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Abstract
For energy storage technologies, secondary batteries have the merits of environmental friendliness, long cyclic life, high 
energy conversion efficiency and so on, which are considered to be hopeful large-scale energy storage technologies. Among 
them, rechargeable lithium-ion batteries (LIBs) have been commercialized and occupied an important position as secondary 
batteries due to their high energy density and long cyclic life. Nevertheless, the uneven distribution of lithium resources and 
a large number of continuous consumptions result in a price increase for lithium. So, it is very crucial to seek and develop 
alternative batteries with abundant reserves and low cost. As one of the best substitutes for widely commercialized LIBs, 
sodium-ion batteries (SIBs) display gorgeous application prospects. However, further improvements in SIB performance are 
still needed in the aspects of energy/power densities, fast-charging capability and cyclic stability. Electrode materials locate 
at a central position of SIBs. In addition to electrode materials, electrolytes, conductive agents, binders and separators are 
imperative for practical SIBs. In this review, the latest progress and challenges of applications of SIBs are reviewed. Firstly, 
the anode and cathode materials for SIBs are symmetrically summarized from aspects of the design strategies and synthesis, 
electrochemical active sites, surrounding environments of active sites, reaction mechanisms and characterization methods. 
Secondly, the influences of electrolytes, conductive agents, binders and separators on the electrochemical performance are 
elucidated. Finally, the technical challenges are summarized, and the possible future research directions for overcoming the 
challenges are proposed for developing high performance SIBs for practical applications.
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1 Introduction

In an effort to mitigate the fast exhaustion of unrenewable 
fossil fuels and the associated environmental pollution, a 
shift from fossil fuels to green and renewable energy sources 
has been observed throughout the world [1–3]. Therefore, it 
is imperative to explore renewable and green energy sources, 
for example solar energy, waterfall energy, wind energy, etc. 
Unfortunately, these sustainable energy sources are weather 
dependent, and the energy generated from them is intermit-
tent, which limits their further practical applications. Hence, 
it is necessary to find and develop the corresponding tech-
nologies to store and then convert this intermittent energy 
for easy usage [4, 5]. In this regard, energy storage and con-
version systems based on battery technologies, especially 
lithium-ion batteries (LIBs), have been advanced fast. LIBs 
were first commercialized in 1991 and were dominant in 
secondary batteries. The growing market for LIBs would 
inevitably bring the scarcity of Li resources and a costly 
price rise as a result of their limited abundance. The scarcity 
of lithium results in the difficulty for LIBs to meet both elec-
tric vehicles and other massive energy storage. Hence, it is 
very necessary to develop other energy storage technologies 
with low-cost and plentiful reserves. In this regard, sodium-
ion batteries (SIBs) are a decent substitution for LIBs. In 
fact, SIBs were developed as early as in the 1980s along with 
LIBs. Due to their lower energy density than LIBs, research 
on SIBs has been almost stalled for the next 20 years [6]. 
SIBs have been back in the spotlight of the people and have 
evolved rapidly since the 2010s [7] because of their attrac-
tive advantages: (1) there is an abundance of Na resources on 
the Earth [8]; (2)  Na+ ions have a fast diffusion in the solid 
phase, making a superior performance of SIBs; (3) Al foil 
as the current collector in SIB anodes not only can reduce 
the price, but also can reduce the battery mass and over-dis-
charge problems for providing safe battery shipping [8]; and 
(4) the cathode has high safety even in highly charged states.

Electrode materials, electrolytes, conductive agents, bind-
ers and separators are of prime importance for SIBs. The 
cathode materials and anode materials play crucial roles 
in the electrochemical performance. These cathode mate-
rials are essentially classified into layer transition oxides, 
organic compounds, Prussian blue analogues (PBAs) and 
polyanionic compounds, for example, phosphates, fluorosul-
fates, pyrophosphates and oxychlorides [9]. In recent years, 
the research on cathode materials has developed rapidly, 
and a series of new materials with excellent properties have 
been discovered, including high-entropy materials. In order 
to reduce environmental pollution, cathode materials tend 
to be developed as cobalt-free materials. SIB anode materi-
als are essentially classified into four types on the basis of 
the charge/discharge reaction mechanisms: the metal type 

of sodium anodes, the insertion reaction type (carbon-based 
materials and titanium oxides), the alloying reaction type 
(tin, silicon, antimony, germanium, phosphorus, etc.) and 
the conversion reaction type (metal oxides, metal sulfides, 
metal phosphides, etc.) [10]. Some new types of anodes have 
been developed in recent years. These new anode materi-
als contain multiple reaction pathways with multiple active 
sites. It is worth emphasizing that metal–organic frameworks 
(MOFs) as anodes of SIB have gained more and more atten-
tion in recent years. MOFs as inorganic–organic hybrids 
can provide multiple active sites. Both organic ligands and 
metal nodes can be active sites to provide specific capac-
ity. However, the reaction mechanism of MOFs as anode 
materials still lacks deep investigation. Along with the elec-
trode materials, electrolytes, conductive agents and binders 
are also vital in the improvement in SIBs. The electrolyte 
generally contains ether electrolyte and ester electrolyte. 
So as to promote electrochemical performance, new types 
of additive agents are also explored. Common conductive 
conductors include super-P, acetylene black (AB) and ketjen 
black (KB). SIB binders are mainly polyvinylidene fluoride 
(PVDF), polyacrylic acid (PAA), polyvinyl alcohol (PVA) 
and carboxymethyl cellulose (CMC). It should be empha-
sized that there is still large room for developing SIBs [11]. 
Electrode materials, electrolytes, conductive agents, binders 
and separators still need to be improved and optimized in 
light of the cycle-life, energy density and security of SIBs. 
With the purpose of improving the performance of SIBs, 
more and more researches are focusing on reaction mecha-
nisms at the atomic and molecular levels.

The research community may need a systematic review 
to summarize the latest progress of SIBs owing to the recent 
intense spike in research interest. SIBs have been signifi-
cantly developed with high volumes of progress being 
published almost every week in the current time [12]. This 
review summarizes the research progress of SIBs in the last 
five years. The review mainly in depth reviews the design 
strategies and fabrication of SIB electrode materials, the 
influences of electrodes on electrochemical performance 
and the reaction mechanisms. Meanwhile, the influences of 
electrolytes, conductive agents, binders and separators on 
electrochemical performance are elucidated. The contents 
of this review are different from those of previously reported 
reviews in the aspects of molecular and atomic scales, reac-
tion mechanisms of electrochemical active sites (such as 
metal sites, anion sites, organic groups C = O, C = N, and 
N = N which possess electrochemical activity, participate in 
electrochemical reaction, and contribute specific capacity), 
surrounding environments of active sites and the latest char-
acterization methods. We believe that the review can deliver 
meaningful opinions for developing SIBs. The structure dia-
gram of the review is shown in Fig. 1.
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2  Cathode Materials

To achieve extraordinary performance, SIB cathode materi-
als are the critical point to improve the SIB specific energy 
and promote their practical application. These cathode 
materials are essentially classified into layer transition 
metal oxides, polyanionic compounds, PBAs and organic 
compounds.

2.1  Layered Transition Metal Oxides

Layered sodium transition metal oxides  NaxMO2 
(0.5 ⩽ x ⩽ 1, M: Mn, Fe, Cr, Co, Ni, Cu, etc.) possess a fac-
ile synthesis process, amazing theoretical specific capac-
ity (∼220−270 mAh  g−1), excellent ionic conductivity and 
so on. These advantages make layered  NaxMO2 one of the 
commonest SIBs cathode materials. In 1980, Hagenmuller 
et al. reported on the layered  NaxCoO2 with four different 
structures [13]. Delmas and Hagenmuller et al. also reported 
the structural classification and characteristics of the lay-
ered metal oxides in 1980 [14]. The crystal structures of 
the layered  NaxMO2 are named along with the coordination 
environment of  Na+ and the packing sequence of oxygen 
atom. For each phase,  Na+ ions are introduced with octa-
hedral (O) or trigonal prismatic (P) environment between 
the  MO6 edge-sharing octahedra to obtain  (MO2)n sheets. 
Layered  NaxMO2 mostly includes P2-phase, P3-phase, 
O2-phase and O3-phase (as shown in Fig. 2). The number 
is the stacking layer of the least repeated unit of oxygen. 
Among them, P2-phase and O3-phase are widely studied, 
because many O3 and P2 cathode materials show impressive 
high capacities with nearly 40%–60% of the theoretical value 
(∼120–150 mAh  g−1) and superior cyclic performance in 
the voltage range of about 1.5–4.1 V [9]. The active sites of 
the layered oxides are often transition metals. The structure, 
surface and doped metal influence their activity of transition 
metals. In this section, the design strategies and synthesis 
method, active sites and surrounding environments of active 
sites, and the reaction mechanism of the layered oxides are 
summarized.

2.1.1  Design Strategies and Synthesis Method

As cathode materials, the conductivity, robustness, stability 
and active sites play big roles in the electrochemical per-
formance. Hence, design strategies should be considered 
to increase the conductivity, robustness and stability of the 
cathode materials. Coating and composition with a con-
ductive matrix (graphene, carbon nanotubes, conductive 
polymers, etc.) are useful ways to increase the conductivity, 
robustness and stability of the cathode materials [15]. For 
transition metal oxide cathodes, irreversible harmful phase 
transitions are common. The metal ion doping strategy 

was previously shown to be an effective method to avoid 
detrimental and irreversible phase transition. Solid-state 
reaction and co-precipitation are common methods for syn-
thesizing the transition metal oxide cathodes. The sol-gel 
method, solvothermal method and electrospinning method 
are also adopted to synthesize transition metal oxides cath-
odes, but they are less common than the solid-state reaction 
and the co-precipitation method. The obtained transition 
metal oxides cathodes usually need to be preserved in one 
argon-filled glovebox to isolate them from moisture and 
air atmosphere. The solid-state reaction is mixed sodium 
carbonate  (Na2CO3) and  NaxCoO2 (manganese oxide, iron 
oxide, nickel oxides, and copper oxide, etc.) with stoi-
chiometric ratios, and then, the mixture is ground by ball 
mill. The mixture is pressed into pellets and then annealed 
in the air atmosphere usually between 850 and 1 000 °C. 
Sodium sources should be oversupplied 5% to make up for 
the loss during calcination [16]. The co-precipitation is 
to mix metal salt solutions with alkali solution with stoi-
chiometric ratios under heated or room temperature and 
stirring condition to obtain precipitates TM(OH)2. The 
TM(OH)2 precursor is centrifuged, washed and dried. The 
obtained TM(OH)2 precursor is mixed with  Na2CO3 and 
 Li2CO3 with stoichiometric ratios and milled, then calcined 
at relatively low temperature (500 °C) to remove impuri-
ties. Finally, the mixture is ground and pressed into pellets 
to be calcined at high temperature (usually 850–1 000 °C) 
in air [17]. The sol-gel method usually involves adding a 
metal acetate solution into a citric acid solution at room 
temperature or heated for some time to get wet gel. Next, 
the above gel is dried just to get the dry gel. Lastly, the 
dry gel is calcined in air at high temperature (usually 850– 
1 000 °C) [18, 19]. The electrospinning synthesis steps are 
as follows: metal acetate and sodium salts are added into a 
polyvinylpyrrolidone (PVP) solution by stirring overnight; 
then, the viscous solution is fed into a plastic syringe. The 
solution is electrospun on an Al film under a high voltage. 
The film is peeled off from the Al film and calcined at high 
temperature (usually 850–1 000 °C) in the air [20].

2.1.2  Active Sites and Surrounding Environments of Active 
Sites

Although the layered  NaxMO2 materials are one of the most 
studied cathodes of SIBs, their inferior air stability, sluggish 
kinetics and detrimental phase transition during charge/dis-
charge limit their further commercial application. In order 
to improve and solve these problems, structural optimization 
[21, 22], surface coating [23], ionic doping and replacement 
[16, 24, 25] are mostly adopted. In the layered  NaxMO2 cath-
odes, the active sites are mostly metal with variable valence 
states. Partial anionic ions can be activated by ionic doping 
and replacement. The surrounding environments of active 
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sites (structural adjustment, surface coating, ionic doping 
and replacement, etc.) have a great influence on the active 
sites.

Among the disadvantages of the layered  NaxMO2, det-
rimental and irreversible phase transition during charge/
discharge frequently occurs, which should be addressed 
first. Cationic doping or replacement (including active and 
inactive cations) is usually adopted. Cations prefer to sub-
stitute TM sites because the radiuses of TM ions are closer 
to these substituted cations than those of  Na+ ions. Inac-
tive Li doping was previously proved an effective method 
to avoid detrimental and irreversible phase transition. 

Arumugam Manthiram’s group reported Li-substituted 
O3-type layered  NaxMO2. Because of the low overlap 
between the O 2p and Li 1s orbitals, the doping of Li could 
decrease the coordination numbers of the O atom. Thus, 
the other coordinate bonds of O–TM were strengthened, 
and the Ni–O bond was significantly enhanced. Hence, the 
doping of Li into TM sites could decrease the Jahn–Teller 
effect of the active site (Ni), further suppressed the unde-
sirable P3-P’3 phase change at high voltage. Additionally, 
the doping of Li could also effectively suppress the devel-
opment of metal fluorides upon the surface of cathodes, 
which reduced the damage of active metal ions. Because of 

Fig. 1  Structure diagram of the review

Fig. 2  Crystal structure illustration of layered oxides with O3, P3, O2, P2 structures. Adapted with permission from Ref. [9]. Copyright©2008, 
Beijing University Press
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the dual functions, the Li-doped layered  NaxMO2 cathodes 
showed a high-voltage performance with an extraordinary 
reversible capacity [24]. Similar effects of doped Li were 
common and also reported by other groups. For example, 
Chen and co-workers reported P2-Nax(LiyMn1−y)O2 cath-
odes with a single phase pathway [16]. In 2021, Yu and 
co-workers studied  Na+ ion kinetics and thermodynamics 
in P2-type oxygen redox Mn-Ni layered oxides operated 
through Li substitution, while Ni ions were the active site. 
The Li substitution suppressed the phase transition and 
accelerated the migration of  Na+ [26]. The double and 
multiple doping of Li and other active and inactive met-
als were also commonly reported to suppress detrimental 
phase transition. Chen and co-works reported inactive 
Li and active Fe co-doped P2-Na0.66Li0.18Fe0.12Mn0.7O2 
cathode. From Fig. 3a, the synchrotron X-ray diffraction 
(SXRD) preferred occupancy at the  Nae site, and the peaks 
at 4.02 Å were indexed to the “1/3 1/3 0” superlattice. The 
inset of Fig. 3a presented that Li located in TM position. 
The neutron diffraction (ND) data (Fig. 3b) showed that 
there was no long-range assembling between Fe and Mn. 
The active sites were Mn ions and Fe ions. The Li dopant 
could eliminate the irreversible and adverse P2-O2 phase 
transition. The Fe dopant could diminish the Li escape 
from the TM layer; thus, Li was efficiently reserved in 
the lattice with partially reversibly transfer between the 
 Na+ layer and TM layer. The Li-doped cathode showed 
an extraordinary capacity of 190 mAh  g−1 and an excel-
lent retention rate of ~ 87% over 80 cycles in a broad 
voltage window of 1.5–4.5 V (as shown in Fig. 3e) [16]. 
In 2022, Wang’s group explored the effects of inactive 
Li and Zn co-doping on the performance of P2-type 
 Na0.7Li0.06Zn0.06Ni0.21Mn0.67O2 cathode. Li and Zn occu-
pied partial  Ni2+ sites, which could increase the lattice 
spacing to speed up the transfer of  Na+ ions. What’s more, 
Li and Zn co-substitution restrained the Jahn–Teller effect 
of active  Mn3+ to avoid the phase transition of P2-O2. As 
a result, the as-prepared cathode presented a superb cyclic 
stability (91.9% retention after 100 cycles) [27].

In addition to stabilizing the structure and inhibiting 
harmful phase transitions of cathodes, Li substitution also 
has the effect of stimulating the redox reaction of anions 
to provide capacity. In 2022, Liu and co-workers obtained 
low-cost layered oxide cathode with a solid-solution reaction 
during the charge/discharge process. In addition to  Mn3+/
Mn4+ active sites and  Fe3+/Fe4+ active sites,  O2−/(O2)n− sites 
were also active. The O 2p states nearby the Fermi level 
could be promoted by Li dopant and vacancy in the TM layer 
to trigger the redox reaction of  O2−/(O2)n− [28].

The doping of Fe, Ni, Co, Zn, Cu, Zr, etc. into TM is also 
usually reported, in addition to the doping of Li. Liu’s group 
adopted  Zr4+ doping to adjust the redox reaction of anion and 
crystal structure stability of O3-type layered oxide cathode 

in 2021 [23]. The strong bonding of Zr–O made the TM–O 
short, and made the Na–O long, which enlarged the Na layer 
resulting in an easy transfer of  Na+ and stability of the struc-
ture. Zhou’s group obtained O3-type Ru-doped Cr-based 
layered oxide cathode with excellent cycling stability with 
super capacity retention (80.7%) after 1 100 cycles in 2019. 
The Ru ion has a great attraction for electrons, resulting in 
the decrease in the electronic density of the neighboring Cr 
ion. Thus, the transfer tendency of electrons from Cr cation 
to O anion was lowered, which effectively inhibited the dis-
proportionation reaction and the migration of active sites Cr 
ions. The Ru-doping NCRO electrode delivered an enhanced 
discharge capacity (156 mAh  g−1 at 0.5 C), which had a 
reversible O3-P3 phase transition [29]. Metal substitution 
could also induce abnormal layered-tunnel hetero-structure. 
Xiao et al. adopted an optimized crystal structure engineer-
ing regulation method to obtain an abnormal layered-tunnel 
hetero-structure which named  Na0.44Co0.1Mn0.9O2 cathode 
material through Co doping. The XRD results (Fig. 3c) 
showed that the cathode material possessed P2 phase pos-
sessing the space group P63/mmc with JCPDS: 27-0752 
and the tunnel phase having the space group Pbma with 
JCPDS: 27-0750. The crystal structure is shown in Fig. 3d. 
The unique abnormal layered-tunnel hetero-structure could 
reduce the Jahn–Teller effect and realize the contribution 
of both the diffusion-controlled course and capacitive con-
trolled course. Benefiting from the novel structure, the 
electrochemical performance was enhanced. The cathode 
material showed an energy density of 296.5 Wh  kg−1 and 
a remarkable specific capacity of 108.3 mAh  g−1 even at 
5 C. The full cell system with  Na0.44Co0.1Mn0.9O2 as cath-
ode showed a great specific energy of 453.9 Wh  kg−1 and a 
reversible specific capacity of 171.6 mAh  g−1 and at 0.2 C 
(Fig. 3f) [21]. In recent years, high-entropy compounds 
including layered oxide become a research hotspot. The 
high-entropy compounds are single-phase solid solutions 
that include five or more than five types of metals. The 
high-entropy compounds show some specific properties. For 
example, the increased entropy enhances structural stability, 
heat/air stability and electronic conductivity. Chen’s group 
reported a high-entropy  NaCu0.1Ni0.3Fe0.2Mn0.2Ti0.2O2 cath-
ode material with an O3-type layer-structure with a revers-
ible capacity of 130 mAh  g−1 and outstanding long cyclic 
performance (nearly 71% retention rate after 500 cycles at 
0.5 C). In the high-entropy cathode, Fe, Cu and Ni ions were 
active, while  Mn4+ and  Ti4+ were inactive to stabilize the 
structure [25].

