
www.batteries-supercaps.org

Mechanistic Insights into Sodium Niobate Surface Coating
for Enhanced Cycling Performance of Mn─Cu─Fe-Based
Layered Oxides for Sodium-Ion Batteries
Ruochen Xu,* Valeriu Mereacre, Robert Leiter, Vanessa Trouillet, Holger Geßwein,
Simon Fleischmann, Anass Benayad, Daria Mikhailova, Helmut Ehrenberg,
and Joachim R. Binder*

Spray-dried battery active materials exhibit high specific surface
area and tap density, enhancing battery performance with supe-
rior rate capability and initial capacity. However, this morpholog-
ical optimization induces severe interfacial side reactions, causing
rapid capacity fading. Herein, this study reports a novel wet
chemistry coating method using hydrogen peroxide as an activa-
tion agent. Inspired by niobium-based oxide coatings for lithium-
ion battery materials, this method is adapted for the sodium
system with P2-type Na7/9Mn6/9Cu2/9Fe1/9O2 layered sodium
oxides. Despite the adverse effect of hydrogen peroxide on active
material performance, this coating method retains significant
advantages in time efficiency and scalability with uniform coating

on the active material surface. Consequently, the surface modi-
fied material achieves remarkable capacity retention of 97% after
200 cycles at a current rate of 120 mA g�1 within a voltage win-
dow of 1.5–4.2 V with presodiated hard carbon electrode, much
higher than that of pristine material (54%). Postmortem analysis
of cycled electrodes and electrochemical impedance spectros-
copy results confirm the well-covered material surface with sup-
pressed side reactions, extending the battery cycling life.
Additionally, powder X-ray diffraction and X-ray photoelectron
spectroscopy analyses validate the temperature-dependent coat-
ing and substitution behaviors of the coating material.

1. Introduction

Sodium-ion batteries (SIBs) have recently garnered significant inter-
ests as an alternative technology to lithium-ion batteries (LIBs) in
the large-scale stationary storage and cheap electrical vehicle mar-
ket,[1] driven by the uniform global distribution of sodium resources
and the cost-effectiveness of using aluminum rather than copper as
the negative electrode current collector.[2–4] Among the explored
positive electrode materials, layered sodium oxides (NaxTMO2,
TM=Mn, Fe, Co, and Ni, etc.) stand out due to their high specific

energy, high tap density, and simple synthesis procedure.[4–6]

According to the surrounding sodium-ion environment and oxygen
layer stacking orders,[7] they can be classified into twomajor groups,
P2- and O3-type layered oxides, where P/O stands for prismatic/
octahedral sites of sodium ions in the layered structure and the
number denotes the repeating layers per unit cell. Manganese-
based P2-type materials have been extensively studied since the
first report from Fouassier et al.[8] in the 1970s, owing to the high
sustainability and cost effectiveness. Recently, Li et al.[9] reported
the synthesis of P2-Na7/9Mn6/9Cu2/9Fe1/9O2 (P2-NMCFO) via a con-
ventional solid-state method. This material exhibits superior cycling
performance and remarkable structural stability against air and
water, with copper substitution eliminating the need of critical ele-
ment for the nickel, while maintaining electrochemical activity.
Nevertheless, the suboptimal rate capability is likely due to the par-
ticle inhomogeneity inherent to the solid-state synthesis, as the
major drawback compared to other synthesis methods.[10,11] Our
prior works have demonstrated that spray drying can enhance
the material performance by tailoring the sinter activity to form
nanoporous, hierarchically structured particles with high specific
surface area.[12,13] Nevertheless, this morphological optimization
also induces more serious interfacial side reactions between the
electrolyte and the active material during battery cycling, resulting
in rapid capacity fading. To mitigate this issue, more efforts on sur-
face engineering are imperative.

From the various techniques employed for the coating of bat-
tery materials, the wet chemistry method is widely adopted with
advantages in high homogeneity and less equipment
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dependency.[14–17] Regarding the choice of proper coating agents,
sufficient chemical/electrochemical stability and high electrical
conductivity should be taken into account as concluded by
Nunes et al.[18] Recent studies have highlighted niobium-based
oxides (e.g., Nb2O5, LiNbO3, and NaNbO3) as promising coating
candidates for both layered lithium/sodium oxides, owing to their
ideal combination of the aforementioned properties.[19–21]

Notably, Nb5þ possesses a comparable ionic radius to other tran-
sition metal (TM) ions (e.g., Ni2þ, Ni3þ, Cu2þ, and Mn3þ).[18] This
similarity enables niobium-based oxides not only to form uniform
coatings but also to partially substitute other TM ions after calci-
nation at high temperature (>600 °C).[20,22] Moreover, the strong
Nb─O bonding resulting from the high oxygen affinity of nio-
bium further enhances the structural stability of coated active
material.[23,24] Although several studies have reported similar
compositions, most of them provide only limited mechanistic
insights, particularly regarding the temperature-driven substitu-
tion behavior of niobium. Furthermore, the uniformity of the sur-
face coating is known to critically influence the resulting material
performance.

Herein, we demonstrate a surface coating approach for the
P2-NMCFO-positive electrodematerial using sodium niobium-based
oxides via a novel wet chemistry method with hydrogen peroxide
(H2O2) as an activation agent. This method has been intensively
studied and optimized in our group for lithium-positive electrode
materials such as LiNi0.6Mn0.2Co0.2O2 (NMC-622)[25] and LiNi0.5Mn1.5O4

(LNMO) spinel.[15] Specifically, the activation by H2O2 enhances the
surface reactivity of the active material, which significantly reduces
the reaction time while maintaining the uniformity of the coating
layer. Electrochemical tests reveal that the surface-coated NMCFO
achieves 97% capacity retention after 200 cycles at 120 mA g�1

when paired with a presodiated hard carbon electrode. This repre-
sents a marked improvement over the pristine material, which
retains only 54% of its initial capacity under the same conditions.
Energy-dispersive X-ray spectroscopy (EDX) line scans and transmis-
sion electron microscopy (TEM) were performed to characterize the
coating uniformity. Furthermore, powder X-ray diffraction (PXRD)
and X-ray photoelectron spectroscopy analyses confirm the temper-
ature-dependent coating/substitution behaviors of niobium oxides
as expected, givingmoremechanistic insights into how to achieve a
longer cycling life for active materials.

