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Aqueous sodium-ion batteries (ASIBs) have emerged as promising candidates for large-scale energy
storage systems due to their superior safety, cost-effectiveness and environmental friendliness. Among
various anode materials, sodium titanium phosphate (NaTi>(PO4)s, NTP) as a NASICON-type compound
with its high theoretical capacity, excellent sodium ion conductivity and good structural stability.
However, the electrochemical performance of NTP anodes used for ASIBs is significantly hindered by
electrode—electrolyte interface instability resulting from the hydrogen evolution reaction (HER),
electrode dissolution and unstable solid electrolyte interphase (SEI) in aqueous electrolytes. This review
systematically outlines recent advances and technological innovations in the design strategies of NTP
anode/electrolyte interfaces to address the previously underexplored interfacial challenges between NTP

anode materials and aqueous electrolytes in ASIBs. Subsequently, the proposed solutions, including
Received 24th March 2025 lectrolvt it | ootimizati interfacial i dificati d SEl interf dulati t
Accepted 7th June 2025 electrolyte compositional optimization, interfacial coating modification an interface modulation, to
the abovementioned issues are correspondingly summarized and discussed. Finally, the development

DOI: 10.1039/d5ra02080h direction and future prospective of NTP anode/electrolyte interface research is further discussed,
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1 Introduction

Throughout the industrialization process, traditional fossil
fuels, such as coal, oil, and natural gas have long dominated the
global energy supply. These fuels were formed over geological
timescales and release greenhouse gases including carbon
dioxide, methane, and nitrous oxide during combustion, which
are considered to be major contributors to global warming."* It
is worth noting that the depletion of these non-renewable
resources exhibits a significant difference from the increasing
trend of global energy demand. In this context, the development
and utilization of green renewable energy sources, such as wind,
solar, and tidal power, are increasing due to their environ-
mental benefits and widespread availability.*

However, these energy sources face critical challenges,
including uneven geographical distribution and inherent
intermittency, which render their generated electricity incom-
patible with direct grid integration.® Dynamic characteristics
such as diurnal cycles and seasonal fluctuations further impose
stringent demands on existing energy storage technologies. Due
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providing a guidance for the design of high-performance ASIBs.

to the global energy structure transition and the rapid devel-
opment of renewable energy, efficient, safe, and low-cost energy
storage technologies have become a research hotspot.*” Energy
storage can be achieved through various methods, including
chemical, electrochemical, electrical, mechanical, and thermo-
dynamic energy storage.® Unlike conventional methods such as
pumped hydro, electrochemical energy storage technology has
become a critical component of modern energy systems due to
its advantages, including adaptability to different locations,
short construction times, quick response, and high effi-
ciency.*>'* These attributes make it essential for integrating
renewable energy sources and enhancing grid stability in
modern power infrastructures. Electrochemical energy storage
uses reversible chemical reactions to convert chemical energy
into electrical energy and vice versa, thus enabling energy
storage.*"* Based on electrode materials, these systems are
mainly categorized into sodium-ion batteries (SIBs), lithium-ion
batteries (LIBs), lead-acid batteries (LAs), sodium-sulfur
batteries (NaS), nickel-cadmium batteries (Ni-Cd), and nickel-
zinc batteries (Ni-Zn). Table 1 compares the performance
characteristics of these secondary batteries. Among the
secondary battery systems being investigated, LIBs are widely
used in energy storage systems due to their high energy density,
large capacity, long cycle life, and fast charge/discharge capa-
bilities.’> However, the sustainable development of this tech-
nology faces geological constraints due to lithium's relatively
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Table 1 Comparison of parameters for various secondary battery®®*12

Secondary battery types Specific energy [Wh kg™ '] Efficiency [%] Lifetime (cycles) Nominal cell voltage
SIBs 80-150 80-85 3000 2.8-3.5

LIBs 200 85-100 1000-4500 3.6-3.8

LAs 35 70-90 500-1000 2.1

Nas 100-250 75-90 2500 2.78-3.2

Ni-Cd 50 70-80 1500 1.2

Ni-Zn 75 70 500 1.73

low crustal abundance of only 20 ppm. In contrast, sodium is
the fourth most abundant element in Earth's crust.”® Therefore,
SIBs have emerged as promising candidates for large-scale
energy storage systems, owing to their abundant sodium
resources and economic viability."**® Their electrochemical
mechanisms, analogous to LIBs, further enhance their
practicality.*”*®

Among various SIBs configurations, aqueous SIBs (ASIBs)
utilizing aqueous electrolytes demonstrate distinct advantages,
including enhanced safety, superior ionic conductivity, envi-
ronmental compatibility, and simplified assembly conditions
compared to their organic electrolyte counterparts.>*>* Specifi-
cally, the advantages and disadvantages of ASIBs and other
aqueous batteries are presented in Table 2. ASIBs exhibit
remarkable merits compared to other aqueous battery tech-
nologies, particularly in the context of large-scale energy storage
applications. Firstly, the elemental abundance of sodium
fundamentally mitigates reliance on scarce resources such as
lithium, nickel, and rare earth elements, ensuring sustainable
supply chains for grid-scale deployment. Secondly, the inherent
safety advantages stem from dual mechanisms: (i) utilization of
non-flammable aqueous electrolytes eliminate combustion
risks, and (ii) the absence of dendritic sodium deposition
mechanisms prevents internal short circuits-a critical
advancement over conventional alkali metal batteries. Thirdly,
the system demonstrates superior environmental compatibility

through elimination of heavy metal contaminants (e.g., plum-
bum (Pb), Cd), aligning with global sustainability initiatives and
carbon neutrality objectives. Finally, the high ionic conductivity
of aqueous media enables exceptional rate performance and
low-temperature operation, overcoming limitations of organic
electrolyte systems. These synergistic advantages position ASIBs
as a transformative technology for next-generation low-cost,
safe and sustainable energy storage solutions. In addition,
ASIBs operate via a reversible sodium-ion intercalation/
deintercalation mechanism within electrode materials, analo-
gous to the “rocking-chair” paradigm observed in lithium-ion
systems (as shown in Fig. 1).

