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Sodium-ion batteries (SIBs) have gained more scientists’ interest, owing to some facts such as the natural
abundance of Na, the similarities of physicochemical characteristics between Li and Na. The irreversible
Na* ions consumption during the first cycle of charge/discharge process (due to the formation of the
solid electrolyte interface (SEI) on the electrode surface and other irreversible reactions) is the factor that
determines high performance SIBs and largely reduces the capacity of the full cell SIBs. Thus, the initial
coulombic efficiency (ICE) of SIBs for both anode and cathode materials, is a key parameter for high
performance SIBs, and the point is to increase the transport rate of the Na* ions. Therefore, developing
SIBs with high ICE and rate performance becomes vital to boost the commercialization of SIBs. Here we
provide a review on the methods to improve the ICE and the rate performance, by summarizing some
methods of improving the ICE and rate performance of the anode and cathode materials for SIBs, and

end by a conclusion with some perspectives and recommendations.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Since many years ago, the fossil fuels have been used as the
best energy sources in almost all the domains of energy. With
rising concern about the consumption and exhaustion of the fos-
sil fuels resources, and the serious environmental issues due to
the use of the fossil fuels energy sources, great efforts have been
made by the scientists to search and develop new sustainable and
environmentally friendly energy sources. Besides, the demand for
renewable energy storage systems with low cost, high efficiency,
long lifespan, and adequate safety, has drawn the attention to en-
ergy sources such as rechargeable batteries, wind, solar, geother-
mal, water and tidal energy [1,2]. Among all these energy sources,
rechargeable batteries have been one of the most competitive can-
didates due to their benefits in the field of electrification of trans-
portation and renewable energy integration [3].

Rechargeable lithium-ion batteries (LIBs) have been widely in-
vestigated and developed (1970-1980s) as the most promised al-
ternative for large scale energy storage systems. Due to thelimita-
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tionoflithium (Li) resources in the Earth’s crust, the use of LIBs in
the future for large-scale application in many fields ishindered [4].
As cheap and environmental friendly alternative to LIBs, sodium-
ion batteries (SIBs), are particularly fascinating due to the Na Earth
abundance compared to Li (23600 ppm vs. 20 ppm), and similar
physicochemical characteristics between sodium and lithium. How-
ever, the development of materials for SIBs with enhanced perfor-
mance, compared to those of LIBs still a challenge because of the
large radius of Na* (1.02 A) than that of Li+ (0.76 A) [5-7].

Many studies have been initiated to establish high performance
electrode materials for SIBs, including metal oxides [9], metal se-
lenite materials [8,9], hard carbons (HC) [10-18], transition metal
fluorides [19-21] and polyanionic (phosphates, silicates, sulfates)
frameworks [21]. However, the sluggish rate of Na‘t intercala-
tion/deintercalation (sodiation/desodiation) process in these elec-
trode materials hinders the achievement of high-performance elec-
trode for SIBs (Figs. 1a and b) [22,23]. Long cycle life and the first
cycle irreversible capacity related to the irreversible consumption
of Na* ions during the sodiation/disodiation process and the for-
mation of the solid electrolyte interface (SEI) on the electrode sur-
face, the decomposition of the electrolyte, etc., are also hindering
the high performance for the electrode materials for SIBs [24,25].

1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



N.T. Aristote, K. Zou, A. Di et al.

Discharge Charge

a

7
° Electrolyte /
#

K

Electrolyte
Celt

Solid electrolyte interface (SEI)
formation

Chinese Chemical Letters 33 (2022) 730-742

Fig. 1. (a) lllustration of the structure of a sodium ion battery. (b) Illustration of Na* intercalation/deintercalation process of a working SIB.

To push SIBs to commercialization, the key point is to develop
cheap and high-performance electrode materials including both
anodes and cathodes materials. Previous studies on improving the
performance of electrode materials are generally based on the in-
vestigation of the mechanisms of improving the initial coulombic
efficiency (ICE) by controlling the SEI formation [26-29], the elec-
trolyte decomposition and the consumption of Na* ions [30].

Graphite has been considered as the standard anode material
for LIBs, but it fails to be used in SIBs because of the unsuitable
binary intercalation compound of Na-C system [31]. To overcome
this, HC (carbon material that cannot be graphitized, or can be
graphitized only at alow degree) has been developed as anode ma-
terial for SIBs, owing to their low cost, the abundance and renewa-
bility of the precursor materials [32].

The cathode materials used in SIBs are mostly based on metal-
lic materials (layered metal oxides, phosphates, fluorides, sulfides,
sulfates, polyanion-type materials, etc.). Among all these cathode
candidates, layered oxides (NaLyO,, Ly = Ti, V, Cr, Mn, Fe, Co, Ni)
offer many advantages due to their simple structures, high theoret-
ical capacities in the 230-250 mAh/g range, and easy of synthesis
[33].

Since the first cycle irreversible capacity and the rate perfor-
mance are important for the long life SIBs, studying the mecha-
nisms that influence the ICE and the battery performances for elec-
trode materials to overcome the problem of battery low ICE and
rate performance become important for the development and the
commercialization of the SIBs. Therefore here we review several re-
ported methods of improving the ICE and rate performance of SIBs
associated with some electrodes materials as examples.

2. Methods to improve the ICE and rate performance for SIBs

This part will be subdivided into two parts: One is related to
the methods improving the ICE and rate performance of anode ma-
terials of SIBs, and the other one related to the cathode materials.

2.1. Improving ICE and rate performance methods for SIBs regarding
anode materials

2.1.1. Structural modification

The intrinsic structure of the anode materials can be mod-
ified to enhance the rate performance, facilitating the sodia-
tion/desodiation mechanism, reduce the irreversible consumption
of Na*, thus, reduce the irreversible capacity. Several studies have
been initiated to evaluate the influence of the material treatment
on the ICE and rate performance.