2. Results and Discussion

ICP-OES measurements were performed to determine the chem-
ical composition of the as-synthesized materials, including the
pristine (NMCFO), activated (H-NMCFO), and coated (Nb-NMCFO)
samples with coating concentrations of 2.5, 5, and 10 wt.% (see
Table S1, Supporting Information). Here, the term “activated”
refers to the material treated only with the hydrogen peroxide.
The designation “80” indicates that the powders were only dried
in an oven at 80 °C without subsequent calcination. As a result,
the pristine material agreed well with the target composition.
Notably, both activated and coated materials exhibited signifi-
cant sodium loss, attributable to the strong alkalinity of the active

material in aqueous solution, reacting with acidic hydrogen per-
oxide and nitric acid. Moreover, the niobium content in the
coated material did not increase correlatively with the applied
volume of coating solution, suggesting a critical coating thresh-
old of around 5 wt.%. Beyond this value, the excess of niobium
salts may only precipitate as impurities and was subsequently
removed during washing. Besides, we used a relatively high nom-
inal niobium content of 5 wt.% instead of conventional lower val-
ues (e.g., 0.5 wt.%) in this study. This adjustment accounts for the
inverse relationship between coating thickness and coating
agent density as well as the substrate surface area, as found in
our previous research.[15,26] Considering the specific surface area
of our active material is tenfold higher than that of the LNMO
active material (3.6 m2 g�1 vs. 0.4 m2 g�1), the higher niobium
content was necessary to ensure the formation of a nanoscale
layer on the particle surface.

Figure 1a illustrates the typical surface coating procedure on
the active material, while detailed experimental parameters are
provided in the Experimental Section. The SEM images of corre-
sponding materials are shown in Figure 1b–d and Figure S1,
Supporting Information. Specifically, Figure S1, Supporting
Information, shows the pristine and as-treated H-/Nb-NMCFO
materials without subsequent calcination, along with magnified
views of the particle surface. As described in the Experimental
Section, all materials exhibited porous, spherical morphology,
resulting from the spray-drying process. Notably, H-NMCFO-
80 °C displayed a smoother surface compared to that of pristine
material. Considering the sodium loss observed in the ICP-OES
analysis (Table S1, Supporting Information) and the reduced
CO3

2� peak intensity in the subsequent XPS section, this could
be attributed to a reaction between the hydrogen peroxide
and the active material as well as the residual Na2CO3 from
the synthesis. Regarding the surface of coated material, the
observed salt residues were derived from the reactant mixture
and subsequently crystallized during the calcination process at
higher temperatures. Despite the relatively small quantity of
the coating component (considering the high specific surface
area of the active material), thin and well-distributed surface
layers were observed for calcined niobium-coated materials, as
shown in Figure 1b,d. For better comparison, the particle surface
of both H-NMCFO materials calcined at the same temperatures is
also presented in Figure 1c,e. While the transition of niobium
coating layer from amorphous to crystalline has been previously
reported in lithium-based system,[20] our analysis reveals no dis-
tinct crystalline features on the surface of the coated materials
calcined at 750 °C compared to the hydrogen peroxide control
experiment. However, localized crystalline areas are observed
at particle edges, as indicated by the arrow in Figure 1d, suggest-
ing a facet-dependent reactivity similar to that reported in
Li-NMC systems.[27] According to DFT calculations, the (012) sur-
faces exhibit higher reactivity than the (104) surfaces due to oxy-
gen vacancy formation, making oxygen removal easier in that
case.[27] Although the specific reactive facets in our P2-type mate-
rial remain unclear, such anisotropic surface behavior is consis-
tent with our results on surface reactivity variations. Moreover,
complementary EDX mapping of Na, Mn, Cu, Fe, and Nb reveals
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copper agglomeration in discrete regions (Figure S3, Supporting
Information), indicating potential crystal structure changes and
were subsequently identified as copper oxide phases, with fur-
ther details provided in the PXRD section. Additionally, in order
to further investigate the effect of surface coating toward the
material surface area, the specific surface area of the active mate-
rials was measured and calculated with the BET method for the
coated and the temperature-treated materials calcined at various
temperatures (Figure S2b, Supporting Information). The results
indicate that the NaNbO3 coating slightly increases the surface
area compared with the pristine material, since the coating is
not smooth, but also porous. Meanwhile, no noticeable change
in porosity was observed in the SEM images. At lower calcination
temperatures (<450 °C), the temperature effect itself has little
influence on surface area or morphology. However, at higher
temperatures (>750 °C), particle sintering becomes evident, lead-
ing to a more compact structure, as observed in both NMCFO-
750 °C and Nb-NMCFO-750 °C.