In most cases, metal is doped in the TM layer, and few 
literatures reported metal substitution on the Na site. The 
Li would prefer to substitute the  Na+ site in the case where 
the high oxidation states of TM are not stable. Kim and 
Jung reported the doping of Li at the Na site of layered 
 Nax[FeyMn1−y]O2 by adjusting the composition of TM for 
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the first time in 2018 [30]. Li at the Na site could not only 
stabilize the layered structure but also lower the energy bar-
rier of Na-hopping. Other metals such as Ca substituted in 
Na sites have also been reported. The  Ca2+ ions substituted 
in Na sites acted as pillars to avoid the gliding of TM layers. 

In addition, the strong Ca–O bonding could further suppress 
the loss of oxygen [28].

Decomposition of the electrolyte, interface side reac-
tions, structural degradation, electrode cracking and TM 
dissolution can result in the interfacial failure of cathode/

Fig. 3  a Synchrotron XRD, inset of a crystal structure, b neutron 
diffraction patterns and Rietveld refinement plot and e cyclic perfor-
mance of P2-Na0.66Li0.18Fe0.12Mn0.7O2 cathode. Adapted with permis-
sion from Ref. [16].  Copyright©2019, American Chemical Society. c 

XRD pattern, d crystal structures of tunnel and layered phases of the 
LTNaCM and f charge/discharge plots vs. specific capacity at 0.2 C of 
the LTNaCM as cathode in full cell. Adapted with permission from 
Ref. [21]. Copyright©2020, Wiley–VCH
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electrolyte, which further leads to the poor electrochemical 
performance. Surface coating is a helpful method to solve 
these problems. In 2021, Xiao’s group adopted an atomic 
layer deposition (ALD) metal oxide protective layer to 
inhibit the interfacial failure. The  Al2O3 ALD could avoid 
the HF attack from the electrolyte to protect cathode and 
resist the side reaction [31]. In 2021, Liu reported that 
the  ZrO2 coating could effectively relieve the corrosion of 
electrolyte and inhibit the formation of  Na2CO3 to keep the 
structural integrity. The XRD results showed that the peaks 
at about 28.0° and 31.3° were indexed to the  ZrO2 (P2/c). 
Moreover, the transmission electron microscope (TEM) and 
scanning electron microscope (SEM) further suggested the 
coating of  ZrO2 layer on the surface. Benefitting from the 
 ZrO2 layer and  Zr4+ doping, the cycling stability and spe-
cific capacity of  ZrO2@MFN were larger than those of MFN 
at diverse voltages [23]. Besides the above strategies, the 
synthesis of biphasic cathode can also enhance the cycling 
stability. For example, Xiao [31], Adelhelm [18], Tang [32] 
etc. reported the biphasic strategy to improve the electro-
chemical performance.

2.1.3  Reaction Mechanism

The layered  NaxMO2 cathodes usually have phase trans-
formation during the charge/discharge process. The 
active sites of the layered  NaxMO2 cathodes are transi-
tion metals with variable valences. The in  situ and ex 
situ characterizations combined with density functional 
theory (DFT) calculations are adopted to investigate and 
reveal the electrochemical reaction mechanism of the 
cathode materials. The XRD measurement is the most 
common way to characterize the phase transition. The 
X-ray absorption spectroscopy and X-ray photoelectron 
spectroscopy spectrometer (XPS) are common methods 
to verify the valence change of metals. The operando syn-
chrotron XRD of the P2-Na2/3(Mn6/8Ni2/8)O2 and P2-N
a2/3(Li1/8Mn5/8Ni2/8)O2 (as shown in Fig. 4a–f) illustrated 
the impact of Li-doping on the phase conversion in the 
charge and discharge course. The shifts of (112) peaks of 
the P2-Na2/3(Mn6/8Ni2/8)O2 cathode were not continuous 
at high voltage, as shown in the area among two green pat-
terns in Fig. 4c. What’s more, new weak peaks developed 
at 12.3° and 68.4° of P2-type  Na2/3(Mn6/8Ni2/8)O2 cathode 
material. The peak at 68.4° was from the stacking faults 
of (112) in O2-type structure. The operando synchrotron 
XRD results showed that the P2-type  Na2/3(Mn6/8Ni2/8)O2 
cathode material that at the high voltage state experienced 
a two phase reaction. In contrast, the XRD peaks of the Li-
doped P2-Na2/3(Li1/8Mn5/8Ni2/8)O2 cathode showed con-
tinuous shifts during the all charge/discharge process, and 
no phase splitting or new peaks, which indicated a quasi-
solid-solution reaction [26]. TEM and STEM are also used 

to characterize the phase evolution in detail. For instance, 
Lu and team members studied the lattice fringes of the 
NFMO-P2/O3 cathode material of 100 cycles by STEM, 
which indicated that the NFMO-P2/O3 cathode still kept 
P2/O3 phase coexisting (as shown in Fig. 4g and h) [33].

The local structure and redox behavior of active sites are 
important for the study of reaction mechanism, which can 
be investigated by extended X-ray absorption fine struc-
ture (EXAFS) and X-ray absorption near edge structure 
(XANES). For instance, Mn, Fe and Ni in NFMO-P2/O3 
cathode materials at diverse charge/discharge voltage states 
were studied (Fig. 5). The XANES and EXAFS results 
showed that  Mn4+,  Ni2+/4+ and  Fe3+ occurred in the initial 
cathode.  Ni2+ was oxidized to  Ni4+ during the charging pro-
cess and the core edge and white line peaks finally coincided 
with the pristine at discharge states indicating the formation 
of  Ni2+/4+ (Fig. 5a–c). Meanwhile,  Fe3+ and  Fe4+ inter-trans-
formed during the process of discharge/charge process. In 
addition, the Fe K-edge removed into higher energy region 
in charged to 4.5 V indicating the P2-OP4 transition and Na 
removal from the Fe face-shared active sites [33].

The phase transition and structural evolution are also stud-
ied by crystal orbital Hamilton populations (COHP) and DFT. 
As shown in Fig. 6a and b, the impact of Li substitution on 
the strength of TM–O bond was revealed by COPH analysis. 
The Li-doping helped to decrease the coordination numbers 
of the O atom, which was compensated by other enhanced 
TM–O bonds in NLNMF cathode especially for Ni–O bond. 
As shown in Fig. 6b, the orbital overlap between O atom and 
Ni atom was increased by 10%, which led to abstraction of  eg 
orbital degeneracy and inhibition of  Ni3+ J–T effect. In addi-
tion, the impact of Li doping on solvent intercalation was also 
further revealed by DFT. As shown in Fig. 6c, the charge-den-
sity analysis showed that the Li–O chemical bond in NLNMF 
had a COPH value of 0.395 indicating a greatly ionic level. 
The lithium ions from the TM layer were easily attacked by 
the O atoms with the unbonded 2p electrons from the PC and 
EC molecules or the fluoride ions from the decomposition of 
FEC. As shown in Fig. 6d, the construction of TM fluorides 
from route I and route II were both forbidden owing to the 
scavenging influence of  Li+ ions, which resulted in a stable 
electrolyte-cathode interphase [24].

2.2  Polyanionic Compounds

Polyanionic compounds mainly including phosphates, 
pyrophosphates, fluorosulfates and sulfates are widely stud-
ied as cathode for SIBs [34–39]. Polyanionic compounds 
are generally in the form of  NaxMy[(XOm)n−]z. M represents 
metal ions with adjustable valence states, and X represents 
P, S, Si, V, etc. The X polyhedrons and the M polyhedrons 
are connected through co-edges or co-points to form the 
polyhedrons of the polyanionic compounds.  Na+ ions are 
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dispersed between the gaps in the system. Polyanionic com-
pounds show high cycling performance and high safety as 
cathode due to their high thermodynamic stability. However, 
polyanionic compounds have low electronic conductivity and 
low volume energy density. The low electronic conductivity 
is not conducive to the rate performance and fast-charging 
capacity. There is an increasing demand for fast-charging 
SIBs, which are largely influenced by the transport of ions 
and electrons in the electrodes, and the stability of electrodes. 
Ionic substitution or doping, coating, stoichiometric number 
variation in Na, size and morphology design can optimize 
these problems. In addition, some X polyhedrons can trigger 
the electrochemical activity of metals with variable valance 
states to increase the charge/discharge voltage.

2.2.1  Design Strategies and Synthesis Method

The polyanionic compounds usually have low electronic 
conductivity and low volume energy density, which will 
further influence the rate performance and fast-charging 
capacity. Design strategies of ionic substitution or doping, 
coating, stoichiometric number variation in Na, size and 
morphology design are adopted to optimize these problems. 
The kinds of metal, the reaction time and temperature, and 
the heating rates of calcination are adjusted to optimize the 
structure, morphology and crystalline. For the polyanionic 
compounds, the synthesis methods mainly include the sol-
gel method [40], hydrothermal and solvothermal method 
[41, 42] combined with calcination under the inert atmos-
phere. For the sol-gel synthetic technique, citric acid also 
acts as the carbon source. For example, Ma and Huang 
et al. adopted the sol-gel method to obtain Na-deficient 
 Na3.41£0.59FeV(PO4)3. The cathode material shows fast Na 
intercalation kinetics and fast-charging capacity [43].

2.2.2  Active Sites and Surrounding Environments of Active 
Sites

Phosphate compound cathode materials mainly include 
olivine type, sodium super ionic conductor (NASICON), 
pyrophosphate, mixed phosphates, etc.  NaFePO4 was early 
reported as cathode for SIBs.  NaFePO4 has maricite and oli-
vine crystal type, while the maricite crystal type has infe-
rior electrochemical activity [9]. In recent years, amorphous 
phosphate also has been verified to be an excellent cathode 
owing to its great theoretical specific capacity and good 

electrochemical reversibility. To further improve the perfor-
mance of amorphous phosphate, Zhou and team members 
cleverly designed a yolk-shell structured amorphous  FePO4 
cathode. The amorphous yolk-shell cathode showed a long 
cyclic stability, possessing a high capacity retention rate of 
91.3% over 1 000 cycles [44]. In addition, the environments of 
active sites (specific surface area, morphology and structure, 
carbon coating, and atom doping, etc.) have a great impact on 
the reactivity of active sites.

NASICON has a three dimensional (3D) frame structure, 
which is formed by  XO4 tetrahedrons and  MO6 octahedrons 
(as shown in Fig. 7a) [45].  Na+ ions of NASICON with fast 
mobility are located in the gap formed by the frame. How-
ever, not all of the  Na+ ions can provide reversible capacity. 
Take  Na3V2(PO4)3 as an example, Na atom is located at two 
different sites, Na1 is located at the six-coordination M1 
site, while Na2 is located at the eight-coordination M2 site. 
The  Na+ ions located at M2 can reversibly de-intercalate 
and intercalate with electrochemical activity, while Na1 at 
M1 site de-intercalate difficultly due to the small room. The 
possible diffusion paths based on the first principles calcu-
lations are presented in Fig. 7b–d. The possible migration 
diffusion paths for  Na+ ion are b path (along the x direction), 
c path (along the y direction), and d path (along the z direc-
tion and the voids/channels between the neighboring  VO6 
octahedron and  PO4 tetrahedron). Except for d path (along 
the  z direction), the transfer energies of b, c and d (bypass 
the octahedron) are small enough to realize the migration 
[45]. The results illustrate that the NASCION cathode mate-
rial has a 3D open framework for fast ionic transport. How-
ever, the NASICON cathode has low electronic conductiv-
ity. In 2017, Zhang’s group reported upgraded reversibility 
of  Fe3+/Fe4+ redox active sites in  Na3Fe2(PO4)3 by carbon 
coating. The carbon layers could distribute microscopic 
stresses, enhance the shear strength of the cathode mate-
rial to avoid the crack construction, and further avoid the 
degradation and agglomeration of these active particles. 
The improved carbon coated  Na3Fe2(PO4)3 displayed a dis-
charge capacity of about 109 mAh  g−1 and superb cyclic 
performance (> 96% capacity retention exceeded 200 cycles 
[46]. For most phosphate cathode materials, the energy 
density is < 500 Wh  kg−1 because of the limited number 
of electrons (one or two per formula unit) involved in the 
electrochemical reaction. In 2020, Chen’s group developed 
an NASICON-type  Na4MnCr(PO4)3 cathode material that 
involved a three-electron reaction process for SIBs. The 
active sites were  Cr3+/Cr4+ (4.4 V),  Mn3+/Mn4+ (4.2 V) 
and  Mn2+/Mn3+ (3.6 V) active sites. The synergetic effect 
of Cr ions and Mn ions could make the structure stable 
and increase the working voltage to increase the specific 
capacity. The high-potential Cr active center could relieve 
the  Mn3+ Jahn–Teller effect. The  Na4MnCr(PO4)3 cathode 
showed a super high energy density of 566.5 Wh  kg−1 [47]. 

Fig. 4  In situ XRD patterns at different voltages of a P2-NMNO and 
d P2-NLMNO as cathodes for SIBs. Magnified XRD pictures of (b, 
c) P2-NMNO cathode material and e, f P2-NLMNO cathode mate-
rial of the designated areas. Adapted with permission from Ref. [26]. 
Copyright©2021, Elsevier. g, h STEM images of NFMO P2/O3 cath-
ode material of 100 cycles. Adapted with permission from Ref. [33]. 
Copyright©2022, Wiley–VCH

◂
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In recent years, many studies in the literatures have dem-
onstrated that ionic doping and substitution are functional 
strategies to enhance the electronic conductivity and trigger 
multi-electron reaction, such as K, Ca, Mn, Ni, Cu, Al, Cr, 
La, Fe, Mg, etc. The doping contents have great effects on 
the electrochemical performance. In 2021, Igor V. Zatovsky 
and co-workers constructed a sequence of Co- and Cu-doped 
 Na3+xV2-xMIIx  (PO4)3/C (x = 0.01, 0.03, 0.05) cathode mate-
rials. The doped Cu and Co replaced the V sites. The doped 
Cu and Co made the sample have porous structure, which 
could expose more active sites of electrode materials to 
electrolyte. The electrochemical performance was adjusted 
by changing the doping contents of Cu and Co. The results 

showed that low doping contents could increase the elec-
tronic conductivity to enhance the capacity and cycling sta-
bility. The enhanced electrochemical performance could be 
due to the porous structure. And the doped metal might have 
reactive activity to improve capacity [40]. In 2022, Lai and 
co-workers adopted a Cr-doped strategy to active a three-
electron transfer reaction  (V5+/V4+,  V4+/V3+,  V3+/V2+ redox 
sites) in  Na3Cr0.5V1.5(PO4)3 NASICON cathode material. 
The valence bands of the  Na3Cr0.5V1.5(PO4)3 cathode mate-
rial were made up of the hybridized Na 3s, O 2p, P 2p V 3d 
and Cr 3d orbitals. Since Cr has one more valence electron 
than V, the forbidden-band gap could be reduced, while the 
high-potential  V5+/V4+ could be activated as active sites. 

Fig. 5  a Ex situ XANES and b EXAFS curves, and c 2D contour pictures of Mn, Fe, Ni elements and corresponding voltage curve of NFMO-
P2/O3 cathode material. Adapted with permission from Ref. [33]. Copyright©2022, Wiley–VCH
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As a result, the designed cathode material showed a revers-
ible capacity of 176 mAh  g−1 with a high energy density of 
470 Wh  kg−1 at 0.2 C, a fine rate capability, an outstand-
ing cyclic stability reaching up to 1 000 cycles at 20 C and 
excellent fast-charging performance (≈ 11 min to reach 80% 
state of charge) [37]. Developing high mean working volt-
age NASCION is meaningful and is beneficial to increase 
energy density. In 2022, Wu’s group first introduced a high-
entropy to design NASCION cathodes.  Na3V1.9(Ca, Mg, 
Al, Cr, Mn)0.1(PO4)2F3 fluorophosphate cathode material 
was synthesized without changing the V active center and 
showed an improved electrochemical performance with an 
extraordinary energy density (445 Wh  kg−1), a high average 
working voltage (3.8 V), and an inspiring structural stability 
with capacity retention rate of 80.4% over 2 000 cycles at 
20 C. The enhanced Na storage performance was because 
that the high-entropy effect could increase electronic con-
ductivity, thus decreasing the diffused energy barrier of  Na+ 
ions to accelerate the migration rate of  Na+ ions. Addition-
ally, the high-entropy effect was beneficial to enhance the 
Na(2) sites occupation, inhibit the phase change even though 
in a low-voltage area, and improve mean voltage [48].

