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A B S T R A C T

Development of energy storage technologies is thriving because of the increasing demand for renewable and
sustainable energy sources. Although lithium-ion batteries (LIBs) are already mature technologies that play
important roles in modern society, the scarcity of cobalt and lithium sources in the Earth’s crust limits their future
deployment at the scale required to supplant fossil fuels. Dual-ion batteries (DIBs) based on a different combi-
nation of chemistries are emerging-energy storage-systems. Conventional DIBs apply the graphite as both elec-
trodes and a combination of organic solvents and lithium salts as electrolytes. This configuration is fascinating
because of its high working potential (>4.5 V vs. Li/Liþ), potentially high energy density, high safety and low cost.
But it also accompanies some negative issues like limited capacity of intercalation-type graphite electrodes, cyclic
stability endangered by large anions intercalation and solvent co-intercalation and electrolyte decomposition
under high voltage. This review aims at pointing out the challenges in the current work on DIBs with sub-
categories of positive and negative electrodes (cathode and anode), and electrolytes and comparing the strategies
for improvements with better fundamental understanding of DIBs.
1. Introduction

1.1. Background

Fossil fuel (e.g. coal, natural gas) combustion has supported the
development of modern civilization, but the environmental concerns,
especially air pollution and greenhouse gas emissions, have given rise to
anxieties among governments and scientific organizations (Fig. 1a) [1,2].
The International Energy Outlook (IEO) released by the U.S. Energy In-
formation Administration (EIA) in 2017 forecasts that global energy
consumption will rise to 663 quadrillion British thermal units (Btu) by
2030 and then to 736 quadrillion Btu by 2040 (Fig. 1b) [3]. At the same
time, the world population is predicted to grow to 9.7 billion by 2050 and
then to 11.2 billion by 2080 (Fig. 1c) [4], which will intensify the energy
demand. With the depletion of non-renewable fossil fuels, harvesting
energy from eco-friendly sources like sunlight, wind, biomass, and me-
chanical resistance becomes an important and fruitful topic of on-going
research [5–18]. Since renewable resources like wind and solar are
intermittent energy sources, they must be coupled with energy storage
systems to balance the energy use. Additionally, the rapid development
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of electric vehicles and consumer electronics also requires energy storage
systems to provide energy over long driving distances or long operating
time. Because of these surging demands, energy storage systems have
been constantly improving over the past decades, particularly recharge-
able batteries [19–40]. The lithium-ion batteries (abbreviated as LIBs)
breakthrough by Sony Corp. in 1991 pushed energy storage technology
forward and reshaped the market for portable electronics, and electric
vehicles, power tools as well [41–46].

LIBs store energy in electrode materials by reversibly converting
chemical and electrical energy. Positive and negative electrode materials
are energy carriers or energy storage hosts, in which lithium ions and
electrons are inserted in their crystal lattices and electronic orbitals [47,
48]. Most important advantages of the lithium ions are i) lowest reduc-
tion potential (�3.04 V vs. Standard Hydrogen Electrode, SHE) and ii)
relatively small ionic radius (76 pm) among metal ions, and iii) lightest
metal in the periodic table (6.94 g/mol), which enable LIBs to possess
high cell voltage by applying low-working-potential negative electrodes
like graphite, high capacity, long cyclic stability and high energy/power
density [46,48–57]. Notably, LIBs with intercalation-type positive elec-
trodes and graphite negative electrodes are still the most commonly used
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Fig. 1. a) Schematic illustration of the air pollution brought by combusting the fossil fuels (https://helpsavenature.com/lists-of-environmental-problems). b) The
prediction of global energy consumption [3] and c) world population growth trend (https://ourworldindata.org/world-population-growth).
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commercial rechargeable batteries even 27 years after its first develop-
ment (Fig. 2a) [50,58]. However, those traditional host materials pow-
ered by intercalation mechanism commonly have limited active
crystallographic sites for storing charge carriers, in turn, restricting their
specific capacity and power density. In addition, transition metals in the
positive electrode materials of LIBs account for a large fraction of the
overall battery cost [59–62]. Metal oxide positive electrodes are also
susceptible to release oxygen and undergo irreversible phase changes
when overcharged [63–65]. Therefore, their working capacity is
restricted (to barely 30% of theoretical value) for safety and performance
reasons [66,67]. Under the circumstance, a series of new energy storage
systems (e.g. lithium-metal batteries [68,69], DIBs [70–74], high-voltage
Fig. 2. Schematic diagram and corresponding advantages/disadvantages of a) comm
batteries [68,69], c) DIBs [70–74], d) High-voltage LIBs [75,76], e) Lithium-oxygen
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LIBs [75,76], lithium-oxygen batteries [77,78], lithium-sulfur batteries
[78,79], see Fig. 2), partially working with new chemistries beyond
conventional LIBs, are proposed and developed in the past decades to
meet the market demands on high power density. But they share the
same problem of inferior reversibility/stability due to the instabilities of
host materials during redox reactions and some negative side reactions
happened on the electrolyte/electrode interface [78,80]. Among them,
DIBs are considered promising alternative rechargeable batteries as they
avoid all above shortcomings of the conventional LIBs [81]. In contrast to
conventional rocking-chair batteries, DIBs support the simultaneous
intercalation of anions into the positive electrode and cations into the
negative electrode upon charging, and in the discharging process, anions
ercial LIBs [48,87] and new energy storage systems including b) Lithium-metal
batteries [77,78] and f) Lithium-sulfur batteries [78,79].

https://helpsavenature.com/lists-of-environmental-problems
https://ourworldindata.org/world-population-growth
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and cations are extracted from positive and negative electrodes to return
to the electrolyte. Inherently high working potential (>4.5 V) endows
DIBs good potential for high energy density [82]. In addition, positive
electrode materials in DIBs mainly include carbon materials and several
p-type organics, which are all made from cheap, abundant and envi-
ronmentally benign elements such as carbon, nitrogen, sulfur [83,84].
Simultaneously, more sustainable cation-based DIBs (e.g. Naþ, Kþ, Ca2þ,
Al3þ) are emerging to replace the conventional lithium-ion-based DIBs to
deal with the draining lithium resources in nature. In addition, DIBs are
proven to have great safety as they could still safely and regularly work
during the nail test and when electrodes in damaged cells are directly
exposed to the air without the appearance of smoke, fire or explosion
[85]. DIBs satisfy key requests for future energy storage devices including
low cost, sustainability, materials abundance and high safety [86].

The terms “anode and cathode” and “positive and negative elec-
trodes” are commonly used in different research fields, and often causing
confusion andmisunderstanding. Terms “anode and cathode” are defined
by the oxidizing or reducing reaction happened on the electrode. Anode
always loses electrons and is oxidized in the chemical reaction and
cathode gains electrons to reduce the electroactive species inside. Posi-
tive and negative electrodes are defined by the outflow directions of
current in the circuit. For a full battery, the current flows out from the
positive electrode in the discharging process. It means the gain of elec-
trons on the positive side and reducing reaction happens. In this case, the
positive electrode is the cathode and the negative electrode is anode.
However, in rechargeable batteries, the flow of current is reversed and
the oxidation and reduction reactions are also reversed during the
charging process [61]. In this review, the cathode is referred to as the
positive electrode and the anode as the negative electrode regardless of
the battery operation.

1.2. Development history

The history of DIBs began with the discovery of acceptor-type
graphite intercalation compounds (GICs) [82]. In 1938, Rüdorff and
Hofmann first recorded the phenomenon by intercalating HSO4

� anions
into positive electrode material from the aqueous electrolyte [88]. Then
in the 1970s, Armand and Touzain systematically studied the electro-
chemical properties of acceptor-type GICs which paved the way for their
later application in DIBs [89]. In the same year, reversible intercalation
of other anions like ClO4

� BF4�, and CF3SO3
� into graphite was achieved by

Dunning et al. with a Li/graphite cell [90]. The first formal DIBs with
carbonaceous materials as electrodes and non-aqueous electrolytes was
reported by McCullough [91] et al. in 1989. Specifically, the cells in their
patents used binder-free pyrolyzed polyacrylonitrile (PAN) electrodes
with approximately 90% carbonization as both electrodes and electro-
lytes with the LiClO4/LiPF6 salt dissolved in propylene carbonate (PC).
Pyrolyzed PAN, from the current view, is a typical disordered carbon and
tends to be a poor candidate for an anion intercalation electrode because
the PC molecules easily co-intercalate with the charge carriers and
exfoliate the electrode, which hurts the stability and reversibility of the
cell [70,92]. The study by Carlin et al. in 1994 provided more options on
the electrolyte selection. In their work, multiple room temperature pure
ionic liquids (ILs) composed of cations like 1-ethyl-3 methylimidazolium
(EMIþ) and 1,2-dimethyl-3-propylimidazolium (DMPIþ) and anions like
CF3SO3

�, AlCl4�, C6H5CO2
�, PF6� and BF4� were studied as electrolytes [93].

In 2000, Seel and Dahn first discussed the staging process of PF6� inter-
calation into graphite positive electrode via in-situ XRD and achieved
stage II of GICs, corresponding to structure of PF6C16 and specific ca-
pacity of 140mA h⋅g�1 for graphite/Li cells in 2M LiPF6/ethyl methyl
sulfone (EMS) electrolytes when cycled to 5.5 V [74,94]. After this
landmark work, increasing focus has been moved on to the electro-
chemical insertion/de-insertion of anions within graphite positive elec-
trodes and further application in graphite-based DIBs. In 2012, Placke
et al. first introduced the definition “dual-ion batteries” for the type of
batteries and the name is used till today.
3

To note, earlier DIBs typically applied graphite as both electrodes,
liquid organic solvents and lithium salts as electrolytes. That is why the
earlier DIBs are also called dual-graphite batteries (DGBs) or dual-carbon
batteries (DCBs) [82]. However, the DIBs suffered from several fatal
problems including: i) electrolyte decomposition at high working voltage
(>4.5 V) [72], ii) graphite exfoliation induced by large anion and sol-
vents co-intercalation [72], iii) moderate capacity due to limited active
crystallographic sites in graphite electrodes [78], iv) draining lithium
resources brought by booming electric vehicle (EV) markets [95]. Hence,
researches in recent years put a lot of focus on the exploration and
development of new materials (e.g. electrodes, electrolytes, separators
and current collectors) to solve the corresponding problems. As a
replacement for conventional organic solvents, ionic liquid solvents,
some of which serve the charge carriers simultaneously, are considered
promising alternatives in DIBs. In 2012, Placke et al. applied LiTFSI salt
and Pyr14TFSI ionic liquid as electrolyte and graphite/Li metal as positive
electrode/counter electrode. An over 99% Coulombic efficiency was
achieved at a cut-off voltage of 5.0 V and nearly 99% capacity was pre-
served after 500 cycles [96]. In 2014, Read et al. brought fluorinated
solvents/additives into DIBs system, which allowed graphite as both
electrodes-based cells reversibly working at 5.2 V with Coulombic effi-
ciency of 97% [70]. In 2015, a series of organic positive electrodes
including Fe2(dobpdc) [97] and thianthrene polymer [98] were applied
in DIBs as alternatives for conventional graphite positive electrode and
both of them supported the reversible insertion/de-insertion of anions.
The success of organic positive electrodes as anions host opened the door
of study on novel DIBs in addition to graphite-based ones. To deal with
the upcoming shortage of lithium resources in nature, using more
abundant elements as charge carriers in DIBs becomes attractive and
promising. The first sodium-ion-based DIBs (denote as Na-DIBs) were
reported by Bordet et al. but only the half-cell performance was studied
in their work [99]. In the same year, Dai et al. reported the
aluminum-ion-based DIBs (denote as Al-DIBs) with good rate perfor-
mance and reversibility [100]. Thereafter, Ca2þ [101], Kþ [102], Zn2þ

[103] -based DIBs were successfully realized. Considering the delivered
capacity and compatibility with alkali metal ions, metal negative elec-
trodes powered by alloying mechanism are expected to be promising
options for DIBs [104]. Besides, metal negative electrodes that serve as
both current collector and host material could effectively cut the inactive
mass, in turn, increasing the energy density of full cells [105–107]. In
2018, Zhang et al. applied BiF3 as anion-hosting materials and first
realized the aqueous-solvent-based DIBs [108]. This breakthrough paves
a new revenue for studying DIBs and many recent works push the idea
forward [109–114].

In spite of the rapid development of DIBs, only a few review papers
have been published [81,82,104,115,116]. In 2017, Ji et al. first sum-
marized and categorized the positive electrode materials in DIBs. How-
ever, a lot of essential progress has been made afterwards, so the
information offered in the work is limited from today’s perspective [82].
Thereafter, several review papers were published with major focus on
one or several aspects of DIBs like the energy storage mechanisms [81,
117], electrolytes [118], alternative cation-based DIBs for Li-based DIBs
[117,119], electrode materials [81] and the practical issues of DIBs and
their potential for large-scale use in comparison to LIBs [115]. In com-
parison, Tang et al. [104] and Guo et al. [116] had review papers sepa-
rately which gave more comprehensive introduction of the progress
made in DIBs, but both works merely covered part of the problems
existing in DIBs. Under the circumstances, this review intends to fill the
gap of fundamental and comprehensive discussion of problems in DIBs
from the perspectives of electrodes including both positive and negative
electrodes and electrolytes including solvents and salts, and provides a
comprehensive coverage of the solutions corresponding to the problems.
Besides, some fundamental and technical similarities and differences
between DIBs and conventional LIBs are introduced and discussed before
the summary of problems DIBs have and possible solutions in order to
help better understand the configuration and principle of DIBs. And in
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the last part, the challenges remaining in the current stage of DIBs and
some potentially feasible routes of improvement are discussed as the
guidance of future development and large-scale use.

2. Principle and configuration

The device configuration of DIBs is the same as that of conventional
rocking-chair batteries: negative and positive electrodes separated by a
polymer membrane and electrolyte. The differences between rocking-
chair batteries like LIBs (the schematic diagram shown in Fig. 3a) and
DIBs (Fig. 3b) originate from the insertion mechanism and types of
charge carriers. In rocking-chair batteries, only the cations participate in
electrochemical reactions at both positive electrode-electrolyte and
negative electrode-electrolyte interfaces. The active charge carriers are
initially stored commonly in positive electrode materials such as LiCoO2
and LiFePO4, so the concentration of cations in the electrolyte remains
constant regardless of the degree of charge or discharge (unless they are
consumed during the solid electrolyte interphase (SEI) formation) [120,
121]. In contrast, DIBs proceed simultaneous intercalation of anions into
the positive electrode and cations into the negative electrode during
charging process and conversely de-intercalation of ions into electrolytes
during discharging process; both anions and cations are being taken from
and released to the electrolyte. The concentrations of both cations and
anions in the electrolyte vary within the charging/discharging processes.
Since the electrolyte provides charge carriers within DIBs, the storage
capacity, energy density, power density could be limited by the electro-
lyte. That is why the electrolyte layer including the electrolyte and the
separator in rocking-chair batteries could be made very thin (10–30 μm)
in order to improve the overall energy density, while the electrolyte layer
within DIBs has to be relatively thicker (>100 μm depending on the type
of electrolyte) to ensure sufficient amount of charge carriers [115,
122–124]. This peculiar characteristic of DIBs demands holistic
improvement and optimization of all active constitution materials
including electrolyte, separator and electrodes to attain high energy
density and device performance. Obviously, separator with high porosity
(60%–80%) and electrolytes with highly concentrated intercalation cat-
ions and anions are needed.

The working potential or called open circuit potential (VOC) of DIBs,
similar to LIBs, is collectively determined by the differential chemical
potential of positive electrode(μP) and negative electrode (μN) as
Fig. 3. Schematic configuration for a) Typical rocking-chair batteries with cations s
cations working as charge carriers simultaneously.
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expressed in Equation (1) [48,125].

neVOC ¼ nðμN � μPÞ (1)

When connected with the external circuit, the electrons will flow
outside the cells while ions transfer between electrolytes and electrodes
to neutralize the charges. The reactions happened within DIBs and LIBs
are presented in respective Equation (2) and Equation (3), where EA and
EC stand for negative and positive electrodes materials separately.

xLiþ þ xA� þ EP þ EN ⇔ LixEN þ EPAx (2)

LixEP þEN þ xLiþ ⇔ xLiþ þ EP þ LixEN (3)

The changes in chemical potential of both electrodes can be simplified
as the difference between chemical potential of charge carriers inserted
into electrodes and chemical potential of ionic-state charge carriers
within electrolyte, in which chemical potential of charge carriers inserted
into electrodes is seen as the chemical potential difference between the
formed graphite intercalation compound (GIC) and the pristine graphite
cathode. The distinction between derived potential changes of DIBs and
LIBs becomes noticeable (see Equation (4), Equation (5) separately) as
anions within DIBs and lithium ions within LIBs on cathode side transfer
towards opposite directions [74].

