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Tunnel-structured Nag 44MnO; is considered a promising cathode material for large-scale sodium-ion
batteries due to its low cost, excellent air stability, and compatibility with sodium compensation
strategies; however, its practical application is hindered by sluggish Na* diffusion kinetics and poor
cycling stability arising from intrinsically constrained ion migration pathways and increased structural
disorder during cycling. In this work, a tunnel-type Nag44MnggoCug o1Tin 1O, cathode is rationally
designed via atomic modulation, which effectively widens Na* diffusion channels and constructs
preferential transport pathways, thereby reducing the Na* migration energy barrier and improving the
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Accepted 14th May 2026 processes, leading to enhanced structural stability and prolonged cycling life. As a result, the material
delivers a high capacity retention of 90.4% after 1000 cycles at a high current density of 600 mA g,
DOI: 10.1035/d6sc02363k demonstrating that the dual-substitution strategy is an effective approach for developing high-rate and
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Introduction

Sodium-ion Dbatteries (SIBs) have emerged as a promising
complementary technology to lithium-ion batteries (LIBs) for
large-scale energy storage applications."” owing to the abun-
dant availability of sodium resources and their relatively low
cost. Efforts to develop high-performance SIBs have increas-
ingly focused on advanced cathode materials,** and the recent
discovery of lithium and sodium replenishment technologies
has enabled the practical utilization of cathode materials with
severely insufficient sodium content under stoichiometric
conditions.”® Among these candidates, the tunnel-type oxide
Nay.44sMnO, (NMO) features a unique crystal structure with
multiple S-shaped sodium-ion transport pathways, intrinsic
moisture resistance, and excellent structural stability, making it
a highly promising cathode material for sodium-ion
batteries,"** The S-shaped tunnels, however, impose consid-
erable interionic interactions during Na® migration, which
limits the reaction kinetics. In addition, NMO suffers from low
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electronic conductivity and Mn**-induced Jahn-Teller distor-
tion, constraining its rate capability and cycling stability.*¢">°

Elemental doping has been widely explored as an effective
strategy to tailor the electrochemical properties of NMO. Ti
doping introduces a charge compensation mechanism that
stabilizes the crystal structure by regulating the Mn**/Mn**
ratio.”*” Other dopants, including Li,**** Mg,*® Fe,*" B,*> and
Ca*, have been reported to enhance tunnel-type oxides through
metal-oxygen bond strengthening, suppression of Jahn-Teller
distortion, and activation of additional redox couples. Despite
these structural and electrochemical improvements, most
modified NMO materials still suffer from limited rate capability
and insufficient long-term cycling stability, which highlights
the necessity of rational multi-element doping strategies to
achieve synergistic optimization and overcome the intrinsic
limitations of NMO.

Herein, we demonstrate a Cu/Ti co-doping strategy to
address the bottlenecks in Na' ion transport and structural
stability of NMO. Combined experimental data and density
functional theory (DFT) calculations reveal that the co-doping
strategy enhances the ordering of Mn-O bonds during electro-
chemical reactions, suppresses crystal structure change during
cycling, and thereby improves cycling stability. In addition, the
Cu-O bond length is longer than that of the original Mn-O
bond, which enlarges the Na* transport channels and conse-
quently optimizes Na® transport kinetics. The as-prepared
Nag 44Mng goCUg 01 Tip.1O0, cathode delivers improved rate
performance, achieving a specific capacity of 104 mA h g™ " at
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0.2C and retaining 81.7% of this capacity (85 mAh g ') ata high
rate of 5C. Moreover, it exhibits excellent cycling stability, with
a capacity retention of 90.4% after 1000 cycles at 5C.