Despite these merits, ASIBs face critical challenges that
hinder practical implementation. The narrow thermodynamic
stability window of aqueous electrolytes (1.23 V)* imposes
stringent voltage limitations, beyond which detrimental water
electrolysis occurs through hydrogen evolution reaction
(HER).**** Secondly, the high solubility and chemical instability
of numerous sodium-containing compounds in aqueous elec-
trolytes significantly compromise electrode stability, energy
density, and cycle life. In addition, the original SEI may be
predominantly composed of inorganic species such as Na,COs,
NaF, or sodium oxides in aqueous electrolyte environments.**»**
These materials exhibit high brittleness and poor ionic
conductivity, coupled with inadequate mechanical compliance
to accommodate electrode volume variations during cycling,

Table 2 Advantages and disadvantages of various aqueous batteries®**-?” (ASIBs; AZIBs: aqueous zinc-ion batteries; ALIBs: aqueous lithium-ion

batteries; LAs; NiMH: nickel-metal hydride battery)

Aqueous battery types Advantages

Disadvantages

ASIBs Rich resources, low-cost, superior ionic
conductivity, superior safety performance,
environment-friendly, low production cost

AZIBs Environmentally friendly, sufficient energy
density, superior safety performance

ALIBs Environmentally friendly, excellent kinetic
properties, superior safety performance

LAs Highly recycled, straightforward charging
mechanism, advantageous cost/performance
ratio

NiMH Environmentally friendly, long cyclic life, good

Narrow electrochemical window, hydrogen
evolution reaction and oxygen evolution
reaction, high solubility of sodium-based
compounds

Zinc dendrite growth, cathode material
dissolution, low coulombic efficiency, hydrogen
evolution reaction

Narrow electrochemical window, severe
hydrogen evolution reaction, current collector
corrosion

High weight, low energy density, short cycle life,
poor low-temperature performance

Low energy density, large volume, memory effect

tolerance to overcharge and overdischarge
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Fig. 1 Schematic diagram illustrating the working principle of an ASIB during charge/discharge cycles.?®

ultimately leading to detrimental structural fractures within the
SEI layer. These issues further restrict viable anode material
selection.”*?*3 Collectively, these limitations underscore the
imperative to develop innovative strategies for electrode mate-
rial optimization and robust electrode-electrolyte interface
engineering in ASIB systems.

Among various anode candidates, sodium superionic
conductor (NASICON)-type materials have attracted significant
attention due to their unique crystallographic configuration.***”
The NASICON-type phase consists of an open three-
dimensional framework of TiOg octahedra and PO, tetra-
hedra, where 2 TiOg octahedra are separated by 3 PO, tetra-
hedra, with which they have shared all their corner oxygens but
no edges or faces (Fig. 2a).*** This material demonstrates
exceptional chemical stability, extended cycling durability, and

inherent safety advantages, positioning it as a superior anode
candidate for ASIBs.*® Specifically, sodium titanium phosphate
(NaTi,(PO,)3, NTP) has emerged as a particularly promising
anode material for ASIBs,*** owing to its unique structural
characteristics.**** The three-dimensional open framework of
NTP contains large internal pore channels. Each NTP unit cell
can accommodate two Na' ions through intercalation, forming
the Na;Ti,(PO,); phase (Fig. 2b), corresponding to a theoretical
specific capacity of 132.8 mAh g~*,* which is conducive to the
rapid diffusion of Na" and high ionic conductivity,**® thereby
enabling long-term cycling stability.*® Additionally, NTP
exhibits an appropriate negative voltage window. Electro-
chemical tests reveal that the redox potential of the Ti*"/Ti**
couple in NTP is —0.6 V versus the standard hydrogen electrode
(SHE) (typically ~0 V vs. SHE under neutral conditions), slightly

Fig. 2 Schematic illustration of the crystal structure. (a) Schematic illustration of the NASICON-type structure.®® (b) Schematic illustration of the

NTP structure.#”
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higher than the hydrogen evolution potential. This character-
istic maximizes the working voltage of ASIBs from the anode
perspective.”” Despite these advantages, the NTP anode/
electrolyte interface in ASIBs suffers from severe side reac-
tions and poor interfacial stability,***® resulting in low practical
specific capacity and short cycle life, which critically limits
further improvement of its electrochemical performance.

