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Sodium-ion batteries have emerged as the most promising alternative to lithium-ion batteries due to the
advantages of high natural abundance, low cost, environmental friendliness, and retention of charge
capacity at low temperatures. However, novel anode and cathode materials need to be developed.
In this work, Sandia octahedral molecular sieves — a class of ion exchangers with the general formula,
Na;Nby_ MYOg_(OH),-H-O (M = Ti, Zr; x = 0.04-0.40) — are introduced as novel anode materials for
sodium-ion battery applications. In this study, sodium niobium titanium oxide, Na;Nb; ¢Tip 4O0s5.6(OH)g 4-
H,O (Na-NTO), is prepared by a simple hydrothermal method, followed by exchange of the Na* ion
in the SOMS structure by one of the eleven selected divalent or monovalent cations, after which the
electrochemical properties of the ion-exchanged SOMS materials are investigated and compared with
those of the unexchanged SOMS material. Exchanging sodium for divalent zinc delivered an enhanced
specific capacity (196 mAh g~ at 10 mA g vs. 89 mAh gt for Na-NTO) at every current density,

Received 8th September 2025, whereas exchange for cadmium delivered a high capacity retention of 72% at 50 mA g~* after 100 cycles.

Accepted 18th December 2025 The enhanced electrochemical performance is related to their lower ionic radii (compared to Na*),
DOI: 10.1039/d5ma01026h higher selectivity, optimal pore size and higher Na*-ion diffusion coefficient. While the performances of
the materials investigated here are comparatively low, the present work provides an in-depth study of
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1. Introduction

Lithium-ion batteries (LIBs), referred to as “rocking chair
batteries”, are extensively used in a variety of portable electro-
nic devices and electric cars because of their extended lifespan,
high energy density, low weight, and flexible design." However,
the material costs of LIBs keep rising as demand rises, due
to the comparatively limited supply of lithium, which even-
tually may make it impossible to meet the demands for energy
storage.>’ Sodium, the second lightest and smallest alkali
metal after lithium, has similar chemical properties to lithium,
while being more abundant and cheaper. As sodium-ion batteries
(SIBs) exhibit a similar “rocking chair’-type electrochemical
mechanism, they are of interest as alternatives for LIBs. Conse-
quently, SIBs have been extensively investigated for stationary
energy storage and low-speed electric vehicles, where their lower
volumetric energy density is less critical.*™®

The anode is an important part of a battery, and in SIBs, the
Na metal cannot be used as the anode material due to the high
reactivity of metallic sodium with the organic electrolyte sol-
vents, and dendrite formation during Na metal deposition.’
It is thus crucial to identify a suitable anode material with a
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high reversible capacity, stable structure, and appropriate
potential window for successful development of SIBs. Recently,
intercalation-type M-Nb-O anode materials have been studied
extensively due to their high cycling stability, safe operating
potential and significant intercalation pseudocapacitive
behavior.” Here, in this work we investigated novel anode
materials which belong to a family of materials with the
formula, Na,Nb, ,Ti,O¢_,(OH),-H,O (x = 0.4), for the first time
for SIBs. A key feature of these materials is that they act as ion
exchange materials, which allows for facile modification of the
materials.

Nyman et al. introduced this new family of isostructural,
variable composition class of ion exchange materials, also
known as SOMS (Sandia octahedral molecular sieves), with
the general formula, Na,Nb,_,MY0,_,(OH),-H,O (M = Ti, Zr;
x = 0.04-0.40).® This new family is produced through the
substitution of Ti or Zr in a nominal NaNbO; octahedral
framework. The niobium (Nb) atom is at the heart of sodium
niobate (NaNbOj), a perovskite oxide in general, which is
surrounded by six oxygen atoms in an octahedral configuration.
Another key component of NaNbO; is that these [NbOg] units
run throughout the crystal structure and provide the founda-
tion for its distinct physical and chemical characteristics.’
These SOMS materials could be useful in the fabrication of
microelectronic devices and capturing of valuable materials
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such as chromium, cobalt and nickel from industrial effluents
to reuse them. Obtaining a pure phase of SOMS materials is
challenging.® The maximum Ti : Nb ratio for which it is possible
to obtain a pure phase of SOMS is 1:4 (x = 0.4).® On the other
hand, an increase in the ratio of Ti:Nb produces larger SOMS
crystals with an amorphous titania-rich material as a bypro-
duct, whereas a decrease in the ratio results in the formation of
an orthorhombic perovskite phase as an impurity.® Tina et al.
scaled up the synthesis of sodium niobium titanium
oxide, Na,Nb; ¢Mg,05.6(OH).4-H,0O (Na-NTO), through a sim-
ple hydrothermal route and obtained a pure phase SOMS with a
negligible amount of impurity,'® thus this material was chosen
in our study to investigate the electrochemical performance of
the SOMS material as an anode in Na-ion batteries.