Results and discussion

NMO and Ti-doped Nay 44Mn,_,Ti,O, materials (x = 0.05, 0.1
and 0.15, labeled as NMO-T5, 10, and 15, respectively) were
synthesized via a solid-state reaction. The XRD patterns
demonstrate that all diffraction peaks correspond to the
orthorhombic tunnel structure with the space group of Pbam
(Fig. 1a and S1). NMO-T10 exhibits the most optimal electro-
chemical performance, while further increasing the Ti content
leads to a noticeable deterioration in rate performance
(Fig. S2).** Next, Cu/Ti co-doped materials were synthesized
through a solid-state reaction. According to the Cu/Ti ratio, the
as-prepared Cu/Ti co-doped NMO were labeled as Nag 44-
Mny 95CU0.005Ti0.10> (NMO-C0.5T10), Nag 44Mng g9CUg.01Tio 1
0, (NMO-C1T10), Nag 44Mng gsClg 02 Ti10, (NMO-C2T10) and
Nay 44Mng g;CUg 03Tip 10, (NMO-C3T10). The XRD profiles of
Cu/Ti co-doped NMO materials are summarized in Fig. 1a and
S3. The results show that all the prepared samples can be
indexed to pure tunnel structures with the space group of Pbam.
The Rietveld refinements of the as-prepared materials are di-
splayed in Fig. 1b and S4, and crystallographic parameters are
shown in Tables S1 and S2. The refined unit cell parameters are
shown in Fig. 1c. The lattice parameters a and ¢ of NMO-C1Ti10
expand by 0.47% and 0.55% relative to pristine NMO, respec-
tively. (Table S2). Moreover, the refined data indicate that Ti**
ions occupy the Mn3 site, which is consistent with previous
reports,> while Cu®" ions are located at the square-pyramidal
Mn5 site (Fig. S5). The as-prepared materials show improved
rate performance (Fig. $6). In particular, NMO-C1T10 shows the
best rate performance. Further investigations are focused on
NMO-C1T10 to clarify the relationships between the improved
electrochemical performance and its unique structure.

The high-resolution transmission electron microscopy
(HRTEM) and selected-area electron diffraction (SAED) analysis
of the optimal NMO-C1T10 sample confirmed its high
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Fig.1 (a) XRD patterns of NMO and Cu/Ti co-doped NMO. (b) Rietveld
refinement results of NMO-C1T10. (c) Unit cell parameters of NMO
and Cu/Ti co-doped NMO. HRTEM images (insets show the corre-
sponding TED patterns) of (d) NMO and (e) NMO-C1T10 samples. (f)
The TEM-EDS results of the NMO-C1T10 particles.
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crystallinity (Fig. 1d and e). The measured interplanar spacings
(0.2925 nm for (001) and 0.4707 nm for (200)) were slightly
larger than those of pristine NMO, directly corroborating the
doping-induced lattice expansion. Transmission electron
microscopy-energy  dispersive  spectroscopy  (TEM-EDS)
mapping confirmed the homogeneous distribution of Na, Mn,
Cu, Ti, and O elements (Fig. 1f). The atomic compositions of the
as-prepared NMO-C1T10 sample are confirmed by inductively
coupled plasma optical emission spectroscopy (ICP-OES) anal-
ysis, as shown in Table S3, which demonstrates that the target
stoichiometry is achieved. The morphologies of the NMO and
Cu/Ti doped samples are further characterized by scanning
electron microscopy (SEM). It was revealed that all the samples
exhibit a rod-like morphology with particle size ranging from 1-
5 um (Fig. S7).