The rational design and optimization of the anode/
electrolyte interface represent a critical pathway to address the
aforementioned challenges. This interface not only governs the
Na' transport kinetics, but also dictates the cycling stability and
rate capability of the battery. Despite the growing interests in
ASIBs, regarding the interfacial issues between NTP anode
materials and aqueous electrolytes, there has been a notable
lack of comprehensive review articles systematically addressing
the abovementioned critical challenges (i.e., HER, electrode
dissolution, and unstable SEI). In this sence, this review
systematically summarizes recent advances and technological
innovations in the design strategies of NTP anode/electrolyte
interfaces to address the previously underexplored interfacial
challenges between NTP anode materials and electrolytes in
ASIBs. Subsequently, the proposed solutions, including elec-
trolyte compositional optimization, interfacial coating modifi-
cation and SEI interface modulation (Fig. 3), to the
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abovementioned issues are correspondingly summarized and
discussed. Based on a critical study of existing literature,
potential solutions are proposed to guide future interface
design and performance optimization of NTP anode materials
for high-performance ASIBs.

2 Design strategy

To address the abovementioned issues, researchers have
proposed various design strategies for the NTP anode/
electrolyte interface, including electrolyte compositional opti-
mization, interfacial coating strategies and SEI interface
modulation.

2.1 Electrolyte compositional optimization

Electrolytes are the key ion pipeline connecting the cathode and
the anode in the battery system.*® Its composition (e.g., solvents,
salts, and additives) and physicochemical properties (e.g.,
viscosity, ionic conductivity, and thermal stability) significantly
affect the performance and life of the battery. In particular, the
stability of the NTP anode/electrolyte interface depends on the
ability of the electrolyte to promote rapid transport of Na*, while
inhibiting parasitic side reactions and degradation. Electrolytes
with custom compositions can facilitate the formation of

_Anode/electrolyte
interface

Ay B8 B |

Aqueous electrolyte
'd
“ ) ‘?10-8
° ¥
0 ]
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2

Fig. 3 Schematic illustration of the challenges and design strategy of NaTi>(PO4)s anode/electrolyte interface in ASIBs.
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a robust SEI layer, mitigate the interfacial impedance, and
inhibit the decomposition of the electrolyte on the electrode
surface. The optimized electrolyte can enhance the formation of
a stable SEI layer, reduce the impedance, and prevent the
electrolyte decomposition on the electrode surface, thus
significantly improving the stability and reliability of the NTP
anode/electrolyte interface.

2.1.1 “Water-in-salt” highly concentrated aqueous electro-
Iytes. Highly concentrated electrolytes are particularly effective
in suppressing the activity of water, which is crucial for
enhancing battery performance and longevity. By minimizing
the presence of water, these electrolytes can significantly widen
the electrochemical stable potential window (ESPW) of the
electrolyte, allowing for a greater range of operating voltages
without the risk of electrolyte decomposition. Additionally, the
reduced water activity helps to decrease interfacial side reac-
tions between the electrode and the electrolyte, which are often
responsible for the formation of unwanted byproducts and the
degradation of the electrode material. This ultimately leads to
a more stable and efficient battery system with improved cycle
life and safety characteristics.

Suo et al.* pioneered the concept of water-in-salt (WIS)
electrolyte, which is defined as an aqueous solution with
a weight-to-water ratio of dissolved salt to water higher than 1.
The application of WIS electrolyte has successfully widened the
ESPW of aqueous electrolyte to 3.0 V and enabled the stable
operation of high-voltage aqueous batteries. This concept began
to be used in aqueous lithium-ion batteries. This concept,
initially applied in aqueous lithium-ion batteries, has gained
traction due to its promising results. With the extensive
research on ASIBs in recent years, this method has also been
successfully applied to ASIBs, further expanding its applicability
and practicability in the field of advanced battery tech-
nology.*>*> However, the formation of WIS electrolytes is heavily
dependent on the solubility of the salt. The relatively lower
solubility of sodium salts compared to other alkali metal salts
may limit the range of applications of WIS electrolytes in ASIBs.
For example, the solubility (9-10 mol kg™ ") of typical sodium
salts with fluorinated anions, sodium triflate (NaOTF) and
sodium (bis(trifluoromethane sulfonyl)imide) (NaTFSI), is less
than half that of their Li or K counterparts at room tempera-
ture.**® Therefore, to address this issue, Jiang et al.>* designed
a new ultra-high salt concentration WIS electrolyte with inert
cations by dissolving tetraethylammonium triflate (TEAOTF)
and NaOTF salts in water (9 mol NaOTF + 22 mol TEAOTF). The
electrolyte not only realizes a wide voltage window of 3.3 V
(Fig. 4a), but also effectively inhibits the dissolution of electrode
materials during the cycling process. Due to the large radius of
the TEA" cations (calculated value of 3.6 A), they are not
embedded in the positive and negative electrode materials,
avoiding the cation co-embedding problem commonly found in
mixed cation electrolytes. In addition, the TEA" and OTF~
anions interact weakly in this new type of ultra-high salt
concentration electrolyte, resulting in a relatively low viscosity
and high conductivity even at 31 m ultra-high salt concentra-
tion. The NajggMn[Fe(CN)glo.o7--1.35H,0 (NaMnHCF)//
NaTiOPO, full battery assembled with this electrolyte was cycled

© 2025 The Author(s). Published by the Royal Society of Chemistry
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between 0.7 and 2.6 V (Fig. 4b). And it showed excellent elec-
trochemical performance at both low multiplicity (0.25C) and
high multiplicity (1C), with capacity retention of 90% after 200
cycles at 0.25C and capacity retention of 76% at 1C after 800
cycles (Fig. 4c and d).