The PXRD patterns of 5 wt.% Nb-NMCFO after calcination at
various temperatures are shown in Figure 2a, along with the

lattice parameter changes as a function of the calcination tem-
perature. To understand the effects of temperature and hydrogen
peroxide treatment on the crystal structure of the active material
(Figure 2b), data from the untreated reference NMCFO material
are also included for comparison. As mentioned above, at calci-
nation temperatures above 650 °C, additional reflections are
observed for Nb-NMCFO and identified as NaNbO3 (S.G. Cmcm,
PDF-01-083-5090), indicating temperature-dependent crystalliza-
tion in the coating layer. Moreover, when the calcination temper-
ature was increased from 650 to 750 °C, the amount of NaNbO3

slightly decreases from 3.76 (�0.22) wt.% to 3.45 (�0.16) wt.%,
accompanied by an increase in the amount of CuO (S.G. C2/c,
PDF-01-073-6023). This may suggest a temperature-driven substi-
tution behavior of niobium, where copper migrated from the bulk
to the surface and formed copper oxide deposits. The observed
copper oxide segregation is attributed to the relatively low solu-
bility of Cu2þ compared to other transition metals in TM-O layers,
consistent with prior doping studies in Cu-based layered sodium
oxides.[28] Further evidence is provided by changes in the lattice
parameters, where both the H-NMCFO and Nb-NMCFO series

Figure 1. a) Schematic illustration of the surface coating fabrication on active materials via wet chemistry approach. SEM images of Nb-NMCFO and
H-NMCFO calcined at b,c) 350 °C and d,e) 750 °C. The arrow indicates the local crystallinity at active material edge surface.
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exhibit similar trends at low calcination temperature (450 °C),
including a decrease in the initial lattice parameter a and an
increase in c. These changes are likely related to the treatment
with hydrogen peroxide that leads to oxidation of the active
material and Na-leaching from the structure. This is evident from
the comparison of a lattice parameter, which is directly propor-
tional to the TM-O distance. It is smaller for the H-NMCFO and Nb-
NMCFO materials compared to the pristine sample. This suggests
oxidation of transition metals in the structure due to the charge
compensation. Additionally, instead of Na, some H2O molecules
may be incorporated into the structure during H2O2 treatment.
Upon heating, these H2O molecules are removed, which could
explain the more pronounced changes in the unit cell parameters
compared to the initial material. When the calcination tempera-
ture exceeded 450 °C, Nb-NMCFO exhibited an increase in lattice
parameter a and a decrease in c. The decrease in c could be
related to the gradual incorporation of niobium and the extrac-
tion of copper ions, considering the larger ionic radius of Cu2þ

(0.73 Å) compared to that of Nb5þ (0.64 Å).[18] Along the
a-direction, a conventional positive thermal expansion of the
crystal structure was observed. In contrast, the crystal structure
of the untreated active material is less affected by temperature
variations, as evidenced by the nearly constant lattice parameters
across all calcination temperatures. The lattice parameters, Na ion
occupancies, percentages of minor phases, and Rwp values for
NMCFO, Nb-NMCFO, and H-NMCFO calcined at various temper-
atures were obtained by Rietveld refinement and summarized in
Table S2, Supporting Information. It is worth noting here that the
Na occupancies were refined by fixing the total Na content based
on ICP-OES results, with Nae refined independently and Naf cal-
culated by subtracting the Nae content from the total Na content.
The corresponding refined PXRD patterns for NMCFO, H-NMCFO,
and Nb-NMCFO series calcined at 350 and 750 °C are presented in
Figure S4, Supporting Information, and Figure 2c,d.

The diffraction patterns of all materials are nearly consistent
with the corresponding P2 phase, confirming that the crystal

Figure 2. a) PXRD patterns of 5 wt.% Nb-NMCFO after calcination at various temperatures. b) Lattice parameter changes of NMCFO, Nb-NMCFO, and
H-NMCFO after calcination (error bars reflect uncertainties from Rietveld refinements multiplied by the Berar-factor).[38] Rietveld refinement results of
Nb-NMCFO calcined at c) 350 °C and d) 750 °C with enlarged regions of the XRD patterns 34° and 41.5°.
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structure of the active material remained intact after the hydro-
gen peroxide treatment and coating procedure. An in-plane Naþ/
vacancy ordering would be reflected by characteristic peaks at
27.1° and 28.2°, which are sometimes observed in the diffraction
patterns with weak intensities. To better understand this order-
ing, the corresponding Nae and Naf site occupancies in the pris-
matic structure were obtained from the refinements, where Nae
and Naf refer to the edge-shared and face-shared Na sites with
adjacent MO6 octahedra, respectively.[29] The Nae occupancy is
very close in all three samples prior to the thermal treatments,
whereas the Naf occupancy decreases consequently from the
untreated material to activated and to coated one. Increasing
the temperature only slightly reduces the Naf occupancy and
increases Nae occupancy for all samples, consistent with
Pauling’s theory that Nae site is energetically more favorable.[30]

At the same time, rising temperature leads to complete vanishing
of ordering-related (superstructure) reflections in case of the
H- and Nb-NMCFO samples, as shown in Figure S4, Supporting
Information, for 750 °C. In contrast, these reflections remain pres-
ent in the NMCFO-750 °C sample, pointing to a kinetic or thermo-
dynamic barrier for a random sodium distribution between the
TM-oxygen layers, what should be studied in a future work.

To gain further insights into the surface environment
changes, XPS spectra of C 1s, Cu 2p3/2, and Nb 3d are provided
in Figure 3. The C 1s spectra revealed a significant reduction in
CO3

2� concentration (289.4 eV) on the particle surface in both
H-/Nb-NMCFO-350 °C, confirming the reaction between acidic
hydrogen peroxide and residual carbonates from synthesis. For
manganese oxidation analysis, instead of plotting the individual
Mn 3s regions, the energy gap (ΔE) between both peaks of the
multiplet splitting of Mn 3s peaks was calculated for all materials
(Figure 3b) to enable an evaluation of the oxidation state. As an
example, the XPS spectrum for the Mn 3s region of the pristine
material is shown in Figure S5a, Supporting Information. For more
information, the Mn 2p region of pristine and Nb-NMCFO-350 °C
is also included in Figure 5b. According to the early research,[31]

ΔE is inversely proportional to the mean oxidation state of man-
ganese with established reference values of 5.5 eV (Mn2þ), 5.0 eV
(Mn3þ), and 4.5 eV (Mn4þ). Our data show a gradual decrease in ΔE
from the pristine material to Nb-NMCFO-350 °C. This indicates
that Mn is oxidized after calcination, likely to compensate for
the charge imbalance caused by sodium loss during hydrogen
peroxide activation and the subsequent coating process, given
that Cu2þ and Fe3þ are the most stable oxidation states of Cu

