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a b s t r a c t
Nanostructured materials have received tremendous interest due to their unique mechanical/electrical
properties and overall behavior contributed by the complex synergy of bulk and interfacial properties
for eﬃcient and effective energy conversion and storage. The booming development of nanotechnology
affords emerging but effective tools in designing advanced energy material. We reviewed the signiﬁcant
progress and dominated nanostructured energy materials in electrochemical energy conversion and storage devices, including lithium ion batteries, lithium–sulfur batteries, lithium–oxygen batteries, lithium
metal batteries, and supercapacitors. The use of nanostructured electrocatalyst for effective electrocatalysis in oxygen reduction and oxygen evolution reactions for fuel cells and metal–air batteries was also
included. The challenges in the undesirable side reactions between electrolytes and electrode due to high
electrode/electrolyte contact area, low volumetric energy density of electrode owing to low tap density,
and uniform production of complex energy materials in working devices should be overcome to fully
demonstrate the advanced energy nanostructures for electrochemical energy conversion and storage. The
energy chemistry at the interfaces of nanostructured electrode/electrolyte is highly expected to guide the
rational design and full demonstration of energy materials in a working device.
© 2016 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by Elsevier B.V. and Science Press. All rights reserved.

1. Introduction
Energy is unquestionably one of the grand challenges for a sustainable society [1,2]. The social prosperity and economic development of a modern world closely depend on the sustainable energy
conversion and storage [2]. However, the vast consumption of nonrenewable fossil fuels since 1900s has resulted in a severe anxiety for energy deﬁciency and the corresponding carbon emissions
also induce increasingly deteriorative environmental issues. Access
to clean, affordable and reliable energy that can substitute fossil
fuels is urgently required. As an essentially intermediate step to
eﬃciently use the clean and renewable energy, especially for intermittent energy, energy conversion and storage have been receiving
worldwide concern and unremitting research interest [3,4]. Electrochemical energy conversion and storage devices that can realize
eﬃcient, environmentally friendly, and versatile use of energy are
strongly considered with the increasing demand of portable devices, consumer electronics, and electric vehicles [5–7].
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The electron and ion charge/discharge is employed to realize
the storage/release of energy in a working electrochemical energy
conversion and storage device [3]. For instance, as atypical electrochemical energy conversion and storage device, a battery includes
an anode, cathode, separator, and electrolyte. During discharge
process, electrode reactions occur at the electrode and generated
electrons ﬂow through an external circuit to power load; during
charge duration, an external voltage is applied between two electrodes driving electrode reactions occur reversibly. With different
working principles, electrochemical energy conversion and storage devices can be categorized into batteries and electrochemical
capacitors.
Due to the conspicuous advantage of high energy density compared to lead–acid and nickel–metal hydride batteries, lithium (Li)
batteries have received extensive attentions. Rechargeable Li batteries can be divided into Li-ion battery (LIB) [8], Li–sulfur (Li–S)
battery [4], and Li–oxygen (Li–O2 ) battery [9,10] based on the electrode reaction type, which directly give rise to different speciﬁc
energy densities [11]. Supercapacitors include two patterns: electric double layer capacitors (EDLCs) and pseudo-capacitive chargestorage capacitor, respectively [12]. The EDLCs are based on the
charge separation at an interface between electrode and electrolyte, while pseudo-capacitances are contributed by the rapid
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Fig. 1. (a) Schematic illustration of Li-ion batteries [43], (b) schematic representation of different types of anode materials for lithium batteries [44].

Faradaic process involving electrochemical redox reactions [3]. The
routine electrode materials for supercapacitors include diversiﬁed
carbon, metal oxide, conducting polymers and their composites.
Great progress has been achieved in the ﬁeld of lithium batteries
and supercapacitors during the past 40 years. To satisfy the demand of high-end devices, the energy/power density and lifespan
are expected to be further enhanced through novel energy chemistry and advanced energy materials [13].
The performance of aforementioned electrochemical energy
conversion and storage devices is intimately related to the properties of energy materials [1,14–16]. Limited by slow diffusion kinetics and few exposed active sites of bulk materials, the performance of routine batteries and capacitors cannot meet the demand
of energy devices. Advanced energy materials are therefore highly
expected [15–17]. Nanostructured materials have received tremendous interest due to their unique mechanical, electrical properties
and the synergy of bulk and surface properties contributing to the
overall behavior [1,17,18]. The emergence and staggering development of nanotechnology provides new platform in designing energy materials at nanoscale. Consequently, the performance of batteries and supercapacitors is strongly beneﬁtted [18].
In this review, the recent progress of nanostructured materials
in electrochemical energy conversion and storage is reviewed.
The advances in the energy materials for Li-ion, Li–S, and Li–O2
batteries, supercapacitors and electrocatalysis (including oxygen reduction reactions (ORR) and oxygen evolution reactions
(OER)) are involved. This review aims to afford a basic landscape
of the recent scenario of nanostructured energy materials for
electrochemical energy conversion and storage.
2. Lithium batteries
With the rapid growth of portable electronic devices, electric vehicles, and smart electrical grid, the requirement for highenergy-density devices increases signiﬁcantly. Li batteries with
very high energy density and superb safety are urgently demanded. Based on the number of electrons generated from one
discharge/charge process, Li batteries are mainly divided into two
classes: Li-ion batteries based on single electron intercalation
chemistry, and the next-generation batteries or post-Li-ion batteries with multi electron conversion chemistry (e.g., Li–S [4], Li–O2
[19] batteries).
LIB has been successfully commercialized by Sony Company in
1991 and achieved a great success in modern portable devices
[8,20]. However, LIB is nearly reaching their theoretical energy
density owing to the limitation of electrode materials. Meanwhile,
advanced battery systems such as Li metal batteries, including Li–S
and Li–O2 batteries are still under development [10]. The introduction of nanostructured materials is found to be an eﬃcient route
to improve the battery performance [1,18]. This section provides a