ΔV ¼ðμNðLiþÞ � μNðLiÞÞ þ ðμPðA�Þ � μPðAÞÞ
e

(4)

ΔV ¼ðμNðLiþÞ � μNðLiÞÞ � ðμPðLiþÞ � μPðLiÞÞ
e

(5)

where μN(Liþ) and μP(Liþ) represent the chemical potentials of free
lithium ions in electrolyte on negative and positive electrode sides
respectively. μN(Li) and μP(Li) stand for the chemical potential of lithium
inserted into negative and positive electrodes, respectively, and μP(A-) is
short for the chemical potential of free A anions in electrolyte on positive
electrode side, μP(A) refers to the chemical potential of A inserted into
positive electrode. As the chemical potential of lithium ions is constant
within electrolyte, μN(Liþ) and μP(Liþ) can offset each other. For DIBs, the
Nernst equation is applied to derive the μN(Liþ) and μP(A-) to Equation (6)
and Equation (7) with the consideration of electrolyte limit [74].
huttling between negative and positive electrodes and b) DIBs with anions and
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μNðLiÞþ ¼ μ0NðLiþÞ þ kTln½Liþ� (6)
μPðA�Þ ¼ μ0PðA�Þ þ kTln½A�� (7)

in which μ0NðLiþÞ and μ0PðA�Þ stand for the chemical potential of Liþ and A�

in 1M solution separately. Finally, the working potential of DIBs and LIBs
are separately converted to Equation (8) and Equation (9) [74].

ΔV ¼ μNðLiÞ þ μPðAÞ � μ0NðLiþÞ � μ0PðA�Þ � kT ln½Liþ� � kT ln½A��
e

(8)

ΔV ¼ μPðLiÞ � μNðLiÞ
e

(9)

As noticed, μ0NðLiþÞ, μ
0
PðA�Þ, kT ln½Liþ� and kT ln½A�� terms in Equation

(8) are all closely related to the composition of electrolytes, like salt
concentration. In contrast, there are no terms in Equation (9) that cor-
relates the electrolytes. Concerned that the insertion charge carriers are
fully from the electrolytes in DIBs, electrolytes should also be counted as
active mass for calculating the specific capacity, energy density and so
forth [104].

Remarkably, the average discharge voltage for typical DGBs can reach
over 4.5 V vs. Li/Liþ (shown in Fig. 4a), which is far higher than that of
conventional LIBs (e.g. ~3.3 V for the LiFePO4//graphite cells and
~3.6 V for the LiCoO2//graphite cells) [70,126–131]. The high working
potential endows DIBs very bright future to achieve high energy density.
Nevertheless, this attractive feature of DIBs also brings some challenges.
As known, the working potential should be limited within the stable
electrochemical window of electrolytes for stable/reversible cycling,
specifically, μA lying below the lowest unoccupied molecular orbital
(LUMO) and μC lying above highest occupied molecular orbital (HOMO)
of electrolytes which is demonstrated by Fig. 4b [47,125]. As chemical
potential of positive electrode lies below HOMO of electrolyte, the
electrolyte will get oxidized on the surface of positive electrode to form
cathode electrolyte interphase (CEI) layer, leading to the loss of
Coulombic efficiency or the direct death of whole battery in a worth
situation [132,133]. Furthermore, in a realistic situation, the charge
carriers including anions and cations dissolved in organic-based elec-
trolytes are solvated. Co-intercalation of solvents with charge carriers has
been well reported and the enlarged size is easy to induce the exfoliation
of graphite electrodes [134,135]. When effective SEI and CEI are formed
on surface of negative and positive electrodes, the de-solvation process
will happen as charge carriers insert into hosting materials, which also
correlates with the working potential of DIBs. Specifically, higher
enthalpy brought by de-solvation process may contribute to a lower
working potential according to the thermodynamics calculation done by
Fig. 4. a) The potential range of three types of batteries with reference to lithium me
discharge voltage of 3.3 V, commercial LiCoO2//graphite LIBs (in red) possess the a
voltage exceeding 4.5 V [126,129–131]. b) The originality of open circuit potential (V
[47,125].[47,125]. (For interpretation of the references to colour in this figure lege
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Ji et al. [82].

3. Positive electrodes

In LIBs, the positive electrode material is considered one limiting
factor in determining the performance of full cells since the negative
electrode materials usually offer more Li-storage sites than the positive
electrode counterparts [48,54,136]. Similarly, development of high ca-
pacity and energy density DIBs are also restricted by the positive elec-
trode materials. For intercalation-type graphite positive electrode, most
of the anions (i.e. PF6�, TFSI�) possess larger sizes and lower diffusivity
than alkali metal cation counterparts, which hurt the cyclic stability and
rate capability [81]. Limited active sites for accommodating anions in
graphite, namely low theoretical capacity, genuinely overshadows
graphite future development and application. And they suffer from the
low cyclic stability due to solvent co-intercalation with anions [134,135].
In the development history of graphite-positive electrode-based DIBs,
factors and strategies are well-studied. Meanwhile, some alternative
positive electrode emerged, part of which possessed attractive advan-
tages and displayed outstanding performance compared to
graphite-based DIBs and were even comparable to LIBs performance. In
the following section, fundamental issues in graphite positive electrodes,
intrinsic drawbacks of graphite positive electrodes in DIBs and corre-
sponding solutions to improve their performances, novel positive elec-
trode materials are separately categorized and discussed.
3.1. Conventional graphite electrodes

3.1.1. Fundamentals in graphite
To date, graphite has been well-studied in LIBs as negative electrode

materials and is also the most commonmaterial for the positive electrode
in DIBs because of its attractive properties [46,82]. As known, an ideal
graphite crystal lattice consists of graphene sheets stacked in ABAB
sequence separated by 0.335 nm and held together with weak van der
Waals forces (shown in Fig. 5) [137]. The well-arranged structure allows
for the reversible intercalation/de-intercalation of charge carriers [138,
139]. Within a single sheet, sp2 hybridized carbon atoms are tightly
bonded in standard hexagonal rings through strong co-valent bonds,
which accounts for the superior mechanical strength (~130 GPa) and
large Young’s modulus (1 TPa) of graphene sheets [140–142]. Perpen-
dicular to the graphene plane are the remaining “2pz” orbitals, which
hybridize to form the partially filled, delocalized band structure that
allows for high electron mobility (~200000 cm2 V�1 s�1) [137,
143–145]. This property also accounts for its redox amphotericity,
enabling graphite to act as both the negative and positive electrodes in
DIBs. Specifically, its 2D zero-gap semi-metallic electronic structure
tal, in which commercial LiFePO4//graphite LIBs (in green) possess the average
verage discharge voltage of 3.6 V and DGBs (in yellow) have average discharge
OC) and energy states of electrodes and electrolytes enabling a healthy operation
nd, the reader is referred to the Web version of this article.)



Fig. 5. Crystal structure of the graphite with a layered structure [137].
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allows it to form donor-type GICs by stabilizing excess electrons in its
antibonding π*-band, or acceptor-type GICs by stabilizing extra holes in
its bonding π-band through delocalization [82]. Hence, when charged to
certain potentials, the driving force will be great enough for many types
of cations and anions to overcome the weak van-der-Waals forces be-
tween graphene sheets. These include metallic cations like Al3þ [100],
Naþ [99], and Liþ [74]; cations frommolten salts like Pyr14þ [96]; fluoride
anions such as PF6� [74], BF4� [146]; chloride-based anions like AlCl4�

[100]; oxide based guests like ClO4
� [106]; carbon-based anions like

TFSI� [147] and so forth.
Because of the ABAB structure of graphite, anions insert into the

layers in certain sequences, rather than simultaneously. The process is
known as staging, first described by Rüdorff and Hofmann in 1940 [148].
It is proposed that the intercalant sequentially fills up graphene interlayer
spaces, inducing no structural distortions on the graphene layer, as pre-
sented in Fig. 6a [148]. The stage number indicates the number of
interjacent graphene layers between layers accommodating intercalants.
However, this model oversimplifies the process. As a matter of fact, the
graphene layers in graphite are flexible. Phonon dispersion experiments
have measured the bending modulus to be 9.93� 10�20 J [149]. Later in
1969, Daumas and Herold proposed a more realistic model, in which ions
inserted into graphene layers simultaneously, then deforming the layers
around them as illustrated in Fig. 6b [150,151]. The staging phenomenon
is allowed by subsequent diffusion of the intercalant ions which is more
accessible compared to diffusion along the c-axis in the Rüdorff model.
Additionally, this model more readily explains the coexistence of do-
mains with different stages in the same crystallite [150,151].

The structural changes of graphite indicate the so-called “staging”
process [102,152]. The most direct and clearest methods to observe the
“staging” process are galvanostatic charging/discharging [102] (Fig. 7a),
cyclic voltammetry (CV) [152] (Fig. 7b) and derived differential capacity
(dQ/dV) [102] (Fig. 7c). As known, the intercalation and de-intercalation
processes occur at certain potentials, corresponding to the peaks in CV,
Fig. 6. a) Schematic diagram of the conventional Rüdorff staging model with no
structural distortion of the graphene layer [148] and b) The Daumas-Herold
model with graphene layers bent during the staging process [151].
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dQ/dV profiles and plateaus in the charging/discharging curves. How-
ever, these methods are hard to quantify the stages. As a comparison,
X-ray diffraction (XRD) and Raman spectroscopy are more explicit in
marking the stage value of GICs.

In typical X-ray diffraction patterns for graphite electrodes [152], the
initial independent (002) diffraction peak located at 26.5� belongs to
highly pristine graphite [126]. After anion intercalation, this peak will
completely disappear and new peaks arise at a lower angle for (00(nþ1))
reflections and a higher angle for (00(nþ2)) reflections, in which n
stands for the dominant stage number. The observed intensity commonly
follows the order I (00n þ 1) > I (00n þ 2) > I (all the other reflections)
[152,153]. The new peaks’ appearance indicates anions succeeding in
intercalation into the graphene sheets due to the lattice expansion of
graphite. Schmuelling et al. investigated this phenomenon for TFSI�

intercalation, whereby they determined the dominant stage and the
gallery height, and also correlated experimentally obtained capacity with
theoretical specific discharge capacities for different graphite stages
[147]. The general method to derive the spacing of (00n) planes (d00n) is
shown in Equation (10) [154]. Furthermore, in the case of graphite, the
general equation can be further derived to relate more parameters like
the periodic repeating distance (Ic), the gallery expansion (Δd) and the
intercalant gallery height (di) in addition to the dominant stage number
(n) through Equation (11a) in which l represents for the index of (00l)
planes in the stacking direction while dobs is the observed distance be-
tween two adjacent graphene planes [147,152,153,155].

d00n ¼ Ic
n
¼ λ

2 sinθ00n
(10)

Ic ¼ di þ 3:35�A � ðn� 1Þ¼Δdþ 3:35�A � n¼ l � dobs (11a)

When charged to consistently higher voltages, the peak at the lower
angle continues to shift left while the peak at the higher angle will shift
right. When anion de-intercalation begins, the shift of the (00(nþ2))
peak to lower 2θ values and (00(nþ1)) peak to higher 2θ values can be
observed in Fig. 8 [146]. By discharging to a certain potential, the later
emerged peak do not fully disappear while the pristine peak decreases in
intensity and becomes wider which result from the remaining of anions
between the graphene sheets, leading to a decreased long-range order
and a broader peak [146,152,154].

For Raman spectroscopy, the G (graphite) band at 1582 cm�1 in
Fig. 9a is supposed to be the only peak appearing in the spectrum for
highly crystallized graphite since it is associated with the motion of sp2-
hybridized carbon atoms [151]. However, carbonaceous materials are
usually composed of polycrystalline particles and defects within their
graphene sheets, which leads to the emergence of peaks at ~1350 cm�1

corresponding to the D (defect) band. Additionally, the so-called 2D band
has peaks at 2682 cm�1 and 2722 cm�1 which is assumed the overtone of
the D peak and can be observed even in the spectrum of a perfect crystal
[151,156–158]. As the intercalation process begins, the G peak disap-
pears immediately and two peaks at higher wave number emerge, where
lower wave number peak and higher wave number peak correspond to
the vibrational mode of the inner graphene layers (E2g(i)) adjacent to
other graphene layers and vibrational mode of the boundary graphene
layers (E2g(b)) adjacent to intercalant layers separately [151]. The new
peaks are blue shifted as the intercalation process continues, partially due
to the increasing charges within graphene layers (see Fig. 9b) [159,160].
Because the transferred charges mainly remain at the outer surface
(E2g(b)) rather than the inner layer (E2g(i)), the peak corresponding to
surface graphene has a more pronounced shift (~20 cm�1) over its
counterpart (<10 cm�1) [161]. The shift during charging is an evidence
for transitions to progressively lower stage numbers (5→4→3→2→1)
[151,162]. As potential decreases, the E2g(b) mode shows a gradual red
shift but sometimes there are sudden red shifts of the boundary layer
mode and of the inner-layer mode which match with the de-intercalation
peak visible in the differential capacity curve (see Fig. 9c) [160]. Stage



Fig. 7. a) A complete galvanostatic charge-discharge cycle of the Al-expanded graphite K-DIBs [102]. b) CV curve for intercalation of FTFSI� into graphite [152]. c)
dQ/dV curve which describes the dominant stages [102].

Fig. 8. In-situ XRD pattern for TFSI� anion insertion/de-insertion within KS6L
graphite and electrolytes of 1M LiTFSI/Pyr14TFSI [146].
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numbers for the GICs can be calculated using the intensity ratio R of the
E2g(i) mode and the E2g(b) mode. In Equation (11b), Ii and Ib denote the
peak intensities of the E2g(i) mode and the E2g(b) mode respectively and
the term σi/σb represents the ratio of the cross-sectional area for Raman
scattering between the inner layers and the boundary layers [151,163].

R¼ Ii
Ib
¼ σi

σb

n� 2
n

(11b)

3.1.2. Graphite positive electrode: intrinsic drawbacks
For graphite positive electrodes, limited specific capacity and cyclic

stability are primary issues to consider and may negatively influence
their practicality. Typically, anions possess larger radii than cations
(Fig. 10) [37,81,146,164]. As the space for holding charge carriers within
the positive electrode is limited, fewer anions can intercalate into the
positive electrode, leading to much lower capacity compared to its
single-ion counterpart. For example, the intercalation of lithium ions in
graphite to form LiC6 has a theoretical capacity of 372mA h⋅g�1 with
merely 10% volume change [165–167]. In contrast, intercalation of PF6�

anions results in approximately a 136% volume change, forming C24PF6,
the specific capacity of which is only 93mA h⋅g�1 (Fig. 11) [146].
Furthermore, in organic electrolytes, some solvents (i.e. PC) are reported
co-intercalating with PF6� and BF4� into graphite positive electrode in
DIBs. As further evidence, BF4� intercalated from acetonitrile and PC
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display different gallery heights of 5� 0.3 Å and 8� 2 Å [168]. This is
also a common phenomenon in the negative electrode side of LIBs which
is related to the solvation of charge carriers [136,169]. Ideally, GICs are
binary phases of Mþ Cn� and Cnþ X�, without the co-intercalation of
solvents. However, solvated ions Mþ (solv)y and (solv)y X� with much
larger sizes are sure to induce greater expansion along z axis and increase
the intercalation potential [146,170]. Later contributions provide deeper
insights into the negative effects of charge carrier solvation in DIBs.
Graphite exfoliation from dramatic volume expansion and contraction
only partially accounts for performance loss [134,135].

In addition, rate performance is also a very important factor to
evaluate batteries. It is closely related to the transfer rate of charges and
ions in both electrolytes and electrodes [171]. Taking PF6� anion as an
example, the activation energy for inserting PF6� into graphite in a
LiPF6/dimethyl carbonate (DMC) electrolyte is estimated to be 0.37 eV
(35.7 kJ mol�1), corresponding to diffusion coefficient of 10�12 to
10�11 cm2 s�1 at room temperature. As a supporting information, the
activation energy is also calculated based on density functional theory
(DFT) assuming the tilted structure in stage 1 (the optimized geometry
for GICs formed by anion intercalation, diffusion route and correspond-
ing energy state are displayed in (Fig. 12a and b), with the lowest value of
0.23 eV (22.1 kJmol�1) when migrating along the <100> families of
directions [172]. It is even comparable to the diffusion coefficient of Liþ

ion in common positive electrode materials of LIBs (i.e. 3� 10�15 cm2 s�1

for LiCoO2 [172] and 1.8� 10�14 cm2 s�1 for LiFePO4 [173]) but far
inferior to Liþ ion diffusion coefficient in graphite (4.4� 10�6 cm2 s�1

along the graphene sheets) [174] The result is acceptable considering the
large molecular size of PF6� but the improvements of graphite-positive
electrode-based DIBs is still needed in order to meet the demand of fast
charging and high power delivery [171,175].

