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O3-type layered oxides have emerged as promising cathode materials for sodium-ion batteries (SIBs) owing
to their competitive energy density and structural robustness. However, their inherent sensitivity to
moisture remains a critical obstacle for practical application. In this study, we introduced cu?* doping
into NaNig 3Feg 2Mng 5O, (NFM325) to synthesize NaNig sFeg 2Cug1Mng 4O, (NFCM3214). Comprehensive
analyses (XRD, FTIR, TGA, XPS, SEM, and TEM) demonstrate that Cu incorporation prevents bulk
degradation and suppresses surface reactions such as Na*/H* exchange and the formation of NaOH and
Mn hydroxides upon water exposure. These local structural modifications enhance both bulk and surface
stability against moisture. Electrochemical evaluations confirm that NFCM3214 retains 89% of its initial
capacity after direct water contact, with significantly improved Na* diffusivity, rate capability (7.2 — 88.8
mAh gt at 700 mA g3, and cycling retention (71.4% — 84.5% after 100 cycles). Mechanistic insights
further reveal that Cu?* doping mitigates Jahn-Teller distortion, promotes the formation of an OP2

Recei 17th D 202 . . . i . . . .
eceived ecember 2025 intermediate phase during deep desodiation, and facilitates reversible OP2-O/P transitions during

Accepted 31st March 2026
cycling. Finally, full-cell tests using an N-doped MoS, anode demonstrate high capacity and stable
DOI: 10.1035/d5ta10285h cycling performance, underscoring the practical potential of Cu-doped O3-type layered oxides for

rsc.li/materials-a advanced sodium-ion batteries.

(LIBs).* In addition, SIBs have charge/discharge mechanisms
similar to lithium-ion batteries; therefore, a number of parts
currently employed in the cell composition can be used as they
are.  Furthermore, the current lithium-ion Dbattery

1. Introduction

Recently, there has been a problem with the supply and demand
of lithium materials required to produce lithium-ion batteries

for medium- and large-scale energy storage devices. In partic-
ular, the demand for lithium sources has increased rapidly due
to the widespread use of electric vehicles. Therefore, the price of
lithium sources for batteries continues to increase. In this
sense, abundant sodium sources from the sea have made
sodium-ion batteries (SIBs) a more suitable battery system for
large-scale energy storage systems than lithium-ion batteries
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manufacturing platform can be used as well, which is expected
to be advantageous for commercialization and mass produc-
tion.” From the perspective of high-energy cathode materials for
SIBs, numerous research groups have regarded layered oxide
structures (Na,TMO,, where TM = Ni, Fe, Mn, Co, Ti, Cr, etc.,
and their combinations) as promising candidates.>° Generally,
there are two major stacking modes of MO, octahedra in
sodium-layered oxides, which can be classified as P2 or O3. The
P2 structure exhibits an ABBA stacking mode with a prismatic
Na' site, whereas the O3 structure exhibits ABCABC stacking
with an octahedral Na" site.!!

O3-type layered oxides have more advantages in terms of
higher initial capacity and coulombic efficiency than P2-type
structures.'” There have been numerous reports on binary or
ternary O3-type cathode materials for SIBs comparable to
layered oxide cathodes (e.g., LiC0oO,) in LIBs.**** Primarily, Co-
free and Ni- and Mn-based layered oxides are considered suit-
able configurations for high-energy and low-cost SIBs, offering
advantages in resource sustainability and supply-chain stability
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that are crucial for large-scale industrial deployment.'® For
instance, Komaba et al. reported that O3-type NaNi, sMn, 50,
shows a high capacity of ~185 mAh g~ '.* However, multiple
phase transitions (03-0'3-P3-P'3-P3") during the Na* extrac-
tion process trigger irreversible capacity loss with structural
instability. In addition to Ni and Mn, inexpensive and electro-
chemically active iron is attracting attention as an element for
the ternary O3-type cathode. Appropriate Fe addition to Ni-Mn-
based oxides can increase the cyclability and capacity (e.g,
NaFe,(Niy sMng5); O, and NaNi,;;Fe;;3Mny,30,)."” Further-
more, Sb>" or La** doping strategies have also been explored to
regulate the local crystal environment of Ni-Mn-based oxides,
thereby lowering the Na" migration barrier and enhancing ionic
diffusion kinetics.'®* Despite these efforts, the irreversible
phase transition of ternary O3-type layered oxides during high-
voltage operation remains a major hurdle in increasing the
energy density of electrochemical cells. Therefore, doping
strategies with electrochemically inactive foreign elements,
such as Ti,? Zr,** Zn,** and Ca,> have been considered to ensure
high-voltage stability of the cathode material. Doping these
elements into the layered structure effectively suppressed the
formation of large interslab distances at the end of the charge,
thereby enhancing the structural stability.