brief summary on the applications of nanostructured materials in
Li-ion, Li–S, Li–O2 batteries.
2.1. Nanostructured energy materials in Li-ion batteries
Li-ion batteries are the most vital system for state-of-the-art
rechargeable batteries. The most used anode is graphite, while the
current cathode is represented by LiCoO2 , LiMn2 O4 , LiFePO4 , and
Li[Nix Coy Mnz ]O2 (x + y + z = 1) [21]. The electrolyte, an ionic conductor and electronic insulator, is mainly based on solutions of
LiPF6 dissolved two or more organic carbonate solvents for the balance of ﬂuidity and dielectric constant [22]. As a “rocking chair”
battery, LIB can realize the storage/release of energy via the “rock”
of Li ions between the anode and cathode electrodes (Fig. 1(a)).
Compared to lead-acid batteries and Ni-based batteries, LIB has
many advantages, including high energy density, long lifespan, easiness in integration into portable devices, and so on.
However, the state-of-the-art LIB cannot meet the demand for
higher energy density limited by the ﬁnitely speciﬁc capacity of
graphite anode (372 mAh/g) and oxide cathode (10 0–40 0 mAh/g)
[23]. Moreover, the power density of LIB should be urgently enhanced to keep pace with the requirement of modern electric vehicles. Therefore, a great challenge has emerged and primarily concentrates on nanostructured electrodes [21,24].
Depending on the reaction mechanism of anode, intercalatedtype materials (e.g., graphene, CNTs, Li4 Ti5 O12 [25], TiO2 [26,27],
etc.), conversion-type materials (e.g., Fex Oy [28], SnO2 [29–31],
V2 O5 [32], CuFe2 O4 [33,34], SnO2 –Fe2 O3 [11], MoS2 [35], FeOOH
[36], carboxylates [37], etc.), alloy-type materials (e.g., Si [38], Ge
[39], Sn [40] etc.), and organic compounds (e.g., carboxylates [41])
have been proposed for anode of LIB [42] (Fig. 1(b)). These anode
materials can provide a high theoretical speciﬁc energy/power density, meanwhile suffer from high volume change and poor electro
transport, low Coulombic eﬃciency, and capacity fading in practical charge/discharge processes. Nanostructured materials afford
promising perspective for anode innovation.
Nanostructured materials exhibit diversely admirable properties
when applied in LIB compared to bulk materials, such as high speciﬁc surface area, low diffusion distance for electrons and ions,
controllable micro-morphology and high electronic and ionic conductivity [18,42]. Consequently, nanostructured electrodes render
high unitization of active materials in a working LIB. The energy
density is determined by the speciﬁc capacity of electrode materials and working voltage of a full Li ion cell [45]. A broad electrochemical stable window of electrolyte is important for Li-ion batteries with very high energy density [46,47]. However, due to the
decomposition of current carbonated electrolyte when the cut-off
voltage is over 4.2 V vs. Li+ /Li, the improvement in energy density
by enlarging the voltage window of cell is actually limited by the
electrochemical stable window of electrolyte [48]. Therefore, the
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current research interests and scope of this review mainly concentrate on the selection of nanostructured materials.
As for improving power density, several essential properties
should be taken into consideration, such as the ease diffusion of
Li ions, the intimate contact between electrode and electrolyte, the
rapid electronic conductivity of electrode [49]. Additionally, in order to pledge the reliability of batteries, anode active materials
should also fulﬁll the requirements of safety, reversible capacity,
and conclusively low cost [42]. For the purpose of simplicity, these
innovative nanostructured anodes are grouped into three kinds according to the reaction mechanism involving Li ions: intercalation-,
alloy- and conversion-materials.
Intercalation-materials (e.g., carbon-based materials and titanium based oxides) are the mostly accepted anode materials in
Li-ion batteries. Carbon-based materials, characterized by signiﬁcantly reversible cycle, stability in chemical, electrochemical and
thermal condition, ease of availability and low cost [50], are important components in Li-ion batteries. Routine graphite and mesocarbon microbe (MCMB) [50] are representing the commercial anode
materials in LIB. Nanostructured carbon-based materials are used
for either coating on active materials to prevent the side reactions
between active materials and electrolyte, or as anode active materials to deliver high speciﬁc capacity. Hard carbon delivers a high
capacity up to 600 mAh/g within voltage range of 0–1.5 V vs Li+ /Li,
however, it exhibits disadvantages such as low initial columbic efﬁciency and low tap density [51]. Wang et al. [52] prepared the
spherical hard carbon materials with controllable monodispersed
particle and smooth surface for the ﬁrst time by a hydrothermal
method. The hard carbon has large quantity of uniform nanopores
of ca. 0.4 nm in diameter existing within the spherules and can
reversibly store Li up to 430 mAh/g, convincingly proving that carbon nanopores can store a large quantity of lithium. CNTs with superior electronic conductivity, high surface area, good mechanical
and thermal stability have also been considered as anode for Li ion
batteries [53].
The combination of nanocarbon with metal oxide is another potential way for high capacity anode. For instance, Oktaviano et al.
[54] constructed a drilled structure of MWCNTs by utilizing CoOx
as the carbon oxidation catalyst. The reversible capacity obtained
by drilled MWCNTs is nearly twice as large as that of graphite, because holes drilled on the plane increase the access into the inner core and afford many storage sites. Additionally, CNTs are also
adopted in hybrid system to enhance their electrochemical performance [55].
Graphene is a very hot candidate as active materials for LIB.
However, the speciﬁc capacity of graphene is controversial due to
different calculated methods [56]. Graphene can be directly employed as anode materials in Li-ion batteries. Thin wrinkled paperlike high quality graphene with few layers (∼4 layers) and large
speciﬁc surface area was prepared by Lian et al. [57]. The reversible capacity is as high as 1264 mAh/g at a current density of
100 mA/g. Yang and co-workers [58] introduced graphene as additives of cathode system into to a pouch cell (up to 10 Ah) to provide a reliable evaluation on the potential applications of graphene
in Li-ion industry. Graphene behaves much better than commercial additive in the effective construction of an electronic conducting network, making it a novel but excellent potential conductive
additive for high power LIB.
It should be noted that both CNTs and graphene are with very
high speciﬁc surface area, which requires much more Li ions for
solid electrolyte interphase (SEI) formation during the initial cycling. Many Li ions introduced by the cathode are therefore irreversibly consumed on the high surface area carbon. Therefore,
the very low initial Coulombic eﬃciency hinders their bulk use
for practical applications as active anode materials in Li ion batteries. However, there is still chance for their use as conductive
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ﬁllers with current graphite, mesocarbon microbe, SiOx anode in
LIB. Other carbon-based materials, such as porous carbon [59] and
CNFs [60,61], also received strong interest for Li-ion batteries recently.
Another intercalated anode of titanium-based oxide
Li4 Ti5 O12 (LTO) is strongly considered due to their intrinsic
properties of no volume change and superb safety during cycling. However, the very low theoretical capacity (175 mAh/g) and
poor electronic conductivity (∼10−13 S/cm) hinder the large scale
applications of LTO in LIB [42]. The emerging of nanostructured
materials provides opportunities to improve the capacity of LTO
anode. Shen et al. [62] fabricated LTO nanowire arrays directly
growing on titanium foil with enhancement of electronic conductivity by creating Ti3+ sites through hydrogenation (Fig. 2).
The hydrogenate LTO nanowires arrays demonstrate excellent
high capacity (173 mAh/g at 0.2 C) and cycling performance (95%
capacity retention after 100 cycles at 5.0 C) when used as anodes
in LIB.
Alloy-materials (e.g., Si [63–65], Ge [39], Sn [40]) are another
family of anodes for LIB. The speciﬁc capacity of Si is up to
4200 mAh/g. The major drawbacks of Si anode are large volume expansion (400%) and low Coulombic eﬃciency at initial cycles leading to poor cycle performance. The downsizing particle from micro
to nanoscale and the fabrication of composites with both lithium
active and inactive material were explored [42]. Si nanowires
were employed as anode by Chan et al. [66], in which the Si
nanowires exhibited signiﬁcant electrochemical performance compared to other forms of Si. The Si nanowires were directly grown
on the stainless current collector giving rise to outstanding advantages (Fig. 3). Nanoscale Si materials can accommodate larger volume change without fracture than bulk Si. 1D Si nanowires were
electrically connected to current collector promising total utilization of Si and fast charge transport. Yao et al. [67] prepared a
novel core–shell TiC/C/Si nanocomposite used as anode materials,
which exhibited a large initial discharge capacity of 30 0 0 mAh/g
and a very high capacity retention of 92% over 100 cycles. Significant improvements adopting other Si materials, such as Si nanotubes [68], SiO, as anode have been made recently enriching
the form of Si materials and promoting the development of Si
anode.
The cathode performance of LIB can be enhanced by many
nanostructured materials. The nanosized oxides [69–71] and phosphates [72–74] have been accepted as cathode materials for Li ion
batteries. The possibility of using Klason lignin was also proposed
as a cathode-active electrode [75]. In most case, the cathodes are
granular into spherical particles, while CNTs and/or graphene have
been added as 3D conductive framework in the cathode. The nanosized cathode renders short diffusion length for Li ion transportation, which is highly requested for batteries operated at large current density. The use of carbon as conductive ﬁllers is very successful. Liu et al. [76] constructed a 3D conductive framework for
LiFePO4 cathode via. incorporating hierarchical CNT/CB scaffolds
(Fig. 4). With this hierarchical 3D scaffold, the LiFePO4 cathode
exhibits better Li storage performance and electrochemical kinetics by shortening the charge transfer pathways. The interconnected
CNT, CNT/graphene, CNT/carbon black, CNT/carbon layer network
in a working cathode serve as 3D electron pathways, while the
pores interconnected with each other can be employed as channels for Li ion diffusions. Water and NMP based conductive paste
of CNTs exhibited better performances compared with routine additives such as carbon black and VGCF even with a low loading of
0.6% [53]. Beneﬁted from its ultra small diameter, ﬂexible nature,
robust mechanical properties, and superb conductivity, CNTs can
contact with active material particles and form highly conductive
network. Several thousand tons of CNT pastes have been consumed
as conducting additives for Li-ion batteries.
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Fig. 2. (a) Schematic illustration for the fabrication of H-LTO NWAs, (b) and (c) cross-sectional SEM images of H-LTO NWAs annealing at 600 °C, (d) and (e) TEM images of
H-LTO NWAs annealing at 600 °C [62].