Figure 3. XPS spectra of a) C 1s, c) Cu 2p3/2, and d) Nb 3d. b) To minimize ambiguity, Mn 3s spectra for all samples are not presented here but as the
energy gap (ΔE) between both peaks of the multiplet splitting of Mn 3s are shown. All spectra were normalized to the maximum of intensity and the
niobium concentrations are presented in atomic percent (at.%).
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and Fe under ambient conditions, respectively. Furthermore, the
ΔE value for the Nb-NMCFO series remained nearly unchanged
below 450 °C but reversed at 750 °C, indicating the reduction
of manganese. Figure 3c,d demonstrates the low copper and high
niobium concentrations in Nb-NMCFO-350 °C compared to other
samples, further supporting the uniform coverage of the particle
surface by the niobium coating at this temperature. It is noted
that all spectra here are normalized to the maximum intensity
and the niobium concentrations are presented in atomic percent.
The characteristic doublet at 207–209 eV conclusively verified
theþ5 oxidation state of niobium.[19] The temperature-
dependent decrease in surface niobium concentration might
be attributed to the growth of NaNbO3 crystallites which would
no longer cover the surface of the active material or to the migra-
tion of niobium from the surface into the bulk structure at ele-
vated temperatures. This is further supported by the observed
reduction of manganese, which results from charge balance con-
siderations, given the high oxidation state of Nb5þ compared to
Mn3þ/4þ. Considering that XPS measurements provide only aver-
aged information, advanced analyses were further conducted to
track the temperature-induced transformations.

To investigate the morphology of the niobium salt and its
distribution on the active material, SEM and TEM analyses were
performed. First, a Nb-NMCFO-350 °C electrode was prepared
with smooth surface by ion etching as shown in Figure S6,
Supporting Information. The particle exhibited high porosity as
expected, and compared to other elements (Na, Mn, Cu, and
Fe), the niobium signals appeared to be concentrated on the sec-
ondary particle surface. However, these locally rich regions are
the accumulated Na salts and cannot be correlated with the thick-
ness of coating layer. More interesting are the pore regions within

the secondary particle, where the electrolyte penetration and the
electrode–electrolyte interfacial reactions can occur. With this
aim, an EDX line scan was performed across a secondary particle
(Figure 4a), with the corresponding elemental distribution spec-
trum shown in Figure S7, Supporting Information. This line scan
reveals an increased niobium signal relative to the Na/Mn signals
at the pore space of the secondary particles, which confirms the
penetration of the spray-dried powder particles with the
Nb-containing solution during the wet chemical coating process
and the formation of a surface coating layer. The reduced Na/Mn
signals indicate the presence of pore spaces lacking bulk material,
while the sharp rise in niobium signals suggests niobium cover-
age of primary particles and the nanoscale thickness of the coat-
ing layer. Residual Na/Mn signals in pore areas may result from
either tightly packed underlying particles below the detection
limit or signal integration from nearby particles, as the line scan
thickness is non-negligible.

Therefore, TEM analysis was performed on Nb-NMCFO-350 °C
tomore precisely investigate the uniformity of the niobium coating
layer. However, due to the larger particle size, the analysis was per-
formed only on powder material without further sectioning. As
shown in the bright–field and HAADF–STEM images (Figure 4c,e),
the secondary particle consists of densely packed primary particles,
making it challenging to distinguish between the active material
and the coating layer as shown in the HRTEM image in Figure 4d.
Nonetheless, STEM-EDX mapping confirmed the presence of a dis-
tinct layer with niobium signals, verifying the existence of the coat-
ing layer on the primary particles. Meanwhile, TEM analysis was
also performed on Nb-NMCFO-750 °C. As shown at spot 1
(Figure S8, Supporting Information), niobium displays a rather
inhomogeneous distribution compared to other elements,

Figure 4. a) Cross-sectional electrode SEM image of the Nb-NMCFO-350 °C and b) EDX line scan profiles of Na, Mn, and Nb. TEM images of c) bright-field
overview, d) high-resolution TEM (HRTEM), e) high-angle annular dark-field scanning TEM (HAADF–STEM), and f ) STEM-EDX elemental mappings of Na,
Mn, and Nb.
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performing an “island-like” growth of NaNbO3 crystallites at this
temperature. To further analyze the crystallinity, Fast Fourier
Transform (FFT) analysis was performed on the marked “Nb-rich”
area (#2). The results showed only weak crystalline spots with an
amorphous outer surface, which might be attributed to partially
crystalline NaNbO3 or the formation of Na2CO3 on the surface,
as the active material dominates in this region. To gain further
insight, spot 2 (Figure S9, Supporting Information) from another
particle was examined, where the Nb signal was much stronger
than that of Mn, indicating a higher concentration of NaNbO3 com-
pared to the active material. In this case, the FFT analysis of the
marked area revealed lattice spots at 2.2 nm�1, corresponding
to a d-spacing of 4.5 Å, which matches well with the (111) plane
of NaNbO3.