Fig. 2a and b show the initial five charge/discharge curves of
NMO and NMO-C1T10 cathodes at 0.2C (1C = 120 mA g *). The
NMO cathode exhibits six distinct voltage plateaus (Fig. 2a),
corresponding to multi-stage phase transitions and Na*/vacancy
ordering during sodium insertion/extraction.**® In contrast,
NMO-C1T10 showed smooth charge-discharge profiles with
a long slope curve between 2.4 and 3.25 V (Fig. 2b), indicating
a shift from a multi-phase to a solid-solution reaction mecha-
nism.*”” In particular, the charge-discharge curves of NMO-
C1T10 exhibit excellent overlap from the 1st to the 5th cycle,
demonstrating its favorable electrochemical reversibility.
Besides, the broader redox peaks observed in CV (Fig. S8)
suggest a more gradual and distributed ion insertion/extraction
process. This mitigates localized strain and stress fluctuations
during cycling, which is ultimately more favorable for long-term
structural stability. Although the initial discharge capacity of
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Fig. 2 The first five charge—discharge curves of (a) NMO and (b)
NMO-C1T10 at 0.2C (1C = 120 mA g3). (c) Rate performances of the
NMO and NMO-CI1T10 cathodes. (d) Cycling performances of the
NMO and NMO-CI1T10 cathodes at 5C. (e) Galvanostatic charge/
discharge profiles of the hard carbon//NMO-C1T10 full cell at different
current densities. (f) Cycle performance and the corresponding
coulombic efficiencies of the hard carbon//NMO-C1T10 full cell
tested at 1C.
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NMO-C1T10 was slightly lower than that of NMO, which results
from the partial substitution of electrochemically active Mn
sites by Ti*", the average operating voltage increased from 2.91
to 2.99 V. It is worth noting that the elevated output voltage and
the solid-solution reaction behavior are primarily attributed to
Ti doping (Fig. S9). By contrast, the Cu-doped sample (NMO-C1)
inherited electrochemical features similar to those of the
undoped NMO. In addition, Ti doping improves the initial
charge/discharge efficiency (Fig. S10) and significantly
enhances the electrochemical reaction reversibility by opti-
mizing the lattice tunnel structure. Moreover, NMO-C1T10
delivered a discharge capacity of 105.3 mA h g~ ' at 0.2C and
retained 63.6% of this capacity at 30C (40.4% for the NMO
cathode, Fig. 2¢). This is mainly attributed to enhanced sodium-
ion kinetics enabled by Cu doping (Fig. S11). Notably, NMO-C1
exhibits superior rate capability, which is attributed to the
expanded intrinsic S-type Na' diffusion channels to optimize
sodium ion transport channels. Long-term cycling stability was
evaluated at a high current density of 600 mA g~ " (Fig. 2d and
S12). NMO-C1T10 exhibits an improved capacity retention of
85.5% compared to those of NMO (56.8%), Ti-doped NMO
(79.0%), and Cu-doped NMO (61.5%) after 1500 cycles at 5C.
Compared with other reported materials, NMO-C1T10 delivers
superior cycling performance (Fig. $13),*** further demon-
strating its great potential for high-power and long-cycle
sodium-ion battery applications. To accurately assess the
intrinsic structural stability of the electrodes with minimized
polarization effects, additional cycling tests were conducted at
a lower current density of 120 mA g~ . The capacity retention in
the 200th cycle for NMO and NMO-C1T10 was 86.5% and 95.9%,
respectively (Fig. S14).

To evaluate practical applicability of the NMO-C1T10
cathode, a full cell was constructed with the NMO-C1T10
cathode and a pre-sodiated hard carbon anode within
a voltage window of 2.0-4.0 V (Fig. S15). It delivers an initial
discharge capacity of 93.72 mA h g~ ' at 0.2C (Fig. 2¢), retaining
56.9% of this capacity at 20C. Furthermore, the capacity reten-
tion reaches 74.88% after 200 cycles at 1C (Fig. 2f). The SEM and
HRTEM images further confirm the structural stability of NMO-
C1T10. As shown in Fig. S16 and S17, NMO-C1T10 retains its
intact rod-like morphology and crystal integrity with clear
continuous lattice fringes on the particle surface after long-term
cycling. By contrast, NMO undergoes severe morphological
degradation, including particle cracking and pulverization.
Repeated Na' insertion/extraction triggers complex phase
transitions in NMO, leading to surface structural deterioration
and lattice amorphization. This irreversible structural damage
results in rapid capacity decay and poor cycling stability.