Fig. 3. (a) Schematic illustration of morphological changes of Si anode during electrochemical cycling, TEM images of pristine Si nanowires with Ni coating (b) before and
(c) after cycling [66].

Fig. 4. (a) TEM images of LiFePO4 (LFP) cathode modiﬁed by CNT/CB, (b) cycling performance of LFP cathode with different conductive additives, (c) schematic of CB (red),
CNT (gray), CB/CNT as conductive scaffold for LiFePO4 (green) cathodes [76]. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
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Fig. 5. (a) Schematic diagram [4], (b) discharge–charge proﬁles of typical Li−S batteries with its charge/discharge operations [80].

The nanostructured electrode in Li ion batteries affords the
strong impetus for the performance enhancement in routine Li ion
batteries. In fact, before the concept of nanomaterials, the widely
accepted electrode materials are already within nanoscale. The
modiﬁcation on the separator with nanomaterials is another route
to enhance the utilization of active materials through process intensiﬁcation [77,78]. The rational design of electrode materials for
Li ion batteries is under investigation and the related energy chemistry is being explored.
2.2. Nanostructured energy materials in Li–S batteries
Li–S battery is a typical high energy density battery [4,79,80].
The lithium anode and sulfur cathode afford very high theoretical speciﬁc capacity of 3860 and 1672 mAh/g, respectively.
The sulfur cathode is abundant, cost effective, and non-toxic.
The sulfur element always combines with carbon and/or polymer in a working Li–S cell. The electrolyte mainly contains
dimethyl ether and 1,3-dioxolane with dissolved lithium salts such
as lithiumbis(triﬂuoromethanesulfonyl)imide and lithium triﬂuoromethanesulfonate, while lithium nitrate (LiNO3 ) is always employed as additives for lithium metal protection to achieve high
Coulombic eﬃciency of a Li–S battery [4].
Li–S battery releases energy by conversion reactions rather than
intercalation reactions (Fig. 5(a)). The discharge process exhibits
two plateaus, in which the upper and lower plateaus are corresponding to the conversion of S8 to Li2 S4 and Li2 S4 to Li2 S, respectively. Li2 S is converted to S8 by the formation of intermediate productions, lithium polysulﬁdes in the charging process (Fig. 5(b)).
A theoretical energy density of 2500 Wh/kg is obtained for Li−S
batteries based on conversion chemistry between Li and S couples
[10].
There are many challenges that hinder the full use of lithium
and sulfur in a Li–S cell. Firstly, the insulate nature of sulfur and
ﬁnal discharge Li2 S products requests 3D interconnected electron
pathways. Secondly, the polysulﬁde intermediates are soluble in organic solvents and migrate between anode and cathode, leading to
capacity decay and short life of a Li–S cell. Thirdly, the formation
of Li dendrites and dead Li particles in a working anode also induces hazardous issues [4,81].
The introduction of nanostructured materials gives rise to signiﬁcant improvement in performance of Li–S batteries, such as excellent conductivity of cathode, high sulfur utilization, little shuttle
of polysulﬁdes, and long cycling lifespan. For instance, nanostructured materials are used as conductive additives and solid
surfactant to distribute sulfur in a cathode to enhance electrical
conductivity, sulfur loading, seamless contact between electrolyte
and electrode active materials, as well as synchronously mitigating
the polysulﬁdes dissolution based on the features of nano-sized
materials [82]. Therefore, different kinds of carbon materials (e.g.,
porous carbon [64,83], CNTs [84–86], graphene [87,88], hollow

carbon spheres [89–91], and their nano-composites [92,93]), conductive polymers (e.g., pyrolyzed polyacrylonitrile [94], polypyrrole
[95], polyaniline [96]), metal oxides (e.g., MnO2 [97], Magneliphase Tin O2 n − 1 [98]), nitrides [99], and carbides [100,101], have
been employed in last decades. With the development of fundamental understanding of polysulﬁde dissolution and shuttle, novel
concepts have been proposed based on the distinctive characters
of nanostructured materials. Propelling polysulﬁdes redox near
the cathode and permselective membrane or modiﬁcations of
separators for suppressing shuttle are strong considered recently.
The rational design and combination of carbon-based materials
with sulfur leads to the formation of composite cathodes that can
utilize advantages of each component that is an effective way to
enhance the performance of cathode [102–104]. To enhance the
electrical conductivity and sulfur loading of cathode effectively,
carbon-based materials have been systematically investigated and
much progress have been achieved [81]. Mesoporous materials,
CMK-3, has been proved to improve the performance of cathode
of Li–S batteries [105]. Even so, mesoporous carbon generally
has poor sulfur conﬁnement compared to microporous carbon.
However, microporous carbon tends to obtain the low sulfur
loading which is not favorable in practical application. Guo and
co-workers [64] designed a core–shell meso/microporous host
by combining the merits of mesoporous CMK-3 and microporous
carbon, denoted as (CMK-3@MPC (Fig. 6). The as-prepared cathode
exhibits high speciﬁc capacity of 1422 mAh/g at 0.1 C, due to
homogenous dispersion induced by inner mesoporous CMK-3,
great conﬁnement of outer MPC shell and suﬃcient electronic
contacts. The general areal sulfur loading is less than 2.0 mg cm−2
which is far below to meet the necessary energy density of practical applications. Hierarchical free-standing CNTs paper composite
cathode with ultrahigh sulfur-loading of 6.3 mg/cm2 was fabricated
through a facile bottom-up method [106]. The short MWCNTs are
designed for short-range electrical conductive framework and
sulfur accommodation, while the super-long CNTs are employed
as the long-range conductive network and intercrossed mechanical scaffolds. An initial discharge capacity of 995 mAh/g and a
relatively slow fading rate of 0.20% per cycle at 0.05 C within
150 cycles are achieved. Zhao et al. [107] proposed unstacked
double graphene layers (DTG) comprised of two graphene layers
separated by plenty of mesosized protuberances to be employed
in Li–S batteries. Such unstacking graphene acts as solid surfactant
to disperse sulfur active materials in a working electrode. The
intrinsic high surface area of unstacking graphene guarantees effective contacts between insulate sulfur and conductive graphene
layers. A high rate performance and reversible capacities of 530
and 380 mAh/g are retained at 5 and 10 C, respectively, after
10 0 0 cycles. Recently, Peng et al. [108] rationally constructed
the hybrid nanoarchitectured graphene/CNT@porous carbon with
extraordinary electronic conductivity and interconnected micro/mesopores structure. The graphene and CNT contribute to
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Fig. 6. (a) Schematic illustration of the structural design of S/(CMK-3@MPC), (b) SEM image of CMK-3@MPC, (c) SEM image and (d) TEM images of S/(CMK-3@MPC) [64].

Fig. 7. Schematic representation of the discharge process of (a) pure carbon/sulfur cathode, (b) CoS2 -incorporated carbon/sulfur cathode, (c) visualized comparsion between
graphene and pristine CoS2 , (d) Theoretical calculation of binding geometries and energies of a Li2 S4 molecule on graphene and (111) plane of CoS2 [114].