However, O3-type layered oxides have not only these struc-
tural instabilities during charge/discharge but also poor air and
moisture stability, resulting in severe capacity decay.** The poor
air/moisture stability is a crucial problem in the practical
application of O3-type materials. This is because poor air/
moisture stability can increase the cost of material storage,
transportation, and battery manufacturing, thereby limiting its
practical application. Researchers have investigated the root
cause of this issue, finding that exposure to air, particularly H,O
and CO,, leads to undesired Na* extraction. This reaction forms
NaOH or Na,CO; on the material's surface, deteriorating the
reversibility and kinetics of the charge/discharge process.
Furthermore, when O3-type cathode materials are exposed to
water or humid air, the layered structure changes to a Na-less
phase, which has a lower capacity than that before exposure >
To address the moisture instability issues of O3-type cathode
materials, a coating capable of preventing direct contact with
water or moisture was first suggested. However, this coating
strategy requires an additional process, and an inhomogeneous
coating layer results in poor ion and electron conductivity.
Accordingly, several reports suggested the doping strategy to
enhance the moisture stability of O3-type cathode materials. For
example, Mu et al. suggested that the Cu**-incorporated struc-
ture could avoid oxidation by H,O, CO,, and O, or form
different surface structures and compositions that protect the
bulk material.”®* However, detailed analyses of how the surface
structure changes upon H,0, CO,, and O, have not been con-
ducted. Similarly, Yao et al. improved the moisture stability of
03-type NaNiy sMny 50, using Cu®’/Ti*" co-doping.”” They
found that this co-doping approach reduced the Na® layer
distance and modulated the electronic structure of the transi-
tion metal layer, effectively preventing Na' extraction and
oxidation of transition metals during moisture exposure.
Despite these studies, a comprehensive understanding of the
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mechanism by which doping suppresses the degradation of
materials due to contact with moisture is still lacking.

In this study, we prepared O3-type NaNi,;Fe,,Mn, 50,
(NFM325) and NaNij 3Feq ,Cug1Mn, 40, (NFCM3214) cathode
materials via a simple sol-gel route. Through comparative
analyses of the two materials, Cu doping effects on moisture
stability and electrochemical properties were investigated. X-ray
diffraction (XRD) analysis reveals that Cu** doping improves the
bulk structure stability against water exposure. To further
examine surface degradation induced by water, Fourier-
transform infrared (FTIR) spectroscopy, X-ray photoelectron
spectroscopy (XPS), and time-of-flight secondary ion mass
spectrometry (TOF-SIMS) were employed. The results indicate
that Cu doping significantly suppresses the formation of
sodium residues on the surface after water exposure. Addi-
tionally, transmission electron microscopy (TEM) demonstrated
that Cu doping prevents the formation of a hydrated ion mixed
phase on the surface, which has a rock salt structure. These
findings confirmed that Cu doping effectively suppresses the
migration of sodium and transition metal ions within both bulk
and surface structures upon water exposure. Furthermore,
electrochemical evaluations revealed that Cu doping effectively
improves the electrochemical properties by enhancing Na ion
diffusion in the structure.

2. Experimental section

2.1. Material preparation

Synthesis of O3-type NaNi,Feo,Mn, 50, (NFM325) and
NaNi, ;Fe, ,Cuy 1Mng 40, (NFCM3214). NFM325 was prepared
using the sol-gel route. Stoichiometric amounts of nickel(u)
acetate tetrahydrate (Ni(CH;COO),-4H,0, Sigma-Aldrich, 98%),
iron(m) nitrate nonahydrate (Fe(NOs);-9H,0, Sigma-Aldrich,
98%), and manganese(n) acetate tetrahydrate (Mn(CH;COO),-
-4H,0, Sigma-Aldrich, 98%) were dissolved in distilled water.
Sodium acetate (CH3;COONa, Sigma-Aldrich, 99.7%) and citric
acid (C¢HgO, Sigma-Aldrich, 99.5%) were added to the aqueous
solution. The solution was evaporated with stirring at 80 °C for
6 h, and the gel-like precursor obtained was completely dried at
120 °C for 12 h. The dried gel-like precursor was pre-calcined at
500 °C in air for 5 h. The final cathode material was acquired by
the calcination process at 850 °C for 24 h. The same procedure
was implemented for obtaining NFCM3214, while copper(i)
acetate hydrate (Cu(u)(CH3COO),-H,0, Sigma-Aldrich, 98%)
was added for Cu** doping.

2.2. Material characterization

The crystal structure was characterized with a powder X-ray
diffractometer (D8 Advance, Bruker, US) using Cu Ko radia-
tion with a 0.02° min~" scan rate in a 20 range of 15-80°. The
structural parameters of the powder were determined by the
Rietveld refinement method using TOPAS V5 (Bruker, US).
Fourier transform infrared (FT-IR) spectra were acquired with
an iS10 (Thermo Fisher Scientific, US) spectrometer in the
wavenumber range of 400-4000 cm ‘. Thermogravimetric
analysis (TGA) curves were obtained with the Q600 (TA