In situ X-ray diffraction (XRD) was employed to explore the
effect of Cu/Ti doping on the phase evolution throughout the
charge-discharge process, as displayed in Fig. 3a, b, and S18.
The (130), (140), (160), and (350) diffraction peaks shift
systematically to higher 26 angles during charging, corre-
sponding to a uniform lattice contraction. This contraction is
attributed to the increased electrostatic repulsion between
oxygen atoms upon Na' removal. A distinct different evolution
is observed in the peak of (350). NMO undergoes abrupt peak
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Fig. 3 Insitu XRD of (a) NMO and (b) NMO-C1T10. The corresponding
Mn K-edge XAS spectra of (c) NMO and (d) NMO-C1T10 at various
charge/discharge states. R-Space XANES spectra of Mn K-edge of (e)
NMO and (f) NMO-C1T10 at different charge/discharge states.

shifts between 3.0 and 4.0 V, reflecting multi-phase transitions,
while NMO-C1T10 shows smooth, continuous shifts character-
istic of a solid-solution reaction. Notably, the suppressed
structural change in NMO-C1T10 is directly evidenced by the
smaller angular shift of the (350) peak (1.60°) compared to that
in NMO (1.77°). Furthermore, the refinement results (Fig. S19)
show that the variations of a, b and c lattice parameters in NMO
are 0.162 A, 1.27 A and 0.03 A, respectively. Of note, the Cu/Ti co-
doped NMO-C1T10 displays suppressed lattice strain, with the
corresponding variations reduced to 0.118 A, 1.09 A, and 0.02 A.
The mitigated lattice contraction and expansion of NMO-C1T10
demonstrate that the synergistic effect of Cu and Ti doping
effectively stabilizes the tunnel crystal framework.

The charge compensation mechanism in NMO and Cu/Ti-
doped NMO-C1T10 was investigated by X-ray Absorption Spec-
troscopy (XAS). As shown in Fig. 3c and d, the Mn K-edge XANES
spectra shift toward the higher energy from the OCV state to
4.0 V upon the initial Na" extraction from NMO and NMO-
C1T10, demonstrating the oxidation of Mn*" to Mn*". After
the 1st discharge to 2.0 V, the shift of Mn K-edge XANES spectra
toward lower energy indicates the reduction of Mn*" to Mn**
during discharge. The local structure was further investigated
through ex situ Mn K-edge EXAFS spectroscopy (Fig. 3e and f). In
the selected state of charge, the Mn-O bond length distribution
of NMO fluctuates significantly, while that of NMO-C1T10
remains almost unchanged. The regularity of NMO's Mn-O
bond length distribution is much poorer than that of NMO-
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C1T10. This indicates that the Jahn-Teller effect of Mn induces
obvious structural distortion in NMO during this process,
leading to a sharp decrease in its Mn-O coordination order. In
contrast, dual doping effectively suppresses the Jahn-Teller
distortion of Mn in NMO-C1T10, improves the Mn-O coordi-
nation order and stabilizes the bond length distribution, thus
ultimately enhancing the structural stability of the material.

X-ray Photoelectron Spectroscopy (XPS) was also conducted.
The results confirm that manganese redox serves as the primary
charge compensation mechanism in both materials (Fig. $20),
while Cu** and Ti*" dopants remain in their initial oxidation
states without change during cycling (Fig. S21). In addition, XPS
measurements provide quantitative evidence of oxidation state
changes. The Mn 3s spectrum of NMO-C1T10 shows increased
peak splitting (5.11 eV) compared to NMO (4.90 eV), indicating
a lower average manganese oxidation state (Fig. $22). The Mn 2p
XPS spectra also indicated that the Mn**/Mn** ratio in NMO-
C1T10 increases to 0.95 (0.78 in NMO). These results arise
from the substitution of Mn*" with lower-valence Cu>".