3D electronic conductivity and stable framework to bear the
volume expansion of active materials, while the micro/mesoporous carbon affords abundant space as nanoreactors
hosting sulfur and conﬁning polysulﬁdes. An impressive cycling
stability of 877 mAh/g after 150 cycles at 1 C is achieved. The sulfur
loading can be adjusted from 50 to 77 wt% for more gravimetric
energy density. The use of nitrogen doped carbon is expected to
bind polysulﬁde intermediates through Li bonds [109,110]. The
nanostructured doped carbon as well as other anchoring sites attributed from functional groups of conductive polymers is a facile
way to enhance the performance of sulfur cathode [111–113].
The rate performance strongly depends on the kinetics of polysulﬁde redox reaction. Propelling redox of polysulﬁde intermediate through electrocatalyst is recently proposed. Yuan et al.
[114] probed the redox of polysulﬁdes on CoS2 electrocatalyst in
the cathode of a Li–S cell (Fig. 7). The overpotential of oxidation/reduction of polysulﬁdes was decreased and the sulfur utilization, as well as energy eﬃciency was enhanced. High capacity and

stable cycling performance over 20 0 0 cycles have been achieved. A
very slow fading rate of 0.034% per cycle at 2.0 C and a high initial
capacity of 1368 mAh/g at 0.5 C were also achieved. This strategy
provides new insights into the redox reactions and dissolution of
polysulﬁdes in a working Li–S cell.
To retard the arbitrary diffusion of polysulﬁde intermediate
in a working cell, not only physical conﬁnement and chemical
binding of polysulﬁdes in the cathode, but also multifunctional
separators were proposed to suppress the shuttle of polysulﬁdes
through physical/chemical adsorption [115], size exclusion [116],
and Coulombic interactions [117]. Huang et al. [118,119] proposed
the use of ion selective membrane allowing the free transference
of Li+ and blocking the shuttle of polysulﬁdes because of natural Coulombic interactions between the ions (Fig. 8). Naﬁon, GO,
GO/MOF [120], and GO/Naﬁon composites [121] can be employed
as the permselective separators, which render the cell with very
high sulfur utilization and long cycling life. The self-discharge phenomenon of a Li–S full cell is effectively suppressed since the
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Fig. 8. (a) Schematic illustration of a GO membrane incorporated in a Li–S battery, (b) optical images of the visualized diffusion of polysulﬁdes, (c) O 1s XPS spectra of GO
materials, SEM images of (d) top view and (e) cross-section of the GO membrane [119].

shuttle of polysulﬁdes is fully retarded [122]. Recently, Sun et al.
[123] introduced a new functional separator via depositing blackphospropylene (BP) nanoﬂakes with high electronic conductivity
and quick Li diffusivity onto commercial polypropylene separator,
combining both the chemical bonding and physical adsorption between BP and polysulﬁdes. The incorporation of BP results in superior entrapment of polysulﬁdes and superb capacity retention in
cathode with high sulfur loading of 80% during cycling.
The introduction of nanostructured materials into cathode and
electrolyte provide the interconnected electron pathways and ion
diffusion channels. The redox reaction and diffusion of polysulﬁde
intermediates are carefully modulated, which signiﬁcantly enhance
the sulfur utilization and extend the cycling life of Li–S cells within
recent 5 years. However, due to the complex conversion chemistry
between Li and S couples, more fundamental understanding on the
energy chemistry is strongly requested to guide the rational designed of nanostructured electrode in Li–S batteries.
2.3. Nanostructured energy materials in Li–O2 batteries
Li–O2 batteries with Li metal anode and oxygen cathode have
been strongly considered. Li–O2 batteries were proposed by Blurton and Sammells in 1979 for the ﬁrst time and achieved rechargeability in the mid-1990s by Abraham et al. [9]. Except for the Li
metal anode, the complexities of Li–O2 batteries also derive from
O2 cathode involving triple-phase interaction between molecular
oxygen (gas phase), Li-ion-containing electrolyte (liquid phase),
and cathode substrate and/or catalyst (solid phase) [19].
The cathode of Li–O2 batteries is primarily composed by substrate, electrocatalysts, and binder. O2 is also integrant for entire
battery from either air or pure oxygen. Generally, the substrate is
carbon materials (black carbon, graphene, CNTs, and so on) which

play important roles on supporting, reactions sites, diffusion, and
even partially catalyzes oxygen reduction reactions (ORR). Moreover, additional electrocatalysts are requested for oxygen evolution
reactions (OER) in a rechargeable battery system, such as metal oxide [124,125], metal [126]. Oxygen-selective membrane is coated
on the outer layer of cathode to prevent the side reaction on the
Li metal. The CO2 and H2 O are blocked, which guarantees the high
permeability to O2 . The cathode of other air systems (e.g. Zn–air,
Sn–air [127]) proposed similar requests.
Different from Li-ion and Li–S batteries, aqueous solvents can
be employed as electrolyte for Li–O2 batteries. Therefore, the Li–O2
batteries are classiﬁed into aqueous and non-aqueous Li–O2 batteries. Due to the difference between electrolyte, discharge products of LiOH and Li2 O2 are achieved for aqueous and non-aqueous
electrolyte, respectively [9]. The non-aqueous Li–O2 batteries are
more interested due to their high energy density of a battery system [128]. The current non-aqueous electrolytes are mainly etherbased electrolytes, such as TEGDME, DMSO, and ionic liquids. The
carbonate-based electrolytes have been abandoned for its instability during discharge process.
In discharge process of Li–O2 batteries, oxygen radical O2− • are
obtained through ORR process, and then combines with Li+ generating on anode to ﬁnal discharge products of Li2 O2 . Actually,
these steps are far complex and accurate reaction mechanism is
still on research [129]. Charging process, however, is not completely reversible, because of the different process between ORR
and OER. The large overlap potential (about 0.70 V) between discharge and charge plateau is a direct evidence for the partially
reversible process. The theoretical speciﬁc density of non-aqueous
Li–O2 batteries is about 3500 Wh/kg and theoretical energy density
is about 3400 Wh/L when the mass or volume of O2 is included
[10].
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Fig. 9. (a) Schematic illustration of non-aqueous and aqueous Li–O2 batteries [130], (b) challenges currently faced by Li–O2 batteries [9].

Up to now, Li–O2 batteries are facing complex problems in
both academic and technological aspects resulting from almost any
components of system (Fig. 9). The grand challenge of Li–O2 cells
mainly originates from complex chemistry of O2 and uncontrollable reactivity of Li. Firstly, the diffusion and dissolution of O2
is related to the rate capability of a cell. A porous substrate with
large pore volume and high surface area beneﬁts the high rate
performance. Secondly, the ORR and OER process, respectively corresponding to discharge and charge process, call for electrocatalysts with very high bifunctional activity. The intermediate products of oxygen radical O2-• should be avoided since O2-• can rapidly
react with organic electrolyte and even substrate leading to decomposition of them and fading of batteries. The ﬁnal discharge
product (Li2 O2 ) is insoluble in non-aqueous electrolyte and easily clogs the pore of substrate. Finally, the reactive Li anode can
also lead to severe dendrite problems as mentioned before. It is
a pity that no general solutions can solve these problems simultaneously yet. Consequently, Li–O2 batteries are far from practical
applications.
To deal with issues as aforementioned in Li–O2 batteries which
are mainly caused by the complex interactions among substrate,
electrocatalysts, and O2 , much efforts have attempted to further
understand the detailed mechanisms of chemical and electrochemical reactions in cathode [131]. Attributing from their large surface
area and pore volume, high electronic conductivity and excellent
chemical stability which are expected to provide more effective Li
ions ﬂux and lower charge transfer resistance, nanocarbon-based
substrate are widely accepted [132,133]. Moreover, carbon materials contribute to the catalytic effect of ORR ascribed to its defects. Guo et al. [134] highlights the effect of ordered hierarchical meso/macroporous carbon materials in high performance Li–O2
batteries. The ordered mesoporous channels are designed to improve the immersion of electrolyte and enhance the diffusion of
Li ion and electron transfer, while ordered mesoporous channels
can contribute to enough space for rapid diffusion and effective
conversion of O2 into Li2 O2 . This hierarchical porous structure is
found to signiﬁcantly improve the performance of batteries. Lim et
al. [135] described the use of aligned and self-woven CNTs ﬁbrils
as air electrode in Li–O2 batteries. The controlled porous skeleton
of woven CNTs contributes to the facile accessibility of O2 to inner space of electrode and effectively prevents the accumulation
of Li2 O2 blocking the pores of electrode. The cycling performance
and rate capacity of Li–O2 batteries are signiﬁcantly enhanced due
to the unique porous structure. Mitchell et al. [132] proposed an
electrode composed of aligned hollow carbon ﬁbers (∼30 nm in
diameter) grown directed on AAO substrates (Fig. 10(a) and (b)).
The all-carbon electrode employed in full batteries yields a very
high energy density of 2500 Wh/kg, which is contributed to the
low stacking of carbon ﬁbers and enough pore volume for isolated Li2 O2 accumulation. Moreover, the visualization of the for-