2.1.2 Low-concentration electrolytes. However, high
concentrations of electrolytes, although beneficial in some
ways, bring several drawbacks such as increased manufacturing
costs, impaired ion transport and limited temperature adapt-
ability,>**® These issues are particularly concerning as they
deviate from the original design intent of aqueous batteries,
which are intended to cost-effective and versatile. In contrast,
conventional salt-in-water electrolytes, although simpler and
less costly, suffer from a narrow ESPW (<2.5 V). This limitation
leads to the energy density and cycle lifetime of ASIBs,
hindering its performance and practical applicability.>**”

Therefore, there is an urgent need for a balanced approach to
address the inherent stability and efficiency of the water battery
system without compromising the inherent economic and
operational advantages of the water battery system. To address
the above limitations of WIS electrolytes while simultaneously
expanding the ESPW of aqueous electrolytes, researchers have
developed bisolvent-in-salt electrolytes incorporating organic
cosolvents. Nian et al*® demonstrated that introducing
dimethyl sulfoxide (DMSO) with a molar fraction of 0.5 into
aqueous electrolytes (e.g., 2 mol NaClO, in H,0) could signifi-
cantly delay the HER onset potential by up to 1.0 V. DMSO as
a hydrogen bond acceptor replaces the weak hydrogen-bonding
interactions between H,0-H,O with stronger DMSO-H,O
hydrogen bonds (Fig. 5a and b), thereby eliminating free water
molecules in the electrolyte. This reduction in water activity
effectively suppresses HER. This strategy demonstrates that
manipulating hydrogen bonding between water molecules
represents an effective and versatile strategy to suppressing the
HER in aqueous electrolytes. Shang et al.>® proposed a general
strategy for selecting hydrogen-bond-capturing solvents,
wherein the solvents must possess lone electron pairs to serve
as hydrogen bond acceptors and exhibit stability in aqueous
environments.

Approaching from the perspective of weakening hydrogen
bonding interactions experienced by water molecules, Peng
et al.® proposed the use of weak-polar molecules as co-solvents
of aqueous electrolytes to achieve a wide ESPW by comparing
the effects of strong and weak-polar solvents on the ESPW of
aqueous electrolytes. They prepared aqueous electrolytes with
weak-polar co-solvent (AEWPS-5.3 m) as an example of a weakly
polar molecule, 1,3,6-hexanetricarbonitrile (HTCN), to achieve
an ESPW of 3.5 V at a relatively low concentration (Fig. 5e). In
Fig. 5e, the blue curve corresponding to the 17 mol WIS elec-
trolyte exhibits two small kinks at —1.5 V and 1.8 V, potentially
indicative of decomposition processes involving residual
impurities or side reactions within the high-concentration
electrolyte system. As one of the weak-polar co-solvents, the
weak interaction between HTCN and water helps to weaken the
hydrogen bonding of water molecules and indirectly enhances
the O-H bonding and stability of water molecules (Fig. 5¢ and
d), thus effectively broadening the ESPW of the aqueous
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Fig. 4 Battery performance after optimization of an inert WIS high-concentration electrolyte. (a) The electrochemical voltage window of 9 mol
per kg NaOTF electrolyte and Na inert-cation-assisted WIS electrolyte (9 mol per kg NaOTF + 22 mol per kg TEAOTF) at the scanning rate of
10 mV s715% (b) The 1st, 4th, and 10th charge—discharge curves of full battery from 0.7 to 2.6 V at 0.25C.%* (c) The long-term cycling performance
of the full battery at 0.25C.>* (d) Long-term cycling performance of the NaMnHCF//NaTiOPOy, full battery.>*

electrolyte. In addition, HTCN can also act at the electrode-
electrolyte interface inhibiting the dissolution of transition
metal ions and stabilizing the structure of electrode materials.
Based on the designed electrolyte, Na,FeFe(CN)y||NaTiy(PO,4)3
achieves an ultra-long cycle life of 10 000 cycles, and at the same
time, the energy density reaches 71 Wh kg™, showing the great
potential of aqueous sodium electrodes for large-scale energy
storage.

20700 | RSC Adv, 2025, 15, 20695-20711

2.2 Interfacial coating modification

Interfacial coating modification is a sophisticated technique
aimed at enhancing the performance and longevity of NTP
negative electrodes in battery systems. This process involves the
precise construction of a protective layer on the surface of the
NTP electrode, which serves as a barrier to isolate the direct
contact between the electrolyte and the electrode material. The
primary objectives of this protective layer are to enhance other

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

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

such as improving the electronic
conductivity and structural stability of the NTP anode interface.
Furthermore, the protective layer can inhibit the interfacial side
reactions, leading to the degradation of the electrode and
electrolyte against dissolving the electrode material.