This journal is © The Royal Society of Chemistry 2026
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Instruments, US) equipment. X-ray photoelectron spectroscopy
(XPS) was conducted with a PHI 5000 VersaProbe (ULVAC PHI,
Japan) using Al Ko radiation (1487 eV), and deconvolution of all
peaks was conducted using the MultiPak (ULVAC PHI, Japan)
program. Time-of-flight secondary ion mass spectroscopy (ToF-
SIMS) was implemented with a TOF-SIMS.5 instrument (ION-
TOF, Germany). The morphology of as-prepared materials was
confirmed using field-emission scanning electron microscopy
(FE-SEM, Teneo VolumeScope, FEI, US). The microstructure
selected-area electron diffraction (SAED) patterns were obtained
by high-resolution transmission electron microscopy (HR-
TEM). Scanning transmission electron microscopy (STEM)
and electron energy loss spectroscopy (EELS) images were ob-
tained in the STEM mode. These TEM analyses were imple-
mented employing a Titan 80-300 (FEI) instrument at 300 keV.
Energy dispersive X-ray analysis (EDS) mapping data were
acquired through a transmission electron microscope (TEM) on
a Talos F200X instrument (FEI, US) at 200 keV with a high-
brightness Schottky field-emission electron source (X-FEG,
Thermo Fisher Scientific, US) and a Super-X EDS detector
system (Bruker, US). The in situ X-ray diffraction (in situ XRD)
measurements were carried out using an R-AXIS IV++ X-ray
diffractometer (Rigaku, Japan). The crystal structure and data
collection were done using Mo Ka radiation with a wavelength
of 0.7107 A, and the data were recorded on an image plate with
an exposure time of 150 s. After collecting the data, the 20
angles of all the XRD patterns have been converted to Cu Ka
radiation with a wavelength of 1.54 A for easy comparison. To
prepare the cells for in situ XRD measurements, CR-2032-type
coin cells were fabricated separately in a glove box. The cells
were cycled using a WBCS3000K8 multichannel cycler (WonA-
Tech, Korea) in the voltage range of 2.0-4.3 V.

2.3. Electrochemical measurements

All the electrochemical tests were conducted with a CR-2032
sodium coin-type half cell (Hoshen, Japan). For the electrode
preparation, a slurry was made by mixing the active material,
conductive material (Super P) and poly(vinylidene fluoride)
(PVDF) binder in N-methyl-2-pyrrolidone (NMP) solvent with
a weight ratio of 8:1:1. The slurry was pasted with a doctor
blade (100 um) on a piece of Al foil to obtain a loading mass of
8-9 mg cm >, The NMP solvent was evaporated at 80 °C in
a vacuum oven for 24 h. Sodium half cells were assembled with
Na foil and glass-fiber separator (GF/F, Whatman, UK). For the
electrolyte, 1 M NaPF salt was dissolved in a mixed solvent of
ethylene carbonate (EC), propylene carbonate (PC), and diethyl
carbonate (DEC) (1:1:1 v/v). Cyclic voltammetry (CV, VSP-300
potentiostat, BioLogic Science Instruments, France) was
carried out using EC-Lab software to investigate redox reactions
in the potential range of 2.0-4.3 V (vs. Na'/Na) at various scan
rates (0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 mV s~ ') by. Galvanostatic
cycling tests were performed on a MACCOR Series 4000 (Ther-
motech, US) cycler in the voltage range of 2.0-4.3 V (vs. Na'/Na)
at room temperature. All electrochemical tests were conducted
after cell activation with 3 pre-cycles at 14 mA g~ . For the full
cell configuration, MoS, was employed as the anode material
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with an N/P ratio of 1.2, and 30 pL of electrolyte was used,
corresponding to an E/C ratio of ~29 pL, mAh™".

3. Results and discussion

Fig. 1a and b show XRD patterns of the as-prepared NFM325
and NFCM3214 powder samples, respectively. The XRD pattern
of NFM325 in Fig. la proves that a complete hexagonal a-
NaFeO, structure (space group: R3m) is synthesized after calci-
nation. The XRD pattern of NFCM3214 (Fig. 1b) also reveals
a typical O3-type structure with no evidence of a secondary
phase or impurity. For a more comprehensive understanding of
crystallographic details, we conducted Rietveld refinement of
both samples. The refined crystallographic data are summa-
rized in Table S1. Interestingly, the Na occupancy of NFM325 is
0.791, while that of NFCM3214 is 0.930; hence, we assumed that
Na' content in NFM325 is partially extracted during the cooling
after the calcination process at high temperature (>800 °C), and
it causes a Na' deficient surface. The previous study has
demonstrated that H,O molecules can intercalate into the Na
layer and react with Na".?” The partial extraction of Na' ions
leads to an expansion of the Na layer, which in turn accelerates
the insertion and reaction of H,O molecules into the O3 phase
upon water/moisture air exposure. For the lattice parameters
listed in Table S1, the ¢ lattice parameter of NFM325 is larger
than that of NFCM3214. This result also indicates that Na*
extraction from the Na layer is impeded by Cu doping during
synthesis. Furthermore, c-axis contraction can improve the
water stability of the O3 phase, as it creates a less favourable
environment for the insertion of H,O molecules into the Na
layer. To verify the elemental composition of both samples,
inductively coupled plasma (ICP) measurements were per-
formed. The results confirm that the overall transition metal
ratios are consistent with the intended compositions for both
NFM325 and NFCM3214 (Table S2). Notably, the Na contents of
NFM325 and NFCM3214 were found to be nearly identical. This
suggests that the Na extracted from the NFM325 structure
during synthesis did not result in an overall loss of Na but
instead contributed to the formation of residual Na-containing
species.