Controlling the carbonization process: Studying the effect car-
bonization process on the electrochemical performances of the
electrode materialis mainly related to the HC materials making
from organic precursors. HC have been considered as one of the
most promising electrode materials for SIBs. However, the use of
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HC as anode material for SIBs is hindered by the low ICE. Control-
ling the carbonization process of the precursor is very important
owing to fact that, increasing the carbonization temperature leads
to the relatively high degree of graphitization and reduce the pores
size of the HC material. The as-prepared HC material could exhibit
a low specific surface area and the SEI films formation on the an-
ode surface could decrease [34,35]. Thus, the hard carbon mate-
rial pyrolyzed at higher temperature obviously presents an opti-
mum ICE. Contrarily, HCs pyrolyzed at a low temperature, usually
exhibit a relatively low degree of graphitization including abun-
dant defects and porosity [36]. The resulted HC material shows a
large specific surface area, leading to the formation of large SEI
films on the surface of the anode material and exhibiting a rel-
atively low ICE. Therefore, controlling the carbonization tempera-
ture is considered as the elementary way to increase the ICE of
HC as anode material, because it does not ask additional mate-
rial or any other precursor pretreatment. Li et al. investigated on
a HC from an abundant biomass of sucrose, and evaluated the in-
fluence of the carbonization temperature on micro-structure and
electrochemical performance for the first time. The HC carbonized
at 1600°C showed the highest specific capacity of 220 mAh/g and
excellent cycling performance with capacity retention of 93% af-
ter 100 cycles [37]. This excellent capacity might be explained by
the structural characteristics (low defects, low pore concentration
and low specific surface area) of HC that is found to contribute to
the improvement of the electrochemical performances of the HC
(Figs. 2a-c). From Fig. 2d, it can be seen how the ratio of the inten-
sity of D-band peak and G-band peak (Ip/Ig) raises with the tem-
perature, indicating an increase in the disorder degree while in-
creasing the temperature [38]. When used as anode for a full cell
SIB, the as prepared HC exhibited anICE efficiency of 76% as shown
in Fig. 2e.

Defects and functional groups engineering: Defects are defined
as the structural irregularities of the material. When the mate-
rial shows more defects, its natural structure will be influenced by
those defects (Figs. 3a and b). During the Na* intercalation in the
HC layers, there can be seen the formation of Na-Cx compounds
that are responsible of enhancing battery performances [39,40].
However, it is obvious that if the HC is well-arranged and contains
fewer defects, the formation of Na-Cx is promoted and the sodium
ion diffusion in layers is boosted. Normally, more defects in HC an-
ode material can lead to the absorption of sodium ions and con-
tribute to the improving of the capacity of the HC. In addition, HC
contains oxygen owing to the fact that most of the organic precur-
sors are oxygen containers. It is worthy to note that defects and
functional groups show a high binding energy with sodium ions,
and the irreversible capacities increases owing to the irreversible
trapping of sodium ions by the defects and functional groups on
one hand. On the other hand, increasing the carbonization temper-
ature can effectively reduce the functional groups in the HC ma-
terial and improve the ICE. Oxygen containing functional groups
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Fig. 2. (a) The structure of the HC from SEM image. (b) XRD patterns. (c¢) Raman spectra. (d) The relation curve of Ip/l and carbonization temperature. (e) HCS-1600. Copied

with the permission [37]. Copyright 2015, Royal Society of Chemistry.
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Fig. 3. (a) Schematic illustration for various defects in crystals. (b) The in-situ engineering process of HC.

are considered as catalyzing the decomposition of electrolyte and
forming more SEI layer [41]. Therefore engineering (removing or
decreasing) the amount of such defects and functional groups in
the HC materials is a common challenge for assuring a good Na™
ions intercalation/deintercalation process [42]. Several works have
been initiated to engineer the defects and functional groups in
the HC materials [43]. For example, research on deactivating the
defects in the graphene using Al,Osnanoclusters for constructing
long-life and high-rate SIBs [44]. The as prepared HC exhibited a
higher ICE of about 70.2%, a high rate performance with the spe-
cific capacity of 155 mAh/g at 0.1A/g, and the high capacity re-
tention (82.9% after 500 cycles at 0.5 A/g). Figs. 4a-f present the
structure comparison between porous graphene monolith (PGM)
and PGM that defects have been covered by Al,Osnanoclusters, and
the electrochemical characteristics are shown in Figs. 4g and h.
Wang et al. have prepared a kelp-based HC materialwhich ex-
hibited a relatively high ICE (more than 61.2%) when largely de-
creased the oxygen functional groups below 16.62%, owing to the
decreasing of irreversibly consumed Na* ion in the anode mate-
rial. Another study have been done on the reduction of the oxy-
gen from an apricot shell based HC using H,, and was found that
the ICE increased from 69% to 79% [45]. Sun et al. reported a
new in-situ engineering approach to deliberately tune the resid-
ual oxygen atoms/defects of hard carbon, by controlling the at-
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mosphere of the carbonization process (pyrolysis synthesis) [46].
Theas-prepared anode material exhibited an ICE of over than 85%.

Surface engineering: The purpose of the surface engineering in
the field of electrode materials is to reduce the specificsurface area
(eliminating the material pores), to inhibit (or at least to reduce)
the formation of the SEI on the anode surface. For example, as
it can be seen from Figs. 5a and b, the difference between the
specific surface area of an untreated sucrose-derived carbonm ma-
terialand the CO, treated sucrose-derived carbon material (1410.3
m?/g and 58.7 m?/g, respectively) [47]. Specific surface area of the
anode material is among the practical factorsthat reduce the ICE,
due to its impact on the irreversible capacity.

HC materials, as the promised anode materials for SIBs, com-
prise of a mass of irregular graphite microcrystals and structural
micropores due to insufficient or low degree of graphitization.
Therefore HC generally show large specific surface area of several
thousand square meter per gram, and favorable for the formation
of the SEI on the anode surface.Previous studies focused on estab-
lishing anode materials with low specific surface area (Table 1),
and evaluatedthe relationship between the specific surface area
and the ICE of the full cell battery. For example, Hong et al. pre-
pared a porous pomelo peels derived HC, by the simple pyrolysis
of H3PO,-treated biomass at 700 °C under N, atmosphere [48]. The
as-obtained HC showed a large specific surface area of 1272 m?/g,
and exhibited an ICE of 27%. Luo et al. prepared a graphene ox-
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Fig. 4. Comparison of structure and composition between porous graphene monolith (PGM) and PGM that defects have been covered by Al,03 nanoclusters. (a) SEM
images together with the elemental maps of carbon, oxygen, and aluminum of PGM-T. (b) Al,03/PGM-5. (c¢) XRD patterns of Al,03/PGM-2, Al,03/PGM-5, Al,03/PGM-12
and PGM-T. (d) Raman spectra of Al,03/PGM-5 and PGM-T. High-resolution XPS: (e) O 1s spectra. (f) Al 2p spectra of Al;03/ PGM-5 and PGM-T. (g) Rate performance
for Al,03-nanoclusters/PGF electrodes at current densities ranging from 0.1 A/g to 5 A/g. (h) Cycling performance of PGM-T and Al,0s-nanoclusters electrodes at 0.5 A/g.