mation and decomposition of Li2 O2 in different depths of discharge or charge are achieved. The shape of Li2 O2 is toroid and
the formed Li2 O2 grow along the carbon ﬁbers. This is a critical
progress towards fundamental understanding of mechanism of Li–
O2 batteries. Xiao et al. [133] explored the use of hierarchically
porous functionalized graphene sheets with defects as air electrode
in Li–O2 batteries (Fig. 10(c) and (d)) and demonstrated an ultrahigh capacity (15,0 0 0 mAh/g). The exceptional performance is ascribed to the evidently bimodal porous structure and abundant defects of graphene electrode. The microporous channels enable the
rapid diffusion of O2 , meanwhile, enormous interconnected nanosized pores serve as the nanoreactors for active materials and prevent the blocking of Li2 O2 . The lattice defects in graphene beneﬁt
the formation of nanometer-sized Li2 O2 and avoid the jamming of
electrode.
Although carbon-based nanostructures exhibit signiﬁcant advantages as main choice of conductive substrate, yet the chemical
stability issues are very challenging. Therefore, alternative nanostructures are also under consideration to avoid the side effects of
carbon. Peng et al. [136] introduces porous gold as alternative substrate in Li–O2 batteries and demonstrates a 95% capacity retention over 100 cycles. However, though nanoporous Au electrode is
not suitable for practical applications due to cost and mass density of noble Au, it provides a new direction for suitable electrode
such as Au–carbon composites. Ru deposited on indium tin oxide
(Ru/ITO) is employed as carbon-free air electrode in non-aqueous
Li−O2 batteries [137]. The batteries with Ru/ITO air electrode deliver lower overpotential than Super P (SP) and Ru/SP electrodes.
Effective electrocatalysts are required to compensate the limited catalytic activity of carbon materials in OER. Metal oxides and
metal are commonly investigated as suitable catalyst in Li–O2 batteries. α -MnO2 nanowires were incorporated in air cathode and
exhibited better performance than related manganese oxides [124].
The resulted batteries also demonstrate capacities of 505 mAh/g including O2 mass, which exceeds those capacities of conventional
Li-ion batteries. Lu et al. [138] utilized PtAu nanoparticles as highly
active bifunctional electrocatalyst in Li–O2 batteries. The PtAu electrocatalyst renders improved kinetics of ORR and OER and roundtrip eﬃciency.
The current Li–O2 battery is a starting point, although many
concepts and strategies have been proposed. The energy chemistry
on the electrode is still in controversy and the practical cathode
electrocatalyst is unclear. The O2 cathode is an open system, in
which other impurities in air (e.g. water, CO2 ) may also diffuse
into the air cathode, which induce many side reactions and heavily
degrade the performance of the cells. It is widely believed 15–25
years is requested to build a robust Li–O2 cell for practical applications. The new insights into the energy chemistry and energy materials should be strongly explored to accelerate the development
of a Li–O2 cell with very high energy density.
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Fig. 10. Cross-sectional SEM images of (a) the porous anodized AAO ﬁlter after thin ﬁlm deposition, (b) the AAO ﬁlter after nanoﬁber growth [132], (c) schematic structure
of ideally functionalized graphene sheet (up) with bimodal porous structure (down), (d) the discharge proﬁles of a Li–O2 battery [133].

Fig. 11. Schematic scheme of (a) Li metal batteries; (b) the typical morphology of Li dendrites and the main problems induced by Li dendrites and low Coulombic eﬃciency
[11].

2.4. Nanostructured energy materials in Li metal batteries
The Li metal anode is the “Holy Grail” of energy storage systems due to its low negative redox potential (−3.040 V) and high
theoretical speciﬁc capacity (3860 mAh/g). Li–S batteries and Li–O2
batteries are typical Li metal batteries. If the current graphite anode can be replaced by Li metal, the oxide cathode can be paired
with Li metal and the energy density of related Li metal batteries is much enhanced. However, the formation and growth of the
uncontrollable lithium dendrites during repeated stripping/plating
induces very low Coulombic eﬃciency and safety hazards (Fig. 11)
[11]. The lithium dendrites may penetrate the separator causing internal short circuits and even explosion.
During repeated stripping/plating process, the unstable SEI will
be cracked by dendrites and fresh lithium surface is therefore ex-

posed to electrolytes which are unstable to lithium due to the high
reactivity of lithium [139,140]. The reactions between fresh lithium
and electrolytes diminish the amount and change the viscosity of
electrolyte, leading to low Coulombic eﬃciency and large resistance.
The fundamental understanding of formation and growth of
lithium dendrites is still unclear [11]. Recently, effective programs
have been proposed to inhibit the formation and growth of lithium
dendrites. Two main methods are included, in-situ formed stable
SEI through changing or modifying the components of electrolytes
and ex-situ formed surface coating or nanostructured anode to
guide the deposition of Li ion or blocking the growth of lithium
mechanically [141–143]. For instance, Cheng et al. [144] employs
3D glass ﬁber (GF) cloths as coating layer to improve the uniformity of deposition of Li ions, which has abundant polar func-
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Fig. 12. (a) Schematic diagrams of Li plating and SEM images of Li deposition on glass ﬁber modiﬁed Cu substrate [144], (b) schematics of the general Li metal anode (up)
and Li3 PO4 -protected Li metal anode (down) and top-view SEM image of the Li anode and Li3 PO4 -protected Li anode after 200 cycles [145].

tional groups compared to bare Cu substrate (Fig. 12(a)). The abundant polar functional groups of GFs avoid the accumulation of
Li ions around protuberances by adsorbing considerable Li ions.
The dendrite-free deposits are maintained at high rates and enhanced Coulombic eﬃciency is also achieved compared to GF-free
Cu substrate current collector. Guo and co-workers [145] proposed
an artiﬁcial Li3 PO4 coating layer on lithium layer which can mitigate the side reactions between electrolyte and Li anode and restrain the growth of Li dendrites effectively (Fig. 12(b)). Zhang et
al. [146] described the use of unstacked graphene framework with
pre-deposited lithium metal as anode in Li–S batteries in dual-salt
ether based electrolyte. The unstacked graphene herein exhibits
very large surface area (1666 m2 /g), pore volume (1.65 cm3 /g),
demonstrating the proof-of-concept of the uniform lithium deposition by achieving ultralow local current density through the huge
surface area unstacked graphene. The distinctive nanostructured Li
anode not only exhibits stable Li deposition morphology over 800
cycles, but also sheds a new light on solving dendrites issues in
other batteries system. Zheng et al. [143] prepared a monolayer
coating of interconnected hollow carbon nanospheres on Li anode
with the aim of suppressing Li dendrites and forming the stable
SEI. It is proved that the Li deposition morphology is still uniform
without dendrites forming at a large current density of 1 mA/cm2 .
The Coulombic eﬃciency maintains ∼99% over 150 cycles, which is
much better than that of control samples showing rapid fading in
100 cycles.
However, though these programs are effective to inhibit the
growth of lithium dendrites, yet the main methods are very similar
to those investigated many years ago.
The concept of nanostructured Li metal electrode is effective
to guide the deposition of Li ions and build a robust interface for
Li metal anode. The nanoscale interfacial engineering is a promising strategy to solve the issues of lithium metal anodes. Therefore,

