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In order to fully replace the traditional fossil energy supply system, the efficiency of electrochemical en-
ergy conversion and storage of new energy technology needs to be continuously improved to enhance
its market competitiveness. The structural design of energy devices can achieve satisfactory energy con-
version and storage performance. To achieve lightweight design, improve mechanical support, enhance
electrochemical performance, and adapt to the special shape of the device, the structural energy devices
develop very quickly. To help researchers analyze the development and get clear on developing trend,
this review is prepared. This review summarizes the latest developments in structural energy devices, in-
cluding special attention to fuel cells, lithium-ion batteries, lithium metal batteries, and supercapacitors.
Finally, the existing problems of structural energy devices are discussed, and the current challenges and
future opportunities are summarized and prospected. Structural energy devices can undoubtedly over-
come the performance bottlenecks of traditional energy devices, break the limitations of existing mate-
rials and structures, and provide a guidance for the development of equipment with high performance,

light weight and low cost in the future.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

With the rapid development of the global economy and the
continuous progress of society, fossil energy sources such as oil
and natural gas are gradually depleting. Today environmental pol-
lution and energy crisis are becoming increasingly severe. The de-
velopment and utilization of new energy is becoming quite ur-
gent [1]. In recent years, the types of new energy devices have be-
come increasingly abundant. The researches on new energy devices
such as fuel cells [2-4], lithium-ion batteries [5-7], supercapacitors
[8-10] and solar cells [11-14] have developed rapidly in order to
transform energy dependence from limited traditional fossil energy
to renewable and sustainable resources. The energy conversion and
storage of electrochemical devices play an unparalleled important
role in new energy technology. In order to be able to fully replace
the current traditional fossil energy supply system, the efficiency of
electrochemical energy conversion and storage of new energy tech-
nologies needs to be continuously improved to enhance their mar-
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ket competitiveness. However, energy conversion and storage usu-
ally involve intricate physical interactions and chemical reactions,
and related reaction processes usually occur at the interface and
inside of the electrode and the electrolyte. The transport behav-
ior and dynamics of electrons, ions, molecules and other carriers
are closely related to electrodes, electrolytes and separators. There-
fore, the structural design of components such as electrodes, elec-
trolytes, and separators has received high attention from academia
and industry, and is the research focus for improving the efficiency
of energy conversion and storage of new energy devices. With
the rapid development of portable electronic devices and electric
vehicles, traditional batteries can no longer meet people’s needs.
Therefore, more and more attention has been paid to new energy
devices that are miniaturized, lightweight, portable and multifunc-
tional. The integrated design of function and structure of energy
devices has become one of the current development directions and
trends [15-17].

At present, the traditional bulk electrode has encountered a big
performance bottleneck. In addition to searching for new electrode
materials, the structural design of the electrode can achieve satis-
factory energy conversion and storage performance. The reasonable
design of the electrode structure can increase the contact area be-
tween the electrode and the electrolyte, and improve the overall
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transmission rate of the battery. From a microscopic point of view,
nanostructured electrodes show very powerful advantages. Nanos-
tructured materials have unique properties that are different from
their bulk materials. The nanostructured electrode has a high spe-
cific surface area, which can expose more active sites and improve
electrochemical performance. In addition, the nanostructured elec-
trode can also greatly shorten the transport path of carriers and
promote the dynamics of electrochemical reactions. In short, the
nanostructure of electrodes is a promising method to achieve high
efficiency of energy conversion and storage. From a macro perspec-
tive, 3D printing technology can realize the free design of elec-
trode shapes, and can well control the preparation of functional
materials with three-dimensional structures. As an emerging ad-
vanced manufacturing technology, 3D printing has a great degree
of freedom and can quickly create complex structures at a lower
cost than traditional methods. So far, several 3D printing technolo-
gies have been used to construct electrode structures and improve
the electrochemical performance of energy storage devices, such
as direct ink writing, stereolithography, inkjet printing, and selec-
tive laser sintering. 3D printing technology has the following sig-
nificant advantages: (1) the ability to prepare complex structures;
(2) a high degree of automation, which can realize large-scale pro-
duction; (3) precise control of micro-sized devices; (4) full print-
ing device can eliminate the negative effects of different prepara-
tion processes. 3D printing technology provides tremendous flexi-
bility, which is simply impossible to achieve with traditional man-
ufacturing technology. Without 3D printing, manufacturing parts
with arbitrarily complex structures becomes extremely challenging.
In short, 3D printing technology represents a promising method
for preparing high-performance electrochemical energy storage de-
vices. From the perspective of the entire device, flexible energy
storage devices have the advantages of good flexibility, good me-
chanical stability, small size, light weight, etc., and can also with-
stand various sizes of deformation. Conventional electronic devices
can not meet these requirements effectively due to their volume
and rigidity. With the development of wearable electronic devices,
people’s demand for flexible energy storage devices is increasing.
Making energy storage devices into easily portable and curved ac-
cessories, or even weaving fibers into clothes, will bring great con-
venience to life.