To compare the water stability of NFM325 and NFCM3214,
we immersed the powder samples in distilled water (pH 7.0)
with stirring for 10 minutes. After soaking, the pH of the
resulting solutions was measured. The aqueous solution con-
taining NFM325 exhibited a pH of 13.3, while that of NFCM3214
was 11.8 (Fig. S1), indicating that the pH increase originates
from the powder samples themselves. According to previous
reports, water molecules can release protons (H') that exchange
with sodium ions (Na") in O3-type NaTMO, materials, following
the hydrolysis reaction: NaTMO, + xH,0O — Na; ,H,TMO, +
NaOH.>*?%2% Based on this mechanism, the observed increase in
pH is attributed to NaOH generation, arising from both residual
NaOH formed during synthesis and NaOH produced through
Na'/H" exchange upon water exposure. These results suggest
that Cu®>* doping effectively suppresses both the formation of
residual sodium species and the hydration-induced degrada-
tion of the O3 phase when in contact with water. To further
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Fig. 1 Results of Rietveld refinement of as-prepared (a) NFM325 and (b) NFCM3214 powders.

verify the extent of Na extraction during the water exposure, ICP
analysis was performed on the powder samples after immer-
sion. The Na molar ratio of NFM325 decreased markedly from
0.99 to 0.25, whereas NFCM3214 showed a much smaller
change from 1 to 0.61 (Table S3). This result confirms that
NFM325 undergoes more severe Na' leaching upon water
exposure, which is consistent with its higher pH value and
enhanced NaOH formation. In contrast, the relatively stable Na
content in NFCM3214 further supports the improved water
stability induced by Cu®>" doping. To quantitively evaluate the
total amount of NaOH generated during synthesis and water
exposure, acid-base titration was performed on the solutions
after immersion (Fig. S2). Based on these results, the amount of
NaOH was calculated to be 6.39 mmol g~" for NFM325 and
3.01 mmol g ' for NFCM3214. Notably, the NaOH content in
NFCM3214 was reduced by more than 50% compared to
NFM325, indicating that Cu®>" doping effectively suppresses the
formation of residual NaOH. In addition, the amount of Na,CO;
was also quantified to be ~0.31 mmol g~ for both samples,
which is negligible compared to NaOH, indicating that the
overall alkalinity is predominantly governed by NaOH.

The XRD pattern of dried NFM325 (Fig. 2a) reveals clear signs
of structural degradation after water exposure. In particular,
a broad peak appears at a lower 26 value (14.38°), which is
indicative of the formation of a highly disordered hydrated O3
phase, commonly referred to as the «-Na; ,FeO, structure,
characterized by low sodium content.* Furthermore, the (104)
reflection—characteristic of the pristine a-NaFeO, structure—
disappears, while the (003) peak shifts to a lower angle. This shift
implies an expansion of the c-axis lattice parameter, likely due to
proton (H') or water (H,O) insertion into the layered
structure.***> These results confirm significant structural
changes in NFM325 during water soaking. These results confirm
that NFM325 undergoes substantial structural disruption upon
contact with water. In contrast, the XRD pattern of dried
NFCM3214 remains largely unchanged after water exposure,
indicating that Cu®>* doping effectively suppresses water-induced
structural degradation in the O3-type layered oxide framework.

To confirm the formation of NaOH on the particle surface
following water exposure, FT-IR analyses were performed on

J. Mater. Chem. A

each water-soaked powder sample in the range of 1000-
4000 cm ™" (Fig. 2b). Prior to soaking, both samples exhibited an
absorption peak at ~1450 cm ™, corresponding to Na,COj, with
the intensity of this peak being higher in NFM325 than in
NFCM3214. This suggests that more sodium carbonate residue
is generated during the synthesis of NFM325. After soaking, the
Na,CO; peak disappears in both samples, while a new O-H
stretching vibration peak emerges at ~3300 cm ™~ '. Notably, the
water-soaked NFM325 sample shows a much more intense O-H
vibration peak compared to NFCM3214, indicating a greater
amount of NaOH formation. These results suggest that Cu®*
doping effectively suppresses the generation of NaOH on the
surface by inhibiting Na* extraction from the sodium layers in
the O3 structure. The suppression of Na'/H" exchange during
water exposure by Cu** doping was further supported by ther-
mogravimetric analysis (TGA) conducted under a nitrogen
atmosphere (Fig. 2c). Both fresh NFM325 and NFCM3214
powders showed negligible weight loss between 100 and 400 °C.
However, the dried NFM325 powder after water soaking
exhibited a pronounced two-step weight loss totaling 13.24
wt%. The initial weight loss below 100 °C is attributed to the
desorption of physically adsorbed water, while the second step
above 100 °C is ascribed to H' desorption from the structure.?*
In contrast, the dried NFCM3214 powder after water soaking
showed no weight loss below 100 °C and only a minor total
weight loss of 1.96 wt%, highlighting the superior water
stability of the NFCM3214 material.