Reproducedwith permission [44]. Copyright 2018,Wiley Online Library.

Table 1

Sucrose powder, pure sucrose solution and sucrose/GO suspension/solution. Reproduced with permission [49]. Copyright 2017, Roysl Society of Chemistry.

Samples Precursors Mass ratio of Drying temperature BET surface area
sucrose/GO of the solution (°C) (m?/g)

HC sucrose powder No GO N/A 137.2

HC-S pure sucrose solution No GO 110 510.2

SG-10 sucrose/GO solution 10 80 37.2

SG-80 (G-HC) sucrose/GO solution 80 80 54

SG-200 sucrose/GO solution 200 80 4.8

SG-1000 sucrose/GO solution 1000 110 257.6

0.31 nm

5n.Paons) =

SnaPagion

Fig. 5. (a) SEM images showing the comparison between surface morphology of
sucrose-derived carbon pyrolysed at 1000°C and activated under CO, at 900°C for
10 h. Mesopores (2-50 nm) and micropores (less than 2 nm) are not observable
at such low magnification and (b) pyrolysed at 1000°C, unactivated. (c, d) HRTE
images display the lattice planes of these encapsulated Sn4P; nanoparticles. Re-
produced with permission [47,51]. Copyright 2014, Elsevier, Copyright 2015, Royal
Society of Chemistry.
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ide doped sucrose as the precursor for HC to reduce the specific
surface area of the HC (named as G-HC), and study the effect on
the ICE [49]. The as prepared HC showed a small specific area of
about 5.4 m?/g, and exhibited an ICE of 83% in the first cycle of
discharge/charge process. The G-HC also showed a good rate per-
formance, the high capacity revered when the current density re-
turned to 20 mA/g after cycled at higher rates, as shown in Fig. 6a.

Surface coating has been used in the aim of limiting undesir-
able side reactions.Carbon has been the most used material for sur-
face coating, owing to its large electrochemical window and fine
chemical stability in common electrolyte systems.For example, Liu
et al. prepared a SnO, surface coated with carbon by hydrothermal
process, followed by phosphorization as high performance anode
material for SIBs. The as-prepared anode material named Yolk-shell
SnyP3/C nanospheres, showed a uniformly and fully encapsulated
Sn nanoparticles and well defined void space between the inner
yolk and outer shell. The observed lattice spacing were of about
0.31nm and 0.29nm corresponding to the (015) and the (107) plane
distances of rhombehedral SnyP3; respectively (Figs. 5c and d), that
could explain the outstanding rate performance with reversible ca-
pabilities of 720, 651, 581, 505 and 421 mAh/g at 0.2 C, 04 C, 0.8 C,
1.5 C and 3 C, respectively for the SnyP3/C anode material (Fig. 6b)
[50,51]. Xie et al. also prepared a filter paper (FP)-mesophase pitch
(MP) composite of FP/MP ratio of 5:2 weight, to synthesize an an-
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Fig. 6. (a) Rate performance of HC (blue) and G-HC (black) tested from 20 mA/g
to 1000 mA/g and then at 20 mA/g for long-term cycling in the potential range of
0.01-2 V. (b) Rate performance of Sn4P3/C at different rates (increased from 0.2 C
to 3 C). (c) The cycling performance of hard-soft carbon composites at 150 mA/g.
(d) The rate performance of hard-soft carbon composites from 30 mA/g to 1200
mA/g. Copied with permission [49,51,52]. Copyright 2015,ACS Publications. Copy-
right 2015, Royal Society of Chemistry. Copyright 2019, Wiley Online Library.

ode material able to show the characteristics of both hard and soft
carbon (the shape of carbon that can easily be graphitized) [52].
The as synthesized composite material presented better electro-
chemical performance than that of the pure hard and soft carbon,
with a high ICE of 80% compared to an ICE of 37% only of the
pure hard carbon (Fig. 6¢). The composite material showed com-
plementarity between the hard and soft carbon, such as the soft
carbon in the composite successfully occupies the open pores of
the hard carbon, reducing the specific surface area and providing a
certain amount of active Na™ storage sites. And the large interlayer
spacing of hard carbon is beneficial for the intercalation of Na*.
The specific capacities of all the composites recovered to the value
at 30mA/g after cycling at higher current rates, indicating that the
composite carbon anodes have good rate performances and stabil-
ity within a wide range of current densities (Fig. 6d).

2.1.2. Effects of heteroatom doping

Heteroatom doping is defined as the process that consists on
introducing some atoms (in low proportion) into another, consid-
ered as the main material (Fig. 7), for modifying some specific
properties of the main material, according to the need. In the field
of anode material preparation, atoms such as nitrogen, boron, sul-
fur, phosphorus, iodine can be introduced into the hard carbon ma-
terial forfulfilling the potential of the anode material and amelio-
rate the characteristics of carbon material, such as surface struc-
ture, electronic conductivity, interlayer spacing [53,54]. This section
will be developed with the studies of the heteroatoms (N, S, P and
I) doped anode materials for SIBs.