In recent years, the technology of functional and structural
composite materials has made remarkable progress [18-23]. By
improving and innovating the structure of traditional energy de-
vices, new structural energy devices can be obtained. Its primary
functions are as follows: (1) Reduce the weight of the device and
achieve light weight; (2) From the perspective of mechanics, it can
improve mechanical support; (3) The structural design changes the
specific surface area, increases the contact area, and improves the
electrochemical performance; (4) Considering the adaptability of
the shape, it can be adapted to the special shape of the device.
Structural energy devices can play a structural role in different ap-
plications, and they are becoming more and more popular. Some
target applications include unmanned aerial vehicles, new energy
vehicles, spacecraft and so on.

Herein, we summarize the latest developments in structural en-
ergy devices, including special attention to fuel cells, lithium-ion
batteries, lithium metal batteries, and supercapacitors. The struc-
tural design of components and the entire device is introduced
with emphasis, and various structural designs can achieve satisfac-
tory energy conversion and storage performance. Finally, we dis-
cussed the existing problems of structural energy devices, sum-
marized and prospected current challenges and future opportuni-
ties. Specifically, structural energy devices can undoubtedly over-
come the performance bottlenecks of traditional energy devices,
and break the limitations of existing materials and structures. We
hope this review will provide great help for those who are inter-
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Fig. 1. The basic components and working principle of PEMFC. PEM: proton ex-
change membrane; CL: catalyst layer; GDL: gas diffusion layer; FF: flow field.

ested in structural design of energy devices for further rational de-
sign of multifunctional structural energy devices to advance new
energy technologies.

2. Structural fuel cell

A fuel cell is a device that converts the chemical energy stored
in the fuel and oxidizer into electrical energy by inputting fuel to
carry out an electrochemical reaction. It has the advantages of high
energy conversion efficiency, fast startup speed, low noise, and low
pollution [24,25]. As a new energy source with great application
potential, fuel cells can be used in underwater equipments, new
energy vehicles, unmanned aerial vehicles, aerospace and other
fields, and have very extensive application prospects. Depending
on the type of electrolyte used, fuel cells can be divided into five
different types, mainly including proton exchange membrane fuel
cells (PEMFC), solid oxide fuel cells (SOFC), phosphate fuel cells
(PAFC), alkaline fuel cells (AFC), molten carbonate fuel cells (MCFC)
[26-31]. Among them, PEMFC has received the most attention be-
cause of its low operating temperature, zero emission, and high
efficiency. It has become the fastest growing and most widely used
fuel cell [32,33].

2.1. Structural components

PEMFC is mainly composed of membrane electrode assembly
(MEA) at the center and flow field plates at both ends, and has
a seven-layer structure. MEA is the core component of the cell,
which usually consists of three parts: proton exchange membrane
(PEM), cathode and anode catalyst layer (CL), and cathode and an-
ode gas diffusion layer (GDL). The fundamental components and
working principle of PEMFC are shown in Fig. 1. During the oper-
ation of the cell, the wetted hydrogen and oxygen enter the anode
flow field and the cathode flow field respectively, diffuse through
the GDL, and then reach the CL. Under the action of the anode cat-
alyst, hydrogen loses electrons and undergoes oxidation reaction
to generate protons. Among them, protons migrate to the cathode
through the PEM, and electrons flow to the cathode through an
external circuit to form a current. In the presence of the cathode
catalyst, oxygen combines with the protons and electrons reaching
the cathode to undergo a reduction reaction to produce water. The



Y. Liu, Z. Yu, J. Chen et al.

mechanism of the PEMFC reaction can be expressed by the follow-
ing formula.