SOMS exhibit a typical ion-exchange behavior where the
microscopic pores present in the structure can accommodate
divalent cations, such as Ba>', Sr**, Co>", and Zn*', and trap
them at negatively charged sites that have been vacated by ions
with weaker charges."" The sodium in the structure exchanges
selectively for divalent cations, and two of the three sodium
sites are exchangeable. The framework composition, particu-
larly the Nb:Ti ratio, influences the channel composition in
such a way that the ion exchange takes place by the exchange of
a sodium plus a proton for a divalent cation. For instance, a
divalent Sr** in the solution exchanges for a proton and a
sodium in the SOMS, and the charge balanced ion exchange
takes place according to eqn (1).%

+ + 2+ 2+ + +
NaSOMS + I_ISOMS + Srsolution - SI‘SOMS + Nasolution + Hsolution

(1)

In addition, it was known that the properties like ion
exchange behavior and thermal stability are controlled by the
proton population inside the channels, which is directly altered
by changes in the Nb:Ti framework composition.® In our work,
we loaded the Na-NTO material with mono- and divalent
cations including Ba*>*, Sr**, Cd**, Zn>*, Ni**, Co**, Mg*", Li",
Ca®", K" and Cs" following which the materials were tested as
anode materials for SIBs to evaluate the electrochemical per-
formance, as well as they were compared with the unmodified
Na-NTO SOMS material. Here, the monovalent and divalent
cations were selected solely based on selectivity coefficients
determined for a similar material in ref. 11 in order to inves-
tigate whether ions could be irreversibly incorporated in the
SOMS framework, and whether this would affect the electro-
chemical performance of the SOMS material.

The basic Na-NTO material, Na,Nb; ¢Tig 405.6(OH)o.4-H,0,
was prepared through a simple and straightforward hydrother-
mal procedure based on the method reported by Nyman et al.,®
but using hydrous niobium oxide (niobic acid, Nb,O5-nH,0),
instead of commercially available crystalline niobium oxide or
pentaethoxyl niobium (NbOEt), and sodium hydroxide. This
method produced a pure SOMS phase at significantly shorter
reaction times and lower temperatures compared to the pub-
lished methods which require ca. 4 days of synthesis, followed
by heat treatment at >200 °C.">
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2. Experimental section

2.1. Material synthesis

The base material Na-NTO, Na,Nb; ¢Tij 405.6(OH),.4-H,O, was
prepared by a hydrothermal reaction. In a typical process,
1.785 g of niobic acid (Nb,Os-nH,0; 40% H,0 w/w), 850 uL of
tetra isopropyl titanium (TIPT; from TCI), 6.7 g of sodium
hydroxide (VWR chemicals), and 5 mL of tert-butyl hydro-
peroxide (TCI) were mixed in 40 mL of DI water in a Teflon
liner. Here, tert-butyl hydroperoxide was used to solubilize
TIPT. After one hour of stirring, the Teflon liner containing the
aqueous mixture was put inside an autogenically pressurised Parr
reactor and heated for 12 h at 175 °C. After cooling, the precipi-
tated product was washed with DI water thoroughly four times and
dried at 60 °C to obtain the base material (Na-NTO). A typical
reaction yielded approximately 2 g of the product.

Ion exchange was carried out by stirring for 6 h 10 ml
of a 1 M aqueous solution of the appropriate amount of either
ZnCl, (Sigma-Aldrich), or CaCl, (Sigma-Aldrich), or BaCl,-2H,0
(VWR chemicals), or Co(NO3),-6H,0O (Thermo Scientific), or
KClI (Merck), or MgCl, (Sigma-Aldrich), or Ni(ClO,4), (ROC/RIC
chemicals), or SrCl,-6H,O (Sigma-Aldrich), or LiCl (Sigma-
Aldrich), or CdCl,-2.5H,0 (Fisher Scientific), or CsCl, (Sigma-
Aldrich), to which 0.5 g of the Na-NTO base material was added
as a solid. The solids were isolated on a frit and washed with DI
water thoroughly and dried at 60 °C. The ion-exchange materi-
als are named according to the replaced ion, e.g., Na-NTO
treated with the Zn*" material is referred to as Zn-NTO etc.

2.2. Characterization of materials

X-ray diffraction (XRD) spectroscopy using Cu-Ko radiation on a
PANalytical Xpert3 powder X-ray diffractometer was used to
analyze the crystal structure of the materials. The samples were
scanned at a step size of 0.02626° in the 20 range of 5-60°.
Profex software was used to conduct the Rietveld refinement.
Thermogravimetric analysis (TGA) experiments were performed
on a Mettler Toledo TGA/DSC 1 instrument with alumina as a
standard and the samples (4-6 mg) were heated from 25 to
700 °C at a ramp rate of 10 °C min~". The whole measurement
was carried out in 20 mL min ' flow of N, gas. Scanning electron
microscopy (SEM) images were obtained by using a Zeiss Merlin
Schottky FE-SEM equipped with a GEMINI II column. The related
image contains the acceleration voltage (also known as electron
high tension, or EHT), prober current, and working distance.
N, adsorption-desorption measurements were conducted by using
a Micromeritics TriStar 3000 porosimeter. The isotherms were
recorded at —196 °C after the samples were outgassed for two
hours at 100 °C. The specific surface areas were collected using the
Brunauer-Emmett-Teller (BET) method, and the pore volumes
were calculated using the desorption isotherms. The pore size
distributions were estimated using the Barret, Joyner, and
Halenda (BJH) algorithm with the ASAP-2010 program. X-Ray
photoelectron spectroscopy (XPS) was obtained using a Kratos
Axis Ultra DLD electron spectrometer with a monochromated Al
Ko source running at 150 W. Wide spectra were obtained using
an analyzer pass energy of 160 eV, whilst individual

© 2026 The Author(s). Published by the Royal Society of Chemistry
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photoelectron lines were detected at 20 eV. Kratos software was
used for spectral processing.