3.1.3. Influencing factors and strategies
As a matter of fact, performances of graphite are co-determined by

various factors like graphitization extent, particle size, surface area,
surface modification and so forth. In the following part, we will discuss
the specific influence of these factors on graphite performance and some
derived strategies to ameliorate the above drawbacks brought by
graphite positive electrode in DIBs.

Firstly, the degree of graphitization or crystallinity of the carbon is of
great importance to the discharge capacity and reversibility. Within a
range, higher crystallinity/graphitization will lead to higher discharge
capacity. For non-graphite carbons, heat treatment is a suitable way for
them to improve the degree of graphitization. The degree of graphiti-
zation reaches 90% percent when heated to 2800 �C and leads to a
discharge capacity of 100mA h⋅g�1 (Fig. 13a). Besides, a higher degree of
graphitization is also reported to shorten the voltage hysteresis between
charging and discharging process, in turn, increasing the voltage effi-
ciency of cycling [176]. Meanwhile, the degree of graphitization in-
fluences the interplanar distance between (002) planes in carbon and the
highest performance could be achieved when the (002) interplanar dis-
tance was 0.334 nm (Fig. 13b) [92].



Fig. 9. a) Raman spectra of pristine graphite before experiment, b) Raman spectra changes in the first cycle with TFSI� as the intercalating ion and a LiTFSI/Pyr14TFSI-
based electrolyte cycled between 3.4 and 5.0 V and c) differential capacity pattern of the first two cycles [151].

Fig. 10. Schematic structure and estimated size of simple metal cations like lithium ion (Liþ), sodium ion (Naþ), aluminum ion (Al3þ) and potassium ion (Kþ), and
complexed anions like hexafluorophosphate (PF6

�), bis(trifluoromethanesulfonyl) imide (TFSI�), tetrafluoroborate (BF4
�) and fluorosulfonyl-(trifluoromethanesulfonyl)

imide (FTFSI�) anions, in which light green, yellow, red, blue, grey, white balls stand for fluorine (F), sulfur (S), oxygen (O), nitrogen (N), carbon (C), hydrogen (H)
atoms respectively [37,81,146,164]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Secondly, defects and dopants (functional group) in graphite directly
influence its electrochemical properties. For instance, graphite produc-
tion usually accompanies with partial oxidation and brings in the oxygen-
based groups like carbonyl, hydroxyl group. Unfortunately, this type of
groups does harm to the mobility of ions and electrons in graphite. The
worse thing is that these groups will bring more defects which further
deteriorates the electric conductivity and decreases the crystallinity of
graphite [177]. As reported, defect-free graphite (GA3000) is synthesized
by annealing reduced graphite oxide (rGO) at 3000 �C and
defect-containing graphites including defect-few GA2000 and GA2500
annealed at lower temperature are also synthesized as comparison
(Fig. 13c). Consequently, GA3000 presents a capacity of 100mA h⋅g�1 at
50C for storing AlCl4� anions with 97% capacity remaining and 98%
8

Coulombic efficiency after over 25000 cycles, which overpasses the
defect or functional groups -containing counterparts (Fig. 13d,e) [178].

In addition, particle size also affects the discharge capacity, specif-
ically, smaller particles perform better than larger particles (shown in
Fig. 14a), which is clear when employing PC/ethyl methyl carbonate
(EMC) as electrolyte [72]. This trend can be attributed to the relative area
of two different surfaces. To be specific, it is well known that graphite is
composed of two types of surfaces: basal planes that are free of defects
and prismatic (edge/surface) planes that contain one atom-thick carbon
with unpaired bond and various capping groups like carbonyl, hydroxyl
[179–181]. Due to the existence of edge defects, edge plains are reported
to contribute several orders of magnitudes better electron conductivities
and specific current density in CV curve than basal plains (Fig. 14b and c)



Fig. 11. Schematic diagram of pristine graphite and configuration after intercalation of Liþ and PF6
� separately. Furthermore, some values corresponding to LiC6 and

C24PF6 like capacity, adjacent layers distance are compared in order to illustrate the influence of intercalants’ size [143,146].

Fig. 12. a) Optimized model of PF6� intercalation into graphitic carbon and d) diffusion route of PF6� along the <100> direction in graphite with an energy barrier of
0.23 eV [172].
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[96,182]. Hence, when the particle gets smaller, the ratio between sur-
face plain and basal plain will be higher, in turn, the overall performance
will be better. Experimental results and DFT simulations support this
hypothesis, where increasing the surface area for the KS-type graphite is
correlated with increased accommodated amount of TFSI� [183,184].
Meanwhile, decreasing particle size or thickness is also a common
method to improve rate performance in LIBs since it helps shorten the
diffusion route of charge carriers [185–187]. Inspired by the idea, several
works modify the morphology of graphite to increase the amounts of
active sites for anions storage and to tune the rate performance. A type of
porous graphite with nanoflake morphology (Fig. 14d) or called elec-
trochemically generated nanoflake graphite (abbreviated as EGN) was
synthesized through cathodic polarizing amorphous carbons in molten
CaCl2 at 1100 K and compared with commercial graphite powder and
nanosheets over performances in DIBs. The porous nanoflake-shape
graphite delivers high capacity of 116mA h⋅g�1 at a rate of
1800mA g�1 when charged to 5.25 V vs. Li/Liþ and outstanding 92%
capacity retention when cycling at high rate of 10 A⋅g�1 between 2.25 V
and 5 V, which are better than the other two types of graphite (Fig. 14e)
[188]. Another type highly porous graphite foam is also used as positive
electrode material in DIBs. With electrolyte of 1M Al(ClO4)3/PC: fluo-
roethylene carbonate (FEC) (94.5: 5.5, W:W), the cells exhibit approxi-
mately 101mA h⋅g�1 capacity at superiorly high rate of 2 A g�1. To note,
porous structure can also help buffer volume expansion brought by large
9

anions intercalation, in turn, improve the cyclic stability. There is barely
capacity decay (~100mA h⋅g�1) with charge rate of 2 A g�1 and
discharge rate of 0.2 A g�1 for over 400 cycles [189].

Another route to improve rate performance is finding alternative
anions with higher diffusion coefficient within graphite. To note, the
diffusion energy barrier of AlCl4� anion in graphite is calculated by first
principle method, with the value ranging from 0.012 eV to 0.029 eV,
corresponding to a diffusion coefficient of approximately 10�4 cm2 s�1

[81,190]. It is far more superior than PF6� anion [172]. When using
graphite foam which is grown on nickel foam through CVD method as
positive electrode and aluminum metal as negative electrode, the cell
delivers an impressive rate performance, with barely capacity decay
when charging rate increase from 0.5 A⋅g�1 to 5 A g�1 (Fig. 15a).
Meanwhile, 3D porous structure contributes to superior cyclic stability,
lasting over 7500 charge/discharge cycles under extremely high current
densities (4 A g�1) and maintaining a specific capacity of about
70mA h⋅g�1 and a Coulombic efficiency of approximately 98% (Fig. 15b)
[100].

To count, rate performance is also determined by the motion rate of
electrons in electrodes which include active materials, binder, conduc-
tive additive and current collector. Based on the thought, series of
binders (sodium alginate (Alg), sodium carboxymethyl cellulose (CMC),
poly(acrylic acid) (PAA), polyvinylidene difluoride (PVDF)) are tested in
the positive electrode half cells [191]. It is found that Alg, a bio-derived



Fig. 13. a) Degree of graphitization as a function of annealing temperature and corresponding discharge capacity in DIBs [176]. b) Initial PF6
� discharge capacity as a

function of the distance between (002) planes (carbon types differ and MWCNTs is short for multiwalled carbon nanotubes) [92]. c) Schematic diagram for the
production process of defect-few GA2000 samples and defect free GA3000 samples from defect-abundant rGO and their performances for hosting AlCl4� anions [178].
Galvanostatic cycling performance of d) GA3000 and e) GA2500 and GA2000 at the rate of 5A⋅g�1 [178].

Fig. 14. a) Discharging capacity variation as a function of D90-values (particle size distribution) [183]. b-c) CV curves for both the edge plain and basal plain of
graphene electrodes in the 0.1M PBS solution with 0.1M KCl under 50mV s�1 [182]. d-e) SEM images and XRD pattern of porous graphite nanoflake [188]. f)
Galvanostatic charging/discharging curves of synthesized EGN, graphite nanosheets, graphite powder at the rate of 10 A g�1 and cycled between 2.25 V and 5 V [188].
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aqueous binder, outperforms all the other three types of binders. After
the rate capability test, Alg glued graphite shows no obvious structural
changes while PVDF-based positive electrode suffers from severe
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dropping of active materials from current collector. This is ascribed to
Alg’s high mechanical strength and good interaction with active mate-
rials [192,193]. To note, graphite positive electrode using Alg binder



Fig. 15. Performances of AlCl4� anion-based DIBs
including a) transition of charge/discharge capacity
and Coulombic efficiency as a function of the number
of cycles at a current density of 4 A g�1 and b) rate
performance under different charge/discharge rate
[100]. c) Schematic diagram of new confuguration of
DIBs with graphite brushed over one side of sepa-
rator and aluminum sputtered over graphite and the
other side of separator [194]. d) Rate performance of
new configuration-constructed DIBs [194]. e) EIS of
new configuration-integrated DIBs and conventional
DIBs [194]. f) SEM cross-section image of
graphite-aluminum electrode [194].
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deliver a superior rate performance and cyclic stability, with
97.8 mA h⋅g�1 and 87mA h⋅g�1 capacity delivered at high rate of 10C
and 50C separately when cycled between 3 V and 5.3 V and over 80% of
initial capacity remained after 10000 cycles when cycled between 3 V
and 5 V at high rate of 10C [191]. In full cell test with Al replacing Li
metal as negative electrode material, the superior performance is
reserved, with ~95mA h⋅g�1 capacity delivered at high rate of 10C when
cycled between 3 V and 5 V and barely capacity decay after 500 cycles
[191]. Besides, a new configuration of cells is designed as shown in
Fig. 15c. To be specific, positive electrode active materials (graphite) are
brushed over one side of separator and aluminum is magnetron sputtered
over deposited positive electrode materials and the other side of sepa-
rator as current collector. The assembled full cells deliver excellent rate
performance. Almost no capacity decay is noticed when charging rate
increase up to 150C, delivering a discharging capacity of 116mA h⋅g�1

(Fig. 15d). In addition to the porous structure of aluminum negative
electrode, the increased conductivity by using aluminum as both current
collector and negative electrode active materials and decreased contact
impedance between are assumed responsible for the excellent rate per-
formance, as noticed from EIS when compared with regular DIBs and
SEM images (Fig. 15e,f) [194].

As solutions for solvent co-intercalation, the most direct way to abate
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the phenomenon is to reduce the ratio of ethylene carbonate (EC)/PC in
electrolytes or apply other solvents instead [195,196]. The other way is
to artificially form even and protective interphases on the positive elec-
trode by decomposing electrolyte, as proven feasible on negative elec-
trode side of LIBs [197,198]. For instance, in a half cell configuration (Li
metal//graphite) with 1M LiPF6/EMS as electrolyte, graphite positive
electrode is pre-charged/discharged at 100mA g�1 for 5 cycles within
potential range of 0.3 V–2.0 V. Afterwards, a layer of SEI is formed on
graphite surface with average thickness of 8–10 nmwhich can be noticed
by TEM and XPS (Fig. 16a-c). With SEI protection, improvement over
cyclic stability is significant, with ~96% capacity retention after 500
cycles under the upper cut-off potential of 5 V and current density of
200mA g�1 (Fig. 16d). As comparison, the capacity of unmodified
graphite quickly decays to ~50% after 150 cycles (Fig. 16d) [199].
However, the interphase prepared totally relying on solvent/additive
decomposition has one shortcoming, that is, severe volume expansion
brought by anion intercalation is easy to deteriorate its structure [154,
200]. A robust coating of Li4Ti5O12 (LTO) on graphite surface is proven a
feasible way to further improve cyclic stability. LTO has relatively good
electrochemical stability under high potential andmechanical properties,
so it could efficiently avoid the exfoliation of graphite positive electrodes
in DIBs [200–202]. Besides, LTO possesses Ti4þ on surface which could



Fig. 16. a) Schematic configuration of DIBs with SEI layer artificially formed on the surface of graphite positive electrode [199]. b) TEM image of SEI layer on the
graphite positive electrode surface [199]. c) XPS characterization for surface-forming SEI layer composition with C 1s, O 1s, F 1s, Li 1s peaks [199]. d) Cyclic stability
comparison between surface modified graphite (SMG) and unmodified graphite (UMG) with upper cut-off potential of 5 V [199]. e) Schematic diagram of protection
effect of CEI/LTO coating on graphite positive electrode [200]. f) Cyclic stability comparison between pristine MCMB graphite and LTO-modified one at the rate of
1C [200].
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assist catalyzing ring-opening process of solvent sulfolane (SL) and turn it
into SL⋅ radicals [203–205]. Then those radicals become
electro-oxidization-resistant substance through certain polymerization
process [206]. The formed CEI on LTO would play the role of
de-solvation for anions and further protect graphite from structural
collapse (see Fig. 16e). With CEI-LTO coated MCMB graphite as positive
electrode, MCMB as negative electrode and 1M LiPF6/EMC:SL (1:4, V:V)
as electrolyte, the cells exhibits excellent cyclic stability, with over 85%
capacity retention after 2000 cycles at 1C (shown in Fig. 16f). In contrast,
merely 53.6% capacity is remaining after 750 cycles for pristine MCMB
graphite-positive electrode-based DIBs (see Fig. 16f) [200]. Overall,
artificial CEI layer has been evidenced for its feasibility to inhibit solvent
co-intercalation but it is not perfect. De-solvation is expected to happen
outside the CEI layer, which increases the potential barrier for interca-
lation. Consequently, few ions could intercalate into graphite in a given
potential range, in turn, the discharging capacity is reduced [82,200].
3.2. Novel positive electrodes

Due to the limitations of graphite, a great amount of efforts are put on
finding alternative positive electrode materials for DIBs. The major op-
tions are nestled on redox reactive organic compounds because they
could adsorb anions via the charge state change on active organic groups
or moieties or the valent state change on transition metal centers
[207–210]. Their mutual advantages like structure/property diversity,
flexibility, element abundance, eco-friendliness, low mass density and
great potential towards high energy density make them promising posi-
tive electrode materials in DIBs and endow them great potential to meet
the demand of future energy storage devices [210]. Besides, some other
materials like nitrogen-doped porous hard carbon [211] and coronene
[212] are also tried as positive electrodes in DIBs and present some
competitive performances. In the following section, novel positive elec-
trodes proposed as alternative for graphite are categorized and summa-
rized, followed by their properties and performances in DIBs.

Metal organic frameworks (MOF) with porous lattice structures are
proven practicable as positive electrode materials for DIBs. As known,
anions bring large volume change to graphite during intercalation, which
has a negative effect on cells’ overall stability and reversibility [81]. In
contrast, for MOFs, post-synthetic modification has a strong impact on
the pore size, which allows them to accommodate large anions without
dramatic volume change [97]. To note, the most important structure
motif for MOF is to get a short distance between redox-active metal
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centers and no interruption in the crystal. Selection on the metal center
should be careful as it determines both the working mode (p-type or
n-type) and the electronic conductivity of the MOF materials [97,213].
Besides, the gravimetric densities of redox site could be improved
through increasing the linker topicity [97]. For example, Fe2(dobpdc)
(dobpdc4�¼4,40-dioxidobipenyl-3,30-dicarboxylate) could be electro-
chemically oxidized to Fe2(dobpdc)Ax (A refers to the intercalated anions
such as BF4�, PF6�, TFSI� and x stands for the number of anions in the
products) [97]. The framework of this material has hexagonal channels
in which five oxygen-coordinated Fe2þ ions share their vertices in infinite
1D chains (Fig. 17a). When cycled in a half cell with electrolyte of 0.6M
NaPF6/EC:DMC (3:7, W:W) between 2 V and 3.65 V, Fe2(dobpdc) de-
livers an initial discharging capacity of ~95mA h⋅g�1 and displays a
reversible and stable cycling, with ~90% capacity retention after 50
cycles. By comparing the discharging voltage profiles of several materials
in Li- and Na-electrolyte system as shown in Fig. 17b, it is obvious to
observe a linear decrement in the reduction progress for
Fe2(dobpdc)(PF6)x (0.21< x< 2) while other materials like FePO4 and
graphite show one or more plateaus. At the same time, its operating
voltage is lower than graphite positive electrode. The decreased cut-off
voltage benefits to choose a stable electrolyte by avoiding the decom-
position of electrolytes but it also leads to an unsatisfying energy density
with extra consideration of its low theoretical capacity (~140mA h⋅g�1)
[97]. Another type of MOF material, Cu(TCNQ) (TCNQ¼ 7,7,8,8-tetra-
cyanoquinodimethane), is also applied as positive electrode material in
DIBs [214]. It possesses a layer structure with metal centers Cu sur-
rounded by 4 N-atoms from TCNQ� anions (see Fig. 17c). In half cell
configuration with 1M LiPF6/EC:DMC (1:1, W:W), Cu(TCNQ) shows
high initial capacity (~160mA h⋅g�1) but inferior cyclic stability be-
tween 2.4 V and 3.9 V vs. Li/Liþ and the situation gets reversed when
increasing lower cut-off potential to 3.4 V vs. Li/Liþ. This can be ascribed
to the dissolution of active materials into electrolyte under potential of
2.6 V as confirmed by results from CV, XPS and XRD. Therefore, some
strategies like changing components of electrolytes and modification of
Cu(TCNQ) at low potential (<2.6 V) are needed for maintaining the high
capacity and stability of active materials [214].