Pyrophosphate  [NaxMy(P2O7)n] belongs to the triclinic 
system and p1 space group. The  MO6 octahedron and  PO4 
tetrahedron generate the diffusion channel of sodium ion in 
the direction of [011] through the co-vertex oxygen atoms, 
thus showing the electrochemical activity of sodium stor-
age.  M2O11 dimer also occurs in the pyrophosphate formed 
by  P2O7 through co-angle or co-edge. Pyrophosphate has 
an open framework for  Na+ ions migration, stable struc-
ture and high working voltage. However, the poor elec-
tronic conductivity limits its further development. Many 
studies demonstrated that nanocrystallization, carbon 

Fig. 6  Mechanism of the structural evolution studied by COHP analy-
sis: a NNMF and b NLNMF. Mechanism of the chemical evolution at 
the cathode/electrolyte interphase: c DFT charge density schemes for 
the NNMF and NLNMF cathodes, d the reactions route between  F− 

anions and TM cations and e the generation of TM fluorides. Adapted 
with permission from Ref. [24]. Copyright©2018, Royal Society of 
Chemistry

Fig. 7  a Schematic graphic of the  Na3V2(PO4)3 cathode structure. 
b−d Possible migration paths of  Na+ ion in  Na3V2(PO4)3 along dif-
ferent directions. Adapted with permission from Ref. [45]. Copy-
right©2014, Royal Society of Chemistry
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coating and structural design were effective to enhance and 
improve the electrochemical performance of the pyrophos-
phate cathodes. Most pyrophosphate cathodes are coated 
carbon layer along with structural optimization. In 2018, 
Lai and co-workers reported triclinic off-stoichiometric 
 Na3.12Mn2.44(P2O7)2/C cathode materials with a high energy 
density. Due to the strong electronegativity of the  (P2O7)4−, 
P–O covalent bonds could drive the electron from the Mn 
center, which weaken the Mn–O bonds. Thus, the  Mn3+/
Mn2+ redox site to possess the high voltage platforms 
above 3.6 V [49]. In 2018, Deng et al. designed “bubble-
in-nanorod” hierarchical hybrid fiber pyrophosphate-based 
freestanding cathodes. The  Fe2+/3+ was active couple. The 
special structure was beneficial to the contact of active sites 
and electrolyte. The freestanding cathodes had high ratio 
of active materials, which could improve energy density. 
Carbon coated pyrophosphate nanoscale crystals hollow 
sphere bubbles were homogeneously dispersed in the 1D 
porous carbon fiber, so the cathode had two carbon layers. 
The obtained hierarchical structure “bubble-in-nanorod” 
could not only offer a bi-continuous conductive network 
to speed up electron transport fast to active sites, but also 
avoid the structure deterioration to keep integrity. In addi-
tion, the carbon layer could protect the surface of cathode 
from reacting with  O2 and  CO2 in air. The “bubble-in-
nanorod” hierarchical hybrid fiber pyrophosphate-based 
cathodes showed enhanced rate performance and specific 
capacity [34]. Similarly, Xu’s group used a sponge-like 3D 
porous carbon coated Na-rich Fe pyrophosphate for long-
life and high-rate cathode material [50], Li and co-workers 
reported carbon covered  Na3.64Fe2.18(P2O7)2 nanoparticles 
with a long life for SIBs [51].

Compared with phosphate cathode materials, sulfate 
cathode materials are wide resource and low cost. In 
addition, sulfate cathode materials have tunable structure, 
high voltage, stable skeletons and high electronegativity. 
Among these sulfate cathode materials, Fe-based sulfate 
materials are mostly studied because of high voltage, 
low cost and wide resources.  Fe2+ is easily oxidized to 
 Fe3+ resulting in low electrochemical activity. In order to 
inhibit the oxidation of the  Fe2+ ions, Gao and co-workers 
implanted carbon nanotubes (CNTs) into  Na6Fe5(SO4)8 
particles. The CNTs and  Na6Fe5(SO4)8 were bridged 
through  [SO4]2…CNTs conjunctions. Meanwhile, the 
CNTs enhanced the conductivity and structural stability. 
As a result, the (CNTs)/Na6Fe5(SO4)8 cathode exhibited 
a high voltage of 3.7 V versus  Na+/Na [52]. Low conduc-
tivity also limits the advance of sulfate cathode materials. 
Conductive carbon materials (CNTs, rGo, etc.) are mostly 
used to improve the electronic conductivity of cathodes. 
In 2020, Chen and team members reported a hierarchi-
cal and high-voltage  Na2Fe(SO4)2@rGO/C cathode 
material with an enhanced energy density for SIBs. The 

rGO sheets urged the evenly electrostatic self-assembly 
process among carbon matrix and active materials. The 
cross-linked carbon network largely boosted the electron 
transfer and reaction kinetics, and inhibited an aggregation 
of active sites. The special  Na2Fe(SO4)2@rGO/C cathode 
material showed a superb sodium storage performance 
with an extraordinary voltage plateau (3.75 V), energy 
density (330 Wh  kg−1) and specific capacity (85 mAh  g−1) 
at 0.005 C [53].

2.2.3  Reaction Mechanism

Similarly, there are also structural evolutions for poly-
anionic compounds during charge/discharge process, which 
are usually disclosed by in situ XRD. Based on Fig. 8a 
and b, all peaks agreed with a rhombohedral phase (R3c 
space group) at the initial stage. All of the signals gradu-
ally shifted into the higher angles during charging process 
suggesting a solid-solution reaction, except the (21 6) peak 
disappeared indicating a biphasic reaction. During the dis-
charge process, the (21 6) peak went back again, while all 
peaks removed to lower angles suggesting a mixture of 
reversible solid-solution and biphasic reaction mechanism. 
In addition, the lattice parameters with different charge/
discharge states were collected (Fig. 8c) in order to further 
illustrate the structure evolution. The volume changes of 
the  Na3Cr0.5V1.5(PO4)3 cathode was only 7.79%, suggest-
ing the well stability. Based on the results of Fig. 8a–c, the 
structural developments of the  Na3Cr0.5V1.5(PO4)3 cathode 
are illustrated in Fig. 8d. The cathode underwent the reac-
tion mechanism of   Na 3C r0 .5 V1 .5 (PO 4)3 ↔  Na1Cr0.5V1.5(P
O4)3 ↔  Na4Cr0.5V1.5(PO4)3 through extraction/insertion 
of  Na+ ions [37].

To further confirm the reaction mechanism and active 
sites, the galvanostatic charge and discharge profiles, and 
synchrotron radiation technique are used. The galvano-
static charge and discharge curves of NMCP/C cathode 
material in the voltage window of 1.4–4.6 V versus  Na+/
Na showed that three distinct voltage plateaus occurred 
at 3.6 V, 4.2 V, and 4.4 V, which corresponded to  Mn2+/
Mn3+,  Mn3+/Mn4+, and  Cr3+/Cr4+ redox sites, respectively 
(as shown in Fig. 9a). The results were further verified by 
XANES and EXAFS (Fig. 9b–d). As shown in Fig. 9b, the 
energy of K-edge shifted to a higher energy area at charged 
state of 3.8 V and further moved to the higher energy area 
at charged state of 4.3 V, which corresponded to the oxi-
dation from  Mn2+ to  Mn3+,  Mn3+ to  Mn4+, respectively. 
Figure 9c shows that the pre-edge signal split into double 
signals situated at 5 990 eV and 5 992 eV charged to 4.3 V, 
and the peak at 5 992 eV increased further charged to 
4.6 V, which suggested the  Cr3+ was oxidized to  Cr4+. All 
peaks came back to their initial states discharged to 1.4 V, 
which indicated a reversible three electrons reaction, 
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 Na4Mn(II)Cr(III)(PO4)3–3Na+–3e−  ↔ NaMn(IV)Cr(IV)
(PO4)3. To further study the structural evolution and 
mechanism reaction, the in situ XRD (shown in Fig. 9e) 
was conducted. There were some peaks reversible shifts 
suggesting a solid-state reaction. The (211) peak shifted 
to higher angles and disappeared, and the (300) peak split 
to two peaks upon charge. The changes of these peaks 
returned to initial locations, which suggested that the cath-
ode underwent a reversible phase transition [47].

For the polyanionic compounds, the electronic con-
ductivity is usually low. In order to study the electronic 
conductivity and propose an optimized strategy, the DFT 
calculation including density of states (DOS) is used. Fig-
ure 10a–f shows the transfer path of Na from Na(2) sites 
to Na(1) sites in HE-NVPF and p-NVPF, where IS repre-
sented the initial state, TS was the transition state and FS 
was the final state. The calculated migration energy barriers 
according to the technique of climbing-image nudged elas-
tic band (CI-NEB) were 0.963 and 1.984 eV for HE-NVPF 
and p-NVPF, respectively. The results indicated that the  Na+ 

ions in HE-NVPF were easier diffusion than p-NVPF. The 
energy of FS was 0.537 0 and 1.675 0 eV for HE-NVPF 
and p-NVPF, respectively, which suggested that  Na+ ions in 
HE-NVPF were easier to escape from Na site than p-NVPF. 
The low FS energy helped to inhibit the phase transition and 
rearrangement of the Na site. From Fig. 10h, the bandgaps 
of HE-NVPF and p-NVPF were 0.71 and 1.68 eV, respec-
tively. The lower bandgap of HE-NVPF indicated the better 
electronic conductivity [48].

2.3  PBAs and Organic Compounds

In recent years, PBAs and organic compounds as cathodes 
for SIBs have gained more and more attention. The PBAs 
have a large tunnel structure and the structure is stable 
in the charge/discharge course; but the tap density of the 
PBAs is low, the crystallization water in the PBAs is dif-
ficult to remove, and there are safety hazards in heating 
conditions for the PBAs. The organic compounds pos-
sess high theoretical capacity, abundant raw materials, 

Fig. 8  a In situ XRD contour mapping. b Stacked line plots. c Variation in the lattice parameters. d Schematic graphic of the crystal structure at 
different charged/discharged states of  Na3Cr0.5V1.5(PO4)3. Adapted with permission from Ref. [37]. Copyright©2022, Wiley–VCH
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environmental friendliness, low price and flexible struc-
ture design; however, the organic compounds have low 
electronic conductivity and easy dissolution in organic 
electrolytes.

2.3.1  Design Strategies and Synthesis Method

The PBAs often have crystal defects and interstitial water. 
So, many design strategies are adopted, such as regulat-
ing reaction temperature and time to synthesize specific 
crystalline products and adding surfactants to modulate 
the special structure. In addition, to improve the structural 
stability and electronic conductivity, in situ synthesis or 
later addition of conductive materials is adopted. The raw 
materials to synthesize PBAs are corresponding metal 
salts and  Na4Fe(CN)6·10H2O. The ball milling solid-state 
method [54], solvothermal method [55] and facile stirring 
at different temperature [56] are used to synthesize PBAs. 
The obtained PBAs require no further calcination with high 
temperature, due to their low thermal stability. If there 
needs to enhance crystalline and remove impurities, low 
calcination temperature (below temperature of pyrolysis) 
is used [54].

The synthesis and modification methods are simi-
lar for organic compounds cathode and anode mate-
rials. For example, Wang and co-workers reported a 

carbomethoxy-modified disodium organic material, which 
shows stable fast-charging performance [57]. Some organic 
compounds are synthesized by reflux at different heating 
temperatures. The organic compounds have the low con-
ductivity and easy solubility in organic electrolytes. The 
ALD is used to coat thin film on the surface of the organic 
compounds to avoid the dissolution in the electrolytes [58]. 
The CNT and rGO are mixed with the organic compounds 
through ultrasound, stirring, hydrothermal and solvother-
mal methods [59–62]. Sometimes, subsequent calcination is 
adopted to strengthen the combination between the organic 
compounds and CNTs or rGO.

2.3.2  Active Sites and Surrounding Environments of Active 
Sites

PBAs are commonly face-centered cubic structure in the 
form of  AxMA[MB(CN)6]·zH2O (A is the alkali metal ions 
and M is the transition metal ions). The alkali metal ions 
are located in coordination pores and 3D channels. The 
large 3D multi-channels provide big room for the inser-
tion/extraction of  Na+ ions. The PBAs possess high voltage, 
high reversible capacity and low cost. So, the PBAs have 
a great potential application prospect in SIBs [63]. How-
ever, the PBAs often have crystal defects and interstitial 
water, resulting in the low cycling stability. In addition, the 

Fig. 9  a Galvanostatic charge–discharge profiles. XANES curves of 
b Mn K-edge and c Cr K-edge measured at different charge/discharge 
states. d Corresponding Fourier-transformed Mn K-edge EXAFS 

spectra of the charge process. e In situ XRD patterns of the 1st cycle 
of the NMCP/C electrode. Adapted with permission from Ref. [47]. 
Copyrigh©2020,Wiley–VCH



Electrochemical Energy Reviews            (2024) 7:17  Page 15 of 50    17 

PBAs are easy to decompose at high temperature, leading 
to safety risks. In 2020, Jiang and co-workers adjusted the 
crystal type to regulate the electrochemical stability. They 
obtained cubic and monoclinic structured  NaxMnFe(CN)6 
cathode materials, and the active sites were Mn and Fe sites. 
The monoclinic  NaxMnFe(CN)6 cathode occurred undesir-
able phase transition as a result of the  Mn3+ Jahn–Teller 
effects, thus giving rise to low cycling stability. The cubic 

structure possessed high structural symmetry, which still 
maintained structural stability in the repeated charge/dis-
charge course with a specific capacity of about 120 mAh 
 g−1 and a capacity retention rate of 70% over 500 cycles 
at density of 200 mA  g−1 [56]. The structural design and 
optimization are also operative ways for enhancing the 
robustness of framework. In 2020, Wan et al. designed a 
stepwise hollow cubic single-crystal PBA nanoframes and 

Fig. 10  Na+ ion transfer pathways in p-NVPF (a–c) and HE-NVPF (d−f). g The corresponding migration energy and h DOS of HE-NVPF 
(down) and p-NVPF (top). Adapted with permission from Ref. [48]. Copyright©2022, Wiley–VCH



 Electrochemical Energy Reviews            (2024) 7:17    17  Page 16 of 50

carbon nanotubes composite as one kind of binder-free 
cathode material for SIBs. Among the framework, both of 
the N-linked  Fe1(6-coordination) and C-linked  Fe2(8 coor-
dination) were redox active sites. The stepwise hollow cubic 
structure could increase the reactive sites, reduce the dif-
fusion distance of ions and quicken the ion transport pro-
cess. The reduced path of  Na+ ion diffusion, the excellent 
charge–discharge relaxation and optimized redox reactions 
of Fe atoms made the hybrid PBA nanoframes/CNTs film 
show outstanding electrochemical performances (about 92% 
capacity retention over 500 cycles at 5 C) [55]. In 2022, 
Chou’s group adopted a ball milling way to synthesize 
highly crystallized PBAs  Na1.66Mn[Fe(CN)6]1.00 (MnHCF-
S-170) as cathode materials for all-climate SIBs. They pro-
posed a “water-in-salt” nanoreactor to obtain highly crystal-
lized PBAs with low water contents and defects (suppressed 
[Fe(CN)6] vacancy), and high contents of  Fe2+. The PBAs 
cathode possessed  FeII–C≡N–MnII/FeIII–C≡N–MnIII redox-
active sites. The little Fe(CN)6 vacancies in  FeII–C≡N–MnII 
sites of the MnHCF-S-170 were beneficial to enhance the 
integrity of frame and provide smooth channels for Na-ion 
transport, thus possessing quick  Na+ ions and electrons 
migration kinetics to enhance the rate performance. In addi-
tion, the high content of  Fe2+ active sites could offer high 
specific capacity. Consequently, the MnHCF-170 displayed 
the big specific capacity of 164 mAh  g−1 at 10 mA  g−1, and 
a super all-climate electrochemical performance between 
10 and 50 °C for SIBs [54].

Organic compounds cathodes mainly include quinones, 
anhydrides, amides, phenols and polymers. Organic com-
pounds cathodes possess the merits of low price, abun-
dant raw materials, environmental friendliness, high theo-
retical specific capacity and the flexible structure design. 
However, the low conductivity and solubility in organic 
electrolytes also limit their further development. In 2020, 
Lee’s group coated ultrathin (Å-level) metal oxide on the 
perylene-3,4,9,10-tetracarboxylicacid dianhydride (PTCD) 
as a cathode for SIBs. The active sites were C=O. The coat-
ing layer could provide more channels for  Na+ ions dif-
fusion and enhance the  Na+ ions diffusion into the active 
sites to improve the specific capacity and the kinetics of the 
redox reaction [58]. The polymerization of small organic 
molecules can also effectively solve the dissolution in 
organic electrolytes and improve the electrical conductiv-
ity. Zhang’s group reported conjugated porous polyimide 
poly (2,6-diaminoanthraquinone) benzamide (CP-PDAB) 
with enhanced electronic conductivity and small volume 
expansion. The obtained CP-PDAB intriguingly combined 
redox active carbonyl groups of quinone compounds with 
anhydride/imide groups of dianhydride compounds to obtain 
an appropriate voltage. Moreover, the conjugated struc-
ture of CP-PDAB could increase electron delocalization, 

resulting in enhanced electronic conductivity. As a result, 
the active site C=O could react with  Na+ ion reversibly with 
the three-electron redox mechanism for the CP-PDAB cath-
ode material in charge/discharge courses to show excellent 
cyclic performance and rate performance [61]. In addition, 
designing porous structure and adding conductive carbon are 
also all-right ways to prevent the organic compounds from 
the dissolution in organic electrolytes and enhance electronic 
conductivity [59].