2.2.1 Carbon coating. Carbon coating is a simple and
effective interfacial modification method to improve the elec-
tronic conductivity and structural stability of NTP anode. Wu
et al.® adopted the synthesis method of using carbon nano-
tubes and graphite as carbon sources, which were introduced at
the precursor mixing stage or used as conductive additive after
synthesis. The study compared the effects of different carbon
materials and addition methods on the electrochemical

properties of NTP, and found that graphite was superior to
carbon nanotubes in inhibiting NTP grain growth and
improving electronic conductivity, while carbon nanotubes
were more favorable for rapid electron transport in the electrode
structure. The results demonstrate that the composite material
combining graphite-coated NTP with post-synthetically incor-
porated carbon nanotubes (CNTs) as conductive additives
exhibits optimal comprehensive performance. Specifically, this
composite delivers outstanding cycling stability in aqueous
electrolytes, achieving an 86% capacity retention after 100
consecutive charge/discharge cycles at a 1C rate (Fig. 6a). He
et al.®® synthesized NTP/C composites by modified Pechini
method and pyrolysis treatment, retaining an appropriate

RSC Adv, 2025, 15, 20695-20711 | 20701
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Fig. 6 Electrode performance after carbon coating. (a) Discharge capacity versus cycle number of NTP/G + CNTs.®* (b) The first cycle of the
cyclic voltammetry curves of NTP, NTP/G and NTP/C composites (scan rate of 0.5 mV s%).62 (c) Discharge capacity versus cycle number at 2C for
NTP/C and NTP/G composites. (d and e) Scanning electron microscopy (SEM) images at different magnifications (inset in e: magnified SEM).%* (f)
High-resolution transmission electron microscopy (TEM) image.®® (g) CV curves at a scan rate of 0.5 mV s™%% (h) Typical charge/discharge
profiles for the initial few cycles at a rate of 0.2C.%* (i) Rate-capabilities of hollow and bulk NTP@C nanocubes.®* (j) Long cycling performance of
hollow NTP@C nanocubes at different rates.®* (k) Cycling performance of full cell at the current rate of 5C.&

amount of carbon as a conductive and coated on the active
material. The experimental results showed that the NTP/C
composites exhibited higher capacity, cycling performance
and multiplicity performance compared with the pure phase
NTP (Fig. 6b). The discharge capacity of the NTP/C composites

20702 | RSC Adv,
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was 128 mAh g ' at 2C and the discharge capacity was still
maintained at 90.4% after 50 cycles (Fig. 6¢). Hou et al®
developed hollow carbon-coated NTP nanocubes (NTP@C)
through a facile hydrothermal synthesis at ambient tempera-
ture for ASIB anodes (Fig. 6d-f). The NTP@C anode material

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exhibited remarkable electrochemical performance, delivering
a reversible capacity of 125 mAh g~ ' at 0.1C with negligible
capacity degradation even after 1000 cycles under varying
current densities (Fig. 6j). This exceptional cycling stability
underscores the structural integrity and electrochemical
robustness of the carbon-coated NTP composite, affirming its
durability and practicality for ASIB applications (Fig. 6g-i).
When paired with a Na, 4,4MnO, (NMO) cathode in deep eutectic
electrolyte, the NTP@C||NMO full cell demonstrated excep-
tional cyclability over 3500 cycles while delivering a high energy
density of 50.0 Wh kg ™* (Fig. 6k). Notably, the implementation
of an anode capacity compensation strategy enabled the NMO
cathode to achieved an ultrahigh reversible capacity of 75 mAh
g~ in this electrolyte system, effectively suppressing Mn
dissolution through dynamic potential regulation. This syner-
gistic approach resulted in full cells combining remarkable rate
capability and unprecedented cycle stability (90% capacity
retention after 3500 cycles), positioning this architecture as
a promising candidate for grid-scale energy storage
applications.

2.2.2 Polymer coating. The polymer coating has excellent
flexibility and ionic conductivity, which significantly improves
the performance and life of the battery electrodes. It effectively
alleviates volume fluctuations in the charge-discharge cycle,
thus preventing battery failure due to structural degradation
and expansion.®~*” Furthermore, the coating plays a crucial role
in inhibiting the dissolution of the NTP negative electrode into
the electrolyte, thereby maintaining the integrity of the elec-
trode material. Its ionic conductivity facilitates efficient ion
transport between the electrode and the electrolyte, ensuring
a high charge-discharge rate and maximizing the overall energy
efficiency.

Alexander 1. Mohamed et al.*® introduced polypyrrole (PPy)
as a coating for NTP through a high-energy ball milling process
and found that a 5 wt% PPy coating (~8 nm thick) significantly
inhibited the unwanted side reactions with the electrolyte,
increasing the capacity retention rate from 10% (uncoated) to
57% after 50 cycles and stabilizing the electrochemical imped-
ance; whereas, an excessively thick coating (20 wt%, ~23 nm)
can hinder Na' diffusion and lead to material deactivation.
Despite the problems of limited sodium ion diffusion and the
need to optimize the coating thickness, this study provides new
ideas for the development of more efficient energy storage
materials.

2.2.3 Surface nitriding. Compared with carbon and poly-
mer coating methods, nitriding offers advantages of simplicity,
cheapness and high efficiency. Additionally, the nitriding
process shows significant benefits in the application of sodium-
ion battery anode materials. Liu et al.*” used solvothermal and
ammonia nitriding methods to coat TiN on the surface of NTP
(Fig. 7a), which successfully made the anode material have
higher electrochemical performance. The structure of NTP will
not be changed during the nitriding process, but the Ti** in the
material can be reduced to Ti**. The nitrogen atoms can be
doped into the material to form a TiN layer on the surface of the
material, which significantly improves the electronic conduc-
tivity of the NTP material. As the nitridation duration increases,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the amorphous TiN layer thickens, leading to a significant
improvement in electrical conductivity. However, an excessively
thick amorphous layer may impede Na® diffusion across the
electrode/electrolyte interface, thereby compromising rate
capability and cycling stability. Experimental results demon-
strate that the electrode material subjected to a nitridation
treatment of 1.5 h achieves optimal performance, balancing
enhanced conductivity with efficient ion transport (Fig. 7b). The
TiN-coated NTP material has higher specific capacity and better
cycling stability, and the TiN-coated NTP has an initial capacity
of up to 131.9 mAh g%, and still maintains 92 mAh g~ * after
cycling for 100 times at 2C (Fig. 7c). The nitride-treated NTP
material has higher conductivity and better electrochemical
performance, which provides a new choice of anode material for
ASIBs.

