermore, the in
situ HTXRD patterns, which correspond to the intensity contour
maps of the main characteristic diffraction peaks shown in Fig.
S13t and 2e, along with the schematic diagram of structural
transformation in Fig. 2f, clearly illustrate this transformation
process. These experimental results indicate that PBAs can be
directly converted into layered oxide materials after undergoing
a series of structural transformations.

9682 | Chem. Sci, 2025, 16, 9679-9690

To evaluate the practical feasibility of the strategy of sinter-
ing PBAs as precursors for the preparation of layered oxide
cathodes for SIBs, electrochemical behavior tests were con-
ducted in a half-cell with a potential window of 2-4 V. As
illustrated in Fig. 3a and S14a,t the galvanostatic charge/
discharge (GCD) profiles of NaNFM demonstrate a discharge
capacity of 112.1 mAh g~" and an energy density of 356.6 Wh
kg™ " at 0.1 C, significantly surpassing those of the PBAs-NFM
precursor, which exhibited a discharge capacity of
101.1 mAh ¢~ and an energy density of 337.1 Wh kg™ . The rate
performance of NaNFM and PBAs-NFM precursors was evalu-
ated over a current density range from 0.1 C to 2 C. Fig. 3b, c and
S14bt demonstrate that NaNFM maintains a reversible specific
capacity of 82.9 mAh g~" at 2 C, which is 19.3 mAh g~ " higher
than that of PBAs-NFM. Furthermore, the capacity retention of
NaNFM at 2 C is 73.9%, surpassing that of PBAs-NFM. The
cycling performance of both NaNFM and PBAs-NFM is depicted
in Fig. 3d, S15a and b.f NaNFM exhibits a superior capacity
retention of 89.5% after 100 cycles at 1 C with a coulombic
efficiency of approximately 100% (compared to 82.9% for PBAs-
NFM after 100 cycles). The electrochemical performance of
NaNFMM, prepared through long period sintering of the PBAs-
NFMM precursor, was also investigated. This material demon-
strates a specific capacity of 125.6 mAh g¢' and an energy
density of 397.1 Wh kg~ * at 0.1 C within the voltage window of
2-4 V (Fig. 3e and S16at), which is roughly 24.1 mAh g™ and
59.7 Wh kg™ ! higher than those of the corresponding PBAs-
NFMM precursors. As shown in Fig. 3f, g and Si16b,}
NaNFMM also exhibits an excellent rate performance, achieving
a capacity retention of 71.5% and a specific capacity of
89.7 mAh g™ ' at 2 C, higher than that of the PBAs-NFMM
precursor. Furthermore, NaNFMM demonstrates both good
capacity retention and a higher specific capacity than the PBAs-
NFMM precursor over 100 cycles at 1 C (Fig. 3h, S17a and b¥).
Additionally, as shown in Fig. S18,1 NaFM also exhibits superior

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrochemical performance compared to its PBAs-FM
precursor. All of the above results suggest that utilizing PBAs
as precursors for the preparation of layered oxide via the long
period sintering method can achieve the purpose of improving
electrochemical properties.

Compared to the direct physical mixing of various metal salts
used as the raw materials in conventional solid-state sintering
methods, precursor-based approaches have achieved an
ordered arrangement of sodium and transition metal elements
at the atomic level. This advancement allows for a significantly
lower energy requirement to facilitate the formation of layered
oxide crystals during high-temperature sintering.** Conse-
quently, the strategy of fast sintering, which reduces the
holding time at high temperatures, is feasible for the produc-
tion of layered oxides utilizing PBAs as precursors (Fig. 4a).
Unlike the conventional solid-state method, which necessitates
maintaining the high-temperature for over 10 hours, the fast
sintering strategy can reduce the holding time to just 10
minutes.”>** Motivated by this hypothesis, the fast sintering
strategy was employed to produce layered oxides using PBAs-
FM, PBAs-NFM, and PBAs-NFMM as precursors, respectively.