To evaluate the electrochemical reaction kinetics, cyclic
voltammetry (CV) measurements were performed on the as
prepared samples at various scan rates (0.1 to 0.7 mV s~ *). The
resulting CV curves are shown in Fig. 4a, b and S23. The linear
relationships between the peak current (I,) and the square root
of the scan rate (v*/?), as shown in Fig. 4c, demonstrate a diffu-
sion-controlled process for the whole electrode reaction. The
chemical diffusion coefficients (D) of Na* in NMO and NMO-
C1T10 were then evaluated using the Randles-Sevcik equation
(eqn (S1)).**¢ D values of the anodic reactions in NMO and
NMO-C1T10 are calculated to be 3.66 x 10~° em”s™ " and 5.59 x
10~ cm® s, respectively. Notably, the fitted lines in Fig. 4c do
not pass through the origin as described in eqn (S1). This is
because the calculated b-values of the NMO and NMO-C1T10
samples derived from the power-law equation (eqn (S2))
confirm the presence of pseudocapacitive behavior in both
materials (Fig. S24). Moreover, the Na" diffusion coefficients of
NMO-C1T10 obtained from galvanostatic intermittent titration
technique (GITT) measurements are on the order of 10~ to
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Fig. 4 CV curves of (a) NMO and (b) NMO-C1T10 cathodes at various
scan rates (0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7 mV s%). (c) Plots of peak
current versus the square root of the scan rate for the NMO and NMO-

C1T10 cathodes. In situ EIS of (d) NMO and (f) NMO-C1T10 during the
second cycle. DRT analysis of () NMO and (g) NMO-C1T10.
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10 "% em?® s, which are significantly higher than those of the
pristine NMO (Fig. S25).

In situ electrochemical impedance spectroscopy (EIS) spectra
and the corresponding distribution of relaxation times analysis
are shown in Fig. 4d-g. All Nyquist plots are composed of two
semicircles in the high-to-medium frequency region and an
inclined line in the low-frequency region. These features are
assigned to the inter-particle contact resistance, the charge-
transfer resistance (R.) at the electrolyte/electrode interface,
and the Warburg impedance associated with Na® solid-state
diffusion, respectively. The evolution indicates that the R
gradually decreases with the Na' extraction and presents an
opposite trend during the Na' insertion process, correlating
with a higher Na' content raising the migration barrier.
Notably, NMO-C1T10 retains lower resistance throughout
cycling, demonstrating its superior electrode kinetics. Further-
more, distribution of relaxation times (DRT) was used to isolate
and resolve highly overlapping physicochemical processes in
EIS. The in situ EIS of NMO and NMO-C1T10 in the second cycle
were recorded (Fig. 4d and f) and analyzed by the DRT tech-
nique (Fig. 4e and g). Based on the time constants, frequency
ranges and the actual Na' reaction processes, the DRT peaks
were assigned to five physical models, including contact ohmic
resistance (t;); Na" transport through the solid electrolyte
interface (CEI) layer on the cathode surface (t,/13); charge
transfer interfacial resistance (4, R.), and solid-state diffusion
of Na" in the bulk (t5). For NMO-C1T10, the t5 peak exhibits
altered bulk phase Na® transport characteristics arising from
phase structural evolution, yet this variation exerts a negligible
influence on the overall DRT peak profile. This phenomenon is
attributed to the high R-value intrinsic to the pristine structure,
which endows the material with rapid bulk Na® transport
kinetics. In comparison with pristine NMO, NMO-C1T10
displays highly symmetric 7, and 15 peaks during both
charging and discharging processes, which indicates the
excellent reversibility of its structural phase transition.