2.3.3  Reaction Mechanism

For PBAs, there is a redox reaction of the active metal and 
reversible phase transition. The reaction mechanism can be 
proved by in situ Raman and XRD. As indicated in Fig. 11a–c, 
the Raman spectra showed three low peaks at 2 050, 2 078, 
and 2 090  cm−1 and two high peaks at 2 070, 2 110  cm−1 at the 
fully charged state, which were indexed to  FeIII–C≡N–MnIII 
groups. During the insertion of  Na+ ions, the low peaks at 
2 050, 2 078 and 2 090  cm−1 disappeared regularly, which 
suggested that the  Mn3+/Fe3+ were reduced to  Mn2+/Fe2+. 
During the charging process, these peaks returned to their 
original states, which indicated that the  Mn2+/Fe2+ were oxi-
dized to  Mn3+/Fe3+. The in situ XRD (Fig. 11d, f) presented 
that double peaks were united into single peak at 25°, and a 
new peak appeared and became strong at 16.8° combined with 
the original peaks disappeared during the charging process, 
which suggested that the monoclinic phase transferred into 
the cubic phase. Interestingly, the XRD peak returned to the 
primary states in the subsequent discharging process, suggest-
ing the reversibility of the MnHCF-S-170 cathode [54]. For 
multi-metal PBAs (medium- or high-entropy) cathodes, there 
are multiple active sites, and their electrochemical reaction 
mechanisms are more complex. However, not all metals in 
PBAs undergo electrochemical redox reaction as active sites. 
Chou and co-workers reported a disordered rubik’s cube high-
entropy PBAs with fast-charge and long cyclic performance. 
In situ XANES, PXRD and theoretical calculations (DFT) 
suggested that Cu, Co, Fe and Mn were active sites because 
of their DOS peaks near the Fermi level, while the Ni site was 
inert due to its DOS peak far away from the Fermi level. The 
role of Ni in the HE-HCF is to make the HE-HCF electrode 
have superb  Na+ ion diffusion kinetics. In addition, theoretical 
calculations showed that the high entropy materials had good 
thermal stability [64].

For organic compounds, the organic functional groups 
have redox reaction during the charge/discharge process. 
FTIR combined with DFT is usually used to illustrate the 
reaction mechanism for the organic cathode. For exam-
ple, the FTIR of the CP-PDAB cathode presented that the 
stretching vibration of the C–N bond located at 1 359  cm−1 
and the C=C bond signal of the anthraquinone ring located 
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at 1 590  cm−1 showed no change, which indicated that the 
C–N and C=C showed no reactive activity during charge/
discharge process. The stretching vibration of the C=O 
bond located at 1 782 and 1 729  cm−1 gradually disap-
peared during the discharging process and became stronger 
and stronger during the charging process. In the meantime, 
new peaks located at 1 390 and 775  cm−1 aroused indexed 
to the stretching vibration of the C–O–Na bond, which was 
because of the creation of the SEI layer (Fig. 12b). The 
result of FTIR proved that the C=O bond took part in the 
redox reaction, which could contribute capacity. Based on 
the results of the FTIR, the electrochemical redox reac-
tion process was proposed (as shown in Fig. 12c). The 
CP-PDAB cathode underwent three electrons transfer with 
two electrons for carbonyl and one electron for the AQ 
unit. The redox reaction was divided into three steps [61]. 
In addition to the C=O active site, the C=N in organic 
electrodes is also one type of active sites. Wang and co-
workers reported a hexaazatriphenylene-based polymer 
as the electrode for alkali metal-ion batteries. The in situ 
FTIR and ex situ XPS indicated that the C=O and the 
C=N were both active sites [65]. N=N can also act as 
active sites to offer capacity. For example, N=N of azo 
compounds could react with  Na+ ion to form Na–N–N–Na 
during the sodiation process and regenerated N=N during 
the desodiation process [66].

The DFT was made to calculate the energy gap of the 
cathode materials. As shown in Fig. 12d, the  [CuDEPP]2+ 
and  [CuDEPP]2− possessed low energy gap with 0.76 eV 
and 1.81 eV, respectively, which made them show highly 
reversible electrochemical reactions and reversibly transfer 
two positive charges and two negative charges during the 
charge/discharge process [67].

3  Anode Materials

Anode materials have been studied extensively as an essen-
tial part of SIBs. SIBs anode materials are generally clas-
sified into four types based on the reaction mechanism: (1) 
sodium metal anode materials based on sodium deposition; 
(2) insertion-type mechanisms; (3) alloy-type materials and 
(4) conversion-type materials.

3.1  Na Metal Anode Material

Sodium metal anode possesses high capacity and low redox 
potential. However, uneven sodium ion transfer in bulk 
sodium anodes can result in local deposition/dissolution of 
Na during high speed plating/stripping behavior and result 
in severe dendrite growth and accumulation. Compared to 

other types of anode materials, the research on Na metal 
anode materials is little.

3.1.1  Design Strategies and Synthesis Method

In view of the problems existing in sodium metal batter-
ies (SMBs), most of researches synthesize and design metal 
anode materials from the perspective of sodiophilicity. It is 
also an effective solution to start with the electrolyte. For 
example, Wang et al. used a concentration effect of the elec-
trolyte to design a diluted electrolyte for SMB low-tempera-
ture operation [68]. In the case of low concentration salt and 
tetrahydrofuran solvent, the interaction between solvent and 
sodium ions is low to realize fast reaction kinetics at low 
temperatures.

3.1.2  Reaction Mechanism

The Na anode has high reactivity and is prone to deposition. 
In order to characterize the key part of SEI in Na deposition 
behavior, XPS (Fig. 13) was performed on Na metal anodes 
with diverse electrolytes. According to the comparison of 
Fig. 13a and b, it could be seen that the induced SEI layers in 
these different electrolytes were measured to have a stronger 
Na-auger signal at − 20 °C, suggesting that the SEI layer 
was thinner at lower temperature. The SEI layer formed at 
0.3-D/T (0.3 mol  L−1  NaPF6 in DEGDME/THF electrolyte) 
showed a lower NaF strength, but more oligomers and flex-
ible alkyl carbonate esters. This suggested that free THF 
molecules resulted in more solvent-derived SEI layer. The 
enriched organic components in SEI layer provided adequate 
 Na+ ion transport, thus promoting low-temperature dynam-
ics. The DFT study (Fig. 14a–d) of Liu et al. showed that 
the coexistence of N and O functional groups on the carbon 
matrix could give a strong sodiophilicity and could adjust 
the Na deposition behavior to plane extension. The uniform 
distribution and dendrite-free structure of  Na+ could be 
promoted by preparing strong 3D carbon nanofibers with N 
and O functional groups [69]. Zhao et al. designed a  Na3Bi 
hybrid anode with sodiophilicity, which had abundant ion 
diffusion channels. The low ion diffusion barrier and adsorp-
tion energy in  Na3Bi ensured uniform  Na+ ion nucleation 
and fast migration within the  Na+ mixed anode, resulting 
in uniform deposition and dissolution even at high cur-
rent density [70]. Moreover, the bismuth compounds could 
achieve compact sodium deposition in the sodiophilic frame-
work during the cycle, which was conducive to promote the 
sodium storage behavior.

3.2  Insertion‑Type Materials

The insertion type usually has a small volume change 
and superior cycling stability during the charge/discharge 
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Fig. 11  a In situ Raman 3D color mapping. b 2D contour plot, and c stacked line spectra. d In situ PXRD 3D color mapping. e 2D contour plot, 
and f stacked line spectra of MnHCF-S-170. Adapted with permission from Ref. [54]. Copyright©2022, Wiley–VCH
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process. Among the insertion-type anodes, the non-gra-
phene-based carbon materials are deemed to the “first gen-
eration” choice of SIBs anode materials owing to their low 
price and abundant resources. Nevertheless, such materials 
have a low operating voltage, which will cause safety prob-
lems in practical applications. In addition, the carbon materi-
als have a low charge/discharge specific capacity. Titanium 
oxides  (TiO2,  Ti0.94Nb0.06O2,  Li4Ti5O12,  Na2Ti3O7, etc.) have 
a suitable operating voltage, moderate price and non-toxic-
ity, but they have poor electrical conductivity. Combining 
their strengths and weaknesses, a lot of excellent work has 
been reported.

3.2.1  Design Strategies and Synthesis Method

Micro-/nanostructure design, nanocomposite optimization, 
defect introduction and heteroatom doping can be used as 
valid methods to design carbon-based anode materials with 
electrochemical and structural stability, enhanced capacity 
and fast-charging capacity. Ni et al. reported an N,S-doped 
mesoporous hollow carbon sphere. S-doping enhanced the 
 Na+ ion transfer kinetics and N-doping improved the capac-
ity, which made the anode show a fast-charging capacity 
[71]. Chen et al. prepared vanadium-modified submicron 
hard carbon materials with stable interface by hydrothermal 
carbonization and high temperature pyrolysis, whose pseu-
dographitic structure played an important role in sodium 
storage and interface stability [72]. Yu et al. grew fully crys-
tallized carbon in hard carbon precursors by calcination. 
At low temperature (380 °C), the graphite skeleton could 
effectively prompt the decomposed carbon atoms and atomic 
fragments to be ordered in a parallel manner, making them 
move in an orderly manner and convert  sp3 hybrid carbon 
into  sp2 hybrid carbon, thus helping to generate crystal struc-
ture. Subsequent high temperature calcination (1 300 °C)  
was adopted to increase crystal quality, resulting in the for-
mation of fully crystallized carbon [73]. Compared to graph-
ite, graphene with a 2D structure has a higher potential to 
create more active sites for ionic carriers. There are many 
synthesis methods of graphene, such as electrochemical 
synthesis, thermal reduction, liquid phase stripping and so 
on. Yu et al. successfully synthesized a sequence of N-rich 
low-layer graphene (N-FLG) with interlayer distances in 
the range of 0.45 nm and 0.51 nm by annealing g-C3N4 at 
800 °C catalyzed by zinc. Pyrrole N increased the inter-
layer distances because of its stronger electrostatic repulsion 
[73]. Thus, the N-FLG-800 achieved optimal performance 
in terms of layer spacing, nitrogen configuration, and elec-
tronic conductivity.

The modification of titanium oxide is mainly through 
doping, usually heteroatomic doping (N, F, P, S). Tao et al. 
investigated the sodium storage behavior of titanium oxides 
with a low price for the first time. They prepared a sequence 

of titanium oxides (TiO and  Ti2O) through electric field 
control, and precisely adjusted their stoichiometric ratios 
through regulating the electrolytic time and voltage [74]. 
Meanwhile, the choice of composites with other materi-
als is also a common method, such as CNT, GO, rGO and 
phosphide.

3.2.2  Active Sites and Surrounding Environments of Active 
Sites

Carbon material is rich in resources, low in cost, environ-
mentally friendly, non-toxic and harmless, which can be a 
good candidate SIB anode material. According to the struc-
ture, it is consisted of soft carbon, hard carbon and nanocar-
bon materials. However, the capacity of carbon as an anode 
material for SIBs is lower than that of carbon as an anode 
for LIBs. Owing to the large radius of the  Na+ ion, it is dif-
ficult to insert/extract  Na+ from carbon materials. In addi-
tion,  NaC6 is also an intercalated compound, which is not 
conducive to energy conversion [75].

Hard carbon usually has good sodium storage capacity 
owing to its high structural disorder and large layer spac-
ing. Nevertheless, its abundant surface defects and low 
electrical conductivity result in low first-loop Coulombic 
efficiency (CE) and inferior rate performance. To enhance 
the CE of the 1st circle of hard carbon, Chou et al. obtained 
biomass (hazelnut shell) by carbonizing the hazelnut shell 
with hydrochloric acid, which expanded the layer spacing 
and obtained more active sites [76]. The biomass hazelnut 
shell had a high reversible capacity of 342 mAh  g−1 and 
a high CE of 91%. Wu et al. constructed a homotype het-
erojunction on hard carbon to induce a steady solid elec-
trolyte interface, effectively increasing the 1st cycle CE of 
hard carbon from 64.7% to 81.1%. Utilizing a facile surface 
engineering strategy to coat homogeneous amorphous  Al2O3 
layer on hard carbon can also shield the active site (pores, 
defects and functional groups) on the surface to hinder the 
decomposition of electrolyte, so as to form a thin SEI layer, 
and reduce resistance. The optimized hard carbon showed an 
enhanced initial CE, a reversible capacity of 321.5 mAh  g−1 
at 50 mA  g−1, and a high capacity retention rate up to 86.9% 
over 2 000 cycles of 1 A  g−1 [77].

Soft carbon has been less studied than hard carbon as 
an anode for SIBs. Soft carbon has high electrical con-
ductivity, but its regular microcrystalline structure is not 
helpful for the storage of  Na+ ions [77]. The suitable pre-
cursors can be selected to optimize the sodium-storage 
properties of soft carbon by morphology control, heter-
oatom doping and pore structure construction. Wu et al. 
reported an N/P co-doped soft carbon nanoboxes (NPSC) 
prepared from petroleum asphalt. The introduction of 
N and P provided more active sites for  Na+ ion storage 
[78]. In addition, the nanoboxes structure of the material 
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itself and more defects are more conducive to  Na+ ion 
storage, and the larger layer spacing was also conducive 
to fast transmission and diffusion of  Na+ ion. As shown 
in Fig. 15, the DFT calculation showed that the N/P co-
doped structure had strong adsorption energy for  Na+ ion. 
Before P doping (Fig. 15 a and c), the adsorption energy 
between N6 (pyridine-N) and  Na+ ion was higher than 
that between N5 (pyrrorole-N). After P doping (Fig. 15b, 
d), the  Na+ ion adsorption energies for N5-NPSC and 
N6-NPSC increased to − 3.10 and − 2.57 eV, respectively. 
The enhanced adsorption energy suggested that the N/P 
co-doping structure was beneficial to the  Na+ ion adsorp-
tion. By calculating the state density (Fig. 15e and f) of 
NPSC and NSC near the Fermi level, it could be seen that 
N, P co-doped carbon had more electrons than N-doped 
carbon, suggesting that P doping further enhanced electron 
transport.

Graphene materials with expandable layer space and 
abundant defects can be used as efficient anodes for SIB. 
Heteroatom doping can enlarge the layer space and intro-
duce defects. Yan et al. designed a graphene sheet co-doped 
with nitrogen and sulfur [79]. The introduction of heter-
oatoms could expand the interlayer space of the material 
and improve electrical conductivity, which was condu-
cive to sodium ion insertion and electron transport. Zhou 
et al. designed a kind of N, S co-doped GO hollow spheres 
(NSGHS) [80]. The cooperative effect of N and S, the hol-
low structure, excellent porosity, and enlarged interlayer 
distance gave the NSGHS anode superb sodium storage 
performance. The S doping improved the binding between 
the sodium and graphene matrix to obtain a higher capacity. 
In addition, Chen et al. adjusted layer spacing by explosive 
decomposition thermal reduction graphene oxide (FSG) 
[81]. The highly porous structure, abundant surface oxygen-
reducing groups, layer spacing of about 0.38–0.39 nm, were 
separated by large voids, which provided rapid mass transfer 
paths, and allowed the expansion and contraction of micro-
crystals during reversible Na embedding.

Titanium oxides. As the anode material of SIBs, tita-
nium oxides have the advantages of being rich, safe and 
environmental friendly. Among them,  TiO2 is usually used 
as anodes for SIBs. According to different crystal struc-
tures,  TiO2 can be divided into rutile, anatase and bronze. 
However, its poor electron conductivity and low diffusion 
rate of  Na+ ions lead to the unsatisfactory electrochemical 

performance for  TiO2 [82, 83]. At present, many researchers 
have put forward many improvement measures to remedy 
the shortcomings of  TiO2 as an anode material for SIBs. It is 
mainly modified by doping of nitrogen, sulfur, fluorine and 
phosphorus, as well as by combining with carbon materials 
to form nanoarrays and heterostructures.

Kang et al. synthesized nitrogen-doped mesoporous  TiO2 
 (NMTiO2) structures by controlled pyrolysis of MOF [84]. 
The porous structure provided a channel for the fast diffu-
sion and transport of  Na+ ions. At the same time, the mixed 
 NMTiO2/NG full battery had super-strong cycle stability in 
10 000 cycles of charge and discharge, showing an excellent 
capacity retention rate. Lu et al. suggested a defect-assisted 
phosphorus doping method to improve the electronic con-
ductivity of  TiO2 and regulate its ion diffusion kinetics [85]. 
The DFT calculation results showed (Fig. 16) that when the 
P concentration was high, the state density (DOS) increased 
significantly (Fig. 16a, e, i) at the valence band maximum 
(VBM), and the charge density of  TiO2 around P also 
increased significantly (Fig. 16c, g, k). A high concentration 
of P introduction could efficiently promote the conductiv-
ity and lower the energy barrier of the sodium intercalation 
process (Fig. 16d, h, l), so as to improve the electrochemical 
performance. The surface functionalized  TiO2-x-P thin layer 
could endow  TiO2@TiO2-x-P with significantly improved 
electronic conductivity and speeded sodium ion transport, 
which brought about an superb magnification performance 
(167 mAh  g−1 at 10 A  g−1) as well as superior cyclabil-
ity (capacity retention rates up to 99% over 5 000 cycles at 
10 A  g−1). Fang et al. obtained a sodium titanate/titanium 
dioxide/C (C-NTC) heterostructure composite with oxygen 
vacancies (OVs). The cooperative effect of the OVs and het-
erostructure accelerated the electron/ion transfer dynamics, 
and the robust network structure and SEI membrane ensured 
its long cycle stability. In addition, low cost titanium oxide 
can also show high capacity and excellent rate performance. 
Compared with conventional  TiO2, the low-cost titanium 
oxide can perform the conversion reaction with excellent 
electrochemical properties. DFT calculations show that low 
Ti–O bond energy is beneficial to Ti–O bond fracture and 
recombination, leading to high capacity by multi-electron 
conversion reaction. The high conductivity of titanium oxide 
is favorable to the fast transfer of electrons, thus realizing a 
high electrochemical utilization [86].

3.2.3  Reaction Mechanism

Due to the unique open channel structure,  TiO2 can 
also act as a good host for Na insertion. The sodifi-
cation/desorption process is shown in the equation: 
xNa+  +  TiO2 + xe− ↔  NaxTiO2. The stable storage mecha-
nism is explored through ex situ and in situ XRD combined 
with the relationship between unit cell volume and charge/

Fig. 12  Electrochemical and structural change of the CP-PDAB cath-
ode material during the charge/discharge process: a charge/discharge 
profiles of the 1st cycle, b ex situ FTIR spectra, c charge/discharge 
redox reaction mechanism. Adapted with permission from Ref. [61]. 
Copyright©2022, Royal Society of Chemistry. d Energy levels of 
 [CuDEPP]2+,  [CuDEPP]+, [CuDEPP],  [CuDEPP]−, and  [CuDEPP]2− 
based on DFT simulation study. Adapted with permission from Ref. 
[67]. Copyright©2021, Springer Nature

◂
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discharge voltage. Figure  17a–d shows an outstanding 
reversible capacity and excellent mechanical integrity of 
the  TiO2@TiO2-x-P upon charge/discharge process. This 
defect-assisted selective P-doping method also provided 
useful ideas for other heteroatomic doping (such as N, S, 
and B doping).