2.3. Electrochemical characterization

For the electrochemical tests, CR-2032 coin-type half cells with O,
and H,O levels < 0.5 ppm were fabricated in an argon-filled glove
box (MBraun-MB10-compact). For each electrode, DI water was
mixed with the active substance (80 wt%), Super P (Thermo
Scientific) (15 wt%), and the sodium carboxymethylcellulose
(CMC-MedChemExpress; 5 wt%) binder. The mixture was applied
on a copper foil current collector (TMAXCN; 14 mm diameter and
0.1 mm thickness) and dried at 50 °C. The electrode loading was
approximately 2-3 mg cm™ 2. A glass microfiber filter (Whatman,
Grade GF/F; 19 mm diameter) served as the separator, and the
electrolyte was 1 M NaClO, (Thermo Scientific) in ethylene carbo-
nate (EC, from AmBeed) and dimethyl carbonate (DMC, from TCI;
1:1 v/v). Coin cells were constructed using sodium metal as the
counter/reference electrode. Cyclic voltammetry (CV) curves at
different scan rates and electrochemical impedance spectra (EIS)
in the frequency range of 10 mHz to 1 MHz were recorded using a
Gamry 1010E interface workstation. A NEWARE CT-4008 battery
tester was used to record the galvanostatic charge-discharge curves
within a 0.01-2.5 V (vs. Na'/Na) voltage window. All electrochemi-
cal measurements were performed at 20 °C.

2.4. Ex situ XRD and XPS

For ex situ XRD/XPS measurements, the cells were charged/
discharged to selected voltages after three complete discharge-
charge cycles and disassembled inside the argon-filled glove

Nb,0s.nH,0 NaOH

tert-butyl H,0,

s

TIPT

—

Stirringfor 1 h

N —

Hydrothermal treatment
at175°Cfor12 h
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box with O, and H,0 levels < 0.5 ppm. Any residual electrolyte
was washed with the DMC solvent after recovering the electro-
des. Later, they were dried in the glove box for 24 h prior to
characterization.

3. Results and discussion

Fig. 1 illustrates the preparation of the basic SOMS material,
Na,Nby 6Tip 405.6(OH)o.4-H,O (Na-NTO), through a simple and
straightforward hydrothermal synthesis, as well as the prepara-
tion of ion-exchanged SOMS materials (e.g. Zn-NTO).

Fig. 2a shows the crystal structure of the Na,Nb,0s-H,O or
SOMS material which contains [NaOg] and [Nb/TiO¢] octahedra,
with the remaining Na" species occupying the channel sites
within the crystalline framework."? The [Nb/TiO,] octahedra are
connected like double chains parallel to the [010] direction,
whereas the [NaOg4] octahedra are connected in layers that are
parallel to [001]. The assembly of these layers of the [NaOg]
octahedra alternates with the layers of double chains of the [Nb/
TiOg] octahedra along the length of the c-axis forming a 3D
network of channels. Unlike the case with corner sharing,
which is commonly seen in framework structures, both the
[Nb/TiO¢] and [NaO¢] octahedra are asymmetrical due to edge-
sharing. In addition, the [NaOg] octahedra are more flexible
and distorted than the [Nb/TiO4] octahedra as the O-Na-O
bond angles have larger deviations from 90 or 180° compared
to that of O-Nb/Ti-O bond angles. Each of the extra Na (Na(3))
species is coordinated to four O atoms in a deformed, square-
planar geometry, and is located along 1D channels that are

After filtration and drying

ZnCl,

lon exchanged - SOMS Stirring for 6 h

Fig. 1 Schematic illustration of the preparation of Na-NTO and ion-exchanged SOMS materials.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Structure of Na;Nb,Og-H,O (from ref. 12) and (b) XRD patterns of Na-NTO, (c) ion-exchange selectivity vs. ionic radius plot of selected divalent

and monovalent ions, (d) XRD patterns of modified materials, (e) rate performance at various current densities, and (f) discharge specific capacity values
(at a current density of 25 mA g~%) of Na-NTO and the ion-exchanged SOMS materials Ba-NTO, Sr-NTO, Cd-NTO, Zn-NTO, Ni-NTO, Co-NTO, Mg-NTO,

Li-NTO, Ca-NTO, K-NTO and Cs-NTO.

parallel to the b-axis. In particular, Na(3) is not located at the
centre of a rectangle but rather at one of the two sites that are
displaced from it.'> Therefore, each Na(3) site has only 50%
occupancy. Thus, this structure is unique in a manner that the
extra cation also participates in forming the framework and
creates distorted materials containing defect sites in the lattice.