in-situ formed stable SEI through changing or modifying the components of electrolytes is also an important method to tackle the
problems of Li anode, and excellent progresses have been achieved
[147–149]. The use of nanostructured anode is a facile route to
guide the deposition of Li ions with dendrite-free morphology
[143,150,151]. The solid state battery is a promising system to avoid
the unstable liquid electrolyte/solid lithium metal interface, which
offers long cycling life. The exploration of rapid lithium ion conductors working at room temperature should be enhanced. There
are many challenges in the ﬁeld of safe use of lithium dendrites
with very high eﬃciencies, which call for insightful energy chemistry and rational design of energy materials.
The sodium ion batteries and vanadium redox ﬂow battery
[152] are alternative energy storage systems with abundant nature
resources, which are strongly considered for smart grids and renewable energy harvest. The exploration of energy materials for
sodium ion storage is the main impetus and nanostructure concept
is also widely accepted in the sodium ion battery research. There
are still great challenges in the precise control of nanostructured
energy materials under working condition, at which the dynamic
interfaces between electrolyte and electrode should be characterized by advanced operando techniques.
3. Supercapacitors
Supercapacitor, namely electrochemical capacitor, is a typical
energy storage device with high power density and long cycling
stability [12,153,154]. It is an ideal auxiliary to batteries with high
energy density for practical use in vast devices.
Depending on charge storage mechanism as well as the active materials employed, supercapacitors are mainly divided into
electric double layer capacitors (EDLCs) and pseudo-capacitive
capacitors (Fig. 13). EDLCs store the charge electrostatically us-
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Fig. 13. Schematic of charge storage mechanism of (a) EDLCs and (b) pseudocapacitance [175].

ing reversible adsorption of ions of the electrolyte onto active
materials that are electrochemically stable and have high accessible speciﬁc surface area (SSA), such as carbon-based active
materials. Pseudo-capacitive capacitors utilize reversible, rapid
redox reactions occurring on the surface of active materials to
store charge. Metal oxides, such as MnO2 [155], Fe3 O4 [156],
RuO2 [157], hydrogenated MoO3 [158], LiCoO2 [159], or as well as
electronically conducting polymers and functionalized nanocarbon
(e.g., functionalized graphene [160], MXene [161], carbide-derived
carbons [162], porous carbon [163,164], zeolite-templated carbon [165]) are active materials for pseudo-capacitive capacitors
[12]. Hemeproteins, as a typical reactive proteins, were safely
immobilized onto Ni foam electrodes to afford pseudocapacitors
[166]. The electrolytes used for supercapacitors contain aqueous,
non-aqueous, and ionic liquid, which have different stable electrochemical voltage windows. Usually, the stable electrochemical
windows of aqueous, non-aqueous, and ionic liquid electrolyte are
1.0–1.8, 2.5–3.5, 3.0–5.5 V, respectively [154].
Improvement in capacitance depends on developing new electrode materials and advancing fundamental understanding of the
electrochemical interlayers. Carbon-based materials are generally
used as electrode materials for EDLCs, such as activated carbon [163,164,167,168], graphene [169–171], porous carbon [172,173],
CNTs [14], hybrid carbon nanostructures [174], and so on. Both SSA
and pore size distribution are critical for the full demonstration of
the potential of active energy materials for supercapacitor applications. Originally, higher speciﬁc surface area is believed to enhance the capacitance, then much efforts have been devoted to
how to increasing to the surface area. However, the capacitance
is not much high even for most porous samples, indicating that
higher surface area and largest pore volume are not only parameter related to capacitance. Then, pore size or distribution is widely
investigated for improving capacitance. Although recent ﬁndings
prove that micropores contribute to the capacitive storage, yet fundamental understanding of the electrochemical interfaces at the
nanoscale and the behavior of ions conﬁned in micro-pores are far
lack. The speciﬁc capacitance of pseudo-capacitive capacitors exceeds that of EDLCs at expense of reducing stability. What’s more,
the use of costly noble metal in pseudo-capacitive capacitors limits
its large-scale application. Supercapacitors have been used to practical applications. The emerging of nanostructured materials give
promise to further improve the energy and power density, and enhance the stability of EDLCs and pseudo-capacitive capacitors as
alternates for batteries.
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Carbon-based materials are primary electrode materials in commercial supercapacitors because of large surface area, stable supply, and low cost [13]. A 3D paper-like graphene (3DGF) with
highly orientated laminar and macroporous structure was fabricated through hard-template method by Chen and co-workers
[169] (Fig. 14). When served as binder-free electrode in EDLCs, signiﬁcant speciﬁc capacitance of 95 F/g and remarkable rate capability was achieved compared to GF-800, beneﬁting from the shortening ion diffusion and electron transport within 3D porous scaffolds as well as reduced resistance. The rational combination of
two or more nanocarbon into hybrid electrode is an effective way
to achieve device with high energy density. For instance, Zheng
et al. [176] fabricated hierarchical CNTs comprised by granulated
double- or triple-walled CNTs and long MWCNTs as the linker.
Granulated DWCNTs and TWCNTs with large inner diameter and
surface area through CO2 etching are linked by MWCNTs to achieve
ﬁlm electrode. This unique electrode demonstrates high capacitance (57.9 F/g) and energy density (35 Wh/kg) within 4 V ionic
liquid electrolyte. Li et al. [177] utilized ZnCl2 as pore former to
balance porosity and density of grapheme monoliths considering
the practical applications. The surface of prepared materials was
tunable from 370 to 10 0 0 m2 /g, corresponding to density from 1.6
to 0.6 g/cm3 . An ultra-thick electrode (400 μm) without any additives is developed and can work well with high-voltage electrolyte,
showing capacitance of 150 F/m3 and volumetric energy density
of 64.7 Wh/L in ionic liquid electrolyte. Yu et al. [178] demonstrated a hierarchically structured carbon microﬁber composed of
aligned CNTs interposed between nitrogen-doped graphene oxide
(GO) layers (Fig. 15). GO serves as good surfactant to disperse CNTs
while CNTs can prevent the restacking of GO improving the porosity. The heteroatom doping into nanocarbon enhances the conductivity and wettability and induces pseudo-capacitance. The asobtained nanostructured carbon has large surface area (396 m2 /g)
and high electronic conductivity (102 S/cm) contributing to an ultrahigh volumetric energy density (6.3 mWh/cm3 ). Recently, Acerce
et al. [179] described the use of metallic 1T phase MoS2 nanosheets
exhibited high capacitance from 400 to 700 F/cm3 in aqueous electrolyte due to eﬃciently intercalation of ions.
Pseudo-capacitors usually store charge in the few nanometers
under surface. The capacitance can be improved when nano-sized
energy materials were employed. Metal oxides (MnO2 [180,181],
RuO2 [182] and so on) and conducting polymers (PANI, PEDOT,
PMMA and so on) [154] are main choices for pseudo-capacitors.
For instance, a novel hybrid Co3 O4 nanowire@MnO2 shell (Fig. 16)
was achieved by Liu et al. [183]. The core–shell nanostructures exhibited higher capacitance than that of each component because of
the synergetic effect between Co3 O4 and MnO2 . Such novel core–
shell nanostructure and ordered array geometry ensure the close
contact of ion with both components to contribute very high capacitance. Another research by Ghidiu et al. [184] employ twodimensional Ti3 C2 as electrode in concentrated hydroﬂuoric acid
and demonstrate high volumetric capacitances of over 300 F/cm3 .
The rational combination of EDLCs and pseudo-capacitors render much enhanced cycling performance and rate capacitance.
However, these composites generally have a low volumetric capacitance due to low density of components. Xu et al. [185] demonstrated a metal-free composites as hybrid nanostructured electrode
exhibiting a record volumetric capacitance more than 800 F/cm3 .
The composites are constructed by polymerizing ANI monomer in
graphene monoliths leading to a very high density over 1.5 g/cm3 .
Niu et al. [186] incorporated an effective “skeleton/skin” strategy
for the fabrication of ﬂexible, free-standing CNT/PANI composites
by in-situ electrochemical polymerization. PANI was effectively deposited on the surface of CNT ﬁlm with controllable morphology and microstructure of composites through simply in-situ electrochemical polymerization. Therefore, the SWCNT ﬁlm with vast
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Fig. 14. (a) SEM images of a 3DGF, (b) surface of a 3DGF, (c) TEM image of 3DGF, (d) CV proﬁles of 3DGF and GF800, (e) speciﬁc capacitance of 3DGF and GF800 at different
current densities [169].