For soft carbon, the  Na+ storage mechanism is still dif-
ficult to determine clearly. Jian et al. studied the storage 
mechanism of soft carbon for the first time by in situ TEM 
and off situ XRD. When sodium ions were embedded in 
the graphene layer, resulting in an irreversible quasi-plateau 
at ~ 0.5 V relative to  Na+/Na, irreversible expansion could be 
observed. This high-potential platform was associated with 
the local structure of defects within the vortex-layer stack 

of soft carbon and the high binding energy associated with 
sodium ions. Soft carbon has more local defects and exhib-
its higher sodium potential than hard carbon. During the 
first sodiation process, the soft carbon exhibits long inclined 
regions above and below the quasi-platform, in which the 
inclined regions exhibit highly reversible behavior. The 
reversible capacity of soft carbon depends on the reversible 
binding of sodium ions to local defects (the vacancy on the 
 sp2 graphite layer) [87].

The way sodium interacts with hard carbon is mainly 
divided into three ways, namely adsorption at the sur-
face active site, filling similar adsorption nanopore and 
embedding appropriate layer spacing. Most studies have 
shown that there are “adsorption-intercalation” and 

Fig. 13  High-resolution XPS spectra of C 1s, O 1s, and F 1s for Na metal after 10 cycles in the 0.3-D/T electrolyte at a 25 °C and b − 20 °C. 
Adapted with permission from Ref. [68]. Copyright©2022, American Chemical Society
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“intercalation-adsorption” storage mechanisms for sodium 
ions. For hard carbon, its storage mechanism is still contro-
versial [88]. Initially, Stevens et al. demonstrated through 
in situ SAXS that the tilted regions were attributable to 
the embedding of sodium between the graphite layers and 
that the platform regions corresponded to the insertion 
of nanoporosity [89]. Qiu et al. revealed the “adsorption-
intercalation” storage mechanism of sodium ions by in situ 
XRD and non-in situ NMR. The results showed that the 
high voltage inclined region was related to the adsorp-
tion of sodium ions, and in the other stage, sodium ions 
were embedded in the carbon material layers at appropri-
ate spacing to form  NaCx compounds, resulting in a flat 
low voltage platform [90]. The enhancement of the flat 
low voltage platform in other words, the enhancement of 
sodium ion embedding is conducive to the improvement 
in reversible capacity and CE.

Yin et al. used in situ method (Raman spectroscopy 
and XRD) to demonstrate the sodium storage mecha-
nism of the carbon material (HMm-1300-Zbe electrode) 
in charging and discharging process [91]. As indicated in 
the Raman spectrum (Fig. 18a, b), the ID/IG value continu-
ously decreased after discharge, indicating the adsorption 
of sodium ions upon the surface of electrode materials or 
defect sites. From the Raman spectrum of HCM1300-ZBE, 
a new dual peak emerged at 1 450  cm−1 when discharged to 
about 0.45 V, indicating the generation of a new Na–C com-
pound. C–O–Na species could be formed at ≈0.5–0.6 V by 
the reaction between oxygen functional groups and  Na+. 
In situ XRD (Fig. 18c) is used to illustrate that  Na+ is 
embedded between stacked graphene layers. The relative 
symmetry trend of XRD and Raman curves also indicated 
that the prepared HCM material had an excellent reversibil-
ity of sodium storage during the charge–discharge course.

Fig. 14  a DFT theoretical structure model. b Comparison of the bind-
ing energy between the sodium atom and G modified by different 
functional groups. Schematic diagram of the  Na+ ion stacking mode 

c G and d O&N co-decorated G. Adapted with permission from Ref. 
[69]. Copyright©2021, Wiley–VCH
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3.3  Alloy‑Type Materials for SIBs

The alloy-type anode materials have the largest theoretical 
specific capacity among the three types of anode materials, 
but their volume changes in the course of charge and dis-
charge are the most significant.

3.3.1  Design Strategies and Synthesis Method

Up to now, the elements of the IV A (Pb, Sn, Ge, Si) and 
V A (Bi, Sb, P) have been studied extensively. The energy 
storage behavior of electrode materials is intimately relied 
upon its synthesis strategy. The chemical bonding, element 
distribution, structure and morphology of electrode materi-
als are derived from their synthesis approaches, so electrode 
materials show numerous energy storage properties. Some 
common physical and chemical synthesis methods mainly 
include phase inversion, ball milling, thermal reduction, 
solvothermal, electrospinning and so on [92]. Many efforts 
have been made to solve the volume changes and elec-
tronic conductivity. For example, Liu used electrospinning 
to prepare ultra-fine Ge nanoparticles inserted in layered 
N-doped multi-channel carbon fibers, which mitigated mas-
sive volume expansion in the sodification and desodification 
cycles [93]. Ryu and co-workers designed multiscale hier-
archical CMT@Bi-C material. Beneficial from the special 

and hierarchical structure, the anode material showed an 
ultrafast-charging capacity [94]. MOF material is a new 
type of porous material. MOF derivatives are also widely 
used as electrode materials. Li et al. synthesized superfine 
antimony in embedded porous carbon nanocomposite by 
conveniently in situ substituting Cu nanoparticles in an 
octahedral carbon framework derived from Cu-BTC [95]. 
This good electrochemical property was mainly attributed 
to the 3D porous carbon framework derived from MOF and 
ultra-fine Sb nanoparticles, which could both provide a pen-
etration network for the speedy movement of charge carri-
ers and mitigate the volume expansion and agglomeration 
of Sb in the cycle. In addition, defects can be introduced 
into the active anode materials and vacancies can be cre-
ated in the active materials by dealloying to form porous 
nanoalloy materials. Nanoporous structure can effectively 
enhance electrolyte penetration and ion/electron migration, 
synchronously alleviating volume expansion. The structure 
formed by coating carbon material on the active materials 
has good electrochemical performance, which is beneficial 
to maintaining the integrity of the structure and providing 
flexible carbon matrix buffer volume change. Coupling of 
alloy-type anode with carbon-based material is regarded as 
one of the most promising methods to solve the problem 
of great volume variation and slow redox kinetics. How-
ever, due to the large proportion of carbon materials and low 

Fig. 15  Top view of a single sodium atom absorption a N5-NSC, b 
N5-NPSC, c N6-NSC and d N6-NPSC structures. TDOS for e the 
N6-NSC and N6-NPSC structures, and f N6-NSC and N6-NPSC 

after  Na+ ion absorption. Adapted with permission from Ref. [78]. 
Copyright©2022, Elsevier
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sodium storage capacity, the specific capacity of the whole 
electrode will be greatly reduced. The alloy-type anode has 
a very high capacity and the research on high performance 
sodium storage will continue.

3.3.2  Active Sites and Surrounding Environments of Active 
Sites

Alloy-type anode materials possess an extraordinary theo-
retical specific capacity (300–2 000 mAh  g–1) and a lower 
sodium potential (< 1.0 V, Na/Na+) [96], so it can be used as 
a good candidate material for the anode of SIBs. However, 
alloy-type anode materials have severe volumetric effects, 
resulting in dramatic volumetric expansion during alloying/
dealloying with sodium, which easily causes structure break-
age and electrode material powder. These shortcomings 
bring about the problems of short life and speedy capacity 
decay of alloy-type anode materials [97, 98].

Si can be alloyed with Na to obtain the NaSi phase which 
has a high theoretical capacity of 954 mAh  g–1, but simul-
taneously has a large volume effect in the alloying process 
with sodium (~ 420%). Moreover, the slow reaction kinet-
ics and poor positive binding energy of Si and Na further 
hinder its application in SIBs. Qian et al. designed an amor-
phous silicon material as the anode electrode of SIBs that 
had a spongy structure, which had a more favorable bind-
ing between sodium and silicon and a reversible capacity 
of 176 mAh  g−1 at 100 mA  g–1 [99]. Due to the high dif-
fusion barrier of Na in the Ge lattice, the activation energy 
of migration was high (1.5 eV). Similarly to silicon, the 
insertion/expulsion of  Na+ in Ge is also very difficult [100]. 
In order to solve the problem of poor  Na+ storage capac-
ity of Ge-based materials, Chen et al. prepared a  Cu3Ge/
Ge@N–C heterostructure material. The authors reached 
their conclusions by DFT calculation that the presence of 
 Cu3Ge/Ge heterostructure could slow the diffusion barrier 

Fig. 16  a, e, i DOSs, b, f, j structural models, c, g, k charge density 
distributions, and d, h, l  Na+ ion inserted models for (a−d) pristine 
 TiO2, (e−h)  TiO2 with a low concentration of P introduction, and 

(i−l)  TiO2 with a high concentration of P introduction. Adapted with 
permission from Ref. [85]. Copyright©2019, American Chemical 
Society
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Fig. 17  a In  situ XRD patterns and c contour plots of the  TiO2@
TiO2-x-P anode material in the 5th discharge-charge process at 
50 mA  g−1. Refined structural parameters b a, d c, unit-cell volume 

as a function of charge−discharge voltage. Adapted with permission 
from Ref. [85]. Copyright©2019, American Chemical Society

Fig. 18  In/ex situ measurement. a, b In situ Raman spectra of HCM-1300-ZBE. c In situ XRD analysis of the first cycle discharge-charge pro-
cess of HCM-1300-ZBE at 0.1 A  g−1 and 293 K. Adapted with permission from Ref. [91]. Copyright©2022, Wiley–VCH
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of  Na+ and improve the alloying reaction of Ge [101]. The 
 Cu3Ge/GE@N–C possessed the pod-shaped structure, which 
could expose a huge number of active sites to reduce the 
ion transport pathway, while the outer carbon encapsulation 
could make the electrode material more stable. This material 
exhibited excellent rate properties (178 mAh  g−1 at 2 A  g−1, 
385 mAh  g−1 at 0.05 A  g−1) and extremely long cycle prop-
erties (178 mAh  g−1 at 4 A  g−1 after 4 000 cycles). Lead’s 
weight and toxicity have led to its limited use in SIBs, and it 
is not considered as a possible anode for SIBs [102]. Bi has 
a lower theoretical capacity, but its volume effect is smaller. 
And tin, phosphorus, antimony are commonly employed as 
alloy anode materials for SIBs [103], which have excellent 
theoretical specific capacity, but their large volume effect 
will hinder their further application in SIBs.

Designing active materials in combination with car-
bon composite materials is a common method to solve the 
aforementioned problems. Combining alloy-type material 
with carbon material can enhance electronic conductivity, 
cushion volume variation and impede the agglomeration of 
metal nanoparticles upon the cycling process. Taking into 
account the overall structure and composition factors, it 
is usually combined with reduced graphene oxide (rGO), 
MXene, carbon nanofibers (CNFs), nitrogen-doped carbon 
composites, etc. [104, 105]. Wu et al. synthesized Sb-@N,S-
CNFs with longitudinal channels through a four-function 
template-assisted strategy, which greatly improved the dif-
fusion dynamics of redox reactions, and greatly improved 
the cyclic stability and rate capability (219 mAh  g−1 at  
4 A  g−1) [106]. The synergistic effect between the hetero-
geneous interfaces and individual materials also made the 
construction of heterogeneous structures in electrode mate-
rials attract extensive attention. Xiong et al. prepared red 
phosphorus/black phosphorus heterostructures anchored on 
3D nitrogenous graphene by solvothermal strategy, which 
showed high electronic conductivity and low diffusion bar-
rier at the heterogenous interface of  Na+ [107].

Alloying is also a good approach for promoting the per-
formance of alloy-type anodes. Alloying is used to change 
the morphology and active phase, improve the cycle stability 
of alloy anodes while maintaining high capacity. Jillian et al. 
studied the Sn, Bi, Sb ternary system and found that all ele-
ments were active against sodium [108]. The results displayed 
that the ternary alloy had a better capacity retention rate than 
any of the above single elemental anodes (Sn, Bi, Sb) [108]. 
Gao et al. proposed an alloying approach to synthesize nano-
porous bismuth-antimony alloys via dealloying ternary Mg-
based raw materials [109]. Sb has a high theoretical capacity, 
and Bi has a low theoretical capacity, but its volume effect 
is small. The appropriate Bi/Sb ratio, porous structure and 
alloying effect can effectively solve the problems existing in 
the alloy materials. Nanoporous structures and alloying effects 
facilitate electrolyte penetration and rapid electron and ion 

transport/diffuser and synergistic mitigation of volume expan-
sion/contraction. Since then, Wang et al. have investigated 
the special crystal structure correlations and synergies of the 
Bi–Sb alloys, further explored the reasons for the capacity 
decay of the alloys [110]. They successfully synthesized the 
3D  Bi3Sb1/N-PC as a SIBs anode with an excellent rate capa-
bility (reversible capacity 318.3 mAh  g−1 under 30 A  g−1), 
and a fair cycle stability (capacity decay is only 0.005 4% per 
cycle at 10 A  g−1 after 6 000 cycles).

3.3.3  Reaction Mechanism

The charging and discharging mechanism of alloy-type 
anodes in SIBs is similar. An alloying reaction occurs 
between sodium and the active material during the charg-
ing process and a dealloying reaction occurs during the 
discharge process. Gao et al. used operando XRD technol-
ogy combined with DFT calculation (Fig. 19) to explain 
the mechanism of the np-Bi4Sb4 alloys [(Bi, Sb) ↔ Na(Bi, 
Sb) ↔  Na3(Bi, Sb)] [109]. The peak corresponding to 
(Bi, Sb) began to weaken at the first stage of continuous 
discharge [2.40–0.50 V (vs.  Na+/Na)]. Meanwhile, peaks 
associated with Na(Bi, Sb) (18.9°, 26.4°, 32.5°, 37.8°, and 
42.1°) were observed and gradually increased, indicating 
that Na(Bi, Sb) was formed by the reaction between Na and 
(Bi, Sb). This conclusion provides much effective informa-
tion for the study of alloy-type anode materials of SIBs.

Li et al. used ex situ XRD (Fig. 20a) to deeply investi-
gate the electrochemical mechanism of the Sb@PC anode 
[95]. As the discharge continued, the peak strength associ-
ated with Sb gradually weakened, indicating an alloying 
reaction mechanism at the time of sodium insertion. The 
reflection of  NaxSb was reduced, eventually transforming 
into a hexagonal phase  Na3Sb at 26.7°. A series of dif-
fraction peaks of  NaxSb and Sb disappeared completely 
when the voltage reached 0.01 V, indicating that Sb was 
completely transformed into  Na3Sb. The phase of Sb 
reappeared along with the disappearance of  Na3Sb when 
recharged to 0.4 V, indicating a reversible dealloying pro-
cess from  Na3Sb to Sb. The corresponding diagram of 
sodification/desodification process is shown in Fig. 20c. 
The local structure evolution of Sb@PC was further dis-
covered by the in situ Raman analysis (Fig. 20b). It was 
further proved that the alloying reaction of Na and Sb 
occurred during the discharge process and the  Na3Sb deal-
loying reaction occurred during the charging process.

3.4  Conversion‑Type Materials

Unlike intercalation-type and alloy-type materials, con-
version materials form a new compound along with the 
breach of old bonds and the generation of new bonds 
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during the process of adopting and releasing  Na+ ions. 
Similar to LIBs, the conversion processes in SIBs can 
be summarized as follows:  MaXb + bzNa → aM + bNazX, 
where X represents a nonmetal, M represents a metal, 
and z represents the formal oxidation state of X. The 
conversion anode materials are extensively regarded as 
perfect anode materials for SIBs owing to the extraordi-
nary theoretical specific capacities. However, there are 
also some problems such as the volume effect and the 
easy agglomerate in the cycle process, which bring about 
poor cycle performance and capacity decay. In this part, 
the application of transition metal sulfides (TMSs) and 
transition metal oxides (TMOs) in SIBs is mainly intro-
duced and discussed.

3.4.1  Design Strategies and Synthesis Method

A sequence of reliable synthesis strategies along with 
the research of conversion materials for SIBs has been 
reported. Here, we focus on the hydrothermal/solvothermal 
method, microwave method and electrospinning method. 
Hydrothermal and solvothermal methods are economical, 
environmentally friendly and effective in controlling the 
shape and size of the product. Therefore, they have been 
widely used in the synthesis of converted anode materials 
[111]. The solvothermal and hydrothermal methods dif-
fer in the reacted solvent. For example, in the synthesis 
of sulfides, metallic salts and sulfur sources are dissolved 
in specific solvents, poured into Teflon-lined sealed steel 
containers and reacted at the right temperature. The reac-
tion process is facile and can be completed in one step. 
The microwave method is a kind of fast reaction speed, 

short time, high yield and economical method, which has 
been extensively used in the preparation of conversion-type 
materials. Thangavel et al. reported a microwave synthesis 
of  SnS2/G [112]. Metal source  SnCl2 and sulfur source 
thioureone were evenly dispersed in the GO solution and 
placed in a microwave oven at 700 W for 20 min. The 
results showed that the microwave method not only effec-
tively reduced the reaction time, but also increased the 
yield and made it possible for large-scale production. Elec-
trospinning is a simple and controllable method that has 
been extensively used to fabricate one-dimensional materi-
als. By adjusting the parameters of the electrospinning pro-
cess, the size and morphology of the acquired fibers can be 
changed. In recent years, electrospinning has also gained 
popularity in sodium storage. The reasons are as follows: 
first of all, electrospinning has the advantage of mass pro-
duction, which lays a solid foundation for the industrial 
preparation of electrode materials; secondly, electrode 
materials prepared by the electrospinning method possess 
the advantages of low cost, short ion diffusion distance and 
enhanced cycle life and high energy density [113].

3.4.2  Active Sites and Surrounding Environments of Active 
Sites

Transition metal oxides. There are plenty of metal oxides 
possessing high theoretical specific capacities used in SIBs, 
for example, Fe, Co, Cu and Sn-based TMOs. Based on the 
disadvantages and advantages of transformational anode 
materials, many research teams have modified the materials.