Furthermore, the crystallinity and phase purity of the
Na-NTO material were analyzed using XRD (Fig. 2b), which
demonstrates that the product consists of pure phase Na-NTO
with a monoclinic lattice assigned to the C2/c space group
without any secondary phase impurities. All diffraction peaks,
along with a high degree of crystallization, are perfectly
matched with the major XRD reflections of the reported refer-
ence sample (ICSD no. 55415)."? Different divalent (Ba>", Sr**,
Ca**, Mg?*, Co*", Ni**, Zn**, and Cd**) and monovalent (Cs", K",

1694 | Mater. Adv, 2026, 7,1691-1703

and Li") cations were selected."* Fig. 2c shows all the selected
cations divided into four quadrants with respect to their ionic
radii and selectivity (Kq from ref. 11) by assuming Na® (ionic
radius - 1.02 A) as the origin to better understand their proper-
ties. Quadrant I contains the ions with high selectivity and high
ionic radius - Ba** and Sr** - whereas quadrant II contains the
ions with high selectivity and low ionic radius, namely Cd*",
Zn*', Ni**, and Co*". Quadrant III contains the ions with low
selectivity and low ionic radius - Mg?*, Li*, and Ca®" - while
quadrant IV has the ions with low selectivity and high ionic
radius - K" and Cs'. After the Na'-ion is exchanged with these
cations, the ion-exchanged materials are obtained and exhibit
the same phase and crystal structure as those of basic SOMS,
the Na-NTO material which is confirmed by the XRD patterns
shown in Fig. 2d.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, the rate performance of all the ion-exchanged
SOMS materials along with the basic SOMS material was
evaluated at different current densities (Fig. 2e) and it is clear
that at every current rate, the SOMS materials which are
exchanged with the quadrant II elements, Cd-NTO, Zn-NTO,
Ni-NTO and Co-NTO, showed better electrochemical perfor-
mance compared to the other quadrant elements. For a better
view, the reversible discharge specific capacities of all the
materials at a current density of 25 mA g~ are shown in Fig. 2f.

It is clear from the results that the ion-exchanged SOMS
materials containing the ions from quadrants III and IV - Mg-
NTO, Li-NTO, Ca-NTO and K-NTO, Cs-NTO, respectively -
delivered poor discharge specific capacities, which was likely
due to their low selectivity (Fig. 2c) causing them to revert back
to Na-NTO in the presence of the sodium ion containing
electrolyte of the coin cell battery. On the other hand, the
divalent cations from quadrant I exhibit higher selectivity, yet
the corresponding SOMS materials - Ba-NTO and Sr-NTO -
showed lower discharge capacities compared to that of the base
material, Na-NTO, which may be due to their higher ionic radii
(Fig. 2¢) compared to that of Na', although the mechanism is
not clear. Thus, it is evident that the ion-exchanged SOMS
materials for which the divalent/monovalent cations exhibit
higher selectivity and lower ionic radii (quadrant II) delivered
better rate performance compared to the other SOMS materials,
including Na-NTO. The best performing (quadrant II) ion-
exchanged SOMS materials, Cd-NTO, Zn-NTO, Ni-NTO and
Co-NTO, underwent further studies and were compared with
unmodified Na-NTO.

The observed and calculated XRD patterns of SOMS materi-
als (for quadrant II), before and after ion exchange, are deter-
mined by using the Rietveld refinement (using Profex software)
which are shown in Fig. 3. In addition, the lattice parameters
are given in Table 1, and it is clear that the unit cell volume is
decreased for ion-exchanged materials compared to the basic
SOMS (Na-NTO) material. It may be due to the fact that the
ionic radii of quadrant II cations are less than that of Na*
(Fig. 2c). Thus, the replacement of Na“ with the selected
divalent/monovalent cations does not disturb the fundamental
structure of the SOMS and the molecular sieve framework
remains stable even after the ion-exchange. Furthermore,
Fig. S1 shows the TGA spectra of Na-NTO, Cd-NTO, Zn-NTO,
Ni-NTO and Co-NTO materials and two weight loss events are
observed, upon heating, for all the five materials. The weight
loss that occurred in the range of 150-250 °C corresponds to the
loss of framework water and hydroxyls, which varies from 5 to
9 wt% for the ion-exchanged and the basic SOMS materials.
Another weight loss event that occurred below 150 °C may be
due to the loss of surface water;® however, there is no further
weight loss until 700 °C. Thus, it is evident from the TGA
analysis that the ion-exchange process does not affect the
thermal stability of SOMS materials.