He et al.® developed a facial template-free solvothermal
method to synthesize rugby-like NTP nanoparticles with well-
defined hollow structures. These hollow-structured NTP
(HNTP) particles were uniformly encapsulated within cross-
linked porous N-doped carbon nanofibers (denoted as
HNTP@PNC) via electrospinning and carbonization processes
(Fig. 7d), directly serving as a binder-free anode for flexible
ASIBs. Theoretical calculations revealed that the N-doped
carbon (NC) coating on NTP significantly enhances electronic
conductivity and accelerates Na" diffusion kinetics (Fig. 7e and
f). Benefiting from its unique hollow architecture, continuous
conductive network, and favorable synergistic effects, the
HNTP@PNC electrode delivers a high capacity of 108.3 mAh g *
at 5.5 A g~ ' and exhibits impressive cycling stability with 97.2%
capacity retention after 3000 cycles (Fig. 7g). Furthermore,
a flexible quasi-solid-state ASIB was successfully assembled by
employing the optimized HNTP@PNC film as the anode and
a CNTF@KZHCF (potassium zinc hexacyanoferrate-coated
carbon nanotube films) electrode as the cathode. This device
achieves a high output voltage plateau of 1.6 V, along with
a remarkable volumetric capacity of 24.5 mAh cm® and an
energy density of 39.2 mWh cm™*, outperforming most re-
ported flexible aqueous rechargeable energy storage systems.
These exciting results provide valuable new insights into the
design of advanced binder-free NTP-based anodes for next-
generation wearable ASIBs.

2.3 SEI interface modulation

The modulation of the SEI interface is crucial for the perfor-
mance of drainage sodium-ion batteries. A well-formed SEI
layer effectively prevents unwanted reactions between the elec-
trode material and the electrolyte, reducing dissolution-
precipitation behavior during charging and discharging, further
enhancing the stability and reliability of the battery.” Given the
narrow ESPW of ASIBs, the stability and composition of the SEI
layer are particularly important. By optimizing the SEI layer, the
electrochemical performance of the NTP negative electrode can
be significantly improved, leading to better charge and
discharge efficiency as well as higher energy density.

2.3.1 In situ formation of stable SEI interface. Stable SEI
interface can be formed in situ on the NTP surface by methods,

RSC Adv, 2025, 15, 20695-20711 | 20703
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Fig. 7 Synergistic effects of nitridation and carbon—nitrogen co-coating on electrode performance. (a) HR-TEM images of the TiN modified
NaTi>(PO4)s (nitriding for 1.5 h).# (b) The profiles of cyclic voltammetry (CV) of the TiN modified NaTi»(PO,4)s electrodes in 1 M Na,SO4 at 0.5 mV
s71 sweep rate. (c) The cycling performance of samples at 2C.#7 (d) Schematic fabrication process of HNTP@PNC film.®° (e) Cyclic voltammetry
(CV) curves comparison at 5mV s~* of PNC film and HNTP@PNC film.®° (f) Galvanostatic charge—discharge (GCD) curves at 1.10 A g~.%° (g) Long-
term cycling performance with the corresponding coulombic efficiency at 5.50 A g~* of HNTP@PNC film.5°
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such as adding electrolyte additives, effectively inhibiting the
occurrence of side reactions and electrode dissolution.
Construction of SEI on the anode surface can kinetically
suppress the HER. Due to the much higher solubility of NaF
(>40 mg mL™" at 25 °C) than LiF (<1.34 mg mL ™" at 25 °C) in
water, LiF-rich SEI formed in aqueous Li-ion batteries are much
less stable than NaF-rich SEI formed in aqueous sodium elec-
trolyte.”* Wang et al.”> used adiponitrile (ADN) as a functional
co-solvent to prepare hybrid electrolytes by dissolving NaTFSI
salt in ADN/water mixed solvent, where the molar ratios of Na,
H,0, and ADN were 1:1:x (x =1, 2, etc.) (abbreviated as AWE).
With this hybrid electrolyte, almost all water molecules are
confined in the primary solvation shell of Na" (Fig. 8a). This
unique solvated structure lacking free water molecules not only
enables the formation of NaF-rich SEI, but also effectively
inhibits HER. In addition, the oxidative decomposition poten-
tial of the electrolyte is also elevated due to the inherent high
anodic stability of ADN, which ultimately widens the ESPW to
2.75 V (Fig. 8b). Hybrid electrolytes can also alleviate electrode
dissolution problems due to the lack of free water molecules.
Paired with this electrolyte, the NazV,(PO,);/NaTi,(PO,); full
cell has good cycling stability, achieving an average coulombic
efficiency of 99.6% and a capacity retention of 71% over 1000
cycles (Fig. 8c).