Fe-based TMOs. Iron oxide materials  (Fe2O3 or  Fe3O4) have 
been extensively investigated owing to low price, abundant 

Fig. 19  a Contour plot and b line plot of the operando XRD patterns of the np-Bi4Sb4 anode material during the discharge/charge processes. 
Adapted with permission from Ref. [109]. Copyright©2018, American Chemical Society
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resources and environmental friendliness. However, like most 
transition metal oxides, iron oxide has poor rate performance 
and cycle stability. Many groups are working to promote the 
capacity and cycling life of iron oxide-based electrodes [114]. 
Designing various nanomaterials in combination with carbo-
naceous materials is a good approach. Hou et al. synthesized a 
nanocomposite in which the mesoporous graphitic carbon was 
encapsulated on  Fe2O3  (Fe2O3@mGC) [115].  Fe2O3@mGC 
showed superb cycling stability, providing a specific capacity 
of 377 mAh  g−1 and extraordinary Coulomb efficiency (98%) 
under 100 mA  g−1 for 100 cycles. Firstly, large pore volume 
and high specific surface area were conducive to ion transfer 

and adapted to large volume changes. Secondly, ultrafine 
 Fe2O3 nanocrystals effectively reduced the diffusion length 
of  Na+. Finally, graphite-carbon encapsulation improved the 
electronic conductivity. Zhong et al. reported an N-doped car-
bon covering porous spindle-shaped  Fe3O4 distributed on gra-
phene  (Fe3O4@NCm/rGO) composite [116].  Fe3O4@NCm/
rGO delivered a superior specific capacity of 237 mAh  g−1 at 
1.0 A  g−1 for 2 500 cycles. The effective role of carbon and 
rGO as a buffer region could prevent the  Fe3O4 volume varia-
tion in the cycle. Both  Fe2O3 and  Fe3O4, the active site of the 
reaction is the metal center, that is, the one-step conversion 
reaction between iron oxide and sodium.

Fig. 20  a Ex situ XRD patterns and b in situ Raman spectra of Sb@PC anode material at 0.03 A  g−1. c Simulation diagram of sodification/des-
odification process. Adapted with permission from Ref. [95]. Copyright©2021, American Chemical Society
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Co-based TMOs.  Co3O4 is an ideal alternative because 
of the high theoretical capacity of 890 mAh  g−1. However, 
during  Na+ ion insertion/extraction, its poor conductiv-
ity, severe volume expansion led to poor cycling stability, 
which limit the application of this material. The research-
ers propose two methods to address these drawbacks. One 
improved method is to design a variety of nanostructured 
electrode materials (such as nanotubes, nanosheets, hol-
low spheres, etc.) to enhance the structural stability, but 
this method is difficult to improve the conductivity [117]. 
Another approach is to combine  Co3O4 with a carbon 
matrix to improve electrical conductivity [118]. Based on 
the above analysis, it is an effective strategy to design a 
variety of nanostructured electrode materials and combine 
them with carbonaceous materials. Jiang et al. synthesized 
 Co3O4 microflowers and porous cubes with controllable 
dimensions [119]. The porous structure of the  Co3O4 cube 
could offer plentiful diffusion paths for sodium ions and 
effectively alleviate volume expansion. Moreover, uniform 
carbon doping efficiently improved the electrical conduc-
tivity of the nanocomposites. Therefore, there was excel-
lent cyclic stability in the field of SIBs. The rambutan-like 
hybrid hollow spheres of carbon-constrained  Co3O4 nano-
particles (R-Co3O4/C) have been prepared via a facile one-
pot heat treatment and post-annealing [120]. The active site 
of the reaction in  Co3O4 was the metal center, which was the 
one-step conversion reaction between  Co3O4 and sodium. 
The hierarchical hollow structure could greatly enhance 
the structural stability and rapid electrode kinetics, which 
would provide a way to solve the problems of slow oxida-
tion/dehydrogenation kinetics and poor structural stability 
of TMOs. The capacity of R-Co3O4/C maintained 223 mAh 
 g−1 at a current density of 5 A  g−1 when utilized as anode 
materials in SIBs (Fig. 21a). As indicated in Fig. 21b, the 
excellent rate performance of R-Co3O4/C electrode was 
mainly because of the special hollow structure. What is 
more, the electrode showed 74.5% capacity retention for 
500 cycles under a current density of 0.5 A  g−1 (Fig. 21c).

Cu-based TMOs. Copper oxide (CuO) is an ideal can-
didate because of the abundant resources and its extraordi-
nary theoretical capacity (674 mAh  g−1) [121]. The active 
site of the conversion reaction in CuO is the metal center. 
Jiang’s group reported a structural design to achieve a 
durable sodium anode consisting of a  TiO2-mediated CuO 
(denoted as R-CuO) nanowire array on Cu foams [122]. The 
R-CuO provided the capacity of 592 mAh  g−1 and outstand-
ing cyclability (82% over 1 000 cycles), which was mainly 
because of the mechanical stability of the electrode material 
guaranteed by  TiO2 during the embedding and de-embed-
ding of sodium ions. Zhao et al. showed a simple technique 
to fabricate hollow CuO nanocubes that helped slow volume 
change in the charging/discharging procedure [123]. The 
hollow CuO nanocubes showed a capacity of 865 mAh  g−1 

under 0.1 A  g−1 for 100 cycles. According to CV curves, two 
peaks appeared at 1.02 V and 0.48 V during the first cycle, 
attributing to CuO reduction and SEI layer formation. The 
oxidation peak occurred at 2.13 V, corresponding to CuO 
formation. The reduction peaks at 0.52 and 0.48 V were 
related to the conversion of the CuO phase to Cu and  Na2O 
in the subsequent cycles.

Sn-based TMOs. The metal center as the active site 
can undergo both the conversion reaction and the alloying 
reaction with  Na+ ion.  SnO2 has a low potential and a high 
capacity, however, its low conductivity and large volume 
expansion significantly impede its applications. The com-
bination with carbonaceous materials and nanostructured 
materials has been considered as a rational approach to 
improve the cycle stability and enhance the electrical con-
ductivity. Wang’s group reported a method derived from 
organic compounds containing heteroatoms to synthesize 
sulfur/nitrogen Co-doped graphene/SnO2 composites 
(denoted as SNGS) [124]. Due to the improvement in the 
conductivity of ultrafine  SnO2 nanocrystals, doped het-
eroatoms limiting the agglomeration of  SnO2, the SNGS 
sample exhibited outstanding performance with satisfied 
reversible capacity and excellent cycling stability. Zhang 
et al. reported a method for producing carbon nanofibers 
encapsulated with oxygen vacancy  SnO2−x nanoparticles, 
while the use of oxygen vacancies effectively controlled 
the electronic structure of semiconductor oxides, enhanc-
ing the reversible capacity and the rate capability [125]. 
The  SnO2−x/C electrode showed an outstanding specific 
capacity of 340 mAh   g−1 under the current density of 
5.0 A  g−1 and an excellent cycle stability of 447 mAh  g−1 
at 1.0 A  g−1 after 2 500 cycles.

In conclusion, when TMOs are hybridized with carbon-
based matrix or size of the electrode materials is reduced, it 
can effectively solve the shortcomings of low conductivity, 
poor cycle stability and poor rate performance and offer 
new understandings for the design of current SIBs anode 
materials. Additionally, the properties of these electrode 
materials can be significantly improved through rational 
structural selection and the combination of hybrid nano-
structures, which lays a foundation for future commercial 
development.

Transition metal sulfides. TMSs as sodium storage 
materials with a higher theoretical capacity have attracted 
extensive attention in comparison with TMOs. Moreo-
ver, M–S bonds in TMSs are weaker than M–O bonds in 
TMOs, which is conducive to the conversion process with 
 Na+ ions, so that TMSs have an obvious advantage in the 
course of sodiation/desodiation. In addition,  Na2S produced 
by TMSs during the discharging process have better revers-
ibility than  Na2O produced by TMOs [126], which exhibits 
better mechanical stability. Therefore, various TMSs have 
been widely studied as SIBs high-capacity anode materials, 
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such as Mo, Co, Fe, Cu and Sn-based TMSs. But the inad-
equate conductivity of TMSs and large volume change in the 
cycling course have hindered their application.

Mo-based TMSs. Molybdenum disulfide  (MoS2) is one 
kind of typical two-dimensional layered metal sulfide. The 
layers are associated by van der Waals gravity, leading to 
a large intercalation interval (0.62 nm) and a high specific 
surface area, which sufficiently provides convenience for 
the intercalation of basic ions such as  Li+,  Na+ and  Mg2+ 
[127, 128].  MoS2 has a high theoretical capacity, but its 
inherent conductivity is poor, and its volume changes dur-
ing electrochemical cycling are serious, limiting its further 
application [129, 130]. Zhang et al. successfully fabricated 
the flower ball composites named CNT/MoS2/NC [131], 
carbon nanotubes could promote the conductivity of anode 
materials and effectively slow the agglomeration of electrode 
materials during the electrochemical cycle. In addition, the 

nitrogen-doped carbon derived from cetyltrimethyl ammo-
nium bromide (CTAB) was inserted into  MoS2 crystal inter-
layer at the level of molecular to protect  MoS2 layer by layer 
and further improve the conductivity of  MoS2. Due to the 
synergistic action of two carbonaceous materials, the pre-
pared CNT/MoS2/NC composite showed excellent sodium 
storage performance. In addition to composite carbon mate-
rials, the construction of heterogeneous materials is another 
useful strategy toward solving the shortcomings of  MoS2 
[132–135]. The abundant phase interface provides a large 
number of defects and plentiful active sites for speedy elec-
tron/ion transport, which significantly enhances the electro-
chemical performance of the materials [136–139]. Chen’s 
team synthesized a novel MnS-MoS2 heterogeneous complex 
(MnS-MoS2) by hydrothermal method [140]. MnS nanopar-
ticles were dispersed on  MoS2 nanosheets uniformly. The 
phase transition generated by the heterogeneous structure 

Fig. 21  a Rate performances of the R-Co3O4/C hybrid hollow sphere, 
R-Co3O4 hollow sphere, and  Co3O4 solid sphere electrodes. b Sche-
matic diagram of the advantages of the R-Co3O4/C hybrid hollow 
sphere in sodiation and desodiation. c Cycle performance of the 

R-Co3O4/C hybrid hollow sphere electrode at a high current den-
sity of 0.5 A   g−1. Adapted with permission from Ref. [120]. Copy-
right©2018, Wiley–VCH
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and the internal electric field improved the stability and the 
electrochemical reaction kinetics of the electrode materi-
als. MnS-MoS2 exhibited excellent sodium storage proper-
ties. This study provides a novel way to understand the role 
of heterogeneous structures in energy storage. Chen et al. 
successfully constructed  CoSe2CNC@NC/MoS2 (denoted 
as CMC-1) heterostructure by a multistep reaction strategy 
[141]. Due to the construction of heterogeneous structures, 
interfaces were formed between different components, and 
abundant phase interfaces provided a large number of active 
sites and defects for the speedy transport of electrons/ions. 
The nitrogen-doped carbon skeleton was applied to anchor 
 CoSe2 nanoparticles, which could efficiently alleviate vol-
ume expansion in the reactions. The active sites were the 
metal centers cobalt and molybdenum, while the intercala-
tion and conversion reaction occurred in a two-step reac-
tion mechanism. HRTEM images (Fig. 22a) and XRD pat-
terns (Fig. 22b) proved that a heterogeneous interface was 
formed between  CoSe2 and  MoS2. As an SIB anode, the 
heterostructure provided an excellent reversible capacity 
of 481.6 mAh  g−1 at 0.5 A  g−1 for 100 cycles (Fig. 22c), 
favorable rate performance (174.5 mAh  g−1 at 20.0 A  g−1, 
Fig. 22d) and outstanding cycle stability (333.4 mAh  g−1 
after 2 000 cycles at 5.0 A  g−1, Fig. 22e).

Fe-based TMSs. Pyrite  (FeS2) is considered as a kind of 
potential anode material for SIBs because of its abundant 
reserves, environmental friendliness and low cost [142, 143]. 
In addition,  FeS2 possesses a high theoretical capacity of 
894 mAh  g−1. Nevertheless,  FeS2 has a low conductivity 
and a severe volume change problem in the charging and dis-
charging procedure, which brings about poor electrochemi-
cal performance [144, 145]. To address the aforementioned 
issues, researchers have done a lot of work to adjust the 
voltage range, composite conductive materials, and design 
a variety of electrode nanostructures. Chen et al. found that 
controlling part of the conversion reaction can promote the 
cyclic stability of the reaction, resulting in the long-term 
cycle of FeS@C with high capacity [146]. Chen et al. came 
up with a way to adjust cutoff voltage to 0.8 V, allowing  FeS2 
to achieve superior cycle stability (90% capacity retention 
over 20 000 cycles) and surprisingly high rate performance 
(170 mAh  g−1 at the current density of 20.0 A  g−1) [147]. 
Zhang et al. designed and prepared a core–shell structure 
 FeS2@rGO nanocomposite material. The rGO sheets could 
improve electrical conductivity while buffering volume 
changes in the charging and discharging procedure. Addi-
tionally, the special core–shell configuration and the control 
of voltage range could further improve the electrochemical 
performance.  FeS2@rGO showed good cyclic stability and 
excellent rate performance [148]. Mi et al. reported a novel 
 FeS2/rGO-A composite [149]. The introduction of a three-
dimensional conductive network rGO-A as  FeS2 improved 
the conductivity of the entire electrode. It greatly slowed 

the loss of active substances. The  FeS2/rGO-A electrode 
showed excellent cycling and rate performance. The N, S 
co-doped carbon fiber covered with  FeS2 nanoparticles was 
synthesized and anchored on  FeS2 nanosheets (denoted as 
 FeS2@CF-NS) [150]. The active site was the metal center, 
consisting of the insertion and conversion reaction, which 
was a two-step operation mechanism.  FeS2 nanosheets and 
 FeS2 nanoparticles not only expanded the accessibility 
between the electrode and the electrolyte, but also reduced 
the diffusion distance of ions. N and S co-doping enhanced 
the transport of charge carriers, and alleviated the volume 
change in the conversion reaction. Therefore,  FeS2@CF-NS 
showed significant sodium storage properties.  FeS2@CF-NS 
showed a good rate performance (144.4 mAh  g−1 at 20.0 A 
 g−1) and an excellent capacity of 637.1 mAh  g−1 (at 1.0 A 
 g−1 after 400 cycles). When  Na3V2(PO4)3-C was used as 
the cathode,  FeS2@CF-NS also achieved outstanding rate 
performance (297.4 mAh  g−1 at 10.0 A  g−1) and a very high 
specific capacity of 561.1 mAh  g−1 (at 1.0 A  g−1 after 500 
cycles) in the full battery.

Cu-based TMSs. Copper sulfide possesses abundant 
resources, moderate cost and high theoretical capacity, 
which has been the focus of the application of anode mate-
rials for SIBs. However, its rapid capacity decay and poor 
rate performance hinder practical application in SIBs. The 
batteries behaviors of copper sulfide are improved through 
the combination of copper sulfide with carbon material and 
the design of a nanometer electrode material with special 
structure. In the process of  Na+ storage, the active site is the 
metal center copper. Li et al. prepared a graphdiyne (GDY) 
nanomembrane-filled array of CuS nanotubes (named as 
CuS-NTAs@GDY) [151]. The in situ protection of GDY 
nanomembranes not only improved the structural stability 
of the electrode materials, but also enhanced the conduc-
tivity. CuS-NTAs@GDY exhibited excellent electrochemi-
cal sodium storage capabilities. Wang et al. synthesized an 
octahedral composite assembled from carbon-coated cop-
per sulfide nanorods  (CuSx@C) [152]. Carbon cladding and 
nanostructures enhanced electrical conductivity and buffered 
volume expansion. In addition, nanostructures also short-
ened ion and electron transport paths. Our group designed 
and synthesized  Cu9S5, which was covered with the N-doped 
carbon shell and assembled into a flower shape composed 
of nanorods (labeled as  Cu9S5@NC) [153]. It exhibited  
a high capacity (263.5 mAh  g−1 under 200 mA  g−1 over 
200 cycles), outstanding cyclability (199.8 mAh  g−1 after 
10 000 cycles at 5 A  g−1) and outstanding rate performance 
(297.8 mAh  g−1 at 8 A  g−1) in SIBs, which could be attrib-
uted to the shortened ionic diffusion length by nano-Cu9S5 
particles, the slowing of volume change by hierarchical 
structure. In addition, the short nanorod was beneficial to 
the penetration of the electrolyte, while the N-doped carbon 
shell could improve electronic conductivity.
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Sn-Based TMS: Owing to the high theoretical capac-
ity, the combination of alloying and conversion elec-
trochemical reactions, tin sulfides  (SnS2, SnS) have 
attracted extensive attention [154, 155]. Nevertheless, 
the huge volume change during electrochemical reac-
tions and poor electrical conductivity bring about poor 
cyclic stability. For the purpose of effectively solving 
the aforementioned problems, several effective strategies 
have been used, such as the design of nanostructures 
[156–158], heteroatomic doping [159–161] and bind-
ing to carbonaceous materials [162–164]. Wang et al. 
reported a superlattice-like SnS/ N-doped graphene 
(NG) mixture consisting of SnS and NG nanosheets 
that were alternately stacked [165]. First, the SnS was 
located between the NG nanosheet layers in the SnS/NG 
mixture, thus widening the spacing of the SnS layers and 
exposing more SnS active sites, which facilitated rapid 
ion diffusion. In addition, the NG layer improved the 
electrical conductivity and provided space to cushion the 
volume alteration of SnS in the composite. Therefore, 
the superlattice-like SnS/NG anode showed good rate 
performance (550 mAh  g−1 at 14.58 A  g−1) and cyclabil-
ity (600 mAh  g−1 at 1.6 A  g−1 after 1 200 cycles). Cui 
et al. proposed an innovative approach to restrict SnS 
nanomaterials to Co, N modified porous carbon fibers 
and vertical graphene-like carbon films (CCF@SnS@G) 

to improve energy storage performance [166]. Initially, 
the Co, N modified carbon fiber supported the SnS 
nanosheet array while enhancing electrical conductiv-
ity. Furthermore, the graphene-like carbon film formed 
in situ acted as a protective skeleton for the SnS to pre-
vent structural damage and enhance electronic conduc-
tivity. The conversion reaction of SnS to  Na2S and Sn 
occurred in the discharge process, which was accompa-
nied by the alloying reaction of  NaxSn. The dealloying 
reaction of  NaxSn and the reversible conversion of  Na2S 
and Sn into the SnS phase occurred during the charging 
process. Lu et al. synthesized a nanocellular SnS/SnS2 
heterostructure (denoted as SnS/SnS2@CC) grown on a 
carbon cloth substrate [167]. Because the heterogene-
ous structure could enhance the dynamic process, SnS/
SnS2@CC showed a high capacity and superior cycling 
performance. Improving electrochemical properties by 
forming heterogeneous structures may uncover new ways 
toward the engineering and construction of electrode 
materials.