The morphologies and microstructures of Na-NTO and the
ion-exchanged material Zn-NTO were analyzed by SEM, as
shown in Fig. 4. A fine needle-shaped morphology is observed
both in the Na-NTO (Fig. 4a) and Zn-NTO (Fig. 4b) materials,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and these needles are typically a few micrometers long and a
few nanometers wide."? It is evident that the morphology of the
basic SOMS material has not been altered after Na® is
exchanged with Zn®". Furthermore, the uniform distribution
of zinc as well as the other elements, such as Na, Nb, Ti and O,
in the Zn-NTO material are confirmed by the EDX elemental
mapping images (Fig. 4d-h). Thus, the presence of Zn indicates
that the Na" ions are successfully exchanged with Zn>". Simi-
larly, Fig. S2 confirms the uniform distribution of Na, Nb, Ti
and O in Na-NTO. The specific surface areas and pore size
distributions of four ion-exchanged SOMS materials, Cd-NTO,
Zn-NTO, Ni-NTO and Co-NTO along with Na-NTO, were deter-
mined by analysing the N, adsorption-desorption isotherms
(Fig. 4i and j). The samples Cd-NTO, Zn-NTO, Ni-NTO and Co-
NTO exhibited higher Brunauer-Emmett-Teller (BET) specific
surface areas (Spgr) compared to the base material, Na-NTO
(Table 2). With an increase in the specific surface area, the rate
of sodium ion diffusion in the material and/or the kinetics of
the sodium intercalation/deintercalation at the electrode/elec-
trolyte interface can be greatly improved.'* Furthermore, the
Barrett-Joyner-Halenda (BJH) mean pore size of all the five
materials was determined to be in the range of 12-18 nm
(Table 2), suggesting that the SOMS materials are of meso-
porous nature."®

Fig. 5a and b display the cyclic voltammetric curves of both
Na-NTO and Zn-NTO electrodes for the three initial cycles, in
the voltage range of 0.01-2.5 V. The cathodic and anodic peaks
near 0.01 V observed in the CV curves in each case indicate the
sodium insertion/extraction into/from the SOMS structure. The
irreversible broad reduction peak at ca. 0.5 V in the first cycle is
due to the formation of a solid electrolyte interphase (SEI) film
and/or the electrolyte decomposition.'® Similar behaviour is
observed in other SOMS materials, Cd-NTO, Ni-NTO and Co-
NTO, which are shown in Fig. S3a-c. However, sodium inser-
tion and extraction are both highly reversible, which is evident
from the overlapping CV curves in the subsequent cycles.
Furthermore, the electrochemical performance of all five sam-
ples in the initial three charge-discharge cycles at a current
density of 10 mA g~ ' is shown in Fig. 5¢, d and Fig. S3d-f.
The unmodified SOMS material, Na-NTO, delivered the initial
discharge and charge specific capacities of 218.44 and
60.60 mAh g, respectively. On the other hand, the ion-
exchanged SOMS materials, Cd-NTO, Zn-NTO, Ni-NTO and
Co-NTO, delivered enhanced discharge/charge specific capacities
of 376.27/133.91, 442.31/154.11, 504.51/104.36 and 487.10/
138.03 mAh g, respectively. For all the materials a high irrever-
sible capacity loss was recorded in the first cycle and it may be due
to the formation of an SEI layer, or the degradation of the liquid
electrolyte, which is consistent with the CV results. Additionally,
during the initial discharge cycle, some Na" ions may become
irreversibly trapped in the pores of the (sponge-like) SOMS
structure. However, the loss is greatly reduced from the second
cycle and the reversible (second discharge) capacities of all the five
materials are given in Table 2. Furthermore, it is observed that the
coulombic efficiency is greatly improved (>75%) in all the five
samples from the third charge-discharge cycle. Thus, the SOMS

Mater. Adv., 2026, 7,1691-1703 | 1695


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01026h

Open Access Article. Published on 14 January 2026. Downloaded on 3/16/2026 1:05:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

(@)

Intensity (a.u.)

View Article Online

Materials Advances

Na-NTO

Observed
Calculated
Difference

|
/ AL A
iwimesd | N,,.,.«.»-.w\.y,w.w, TRAV A e st oipbigwd reabncniaiid

L I L L L

(b)

Intensity (a.u.)

(@)

Intensity (a.u.)

W’&’WM"JWL’MWAM

10 20

Fig. 3 Rietveld refined XRD patterns of (a) Na-NTO, (b) Cd-NTO, (c) Zn-NTO,

30

20 (%)

10 20 30 40 50 60
20 (°
(©)
Cd-NTO Zn-NTO
Observed : Observed
—— Calculated < —— Calculated
Difference ; Difference
S
=
tvnia/ | W SN NS proeisiop, proming
[t oy
¥ 1 ik 1 L
10 20 30 40 50 60
20 (%)
. (e)
Ni-NTO Co-NTO
Observed -~ Observed
—— Calculated : ——— Calculated
Difference ; Difference
S
A gl MX\,W‘MMM Ptk
40 50 60 10 20 30 40 50 60
20 (%)

(d) Ni-NTO and (e) Co-

NTO materials.