Nitrogen doping: Many studies have been initiated on the ef-
fect of nitrogen doping on the electrochemical performances of
the anode materials. N-doping can significantly improve the elec-
tronic conductivity and offer more sodium active storage sites for
HC, and improve the electrochemical performance of the HC [55].
Nitrogen doped HC materials can be prepared by pyrolyzing the
N-containing precursors and N-rich compounds and by pyrolyzing
the precursor under the N, atmosphere. It is distinguished differ-
ent types of nitrogen doped materials according to the position of
N inside the material. The observed cases in the field of electrode
materials are the pyridinic-N, pyrrolic-N, graphitic-N, quaternary-
N, etc. (Figs. 8a and b).When presents in the HC material, the
pyridinic-N is responsible for bothenhancingthe reversible capac-
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ity by providing more active sites and favoring the decomposition
of electrolyte and traps Na' ions,owing to its pair of lone elec-
trons [56]. High-temperature pyrolyzing of the precursor leads to
the growth of the graphitization degree, and the decrease of the
defects in the resulted HC material. However, high-temperature py-
rolysis decreases the amount of the pyridinic-N. This considera-
tion makes thepyrolysis process to be very conscientious for the
design of advanced HCs. Zhu et al. synthesized a nitrogen-doped
carbon nanofibers (N-CNFs) derived from polyacrylonitrile, by a
combination of electrospinning and thermal treatment processes
[57]. The N-CNFs carbonized at 800°C showed excellent cycling
and rate performance, although the ICE was about 64%. The low
ICE could be explained by the irreversible trapping of some Na*
ions in the defects and functional groups of the as obtained HC
in the first cycle. Li et al. synthesized a nitrogen-doped HC on
nickel foam (NC/NF) with numerous active sites, an expanded in-
terlayer distance of 0.49 nm, and highly ordered pseudo-graphic
structure, by a melamine-assisted hydrothermal pretreatment and
subsequent pyrolysis procedure [58]. The NC/NF contained high
configurations of pyrrolic-N and pyridinic-N. When served as an-
odes for SIBs, NC/NF exhibited high rate performance with the ca-
pability of 128.5 mAh/g at 10 A/g, and excellent cycling stability
with 225.4 mAh/g maintained after 1000 cycles at current density
of 5 A/g. To understand the effect of nitrogen doping in hard car-
bon as anode for SIBs and see the size effect along with nitrogen
doping, Lim et al. designed a nitrogen-doped MoS,/Silicon oxycar-
bide nanoscale heterostructure as high performance anode for SIBs
[59]. The as-designed nitrogen doping in a two-dimensional MoS,
structure was led to the enlargement of the interlayer spacing and
enhancement of the electronic conductivity and mechanical stabil-
ity, which allows the facile, highly reversible insertion and extrac-
tion of sodium ions upon cycling.

Regarding the above studies, nitrogen doping is found to be one
of the successful ways to enhance the electrochemical performance
of HCs.

Phosphorus doping: Phosphorus can also be doped into HC. The
difference between phosphorus and nitrogen doping is, nitrogen
can occupy the lattice sites of the HC materialdue to thesimilar
atomic radius as C atom,while phosphorus atoms difficultly insert
the lattice site due tothe relatively atomic radiusof phosphorusthat
is larger than nitrogen atoms [60,61], but generally onlybond with
C and O. However, phosphorus doping can effectively expand the
interlayer spacing and increase the reversible capacity. It was re-
ported that the presence of P=0 and P—C bonds in graphitic layers
when doped with phosphorus inhences the the Na* insertion [62].
The most commonly way to realize P-doping ispretreating the pre-
cursor using phosphoric acid. Previous studies have confirmed that
phosphorus is mainly present in the form of POy in the HCs. More-
over, phosphorus doped HC materials exhibit a remarkably low ICE
but an outstanding rate performance.This could be explained by
the presence of phosphorus that facilitates more Na* ion intercala-
tion in the HCby increasing the interlayer spacing of the HC struc-
ture, but the deintercalation process becomes difficult during the
first cycle of discharge/charge process [63].

Sulfur doping: Sulfur-doping also plays an important role in
the mechanism of Na* transfer, owing to the fact that sulfur has
an ability to reversibly react with Na‘*, and is considered as a
sodium electrochemically active element, exhibiting a reversible
peaks in CV and charge/discharge curve. When doped in HC ma-
terial, same as N-doping, S is also responsibleof enhancing the re-
versible capacity of the HC materials, butis accompanied byhigh
voltage, thathas a negative effect on the energy density of the bat-
tery. In addition, S-doping can effectively enlarge the interlayer
spacing of the HC material due to the large radius of sulfur atom,
which facilitates the intercalation/deintercalation process of Na*.
Mixing elemental sulfur or S-containing compounds with precursor
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before carbonization seems to be the common ways for achieving
the S-doping [64,65]. Zhao et al. obtained a three dimensional (3D)
framework of carbon nanosheets heavily-doped with sulphur (S-
CNS) from plant biomass using a facile thermal method [66]. The
S-CNS exhibited an ultrahigh reversible capacity of 605 mAh/g at
50 mA/g and a high rate performance with capacity of 133 mAh/g
at 10 A/g. Feng et al. also prepared a type of sulfur-doped car-
bon (SC) by pyrolyzing the freeze-dried gel of agarose and sulfur
powder as anode material for SIBs [67]. It was found that most of
the sulfur atoms were doped between (002), andthe as prepared
SC material exhibited an initial discharge capacity of more than
420 mAh/g at 100 mA/g. When cycled at various current densities
from 0.1, 0.2, 0.3, 0.5, 1.0, 2.0 A/g to 3.0 A/g, the reversible specific
capacitiesare 331, 293, 273, 245, 207, 152 and 110 mAh/g, respec-
tively.

lodine doping: lodine doping has not been much investigated,
thus the effect of I-doping is not well understood yet. However,
Li et al. reported an iodine-doped reduced graphene oxide as an-
ode for sodium ion batteries, and named as I-rGO. Graphene oxide
was firstly synthesized by a modified Hummers method, and then
mixed with iodine in ethanol. The as prepared anode material was
found to enlarge the d-spacing of the rGO, and the defects was
constructed leading to more Na* ion storage, fast electron trans-
port and Na*t ion diffusion, and being responsible of better rate
performance with capacities of 275, 201, 185 and 148 mAh/g at
current densities of 50, 100, 200 and 500 mA/g, respectively and
an ICE close to 90% (Figs. 9a and b) [68]. Based on these results,
it can be concluded that iodine doping can enlarge the interlayer
spacing of the material, provide the defects, and facilitate the Na*
ion transport and storage. However, the iodine doping has to be
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Fig. 9. (a) Rate performance of the I-rGO anode material. (b) Cycling performance
and coulombic efficiency of the I-rGO. (c) Rate performance of Nag,sTiO,. (d) Rate
performance of NS-FLG. Reproduced with permission [68,70,71]. Copyright 2017,
Royal Society of Chemistry. Copyright 2015, Royal Society of Chemistry. Copyright
2017, Royal Society of Chemistry.

more developed to more understand its effect on the electrochem-
ical performances of the anode materials.