The electrochemical performance of the niobium coated
materials is presented in Figure 5 and Figure S10, Supporting
Information, along with the results of the reference materials
(solely temperature and hydrogen peroxide treatment).
Figure 5a shows the charge–discharge profile of the formation
cycle for the pristine, temperature-treated, hydrogen peroxide-
treated, and niobium-coated materials calcined at 350 °C to
understand the effects of these factors on battery performance.
As expected, the NMCFO-350 °C exhibited a profile similar to that
of the pristine material, indicating that the temperature solely

does not significantly affect the material performance. However,
both H-/Nb-NMCFO-350 °C showed a significant decrease in
the initial desodiation capacities, with values of 82 and
78 mAh g�1, respectively, compared to the pristine material
(104 mAh g�1). This reduction in capacity is attributed to the
acidic treatment during the coating process, which partially con-
sumed the sodium inventory. Nevertheless, these two materials
exhibited more plateau like behaviors, likely due to the sodium
reordering within the crystal structure during cycling. Long
cycling stability tests (Figure 5b) were conducted within the same
voltage range at 1C (1C= 100 mA g�1), and for better compari-
son, the capacities at the 20th and 120th cycles were used to cal-
culate capacity retention. As a result, the pristine material
delivered a higher initial capacity of 97 mAh g�1 at this current
rate but remained only 82% of its initial capacity after 120 cycles.
In contrast, the T-/H-NMCFO-350 °C materials showed similar ini-
tial capacities but slightly better retention of 86 and 84% after 120
cycles, respectively. This improvement may be related to the
increased crystallinity of the active material owing to the addi-
tional thermal treatment. Notably, Nb-NMCFO-350 °C achieved
the best capacity retention with 95%, despite exhibiting the low-
est capacity (90 mAh g�1). By comparing other factors such as
temperature and hydrogen peroxide, this superior performance
is attributed to the uniform niobium coating on the material

Figure 5. a) Charge-discharge profiles of the pristine and T-/H-/Nb-NMCFO-350 °C materials at 0.1C. b) Cycling stability tests of the materials at 1C for 120
cycles. c) Charge-discharge profiles of the pristine and Nb-NMCFO materials calcined at 350, 450, and 750 °C measured at 0.1C. d) Cycling stability tests of
the materials at 1C for 120 cycles. All battery tests were performed within a voltage range of 2.0–4.3 V and 1C corresponds to 100 mA g�1. Electrolyte: 1 M
NaPF6 in EC/PC (1:1, wt.%) with 5 wt.% FEC.
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surface, inhibiting interfacial reactions and enhancing structural
stability. To further investigate the impact of the surface coating
on the active material, the charge–discharge profiles and corre-

sponding dQ
dV curves of the pristine and Nb-NMCFO-350 °C materi-

als were analyzed for the 1st, 50th, and 100th cycles at 1C
(Figure S10 a–d, Supporting Information). Both materials exhib-
ited differences between the first and subsequent cycles, likely
due to the activation process that explains the initial capacity
increase during early cycles. Moreover, the niobium-coated mate-
rial displayed well-overlapped profiles, indicating stable structure
during battery cycling. In contrast, the pristine material showed a
decrease in capacity and redox peak intensities, suggesting sig-
nificant structural degradation over time. The electrochemical
performance in terms of capacities for all materials are summa-
rized in Table S3, Supporting Information.

The effect of the additional thermal treatment of the coated
active materials is shown in Figure 5c,d. Up to 450 °C, a decrease
in initial desodiation capacities was observed. However, increasing
the calcination temperature to 750 °C led to an increase of the
reversible desodiation capacity up to 77 mAh g�1. This might
be due to the crystallization of residual, amorphous sodium-
containing phases that could act as an additional sodium source.
Additionally, more distinct plateaus at 2.5 and 3.5 V emerged for
materials calcined at 450 and 750 °C, which may be attributed to
the Mn3þ/Mn4þ redox couple and sodium vacancy ordering rear-
rangement.[32,33] All three niobium-coated materials exhibited bet-
ter capacity retention than the pristine material, despite lower
initial capacities at the high current rate. This may result from
the lower conductivity of the coating layer compared to the active
material. The influence of the niobium concentration is shown in
Figure S10e,f, Supporting Information, and as a result, initial des-
odiation capacity decreased as niobium concentration increased
from 2 to 10 wt.%. This is related to the increasing amount of
hydrogen peroxide in the coating solution and sodium consump-
tion. The 5 wt.% variant demonstrated optimal cycling stability,
while the 10 wt.% variant showed no further improvement, likely
due to niobium saturation, as evidenced by the ICP-OES results.

Additionally, in order to investigate the investigate beneficial
effect of NaNbO3 coating toward the Na diffusion, the apparent dif-
fusion coefficients were calculated from the CV data and the cor-
responding results have been included in Table S5, Supporting
Information. As a result, the coated samples calcined at various tem-
peratures consistently show higher apparent diffusion coefficients
at the anodic/cathodic peaks at�4.1/3.9 V compared with the pris-
tine material. According to Li et al.[9] these peaks are associated
with the Cu2þ/Cu3þ redox couple. The enhanced diffusion coeffi-
cients observed for the coated samples indicate that the
NaNbO3 surface layer facilitates Naþ transportation in this region.
In addition, the coated materials exhibit improved capacitive
response as shown in Figure S11, Supporting Information, in agree-
ment with the findings of Lavela et al.[21] These results suggest that
the NaNbO3 coating contributes to improved interfacial Naþ trans-
portation during cycling. However, it is worth mentioning that the
coated materials deliver notable lower capacities at high current
rates compared with the pristine material, likely due to its

intrinsically lower electronic conductivity. Therefore, while the coat-
ing enhances interfacial Naþ diffusion, it does not necessarily trans-
late into improved rate capability at high C-rates. Details of the
calculation are provided in the Supporting Information.

Owing to the superior performance in a sodium half-cell, 5 wt.%
Nb-NMCFO-350 °C was selected for the full-cell testing with preso-
diated hard carbon, employing an enlarged voltage range of
1.5–4.2 V. The presodiation followed the previously described pro-
tocol in electrochemical measurement and its charge–discharge
profile is shown in Figure S12a, Supporting Information. Full-cell
testing comprised two formation cycles at 12 mA g�1 (0.1C) fol-
lowed by 200 cycles at 120 mA g�1 (1C). As shown in Figure 6a,b,
although Nb-NMCFO-350 °C exhibited lower initial capacities
(�73 mAh g�1 for the initial charge capacity and 101 mAh g�1

at 1C, based on the positive electrode mass), it demonstrated out-
standing cycling stability with 97% capacity retention after 200
cycles. In contrast, the pristine material delivered 123 mAh g�1

at the 10th cycle (1C) but retained only 80 and 54% capacity after
100 and 190 cycles, respectively. Notably, even when excluding the
activation period, the coated material maintained superior stability
with 92% capacity retention between the 100th and 200th cycles.