In summary, the optimization strategies of TMSs are 
mainly divided into three methods: (1) nanomaterials, 
(2) composite with carbon materials, and (3) heterogene-
ous structure construction. Nanomaterials can effectively 
buffer volume changes. The TMSs are combined with 
the carbonaceous material to improve the conductivity 

Fig. 22  a HRTEM image of CMC-1. b XRD patterns of CMC-1 and 
other composites. c Cycle performance at 0.5 A   g−1 for 100 cycles. 
d Rate performance of CMC-1 and other composites. e The long-

term cycle performance at 5.0 A  g−1 for 2 000 cycles of CMC-1 and 
other composites. Adapted with permission from Ref. [141]. Copy-
right©2022, Elsevier
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to a greater extent while alleviating the volume change. 
The formation of heterogeneous structures accelerates 
the interfacial charge transfer and increases the electro-
chemical kinetics rate. The combination of one or more 
strategies can significantly promote the electrochemical 
properties of TMSs.

3.4.3  Reaction Mechanism

For TMOs, XRD, XPS combined with CV curves are 
common methods to study the conversion mechanism. 
According to ex situ XRD and XPS of Co 2p in R-Co3O4/C 
(Fig. 23a and b), when discharged to 0.01 V, the peak of 
 Na2O was observed and the peak of  Co3O4 disappeared, 
and the peaks of  Co2+ and  Co3+ disappeared after fully dis-
charged. The results indicated that  Co3O4 was converted to 
 Na2O and Co metal during the discharging process. Sub-
sequently, these phases change backed to  Co3O4 and Na 
after the charging process [120]. The first three CV curves 
(Fig. 23c) examined the  Na+ storage performance of the 
 SnO2−x/C. In the initial discharge process of 0.75–1.3 V, 
the obvious peaks indicated that the  SnO2 phase was con-
verted to Sn and  Na2O. The equations are described as 
follows:

As shown in the equation below, the reduction peak at 
0.23 V was the result of the alloy reaction:

The three oxidation peaks at 0.5, 1.05 and 1.25 V were 
from the dealloying of  NaxSn to Sn, the subsequent oxidation 
of Sn to SnO and the further oxidation of SnO to  SnO2. The 
XRD results of the  SnO2−x/C electrode at different charge/
discharge states of the 20th cycle also showed the same reac-
tion mechanism (Fig. 23d). During the discharge process, 
new peaks were indexed to SnO and Sn phases appeared at 
2θ of 50.7º and 43.8º indicating the gradual conversion reac-
tion of  SnO2. The peaks of  SnO2, SnO and Sn almost disap-
peared at 0.01 V, and the peaks located at 2θ of 29.4º, 47.5º 
and 48.6º might belong to the  NaxSn alloy phase, showing a 
sufficient alloying reaction between  Na+ ion and Sn. On the 
contrary, the peaks of the alloy phase of  NaxSn gradually 
disappeared during the charging process, which was related 
to the rebuild of the Sn, SnO and  SnO2 phases. As shown in 
Fig. 23e, the reasons for the excellent sodium storage elec-
trochemical performance of the  SnO2−x/C electrodes are as 
follows: Firstly,  SnO2−x/C electrode could effectively inhibit 
the aggregation and separation of Sn and  Na2O phase and 
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also reduce the large volume variation during the charge/
discharge process. Secondly,  SnO2−x/C electrodes not only 
provided a favorable way for ion transport, but also could 
form a stable SEI film [125].

The mechanism of sodium ions storage for TMSs was 
studied by ex situ XRD and XPS. The following reaction 
mechanism was proposed [141]:

The investigation of the conversion of  Cu9S5@NC anode 
in the electrochemical reaction process was also used ex situ 
XRD and HRTEM tests. During the discharging process, 
 Na+ ions were inserted into the lattice of  Cu9S5, and a peak 
of 26.65° appeared corresponding to  NaCu2S2. During the 
charging process,  Cu2S peak at 39.71° appeared, indicating 
that  Na+ ions generated  Cu2S from the unplugged part of the 
 NaCu2S2, and a  Cu9S5 peak also appeared. At discharge to 
1.18 V, the (353) plane of  Na2S and the (1, 0, 10) plane of 
 Cu9S5 could be observed. When charged to 1.84 V, the (111) 
plane of Cu and the (004) plane of  Cu2S could be observed. 
HRTEM also confirmed the above results [153].

3.5  MOFs‑Based Materials

MOFs are constructed by the self-assembly of inorganic 
metal centers and organic ligands through coordination 
bonds, which is a kind of very promising porous materials. 
MOFs are extensively applied in gas storage and separation 
[168], catalysis [169], energy storage and conversion [170] 
thanks to their merits of large surface area, regular porous 
structure and modifiable pore size. At present, MOFs are 
often used as precursors to produce various derived mate-
rials in the field of SIBs [171, 172]. Nevertheless, during 
the synthesis of MOFs derivatives, the crystal structure, 
morphology and pore size of pristine MOFs are damaged 
to some extent, which affects their electrochemical perfor-
mance. Therefore, pristine MOFs directly used as electrode 
materials will avoid the above problems. In this section, 
MOF-based anode materials for SIBs are discussed mainly 
from the active sites, the environment around the active sites 
and the reaction mechanism. Pristine MOFs as active materi-
als are introduced emphatically.

3.5.1  Design Strategies and Synthesis Method

Due to the controllability of MOFs, their physical and 
chemical properties can be regulated in the synthesis pro-
cess [173]. MOFs can be constructed by a variety of meth-
ods, some of which are widely used as described below. For 
example, diffusion method, solvothermal method, ultrasonic 
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Fig. 23  a Ex situ XRD patterns, and b Co 2p XPS spectra of 
the R-Co3O4/C hybrid hollow sphere anode material at pristine, 
charged and discharged states. Adapted with permission from Ref. 
[120].  Copyright 2018 Wiley–VCH. c CV curves of the first three 
cycles for the  SnO2−x/C anode material. d Ex situ XRD patterns of 

the  SnO2−x/C anode material at the 20th cycle at different states. e 
Diagram of the  SnO2−x/C anode material charges during the charge/
discharge process. Adapted with permission from Ref. [125]. Copy-
right©2018, Wiley–VCH
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method and microwave method. In the diffusion method, 
the reactive substances are transported in a solvent or gel, 
whereas crystal growth and nucleation occur at interfacial 
points. There are two modes of diffusion. First, the diffusion 
of the solvent liquid occurs where the densities of the two 
solvents are different, accompanied by crystal growth at the 
interface. Second, the reactive substances gradually diffuse 
past the physical barrier [174]. In the solvothermal synthesis 
of MOFs, metal salts and organic ligands are dissolved in 
a solvent and react at specific temperatures. This method 
will result in rapid crystallization, thus resulting in crystals 
with higher purity and surface area. Up to now, the synthesis 
of MOFs by the solvothermal method has been extensively 
reported in previous works. The mixture of Zn(NO3)2⋅6H2O 
and 1,4-phenyl dicarboxylic acid  (H2BDC) was dissolved in 
dimethylformamide (DMF) and then transferred to a reac-
tion reactor at 373 K for 24 h to synthesize MOF-5. The 
synthesized MOF-5 had a high crystallinity and the crystal-
linity of MOF-5 can be changed by adjusting the ratio of 
DMF/H2BDC [175]. Compared with the diffusion method 
and the solvothermal method, the ultrasonic method is a 
method with mild synthesis conditions, easy control, envi-
ronmental protection and high yield [176]. What’s more, the 
crystallinity and size of MOFs were controlled by varying 
the ultrasonic time and power. MOFs synthesized by the 
microwave method produce uniform, clean crystals with 
high yield under homogenous reaction conditions [177]. 
In addition, nucleation of crystals can be accelerated with 
reduced reaction time.

3.5.2  Active Sites and Surrounding Environments of Active 
Sites

Active sites in MOFs consist of organic functional group 
sites and metal sites, which are the key factors to determine 
specific capacity in SIBs. Xu et al. prepared a Cd(L) MOF 
and Co(L) MOF (L = 5-aminoisophthalic acid) possessing 
the identical coordination pattern [178]. The relationship 
between metal ions and electrochemical properties was 
studied for the first time. The performance of Cd(L) MOF 
and Co(L) MOF were compared as anodes in SIB, Co(L) 
MOF delivered higher performance than Cd(L) MOF, 
which might be caused by the different metal ion radius. 
Besides, the introduction of organic functional groups as 
active sites (C=C, C=N, C=O, and so on) into MOFs can 
also further improve the specific capacity. Huang et al. 
designed a wave-layer 3D MOF Zn-PTCA (zinc perylene-
tetracarboxylates) [179], aromatic rings activated as stor-
age active sites for  Na+ ion because of the stretching of 
adjacent perylene planes, in addition, C=O groups were 
involved in the insertion process of  Na+. Therefore, Zn-
PTCA showed a high specific capacity of 357 mAh  g−1 at 
the current density of 50 mA  g−1. Chen and co-workers 

obtained an Ni-TABQ MOF (TABQ = tetraminoben-
zoquinone) [180]. The MOF chains were connected by 
hydrogen bonds to form a 2D layered structure, which 
provided pathways for  Na+ diffusion and electron conduc-
tion. Experiments and DFT indicated that the redox active 
centers were conjugated benzoid carbonyls and imines dur-
ing  Na+ ion insertion and extraction process. High rate 
capacities of about 469.5 mAh  g−1 at 100 mA  g−1, and 
345.4 mAh  g−1 at 8 A  g−1 were achieved. What is more, if 
dual-active sites (both metal sites and organic functional 
groups sites) are involved in the  Na+ ion storage process, 
the specific capacity will be further increased. Wang et al. 
fabricated a 1D π-d conjugated coordination polymer Ni-
BTA (BTA = 1,2,4,5-benzenetetramine) as anodes for SIBs 
[181]. The synthesized Ni-BTA showed an outstanding 
reversible capacity of about 500 mAh  g−1 under 0.1 A  g−1 
with good rate performance (330 mAh  g−1 at 10 A  g−1). 
The electrochemical performances of obtained Ni-BTA 
are better than most of the reported MOFs in SIBs. Our 
group obtained the Ni-HHT-250 electrode materials with 
high exposure of active sites. The Ni-HHTP-250 electrode 
delivered a reversible discharge capacity of 420 mAh  g−1 at 
0.1 A  g−1 and a decent rate capacity of 200 mAh  g−1 at 2.0 
A  g−1. Porous structure and high exposure of active sites 
benefit rapid kinetics and high conductivity [182].

In addition to active sites, the surrounding environments 
of active sites also affect the performance of SIB anode 
materials, for example vacancies, specific surface area, 
morphology and so on. Vacancy is an important factor pro-
moting sodium ions storage. Li and co-worker reported Co-
MOF nanosheets (u-CoOHtp) with oxygen vacancies [183]. 
Because of the existence of unsaturated metal sites on the 
surface of u-CoOHtp, oxygen vacancies were generated, 
resulting in an unbalanced charge distribution, which can 
induce the formation of a local electric field, thus speed-
ing up the diffusion rate of  Na+ ion and improving sodium 
ions storage performance. The obtained u-CoOHtp anode 
material exhibited an excellent capacity of 555 mAh  g−1 
and maintained remarkable cycling performance (371 mAh 
 g−1 after 50 cycles) at the current density of 50 mA  g−1. 
Yin et al. prepared a series of Co-MA MOFs (MA = maleic 
acid) to study the effect of morphology on electrochemi-
cal property [184]. Compared with spherical Co-MA-2, 
the porous flower-like Co-MA-3 has the virtues of a more 
porous structure and a large specific surface area to ensure 
a large number of active sites and the cycling stability. At 
the current density of 100 mA  g−1, the Co-MA-3 could pro-
vide an outstanding reversible capacity of 554 mAh  g−1 and 
maintain a remarkable cycling performance (460 mAh  g−1 
over 300 cycles).

In addition to the factors mentioned above, the electrical 
conductivity and the length of organic ligands also affect 
the electrochemical performance. To introduce conductive 
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MOFs could effectively solve the problem of poor conduc-
tivity. Bao et al. designed a 2D conductive MOF (Co-HAB) 
with a high electrical conductivity up to 1.57 S  cm−1 [185]. 
As the SIBs anode, Co-HAB presented a high capacity of 
291 mAh  g−1 at 50 mA  g−1 and an exceptional rate capability 
(152 mAh  g−1 at 12 A  g−1). Zhang et al. reported a Co-bpdc 
MOF  (H2bpdc = 4,4-biphenyldicarboxylic acid) with a long 
linear ligand and investigated the  Na+ ion storage performance 
[186]. In comparison to the regular linear ligand  H2bdc, Co-
bpdc MOF could accelerate the insertion/extraction of  Na+ ion 
due to the expanded molecular length of the  H2bpdc ligand. 
The Co-bpdc MOF provided a high capacity of 269 mAh  g−1 
at 20 mA  g−1.

3.5.3  Reaction Mechanism

Both organic ligands and metal ions can be potential active 
sites. For MOFs, there are multiple reaction mechanisms, such 
as conversion reaction, alloy reaction and embedding reaction 
in the charge–discharge process. For organic functional groups 
as active sites, according to ex situ XPS and Raman spectra of 
Ni-TABQ, the mechanism was investigated [180]. In the C 1s 
XPS spectrum (Fig. 24b), the peak of C=O bond disappeared 
after discharge to 1.0 V, and C–O bond appeared. Addition-
ally, the obvious C=O bond signal in the O 1s spectrum was 
transformed into C–O–Na bond during the initial discharge 
state and recovered under full charge state (Fig. 24c), indicat-
ing that the redox reaction of C=O bond led to the first  Na+ ion 
insertion. In the N 1s spectrum (Fig. 24d), the peak intensities 
of the C–N bond and C=N bond barely changed from their 
original state when discharged to 1.0 V, and the C=N sig-
nal disappeared when discharged to 0.2 V. This indicated that 
C=O and C=N inserted  4Na+ through two continuous reduc-
tion processes during discharge. During the charging process, 
they were reversibly oxidized. The Raman diagram of Fig. 24e 
showed that the Ni–N bond was stable and the valence state 
of Ni did not change during the discharge and charge cycles 
(Fig. 24f).

For metal organic functional groups as active sites, Ni-
BTA experienced a three-electron reaction during the elec-
trochemical process [181]. FTIR, XPS and Raman spectra 
during the discharge/charge states confirmed the mecha-
nism. It clearly showed from the C 1s spectrogram (Fig. 25a) 
that in the discharge process, the signal peak of C=N bond 
decreased while that of C–N increased. In the subsequent 
charging process, the opposite phenomenon occurred, which 
indicated the interconversion between the C=N and C–N 
groups. The ex situ XPS spectrum of N 1s (Fig. 25b) and 
FTIR spectra (Fig. 25c) also proved the above phenomenon. 
Figure 25d shows that the C=C/C–C bond did not change 
during the charging and discharging process (XPS and FTIR 
results can also prove). XANES further confirmed the pres-
ence of  Ni+ (Fig. 25e), which was manifested a transition 

from  Ni2+ to  Ni+. Figure 25f shows that the Ni–N coordina-
tion bond still existed stably even if the valence state of Ni 
changed.

4  Influences of Electrolytes, Conductive 
Agents, Binders and Separators

4.1  Electrolytes

Electrolyte of SIBs can be divided into a solid electro-
lyte and a liquid electrolyte. The liquid electrolyte solvent 
mostly carbon-based electrolyte, including ethyl carbon-
ate (EC), Propylene carbonat (PC), dimethyl carbonate 
(DMC), ethyl carbonate(DEC) and their mixtures, show 
poor rate performance and low initial CE. The solute is 
mainly sodium salt with a large radius anion, which is 
divided into inorganic sodium salt and organic sodium salt. 
The former includes sodium hexafluorophosphate, sodium 
perchlorate, etc., and the latter mainly includes sodium 
fluorosulfonic acid salts, sodium fluoride sulfonimide salts 
and so on. Solid electrolyte materials are mainly three 
types: inorganic solid electrolyte, polymer solid electro-
lyte, and composite solid electrolyte. These materials are 
currently faced with problems such as low room tempera-
ture conductivity and large interface impedance. So, their 
industrialization still needs some time.

Electrolytes have a great impact on the battery capac-
ity. Electrolytes affect the formation of SEI films, active 
site, charge and discharge products, transfer resistance and 
so on. The influence of the electrolyte on the SEI film 
will directly affect the capacity of the battery. Yi et al. 
took hard carbon as an example to explore the influence 
of electrolytes [187]. The ether electrolyte showed bet-
ter rate kinetics than that of the carbonate electrolyte. By 
distinguishing the effects of the SEI layer and the desolva-
tion behavior, it could be concluded that the desolvation 
process was the rate control step of the electrode reaction 
process and was the main factor leading to the kinetic dif-
ference between the two electrolytes. This study provides 
a clear mechanism for the rapid kinetics of ether electro-
lytes, which will facilitate their application in SIBs. From 
the data in most references, sulfides and alloy materials 
in etheric electrolytes show superior electrochemical per-
formance. The alloying/converting Sn-MnO@C material 
achieves unprecedented rate performance and cycle stabil-
ity through the design of electrolytes. The interface model 
shows that the compatibility of electrolytes is necessary 
[188].