To elucidate the effect of water contact on the particle
surface, X-ray photoelectron spectroscopy (XPS) analysis was
performed on the water-soaked powders, as shown in Fig. 3. In
Fig. 3a, the O 1s spectra of fresh NFM325 and NFCM3214 were
deconvoluted into three peaks corresponding to the Na KLL
Auger (534.1 eV), OH™ (530.9 eV), and transition metal-oxygen
bonds (Me-O, 529.2 eV).*® No significant differences were
observed between the two materials in their pristine state. After
water soaking, both materials exhibited a shift of the Na KLL
Auger peak from 534.1 to 535.1 eV, as well as an increase in the
OH™ peak intensity (Fig. 3b). These changes indicate that Na*
extracted via Na'/H" exchange generates NaOH on the particle
surface during water exposure. Notably, water-soaked NFM325

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (a) XRD patterns of fresh and water-soaked NFM325 and NFCM3214 samples. (b) FT-IR spectra of fresh and water-soaked NFM325 and

NFCM3214 samples. (c) TGA curves of fresh and water-soaked NFM325 and NFCM3214 samples.

displayed a substantial increase in the OH  peak, which
dominated the O 1s spectrum, reflecting a significant formation
of NaOH due to water contact. In contrast, NFCM3214 showed
only a minor increase in the OH™ peak intensity after soaking in
water. A quantitative comparison of the OH™ and Me-O peak
areas further revealed that the OH™ peak area ratio in water-
soaked NFCM3214 (64%) was considerably lower than that in
NFM325 (90%), indicating less surface NaOH formation in the
Cu-doped sample. Consistent with the XPS results, time-of-
flight secondary ion mass spectrometry (TOF-SIMS) spectra
(Fig. S3) showed that the surfaces of water-soaked NFM325
contained higher amounts of OH™ (O,H ), NaOH (NaO,H ),
and NaCO;~ species compared to those of NFCM3214.

In Fig. S4, the FE-SEM images of NFM325 and NFCM3214
show no discernible changes in particle morphology or integrity
after water exposure, with both samples retaining their char-
acteristic hexagonal shape. Although NaOH-like products may
form on the surface following water contact, these products are
likely present predominantly at the nanoscale. Notably, the

This journal is © The Royal Society of Chemistry 2026

TEM-EDS mapping image of NFM325 after water soaking
(Fig. 4a) reveals that, in contrast to other elements such as Na,
Ni, Fe, and O, manganese becomes enriched at the particle
surface compared to the fresh sample (Fig. S5a). This observa-
tion is further supported by EDS line-scanning analysis (Fig. 4b
and S5b), which shows an increasing Mn ratio up to approxi-
mately 30 nm from the surface, while the fresh NFM325 parti-
cles (Fig. S5b) display a nearly uniform elemental distribution,
except for a negligible Mn increase at the surface. HR-TEM and
fast Fourier transform (FFT) images were obtained to clarify the
structure of this Mn-rich surface region. The FFT image (Fig. 4b)
indicates the formation of a rock salt-like cubic phase (Fm3m)
following water contact. This suggests that hydrated ion-mixed
phases, such as manganese hydroxides or oxides, may form on
the surface as the O3-structured layer reacts with water mole-
cules. The surface structure of O3-type layered oxide cathodes is
a critical factor for cyclability, as most degradation processes
are initiated or accelerated at the interface between the elec-
trolyte and the active material surface, particularly under high-
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voltage operation. Thus, the formation of a non-ion-conductive
hydrated ion-mixed phase at the surface impedes sodium ion
conduction, resulting in degraded electrochemical perfor-
mance. In Fig. 4c, the EELS spectrum of the particle surface
after water contact shows only Mn and O peaks, with the Ni and
Fe peaks disappearing relative to the bulk. This phenomenon is
absent in the EELS spectrum of fresh NFM325 (Fig. S5c), further
confirming that manganese hydroxide or oxide forms on the
NFM325 surface upon water exposure. In contrast, as shown in
Fig. 4d, NFCM3214 exhibits a uniform elemental distribution
throughout the particle, with no apparent concentration
gradient—consistent with the fresh particle (Fig. S6a). No
significant differences in atomic ratios among the elements are
observed in fresh NFCM3214 (Fig. S6b). For water-soaked
NFCM3214, a constant Mn concentration is detected from the
bulk to the surface (Fig. 4e). The EELS spectra of water-soaked
NFCM3214 (Fig. 4f) confirm that the surface structure is well
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preserved, with identical EELS peak intensities for Ni, Fe, Mn,
and O at both the surface and in the bulk, consistent with those
of the pristine sample (Fig. S6c). These results demonstrate that
Cu doping significantly enhances the surface stability of O3-
type layered oxides against water-induced degradation.