Xu et al®® used the iron-based Prussian blue system as
a model and chose Na,C,0, (NCO) as a functional additive,
which successfully solved two key problems. For one thing, NCO
effectively compensates the sodium defect of the anode material
and realizes the two-electron reaction of iron-based Prussian
blue. Secondly, the SEI on the NTP particles showed a denser
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layer with an increase in thickness of 10 nm after the addition of
NCO (Fig. 9a and b). The decomposition product of NCO, CO,,
reacted with Na" and was deposited on the surface of the NTP
anode, and a Na,COj;-rich and stable SEI layer was constructed
in situ on the surface of the NTP anode. The robust SEI
protective layer can effectively alleviate the continuous Na
consumption and H, precipitation from the NTP anode in the
high-concentration electrolyte system, which is often regarded
as a key factor for the excellent cycling stability of ASIBs. In
addition, compared to the iron-based hexacyanoferrates
(FeHCF)|NTP counterpart, the full cell constructed using
FeHCF and NTP anodes along with an appropriate amount of
NCO has a reversible capacity of 144 mAh g~ " at 0.2C and an
excellent cycling stability of 15 000 cycles at 10C with a retention
rate of 85% (Fig. 9c—e).

2.3.2 Artificial SEI regulation. By constructing a function-
alized protective layer or artificial SEI on the surface of NTP
anode material, its interfacial stability in aqueous electrolyte
was improved, as well as inhibiting the electrode dissolution.
Although strategies such as increasing salt concentration or
introducing organic cosolvents have been demonstrated as
effective approaches to suppress water activity,”’* the
construction of artificial interphase layers at electrode surfaces
to regulate interfacial water structures represents a more
economical and efficient strategy compared to regulating water
aggregation states in the bulk electrolyte. This emerging
methodology shows significant potential for enhancing both
energy density and cycling stability in aqueous battery systems.

For instance, Liu et al.”® developed a composite material
comprising a sodiated perfluorosulfonic acid polymer (Nafion-
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Fig. 9 Mechanism and performance evaluation of in situ SEI protection in ASIBs. (a) Schematic illustration of NCO additives for sodium
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performance of FeHCF—NCOJNTP ANIBs at 10C.**

Na) and NaX zeolite molecular sieve (Fig. 10a), which was coated
onto the surface of an NTP anode. This approach established
a Na'-conductive or ion-sieving interphase protective layer. The
engineered interphase selectively enables the permeation of
dehydrated sodium ions while effectively suppressing water
decomposition and dissolution of electrode materials, thereby
leading to a marked improvement in the cycling lifespan of the
battery (Fig. 10b). The electrode coated with this ion-sieving
interphase layer extends the ESPW of a 2 mol kg™' (2 m)
NaOTF low-concentration electrolyte to 2.70 V (Fig. 10c).
Furthermore, the Na,MnFe(CN)//NaTi,(PO,); battery retains
94.9% of its initial capacity after 200 charge-discharge cycles at
1C, demonstrating exceptional cycling stability. When inte-
grated with emerging electrolyte modifications, this molecular
sieve-derived interphase delivers amplified benefits for the
long-term operation of ASIBs.

Polypyrrole (PPY) conductive polymers have been used to
coat NTP in ASIBs due to their excellent electrical conductivity
and stability. This coating aims to enhance the electrochemical

20706 | RSC Adv, 2025, 15, 20695-2071

performance of NTP by improving charge transfer and
providing structural stability during cycling.®® However, due to
the uncontrolled preparation process, PPY conductive polymers
may have some difficulties in forming a uniformly distributed
coating on the NTP surface. Therefore, the in situ synthesis of
PPY on the NTP surface may not be easy, further promotion of
PPY attachment on the NTP surface is needed.

For that reason, Wang et al.”® attempted electrochemical
oxidative polymerization to construct a protective interphase
layer of artificial PPY on the carbon-coated NTP (NTP/C) anode
surface in an electrolyte solution containing pyrrole (PY) addi-
tives. This interphase layer can inhibit the side reactions at the
electrode/electrolyte interface and improve the chemical
stability of the anode. By optimizing the polarization time and
the amount of PY additive, a uniform and dense interfacial layer
was ex situ obtained, which effectively prevented the direct
contact between the NTP active substance and the aqueous
electrolyte, thus improving the chemical stability of the anode.
The modified NTP/C anode exhibited higher discharge capacity,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Schematic illustration and electrochemical performance of artificial SEI protected ASIBs full cells. (a) Molecular-sieving process for
desolvation of hydrated Na* ions.”® (b) TEM spectra and of Nafion-Na/NaX.”® (c) ESPWs of 9 m NaOTF on the unprotected working electrode and
2 m NaOTF, on unprotected, Nafion-Na protected, and Nafion-Na/NaX protected working electrodes at a scan rate of 1.0 mV s 175 (d) Schematic
for the charge/discharge processes involving possible re-action pathways at the modified NTP/C anode with the PPY protective interphase
layer.”® (e) The NTP/C anodes modified under 0.9 V in Na,SO,4 solutions with varying amounts of PY at 5C rate.”®

better cycling stability, and higher coulombic efficiency during
the charge-discharge cycle (the charging and discharging
process is shown in Fig. 10d). The modified anode with a PPY
coating thickness of about 24 pm exhibited higher charge-
discharge capacity (228.6 mAh g~ '), higher coulombic efficiency
(>95%) (Fig. 10e), and better cycling stability. When the oxida-
tion modification time was 30 or 60 min, the PPY layer was