2.1.3. Molten salt electrochemical synthesis

Molten salt can be defined as a salt which is solid at standard
temperature and pressure but enters the liquid phase due to ele-
vated temperature. Molten salt synthesis is based on a modifica-
tion of the powder metallurgical method. Salt with a low melt-
ing point is added to the reactants and heated above the melt-
ing point of the salt, the molten salt acting as the solvent.Molten
salts is used as additives to enhance the rates of solid state re-
actions for a long time. The amount of salt is small, typically a
few percent of the total weight. In contrast, in molten salt syn-
thesis, a large amount of salt is used as the solvent to control
powder characteristics (size, shape, etc.) [69]. Molten salt synthesis
methods can be sonsidered as a method of improving ICE and rate
performance owing to its principle of associating several compo-
nents, to enhence electrochemical properties of the resultant ma-
terial (kind of doping). For exemple, Li et al. investigayted on a
molten salt electrochemical synthesis of sodium titanates as high
performance anode materials for sodium ion batteries [70]. The ob-
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Fig. 10. (a) The rate performances of NVP@C-GF and NVP@C cycled at different cur-
rent rate from 1 C to 200 C. (b) Long-term capability test for NVP@C-GF at a current
rate of 10 C and 50 C for 1000 cycles after activated for 5 times at a current rate
of 1 mA/g. (c) Long-term capability test for NVP@C-GF at a current rate of 100 C
for 20000 cycles after activated for 5 times at a current rate of 1 C. Inset: voltage
profiles of NVP@C-GF for the 1%t and 20000t cycle at a voltage range from 2.7 V
to 3.8 V. (d) The rate performances of H-NVP. Copied with the permission [77,78].
Copyright 2016, ACS Publications. Copyright 2016, Wiley Online Library.

tained Nag,5TiO, anode materials showed an ICE of more that 80%
and ahigh rate performance with a specific capacity of 185 mAh/g
at 50 mA/g (Fig. 9c). Liu et al. Also prepared a SIBs anode enabled
by a low temperature molten salt approach using nitrogen and sul-
fur in a few-layer graphene (NS-FLG) by annealing graphen oxide
in KSCN moltensalt at 175°C. The as prepared NS-FLG exhibited a
high rate performance with the capacity of 205 mAh/g at 10 A/g
(Fig. 9d) [71].

2.2. Improving ICE and rate performance methods of the cathode
materials for SIBs

Recently, many studies have been carried out to develop high-
performance cathode materials for SIBs (such as layered transition
metal oxides, transition metal fluorides, phosphates). It was re-
ported that these materials exhibit low specific capacity for energy
storage, attributed to weak structural integration and large varia-
tions in volume [72-74]. In this section, some methods to overcome
the problem of low ICE and rate performance of cathode materials
for SIBs are discussed, based on previous studies.

2.2.1. Material coating

Coating is a process of covering the surface of an object us-
ing another material. Generally coating may be decorative, func-
tional, or both. Functional coatings are used to change the sur-
face properties of the original material, such as adhesion, wet-
tability, corrosion resistance or wear resistance. Concerning the
field of cathode materials, surface coating has been widely inves-
tigated to enhance the life, rate performance and achieve an im-
proved cathode performancefor SIBs [75,76]. Zhong et al. prepared
a carbon-coated NasV,(PO4); anchored on freestanding graphite
foam (denoted as NVP@C-GF) as a cathode material for SIBs. The
as-preparedNVP@C-GF exhibited superior sodium-ion storage per-
formance; including rate performance with a specific capacity of
56 mAh/g at 200 C and long cycle life of 54 mAh/g at 100 C af-
ter 20000 cycles (Figs. 10a-c) [77]. Li et al. synthesized a 3D hi-
erarchical Na3V,(PO4); particles by a facile hydrothermal method,
constructed by carbon-coated 2DNa3V,(POg4)3nanowalls. This com-
posite material exhibited superior rate performance as shown on
the Fig. 10d [78].
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2.2.2. Sol-gel synthesis method

Sol-gel process is defined as a method to produce solid materi-
als from small molecules. It is generally used for the fabrication of
metal oxides, especially the oxides of silicon (Si) and titanium (Ti).
The process involves conversion of monomers into a colloidal so-
lution (sol) that acts as the precursor for an integrated network
of either discrete particles or network polymers. Here there are
hydroxylation-condensation reactions that provide an oxide mate-
rial from a precursor solution. Therefore, it is possible to chem-
ically control the morphology and the structure of the material.
The major advantages of this method are a lower processing tem-
perature and better atomic distribution in multi-component ma-
terials [79]. Some studies have been conducted following the sol-
gel synthesis method to construct high performance cathode ma-
terials for SIBs [80]. Some studies have been conducted on the ef-
fect of the alloy cathode materials on the electrochemical perfor-
mances of the SIBs. Ma et al. synthesized a Ti substituted P2-phase
Nagg(Lig33Mngg7.4Tix)O, cathodes by a simple sol-gel method.
Used as cathode for SIBs, the as synthesized material exhibited a
ICE of 87.8% and the rate performance with the specific capacity
of 85 mAh/g at 500 mA/g. These best electrochemical results was
attributed to the Ti substitution that effectively enhance the elec-
trochemical properties of P2-type Nagg(Lig33Mngg7.xTix)0, cath-
odes [81]. Also Hou et al. synthesized a Nagg7Nig23Mgp1Mngg70,
by sol-gel method as cathode material for SIBs. After it has been
used for full cell SIBs, the as synthesiuzed catode delivered an ini-
tial reversible capacity of 105 mAh/g at a charge/discharge current
density of 48 mA/g. The authors concluded that the improved high
rate performance of the as this cathode material was attributed to
the increased lattice parameters and d-spacing of the Na* layer
due to the Mg-doping in Nagg7Nig23Mgg1Mngg70,. Sol gel synthe-
sis method is a promising way to construct high rate performance
cathode materials for sodium-ion batteries [82].