Table 1 Structural details of Na-NTO, Zn-NTO, Cd-NTO, Ni-NTO and Co-NTO materials obtained from the Rietveld refinement

Lattice parameters

Unit cell Goodness
Sample name a(A) b (A) c(A) B volume (A%) of fit (GoF)
Na-NTO 16.995(1) 5.032(7) 16.478(1) 113.96(4) 1287.74(9) 1.47
Zn-NTO 17.221(6) 4.979(0) 16.327(2) 115.08(1) 1267.94(1) 2.67
Cd-NTO 16.880(6) 5.048(5) 16.387(5) 114.11(6) 1274.52(7) 1.59
Ni-NTO 16.880(6) 5.046(1) 16.436(8) 114.01(4) 1278.82(8) 1.47
Co-NTO 16.880(6) 5.031(1) 16.366(9) 114.25(2) 1267.21(6) 1.22

materials exhibit stable reversible electrochemical kinetics against

the Na metal.

In order to have a better understanding of the insertion/
extraction behavior of Na' ions, the coin-type cells are dis-
assembled as described in the Experimental section to perform

1696 | Mater. Adv., 2026, 7, 1691-1703

ex-situ XRD measurements. At 20 values of 43.3° and 50.4°, the

typical Cu peaks are visible (Fig. S4a). Furthermore, at a current

density of 50 mA g™, the changes in the crystal structure of
SOMS electrodes are examined during the charge/discharge
process at (i) a fully charged state (2.5 V), (ii) discharged to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of (a) Na-NTO and (b) Zn-NTO materials, (c)-(h) electron diffraction X-ray spectroscopy (EDX) images of the Zn-NTO material,
(i) No-adsorption and desorption isotherms and (j) pore size distribution of Na-NTO, Cd-NTO, Zn-NTO, Ni-NTO and Co-NTO materials.

1 V and (iii) discharged to 0.01 V vs. Na'/Na. As shown in
Fig. S4b, the high intensity diffraction peak (200) moves to a
lower angle during the discharging process from 2.5 Vt0 0.01V,
signifying the expansion of the crystal structure along the
a-direction."” Similar behaviour is seen in all other four elec-
trodes (Fig. S4c-f).

Ex situ XPS was performed on a Cd-NTO electrode for further
confirmation of the Na'-ion insertion mechanism. The survey
spectrum (Fig. 6a) of pristine Cd-NTO contains Na 1s, Cd 3d,
Nb 3d, Ti 2p and O 1s peaks positioned at binding energies of
ca. 1071, 405, 207, 458 and 530 eV, respectively. From Fig. 6b, it
is clear that no shift has occurred for the Cd 3ds/, (405.7 eV)
and 3d;, (412.5 eV) peaks, probably due to its fixed position in
the Cd-NTO structural framework, which indicates that Cd**

© 2026 The Author(s). Published by the Royal Society of Chemistry

remains electrochemically inactive during Na'-ion insertion.
However, a systematic core-level peak shift, toward lower bind-
ing energy, is observed in the case of Nb/Ti upon discharge."®"°
A significant peak shift is observed for Nb 3ds/, (207.4 eV) and
Nb 3d;/, (210.2 eV) toward a lower binding energy side (207 and
209.7 €V, respectively) during Na'-ion insertion consistent with
the reduction of Nb>* to Nb** (Fig. 6¢). A similar phenomenon
is observed in the case of Ti 2p, as shown in Fig. 6d, where the
peaks, 2ps/; (458.9 to 458.7 eV) and 2p;, (464.7 to 464.4 eV), are
shifted to lower binding energies, which may correspond to a
partial reduction of Ti'* to Ti*", upon sodium insertion.
Thus, the ex situ XRD/XPS results reveal the electrochemical
sodiation/desodiation process which is governed by Nb/Ti
redox reactions.
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Table 2 The BET specific surface area, pore size, discharge specific
capacity at 10 mA g%, ¢ (slope of Z’ vs. w2 plot) and Na-ion diffusion
coefficient from EIS, and b values from the power law for the SOMS
materials, Na-NTO, Cd-NTO, Zn-NTO, Ni-NTO and Co-NTO

Specific
SBET Pore size capacity Dya+
Sample (m*g ') (nm) (mahg™) o (em*s™) b
Na-NTO 38.48 18.00 88.96 31.2 9.06 x 1072 0.86
Cd-NTO 48.07 15.77 152.49 10.4 8.16 x 107" 0.87
Zn-NTO 45.02 12.39 195.56 15.9 3.49 x 10~ 0.90
Ni-NTO  45.79 18.79 146.31 19.6 2.29 x 10°** 0.84
Co-NTO 61.76 14.49 191.48 18.5 2.57 x 107! 0.83