Another major category of positive electrode material to replace
graphite in DIBs is the p-type organic radical compounds. Among them,
nitrogen-based organics have been reported most frequently. For
example, polytriphenylamine (PTPAn) could be oxidized and nitrogen
atoms lose their electrons, then PF6� anion will be adsorbed on the pos-
itive Nþ sites for electric neutrality. In the discharging process, adsorbed



Fig. 17. a) Structural framework of
Fe2(dobpdc). b) Comparison of
Fe2(dobpdc)(PF6)x discharge profile
compared to those of other electrodes
discharged at their maximum capacity
[97]. c) Structural framework of
Cu(TCNQ) [214]. d) The reaction
mechanism of PTPAn positive electrode
[215]. e) PTPAn’s XPS spectra collected
at different electrochemical states, the
detected characteristic peak from P and
F reveal the successful anion insertion
and f) high resolution XPS of N 1s. It
further supports the anion insertion as
speculated [216]. g) Reaction mecha-
nism of NSPZ positive electrode [217].
h) Proposed two-stage redox reactions in
diamino-rubicene electrodes and their
theoretical capacities shown below
[208]. i) Schematic of a type of DIBs
with a thianthrene polymer positive
electrode and its working mechanism
and the redox CV curves [98]. j) Sche-
matic illustration of adsorption/de-
sorption mechanism of NPHC positive
electrode [211]. k) Schematic illustra-
tion of coronene crystal structure [212].
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anions are released and the positive nitrogen cations accept the coming
electrons (Fig. 17d) [215]. To further verify the speculated working
mechanism, the full survey XPS spectrum (Fig. 17e) finds the new
additional peaks around 135, 192 and 687 eV when the pristine electrode
is charged to 4 V, which correspond to P 2p, P 2s and F 1s, respectively,
suggesting the PF6� anion adsorbed on the PTPAn chain [216]. After
discharging, the peaks from P disappears, and F characteristic peak be-
comes weak, meaning PF6� anions are released. Besides, the
high-resolution N 1s XPS spectrum (Fig. 17f) reveals that a broad peak
situates at 402.3 eV at the charging state and disappears again when
electrode goes back to discharging state. This peak refers to the inter-
action between Nþ and PF6� anion. The detailed analysis verifies the
proposed mechanism for PTPAn positive electrode is reasonable and is
supported further by the atom ratio from TEM. The PTPAn-based half
cells show stable cycling but deliver only 71mA h⋅g�1 capacity between
2 and 4 V at the rate of 100mA g�1 [216]. For organic redox materials,
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one way to improve capacity is to increase the ratio of active sites to
overall mass [217]. Based on the rule, a new material called 5,10-Dihy-
dro-5,10-dimethyl phenazine (DMPZ) is synthesized and applied as
positive electrode material in DIBs [217]. This material is a phenazine
with two nitrogen atoms methylated and is expected to donate two
electrons in sequence as shown in Fig. 17g. Further DFT calculation
supports the stability of the substance as electrons effectively delocalize
after losing two electrons. As expected, the material delivers an initial
capacity of 217mA h⋅g�1 of charging and 191mA h⋅g�1 of discharging
for TFSI� anions when cycled between 2.5 V and 4.1 V at the rate of
50mA g�1. However, [DMPZ]2þ is soluble in tetraethylene glycol
dimethyl ether (TEGDME) solvent. The strategy of increasing salt con-
centration is proven an effective way to suppress the dissolution while
other methods like surface modification or solvent replacement should
also be tried to improve the stability [217]. In addition, amino groups
could also act as redox center for reversible adsorption/desorption of
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anions. 5,12-diamino-rubicene (DARb), for instance, works through
multi-electrons participated redox reaction on two amino groups
(Fig. 17h) [208]. Extending rubicene’s aromatic core could help stabilize
unpaired electrons via delocalization, in turn, improving the reversibi-
lity/stability of redox reactions [208]. However, bulky rubicene offsets
the contribution of two electrons reaction and make full cells deliver
specific capacity of only 115mA h⋅g�1 (~75% of its theoretical capacity).
And it also suffers relatively fast capacity degradation (75mA h⋅g�1 after
60 cycles).

Apart from the active center of nitrogen, sulfur in the organic chain
also can work through redox reaction [98]. Fig. 17i shows the working
mechanism of thianthrene in DIBs, in which thianthrene undergoes a
two-step oxidation process in the charging process. The reactive process
is similar to PTPAn mentioned above, and two pairs of redox peaks are
detected by CV curves. However, this material is just tested referring to
the first electron reaction at the lower voltage and delivers a specific
capacity around 62mA h⋅g�1. The most important thing is the voltage
plateau at 4 V that is similar to the voltage profile of LiCoO2. If there is a
stable electrolyte allowing for the reaction from the second electron, the
specific capacity will double at least. The disappointing issue is that the
cycling capacity is not stable and decays sharply, though there presents a
slight increase in the first 10 cycles. The fast degradation is attributed to
irreversible anion insertion and potential dissolution of active materials
in the organic electrolyte [98].

Lastly, there are also some individual examples of novel positive
electrodes for DIBs. The first one is the nitrogen-doped porous hard
carbon (NPHC) which is synthesized through directly calcinating pyrrole
monomer [211]. This material with N-doping on surface has several
intrinsic advantages like i) adsorption/desorption mechanism which
helps avoid the volume expansion brought by anion intercalation, ii)
porous structure increases the specific area exposed to electrolyte which
helps increase the capacity and also shortens the route for anion inter-
calation which benefits the rate performance. When tested between 1 V
and 4.7 V in half cell, the material delivers an enhanced discharging
capacity of 197mA h⋅g�1 and 100% Coulombic efficiency at the current
rate of 100mA g�1 (Fig. 17j) [211]. Similarly, the carbon foam synthe-
sized through facile carbonization process also works through the
adsorption/desorption mechanism. In the half-cell test, this positive
electrode material delivers a superior rate capability and cyclic stability
with ~110mA h⋅g�1 capacity retained at high rate of 5 A g�1 and almost
no capacity decay at the rate of 1 A g�1 over 500 cycles [218]. Another
one is the coronene crystals, a polycyclic aromatic hydrocarbon (PAH)
solid material, exhibiting a monoclinic structure (Fig. 17k) in which
molecules condense together by van der Waals forces and the lattice
parameters are a¼16.1, b¼4.7 and c¼10.1 Å [212]. It is an
anion-intercalation-type positive electrode with a displayed discharging
voltage plateau around 4 V and the first charge capacity is ~60mA h⋅g�1

meaning 0.68 PF6� anion inserted into one coronene. During charging
process, the anions charge carriers insert in between the (111) and (200)
planes, causing an expansion along a direction. The transition tracked by
ex-situ XRD. To be specifically, the (001) peak at 9.2� stays at the same
position in the charging process, but peak (200) around 11.7� shifts to-
wards a lower angle. A structure expansion along a direction is 0.08 Å, at
the same time the shifted peak presents an increased intensity with
further oxidation from point III to IV. To note, as the value of cycles gets
bigger, it is found that anion intercalation causes a decrease of crystal-
linity evidenced by the weakened XRD peak intensity in the re-insertion.
Unlike graphite, the molecules are not connected through strong
co-valent bond, therefore, they are easy to pulverize during large anions
intercalation and can’t maintain the integrated crystalline structure. This
may partially account for the loss of crystallinity during discharging
processes [212].

Overall, the graphite is the most frequently used material for both
electrodes in DIBs which benefits from its properties including redox
amphotericity, high mechnical strength as well as superior electric con-
ductivity. The layered structure allows the storage of charge carriers step
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by step in so-called the staging mechanism, which could be observed
through some characterization techniques like CV, XRD and Raman
spectroscopy. However, the graphite positive electrode suffers from some
serious problems on storing anions including the limited capacity, cyclic
stability and rate capability influenced by solvent co-intercalation, anion
types and graphite intrinsic properties. Accordingly, some strategies are
developed to deal with these issues. Firstly, it has been proven that
smaller particle size, more exposure of edge planes, high crystalline,
defect/dopant-free graphite has the optimal capacity for storing anions.
The rate capability of graphite materials could be improved by applying
low diffusion energy barrier anions like AlCl4� and decreasing the particle
size to shorten the diffusion distance of anions. To deal with the problem
of solvent co-intercalation, the feasible methods are to avoid the use of
EC/PC solvents or to construct protective electrolyte-graphite positive
electrode interphase. In addition, some efforts are also devoted to find
alternative materials for graphite to achieve potentially higher electro-
chemical performances. At the current stage, the optional materials
majorly lie on adsorption/desorption mechanism which contain the
doped carbon materials and p-type organics and other individual exam-
ples like coronene. Despite of relatively poorer performances in com-
parison to graphite counterparts, they still exhibit attractive features and
show great potential for further development and application.

4. Negative electrodes

Selection on the negative electrode is also an important issue in DIBs
because it co-determines the performance of cells (i.e. rate capabilities,
cyclic stability, specific capacity, safety and so forth) with positive
electrode material and other components in cells. Although the positive
electrode materials are considered major bottleneck on enhancing cells
overall performance due to limited capacity, yet the negative electrode
materials still need to offer excess capacity to avoid the metal plating in
the practical situation concerning the cells’ safety risks and lifespan is-
sues, termed as “capacity balancing” [219–223]. Hence, constantly
exploring the high-performance negative electrode materials is quite
necessary. For DIBs, most commonly used negative electrode material is
the intercalation-type graphite due to its high stability/reversibility for
cation intercalation/de-intercalation and high ionic/electric conductiv-
ity, but it suffers from the low Coulombic efficiency in first cycles because
of the formation of SEI and low capacity due to limited crystallographic
sites. To improve the performances, a series of new negative electrodes
are proposed as replacement for graphite. It should be noted that working
mechanism for negative electrode material has no difference between
DIBs and rocking-chair batteries, namely, storing and releasing cations
during charging and discharging process. Hence, the novel negative
electrode will be introduced based on well-established system of negative
electrode materials in rocking-chair batteries with the sub-categories of
intercalation-type, conversion-type, alloying-type and
adsorption/desorption-type which include some individual examples.

4.1. Intercalation-type negative electrodes

SEI formed on the surface of graphite negative electrode is composed
of the reduced products from the electrolyte. SEI precipitated in the
initial cycle would suppress the continuous decomposition of electrolyte
and the co-intercalation of solvents with ions into graphite negative
electrode due to its low electric conductivities and high ionic conduc-
tivities. However, SEI formation leads to the loss of Coulombic efficiency
in the first cycle and reduced capacity in following cycles due to the
consumption of salts/solvents in electrolyte [224]. The situation gets
worse when considering that electrolytes are also counted as active mass
in DIBs [104]. A feasible solution is to adjust the lower cut-off potential to
a value higher than SEI formation potential of electrolytes [224]. And it is
necessary to find some compatible negative electrodes which could fully
release their performance with enhanced lower cut-off potential
[225–228]. For instance, orthorhombic Nb2O5 has two reduction peaks
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at 1.6 V and 1.2 V, corresponding to the redox pairs of Nb5þ/Nb4þ and
Nb4þ/Nb3þ separately which could be noticed from its CV curve. When
cycled between 1 V and 3 V at rate of 100mA g�1 in a half cell, Nb2O5
presents ~90% Coulombic efficiency and delivers a charge capacity of
165mA h⋅g�1 in the second cycle [229]. Similarly, spinal-structure
Li4Ti5O12 (LTO) with the redox pair Ti4þ/Ti3þ works at higher poten-
tial (~1.55 V vs. Li/Liþ) than traditional carbon negative electrodes
(~0.1 V vs. Li/Liþ) [230–232]. Besides, small volume expansion during
lithium-ion intercalation/de-intercalation bestows LTO another safe-
guard for high reversibility/stability [230,233]. Even if the SEI layer
forms on its surface, SEI could be stable as there is no strain to deteriorate
it. However, high working voltage and intrinsically low discharge ca-
pacity bring issue of energy density. The full cells using LTO/graphite as
negative/positive electrodes present a low open circuit potential between
3.2 and 3.6 V and deliver only 54.9 mA h⋅g�1 discharge capacity with
99% Coulombic efficiency when cycled between 1.5 V and 3.6 V, which
are all inferior to graphite-negative electrode-based DIBs [96]. For
Nb2O5, full cells using it as negative electrode and KS6 graphite as pos-
itive electrode also merely exhibit a discharge capacity of ~57mA h⋅g�1

at the rate of 1C when cycled between 1.5 V and 3.5 V [229]. Therefore,
some new chemistries (i.e. conversion, alloying, etc.) are necessary to
replace the intercalation mechanism for negative electrode materials in
DIBs to achieve higher energy density.

4.2. Conversion-type negative electrodes

Conversion-type negative electrodes, usually transition metal oxides
and sulfides, react with Liþ to form Li2O/Li2S and element-state metal
inside (see Fig. 18a) [135]. This type of negative electrodes is promising
because they could deliver much higher theoretical capacity (e.g.
890mA h⋅g�1 for Co3O4) than conventional graphite negative electrode
[234,235]. However, this type of materials has several drawbacks that
are necessary to overcome like i) large potential hysteresis during
cycling, ii) low Coulombic efficiency in initial cycles, iii) fast capacity
decay and iv) poor rate performance [46,236]. The formation of poor
electric-conducting products, dramatic volume expansion and SEI layer
deterioration/reproduction are assumed responsible for the problems
Fig. 18. a) Schematic diagram of the mechanism for conversion-type negative elec
Schematic diagram of multi-layer (MoS2/carbon fiber)@MoS2@C material [240].
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[236,237]. Reduction of particle size and increment of contact area be-
tween particles and electrolytes are seen as a feasible way to improve the
overall performances of conversion-type materials [238]. As mentioned
above, these methods not only shorten the diffusion route of ions but also
release the strain for volume expansion. For instance,
nanosheet-structure Co3O4 is grown on carbon fiber paper (CFP) and
co-form the negative electrode material Co3O4/CFP in DIBs. In the half
cell test, Co3O4/CFP presents an initial Coulombic efficiency of ~87.5%
and the value rapidly increase to 98.6% after the third cycle. Besides, the
cells show the rate capability of 385mA h⋅g�1 discharge capacity
remained at rate of 500mA g�1 and stability with 90% capacity retained
after 40 cycles at rate of 200mA g�1 [235]. In addition, conductive
coating on surface could help further improve the rate performance and
cyclic stability as coating not only decreases the resistivity for charges’
motion but also helps maintain the active materials’ integrity by
providing high mechanical strength. For instance, a hollow sphere ma-
terial composed of vertically grownMoS2 nanosheets and surface coating
of N-doped carbon is synthesized through sulfidation of solid Mo-gly-
cerate (MoG) and thereafter the annealing with bovine serum albumin to
precipitate N-rich carbon coating on surface (Fig. 18b and c). To evaluate
the effect of conductive coating, uncoated samples (denoted as MoS2
HHSs) are compared with coated samples (denoted as MoS2@NC HHSs)
through galvanostatic charge/discharge test (Fig. 18d) and rate capa-
bility test (Fig. 18e). The results indicate the significant improvement in
both cyclic stability and rate performance. Applying this material as
negative electrode, expanded graphite as positive electrode and 1M
NaPF6/EC: DMC:EMC (1:1:1, V:V:V) as electrolyte, the cells present good
rate performance and reversibility as capacity changes from 92mA h⋅g�1

to 45mA h⋅g�1 and then to 87mA h⋅g�1 when rate varies from
200mA⋅g�1 to 2000mA g�1 and return to 200mA g�1 [239]. Another
example is a composite negative electrode with MoS2 nanosheets grown
on surface of nanofiber MoS2 nanofiber/carbon composite followed by
carbon coating on surface (denoted as (MoS2/carbon fiber)@MoS2@C)
(Fig. 18f). Owing to the 3D interconnected structure and good conduc-
tivity of the carbon fiber substrate, the half cells deliver superior rate
performance and cyclic stability within voltage window of 0.01–2.5 V
with over 233mA h⋅g�1 discharge capacity at high rate of 10C and over
trodes [135]. b) Schematic diagram of synthesizing MoS2@NC HHSs [239]. c)
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90% capacity retention relative to second cycle after 200 cycles at a rate
of 100mA g�1 (Fig. 18g,h). Furthermore, the full cells with graphite as
positive electrode and 1M NaPF6/EC:DMC (6:4, V:V) as electrolyte also
possess high capacity retention even at a high rate (about 100mA h⋅g�1

at 0.5 A g�1 within the potential window from 2.0 to 4.7 V) [240].