Fig. 15. (a) Schematic of preparation process of ﬁbers, optical images of (b) the as-prepared ﬁbers, and (c) a dry ﬁber, (d) capacitance retention after 10 0 0 cycles up to 90°
bending angle, (e) the morphology of the cross-section of ﬁbre-3 [178].

reticulate structure served as the skeleton while PANI layers were
the skin of CNT/PANI composites. This novel “skeleton/skin’’ structure signiﬁcantly enhanced the electrical conductivity and enabled
the free-standing and ﬂexible of composites ﬁlm. When applied as
electrode in capacitors, a high energy density (131 Wh/kg) and a
power density (62.5 kW/kg) were achieved.

The exploration of nanostructured energy materials is the ﬁrst
step to further enhance the supercapacitor performance. There are
still many engineering issue for full demonstration of capacitive
electrode in a working capacitor. For instance, the pseudocapacitor
is not very stable since the dynamic change of electrode surface.
Most organic electrolytes and ionic liquids are hygroscopic, which
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Fig. 16. (a) Schematic of the electrode design process, (b) SEM image of carbon-coated Co3 O4 nanowire array. (c) and (d) Hybrid nanowire arrays after 1 h and 5 h of growth,
(e) Raman spectra of the hybrid nanowirearrays at different growth stages [183].

indicates that they are sensitive to moisture and require very tough
condition for handling. It should be noticed that supercapacitor
performance has been widely accepted as a probe to detect the
surface and energy chemistry of nanostructured materials, which
affords fresh knowledge on the interfaces. The microcapacitor and
ﬂexible/wearable supercapacitor [187,188] are also requested to integrate with chips and next-generation electronic devices. This will
guide future integration of energy materials with materials processing for practical device fabrication.
4. Oxygen electrochemistry
Fuel cells [189–195], water electrolysis [196–199], and metal–
air batteries [9,19,127,133] are other energy conversion and storage devices under extensive fundamental and practical studies.
The performance of these devices are mainly limited by ORR and
OER performance [200]. The reason why oxygen can be employed
for rechargeable cells is that ORR and OER are reverse processes
in thermodynamics. However, effectively and controllably using
chemical energy of clean and abundant oxygen is a sweet dream
to some extent because the rates of these processes are so sluggish
in kinetics leading to low eﬃciency of cells in acidic and alkaline
electrolyte [201].
Both reactions involve several elementary steps, called as four
electron-transfer steps, four proton-transfer steps and one bondbreaking(ORR) or bond-forming (OER) step [200]. Moreover, desorption and adsorption processes also impact the formation of
products apparently. The above mentioned steps including chemical and physical processes always occur in series simultaneously
generating certain intermediates complexing the whole system.
Understanding their occurred sequence, namely the reaction mechanism on a given surface is very important for improving the rate
of ORR and OER processes; however, understanding the OER and
ORR mechanisms is not easy due to the lack of enough kinetic

data, advanced technology for characterization as well as the suitable system.
Many nanostructured materials have been used as electrocatalyst for ORR and OER processes. The current electrocatalysts are
mainly classiﬁed into three groups: precious metals, non-precious
metals, and carbon-based materials. Pt and its alloys are most well
studied and active electrode for ORR [202–206]. Additionally, nonprecious metals compounds which are composed of non-precious
metal and nitrogen-contained organic compounds are also promising electrocatalysts for ORR [156,207–210]. Carbon-based materials, such nanostructured carbons, graphene, CNTs, as well as their
heteroatoms (N, B, P, S,O)-doped compounds [211–214] have been
strongly considered for ORR. In contrast, precious metals oxides
(e.g., RuO2 and IrO2 ) exhibit excellent OER activity than single noble metals. NiFe- and Co- based oxides are routine electrocatalysts
for OER in alkaline electrolytes [215]. Mn-based oxides also exhibit
certain OER activity both in alkaline and neutral electrolytes [216].
Carbon-based materials have not only ORR activity but also OER
activity, however, the researches in carbon-based materials for OER
just begin [200].
Many catalysts are considered for ORR and OER, however, there
are grand challenges related to the activity, durability, as well as
the abundance of feedstocks for superb ORR/OER electrocatalysts.
Thanks to the prominent advances in nanotechnology, more novel
nanostructured materials are synthesized and signiﬁcantly improve
the activity both in ORR and OER. What is more, these materials
also provide new system for further understanding the mechanism
of electrocatalysis processes.
The catalyst for ORR is mainly noble and non-noble metal and
nonmetallic materials. Pt has been investigated as ORR catalyst
since 1960s and is still under intensive research because it provides a relatively simple system to investigate the intrinsic nature
of ORR [202]. Alloying Pt with secondary metals increases ORR activity and enhance stability compared to pure Pt under operating
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Fig. 17. (a) SEM image, (b) TEM image of the as-prepared VA-NCNTs, (c) optical image of the VA-NCNT array [218], (d) a digital photo of transparent N-graphene ﬁlm ﬂoating
on water, (e) RRDE voltammograms for the ORR at the C–graphene electrode in 0.1 M KOH [195], (f) schematic of S-doped mesoporous ordered carbon with enhanced ORR
activity [212].

conditions. The selection of secondary metals and the architecture
of Pt alloys are signiﬁcantly important to the activity of prepared
materials [217]. Non-noble metals are the most promising alternative to Pt, because the activity of them can exceed that of Pt in
alkaline solutions. There is no doubt that noble metals and nonnoble metals generally exhibit higher activity than nonmetallic materials. The activity of ORR is very sensitive to structure, no matter
what the type of catalyst is. In recent, many nonmetallic materials
also show considerable catalytic activity apart from low cost, high
electronic conductivity.
The most recently investigated metal-free catalyst for ORR is
precious-metal free materials [211,218,219]. Generally speaking,
pure carbon materials exhibit relatively lower electrocatalytic activities than doped-carbon materials. The higher activity of dopedcarbon materials origins from the synergistic effect of changing the
electronic character and creating rational defects [211]. Many heteroatoms (N, B, P, O, S and so on) have been investigated, however,
N-doped graphene and CNTs are most widely studied among all
doped-carbon materials. Dai and co-workers [218] ﬁrstly demonstrated that N-doped aligned CNTS can alter Pt/C electrode in alkaline fuel cells to serve as metal-free catalyst of ORR (Fig. 17(a)–(c)).
The incorporation of nitrogen atom in conjugated CNTs changed
the electron distribution of carbon atom and rendered higher positive charge density on carbon atoms near doped nitrogen atoms.
Qu et al. [195] ﬁrstly employed N-doped graphene as metal-free
catalysts for ORR by a facile CVD approach (Fig. 17(d) and (e)). This
N-doped graphene exhibited high activity which is nearly three
times higher than that at commercial Pt/C electrode for ORR in alkaline fuel cells. Wang et al. [181] fabricated S-doped (ca. 5.5 wt%)
well-ordered mesoporous carbon materials by one-pot method
(Fig. 17(f)), demonstrating positive performance as electrocatalyst
in ORR compared to undoped carbon. These works open up considerable room for metal-free, low-cost and high-activity materials
for ORR. A composite nanostructured electrocatalyst also exhibits
excellent ORR reactivity. For instance, Zheng et al. [220] designed
a novel g-C3 N4 @CMK-3 metal-free catalyst for ORR based on theoretical prediction. The incorporation of CMK-3 enhanced the electron transfer eﬃciency and then facilitated the spread of actives
sites to whole surface. The resulting composites displayed high catalytic activity (11.3 mA/cm2 at −0.6 V) and better methanol tolerance compared to Pt/C catalyst.
The catalyst for OER are mainly noble oxides [197,221,222], nonnoble oxides [196,223,224], and few nonmetallic materials [225]. In