Fig. 7a shows the rate performance of five SOMS materials at
different current densities starting from 10 to 2000 mA g . The
initial coulombic efficiencies of all the materials are deter-
mined to be quite poor, and they are 34.8, 35.5, 20.6, 28.3
and 27.7% for Zn-NTO, Cd-NTO, Ni-NTO, Co-NTO and Na-NTO
materials, respectively; however, the coulombic efficiencies are
significantly improved from the subsequent cycles. Further-
more, the unmodified SOMS material, Na-NTO, displayed the
discharge specific capacities of 88, 52, 43, 36, 29, 20, 13 and
2 mAh g~ ' at current densities of 10, 25, 50, 100, 200, 500,
1000 and 2000 mA g~ ', respectively. On the other hand, the ion-
exchanged material Cd-NTO delivered the enhanced discharge
specific capacities of 152, 106, 89, 70, 49, 32, 20 and 5 mAh g™,
whereas Co-NTO delivered the discharge specific capacities of
191, 100, 75, 57, 41, 25, 18 and 11 mAh g~ ', respectively, at the
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same current densities. Also, the ion-exchanged material,
Ni-NTO, delivered the discharge specific capacities of 146, 74,
57, 46, 36, 25, 19, and 11 mAh g, respectively. However, the
Zn-NTO material delivered the high discharge specific capaci-
ties of 195, 128, 113, 102, 89, 57, 26, and 14 mAh g%,
respectively, at the same current densities among the other
samples. Furthermore, it is important to note that in all five
materials, when the current density is returned to the initial
value (10 mA g~ ), the discharge specific capacities are almost
returned to their initial values which demonstrates their high
reversibility and significant stability. Thus, the high rate cap-
ability in all ion-exchanged SOMS materials is attributed to
their high specific surface area (see Table 2) compared to the
unmodified material (Na-NTO) as the large surface area is
beneficial for more reaction sites and shorter diffusion paths
for ionic transport and electronic conduction.?® Furthermore,
long-term cycling stability over 100 cycles of all the five materials
is shown in Fig. 7b at a current density of 50 mA g " in the voltage
range of 0.01 and 2.5 V. It is clear from the figure that all samples
delivered consistent coulombic efficiencies of above 99% during
the cycling. Here, the unmodified SOMS material, Na-NTO,
delivered a discharge specific capacity of only 24 mAh g™ after
100 cycles which corresponds to a capacity retention of 54%. It
may be due to the increase in its interfacial resistance that
resulted from the reaction between the electrode and the organic
electrolyte.”* Conversely, superior reversible capacities of 72, 74,
36 and 43 mAh g~ ' were recorded for Cd-NTO, Zn-NTO, Ni-NTO
and Co-NTO materials, respectively, after 100 cycles. Thus, the
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Fig. 5 Cyclic voltammetric and galvanostatic charge—discharge curves of Na-NTO (a) and (c) and Zn-NTO (b) and (d) materials for the first three cycles.
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Cd-NTO electrode.

materials Zn-NTO, Ni-NTO and Co-NTO exhibited a significant
capacity retention of 60%, while the material, Cd-NTO, delivered a
high capacity retention of 72%. Furthermore, the electrochemical
performance of ion-exchanged SOMS materials is compared with
that of some other reported anode materials for SIBs in Table 3.

The enhanced rate and cycling performances were further
analysed with the help of electrochemical impedance spectro-
scopy for the four ion-exchanged materials along with the
unmodified SOMS material, before and after 10 cycles of
discharge and charge (Fig. 7c, d and Fig. S5). The equivalent
circuit, shown in the inset of Fig. 7c, is used to fit the Nyquist
plots, where Rg represents the solution resistance, Rgg; is the
SEI layer resistance, and R is the charge transfer resistance.”>
A high SEI resistance of 56 Q is observed in the case of Na-NTO,
whereas negligible SEI resistance values, such as, 8, 7, 4 and
6 Q, are found for the ion-exchanged SOMS materials, Cd-NTO,
Ni-NTO, Co-NTO and Zn-NTO, respectively. In the case of the
Na-NTO electrode, a higher charge transfer resistance of 69 Q is
recorded after cycling. On the other hand, significantly smaller
charge transfer resistances of 22, 38 and 37 Q are recorded for
the ion-exchanged SOMS materials Cd-NTO, Ni-NTO and Co-
NTO, respectively. Interestingly, for the Zn-NTO material a
charge transfer resistance of 61 Q was recorded, which is

© 2026 The Author(s). Published by the Royal Society of Chemistry

468 466 464 462 460 458 456
Binding energy (eV)

(a) XPS survey spectrum of the pristine Cd-NTO sample, and ex situ XPS spectra of (b) Cd 3d, (c) Nb 3d and (d) Ti 2p of pristine and the discharged

somewhat a higher value compared to those of other ion-
exchanged SOMS materials. It could be the possible reason
for a rapid decrease in the specific capacity of the Zn-NTO
material during the long-term cycling.

Furthermore, the improved electrochemical rate performance
and cycling stability are directly related to the Na*-ion diffusion
coefficient, Dy,+, which can be calculated using eqn (2),%

R2T?

LA FICr 202 @

DN'AJr =
where R is the gas constant, T is the temperature, F is the Faraday
constant, n represents the number of transferred electrons, A is
the effective working area of the electrode, o is the slope of Z’ vs.
o Y% and C is the Na*-ion concentration. Using eqn (3),%*

Z' = Ry + Rggy + Rey + 00 2

®)

the slope (¢) values can be determined by using the plot
between Z' and w~*? (Fig. 7¢), and are given in Table 2. After
substituting all the values in eqn (2), the Cd-NTO electrode
exhibited a significantly higher sodium ion diffusion coefficient
(Table 2), while the unmodified SOMS material, Na-NTO,
exhibited a lower Na'-ion diffusion coefficient compared to
those of the other SOMS materials. Thus, the fast movement of

Mater. Adv,, 2026, 7,1691-1703 | 1699
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curves of Z’ and w2 at a low frequency region of Na-NTO, Cd-NTO, Zn-NTO, Ni-NTO and Co-NTO materials.