To evaluate the influence of Cu doping, sodium half-cells
were assembled for charge-discharge testing. Fig. 5a and
b display cyclic voltammetry (CV) curves recorded at 0.1 mV s~
over the first three cycles, revealing the redox processes of
NFM325 and NFCM3214, respectively. The CV traces exhibit two
distinct anodic peaks at ~3.04 and ~4.21 V. The lower-voltage
peak corresponds to the Ni**/Ni** couple, whereas the higher-
voltage feature arises from overlapping Ni**/Ni'*, Fe*'/Fe”,
and anionic O*7/O"" redox processes.** For NFM325, cathodic
peaks are less pronounced than the corresponding anodic
peaks, and a Mn*"/Mn** peak pair appears below 2.5 V. These
observations indicate partial irreversibility and local structural

_~

=3
~—~
)

150

1%t cycle
2" cycle
3" cycle

100+

(3]
o

Current density (mA g
o

-50 -
-100+ NFCM3214
2.0 25 30 35 4.0
(d) o Voltage (V vs. Na*/Na)
= | NFCM3214
Z
— 4.0
©
Z
U; 3.5"
>
2 3.0
>
] 1%t cycle
% 2.51 2" cycle
> 3 ¢cycle
2.0 e ———T—— "
0 20 40 60 80 100120140160180200
) Specific Capacity (mAh g
( 1000
1%t cycle NFCM3214
‘I—A 800+ 2" cycle
> s00d— 3" cycle
<
E 400 b
< 200;
>
T 0
()
T -200-
-400

21 24 27 30 33 36 39 42
Voltage (V vs. Na*/Na)

Fig.5 CV plotsat 0.1 mV s~ of the first cycle for (a) NFM325 and (b) NFCM3214 electrodes. Voltage profiles of initial 3 cycles for (c) NFM325 and
(d) NFCM3214 in the potential range of 2.0-4.3 V (vs. Na*/Na) at 14 mA g~*. dQ/dV plots of initial 3 cycles for (e) NFM325 and (f) NFCM3214 in the

potential range of 2.0-4.3 V (vs. Na*/Na) at 14 mA g~ *.

This journal is © The Royal Society of Chemistry 2026

J. Mater. Chem. A


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta10289h

Open Access Article. Published on 01 April 2026. Downloaded on 4/22/2026 9:18:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

33536 [p

distortion associated with Jahn-Teller-active Mn
contrast, NFCM3214 shows more reversible redox behavior with
no discernible Mn-related peaks, implying that Cu doping
suppresses the formation of Mn®*" and enhances the overall
reversibility. Consistent with Yoda et al., this suppression can
be attributed to a Cu®>*/Mn*" charge-balance effect that inhibits
Mn>*" formation.*” These assignments are mitrored in the gal-
vanostatic voltage profiles (Fig. 5¢ and d). For NFM325 (Fig. 5c¢),
charging after the first cycle begins with a low-potential slope/
plateau (2.3-2.8 V), consistent with Mn®" participation. The
discharge capacity at 0.1C declines over the first three cycles
from 164.3 to 148.7 mAh g~ (164.3, 155.1, and 148.7 mAh g '
for the first to third cycles, respectively). In NFCM3214, the
Mn*"-related slope is absent even after the first cycle, and
capacity retention is improved: the discharge capacity at 0.1C
decreases only slightly from 170.2 to 162.8 mAh g~ ' (170.2,
165.0, and 162.8 mAh g ! in the first to third cycles). Thus,
incorporating electrochemically inactive Cu stabilizes the Mn-
based layered cathode and mitigates capacity fade. NFCM3214
also delivers a higher initial coulombic efficiency than NFM325
(90.2% vs. 84.2%), indicating greater first-cycle reversibility; the
underlying mechanism is discussed in a later section. Differ-
ential capacity analysis further supports these trends. In
NFM325 (Fig. 5e), the dominant ~4.2 V oxidation peak assigned
to Ni**/Ni**, Fe’*'/Fe*’, and anionic O redox progressively
diminishes with cycling, while a distinct Mn*" redox feature
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grows in.*® As noted by You et al., Jahn-Teller-active Mn>* can
destabilize the local structure during cycling, driving irrevers-
ible phase transitions and capacity loss.*® By contrast,
NFCM3214 (Fig. 5f) exhibits only minor attenuation of peak
intensity through the third cycle and no Mn*" redox signatures,
resulting from Cu®" substitution in the O3-type layered frame-
work suppressing Jahn-Teller-driven local distortions.