4.3. Alloying-type negative electrodes

Alloying-type negative electrodes work through the electrochemical
alloying between element negative electrode and metal cations from
electrolyte (e.g. Si–Li [241,242], Sn–K [102,243], Sn-Na [244,245]). This
type of negative electrodes has received increasing attention due to their
intrinsic outstanding ability for storing metal cations (e.g. 993mA h g�1

with the phase of AlLi) and superior electrical conductivity (e.g.
3.50� 107m�1Ω�1 for Al and 1.25� 107m�1Ω�1 for Ni) [246,247].
Designing these metals as both current collector and hosting material is
currently an active field, which is a convenient way to increase the ratio
of active material, in turn increasing the energy density of full batteries
[105,106]. For instance, Sn serving as both current collector and hosting
material is applied in Na-ion-based DIBs (a schematic diagram is shown
in Fig. 19a) with EG used as positive electrode material. The mass ratio of
graphite positive electrode in the DIBs (48.9%) is higher than that of
LiCoO2 positive electrode in LIBs counterparts (36.4%) with an equal
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amount of stored capacity. The energy density of the tin-graphite cells
has achieved 144Wh⋅kg�1 at 150W kg�1, which is comparable to some
commercial LIBs [195].

However, the disadvantages of those alloying-type metal negative
electrodes are also serious. Firstly, the alloying reaction occurring below
1 V could cause the SEI formation, which usually accompanies the sub-
stantial loss of Coulombic efficiency in initial cycles [248]. Secondly, the
type of metallic negative electrodes suffers from the inferior rate capa-
bility and cyclic stability because of the severe volume changes during
charge/discharge process (e.g. 420% expansion by forming Na15Sn4 alloy
and 96% for LiAl) [195,244,248]. Further, the SEI layer formed in first
cycle faces periodic destruction/reformation due to severe volume
expansion followed by the constant decomposition of electrolytes. The
process leads to the loss of Coulombic efficiency or even the death of cells
in a worse situation [248–252]. Hence, several methods like surface
modification and structure design are incorporated into the design of
metal negative electrodes (especially Al) in DIBs which is shown in
Fig. 19 b-q.

Firstly, surface modification improves cyclic stability by offering
enough mechanic strength to suppress the volume expansion of metal
negative electrodes. For instance, introducing FEC additive into ionic
liquid-based electrolytes is proven helpful in modifying the characteris-
tics of the SEI layer (Fig. 19b) [105]. The modified SEI layer would
Fig. 19. a) Schematic diagram of Sn-
based negative electrode in Na-DIBs
[195]. b-c) Schematic diagram of
Al-based negative electrode for Li-DIBs
and influence of FEC additives on
cycling profile [105]. d) Schematic dia-
gram of the synthesizing process for
GDY coating on aluminum foil [247]. e)
Schematic diagram of the integrated
multifunctional electrode (ME) [253,
254]. f-h) Schematic diagram of PHPG
with a further addition of GO and PEO,
its positive influence on long time cyclic
stability and full cells’ capacity reten-
tion/cyclic stability when folded in
different ways [255]. i) Schematic dia-
gram of fabrication process and final
performance of the novel flexible cells
[256]. j) Schematic illustration of car-
bon coated 3D porous Al negative elec-
trode [257]. k) Schematic illustration of
bubble-sheet like Al/C negative elec-
trode [258].
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suppress the pulverization of Al negative electrode during cycling and
help improve the cyclic stability drastically (Fig. 19c) [105]. With mes-
ocarbon microbeads (MCMB) as the positive electrode material, the full
cells exhibit outstanding cyclic stability, with almost no capacity decay
when cycled at 0.5C for 300 cycles. To note, the cells deliver high energy
density, reaching 221Wh⋅kg�1 at a power density of 109Wkg�1, which
is comparable to most of commercial LIBs [105]. Similarly, a thin
graphdiyne (GDY) is in-situ grown on surface of commercial Al foil as
protection layer through process shown in Fig. 19d. The improvement
over stability is also noticeable. To be specific, over 88% capacity with
Coulombic efficiency of over 96% remains after 450 cycles at rate of 1C
while bare Al-based full cells fail after merely 80 cycles [247].

To note, coating Al negative electrode with certain insulating poly-
mers not just increases the cyclic stability, but also incorporates more
functions into the composite materials (active material, current collector
and separator). For example, poly (vinylidene fluoride-
cohexafluorpropylene) (PVDF-HFP) which has high ionic conductivity,
large pores for holding electrolytes and feature of electric insulating for
preventing short circuit is reported several times as multifunctional
coating on aluminum surface [253,254]. As seen in Fig. 19e, the porous
and flexible polymer coating closely adheres to the Al negative electrode
which could effectively hinder severe pulverization and surface cracking
of the Al negative electrode after the repeated alloying and dealloying
process [253,254]. In one of the studies, the cells display satisfactory
performance with 92.4% capacity retention after 1000 cycles at 2C and
with only 20% capacity reduction when running at 10C [254]. With
further addition of poly(ethylene oxide) (PEO) and graphene oxide (GO)
and forming so-called PVDF-HFP-5PEO-1GO copolymer (PHPG), the
arrangement of the pores and the mechanical strength are adjusted and
improved to some extent (Fig. 19f). Consequently, the cyclic stability gets
enhanced to a higher level, reserving 92% capacity after ~2000 cycles
when cycling at high current density of 500mA g�1 (Fig. 19g). Besides,
the composite material possesses high flexibility. When tested in a pouch
cell, cells show good cyclic stability and capacity retention when folded
in different ways as shown in Fig. 19h [255].

In addition to surface coating, constructing a porous or hollow
structure is also found to be helpful to inhibit metal pulverization
through releasing the expansion/contraction stress. In one work [256],
aluminum wire with average diameter of 0.3mm is pre-etched by elec-
trochemical method to create porous structure. The positive electrode is
made by dip-coating aluminum wire into graphite ink. Thereafter, the
prepared positive and negative electrode wires are sealed within the
heat-shrinkable tube with electrolyte-wetted separator (Fig. 19i). When
cycled between 3 and 4.95 V in electrolyte containing 4M LiP-
F6/EMC:VC, the flexible cells exhibit high discharging capacity with up
to ~145mA h⋅g�1 at scan rate of 1C. Benefiting from porous structure of
aluminum wire, superior long-term cyclic stability and outstanding rate
performance are achieved with merely 10% capacity loss after cycling for
200 cycles at 1C and with ~80mA h⋅g�1 capacity remaining at high scan
rate of 5C. It should be noted that this special structure for assembling
DIBs enables them good flexibility with ~87.5% discharge capacity
retention after bending from 0� to 360� for 200 cycles [256].

Furthermore, someworks report the combination of abovementioned
two protection methods to modify metal negative electrode [257,258].
For instance, Al foil is made into a porous structure via electrochemical
etching and amorphous carbon is coated on the surface through calci-
nating the polymer attached in former steps (Fig. 19j). With the unique
structure, the cyclic stability is greatly improved as noticed from galva-
nostatic charge/discharge profile at a rate of 2C in comparison to un-
treated Al foils and porous Al foil without carbon coating [257]. In
another work, hollow sphere Al with carbon coating on its surface is
synthesized as negative electrode material in DIBs (Fig. 19k) [258]. The
special structure not just improves full cells’ cyclic stability (only 1%
capacity decay with over 95% Coulombic efficiency after 1500 cycles at
2C by buffering the harmful volume change but also offers an
outstanding rate capability via shortening the diffusion route of Liþ ions
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(98mA h⋅g�1 discharge capacity at 5C) [258].

4.4. Adsorption/desorption-type negative electrodes

Storing cations through adsorption/desorption mechanism contrib-
utes to another important branch of negative electrode materials in DIBs.
They have several advantages that make them more attractive than the
other types of materials. The surface storage mechanism allows the facile
uptake/release of cations from/into the electrolytes, which avoids the
sluggish transfer and reaction rate of cations in conventional
intercalation-type materials. The intriguing feature is helpful to improve
cells’ overall electrochemical performances like rate capability and long-
term cyclic stability. The materials powered by the mechanism could be
categorized into several types. The first type is the carbonaceous mate-
rials (e.g. hierarchical porous amorphous carbon [259], activated carbon
[260], carbon foam [218]), which adsorb the cations through so-called
Electric Double Layer Capacitive (EDLC) behavior. Typically, the mate-
rials are highly porous and possess large surface area which help further
strengthen the capacitive behavior and allow the fast adsorption/de-
sorption of the large cations. For example, a type of carbon foam syn-
thesized by carbonization of sodium ascorbate has large surface area of
1126m2 g�1. In half-cell test, the material exhibits superior rate capa-
bility with ~100mA h⋅g�1 capacity remained at high rate of 5 A g�1, and
great cyclic stability with merely 18% capacity loss after 500 cycles at
high current density of 1 A g�1 [218]. Another important type is the
redox active organics, which contain n-type functional groups for
reversible electrochemical reactions. To note, unlike metal and metal
oxide/suifide negative electrodes, organics are majorly composed of
abundant resources which cut their cost for synthesizing and render these
materials’ good sustainability [215]. Besides, organics have high di-
versity over structure and composition, hence the rate capacities have
great potential to improve [261]. In comparison, intercalation-type
negative electrodes have limited space for improvements, especially
the specific capacity. The works reporting the organic negative electrode
in DIBs are very limited so far. One work reports the application of n-type
polymer poly(anthraquinonyl sulfide) (PAQS) as negative electrode in
sodium-ion-based DIBs. The reversible redox reactions are shown in
Fig. 20a. The two-electron reactions correspond to the theoretical ca-
pacity of ~224mA h⋅g�1 and the average discharging potential is around
1.8 V vs. Na/Naþ which is high enough to avoid the reduction of elec-
trolytes. In the half cell test, it shows superior cyclic stability and rate
capability, with almost no capacity decay at the rate of 8C for 200 cycles
and over 160mA h⋅g�1 capacity remaining at high rate of 30C. The full
cells with PAQS as negative electrode, p-type polymer polytriphenyl-
amine (PTPAn) as positive electrode and saturated NaPF6/1,2-dimethoxy
ethane (DME):1,3-dioxolane (DOL) (1:1, V:V) as electrolyte possess an
open circuit potential of ~1.8 V and also deliver superior performances.
At a rate of 8C, over 85% capacity remains after 500 cycles. Relative to
1C, over 73% capacity retention is observed at a high rate of 32C [215].
In addition, some organics possess n-type and p-type features simulta-
neously, which means, they could act as both negative and positive
electrodes in full cells. For instance, 4,40-(phenazine-5,10-diyl)diben-
zoate anion (abbreviated as PZDB) has both positive electrode-active
moieties (phenazine) and negative electrode-active moieties (benzoate)
in its structure which allows it work as electrons donors as well as
electrons acceptors as shown in Fig. 20b. Further, PZDB anions combined
with two lithium ions and the salt (denoted as PZDB-Li2) are used as both
electrodes in symmetry cells. The energy states of materials during redox
reactions are displayed in Fig. 20c. To note, HOMO and LUMO of the
material separately lie in those two types of moieties, which allows the
redox reactions to occur independently. In addition, energy differences
between reactants and products in the redox reactions are relatively
small, so low energy is needed to activate those reactions [261,262].
With the bipolar materials as both electrodes and 1M LiPF6/EC: diethyl
carbonate (DEC) (1:1, V:V) as electrolyte, the symmetry cell is con-
structed with open circuit potential of 2.5 V. A stable discharge capacity



Fig. 20. a) Two step reaction mechanism of PAQS [215]. b) Redox reaction mechanism of PZDB anion, c) energy states of reactants and products in redox reactions of
PZDB-Li2 [261].
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of ~53mA h⋅g�1 (based on total mass of electrodes) is obtained at 1C
with Coulombic efficiency of 97%. Besides, the cells deliver an energy
density of 127Wh⋅g�1 at a power density of 308W g�1 [261].

Intense research has been done on finding suitable alternative nega-
tive electrode materials for conventional graphite materials in DIBs to
improve the overall performances. The intercalation-type materials like
Nb2O5 and LTO exhibit stable cycling and have relatively higher featured
working potential than graphite counterparts which help enhances the
Coulombic efficiency by suppressing the SEI formation. However, they
suffer from the low capacity due to the limited active sites in their
structure. In comparison, the conversion and alloying chemistries ex-
hibits much higher theoretical capacity, but they are confronted with one
fatal problem of structure instability during cycling due to great volume
change and derived problems like low Coulombic efficiency and poor
cyclic stability. However, alloying-type materials have some other
intringing features like great abundance in nature and superior electric
conductivities which endow them great potential for future broad
application. Furthermore, the metal electrodes could help cut the overall
mass of the cells by acting multiple roles including the current collector
and active material, which also meets the demands on light weight and
high energy density for future rechargeable batteries [195,253,254]. The
cyclic stability could be improved through some strategies including the
construction of robust SEI layer, surface coating and structure design.
Lastly, the adsorption/desorption-type materials are also received a lot of
attention since they are kinetically unlimited and majorly composed of
nature-abundant elements and they have great potential for high rate
capability and cyclic stability.
18
5. Electrolytes

The electrolyte plays a crucial role in cell performance and the elec-
trolyte selection is a complicated process with trade-offs that sometimes
must be made [118]. In the DIBs system, a wide number of solvents, salts,
and additives are to choose from in order to withstand high voltage of
graphite-positive electrode-based DIBs and to achieve highly reversi-
ble/stable electrochemical behavior. At the same time, some other cation
charge carriers within DIBs (e.g. Naþ [99], Kþ [216], Zn2þ [113],Al3þ

[100], NH4
þ [263]) are well studied and receive high expectation to

replace conventional lithium charge carriers with the consideration of
exhausting lithium resources and increasing cost of Li-DIBs [46]. In this
section, strategies to deal with the high working voltage of conventional
DIBs from the perspective of solvents will be classified and summarized.
Besides, novel cation-based DIBs other than lithium will also be sum-
marized here accompanied by some related background introduction.

5.1. Solvents

One of the core issues in DIBs is the compatibility between the elec-
trolytes and superiorly high working potential. Similarly, conventional
LIBs could also possess high voltage reaching 5 V when applying positive
electrode materials like LiNi0.5Mn1.5O4 [264–266], LiCoPO4 [76,267]
and Li2NiPO4F [76,268] and the history for studying electro-
lytes/additives compatible with these materials is longer than the sys-
tematic study on DIBs [269]. Hence, high voltage LIBs are good
references for DIBs in selecting appropriate electrolytes for a reversible
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cyclic process. Some strategies such as high concentrated electrolytes
[270,271] and ionic liquid electrolytes [272] could be shared between
each other to create a wide-enough electrochemically stable range. In the
following parts, electrolytes in DIBs are categorized into three parts based
on the type of solvents, specifically, organic solvents, ionic liquid and
aqueous solvents in DIBs. Their properties, development history,
methods for soothing the aforementioned problems will be introduced in
detail below. To note, the properties of each type of electrolytes are
summarized in Table 1 at the end of this session for the convenient
reference of readers [273].

5.1.1. Organic solvents
Organic solvents are considered the most feasible and practical can-

didates for the future commercialization of DIBs, not only because of
their long-studied history in LIBs but also due to their varieties, low cost,
high ionic conductivity, ability to form SEI layer for protection and so
forth [274]. However, a major challenge of using organic solvents within
DIBs is the stability under high oxidizing potentials for the anion uptake
into the graphitic positive electrode (above 4.5 V vs. Li/Liþ), which is far
beyond the upper limit of frequently used electrolytes in LIBs (~4.3 V)
[74,206,264,274,275]. Consequently, the working potential which is
more negative than that of the organic electrolytes’ HOMOs will cause
the electrolyte to oxidize and decompose. Besides, other factors like
stability of decomposition interphase layer on electrodes surface, ionic
conductivity of electrolytes, wettability with electrodes and separator,
thermal stability also influence the exhibited performances of the cells.
Hence, constant efforts are devoted to tuning solvents/additives
composition to improve performances with the basis of good cyclic sta-
bility/reversibility. Examples of the solvents/additives include PC [72,
276], EC [72,276], DMC [195,277], EMS [74], EMC [278], methyl
propionate (MP) [279] and FEC [70,154,279].

Among them, EMC is one of the promising solvents as it is reported
working better over some other electrolytes. It possesses high stability
towards a reduction and low viscosity and so forth [280]. More impor-
tantly, it supports the smooth intercalation of PF6� anions into graphite
positive electrode. For instance, when 1M LiPF6 with EMCwas compared
against 1M LiPF6 with PC, the results suggested that less energy is
required for anions intercalation from electrolyte solutions containing
EMC. Furthermore, the charge transfer resistance decreased (as measured
Table 1
Characteristics of several types of electrolytes and their availability in the history
of DIBs and high-voltage LIBs [273].