Table 3 Comparison of electrochemical performance of ion-exchanged SOMS materials with that of some other reported anode materials for SIBs

Potential window

Specific capacity

Anode material Preparation (V vs. Na'/Na) (mah g™ Current density Ref.
Nb-TiO, Sol-gel 0.0-2.5 177.9 0.1C 25
TiNb,O, Ball milling 0.01-2.5 180 15 mA g~ ! 26
2-Nb,C/BTC Dehydration condensation reaction 0.0-3.0 164 100 mA g~ * 27
KNb;Og@F-C Solution-assisted solid-state reaction 0.01-2.5 173 10 mA g’l 28
Zn3;Nb,Og Solvothermal 0.01-3.0 212.2 50 mA g " 29
Co-NTO Hydrothermal 0.01-2.5 191.48 10mA g This work
Zn-NTO Hydrothermal 0.01-2.5 195.56 10mAg* This work

Na' ions, during the charge-discharge cycles, contributed
to the enhanced electrochemical performance in the ion-

exchanged SOMS materials.

The CV plots of Na-NTO, Cd-NTO, Zn-NTO, Ni-NTO and Co-
NTO materials at different scan rates are displayed in Fig. 8 and

1700 |

Mater. Adv.,, 2026, 7, 1691-1703

Fig. S6. It is clear that the anodic and cathodic peak currents
increase as the scan rate increases for all the materials. In

addition, the redox peaks are more symmetric, which indicates

that the electrodes exhibit a high reversibility. In all the
materials, the oxidation peak shifted towards a higher potential

© 2026 The Author(s). Published by the Royal Society of Chemistry
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as the scan rate increases, indicating smaller polarization of the
electrode materials.*”

Furthermore, the power law relationship (eqn (4)) is used
to investigate the electrode kinetics in the five SOMS
materials,**

i, =a’ (4)

where i, is the peak current, v is the scan rate, and a and b are
constants determined from the fitting. Eqn (4) can be rewritten
as eqn (5),

log(i,) = log(a) + blog(v) (5)

© 2026 The Author(s). Published by the Royal Society of Chemistry

Here, the slope b can be obtained from a linear fit of the
graph between log(v) and log(i},) (Fig. 8c), and the value can be
used to determine the capacitive and diffusion-controlled con-
tributions for the total capacity. From Table 2, the b value of all
the five materials lies between 0.8 and 0.9, which indicates that
the Na'-ion storage mechanism is controlled by both capacitive
and diffusive processes. Furthermore, the quantitative reparti-
tion of the diffusive and capacitive contributions to the overall
storage mechanism of the Zn-NTO material is analysed using
eqn (6),®

iV) = kv + k™ (6)

Mater. Adv,, 2026, 7,1691-1703 | 1701
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where kv and k,v'* represent the surface capacitive and the
diffusion-controlled contributions, respectively. The capacitive
and diffusive contributions on the CV plots of the Zn-NTO
electrode at a scan rate of 0.4 mV s~ ' are shown in Fig. 8d. It is
clear from Fig. 8e that the percentage of capacitive contribution
increases gradually as the scan rate increases from 0.4 to
1 mV s~ . This may be due to the surface capacitance dominat-
ing the total capacity under high rate conditions. Consequently,
the slow intercalation speed is unable to satisfy the needs of the
high rate electrochemical processes at higher scan rates, which
results in a decrease in the diffusion regulated capacity
contribution.** Thus, the ion-exchanged SOMS materials, Cd-
NTO, Zn-NTO, Ni-NTO and Co-NTO, exhibited significantly
improved electrochemical performance due to the high selec-
tivity and low ionic radii (SOMS associated with the cations
from the quadrant II) compared to those of the other SOMS
materials.

4. Conclusion

In summary, the isostructural ion-exchange SOMS material, Na-
NTO, was prepared here by a facile one-step hydrothermal
reaction using niobic acid as a precursor rather than the more
complex and lengthy synthesis procedures which are available
in the literature. Furthermore, on exchanging the Na* ions for
other monovalent or divalent cations the electrochemical per-
formance of the electrode materials in SIBs was changed. The
SOMS materials, which are associated with the divalent cations
selected from the quadrant II, Cd-NTO, Zn-NTO, Ni-NTO and
Co-NTO, delivered higher discharge specific capacities com-
pared to all other SOMS materials. In particular, the ion-
exchanged material, Zn-NTO, exhibited a high specific capacity
at every current density due to its optimal pore size and ionic
radii, while the Cd-NTO material delivered a high capacity
retention of 72% due to its high Na' ion diffusion coefficient
and low charge transfer resistance. We believe that the detailed
investigation and comparison of these ion-exchanged SOMS
materials provide new insights on the development of novel
anode materials for the Na-ion battery technology.
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