general, the noble-containing electrocatalysts for OER are metal oxides. However, all these catalysts are faced with a major issue that
they have weak stability under acidic conditions. Ni- and Co-based
oxides are main transition metal oxides which are still strongly
considered. The research of metal-free materials for OER just began which are different from those for ORR. The current metalfree OER catalysts are similar to those for ORR, mainly including
doped-carbon materials. Suntivich et al. [226] demonstrated that
the activity of Ba0.5 Sr0.5 Co0.8 Fe0.2 O3–δ (BSCF) was at least one order
magnitude higher than state-of-the-art IrO2 in alkaline electrolytes.
The structure of the perovskite-type oxide is sensitive to history of
the sample and working atmosphere [170,227]. An aqueous preoxidization coupled electrode position route in which Co2+ is pretransformed into Co3+ through Fenton reaction for perovskite electrocatalysts with enhanced OER performance [228]. Developing a
transition metal oxide with a surface cation eg occupancy close to
unity and high B-site oxygen covalence is critical to improve OER
reactivity. Chen et al. [229] fabricated the N,O-codoping grapheneCNT hydrogel ﬁlm for the ﬁrst time exhibiting extremely high activity for OER (Fig. 18(a)). The signiﬁcant improvement of catalytic
kinetics is ascribed to 3D porous framework, N,O-dual dope providing more catalytic centers. Moreover, this unique material afforded good durability in both acidic and alkaline electrolytes because of the chemical stability of CNTs and graphene and well 3D
architecture. Tang et al. [230] reported a pomegranate-like NiFe
layered double hydroxide (LDH)/N-doped graphene hybrid fabricated by topology-assisted fabrication strategy (Fig. 18(b) and (c)).
This biomimic nanostructures exhibited outstanding OER activity
and durability outperforming most reported materials, with a low
Tafel slope of 45 mV/dec and decreased overpotential of 337 mV at
10 mA/cm2 . A family of NiFe based compounds has been grafted
onto nanocarbon for OER recently [231–233]. These novel design
and fabrication strategy also open up a new direction of advanced
nanostructured hybrid materials for practical applications.
In general, a superb ORR electrocatalyst is hardly to be an excellent OER electrocatalyst simultaneously due to the different free
energy in reversible direction of redox of oxygen [235]. The microscopic reaction pathways of ORR and OER are not reversible.
However, in metal–air batteries and reversible fuel cells, the ORR
and OER are expected to be realized on one catalyst [236]. Therefore, a bifunctional ORR/OER catalyst is required. The N-doped
graphene and metal-containing materials such as transition metal
oxides, perovskites, simultaneously has the ability to catalyze ORR
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oxygen electrocatalysis and inspiring the design of novel metal-free
materials.
The ORR/OER, together with hydrogen evolution reaction, hydrogen reduction reaction, and CO2 reduction reaction, are the
most important process in sustainable chemistry. Some of them
have been selected as probe reaction to reﬂect the surface and
structure properties of nanostructured catalysts. The alkali test is
more popular, but we pointed out that acidic environment is more
preferred for practical applications. Both surface and interface engineering are requested to rational design of electrocatalysts [239].
It should be noticed that the edge of graphene and other low dimensional materials have very high reactivity for electrochemical
reaction [240]. Therefore, clean nanostructures are required to clarify the role of edge or other active sites during energy conversion
and storage. The nanostructured energy materials not only serve
as platform to reveal the complex chemistry on energy conversion,
but also potential candidates to replace precious metal catalyst for
future water electrolysis, fuel cells, metal–air batteries, solar fuel
production, and renewable energy harvest.
5. Conclusions and prospects

Fig. 18. (a) Synthetic process of NG-CNT [229], (b) Schematic illustration of the
spatially constrained hybrids (carbon atoms: green, nitrogen atoms: red), (c) TEM
image of cross-sectional sheet of NiFe LDH/NGF electrocatalyst [230]. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)

and OER [237]. Tian et al. [238] ﬁrstly demonstrated a 3D interconnected N-doped graphene/CNTs hybrid as bifunctional ORR/OER
electrocatalyst. Although the content of nitrogen atoms (0.53 at%)
is low, yet this hybrid nanostructure exhibits extraordinary activity
both in ORR and OER, which sheds fresh light on metal-free materials as bifunctional catalyst. Tang et al. [234] incorporated a new
model system to explore the origin of catalytic activity through
a family of graphene electrocatalysts (Fig. 19). The N-doped and
edge-rich graphene exhibited the best activity in ORR and OER
among the metal-free bifunctional catalyst ever reported. The topological and edge defects are critically important to ORR/OER catalytic activity, which promote the understanding of mechanisms of

Various nanostructured materials have been proposed to be
incorporated into electrochemical systems for sustainable society.
The emergence of nanostructured materials has given rise to superb performance of electrochemical energy conversion and storage devices in the last decade. The origin of high performance of
nanostructured materials is mainly from their unique features such
as high surface area, abundant and hierarchical pores and great
electronic conductivity compared to bulk materials. Some of them
have been applied in industry. For instance, the CNTs have been
applied in the cathode of Li-ion batteries as a 3D interconnected
conductive network, which enhances the rate performance and cycling life, as well as increasing the energy density of pouch cells.
The graphene has been also evaluated in many Li-ion batteries and
supercapacitors. The related energy chemistry and materials processing are still under development.
The use of nanomaterials can also overcome some grand challenges in the ﬁeld of energy conversion and storage. For instance,
the introduction of nanomaterials renders tunable active sites for
ORR and OER, which offers the possibility of metal-free electrocatalyst for oxygen redox reaction. The well design of 3D nanostructures provide the possibility to precise store charge and enhance surface redox reaction as well as contribute novel quantum

Fig. 19. (a) Synthetic process of NGM materials, (b) SEM image, (c) TEM image of NGM, (d) high-resolution TEM image of the porous graphene sheets [234].
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capacitance. This offers guideline to explore the electrode materials
for next-generation supercapacitors. The introduction of nanostructure can even guide the Li ion deposition, which offers the possibility to retard the formation of Li dendrites and improve high
eﬃciency of Li metal anode.
However, the fundamental understanding of energy chemistry
of energy conversion and storage on nanostructured energy materials is not mature yet. Since the ﬂourish of nanomaterials and
their hybrids, insights into the electrochemical mechanism and the
transport phenomenon at interlayer are heavily lacking. The vague
understanding between structure and performance restrains the
further rational design of functionalized nanostructured materials.
If the comprehension of concrete process is unambiguous, the improvement of performance can be based on designing the targeted
functionalized materials rather than routine trial-and-error.
Although nanostructured materials exhibit high performance in
electrochemical process, these unique materials are not always desired to some extent. For instance, though the high surface area of
nanostructured materials can signiﬁcantly decrease the local current density to mitigate the growth of Li dendrites, yet the consummation of electrolyte is also increased due to the enhanced
contact between electrode and electrolyte. Additionally, the low
tap density of nanostructured materials leads to low volumetric
energy density which is not desirable to advanced rechargeable
batteries. The cost of nanostructured materials is high because of
complex materials processing of nanostructured energy materials.
The aforementioned points are grand challenges for nanomaterials
and should be explored from both academic and industrial communities. The emergence of theoretical calculations and advanced
operand characterizations signiﬁcantly accelerate the development
of materials assisting the solution of these new challenges. We expect signiﬁcant progress in the ﬁeld of electrochemical energy conversion and storage resulting from the integrated improvement of
nanostructured energy materials in a working device within the
coming 10–20 years.
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