Density functional theory (DFT) calculations were performed
to elucidate the Na® diffusion mechanism and the corre-
sponding electronic structure characteristics. To determine the
most stable configuration, the total energies of five potential Cu
doping sites were analyzed. The configuration with Cu occu-
pying the Mn5 site has the lowest total energy (Fig. 5a). The
optimized structures reveal distinct local effects of each dopant
and the co-doping mechanism is summarized in Fig. 5b. Ti
doping at the Mn3 site shortens Ti-O bonds in TiO6 octahedra
compared to the original Mn(3)06, reducing the local ligand
volume and stabilize the structure during cycling (Fig. $26). In
contrast, Cu** doping at the Mn5 site elongates Cu-O bonds in
CuO5 square pyramids relative to Mn(5)O5 polyhedra (Fig. S27),
due to the larger ionic radius of Cu?* (0.72 A vs. Mn*": 0.65 A
(Table S4)) and greater electronic repulsion in its 3 d° configu-
ration. Moreover, Cu doping expands the ligand volume at the
Mn5 site (red dashed area), effectively widening the adjacent
large S-type sodium channels. The channel expansion facili-
tated rate capability of NMO-C1T10. The density of states (DOS)
of NMO and NMO-C1T10 are illustrated in Fig. S28. The elec-
tronic states of Mn near the Fermi level are predominantly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Total energies with the corresponding crystal structures of
the NMO-C1 structure with five potential Cu-doped Mn5 sites. (b)
Schematic illustration of the Cu/Ti Co-doping mechanism in NMO
cathode materials. Sodium diffusion energy barriers for NMO, NMO-
T10, and NMO-C1T10 in different migration pathways: (c) Na3—-Na3,
(d) Na2-Na2, and (e) Na2—-Na3.

derived from Mn 3d orbitals. In NMO-C1T10, these states shift
closer toward the Fermi energy compared to those in the
undoped NMO, indicating enhanced redox activity in the co-
doped cathode.

To investigate the impact of doping on Na' migration, the
climbing-image nudged elastic band (CI-NEB) method was used
to compute the migration barriers in NMO and NMO-C1T10. As
illustrated in Fig. 5c-e, the three predominant diffusion path-
ways are axial diffusion of Na2 ions, axial diffusion of Na3 ions
along the Z-axis, and the mutual exchange diffusion of Na2 and
Na3 ions within the ab-plane, respectively. DFT calculations
reveal that Cu/Ti co-doping effectively reduces the overall Na*
diffusion barriers. While the Na3-Na3 barrier remains stable
across materials, the critical Na2-Na2 barrier in NMO-C1T10 is
restored to a low value comparable to that of pristine NMO, and
the Na2-Na3 barrier is simultaneously lowered. This indicates
that co-doping not only facilitates ion migration but also
increases the proportion of direct Na2-site diffusion along the Z-
axis, demonstrating a shift in pathway preference, which aligns
with the more Na2 extraction in NMO-C1T10 observed by XRD
refinement (Fig. S29-S32 and Tables S5-S8). The lowered energy
barriers and optimized diffusion path distribution collectively
contribute to the superior rate performance of NMO-C1T10.

Conclusions

In summary, we demonstrate that the rationally designed Cu/Ti
co-doping strategy in tunnel-type Nay,4sMnO, significantly
enhances both structural stability and Na* diffusion kinetics.
The site-specific substitution of Cu®>* at the Mn5 site widens the
Na' diffusion channels and enhances electronic conductivity,
while Ti** acts as a structural pillar at the Mn3 site to suppress

© 2026 The Author(s). Published by the Royal Society of Chemistry
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phase transitions and Jahn-Teller distortion. These synergetic
effects lower the Na' diffusion energy barriers, optimize ion
transport pathways, and ensure structural integrity during
cycling. Consequently, the NMO-C1T10 cathode achieves
exceptional performance, retaining 90.4% capacity after 1000
cycles at 600 mA g~ '. Beyond providing a high-performance
material, this study establishes a general design principle for
optimizing intercalation electrodes via atomic-scale control of
crystallographic sites.
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