Solvent type Advantages Disadvantages

Sulfone-based
solvents

High oxidative stability (e.g.
6.35 V vs. Li/Liþ for SL) [278],
moderate cost

High viscosity, high melting
point

Fluorinated
solvents

High oxidative stability
(>5.2 V vs. Li/Liþ), low
melting point, formation of
stable SEI layer after
decomposition, moderate cost

High viscosity, low ionic
conductivity

Super
concentrated
electrolytes

High oxidative stability (e.g.
6.1 V vs. Li/Liþ for 3.5M
LiPF6/EMC [295]), high
reductive stability, ability to
inhibit Al corrosion, high
energy/power density (for
DIBs)

Relatively low ionic
conductivity, increased cost
relative to regular electrolytes,
high cost

Ionic liquid None volatility,
inflammability, wide
electrochemical-stable range
(up to 5.5 V with high
oxidative stability over 5 V vs.
Li/Liþ)

Expensive for large-scale
production, high viscosity,
corrosion on Al current
collector

Aqueous
solvents

Inflammability, low cost, high
solubility to salts, high ionic
conductivity

Short electrochemical-stable
range (0–1.23 V vs. Reversible
Hydrogen Electrode (RHE)),
low energy/power density
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using EIS) and more stage 1 GICs were observed (in Raman and XRD
spectra) as the mole fraction of EMC was increased relative to PC. This
effect was also observed when EMC was added into 1M LiPF6 sulfolane
(SL) electrolyte, improving the performance to a stable capacity of
~100mA h⋅g�1 (stage 1 GIC) at 5.4 V (vs. Li/Liþ) [135,278]. Likewise
when 3.5M LiPF6 was dissolved into MP, the cell displayed a high ca-
pacity of 110mA h⋅g�1 with working potential at 3.0–5.2 V and capacity
retention of 90% after 300 cycles [279]. The researchers speculate that
anion intercalation is easier with the linear structure of additive EMC and
MP, which also helps enhance the ionic conductivity. In comparison,
additives with cyclic structure like EC, PC and SL hamper the intercala-
tion process, possibly because of the steric hindrance of ions solvated
with these molecules [162,279,281]. However, EMC doesn’t work well
with all the anions. For instance, it has a compatibility issue with BF4�

anions. EMC solvated BF4� shows more sluggish mobility and high initial
intercalation voltage into graphite electrode when compared with PF6� in
EMC solvents. It is assumed blamed for a strong combination between Liþ

cation and BF4� anion and special solvation configuration of EMC around
BF4� anion [280].

Besides, a group of fluorinated carbonates and fluorinated ether such
as FEC, methyl 2,2,2-trifluoroethyl carbonate (F-EMC), ethyl propyl ether
(EPE) and tris(hexafluoro-iso-propyl)phosphate (HFIP) are considered as
suitable solvents or additives in DIBs. Benefited from fluorine sub-
stituents, they derive an improved stability towards oxidation and
reduction [240,282–287]. By employing 1.7M LiPF6/FEC:EMC (4:6 W:
W) þ 5 mM HFIP as electrolyte, the reported battery presents stable
cycling behavior when operated between 4.0-5.2 V (vs. Li/Liþ), deliv-
ering a satisfactory specific capacity of 85mA h⋅g�1. The cycle life of
analogous cells using only EC and acyclic carbonate lasted for only 10
cycles before failing [70]. In addition, fluorinated carbonates have other
advantages like low flammability, high volatility and the capability to
form effective SEI layer on the negative electrode surface [105,273].

Noteworthily, sulfone-based solvents [205,288–291] and nitriles
electrolytes [292,293] are frequently used solvents/additives in
high-voltage LIBs as they also possess very high oxidation potential.
There are scarce works [135,278] reporting the use of sulfone-based
solvents in DIBs and no work so far uses the nitriles electrolytes. The
reason for the situation is maybe closely related to their inherent dis-
advantages. For sulfone-based solvents, they have a short liquid range
and high viscosity which vastly limit their application sites. For nitriles
electrolytes, the problem firstly lies on its relatively low solubility for
lithium salts while DIBs have high demand on the concentration of
charge carriers within electrolyte for a higher specific capacity and en-
ergy density [273]. Besides, nitriles electrolytes have low reducing sta-
bility and are unable to form protective SEI on negative electrode surface
[294]. As a result, the Coulombic efficiency and reversibility of paired
negative electrode will get negatively influenced.

In addition to adjusting the composition of solvents, highly concen-
trated electrolyte (i.e. LiPF6, LiTFSI) is counted as a route for stable cycling
in DIBs [295–298]. They not just improve the anodic and cathodic stability
of electrolytes but also help form more uniform and compatible CEI/SEI
layers on both electrode surfaces in comparison to the dilute electrolytes
and help suppress the corrosion of Al current collector, notwithstanding
the loss of ionic conductivity and increased costs [299–303]. For instance,
when using high concentration 2M LiPF6/EMC:SL (1:4, V:V) as electro-
lytes and graphite as both electrodes, over 94% of initial capacity is
retained after 1000 cycles at a high rate of 5C and superior rate perfor-
mance is exhibited, with 91mAh⋅g�1 delivered at a high rate of 20C [301].
Furthermore, higher oxidization stability by using highly concentrated
electrolytes allows higher working potential and higher salt concentration
could improve the specific capacity to some extent, both of which
contribute to the higher energy density of cells [298,301]. For example,
impressively high concentrated electrolyte (5M KFSI in EC/DMC) is real-
ized owing to KFSI’s low lattice energy. As applied in DGBs, a dramatically
improved 207Wh⋅Kg�1 energy density could be achieved in comparison to
regular DGBs (20–80Wh⋅Kg�1) [298].



Fig. 21. Self-discharging curves of the DIBs with three different ionic liquids
after charging to 4.5 V at the current density of 111mA g�1 in which the
PP14TFSI-based DIBs deliver the best self-discharging-retarding capability and
this is ascribed to its appropriate conductivity [60].
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5.1.2. Ionic liquids
Ordinary organic solvents face poor stability at high working poten-

tials, and one solution is to adjust the composition of electrolytes or apply
high concentrated electrolytes to reach a more negative HOMO without
sacrificing other characteristics [299,300]. Another method relies on
ionic liquids (ILs) or named room-temperature-molten salts-based elec-
trolytes because of their wide electrochemical stability range [272].
Advantages of ILs that make them promising electrolyte candidates for
high-voltage LIBs and DIBs include i) increased difficulty for solvent
co-intercalation as ILs are comprised of ions which are too large to
co-intercalate into graphite, ii) high safety due to excellent thermal sta-
bility, non-flammability and low volatility, and iii) a broad liquid range
and ionic conductivity which are comparable with organic solvents [73,
82,304–309], The study on ILs for DIBs could date back to 1994 when
Carlin et al. [93] investigated a series of ILs with combinations of cations
like 1-ethyl-3-methylimidazolium (EMIþ) and 1,2-
dimethyl-3-propylimidazolium (DMPIþ), and anions like AlCl4�, BF4�, PF6�

and so forth. They reported the feasibility of the ILs in DIBs but didn’t go
further on the long term performances.

Despite the improved stability of the ILs over a wider potential range,
the compatibility with graphite negative electrodes with some of them
(like Pyr14TFSI [96,310]) is relatively poor. This is because the increased
anodic stability of IL means a thinner SEI formed on the negative elec-
trode surface in comparison to organic solvent-based electrolytes. For
this reason, large organic cations (i.e. Pyr14þ ) from the IL are easier to
co-intercalate with cations in salts, leading to further graphite exfolia-
tion/severe loss of cycling Coulombic efficiency [96,304,311–313]. The
direct solution enabling the use of ILs with graphite negative electrodes is
the addition of electrolyte additives such as vinylene carbonate [314],
vinyl ethylene carbonate [315], fluoroethylene carbonate [316], chlor-
ethylene carbonate [317], ethylene sulfite (ES) [304,312,314] which
assist the formation of SEI layer on negative electrode surface via elec-
trochemical reduction-polymerization. Among them, only ES is reported
to effectively suppress the irreversible intercalation/de-intercalation
process [304,312] while other additives like dimethyl carbonate
(DMC) decompose at high working potentials and cause further loss of
Coulombic efficiency [60]. When adding 2 wt% ES into a Pyr14TFSI--
LiTFSI-based electrolyte, the system exhibits stable cycling life, where
the capacity retains 74mA h⋅g�1 on the 500th cycle at a current rate of
50mA g�1. Meanwhile, the maximum capacity reaches 97mA h⋅g�1,
nearly doubled the capacity of the system without the electrolyte addi-
tive [304,312]. The specific mechanism of the SEI formation in the
presence of ES is still unknown so far. One proposed mechanism involves
the reduction of additives like ES to sulfur-containing intermediates like
Li2SO3 or Li2SO4 and then undergo another reaction to form the inor-
ganic part of the SEI layer [318]. Several other molecules are also pro-
posed to be responsible for the formation of an SEI layer including
(CH2OSO2Li) 2, CH3CH(OSO2Li)– CH2OCO2Li and ROSO2Li. The small
lithium ions can pass through the lithium-rich SEI layer, but while at the
same time the SEI is impermeable to bulky cations from the ionic liquid
[319].

Even if the system can guarantee stable cycles and considerable ca-
pacity, materials like lithium and organic additives bring up issues like
costs and sustainability. Employing pure ionic liquid like 1-butyl-1-meth-
ylpiperidinium bis(trifluoromethylsulfonyl)imide (PP14TFSI) [60],
N-butyl-N-methyl-piperidinium bis(trifluoromethylsulfonyl)imide
(PP14NTF2) [71] and 1-butyl-1-methylpyrrolidinium bis(tri-
fluoromethanesulfonyl)imide (Pyr14TFSI) [320] as both electrolyte and
charge carrier provides another route for studying IL-DIBs. Due to large
size of the cation charge carriers, assembled full batteries with the
electrolyte deliver comparatively poorer specific capacity than that of
metal-cation-based DIBs (i.e. 78mA h⋅g�1 for PP14NTF2 when cycling at a
current density of 20mA g�1) [60,71]. Even though, some excellent
properties of PP14TFSI-based DIBs still shed light on its future applica-
tion. It shows superior stability with no capacity decay after 600 cycles.
Besides, the intrinsic appropriate conductivity of PP14TFSI is helpful in
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hindering the self-discharging process, in turn, contributing to the
satisfying Coulombic efficiency (Fig. 21) [60,320].

5.1.3. Aqueous electrolytes
In contrast to strategies for avoiding electrolytes decomposition, one

more straight way is to decrease the working potential of anion hosting
materials. For instance, the aforementioned graphite alternative positive
electrode materials such as MOF, PAH, p-type organic materials all show
lower working potential than graphite. Here we introduce a new group of
anion-hosting materials (i.e. BiF3 [108], Fe(C2H5)2 [113], Mn3O4 [114],
poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA)
[103] and 1,4 bis(diphenylamino)benzene (BDB) [263]) which possess
low enough working potential to allow the safe working of aqueous
electrolytes. Although it sacrifices the high working voltage and potential
for high energy density, yet the idea is still attractive considering the
advantages of aqueous electrolytes such as low cost, environment
benignity, high conductivity and safety [109–112]. For instance, man-
ganese (II, III) oxide (Mn3O4) (see Fig. 22a) allows the reversible
insertion/de-insertion of NO3

� anions from 1 M NH4NO3 aqueous elec-
trolytes. It should be noted that cations (i.e. Kþ, Naþ) insert into Mn3O4
instead of anions when their size is small enough to insert into Mn3O4
structure. When cycled between 0 – 1 V vs. Ag/AgCl at the rate of 1 A g�1,
the cells could deliver a discharge capacity up to 150mA h⋅g�1. Although
capacity decays rapidly afterwards, it stabilizes around 50mA h⋅g�1 with
Coulombic efficiency of 99% which indicates a highly reversible reaction
(Fig. 22b) [114]. Another material, ferrocene (Fe(C2H5)2) with FeII ion
sandwiched by two cyclopentadienyl rings to form the monoclinic
structure (presented in Fig. 22c), is also reported an electrode for
reversible insertion/de-insertion of anions at low voltage [321,322]. To
inhibit its dissolution within the aqueous electrolyte, ferrocene is pene-
trated into nanoporous activated carbon via the melt diffusion method
with final active mass ratio of 50%. And ferrocene-based half cells based
on Equation (12) display a reversible capacity of 106mA h⋅g�1 and 80%
capacity retention at 1C rate for 100 cycles within optimized electrolyte
containing 30m ZnCl2 when cycled between 0.4 V and 1.2 V vs. Ag/AgCl
(1m stands for 1mol solutes in one kg solvent) as displayed in Fig. 22d
[113].

Furthermore, when they are paired with some cation-hosting mate-
rials which work at higher voltage, full cells are formed but the transfer
direction of ions during charging/discharging process gets reversed in



Fig. 22. a) Structure of Mn3O4 and b) its galvano-
static charge/discharge test at a rate of 1 A g�1 [114].
c) Schematic diagram of monoclinic structure of
ferrocene (Fe(C2H5)2) and d) its galvanostatic cycling
curves of first cycles at 1C within electrolytes con-
taining 30m ZnCl2 aqueous solutions [113]. e)
Schematic diagram of conventional DIBs (left) and
reverse DIBs (right) with ions transfer towards
reversed direction during the charging/discharging
process [113]. f) Schematic illustration of hydrated
layer on surface and two-step reaction of Cl� and Br�

intercalation into graphite interlayers in sequence
[324].
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comparison to conventional DIBs (as shown in Fig. 22e) [113]. The new
configuration is also called “Reverse DIBs” [113]. For instance, BiF3
could reversibly adsorb and release F� anions according to Equation (13)
with the configuration of BiF3 as negative electrode, Na0.44MnO2 as
positive electrode and NaF aqueous solution as electrolyte, the full cells
deliver the initial discharge capacity of 123.34mA h⋅g�1 at 100mA g�1

and the outstanding rate performance with almost 82.8% capacity
retention when running at 3200mA g�1 and cycled between 0 V and
1.5 V. One fatal shortcoming is that the capacity decays quickly even at
100mA g�1 with only 47.28mA h⋅g�1 discharge capacity left after 40
cycles [108].

2FeðC5H5Þ2 þ ½ZnCl4�2� � 2e� ⇔ 2
�
Fe

�
C5H5

�
2

�þ�
ZnCl4

�2� (12)

BiF3 ⇔ Biþ 3F� (13)
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Nevertheless, low working potential followed by the limited energy
density becomes the greatest block on aqueous electrolyte way for further
development and broad application [273]. Under the circumstances, Xu
et al. developed several highly concentrated aqueous electrolytes or
called “water-in-bisalt” electrolytes (WiBS) which broadened the stable
working range to over 4 V [323,324]. The positive electrode material
used in their work is the composite of lithium halide salts (LiBr and LiCl)
and graphite with the mass ratio of 2:1:2. When immersed in highly
concentrated aqueous electrolyte (21mol kg�1 LiTFSI þ 7 mol kg�1

lithium trifluoromethanesulfonate (LiOTf) dissolved in water), both
lithium halide salts in electrode will absorb a certain amount of water
from electrolytes and form a hydrated layer on electrode surface, which
supports the fast diffusion of Liþ and helps reserve anions within elec-
trodes (see Fig. 22f) [324]. Then Br� and Cl� will intercalate into
graphite interlayers in sequence during the charging process and
de-intercalate in reverse sequence during the discharging process with an
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average potential of 4.2 V (see Fig. 22f). Remarkably, the composite
positive electrode together with the WiBS-contained gel electrolytes
delivers a high initial capacity of 243mA h⋅g�1 and remains 82% after
230 cycles at the rate of 0.2C in a three-electrode cell. The full cell with
graphite as negative electrode also exhibits a high capacity of
127mA h⋅g�1, high energy density of 460Wh⋅kg�1 (calculated based on
overall mass of both electrodes) and good cyclic stability with 74% ca-
pacity remained at the rate of 0.2C after 150 cycles [324].