Electrochemical impedance spectroscopy (EIS) measurements
were performed on full cells in their fully charged state (4.2 V) at
selected cycles tomonitor the interfacial impedance evolution. The
corresponding Nyquist plots are shown in Figure 6c,d. It should be
noted that the “first cycle” measurement was performed after two
formation cycles and prior to the long cycling stability tests. To
determine the most appropriate equivalent circuit model, distribu-
tion of relaxation time (DRT) analysis was performed on the EIS
data, complemented by the frequency dependent analysis of
Nyquist plots. Figure 6e,f reveals five distinct peaks in the
frequency range of 100 kHz to 10mHz on both materials, corre-
sponding to five different time constants. The corresponding
frequency-dependent analysis of the Nyquist impedance spectra
is shown in Figure S12b,c, Supporting Information. While full-cell
data alone provide limited information for precise DRT peak
assignment, the comprehensive LiCoO2 // graphite cell studies
by Chen et al.[34] was drawn upon for guidance. Their work sug-
gests that these peaks represent (P1þP2) surface film resistance
RSF in the high/middle frequency region, (P3þP4) charge transfer
resistance Rct at low frequency region, and P5 as Warburg imped-
ance at frequencies below 0.1 Hz. Accordingly, an equivalent circuit
model was adopted, comprising four R-CPE elements and a
Warburg component, as shown in Figure S12d, Supporting
Information. It is worth noting that although sodium diffusion
occurs in both electrodes, for simplified modeling with a focus
on the impedance changes, a single Warburg element was applied
in the frequency range from 0.1 to 105 Hz, while the less relevant
low-frequency Warburg region was excluded to achieve better fit-
ting. The fitted resistance values are summarized in Table S4,
Supporting Information, and fitting quality was verified through
phase angle plots (Figure S13, Supporting Information).
However, due to the limited knowledge and the challenges in dis-
tinguishing the contributions from hard carbon and the selected
positive electrode materials, the reported values of RSF and Rct
include both components. The Nb-coated sample exhibited an

Batteries & Supercaps 2026, 9, e202500672 (8 of 13) © 2026 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH

Batteries & Supercaps
Research Article
doi.org/10.1002/batt.202500672

 25666223, 2026, 2, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202500672 by K
arlsruher Institut Fã¼

R
, W

iley O
nline L

ibrary on [18/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://doi.org/10.1002/batt.202500672


initial Rct of 73.5Ω (14.7þ 58.8Ω) after the formation cycles, which
decreased to 56.4Ω (20.6þ 35.8Ω) after 100 cycles. The initially
high resistance possibly reflects the less conductive coating layer,
while the subsequent reduction suggests an activation process. In
contrast, the cell with pristine material exhibited significant
increases in both ohmic (from 8.8 to 12.5Ω) and charge transfer
resistances (from 17.1Ω [16.1þ 1.1 Ω] to [15.4þ 27.0 Ω]) after 100
cycles. Since the hard carbon electrodes were from same electrode

sheet and treated identically, the increased impedance can be
attributed to the positive electrode, with the rise indicating con-
tinuous electrolyte decomposition and interfacial degradation in
the pristine material. Furthermore, both materials exhibited
increasing surface film resistances, consistence with continuous
CEI/SEI formation. Overall, the mitigated impedance increase on
the niobium-coatedmaterial indicates the enhanced interfacial sta-
bility and suppressed electrolyte decomposition.

Figure 6. a) Charge–discharge profiles of the pristine and Nb-NMCFO-350 °C materials in full cell configuration using presodiated hard carbon electrodes,
cycled between 1.5 and 4.2 V at a current rate of 12 mA g�1. b) Cycling stability tests of the materials at 120 mA g�1 for 200 cycles. Nyquist plots of elec-
trochemical impedance spectroscopy for c) pristine d) Nb-NMCFO-350 °C // HC full cells measured at the fully charged state (4.2 V) at different cycles, along
with the corresponding distribution of relaxation time e,f ) calculated from the EIS data.
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After 200 cycles, both full cells were disassembled in a glovebox.
The corresponding positive and hard carbon electrodes were rinsed
with DMC, dried, and prepared for postmortem analysis. XPS analy-
sis of the cycled HC electrodes were carried out to access the tran-
sition metal dissolution from the positive electrode, which could be
deposited on the negative electrode via electrolyte transport and
hinder the sodium ion diffusion. As shown in Figure S14d,
Supporting Information, while fluorine signals from electrolyte
decomposition were detected on both hard carbon electrodes, sig-
nals from transition metals (Mn, Cu, Fe) were negligible. This sug-
gests that the rapid capacity decay observed in the pristine
material was not primarily caused by the transition metal dissolu-
tion. Moreover, the HC electrode paired with the coated positive
electrode exhibited a noticeable feature in terms of F 1s spectra
(Figure S14d, Supporting Information). According to the
J. Fondard et al.[35] the peak at�686.5 eV corresponds to residual
NaPF6 salt on the electrode surface, whereas the peak at
�684 eV is associated with NaF as the degradation product. The
lower intensity of the NaF signal observed for the coated electrode
after cycling highlights the protective effect of NaNbO3 coating with
suppressed surface degradation, thereby contributing to the
enhanced interfacial and structural stability. Therefore, postmortem
analysis of the cycled pristine and Nb-NMCFO-350 °C electrodes
were conducted to investigate the particle structural degradation.
As shown in Figure 7, the primary particles from the pristine elec-
trode exhibited severe cracking, consistent with the increased inter-
facial resistance discussed earlier in EIS results. In contrast, particles
from the Nb-NMCFO-350 °C electrode well maintained structural
integrity, demonstrating the uniform niobium coating can effectively
enhance interfacial stability and mitigate electrolyte decomposition.