The layered oxide with the chemical formula of Na, ssFeq 5-
Mn, 0, (NaFM-F) was synthesized using a fast sintering

© 2025 The Author(s). Published by the Royal Society of Chemistry

strategy with PBAs-FM as the precursor. The XRD pattern shown
in Fig. S19af indicates the P2-type phase of NaFM-F, and the
crystal parameters derived from the Rietveld refinement results
(Fig. S20at) are presented in Table S3.f The SEM and TEM
images in Fig. S20b and c} reveal that NaFM-F has a similar
morphology but a smaller particle size compared to NaFM
prepared via the long period sintering method. The clear lattice
fringes in the HRTEM image (Fig. S20d and S211) demonstrate
that the lattice spacing of NaFM-F is 0.229 nm, corresponding to
the (012) facet of the P2 structure. EDS mapping in Fig. S22
confirms the uniform distribution of Fe and Mn within the
sample. The HRXPS spectra of Fe 2p, Mn 2p, and O 1s in Fig.
S23a-ct indicate that NaFM-F possesses the same chemical
valence as the NaFM, with Fe in the +2/+3 valence states, Mn in
the +4 valences states and O existing as lattice-O and adsorbed
OH". Similarly, the ternary compound Nag gsNig ,Feg sMng 30,
(NaNFM-F) was synthesized using ternary PBAs-NFM as the
precursor through the fast sintering strategy. The XRD pattern
(Fig. S19bt) and its Rietveld refinement results (Fig. 4b) indicate
that the phase structure of NaNFM-F is the O3 type structure
with crystal parameters a = b = 2.98 A and ¢ = 16.16 A (Table
S31). NaNFM-F exhibits a smaller particle size compared to
NaNFM, as shown in the SEM and TEM images (Fig. 4c and d).

Chem. Sci., 2025, 16, 9679-9690 | 9683
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(a) Schematic diagram of the transformation process from PBAs to layered oxides. (b) Powder XRD result with Rietveld refinement of

NaNFM-F. (c) SEM, (d) TEM, and (e) HRTEM images of NaNFM-F. (f) Powder XRD result with Rietveld refinement of NaNFMM-F. (g) SEM image of
NaNFMM-F. (h) TEM and (i) HRTEM images of NaNFMM-F. Electrochemical performance of the electrode within the potential window of 2—-4 V:
GCD curves at 0.1 C for (j) NaNFM-F and (n) NaNFMM-F. Rate performance of (k) NaNFM-F and (o) NaNFMM-F. GCD curves at different rates of (1)
NaNFM-F and (p) NaNFMM-F. GCD curves at different cycles of (m) NaNFM-F and (g) NaNFMM-F. (r) Cycling performance of NaNFMM-F.

TEM-EDS mapping in Fig. S247} reveals a well-dispersed distri-
bution of Ni, Fe, and Mn elements in NaNFM-F. The HRTEM
images of NaNFM-F in Fig. 4e show a lattice fringe distance of
0.536 nm corresponds to the (003) crystal plane of the O3 phase.
HRXPS spectra in Fig. S25a-d suggest that the Ni, Fe, and Mn
in NaNFM-F exist in the oxidation states of +2, +2/+3, and +4
respectively. The novel fast sintering strategy was also applied to
quaternary PBAs-NFMM precursors to demonstrate its broad
applicability. The resulting layered oxide, with the chemical
formula Na, gsNi 15Feq sMgo.0sMng 30, (NaNFMM-F), exhibits
the O3 phase structure within the R3m space group, with cell
parameters a = b = 2.97 A and ¢ = 16.21 A, as determined from
the XRD pattern and Rietveld refinement results (Fig. 4f, S19¢c
and Table S3). Notably, similar to the binary NaFM-F and
ternary NaNFM-F, the quaternary NaNFMM-F prepared using
the fast sintering method has a smaller particle size compared

9684 | Chem. Sci., 2025, 16, 9679-9690

to its counterparts obtained through the long period sintering
method (Fig. 4g and h). This universal phenomenon can be
attributed to the reduced high temperature holding time, which
minimizes agglomeration during crystal growth. The EDS
mapping in Fig. S267 demonstrates a uniform distribution of
Na, Ni, Fe, Mg, Mn, and O in NaNFMM-F. The crystal structure
of NaNFMM-F was further studied using the HRTEM images in
Fig. 4i, where the lattice spacing of 0.541 nm corresponds to the
(003) facets of the O3 structure. Consistent with these findings,
the HRXPS spectra in Fig. S25e-gt indicate that Ni, Fe, and Mn
in NaNFMM-F exist in the valence states of +2, +2/+3, and +4.
Additionally, the HRXPS of O 1s in Fig. S25ht reveals a further
reduction in the intensity of the adsorbed (OH)™ compared to
NaNFM-F, suggesting enhanced air stability of NaNFMM-F due
to the substitution of Mg.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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For the practical application of the fast sintering strategy,
investigations into the electrochemical properties are also
necessary. The specific capacity of NANFM-F is 119.6 mAh g~ " at
0.1 C (Fig. 4j), which is higher than that of NaNFM. This
improvement is likely due to the increased number of active
reaction sites resulting from the smaller particle size of the
material, which increases the contact area with the electrolyte.
Fig. 4k and | demonstrate that the specific capacity of NaNFM-F
can reach up to 88.1 mAh g~ even at 2 C, indicating a good rate
performance. Interestingly, as shown in Fig. 4n, the quaternary
NaNFMM-F exhibits a capacity of 124.3 mAh g™, slightly higher
than that of NaNFM-F. This enhancement can be observed in