Anode: Hy — 2H" + 2e~ (1)
Cathode: O; + 4e~ +4H* — 2H,0 (2)
Cell overall reaction: 2H, + 0, — 2H,0 3)

The PEM is located in the middle of the MEA, which can pro-
vide a one-way transmission channel for protons and isolate the
anode and cathode. It is a critical component of the fuel cell. Per-
fluorosulfonic acid membrane is the most widely studied PEM ma-
terial so far, but its cost is high and its performance at high tem-
peratures deteriorates. Therefore, improving the existing PEM or
finding a better one is quite necessary [34-40]. The CL is located
on both sides of the membrane, where the electrochemical reac-
tion occurs. Carbon-supported platinum (Pt/C) is considered the
best electrocatalyst material. However, Pt is expensive and resource
shortage, which greatly increases the cost of PEMFC and restricts
its commercial application. Therefore, it is necessary to reduce the
amount of metal Pt, thereby reducing the cost of the cell. Im-
proving the catalytic activity of Pt-based catalysts to reduce the
amount of Pt, maximizing the utilization of Pt, and finding other
cheap metals to replace Pt are the research focuses in recent years.
The main research contents include Pt-Metal alloy catalysts [41-
44], Pt-based nanostructured catalysts [45-47], Pt-based core-shell
structure catalysts [48-51], non-Pt-based catalysts [52,53], etc. The
GDL can be divided into two layers: the base layer and the micro-
porous layer (MPL). The base layer is generally porous carbon pa-
per or carbon cloth, which is in contact with the flow field plate;
while the MPL is usually composed of carbon black and hydropho-
bic agent polytetrafluoroethylene (PTFE), and is in contact with the
CL. The role of the GDL is to support the CL, conduct electrons,
uniformly transport the reaction gas to the CL and perform appro-
priate water management. At present, trying new materials and
methods to prepare new MPL is a significant research direction
[54-58]. The flow field plate is usually made of metal or graphite,
which plays the role of uniformly distributing the reaction gas and
timely exhausting water and excess gas. It is the main part of the
cell volume and weight. The design and optimization of the flow
field structure has been a research hotspot in recent years [59-
63], which is of great significance for improving the performance
of fuel cells and water and heat management.

PEMFC has attracted the attention of innumerable researchers
and achieved certain results. But, further research and exploration
are still needed. Nowadays, fuel cells play an important role in new
energy vehicles, unmanned aerial vehicles and other fields, but tra-
ditional fuel cells are relatively large in weight and volume. One
possible way to reduce the weight of cars and unmanned aerial
vehicles to achieve light weight is to use structural fuel cells in-
stead of the heavy fuel cell stack [64]. In addition to generating
electrical energy, this structural cell can also act as a structural
material to withstand mechanical loads and realize the integration
of function and structure. Through structural improvement and in-
novation of traditional fuel cells, structural fuel cells are obtained.
The new structural fuel cell can be expected to achieve lightweight
design, improve mechanical support, enhance electrochemical per-
formance, and adapt to the special shape of the device. Therefore,
it is also necessary to carry out structural design for traditional fuel
cells.