3. Conclusion

In summary, this study demonstrates that a uniform NaNbO3 sur-
face coating can effectively protect the spray-dried active materials
with high specific surface area. The coating simultaneously miti-
gates electrolyte decomposition and suppresses particle cracking
during battery cycling, though inherent tradeoffs exist in sodium
loss from hydrogen peroxide activation and reduced conductivity
compared to lithium niobate analogs. The coated material
achieves remarkable cycling stability (97% capacity retention after
200 cycles), representing a significant improvement from the pris-
tine material with only 54% retention. Furthermore, the advan-
tages of scalability, time-efficiency, and uniformity provided by
this novel wet chemical method make it a practical strategy for
extending sodium-ion battery cycle life. Future optimizations
should focus on other positive electrode materials with higher
sodium reserves and alternative coating compositions that balance
high conductivity with protective functionality.

4. Experimental Section

Synthesis of Positive Electrode Material

A multistep synthesis process was conducted to produce the nano-
porous, hierarchically structured P2- Na7/9Mn6/9Cu2/9Fe1/9O2 (P2-
NMCFO) positive electrode material. In contrast to the sol–gel
method reported in our prior work,[12] a simple solid-state synthesis
was adopted to obtain the pure phase active material as the first step
of this work. Stoichiometric amounts of Na2CO3 (anhydrous,
VWR Chemicals), Mn2O3 (98%, Thermo Scientific), CuO 98%,

Figure 7. Postmortem SEM analysis of cycled electrodes: a) pristine and c) Nb-NMCFO-350 °C materials, with corresponding high magnification views shown
in b) and d), respectively.
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Sigma–Aldrich), and Fe2O3 (99þ%, Sigma–Aldrich) were mixed and
ground in a Pulverisette 5 planetary mill (Fritsch) using 1.5 mm
ZrO2 milling balls (ball to powder ratio of 10:1 by mass) in isopropanol
(≥ 99.7%, VWR Chemicals, solvent to powder ratio of 2:1 by mass) at
447 rpm for 10 h. After removing the isopropanol, the dried precursor
was calcined at 900 °C for 12 h in synthetic air with a ramp rate of
5 K min�1. After cooling, the remaining powder was then ground
again in the same ball milling jar with deionized water as dispersion
agent to form an aqueous suspension of fine primary particles and
prepared for spray drying. The resulting spray-dried powder (cyclone
and tower fractions) was collected, sieved, and subsequently calcined
again at 700 °C for 6 h in synthetic air. Consequently, the porous
NMCFO material (after second calcination) exhibited a higher specific
surface area of 3.6 m2 g�1, compared to the particles synthesized via
the conventional solid-state method (after first calcination) with only
1.4 m2 g�1. For further details regarding the synthesis parameters and
experimental setup, please refer to our prior work.[12]

Surface Coating Fabrication via a Wet Chemistry Approach

The sodium niobium-based oxide NaNbOx surface coating on the active
material was fabricated via a wet chemistry approach. In a typical pro-
cess, 0.301 g niobium(V) ethoxide (Nb2(OC2H5)10, 99.95% metals basis,
Sigma–Aldrich) and 0.075 g sodium ethoxide (CH3CH2ONa, with 10%
excess, 95%, Sigma–Aldrich) were dissolved in 20 and 40 mL absolute
ethanol (HPLC grade, Supelco, Sigma–Aldrich), respectively. The solu-
tions were then combined, followed by the addition of 20mL of hydro-
gen peroxide (H2O2, 30%, Sigma–Aldrich), 40mL deionized water, and
0.1mL nitric acid (HNO3, 65%, VWR Chemicals) to obtain a clear coating
solution. The acid was introduced to get a clear solution and neutralize
residual sodium carbonate on the active material surface. 1.2 g of
NMCFO and 50mL absolute ethanol were added into a round bottom
flask. As reported in our prior work,[15] the reaction between hydrogen
peroxide and active material surface is highly exothermic, accompanied
by vigorous gas evolution. Therefore, 46.4mL of the coating solution
(containing � 5wt.% NaNbOx) was added dropwise under continuous
stirring. In this work, the reaction was not as violent as reported earlier
but a significant increase of solution temperature (from 25 to �40 °C)
was observed. The mixture was stirred until no obvious gas evolution
was observed (typically within 30 min). To ensure complete decompo-
sition of residual hydrogen peroxide, stirring was continued for addi-
tional 10 min. The suspension was then decanted and the powder
was washed with deionized water, centrifuged, dried, and calcined
in air firstly at 250 °C for 2 h and at target temperatures for 5 h with
heating rate of 4 K min�1. After cooling down to room temperature
with a cooling rate of 2 K min�1, the coated material was transferred
into a glovebox for later use. The obtained materials were labeled as
Nb-NMCFO-X °C. Considering the acidic nature of hydrogen peroxide
and the strong alkalinity of the active material (pH> 12 in aqueous
solution), a control experiment was conducted under the same condi-
tions (same amount of H2O2 and the calcination temperature) to evalu-
ate the influence of hydrogen peroxide and labeled as H-NMCFO-X °C.
Similarly, the materials from control experiments to understand the
influence of calcination temperature were labeled as NMCFO-X °C.
Additionally, different volumes of coating solution were applied to
determine the optimal coating content relative to the amount of active
material, 23.2mL (2.5 wt.%) and 92.8mL (10 wt.%), and were named as
2 wt.% Nb-NMCFO and 10wt.% Nb-NMCFO.