© 2025 The Author(s). Published by the Royal Society of Chemistry

the GCD profile of NaNFMM-F at approximately 2.1-2.4 V.>* The
satisfactory rate performance of NaNFMM-F, with a capacity of
88.5 mAh g ' at 2 C, is illustrated in Fig. 40 and p. Similarly, Fig.
S27t indicates that the binary NaFM-F also demonstrates good
electrochemical properties comparable to those of NaFM ob-
tained through the long period sintering method. Furthermore,
benefiting from the “pillar effect” of a small amount of Mg
substitution in the layered oxide occupying the Na site,*
NaNFMM-F exhibits a capacity retention of 76.1% over 250
cycles at 1 C, which is superior to the 69.1% of Mg-free NaNFM-
F (Fig. 4m, q, r, and S287).
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To investigate the charge compensation mechanism of the
layered oxides synthesized through the fast sintering method, X-
ray absorption fine structure (XAS) measurements were carried
out to survey the chemical states and local atomic coordination
environments of the elements in NaFM-F and NaNFM-F. The X-ray
absorption near-edge structure (XANES) spectra at the Fe K-edges
of NaFM-F and reference iron oxides are presented in Fig. 5a.
Compared to Fe foil, the spectrum at the Fe K-edge of NaFM-F
shifts to a higher energy, falling between the reference spectra of
Fe,0; and Fe;0,, and is closer to that of Fe;O,, manifesting that
the valence state of Fe in NaFM-F is between +2 and +3.°® The
Fourier-transformed (FT) k*-weighted extended X-ray absorption
fine structure (EXAFS) spectra of the Fe atoms in NaFM-F are
shown in Fig. 5b. There are two prominent peaks at approximately
1.42 and 2.48 A, which can be attributed to Fe-O and Fe-TM
bonds, respectively.”” These results are consistent with the anal-
yses of the corresponding Wavelet Transform (WT)-EXAFS spectra.
In contrast to the single intensity maximum assigned to the Fe-Fe
bonds in the WT-EXAFS spectra of Fe foil (Fig. S29af), the WT-
EXAFS spectra of Fe in NaFM-F, as shown in Fig. 5c, exhibit two

View Article Online
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intensity maxima that can assigned to the Fe-O and Fe-TM bonds,
respectively.”® Additionally, the energy position of the XANES
spectrum of the Mn K-edge of NaFM-F closely resembles that of
MnO, (Fig. 5d), indicating that the oxidation state of the isolated
Mn atom in NaFM-F is approximately +4.* The EXAFS spectra of
the Mn atoms of NaFM-F, depicted in Fig. 5e, reveal two distinct
peaks at around 1.32 and 2.42 A, which can be attributed to the
Mn-O and Mn-TM bonds, respectively.®*** The presence of the
Mn-O and Mn-TM bonds in NaFM-F is further supported by the
two intensity maxima observed in the WT-EXAFS spectra of Mn in
NaFM-F (Fig. 5f), in contrast to the single intensity maximum in
the WT-EXAFS spectra of Mn foil, which corresponds to Mn-Mn
bonds (Fig. S29b¥). In addition, XAFS tests were conducted to
investigate the charge compensation mechanism of the ternary
NaNFM-F compound. As illustrated in Fig. 5g, the XANES spec-
trum of the Ni K-edges of NaNFM-F is positioned closer to that of
the reference NiO, indicating that the oxidation state of the Ni
atom in NaNFM-F is +2.%* The two peaks observed at approxi-
mately 1.50 and 2.49 A in the EXAFS spectra of the Ni atoms in
NaNFM-F correspond to the Ni-O first coordination shell and Ni-
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TM bonds, respectively (Fig. 5j).* Compared with the single
intensity maximum observed in the WT-EXAFS spectrum of Ni foil
(Fig. S29ct), the presence of two intensity maxima in the WT-
EXAFS spectrum of Ni in NaNFM-F (Fig. 5m) further corrobo-
rates these findings. Similar to the Fe K-edges in NaFM-F, the Fe K-
edges of NaNFM-F suggest that the valence state of Fe is +2/+3
(Fig. 5h). Additionally, the EXAFS and WT-EXAFS spectra of Fe in
NaNFM-F indicate the presence of the Fe-O and Fe-TM bonds
(Fig. 5k and n). Furthermore, analogous results are also observed
in the charge mechanisms of Mn in NaNFM-F, as indicated by the
XAFS analysis, which demonstrates the near +4 valence state of Mn
and the existence of Mn-O bonds and Mn-TM bonds (Fig. 5i,
l and o).