Overall, finding electrolytes which could bear high working potential
of graphite-positive electrode-based DIBs is one determining factor to
achieve stable and reversible cycling. For conventional dilute organic
electrolytes, they could be mixed with other solvents or additives that
could help form effective solid interface on electrode surface or possess
high stability towards oxidization. Among the co-solvents or additives,
the fluorinated solvents like FEC are considered as the most appropriate
options for DIBs while other types of solvents like nitriles or sulfone
solvents are received much less attention partially due to their intrinsic
shortcomings like high melting point or limited solubility for salts. Some
other strategies including highly concentrated electrolytes and ionic
liquids also possess high oxidative stability. However, they are hindered
by the high cost. Furthermore, by using ILs as electrolytes, graphite
negative electrode usually suffers from low stability or low specific ca-
pacity due to the difficult intercalation of large organic cations from ILs.
In comparison, the highly concentrated electrolytes exhibit far more
advantages than ILs including the chemical compatibility with current
collector and improvement over cells’ specific capacity and energy
density. The aqueous solvents are also feasible in the system of DIBs
because they allow for anions intercalation at relatively low voltage and
their advantages like high conductivity, sustainability and low price help
them attract more attention. Nevertheless, one fatal disadvantage of the
aqueous electrolytes is their narrow electrochemical-stable window fol-
lowed by limited energy/power.
5.2. Salts and ions

Between the tight supply of lithium resources and the projected de-
mand for electric vehicle/utility-scale energy storage systems, lithium
shortage may become more serious in the next years [325,326]. This
uncertain situation forces researchers to seek suitable alternatives for
lithium. In this case, monovalent (Kþ, Naþ and NH4

þ), divalent (Mg2þ,
Ca2þ and Zn2þ) as well as trivalent (Al3þ) cations come into view in the
past decades majorly due to their abundance in nature [77]. As sum-
marized in Fig. 23, element Al, Ca, Na, K, Mg separately ranked 3rd, 5th,
Fig. 23. Periodic table with element abundan
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6th, 7th, 8th of abundance in the crust earth while Li ranked at 33rd [46].
And natural resources like air and sea have considerable reserves for
element C, N, H, O which are resources to synthesize NH4

þ cations. Be-
sides, potentially higher volumetric energy density of multivalent alkali
metal ions shed lights on their future development. However, the high
redox potential of alternative cations has a negative influence on per-
formances. Besides, negative electrode material is the host for cation
charge carriers in DIBs system. The enlarged size of these alternative
cations also imposes some compatibility issue with negative electrode
materials. In this part, we aim at introducing the intrinsic properties of
these alternative cations with sub-categories of monovalent alkali metal
cations, multivalent alkali metal cations and others which includes in-
dividual examples of free-metal cations and highlighting the progress
made in the recent years.

5.2.1. Monovalent alkali metal cations
As Na and K lie in the same group and right below Li in the periodic

table, they share many similar physical and chemical properties [52,59,
62,327,328]. Theoretically, these advantages help reduce the difficulty
on research as the mature knowledge from LIBs could be directly trans-
planted to study Na- and K-DIBs. And considering their rich reserve in
crust of the earth, Na- and K-DIBs are promising candidates as new en-
ergy storage devices. Nevertheless, both K and Na possess higher redox
potential (�2.93 V for K/Kþ and �2.71 V for Na/Naþ) than Li (�3.04 V
for Li/Liþ) referenced to the potential of the standard hydrogen electrode
(SHE) [23,329–333]. The insertion potential of Naþ on negative elec-
trode side is improved accordingly, which decreases the working po-
tential of the full cells and damages the delivered energy density. Besides,
K and Na possess large ionic radius than Li (1.02 Å for Naþ, 1.38 Å for Kþ

vs. 0.76 Å for Liþ) which imposes higher demand on the host materials,
especially the intercalation-type materials [37,81,146,164]. In the his-
tory of DIBs, there are several negative electrodes that support the
reversible/stable insertion/de-insertion of Naþ/Kþ.

The first work on sodium-ion-based DIBs (Na-DIBs) applied the hard
carbon as negative electrode material, which could deliver
~300mA h⋅g�1 capacity with an average redox potential of 0.3 V vs. Na/
Naþ [37,99]. The optimizing cells with an electrolyte containing 0.5M
NaPF6/EC:DEC (1:1, W:W) and graphite as positive electrode show
relatively stable cycling for 100 cycles under the current of 100 μA, yet
they only deliver a discharge capacity of 55–60mA h⋅g�1. Thereafter,
intercalation-type Na2Ti3O7 (NTO) featuring a sodium-insertion poten-
tial around 0.3 V vs. Na/Naþ is also applied as negative electrode in
Na-DIBs. NTO possesses a unique zigzag-like layered structure (see
ce in the crust and their price range [46].
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Fig. 24a) which is composed of edge-connected TiO6 octahedra and large
bandgap (~3.7 eV) and result in the increased resistance of ions and
electrons transfer [334–336]. Meanwhile, large volume change during
intercalation/de-intercalation of large Naþ leads to an inferior cyclic
stability. Hence, the conductive reduced graphene oxide (rGO) coating
on the surface is adopted to improve the performance. Assembling it into
full cells with coronene as positive electrode yielded a high voltage of
3.2 V and ~75% capacity retention after 5000 cycles. It is interesting that
this type of DIBs operated at �20 �C still showed 100% Coulombic effi-
ciency and 20% capacity retention compared to data collected at room
temperature [59]. Besides, as mentioned above, a composite negative
electrode named (MoS2/carbon fiber)@MoS2@C delivers rather stable
discharge capacity thanks to the protection from the outer carbon shell
and good rate capability owing to the 3D interconnected structure and
good conductivity of the carbon fiber substrate (Fig. 18b-d) [240]. In
another work, a soft carbon negative electrode is doped with phosphorus
and used as negative electrode in Na-DIBs (Fig. 24b). By this method, the
incorporated phosphorus is supposed to donate electron density to the
conduction band of the soft carbon, which is supported by emerging
peaks near the Fermi energy level (see Fig. 24c) and dramatically
improved conductivity (from 7.46� 10�4 S/cm to 9.79� 10�3 S/cm). In
turn the full cells display excellent performance with 81mA h⋅g�1 ca-
pacity retention under 1A g�1 after 900 cycles. Furthermore, to
compensate for the initial sodium lost in forming the SEI layer on
negative electrode surface, regular pre-sodiation is executed which effi-
ciently improved the initial Coulombic efficiency to 90% [337].

For potassium-based DIBs (K-DIBs), graphite is the most frequently
used negative electrode [216,332,338]. In half cell configuration by
using K metal as counter electrode and electrolyte of 0.8M KPF6/EC:DEC
(1:1, V:V), graphite exhibits a rather stable profile and a considerable
Fig. 24. a) Crystal structure of Na2Ti3O7 [336]. b) TEM image of a phosphorus-doped
c) monolayer configuration of sodium adsorption on pristine graphite, P-doped graphi
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discharge capacity of 210mA h⋅g�1 at the current density of 100mA g�1

and cycled in range of 0.01–3 V. Besides, it shows good rate capability,
with 110mA h⋅g�1 remaining at 500mA g�1 and 250mA h⋅g�1 when
cycling rate returns to 50mA g�1. In the full cell test, graphite negative
electrode is assembled with PTPAn positive electrode and tested in the
same electrolyte. The cells present an average discharge voltage of
merely 3.23 V which is far lower than conventional DIBs and display a
small discharge capacity of 60mA h⋅g�1 despite the superior rate per-
formance and fascinating cycling stability with a capacity retention of
75.5% over 500 cycles [216]. In contrast, replacing the organic positive
electrode (PTPAn) with graphite positive electrode is effective to
improve the average discharging potential. Ji et al. [332] and Fan et al.
[338] separately achieve average discharging potential of 4.5 V and
3.96 V vs. K/Kþ and both works present similar discharging capacity of
~61mA h⋅g�1 at 1C in 1M KPF6/EC:DMC:EMC (4:3:2, V:V:V) and 0.8M
KPF6/EC:DMC (1:1, V:V) respectively. In ionic liquid-based electrolytes
of 0.3M KTFSI/Pyr14TFSI þ2 wt% ES, full cells with graphite as both
electrodes is able to operate at 4.5 V vs. K/Kþ and deliver a stable ca-
pacity (~42mA h⋅g�1) for over 1500 cycles with high Coulombic effi-
ciency of 99% at the current density of 250mA g�1 [339].

The above materials show some good capabilities for hosting large
Naþ and Kþ but still suffer from limited capacity. In recent years, metal
negative electrodes that work with alloying mechanism receive a lot of
attention due to their high theoretical capacity as mentioned above. For
instance, tin (Sn) could alloy with both Na and K to form Na15Sn4
(846mA h⋅g�1) and KSn (226mA h⋅g�1) separately [243,340]. In addi-
tion, an improvement over mass ratio of active material is realized by
entitling metal negative electrode the function of current collector
simultaneously, in turn, the energy density get increased. By using Sn
metal as multi-function negative electrode, Na-DIBs and K-DIBs
soft carbon tube and EDX mapping for element phosphorus, scale bar: 1 μm and
te including P–O–C, P–O C, P–C and corresponding density of states (DOS) [337].
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separately achieve high energy density of 144Wh⋅kg�1 at a power den-
sity of 150W kg�1 and 155Wh⋅kg�1 at a power density of 116W kg�1

[102,195].
Another challenge associated with the Na-DIBs and K-DIBs is the

sluggish solid-diffusion capability of Naþ and Kþ in intercalation-type
host materials and poor cyclic performance due to their relatively large
ionic radius. To deal with the challenges, some materials which are
widely applied in supercapacitors and store electric power through
capacitive behaviors (e.g. hierarchical porous amorphous carbon [259],
activated carbon [260], carbon foam [218]) are incorporated into the
DIBs to replace the originally diffusion-controlled insertion-type negative
electrodes. When the positive and negative electrodes in full cells are the
combination of capacitive-behavior and intercalation-behavior, the new
type of cells is termed as hybrid DIBs or dual-ion capacitors (DICs) [211,
259,260]. For instance, Lu et al. reported one DICs with capacitive-type
microporous carbon foam as both electrodes and 0.8M KPF6/EC: DEC
(1:1, V:V). Benefited from the capacitive mechanism, the cells deliver
superior rate capability and long-term cyclic stability, with over
51mA h⋅g�1 capacity delivered at a high rate of 10 A g�1 and 97.7%
capacity remaining after 10000 cycles at 2 A g�1. In addition, the cells
also deliver good energy density of 39Wh⋅kg�1 at a power density of
7800Wkg�1 [218].

5.2.2. Multivalent alkali metal cations
Multiple alkali metal cations (i.e. Al3þ, Zn2þ, Ca2þ) are able to store

multiple electrons when they insert into the host materials (negative
electrode in DIBs). This feature bestows them a potential for higher
volumetric energy density. As property differs between Ca and Al& Zn,
they are introduced separately in the following part.

5.2.2.1. Calcium-based DIBs. Calcium-based-DIBs (denoted as Ca-DIBs)
are attractive because Ca possess a plating potential of �2.87 V vs. SHE
which is closer to the plating potential for lithium than sodium and gives
it the potential for a wider operating voltage window [341–343]. But the
study on it is still at the very beginning stage and only two papers report
the relevant content. The first work uses alloying type-metal Sn as
negative electrode and graphite as positive electrode. For the electrolyte,
it is composed of four solvents (EC, PC, DMC and EMC) (2:2:3:3, V:V:V:V)
and 0.8M Ca(PF6)2 salt. Each solvent plays a specific role contributing to
the electrochemical performance. Specifically, EC can be reduced to form
a passivation film on negative electrode materials (SEI) in initial cycles
and guarantees good reversibility/stability in the following cycles.
Simultaneously, EC and PC possessing high dielectric constant are used to
dissolve the salts. The addition of linear dimethyl carbonate (DMC) and
ethyl methyl carbonate (EMC) help improve the ionic conductivity and
decrease viscosity. The cells exhibit utmost merely 85mA h⋅g�1 capacity
at the current density of 100mA g�1 with unstable Coulombic efficiency,
ranging from 80 to 95%, but excitingly it shows relatively stable per-
formance and good capacity retention. Even cycling at current rate of
100mA g�1 for 350 cycles, 95% of the highest capacity can be retained
[101]. When using mesocarbon microbeads (MCMB) as negative elec-
trode instead of Sn in cooperation with an expanded graphite (EG) pos-
itive electrode and electrolyte of 0.7M CaPF6 in EC/DMC/EMC (4:3:2,
V:V:V), the Ca-DIBs shows a decreased performance of 66mA h⋅g�1

discharging capacity at 1C and 94% capacity retention after 300 cycles
with voltage window of 3–5 V [341].

5.2.2.2. Aluminum and Zinc-based DIBs. Unlike Ca, Al and Zn have low
reactivity and high stability which allow the use of Al and Zn metal as
negative electrode in full cells. This is fascinating as both of them
combine the advantages of great abundance in nature, low cost, high
volumetric and gravimetric capacity (2981mA h⋅g�1 and
8056mA h⋅cm�3 for Al, 820mA h⋅g�1 and 5857mA h⋅cm�3), high safety
and so forth [344].

Besides, the potential of Zn (�0.76 V vs. SHE) is much less negative
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than that of Liþ, Naþ, Al3þ and it has large overpotential for H2 evolution.
Hence, Zn metal has the capability to be used as negative electrode in
aqueous electrolyte [345,346]. To count, there are also only two works
on aqueous zinc-ion-based DIBs (abbreviated as Zn-DIBs). In one work,
an organic positive electrode (1,4 bis(diphenylamino)benzene (BDB))
which works through two-electron redox reaction on nitrogen atom and
BDB is coated with cellulose membrane in order to prevent its dissolution
during cycling. And the aqueous electrolytes dissolve high concentrated
salts (1m zinc triflate (Zn(OTf)2 and 19m LiTFSI) to improve the
reduction and oxidation resistance [215]. During cycling process,
plating/de-plating of Zn2þ occurs on Zn negative electrode while anions
including TFSI� and OTF� adsorb/release from BDB positive electrode.
The cells deliver a discharge capacity of 120–125mA h⋅g�1 at the rate of
26mA g�1 and a satisfying cyclic stability with over 82% capacity
retention after 500 cycles at the rate of 3C with almost 100% Coulombic
efficiency. However, the low working potential (1.25 V vs. Zn/Zn2þ)
damages the energy density. Calculating based on the mass of both
electrodes and intercalated anions, the cells only contribute energy
density of 60–80Wh⋅Kg�1. In another work, the cell is designed with
Reverse DIBs configuration (Fig. 25a) as mentioned above. Zn2þ hosting
material prussian blue Zn3[Fe(CN)6]2 is used as positive electrode and
(ZnCl4)2- hosting material Fe(C2H5)2 is applied as negative electrode.
According to the authors, increasing salt concentration in water in salt
electrolyte promotes the negative shift of anions
intercalation/de-intercalation in positive electrode and positive shift of
cations intercalation/de-intercalation in negative electrode, though the
exact explanation is still unclear (Fig. 25b). Thereafter, an optimizing
electrolyte (30m ZnCl2 in water) is chosen and the assembled full cells
exhibit an average potential of 0.9 V. Even though the cells only deliver a
capacity of 40mA h⋅g�1 and 58% capacity retention after 1000 cycles, it
still paves some new ways on studying Zn-DIBs [113].

For aluminum-ion-based DIBs (Al-DIBs), all the works apply the Al
metal as negative electrode due to its advantages mentioned above.
Majorly two reaction mechanisms contribute the Al to the negative
electrode depending on the electrolytes. In the molten salt mixture of
MCl/AlCl3, Al has different clusters present in an acidic melt including
AlCl4� and Al2Cl7� and an equilibrium equation exists for these substances
(Fig. 25c) [347]. Withmore AlCl3 in the mixture, Al2Cl7�will be themajor
substance. Conversely, less AlCl3 will make AlCl4� the dominant sub-
stance [348,349]. In DIBs system, a combination of AlCl3/1-e-
thyl-3-methylimidazolium chloride ([EMIm]Cl) ionic liquid is broadly
applied as electrolyte and graphite/Al as positive/negative electrodes
separately. Upon charging, the Al2Cl7� anion can be reduced on the
negative electrode side to deposit Al while AlCl4� intercalates into
graphite positive electrode (see Fig. 25d). Therefore, the ratio of
AlCl3/[EMIm]Cl in the mixture has direct connection with overall per-
formances of the Al-DIBs, as proved by several works [100,350]. To be
specific, increasing amount of AlCl3 to [EMIm]Cl ratio in the electrolyte
firstly leads to the improvements of discharge capacity before 1.3 and
then decrement of discharge capacity from 1.3 to 2 (2 is saturated
amount of AlCl3 in themixture), and increasing ratio constantly promotes
the improvement over energy density as seen in Fig. 25e. Utmost
150mA h⋅g�1 specific capacity could be achieved with an energy density
of only 33Wh⋅Kg�1 at the ratio of 1.3 while the maximum energy density
of 62Wh⋅Kg�1 could be obtained by sacrificing a little bit specific ca-
pacity (~124mA h⋅g�1) at the ratio of 2 [350].