Fig. 6a and b present contour maps of the in situ XRD
patterns collected during the first cycle at 14 mA g~ " over 2.0-
4.3 V; the corresponding patterns for the first two cycles are
provided in Fig. S7a and b. For NFM325 (Fig. 6a), continuous
low-angle shifts of the (003)p3; and (006); peaks are observed
within 2.9-3.1 V, accompanied by gradual high-angle shifts of
the (101)o3 and (012)o3 peaks. This evolution is indicative of an
03 — P3 phase transition during charging.** Although nearly
all peaks of NFM325 return to their original 26 position corre-
sponding to the O3 phase during the discharge, the (006)o; and
(006)p3 peaks co-exist after discharging (Fig. S7c). Such O3/P3
coexistence at the start of subsequent cycles reduces the
accessible Na* inventory—because P3 accommodates less Na
than O3—thereby contributing to the capacity decay of
NFM325. In contrast, NFCM3214 (Fig. 6b) exhibits a broader,
more gradual evolution over the 2.9-3.1 V window, consistent
with an extended O3 — P3 transition. Rapid phase transitions
can impart interfacial strain and microcracking; the more
gradual progression observed for NFCM3214 should alleviate
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such strain and reduce the risk of particle/electrode degrada-
tion. Notably, near the end of charging (~4.3 V), the (003)p; and
(006)p3 peaks shift to higher 20 values, a behavior previously
attributed to a P3 — OP2 restacking transition.” The OP2
phase—characterized by alternating octahedral-prismatic
oxygen stacking—emerges under Fe*" formation and very low
Na content. We speculate that Cu doping facilitates Na* trans-
port within the interslab region, enabling deeper desodiation
and promoting OP2 formation, which contribute additional
high-voltage capacity. This mechanism is consistent with the
higher capacity observed for NFCM3214 relative to NFM325.
Despite the occurrence of complex phase transitions, which are
generally irreversible, all XRD peaks of NFCM3214 return to
their original 26 position after the second cycle (Fig. S7d). This
reversibility can be attributed to: (i) facile Na* diffusion that
supports reversible stacking changes; (ii) the absence of Jahn-
Teller-active Mn®" in the electrochemical window, which stabi-
lizes the local structure; and (iii) faster OP2 — O3 restacking
relative to P3 — O3, consistent with a smaller change in the ¢
lattice parameter.*® Consequently, Cu doping renders the O3-
P3-OP2 transitions more reversible and contributes to the
improved capacity and cycling stability of NFCM3214.

Electrochemical data corroborate these structural findings.
As shown in Fig. 6c, NFCM3214 exhibits superior capacity
retention (84.5%) compared with NFM325 (71.4%). Rate-
capability tests (Fig. 6d) further show that NFCM3214 delivers
156.9, 147.2, 138.4, 122.9, and 88.8 mAh g~ at 28, 70, 140, 280,
and 700 mA g™, respectively, whereas NFM325 provides 133.0,
113.5, 89.2, 58.8, and 7.2 mAh g~ ' at the same C-rates. Upon
returning to 28 mA g, the discharge capacity recovers to 125.2
mAh g~ for NFCM3214 but only to 118.3 mAh g™ for NFM325.
Taken together, the Cu®**-doped NFCM3214 displays higher
discharge capacities across all current densities and better
capacity recovery, consistent with enhanced Na'-transport
kinetics and reduced polarization. To quantify the impact of
Cu*" doping on Na® transport, cyclic voltammetry (CV) was
performed at scan rates of 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 mV s *
(Fig. S8a and b). Apparent Na' diffusion coefficients (D) were
extracted from the Randles-Sevcik relation (eqn (1)):

I, = 0.4463nFAC(nFDvRT)"? (1)

where I, is the peak current, n is the number of electrons, F is
the Faraday constant, A is the electrode area, C is the Na*
concentration in the cathode (mol em™®), D is the diffusion
coefficient (cm® s™'), v is the scan rate (V s™'), R is the gas
constant, and T is the absolute temperature. In this calculation,
n was assumed 1 for the Na'/Na redox process. The geometric
electrode area (4) was 1.13 cm”. Based on calculated densities
and Na stoichiometry, the Na' concentration in the cathode was
estimated to be 4.09 x 10> mol cm * for NFM325 and 4.06 x
102 mol cm? for NFM3214. The temperature was fixed at 298
K. The constants used were F = 964 585C and R = 8.314 ] mol *
K '. The linear dependence of I, on v'? enables the determi-
nation of D.** For NFM325, the calculated D values were 1.284 x
10 em?® s~ (anodic) and 7.056 x 10~ *° em?® s~ ! (cathodic). By
contrast, NFCM3214 exhibited markedly higher values of 5.346

This journal is © The Royal Society of Chemistry 2026
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x 107° em® s7' (anodic) and 1.121 x 10~% em” s~ (cathodic),
corresponding to approximately four-fold (anodic) and sixteen-
fold (cathodic) increases relative to NFM325. These results align
with the superior rate performance of NFCM3214 and indicate
that Cu®* doping substantially accelerates solid-state Na®
diffusion within the electrode.