Furthermore, a potential window of 2-4.3 V was applied to
investigate the electrochemical performance of NaNFM-F over
a wider operating voltage range. As illustrated in Fig. 6a-d,
within this potential range, NaNFM-F exhibits an initial specific
capacity of 124.6 mAh g~ " at 0.1 C and demonstrates a rate
performance of 74.1 mAh g™ at 2 C, along with a stable cycling
performance of 70.0% capacity retention over 100 cycles at 1 C.
To gain insight into the evolution of the crystal structure of
NaNFM-F during the Na" de/intercalation process, in situ XRD
tests were conducted during the charge and discharge process
at 0.1 C within the potential range of 2-4.3 V during the first two
cycles. As shown in Fig. 6e, f and S30,7 the in situ XRD patterns
and the corresponding intensity contour maps of the main
characteristic diffraction peaks reveal the details of the phase
evolution. During Na' extraction, the peaks at (003), (006), (107),
and (108) shift to a lower angle, indicating an expansion of the c-
axis of the NaNFM-F crystal structure due to increased electro-
static repulsion from the adjacent TMO, layers as the Na' is
extracted from the lattice.** In contrast, the peaks at (101), (012),
and (104) shift to higher angles, suggesting a contraction of the
ab plane caused by charge compensation resulting from Na*
extraction, which leads to the oxidation of transition metal ions
and reduced repulsion among Na' ions.®>*® The phase transi-
tion from O3 to O3/P3 occurs during this process. As Na" is
further extracted from the lattice with the charge potential
gradually exceeding 4.1 V, the intensity of the (104) peak
decreases significantly, indicating the formation of a new OP2
phase.”” During the reverse discharge process, the crystal
structure undergoes an opposite evolution from OP2 to O3/P3 to
03, and in the second cycle, the crystal structure evolution
process resembles that of the initial cycle. As illustrated in
Fig. 6g, the structural evolution follows the sequence 03-O3/P3-
OP2-03/P3-03 during cycling, indicating the excellent structural
reversibility of NaNFM-F in the voltage range of 2.0-4.3 V.*®

Conclusions

In summary, a creative strategy for the preparation of layered
oxide cathodes for SIBs with PBAs as precursors is proposed,
and the fast sintering strategy has been successfully imple-
mented. The universality of this strategy was demonstrated by
verifying the feasibility of converting binary, ternary, and
quaternary PBAs into layered oxides. It was found that the
conversion from PBAs to layered oxides involves significant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structural evolution, transitioning from PBAs to an amorphous
state, and ultimately forming layered oxides, as evidenced by
a series of advanced characterization experiments. The initially
ordered arrangement of the transition metal elements in the
PBAs precursor may explain the effectiveness of the fast sin-
tering strategy, as it does not require sustained energy input to
maintain an ordered arrangement. Utilizing PBAs as precursors,
all the layered oxide cathodes prepared through the fast sin-
tering strategy exhibit electrochemical properties comparable to
those produced by the long period sintering process and
outperform their PBAs precursors. This “two birds with one
stone” strategy not only significantly reduces the energy
consumption by shortening the sintering time but also could
convert the unqualified PBAs into valuable layered oxides,
thereby mitigating environmental pollution. Therefore, this
strategy is worthy of further exploration and could be extended
to applications beyond SIBs.
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