2.2.3. Doping

Apart from nanoscale design and surface engineering, het-
eroatom doping is one of the effective ways to enhance the in-
trinsic transfer characteristics of sodium ions and electrons to ac-
celerate reaction kinetics and thereby achieve high performance
[75]. As it was discussed above from the section of heteroatom
doping concerning the anode material, the aim of doping in the
cathode materials isthe same, to bring new atoms inside the ma-
terial and improve its electrochemical properties.The heteroatomic
doping can be achieved by using metalic or non metallic mate-
rials. Researchers have initiated studies on theimpact of the het-
eroatom doping on the ICE and rate performance of the cath-
ode materials for SIBs. For example, Singh et al. synthesized
Nay3[Fe;,Mny,]0; by conventional solid state synthesis. NaH3
was mixed with Nay3[Fe;;;Mn;;]0,, as source of extra Na* dur-
ing the first cycle.The results of the electrochemical tests revealed
that the as synthesized cathode material improved the irreversible
capacity loss upon about 50% (from 59 mAh/g to 27 mAh/g) [83].
Liu et al. also prepared a Fep,_CrxF5'Hy0 (x = 0, 0.03, 0.05, 0.07),
Cr-doped Fe,Fs-H,0, as cathode materials for SIBs (Fig. 11a) [84].
Electrochemical tests revealed that the Cr-doped samples exhibited
relatively higher discharge capacity, which might be explained by
the increase of the structure stability and the electronic conductiv-
ity due to Cr doping, compared to the bare Fe,F5-H,0. The initial
discharge capacities when x = 0.03, 0.05, 0.07 are 316, 357 and
338 mAh/g respectively, and the rate performance of these materi-
als displayed in the Figs. 11b and c. Deng et al. developed a green
route strategy to fabricate a carbon-coated Na,FePO4F cathode
for SIBs, using vitamin C as the carbon source and environment-
friendly water-based polyacrylic latex as the binder [85]. It was
found that the Na,FePO4F phase in the as-derived Na,FePO4F/C
electrode shows a high reversible capacity of 117 mAh/g at a cy-
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Fig. 11. (a) Illustration of the synthetic process of Cr-doped Fe,Fs.H,O cathode materials. (b) Cycling performances of Fe,.,)CrxFs-H,0 nanocomposites (x = 0, 0.03, 0.05,
0.07) electrodes at 0.1 C rate within the voltage range of 1.0 V to 4.0 V. (c) Rate capabilities of Fe(, 4)CrxF5-H,0 (x = 0, 0.03, 0.05, 0.07) cells. Reproduced with the permission

[84]. Copyright 2018, Elsevier.

cling rate of 0.1 C, and an excellent rate performance was achieved
while retaining the outstanding cycling stability (about 85% capac-
ity retention after 1000 cycles at a rate of 4 C.

Based on these reported study, it can be concluded that Na-
doping is an effective way to enhance the ICE and rate perfor-
mance of SIBs owing to the fact that Na provide extra Na*t ions
inside the cathode material during the charge/discharge process,
while Cr-doping is favorable to increase the stability of the struc-
ture and the electronic conductivity, thus increase the rate perfor-
mance.

2.2.4. Co-precipitation method

Co-precipitation is a method to precipitate simultaneously two
or more soluble raw materials to form a gathering which settled
or carried down by the help of precipitant agent due to the reac-
tion between the materials and the precipitant. In most cases the
co-precipitation method uses hydroxide (OH) or carbonate (CO3)
co-precipitation, with NaOH as hydroxide source and Na,COs3 as
the carbonate source, for the simple reason that it provides cath-
ode materials precursors of multiple compounds with high level
homogeneity at the atomic level and spherical morphology par-
ticles with a narrow particle distribution, high tap density, and
good fluidity [86]. It is in fact a kind of heteroatom doping, since
it mixes two or more compounds. Zhang et al. synthesized a P,-
Nag 56[Nig1Cog1Mngg]0,(SPP) nanowires through a sodium perox-
ide pouring. The as synthesized cathode material showed an ex-
tremely high ICE of more than 90%, and excellent rate performance
with a specific capacity of 80 mAh/g at a high current density of
2400 mA/g as shown in the Fig. 12a [87]. Zuo et al. also prepared
an Na,MnFe(CN)g and reported the effect of co-precipitation pH
on the synthesizedcathode material. At the pH value of 3.0, the
Na,MnFe(CN)g cathode material exhibited high rate performance
with a specific capacity of about 126 mAh/g at 0.1 C, while the
specific capacity decreased to about 100 mAh/g at the pH value of
9.0 (Fig. 12b) [88]. Wang et al. synthesized a NaFeFe(CN)g (NFF)
via a citrate assisted co-precipitation route, and investigated on
the effect oflow-level Ni doping in NFF as cathode materials in
1mol/LNaNO;3 electrolyte.The obtained NFF-Ng,3 cathode material
exhibited best rate performance with the specific capacities of
110.2, 105.9, 100.3, 94.5, 80.3 and 55.5 mAh/g at a current density
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of 100, 200, 300, 500, 1000 and 2000 mA/g, respectively and the
ICE more than 75% (Figs. 12c¢ and d) [89]. From all these results, the
co-precipitation method can be considered as a promized method
to synthesize high ICE and rate performance cathode materials for
SIBs.

Material Coating, Alloying structured materials, doping materi-
als and co-precipitation are seems to be the promising ways for
improving the ICE and rate performance of cathode materials for
SIBs.

The ICE is mainly affected by the formation of the solid elec-
trolyte interface (SEI) on the electrode surfaces, the irreversible
consumption of sodium ions during the cycle of charge/discharge
process, side reactions, etc. [90]. These phenomena lead to the
irregularity of the Na™ mobility inside the electrode mate-
rial (intercalation-deintercalation, insertion-deinsertion, sodiation-
desodiation, etc.) [91]. However, it is worthy to note that the ICE
could be influenced by more other factors that are not understood
yet.

The rateperformance is mainly influenced by the structure of
the electrode materials that generally affect the rateof the Na* ions
mobility in the material [92-94]. Improving the ICE and battery
performance is based on the study and the understanding of the
mechanisms that mainly negatively influence them (SEI formation
on the electrode surface, Na* irreversible consumption etc.).Herein,
we have summarized some methods of improving the ICE and rate
performance for SIBs. However, some of them are not given above,
but can be found as examples in Tables 2-5 [95-149]. Tables 2 and
3 are related to the anode materials and illustratesome reported
materials and methodes of improving the ICE and ratre perfor-
mance respectively, and the Tables 4 and 5 are related to the cath-
ode materials and illustrate some materials and methodes of im-
proving the ICE and rae performance respectively.