In addition to salt concentration, the positive electrode material is
assumed another limiting factor for overall performance [350]. In order
to achieve high performance, a series of graphite structures are designed.
Here we introduce their morphology and synthesis method and their
performance will be summarized in Table 2 for easy comparison. The first
work is done by Dai et al., in which the graphitic foam (Fig. 25f) is used as
positive electrodematerial in Al-DIBs. The material is synthesized via few
steps, including chemical vapor deposition (CVD) of graphite on nickel
foam, surface coating poly(methyl methacrylate) (PMMA), removing
nickel foam by acid at 80 �C and removing PMMA by acetone followed by



Fig. 25. a) Schematic diagram of Fe(C2H5)2||30 m ZnCl2 aqueous solution|| Zn3[Fe(CN)6]2 cell with reverse DIBs configuration and b) comparison of CV curves of
Fe(C2H5)2 negative electrode and Zn3[Fe(CN)6]2 positive electrode in different concentration of ZnCl2 electrolytes [113]. c) Reactions happen in AlCl3/[EMIm]Cl ionic
liquid [347]. d) Schematic diagram of Al|| AlCl3/[EMIm]Cl ionic liquid||graphite cells during discharging process [100]. e) Calculated (curves) and experimental (data
points) cell-level graphite capacity and energy density for hosting AlCl4

� anions [350]. f) SEM image and light microscopy image of graphite foam with porous structure
[100]. g) Schematic diagram of porous graphene foam and h) SEM image of it [351]. i) Schematic illustration of unzipped carbon nanotube (right) which possesses
more electrochemical active sites than bare carbon nanotube (left) [354]. j) Schematic illustration of carbon nanoscrolls containing several layers of graphene [355].
k) SEM image of edge-rich graphene paper, scale bar: 2 μm [356]. l) Schematic diagram of synthesis process of a monolithic graphite foam with its SEM image, scale
bar: 200 μm [357]. m) Schematic diagram of highly oriented graphene with the smooth route for AlCl4

� anions transfer [189].
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annealing in NH3 atmosphere [100]. The porous structure allows the
rapid diffusion of anions between electrolyte and positive electrode. And
it is helpful to bear the volume expansion during anion intercalation. In
order to enhance the surface area, the foam structure is also widely
adopted in other works. After growing graphene on nickel foam via CVD,
the composite is etched by Arþ plasma and nickel foam is removed in
order to achieve a porous 3D graphene foam (Fig. 25g,h) [351]. To note,
the energy of Arþ plasma to create pores in graphene isn’t enough to
bring in vacancies [352,353]. Nevertheless, the aforementioned synthe-
sis methods are fairly complicated and the nickel foam take up large mass
and volume in cells which jeopardize the energy density of cells. Hence,
high active mass loading and facile synthesized materials are developed
to meet the demands on practical use. In one work, the low-cost carbon
nanotubes attached by graphene nanoribbons, termed as unzipped car-
bon nanotubes exhibit far better electrochemical performances than bare
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carbon nanotube counterparts and show great potential as positive ma-
terials in Al-DIBs (Fig. 25i). The kinetics is dramatically improved by
applying the materials since it offers facile transfer of both anions and
electrons [354]. In another work, the curly carbon nanoscrolls containing
several layers of graphene are also synthesized through a facile multi-step
sintering process in which the Fe3þ acts as the catalyst for the synthesis
reactions (Fig. 25j). In addition to simplified synthesis process, the
method also exhibits other advantages like low cost and superior elec-
trochemical performances of the obtained carbon nanoscrolls [355].
Besides, the high surface-area edge-rich graphene is synthesized by firstly
growing over nickel particles through calcination in CH4 atmosphere and
later washed with HCl solution to remove the nickel substrate (Fig. 25k).
Notably, the material delivers superior electrochemical performance at
various working temperature and outstanding flexibility [356]. Mean-
while, tuning the orientation of graphene sheets in graphite is also a



Table 2
Structure of the graphite positive electrodes in different work and comparison of their performances in full cells.

Positive Electrodes Electrolyte Capacity Cyclic Stability Rate Capability Reference

Graphite foam AlCl3/[EMIm]Cl
ionic liquid (1.3:1,
molar ratio)

60mA h⋅ g�1 at
4 A g�1

~100% capacity retention after
7500 cycles at rate of 4 A g�1

no obvious decay (60mA h⋅ g�1) with discharging/
charging rate at 1–6 A g�1

[100]

Porous graphene foam AlCl3/[EMIm]Cl
ionic liquid (1.3:1,
molar ratio)

150mA h⋅g�1at
2 A g�1

~100% capacity retention
(123mA h⋅g�1) after 10000
cycles at rate of 5 A g�1

111mA h⋅g�1 with discharging/charging rate of
8A⋅g�1, no capacity decay (125mA h⋅g�1) with
discharging capacity from 0.5 – 5 A g�1 and charging
rate of 5 A g�1

[351]

Unzipped carbon nanotubes AlCl3/[EMIm]Cl
ionic liquid (1.3:1,
molar ratio)

100mA h⋅ g�1 at
2 A g�1

~100% capacity retention after
5000 cycles at rate of 5 A g�1

~100mA h⋅g�1 with discharging/charging rate of
2A⋅g�1, ~75mA h⋅g�1 with discharging/charging
rate of 5 A g�1

[354]

Carbon nanoscrolls AlCl3/[EMIm]Cl
ionic liquid (1.3:1,
molar ratio)

~104mA h⋅ g�1 at
1 A g�1

~100% capacity retention after
55000 cycles at rate of 50 A g�1

no obvious decay (~100mA h⋅ g�1) with
discharging/charging rate at 5–100 A g�1

[355]

Edge-rich graphene paper AlCl3/[EMIm]Cl
ionic liquid (1.3:1,
molar ratio)

~128mA h⋅ g�1 at
2 A g�1

~100% capacity retention after
20000 cycles at rate of 8 A g�1

~128mA h⋅g�1 with discharging/charging rate of
2A⋅g�1, ~84mA h⋅g�1 with discharging/charging
rate of 10 A g�1

[356]

Expanded graphite foam and
aligned perpendicular to
current collector

AlCl3/[EMIm]Cl
ionic liquid (1.3:1,
molar ratio)

60mA h⋅g�1at
12 A g�1

~100% capacity retention
(60mA h⋅g�1) after 4000 cycles
at rate of 12 A g�1

no capacity decay (60mA h⋅g�1) with discharging
capacity from 0.5 – 5 A g�1 and charging rate of 5
A g�1

[357]

Highly ordered graphene
film

AlCl3/[EMIm]Cl
ionic liquid (1.3:1,
molar ratio)

120mA h⋅g�1 at
6 A g�1

~100% capacity retention
(120mA h g�1) after 25000
cycles at rate of 12 A g�1

no obvious decay (with discharging/charging rate at
10–200 A g�1

[358]
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feasible way to enhance performances. For instance, a monolithic
graphite foam (Fig. 25l) is synthesized with some graphene sheets and
short of defects/impurities on surface. The schematic diagram of the
synthesis process is shown in Fig. 25l. With pyrolytic graphite (PG) foil as
sources, it is first intercalated with AlCl4� anions, followed by heating and
inducing hydrogen evolution with electro-catalyst method in order to
expand the compact graphite structure. Thereafter, the electrode is made
with graphene sheets aligned perpendicular to current collector in order
to create the smooth route for anions to diffuse [357]. In another work,
orientated graphene sheets (Fig. 25m) are realized by cast coating/wet
spinning GO crystal liquid over substrate to form a thin film. Then it
undergoes reduction and annealing at 2850 �C to form perfect oriented
graphene sheets with low density of defects and groups. Materials made
in this way also possess smooth route for anions transfer and has better
electric conductivity/mechanical properties than nickel foam counter-
parts [358].

As an alternative, Al-DIBs could also work in organic liquid electro-
lytes but with a different mechanism. By employing 1M Al(ClO4)3 in PC
þ 5.5 wt% FEC as electrolyte, Al nanowires grown over Al foil as negative
electrode and 3D-graphite foam as positive electrode, Al3þ plates/strips
on/from Al metal negative electrode and ClO4

� anions reversibly
intercalate/de-intercalate in/from graphite positive electrode. With the
configuration, the batteries display brilliant long cycling life, presenting
nearly 100mA h⋅g�1 discharge capacity after 400 cycles at a high current
density of 2000mA g�1. However, the battery still has enormous space to
improve as the average Coulombic efficiency is merely 75% [189].

5.2.3. Others
The Liþ alternatives discussed above are all metal ions (i.e. Naþ, Kþ,

Ca2þ, Al3þ, Zn2þ). In contrast, non-metal cations receive much less
attention. It should be noted that these cations have some attractive
features and could deliver comparable performance to metal-ion-based
batteries [60,71,263]. For instance, metal-free hosting materials and
charge carriers usually compose of abundant elements in the earth like C,
N, O, S. The assembled metal-free full cell is expected to have low cost
[60,71,263]. The first example is the aqueous ammonium DIBs
(NH4

þ-DIBs) with n-type material 1,4,5,8-naphthalenetetracarboxylic
dianhydride-derived polyimide (PI) as negative electrode, p-type mate-
rial poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA)
as positive electrode and 1M (NH4)2SO4 aqueous solution as electrolyte
[263]. All the components in the system are composed of cheap and
abundant resources in nature. Besides, NH4

þ cation in aqueous solution is
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prominent over alkali metal ion counterparts (i.e. Naþ, Kþ, Ca2þ, Al3þ,
Zn2þ) not only because of its low molar mass (18 gmol�1) but also due to
its low hydrated ionic size of 3.31 Å. A smaller size is helpful to improve
its transfer rate in electrolytes. Above all, the cells cycled between 0 V
and 1.9 V deliver a high discharge capacity of 136.5mA h⋅g�1 at the
current density of 0.5 A g�1 and have 86.4% capacity retention after
10000 cycles at the current density of 5 A g�1. The cells exhibit good rate
capability as well, with ~100mA h⋅g�1 capacity remaining at the rate of
5 A g�1 and ~80mA h⋅g�1 capacity remaining at the rate of 10 A g�1.
Limited by its low working potential, it could present a maximum energy
density of 51.3Wh⋅kg�1 but it is still outstanding when compared with
other aqueous rechargeable batteries [263]. The other example has been
mentioned in ionic liquid section that ionic liquids like PP14TFSI and
PP14NTF2 act as both solvents and active salts simultaneously. By using
graphite as both electrodes, a free-metal system is created. In contrast to
the aqueous electrolyte-based example, the cells have wider working
potential (1–5 V) but relative low capacity offsets their potential for high
energy density. Besides, ionic liquids are still expensive to produce which
also overshadows their future on low cost rechargeable devices [60,71].

To date, intense studies have been done on finding more sustainable
alternatives for Liþ in DIBs. Under the circumstances, Na-, K-, Zn-, Ca-, Al-
and metal free cations-based DIBs have been emerged in the past de-
cades. However, they still exhibit some serious shortcomings that make
them unable to compete with conventional Li-DIBs. For monovalent
cations containing Naþ and Kþ, they suffer from sluggish transfer within
negative electrodes, poor cyclic stability/reversibility and limited ca-
pacity due to relatively large ionic radius. Accordingly, the application of
alloying-type and adsorption-type materials instead of the insertion-type
help improve the situation, though the performance is still inferior to the
Li-DIBs counterparts. For multivalent cations-based DIBs, research on Zn-
and Ca-DIBs are still at its infant stage with low capacity and energy
density. In comparison, the Al-DIBs have already been hot-debated for
many years and the configuration with graphite electrodes and ionic
liquid electrolytes delivers relatively large capacity, good cyclic stability
and rate capability, which is partially ascribed to the facile transfer of
AlCl4� anions between graphite electrodes. Considering the Al abundance
in nature, the Al-DIBs is a promising alternative for Li-DIBs. Lastly, metal-
free cations which are derived from pure ionic liquids or salts dissolved in
aqueous electrolytes are also proven feasible in DIBs system. Neverthe-
less, the DIBs based on the cations deliver fairly poor performances which
overshadows their potential for cost-saving and hinders their further
development.
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6. Challenges and outlook

DIBs become an important part of the next-generation rechargeable
battery technologies. Applying graphite as both electrodes is an impor-
tant branch of DIBs and the so-called DGBs or DCBs are studied for the
longest time and are the most promising ones for broad application.
Compared to the conventional LIBs, the high working potential (>4.5 V)
of DIBs promises the ways for enhancing energy density. In addition, free
lithium in electrodes helps cut the overall cost to a much lower level
which is especially precious in the condition of shorting natural re-
sources. The symmetric configuration also allows the switchable polarity
during working, which means, full cells could be charged/discharged on
both directions [359]. This characteristic would help avoid the active
materials structural damage and further the safety concerns like the fire
or explosion brought by wrongly charging in the opposite direction for
regular cells. However, the high potential exceeds the working potential
range of many organic electrolytes and the decomposition of the elec-
trolyte would lead to the fast failure of full battery. On this point, elec-
trolyte selection and development in high-voltage LIBs are good
examples for DIBs to follow. For a reversible and stable cycling, several
methods are proven feasible including ionic liquid electrolytes, highly
concentrated electrolytes and adjustment of electrolyte composition or
introduction of extra additives. Among them, the highly concentrated
electrolytes are considered one of the most practical and promising op-
tions for future DIBs due to several intriguing features like enlarged
stable potential range, suppression of corrosion on current collectors,
improvement on delivered capacity and compatible CEI/SEI layer on
both electrode surfaces, which clearly overweight the intrinsic disad-
vantage of high price. Besides, it should be noted that few works in DIBs
focus on the additives within organic solvents to improve overall
reversibility and cycling stability [70,83,105,278,304], in sharp contrast
to a large amount of feasible additives reported in high-voltage LIBs,
which are powered by electrochemical-induced polymerization or
decomposition of additives to form an effective CEI layer on the surface
of positive electrode materials. With more focus on the additives in
electrolytes or directly transplant proven-feasible additives from
high-voltage LIBs, overall performances of DIBs are supposed to improve
[360]. The relatively low capacity, ranging from 80mA h⋅g�1 to
150mA h⋅g�1 as reported in literature, is another critical shortcoming for
today’s DIBs, which makes it uncompetitive with LIBs [50,117]. This is
ascribed to the limited active sites within electrodes to some extent, in
which positive electrode is the major limiting factor. From this
perspective, intercalation-type graphite is not a good choice due to its
low theoretical capacity. Some novel electrodes are needed with much
higher capacity. Among the hosting mechanisms, the potential alterna-
tive materials for graphite on positive electrode side are mainly depen-
dent on adsorption/desorption mechanism including the p-type organics
and doped carbonaceous materials since it is possible to increase the
amounts of active sites. They also exhibit other attractive features like the
feasible way of anions uptake/release, free volume change brought by
large anion intercalation/de-intercalation, low cost and great abundance
of their composing elements. In addition, some materials like BiF3 and
Fe(C2H5)2 which possess quite low working potential for anion
insertion/de-insertion, sometimes even lower than working potential of
cation-hosting materials, make the aqueous electrolytes applicable in the
DIBs system (as a reverse DIB). Aqueous solvent allows the rapid diffu-
sion of ions and has advantages of high safety, low cost and environ-
mental benign. Furthermore, several studies based on BiF3 present
promising performances like high specific capacity over 120mA h⋅g�1

and superior rate capability [113,114]. For negative electrode materials,
plating/stripping mechanism (i.e. Li metal with Li cations in electrolytes)
is most encouraging due to the highest theoretical capacity and widest
working potential range of full cells. Regarding the growth of hazardous
dendrite growth, some effective methods have been studied. Unfortu-
nately, few works focus on lithium-metal-based DIBs. Next to it is the
alloying-type negative electrodes as they also offer high theoretical
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capacity and the metal negative electrodes could act for multiple func-
tions as current collectors and cation-hosting materials to cut overall
mass, and thus increase the energy density. The severe volume expansion
during cycling could be buffered through surface modification and
structure tuning.

As the concept of DIBs just emerged for 8 years, the systematic
research is still at the initial stage and there are many technical chal-
lenges that need more studies. Energy density, cycling stability/revers-
ibility and capacity, rate performance, cost and security are the most
basic issues to consider for designing and improving DIBs. If DIBs are to
ever be deployed in large-scale battery systems, improvements in mate-
rial properties and battery performance must come without compro-
mising the overall cost. Gradual replacement of scarce elements (i.e. Li)
with earth-abundant elements (e.g. Na, K, Al, N, C, S) as charge carriers is
encouraged in the future development. And it should be noted that a
standard is needed for calculating the energy density of DIBs. Different
from conventional LIBs, electrolytes in DIBs are the sources of charge
carriers and should also be counted as active mass for calculation. In
literature, the mix of different calculation standards brings troubles for
evaluating the performances of cells [195,257,261]. Besides, some gases
are possible to release as organic electrolyte decomposes under high
working potential and heat produced during cycling may aggravate the
harm [361]. Nevertheless, few comprehensive report for DIBs safety
hasn’t been seen so far regarding the routine safety testing like nail
penetrating test, cell extrusion test and short-circuit test for DIBs. As few
papers discussed these issues [85,362], it is necessary to have more
considerations at this development stage of DIBs. DIBs possess potentially
attractive properties/performance and present some potentials as
next-generation rechargeable batteries but there are still a lot of technical
and scientific issues uncertain, which need more efforts to explore.
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