To assess electrochemical performance after water exposure,
we assembled Na half-cells using water-soaked cathodes. Fig. 7a
shows the voltage profiles of water-soaked NFM325 over the first
three cycles, revealing a severely reduced first-charge capacity of
72.4 mAh g ', This loss is attributed to Na*/H" exchange during
soaking, which generates surface NaOH and a Na-deficient
cathode phase, as discussed previously. In addition, surface
Mn hydroxide/oxide layers—confirmed by TEM (Fig. 4)—further
deteriorate performance, consistent with the disappearance of
the characteristic voltage plateau (Fig. 7a). Correspondingly, the
discharge capacities over the first three cycles decrease to 105.0,
94.8, and 90.4 mAh g™, respectively. By contrast, Fig. 7b shows
that water-soaked NFCM3214 delivers a first-cycle charge
capacity of 151.7 mAh g™, indicating that Na*/H" exchange and
Mn-hydroxide formation are minimal upon water contact. Its
discharge capacities are well preserved—145.0, 136.0, and 135.5
mAh g~ in the first, second, and third cycles, respectively. The
cycling data in Fig. 7c further highlight this contrast: after 50
cycles, NFCM3214 retains 99.28 mAh g~' with a coulombic
efficiency of 99.64%, whereas NFM325 averages only ~40 mAh
g™, delivering 57.59 mAh g~ and 96.25% coulombic efficiency
at the 50th cycle. A similar trend appears in the rate-capability
test (Fig. 7d): NFM325 exhibits near-zero discharge capacity at
700 mA g~ ', while NFCM3214 maintains substantial capacity
across all tested rates. Collectively, these results indicate that
Cu”*-doped NFCM3214 is considerably more tolerant to water
exposure than NFM325. To further assess moisture stability
under conditions relevant to practical storage and handling, the
powders were stored at 70 °C and 80% relative humidity for 7
and 14 days, followed by half-cell testing (Fig. S9). While both
samples show little difference after 7 days of exposure, a clear
divergence emerges after 14 days, as illustrated in Fig. S9.
NFM325 exhibits progressively more severe discharge capacity
degradation with increasing exposure time, decreasing from
160 to 103 mAh g~ (64% retention after 14 days of exposure). In
contrast, NFCM3214 shows a smaller decrease, from 174 to 131
mAh g~ (75% retention after 14 days of exposure) under the
same conditions, demonstrating the enhanced moisture
stability enabled by Cu®" doping.

To examine practical applicability, we further performed full-
cell tests. MoS, was selected as a high-capacity anode (~700
mAh g for SIBs). An N-doped MoS, composite was synthesized
following a reported procedure.*” In Na half-cells (Fig. S9), this
anode delivered initial charge/discharge capacities of 745/649
mAh g~' at 67 mA g, nearly double that of typical hard
carbon anodes (~350 mAh g~ "),%** suggesting a high potential
energy density for the full cell. Subsequently, an
NFCM3214|MoS, full cell yielded initial charge/discharge
capacities of 128.8/123.1 mAh g~ " over 1.0-4.0 V vs. Na'/Na at
14 mA g ' (Fig. 7e), corresponding to a discharge energy density
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Fig.7 Voltage profiles of initial 3 cycles for (a) NFM325 and (b) NFCM3214 after water soaking in the potential range of 2.0-4.3 V (vs. Na*/Na) at
14 mA g~ (c) Cycling and (d) rate capability tests after water soaking in the potential range of 2.0-4.3 V (vs. Na*/Na) at 28 mA g+ and various
current densities (28, 70, 140, 280, and 700 mA g~4). (e) Initial voltage profile and (f) cycling of the NFCM3214@MoS; cell in the potential range of

1.0-4.0 V (vs. Na*/Na) at 28 mA g%,

of 315 Wh kg . The cell exhibited moderate cycling stability,
retaining 81.2% of its capacity over 100 cycles at 28 mA g~ *
(Fig. 7f), with a gradual capacity decay trend that is likely to
persist upon further cycling. These findings underscore the
practical promise of NFCM3214 as a cathode for sodium-ion
batteries, including under moisture-exposed conditions.

4. Conclusion

Ni/Fe/Mn-based O3-type cathode materials (NFM325 and
NFCM3214) were synthesized to elucidate the role of Cu doping
in moisture stability and electrochemical performance. Cu
incorporation effectively suppressed bulk structural degradation
and surface reactions (e.g., NaOH and Mn hydroxide formation)
upon water exposure, thereby preserving the electrochemical

J. Mater. Chem. A

activity. Electrochemical evaluations of water-soaked electrodes
highlight the critical importance of maintaining both bulk and
surface integrity for stable operation. Beyond moisture stability,
Cu doping substantially enhanced rate capability (improving
discharge capacity from 7.2 to 88.8 mAh g~ at 700 mA g~ ) and
cycling retention (from 71.4% to 84.5% after 100 cycles).
Comparative analyses with undoped NaNij, ;Fe, ,Mn, 50, reveal
that Cu facilitates Na* diffusion, mitigates Jahn-Teller distortion,
stabilizes intermediate OP2 phases upon deep desodiation, and
enables reversible OP2-O/P transitions during cycling. Further-
more, full-cell tests employing NFCM3214 with an N-doped MoS,
anode confirm its practical feasibility, demonstrating both high
capacity and robust cycling stability.

Overall, Cu doping provides an effective strategy to simul-
taneously enhance structural robustness, ion transport, and

This journal is © The Royal Society of Chemistry 2026
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cycling durability of O3-type layered cathodes, underscoring
their promise for the practical deployment of sodium-ion
batteries.
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