3. Conclusion

To develop SIBs with energy density for practical applications,
anode and cathode materials with high ICE and rate performance
are of great importance.

Great efforts have been made to understand low ICE and rate
performance and here we have summarized the main and well
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Table 2
Classification of methods for the reported ICEof the anode materials for SIBs.
Materials Methods ICE (%) Ref.
Lignin-hard carbon (L-HC) Structure engineering 57 [95]
Lignocellulose biomass Phosphoric acid treatment ~93 [96]
N-carbon-coated Ni; gCo;,Se4 nanoparticles N-doping-material coating ~90 [97]
rGO-high specific surface area carbon (HSSAC) Surface engineering 74.6 [98]
Micron-sized SnyP3; SEI controlling 89.8 [99]
S/N-doped mesoporous carbon nanofibers Heteroatom doping 73.4 [100]
Nitrogen/sulfur co-doped disordered porous biocarbon Heteroatom doping 55.1 [101]
Pinecone biomass-derived hard carbon Acid treatment 85.4 [102]
N-doped porous carbon fibres Nitrogen doping ~50 [104]
Carbon dots Supernatant hydrothermal carbonization 91 [105]
NaxHC Sodium-doping 95 [107]
Sb,Se;3/rGO hybrid Heteroatom doping >65 [109]
P-Na/Carbon Heteroatom doping 90 [110]
Mangosteen shell based HC Carbonization process control 83 [111]
Sodium titanate (Na,Tiz0;) Heteroatom doping 84 [112]
P/HC Heteroatom doping 72 [114]
NaBF,/TEGDME SEI controlling ~90 [115]
SnS, @N,S-GA Heteroatom doping ~75 [116]
Co-Se/cabon Heteroatom doping >80 [117]
Tungsten phosphide (WP) nanowire No specified ~85 [118]
CoFe,04-coated polypyrrole Hydrothermal method ~55 [119]
FeNi,Se,/C Hydrothermal method 87.8 [120]
Na,Ti3;O;nanotube/g-C3Ny/graphene No specified ~27 [121]
Lignin-hard carbon (L-HC) Simple carbonization 68 [122]
SnSe/rGO Heteroatom doping 73.7 [123]
Boron-doped porous Si Heteroatom doping 89 [124]
Nanostructured Silicon Mecanical milling method 89.14 [125]
Waste water caltrop shell/HC Pyrolysis and Acid Treatment 84.31 [126]
SnS;-CoS,/C Carbon coating and sulfidation 92.8 [127]
Table 3
Classification of methods for the reported rate performances of the anode materials for SIBs.
Materials Methods Rate performances Ref.
Lignin-hard carbon (L-HC) Structure engineering 297 mAh/g at 0.1 mA/g [95]
Hemicellulose-hard carbon Structure engineering 254 mAh/g at 0.1 mA/g [95]
Lignocellulosic biomass Phosphoric acid treatment 122 mAh/g at 10 C [96]
N-carbon-coated Ni; gCoq,Se4 nanoparticles N-doping-material coating 211 mAh/g at 30 A/g and 153 mAh/g at 50 [97]
Alg
rGO-high specific surface area carbon Surface engineering 196 mAh/g at 5 Alg [98]
(HSSAC)
Micron-sized SnyP3 SEI controlling 960.3 mAh/g at 100 mA/g [99]
S/N-doped mesoporous carbon nanofibers Heteroatom doping 552.5 mAh/g at 0.1 mA/g and 355.3 mAh/g [100]
at 5 mA/g
Nitrogen/sulfur co-doped disordered porous Heteroatom doping 782.1 mAh/g at 0.1 mA/g [101]
biocarbon
Pinecone biomass-derived hard carbon Acid treatment 370 mAh/g at 30 mA/g [102]
Zinc phosphides (ZnP, and Zn3P,) Solid-state heat treatment 500 mAh/g at 1 C and 350 mAh/g at 3 C [103]
N-doped porous carbon fibres Nitrogen doping 72 mAh/g at 10 mA/g [104]
TiO,/C carbon coating 277.5 at 50 mA/g and 153.9 mAh/g at 5000 [106]
mA/h
WS, /CNT-rGO Aerogel Structure engineering 311.4 mAh/g at 100 mA/g [108]
Sb,Se3/rGO hybrid Heteroatom doping 682 mAh/g at 0.1mA/g, 448 mAh/g at [109]
1.0mA/g and 386 mAh/g at 2mA/g
Mangosteen shell based HC Carbonization process control 330 mAh/g at 20 mAh/g [111]
Sodium titanate (Na;Ti3O7) Heteroatom doping 200 mAh/g at 200 mA/g [112]
N-S-P/carbon microtubes Heteroatom doping 201 mA/g at 1 A/g [113]
P/HC Heteroatom doping 328 mAh/g at 50 mA/g [114]
NaBF,/TEGDME SEI controlling 212.5, 165, and 197 mAh/g at 2 C [115]
SnS, /N,S-graphen aerogel Heteroatom doping 527 mAh/g at 20 mA/g and 340 mAh/g at [116]
800 mA/g
Co-Se/cabon Heteroatom doping 400 mAh/g at 0.2 A/g and 250 mAh/g at 0.5 [117]
Alg
tungsten phosphide (WP) nanowire No specified 502 mAh/g at 0.1 A/g [118]
CoFe,04-coated polypyrrole Hydrothermal method 189 mAh/g at 10 A/g [119]
FeNi,Se4/C Hydrothermal method 480.7 mAh/g at 1000 A/g [120]
Na, Ti3O;nanotube/g-CsN4/graphene No specified 1014.7 mAh/g at 2 A/g [121]
Fe;_xS/MnS composite hydrothermal method 602 mAh/g at 100 mA/g [122]
Lignin-hard carbon (L-HC) Simple carbonization 298 mAh/g at 0.1 C [122]
SnSe/rGO Heteroatom doping 420 mAh/g at 0.1 Alg [123]
Boron-doped porous Si Heteroatom doping 1107 mAh/g at 6.4 A/g [124]
Nanostructured Silicon Mecanical milling method 3233 mAh/g at 100 mA/g [125]
Waste water caltrop shell/HC Pyrolysis and Acid Treatment 394 mAh/g at 2.5 mA/g [126]
SnS,-CoS,/C Carbon coating and sulfidation 557.5 mAh/g at 0.1 A/g [127]
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Fig. 12. (a) The rate performance of SPP. (b) Rate performance of of PBM-X electrodes. (c, d) Rate performance and coulombic efficiency of the NFF and NFF-N. Reproced
with permission [87-89]. Copyright 2018, Chemistry Europe. Copyright 2019, Elsevier. Copyright 2018, Elsevier.