Material Characterization

A scanning electron microscope SEM (Zeiss Supra 55) equipped with
an energy-dispersive X-ray spectroscopy EDX (EDX Detector Apollo
40 SSD, EDAX Inc., USA) was used to analyze the morphology and

elemental distribution. Cross-section electrode imaging with smooth
surfaces were prepared via a broad-ion beam slope cutting (BIBSC)
method with ion beam milling system Leica EM TIC 3X. Transmission
electron microscopy (TEM) and scanning transmission electron
microscopy (STEM) imaging was performed on a Thermo Fisher
Talos F200i TEM. For EDX mapping, two Bruker DualX windowless
EDX detectors and simultaneously acquired high-angle annular dark
field (HAADF) and bright-field (BF) signals were used in STEM mode
for imaging. Elemental mapping and quantification of the spectra
was performed using the ThermoFisher Velox software with the
Brown-Powell model for the ionization cross-sections. The samples
were prepared by dispersing the powder on gold TEM grids with
a lacey carbon support film. Powder X-ray diffraction was recorded
using a Bruker D8 Phaser Diffractometer with Cu-Kα radiation (λ =
1.5406 Å) and a LynxEye XE-T detector in reflection mode. XRD pat-
terns were recorded over a 2θ range of 10–80° with step size of 0.02°
and counting time of 1s per step. Rietveld refinements were
performed with TOPAS-V6 (Bruker AXS). X-ray photoelectron spec-
troscopy (XPS) was conducted on a K-Alpha XPS spectrometer
(Thermo Fisher Scientific, Brno, Czech Republic) with a microfocused,
monochromated Al Kα X-ray source (400 μm spot size). A glove box
filled with Argon is directly attached to the spectrometer in order to
avoid any air contact of the samples before analysis. Data acquisition
and processing were conducted with the Thermo Avantage software.
The K-Alpha charge compensation system was employed during
analysis, using electrons of 8 eV energy, and low-energy argon ions
to prevent any localized charge build-up. The spectra were fitted with
one or more Voigt profiles (BE uncertainty:� 0.2 eV) and Scofield sen-
sitivity factors were applied for quantification.[36] All spectra were ref-
erenced to the C 1s peak (C─C, C─H) at 285.0 eV binding energy
controlled by means of the well-known photoelectron peaks of
metallic Cu, Ag, and Au, respectively. Inductively coupled plasma-
optical emission spectroscopy (ICP-OES, iCAP 7600 Duo, Thermo
Fisher Scientific) was applied to determine the chemical composition
of processed materials. The specific surface area was measured via a
Gemini VII 2390a (NSA, Micromeritics) and calculated with the
Brunauer–Emmet–Teller (BET) method.

Electrochemical Measurements

The electrode slurry was prepared by mixing the active material, pol-
yvinylidene fluoride (PVDF, Sigma–Aldrich), and carbon black
(C-NERGY super C65, Imerys Graphite, Bodio, Switzerland) in an
80:10:10 mass ratio using N-methyl-2-pyrrolidone (NMP) as the sol-
vent. The mixture was homogenized in a Speedmixer (DAC S-150,
Hauschild, Germany) at 2000 rpm for 5 min and 500 rpm for 3 min
(degassing). The slurry was then coated onto the aluminum foil
via a doctor blade coater (Erichsen Model 360, Germany) with a
200 μm gap height and a blade speed of 1.5 mm s�1 on the pro-
grammed coating device (Erichsen Coater 510, Germany). The coated
electrodes were first dried in air at 80 °C for 30 min on the coater, then
at 110 °C overnight under vacuum. After drying, the electrodes were
punched into 12mm discs and pressed with a hydraulic press with a
force of 5 KN for 10 s and then transferred into an argon-filled glove
box (H2O and O2 level ≤ 0.5 ppm, MBraun, Germany) for later battery
assembly. The average active material mass loading is 3 – 4 mg cm�2.
The aqueous-processed hard carbon (HC) electrodes were also cast
onto aluminum foil, following the detail fabrication procedure
reported elsewhere.[37] CR 2032 coin-type half-cells were assembled
in the glove box using aforementioned 12mm diameter positive
electrode, a 16.5 mm diameter glass fiber separator (Whatman
GF/C), 120 μL of the POLiS reference electrolyte,[37] 13.5 mm diameter
sodium metal chip as negative electrode, 1 mm stainless steel spacer,
and stainless steel springer. The electrolyte composition consists of
1 M sodium hexafluorophosphate (NaPF6) dissolved in a mixture of
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ethylene carbonate/propylene carbonate (EC/PC, 1:1, wt.%) with
5 wt.% fluorethylencarbonate (FEC). Galvanostatic charge/discharge
cycling test for half-cell measurements was performed on BT2000
Battery Cycler (Arbin Instruments, College Station, Texas, USA) and
Biologic MPG-200 Potentiostat in a temperature-controlled room
of 23 °C, following the standardized protocol of a 5 h resting period
to reach a steady state, two formation cycles at 0.1C and then long-
term cycling tests at 1C within a voltage range of 2.0–4.3 V versus
Naþ/Na (1C= 100 mA g�1). Full cell tests were conducted with similar
setup but using presodiated hard carbon electrodes within an
enlarged voltage range of 1.5–4.2 V to understand the material deg-
radation mechanism. The presodiation procedure of hard carbon
electrodes was achieved by electrochemical cycling against sodium
chip between 0.005 and 2 V for 5 cycles at 28 mA g�1 using same
electrolyte and stopped at fully sodiated state, ensuring complete
sodium intercalation. The electrodes were then disassembled, dried,
and subsequently assembled into full cell with the prepared positive
electrodes. High N/P values (2.6–3.0, depending on the positive elec-
trode mass) here would be chosen to ensure that the presodiated
hard carbon electrode could supply sufficient Naþ during the battery
cycling. Electrochemical impedance spectroscopy (EIS) measure-
ments were performed on batteries at the fully charged state
(4.2 V) on the same Biologic Potentiostat in a frequency range of
100 kHz to 10 mHz with an AC amplitude of 5 mV and the data were
fitted using software RelaxIS3. For postmortem analysis, batteries
cycled 200 times were disassembled in glovebox and electrodes were
carefully washed with dimethyl carbonate (DMC) and dried for fur-
ther characterization.
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