Electrolytes also have great influences on the roles 
of active sites. For transition metal sulfides, the electro-
lyte anion  (ClO4

−) will parasitically react with it to pro-
duce a poorly conductive and unstable SEI film, which 
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Fig. 24  a Discharge/charge curve of the Ni-TABQ anode at 
100 mA   g−1. b−d Ex situ C 1s, N 1s and O 1s  XPS spectra, e ex 
situ Raman spectra and f ex situ Ni 2p XPS spectra of the Ni-TABQ 

anode in the discharge and charge processes. Adapted with permis-
sion from Ref. [180]. Copyright©2020, Wiley–VCH

Fig. 25  a XPS C 1s spectra, b FTIR spectra, c ex situ Raman spectra, d ex situ XPS N 1s spectra, e Ni K-edge XANES and f EXAFS of the Ni-
BTA anode at different states. Adapted with permission from Ref. [181]. Copyright©2019, Wiley–VCH



Electrochemical Energy Reviews            (2024) 7:17  Page 39 of 50    17 

will corrosively convert metal sulfides into less active 
oxides, and the number of active sites will be greatly 
reduced. Yang et al. took FeS as an example to test its 
charge and discharge products. When the electrolyte was 
 NaClO4, the capacity of FeS rapidly attenuated after 80 
cycles. Through XPS analysis, it was found that the elec-
trode material was transformed into  Fe2O3 with lower 
activity. Researchers cleverly added sodium nitrate to 
the electrolyte, and the charge and discharge products 
of FeS were detected and found that they would not be 
converted into  Fe2O3, and the electrode surface would 
generate stable and conductive NaF and  NaN3 SEI films 
[189]. The type of electrolyte has a great influence on 
the transfer resistance, and the resistance of the ether 
electrolyte will be much smaller than that of the ester 
electrolyte. The dissolution of SEI depends on the chem-
ical properties of the electrolyte, including solvents, 
salts, and additives. Jin et al. developed an advanced 
low solvation electrolyte (NaFSI/DMC:TFP) that inhib-
its SEI dissolution through a low polarity TFP solvent, 
a solvation structure of a small amount of free solvent, 
and regulation of SEI components through salt decom-
position with low solubility in the electrolyte. The high 
ionic conductivity of the NaFSI/DMC:TFP electrolyte 
and the low impedance SEI layer formed by the electrode 
material in the electrolyte make the battery have good 
rate performance and long cycle performance. In addi-
tion, NaFSI/DMC:TFP electrolytes are non-flammable, 
enabling high safety [190].

4.2  Conductive Agents

The role of conductive agent is to reduce the contact resist-
ance between the electrodes and current collector, thus 
decreasing the internal resistance of the SIBs. The con-
ductive agent can form a conductive network between the 
active substances, increase electron mobility and collect 
microcurrent, and meanwhile, help enhance charge–dis-
charge performance and cycling performance [191]. The 
conductive agent is usually conductive carbon black mate-
rial. The large specific surface area, small particle size dis-
tribution and close packing of carbon black particles are 
helpful to the tight contact between the particles, forming 
the highly conductive framework in the electrode. Car-
bon black not only has point-to-point contact with active 
substances, but also can function as liquid absorption and 
liquid retention in the battery. Common conductive con-
ductors include Super-P, AB and KB. Among them, KB 
has the best conductivity, but its dispersion is poor, which 
makes it easy to for the copper foil material to fall off. SP 
is a kind of conductive carbon black obtained via furnace 
method. It is composed of primary particles (primary struc-
ture) with a diameter of about 40 nm and aggregated into 

primary aggregates (secondary structure) with a diameter 
of 150–200 nm, and then through soft agglomeration and 
artificial compression and other subsequent processing. 
The overall shape is a grape ball chain. AB is prepared 
by the calcium carbide method. First, the acetylene gas is 
made of calcium carbide. After purification, the acetylene 
gas is separated from the air at ~ 1 400 °C for cracking, 
and then cooled and collected. In order to obtain a sta-
ble mass, the reaction temperature should be kept at about  
1 800 °C. The temperature in the furnace can be controlled 
by the water cooling jacket of the outer cylinder of the 
reactor. Compared with furnace carbon black, acetylene 
black has a more developed crystal and secondary struc-
ture, so it has better conductivity and liquid absorption, 
but the power cost is very high. KB is a kind of high purity 
branched chain conductive carbon black prepared by a spe-
cial production process. Compared with ordinary conduc-
tive carbon black, KB can achieve high conductivity with 
very low addition amount. Compared with other conduc-
tive carbon black, KB has a unique branched chain shape, 
with a more conductive contact points and more conductive 
pathways formed by branched chains. So, KB can acquire 
very high conductivity with very little addition. Owing to 
the ultra-high conductivity of KB, its amount of addition 
is much less than that of other conductive carbon black, so 
it can be filled with more active substances, which greatly 
improve the capacity and current density of the battery 
and extend the service time of the battery with high stabil-
ity. The branched chain form of KB has sufficient contact 
with the active substance and does not lose contact due to 
a change of clearance. The resistance of the battery does 
not increase because of volume expansion and contraction 
during charging and discharging. The conductive agent also 
has a great effect on the resistance, of which the resistance 
of KB is the smallest. When KB is used as a conductive 
agent, it helps to improve the conductivity of the electrode 
material, so that the electrode material can play a full role 
in improving its reversible capacity and CE.

4.3  Binders

The strong interaction between the binder and the active 
material also plays a crucial role in the electrochemical 
performance. Good affinity between the binder and the 
active material can improve the mechanical stability of the 
active material and help maintain the electrode structure 
during its cycle so as to retain more active sites. At pre-
sent, PVDF, CMC, PAA, and PVA are widely used as SIB 
binders. Polymeric binders with specific carboxyl groups 
can inhibit the reduction reaction of electrolytes, such as 
PAA and CMC. They have electrochemical properties 
better than those of PVDF binders. PVDF is one kind of 
semi-crystalline polymer with relatively high crystallinity 
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and high crystallization melting temperature. Therefore, at 
the usual battery temperature, it is difficult for molecules 
with an electrolytic liquid to flow due to the crystallinity 
of PVDF; thereby, the charge and discharge load increases. 
The shrinkage rate of PVDF is relatively different from that 
of the collector, and the film containing active substances 
will be separated from the collector when the drying rate 
of the battery is not appropriate. The introduction of the 
polar groups of PVDF copolymer can remarkably enhance 
the bonding ability of the binder, avoid electrode shedding, 
significantly reduce the composition of the binder, grant the 
battery higher energy density, smaller internal resistance, 
and provide better power performance, higher energy den-
sity and longer cycle time. However, PVDF lacks the chemi-
cal bond to bond with the electroactive material, resulting in 
limited bond strength and insufficient mechanical stability. 
CMCs are cellulose carboxymethylated derivatives, usually 
by natural cellulose and caustic soda and a chloroacetic acid 
reaction. The molecular weight of CMC is from thousands 
to millions. Adding CMC in the preparation of electrode 
paste can improve slurry viscosity and prevent precipitation 
of the slurry. CMC in an aqueous solution will decompose 
sodium ions and anions, the viscosity of the CMC glue will 
decrease with the increase in temperature, easy moisture 
absorption and poor elasticity. PAA is a linear long chain 
structure with plenty of carboxyl groups. Carboxyl groups 
enable the formation of hydrogen bonds between molecu-
lar chains of PAA itself, resulting in a certain degree of 
crosslinking. Therefore, the bonding performance is good. 
PVA is a common water-soluble polymer compound. Its 
molecular chain holds plenty of hydroxyl groups, which 
can produce hydrogen bonds on the surface of carbon 
anode materials and has good bonding property. SA is rich 
in carboxyl and hydroxyl groups, which can promote the 
formation of hydrogen bonds under protonation and play 
an important role in maintaining electrode stability. SA 
not only makes the active particles and conductive agents 
evenly distributed, effectively alleviates the agglomeration 
of the active materials, but also facilitates the penetration 
of electrolytes [192].

Gu et al. compared the effects of four different binders 
(SA, CMC, PVDF and LA133) on the electrochemical prop-
erties of  Na3V2(PO4)2O2F as a cathode electrode material for 
SIBs. SA has high water solubility, abundant carboxyl and 
hydroxyl groups, and high adhesion and cohesion, so the 
active material and carbon black are evenly distributed in the 
electrode and have good integrity, so the electrode material 
shows the best electrochemical performance with SA binder. 
Luo et al. found that the SA binder could fill the cracks of 
the electrode during the volume expansion of the electrode 
material, confirming that self-healing can occur between 
the hydroxy-rich binder and the oxygen-rich active material 
[193]. Cross-linking binders are expected to have a variety 

of functions, including a superb binding affinity for collec-
tors and active particles, adequate mechanical properties to 
withstand particle deformation, outstanding electrochemical 
stability within the operating voltage window, and good wet-
ting ability for electrolytes [194]. Although the binder has 
excellent electrochemical stability and close interaction with 
the active particles, it has interchain interaction and insuf-
ficient linear structure to withstand the volume expansion 
and contraction of the active material upon the continuous 
cycling. For SIBs, the large mass and size of  Na+ always lead 
to poor electrochemical stability and large volume changes, 
particularly in alloy-type anode materials. Yao et al. signifi-
cantly improved electrochemical performance through the 
cross-linking of polyacrylic acid with glycerol (PAA-Gly), 
the molecular engineering of polymer binders, which elimi-
nated active protons from PAA, enhanced mechanical prop-
erties, and facilitated electrolyte diffusion. The advantages 
of PAAs are molecular weight control and single functional 
groups, namely carboxyl; glycerol (GLY) are used to bind 
PAAs through cross-linking, improving mechanical prop-
erties, increasing electrolyte compatibility, and decreasing 
side reactions produced by protons in PAAs [191]. Xia et al. 
designed a sodium alginate/polyethylene (SA/PEO) oxide 
binder with a large number of hydrophilic functional groups 
by esterification reaction. It forms a uniform passivation film 
on the electrode surface through hydrogen bonding, further 
inhibits the decomposition of the electrolyte and the con-
tinuous formation of the SEI film, and can accelerate the 
migration rate of  Na+ [195]. As a result, electrochemical 
performance is effectively enhanced, particularly in terms 
of cycle life and CE.

4.4  Separators

Separators can separate the cathodes and anodes, avoid short 
circuits and allow the transport of ion. Although the separa-
tor is not the electrochemical active site to provide specific 
capacity, it has an important impact on the specific capacity 
and cycle stability of SIBs. Glass fiber filter paper, poly-
olefin separators are usually used. Glass fiber filter paper 
has superior thermal stability, high porosity and ionic con-
ductivity. However, its large thickness and poor mechanical 
limit its further industrial application. For polyolefin sepa-
rators [mainly including polyethylene (PE), polypropylene 
(PP) and their analogues], they have excellent mechanical 
strength and chemical stability, but their wettability in the 
SIBs electrolytes are poor. So, the polyolefin separators are 
not been directly used in SIBs. The eligible separator must 
possess the following properties: (1) superior thermostabil-
ity at high temperature and electrochemical stability; (2) the 
ability to avoid the formation and growth of dendrites; (3) 
excellent mechanical stability; (4) decent wettability in liq-
uid electrolytes; (5) suitable thickness and pores.
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In addition to traditional separators, more and more 
new types of separators have been developed. Cellulose-
based separators have the advantages of environmental 
friendliness, superior thermal stability and degradability, 
which make them attractive for SIB separators. Abundant 
hydroxyl functional groups of natural cellulose result in 
a strong intermolecular force, which reduces the pore 
sizes of separator and further influences the transport of 
 Na+ ion. In order to accelerate the transport of  Na+ ion, 
Wu’s group reported a “pore-hopping” ion transport in 
cellulose-based separators with excellent electrochemi-
cal performance for SIBs [196]. Solid polymer electro-
lyte (SPE) poly(propylene carbonate) (PPC) was used to 
modify the cellulose paper (CP). DFT results indicated 
that the PPC could faciliate the transport of  Na+ ion 
because of the occurrence of carbonyl group. The  Na+ 
ion could pass through the large and medium pores of CP, 
but it couldn’t pass through small pores of CP. When THE 
 Na+ ion encountered small pore, the  Na+ ion would first 
move along the PPC chain until it encountered large and 
medium pore. The “pore-hopping” mechanism made the 
CP@PPC separator have high ionic conductivity and high 
ionic transport numbers, which resulted in superior cycle 
stability and fast charging in half and full cells.

Developing separators to avoid dendrite penetration is also 
very important. Chen’s group reported an ultrathin honey-
comb-structure exterior-nonporous separator with superior 
thermostability and mechanical robustness [197]. It was 
constructed by polyethersulfone (PES) and polyvinylidene 
fluoride-hexafluoropropylene (PVDF-HFP). The polar sepa-
rator could immobilize free solvent molecules to form highly 
aggregated solvation structure and robust inorganic-rich 
interphase. Thus, the nonporous could suppress Na dendrite 
and prevent dendrite penetration. There are also other strate-
gies to optimize separators, such as coating, doping, etc.

5  Conclusions and Perspectives

5.1  Summary

In conclusion, the review summarized the research progress 
of SIBs including the electrodes, electrolytes, conductive 
agents, binders and separators in the last five years. For the 
cathode materials and anode materials, their design strate-
gies and synthesis, reactive active site and reaction mecha-
nism at molecular and atomic scales, and the latest charac-
terization methods are reviewed. In this review, the problems 
faced by cathode materials and anode materials as well as 
optimization strategies are reviewed. In addition, the com-
mon kinds of electrolytes, conductive agents, binders and 
separators, the conditions of their use and their influences on 
the electrochemical performance are summarized.

The electrochemical performance of SIBs is primarily 
influenced by the electrode materials and electrolytes. In 
order to meet the requirement of development, some new 
electrode materials and electrolytes have been raised (e.g., 
high-entropy electrode materials, MOFs electrode materi-
als, solid polymer electrolytes and ionic liquid electrolytes). 
Meanwhile, many optimized and improved strategies (ion 
doping, coating, micro-nanoengineering, structural design, 
etc.) are effective to enhance the electrochemical perfor-
mance. In addition, more and more advanced in situ char-
acterization methods are applied to investigate the reaction 
mechanism.

5.2  Challenges

SIBs have attracted increasingly attention in the new second-
ary batteries field due to the low cost and abundant sodium 
resources. However, low energy/power density, rate perfor-
mance and cyclic stability are still the main obstacles for 
further development of SIBs. There are some challenges for 
further developing SIBs.

1. The low energy/power density, phase transition, vol-
ume change and low electronic conductivity of elec-
trode materials restrict their further development 
[198–203]. The layer transition oxides usually occur 
in phase transition during the charge/discharge process, 
leading to the structural collapse [198–200]. The poly-
anionic compounds have the problem of low electron 
conductivity and volume energy [201]. The organic 
compounds possess low electronic conductivity and 
easy dissolution in organic electrolytes [202]. Sodium 
metal anode possesses high capacity and low redox 
potential. However, uneven sodium ion movement in 
bulk sodium anodes results in local deposition/disso-
lution of sodium through high speed plating/stripping 
behavior, followed by serious dendrite growth and 
loose accumulation.

2. The narrow voltage window, the high flammability and 
volatility and the low thermal stability are the main 
problems for the organic electrolytes. Presently, the 
organic electrolytes are one of the most commonly used 
electrolytes. The narrow voltage window can result in 
the low energy/power density. The high flammability 
and volatility, and the low thermal stability can cause 
safety problems.

3. There is also a lack of in-depth study of reaction mecha-
nism and failure mechanism analysis. The mechanism 
study usually needs advanced in situ characterization 
method. At present, the advanced in situ characteriza-
tion techniques are still inadequate. The unclear mecha-
nism and failure mechanism can hinder the develop-
ment of SIBs.
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5.3  Future Research Directions

The large specific energy, long cyclic life, good rate perfor-
mance, fast charging capacity, high safety and low cost SIBs 
are the goals of people to pursue. In order to develop SIBs 
with high performance, the optimize strategies and develop-
ment directions are as follows.

(i) For cathode materials, it is necessary to develop mate-
rials with high specific capacity, high redox potential, 
decent structural stability, fair electron and ionic con-
ductivity. Cheap and rich resources, and environmental-
friendliness for cathode materials are also necessary. It 
is an effective way to improve the specific energy with 
stable structure by doping and surface modification. In 
addition, in order to reduce costs and environmental 
pollution, the development of cobalt-free cathode is 
becoming a trend.

(ii) For anode materials, it is necessary to develop high 
energy density and high first CE anode materials with-
out serious voltage lag. The first CE can be improved 
by the artificial SEI film or the presodiation to inhibit 
the occurrence of the side reactions. By adopting the 
strategies of constructing carbon-based nanocompos-
ites [204], coating, micro-/nanoengineering and struc-
tural design, the reaction kinetics, and the reversibility 
of the materials can be improved, so as to alleviate the 
problem of voltage lag.

(iii) For the electrolytes, it is necessary to develop wide volt-
age windows and wide temperature ranges electrolytes. 
By optimizing electrolyte components and designing 
additive functional molecules, the electrochemical win-
dow and temperature ranges of electrolyte can be wid-
ened to construct high-voltage SIBs.

(iv) The in-depth study of reaction mechanisms combined 
with theoretical calculation and advanced in situ char-
acterization method. A clear reaction mechanism at 
atomic or molecular level is of great help to promote 
the overall performance of SIBs. With the development 
of modern in situ characterization techniques, it has 
become a trend to study the charge and discharge mech-
anism with advanced in situ characterization methods. 
In addition, the theoretical calculation is also a powerful 
tool to study reaction mechanism. The binding energy, 
adsorption energy and migration energy barrier, etc. can 
be obtained from the theoretical calculation, which are 
very helpful to explain the reaction mechanism.

(v) Developing new electrode materials and electrolytes. 
In order to meet the demands of high safety and high 
energy density and achieve diversity of materials, 
developing new electrode materials and electrolytes 
is necessary. Recently, the high-entropy compounds 
have become a research hotspot. The high-entropy com-

pounds show some specific properties. The increased 
entropy enhances structural stability, heat/air stability 
and electronic conductivity. Additionally, the inor-
ganic–organic hybrid materials are hopeful electrode 
materials for SIBs. They can provide multiple active 
sites. For electrolytes, solid polymer electrolytes and 
ionic liquid electrolytes have gained close attention. 
Ionic liquid electrolytes are regarded as the next gen-
eration of sodium ionic electrolytes.
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