Table 4

Classification of methods for the reported ICE of the cathode materials for SIBs.
Material Methods ICE (%) Ref.
F-doped Na,FeSiO4 Heteroatom-doping > 75 [128]
NayV,(P0O4)3 Presodiation process > 85 [130]
Ti** in P'2-Nagg7[(Mng78Feg22)0.9Tio.1]02 Heteroatom-doping ~78 [131]
Sb,S3-SnS; hetero-nanostructures Structure Engineering ~80 [133]
CoSe0O3-CNF. Electrospinning solution > 80 [134]
Sodium-iron phosphate Heteroatom-doping > 70 [135]
Ko27MnO; microflowers Topochemical reaction process ~65 [136]
Na3(VPO4),0,F Acids treatement 91 [137]
FeFe(CN)gnanocrystals Chemical precipitation method ~85 [140]
Cus[Fe(CN)s]» Solution precipitation ~65 [144]
Na,3C04,Tiy 20, Solid-state method > 95 [145]
Nag ¢7Feo3Mng3C0040; Solid state reaction method > 80 [147]
Nag.75Niy;3RuysMny 0, No pecified ~100 [148]
NasFess5(P,07)4 Mecanical milling ~85 [149]

Table 5

Classification of methods for the reported rate performances of the cathode materials for SIBs.
Material Methods Rate performance Ref.
F-doped Na,FeSiO,4 Heteroatom-doping 271 mAh/g at 27.6 m/g [128]
Polyaniline hollow nanofibers Polymerization/Dissolution 70 mAh/g at 1200 mA/g [129]
NaszV2(POy4)s3 Presodiation process 62.32 mAh/h at 10 C [130]
Ti*+ in P'2-Nag g7 [(Mng78Feq22)0.0Tio.1]02 Heteroatom-doping 153 mAh/g at 5 C [131]
P2-type Fe/Mn microspheres (Nagg7Lip;FegsMngs0,)  Doping 182.0 mAh/g at 20 mA/g [132]
Sb,S3-SnS, hetero-nanostructures Structure engineering 800 mAh/g at 0.2 A/g and 510 mAh/g at 10 A/g [133]
CoSeO3;-CNF Electrospinning solution 400 mAh/g at 0.2 Alg [134]
Sodium-iron phosphate Heteroatom-doping 78 mAh/g at 50 C [135]
Ko27MnO, microflowers Topochemical reaction process ~68.5 mAh/g at 0.2 A/g [136]
Na3(VPO4),0,F Acids treatement 62.7 mAh/g at 20 C, [137]
Na3V;(P0Oy4),0,F N-P dual doped/carbon coating 128 mAh/g at 0.5 C and 122 mAh/g at 2 C [138]
FeFe(CN)g nanocrystals Chemical precipitation method 102 mAh/g at 20 C [140]
Na,MnO,_yMnO,_yF, Solid-state reaction method 86 mAh/g at 15 C [141]
Nag 44Mn0O, Microemulsion method 100 mAh/g at 0.1 C [143]
Cus[Fe(CN)s ], Solution precipitation 37 mAh/g and 25 mAh/g at a rate of 50 mA/g and 100 mA/g  [144]
Nay/3C0q),Tiy 20, Solid-state method ~ 95 mAh/g at 10 C [145]
Nag 66K0.01Mng72Nig.14C0¢.140> Heteroatom-doping 88.4 mAh/g at 8.0 C [146]
Nag 67Feo3Mng3C0040; Solid state reaction method 81.1 mAh/g at 5 C [147]
Nag 75Niy;3RuygMny 0, No pecified ~155 mAh/g at 0.2 C [148]
Na;Fes5(P207)4 Mecanical milling ~100 mAh/g at 0.4 C [149]

known reasons for low ICE and rate performance: (1) The irre- of the SEI on the surface of the electrode material. (3) The irre-

versible consumption of Na* ion during the sodiation/desodiation. versible consumption of the Na*™ due to the decomposition of the
The amount of the Na* inserted in the electrode material during electrolyte (side reactions).

the insertion process is much higher than that delivered back by After studying and understanding the reasons that lead to the
the electrode material during the desodiation process, so that it poor ICE and battery performances, researchers have developed
accuses an insufficient Na™ amount for sustainable cycle. (2) Ir- different ways to overcome these problems. Here we have selected

reversible consumption of the Na* ion caused by the formation and summarized recent advances that related to the improvement
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of the ICE and the rate performance. These methods are mainly
based on: (1) Controlling and reduce the formation of the SEI,
by the preparation of the electrode material with a low surface
area. (2) Regulating the amount of defects and oxygen containing
functional groups in the electrode material, for the anode mate-
rial (mainly HC anode materials). (3) Controlling the structure of
the electrode materials by heteroatom doping. (4) Adding differ-
ent materials to reduce the electrolyte decomposition during the
battery working. (5) Preparing different types of cathode materi-
als such as transition metal oxides, metal sulfides, fluorides, phos-
phates, sulfates, to evaluate the charge transfer capabilities. (6) Us-
ing the presodiation materials as electrode, or Na doping the elec-
trode material to bring extra Na*, and compensate the irreversible
consumption of Nat. (7) The choice of the method and the synthe-
sis parameters of the preparation of precursors and the preparation
of the electrode material.

Nevertheless, challenges on enhancing the ICE and rate perfor-
mance for the SIBs still remain. Therefore solutions such as search-
ing for strategies to eliminate or extremely reduce the irreversible
consumption of Na*, to achieve an ICE of 100% (or close to 100%),
finding a standard synthesis method to prepare an electrode ma-
terial with a favorite structure to achieve a high rate performance,
optimizing the electrode preparation conditions to reduce side re-
actions are necessary.
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