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

thicker and denser, which could better cover the NTP/C
substrate and improve the chemical stability of the anode.
The above strategies aim to address the aforementioned
challenges faced by NTP materials in aqueous electrolytes from
various angles, and have all demonstrated their good effects. In
order to comparative study these NTP anode/electrolyte inter-
face electrocatalytic systems for ASIBs, their categories,
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Table 3 Comparative studies of NTP anode/electrolyte interface electrocatalytic systems for ASIBs

Categories Representative materials/strategies Advantages Challenges
Surface coating Nafion-Na/NaX molecular sieve Suppressing HER High cost (e.g., Nafion materials)
modification composite””
Structural design Hollow carbon-coated NTP Shorter ion diffusion pathway, Complex fabrication process,
optimization nanocubes® buffering volume expansion, better challenges in controlling

rate performance nanostructures
Composite PPy coating,”® N-doped carbon Good electronic conductivity and Poor interfacial compatibility,

material synergy nanofibers encapsulated hollow
NTP structure®
High-concentration NaOTF
electrolyte,>® weakly polar molecule-
HTCN®’

Constructed NaF-rich SEI and

Na,CO,-rich SEI**7?

Electrolyte
engineering

Interface SEI layer
regulation

advantages and challenges were comprehensive summarized in
Table 3.

3 Conclusion and outlook

In summary, the interface problems between the NTP anode
and aqueous electrolyte in ASIBs are mainly characterized by
HER triggered by the narrow ESPW, and electrode dissolution
and unstable SEI formation, resulting in low energy density and
short cycle life. Significant progresses have been made in the
design of advanced NTP anode-electrolyte interface in ASIBs
through electrolyte compositional optimization, interfacial
coating modification and SEI interface modulation. In terms of
electrolyte system innovation, the electrolyte developed can
extend the voltage window to more than 3.3 V, which not only
inhibits the electrode dissolution and hydrogen precipitation
side reaction, but also realizes a high capacity retention of the
full battery after many cycles. For NTP anode materials, the
surface coating strategy effectively improves the electronic
conductivity and structural stability to achieve an excellent
capacity and longer duration. Regarding SEI regulation, the
strategies of in situ formation of stabilized SEI and construction
of artificial SEI are favor of inhibiting side reactions and
improving battery performances. These proposed solutions are
of great significance for addressing the aforementioned chal-
lenges faced by NTP in aqueous electrolytes.

However, these efforts still face challenges: (1) although the
surface coating of NTP material can inhibit the side reaction in
the short term, the uniformity of coating, long-term stability
and bonding strength with NTP body are insufficient. It is easy
to peel or rupture during the cycling process, which leads to the
reappearance of interfacial failure. (2) While the optimized
electrolyte can widen the electrochemical window, it may
decompose with cycling or participate in irreversible reactions,
leading to the failure of interface protection after electrolyte
depletion. (3) In situ SEI is difficult to form a stable and uniform
protective layer due to the conflict between the high activity of
water molecules in the aqueous electrolyte and the low potential
of NTP operation, while artificial SEI is limited by the weak
bonding between the coating and the substrate, the

20708 | RSC Adv, 2025, 15, 20695-2071

cycling stability

Lower water reactivity, minimal side
reactions, wider ESPW

Stable SEI, inhibiting electrodes
dissolution

material ratios require precise
adjustment

High costs, inferior compatibility
with electrodes

Long-term stability of SEI to be
verified

contradiction between the ion transport efficiency and the
mechanical strength, as well as the imbalance between the
complex preparation process and the cost of scaling up.

In conclusion, nevertheless aqueous NTP anode presents
certain challenges, their electrochemical performance can be
substantially enhanced through targeted strategies such as
interface modification, electrolyte optimization, and SEI
membrane modulation. Future research should continue to
focus on the development of new materials and electrolytes, as
well as the application of advanced interface engineering
methods to promote the further development and application
of ASIBs. In sight of the future development of ASIBs, this paper
proposes the following prospects:

(i) Development of new materials: the new material is of
great significance for improving the overpotential of hydrogen
evolution and stabilizing the contact with the aqueous electro-
lytes. With its unique chemical structure and physical proper-
ties, the composite NTP material can effectively reduce the
activation energy barrier of hydrogen evolution reaction, thus
significantly increasing the overpotential of hydrogen evolution,
so then to improve their stability and electrochemical proper-
ties in aqueous electrolytes.

(ii) Electrolyte optimization: explore and optimize new
alkaline or neutral electrolytes to inhibit hydrogen and elec-
trode dissolution and improve the overall performance and life
of the battery. Specifically, in the future, we need to focus on the
synergistic optimization of electrode and electrolyte to develop
a new composite system with a wide voltage window and low
cost. The electrolyte formulation of ASIB should be designed to
disrupt the hydrogen bonding network, thus widening the
ESPW of the electrolyte, inhibiting hydrogen precipitation by
the electrolyte on the NTP surface, and stabilizing the electrode/
electrolyte interface.

(iii) Interface engineering: the employment of sophisticated
interface engineering techniques, such as atomic layer deposi-
tion (ALD) and spray coating technology, facilitates the forma-
tion of a stable artificial SEI with high ionic conductivity on the
anode material surface. This artificial SEI established between
the electrolyte and the electrode interface, effectively alleviates
the problems such as the hydrogen precipitation reaction and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the electrode solubility. Therefore, these improvements can
help to significantly improve the cycle life and coulomb effi-
ciency of the battery, thus improving the overall performance
and reliability of the energy storage system.
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