The PEM can transfer protons but insulates the electrons. In
PEMFC, the PEM not only plays the role of transferring protons, but
also acts as a separation between the cathode and the anode. PEM
with good performance must meet the following requirements: (1)
Strong proton conductivity; (2) High electrochemical and thermal
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stability; (3) Not easy to deform, and good mechanical properties.
The structural design of the PEM is of great significance to improv-
ing the overall performance of the fuel cell. The traditional com-
mercial PEM can be replaced by the development of new structural
membranes or patterned membranes. Sang et al. [65] improved
water management by using a prism-patterned Nafion membrane
as the polymer electrolyte of MEA. First, the structure of the prism
pattern is embossed on the bare Nafion 212 membrane to prepare
the prism pattern Nafion membrane. Next, Pt/C catalyst was air-
sprayed onto both sides of the prism patterned Nafion membrane
to prepare the CL. As a result, it was found that MEA with Nafion
membrane with prism pattern showed higher performance com-
pared with traditional MEA. For the MEA of Nafion membrane with
prism pattern, performance enhancement is achieved by reducing
membrane resistance and increasing electrochemically active sur-
face area. In addition, the asymmetric geometry of the prism struc-
ture in the cathode catalyst layer is very easy to remove the water
droplets produced. Liu et al. [66] prepared a composite PEM con-
taining proton transport channels arranged in a through-plane (TP)
direction by solution casting under a magnetic field orientation, as
shown in Fig. 2A. Ferrocyanide coordinated poly(4-vinylpyridine)
(CP4VP) and phosphotungstic acid (PWA) are used as proton con-
ducting components, and polysulfone (PSf) provides the mechani-
cal strength of the membrane. Under the action of a strong mag-
netic field, the two water-soluble substances, CP4VP and PWA,
combine through electron transfer to form a water-insoluble para-
magnetic complex, which is oriented synchronously along the TP
direction. Through these aligned and durable short-range proton
transport paths, the composite membrane exhibits excellent TP
proton conductivity. Compared with other types of hydrocarbon
membranes and Nafion® 212 membranes, this composite mem-
brane has excellent proton conductivity, fuel cell performance and
durability.

CL is the core component of MEA, that is, the electrochemi-
cal reaction site and the transmission channel of gas, water, elec-
trons, protons and other substances. The electrochemical reaction
is carried out in the "three-phase zone" composed of catalyst, elec-
trolyte and gas. Therefore, the ideal CL must have enough cat-
alytic active sites to satisfy the "three-phase zone". In addition,
there must be sufficiently small mass transfer resistance to facil-
itate the transfer of electrons, protons and reactants. In order to
achieve the above requirements and improve CL performance, the
CL structure needs to be improved. Lee et al. [67] developed a pat-
terned catalyst layer (PCL) with an in-plane channel structure. The
preparation process is as follows: firstly, a patterned poly(urethane
acrylate) (PUA) substrate is produced by nanoimprinting technol-
ogy, and then the surface treatment is performed on the PUA sub-
strate with reverse line pattern. Then, a catalyst slurry is coated
on its surface to form a CL with a channel structure in the plane.
Finally, it is dried and transferred to the membrane by hot press-
ing to prepare MEA. The process is shown in Fig. 2B. Studies have
shown that the CL with in-plane channel structure can significantly
improve the power performance of MEA with low-Pt load due to
the enhanced transmission of gas and water. The direct pattern-
ing strategy of CL can provide an effective platform for the prepa-
ration of CL structures with high structural fidelity, and provide
reasonable guidance for the design of high-performance CL. Zeng
et al. [68] used template-assisted underpotential deposition (UPD)
and current displacement methods to deposit ultra-thin Pt skin on
PdCo nanotube arrays (NTAs) to construct a 3D-ordered MEA. The
advantages of this structure are as follows: (1) ultra-high Pt uti-
lization, because both internal and external surfaces can be used
for reactants; (2) enhanced mass transfer due to lower tortuosity;
(3) enhanced electronic and ionic conductivity that makes ionomer
unnecessary; (4) ultra-high durability due to no carbon carrier. The
study found that thanks to the advanced nanostructure, the maxi-
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Fig. 2. (A) Diagram of the magnetic-assisted solution casting (top left), photos for NM-45 PC (left in subfigure) and MM-45 PC (right in subfigure) to show appearances (top
right), and the conceptual diagrams (bottom). NM-45PC: normal-cast membrane with 45 wt% loading of proton-conducting components; MM-45PC: magnetic-cast membrane
with 45 wt% loading of proton-conducting components. Reproduced with permission [66]. Copyright 2019, Nature Publishing Group. (B) Fabrication process of the in-plane
channel-structured PCL. Reproduced with permission [67]. Copyright 2018, American Chemical Society. (C) Schematic of the design of the original and modified GDBL
structures and cross-sectional digital micrographs of the GDLs. Reproduced with permission [69]. Copyright 2015, Elsevier. (D) The design of lung-inspired flow fields (top),
3D network of the inlet (red) and outlet (blue) branches used in these flow fields (bottom left), and X-ray radiography to inspect the flow fields for structural defects (bottom
right). Reproduced with permission [70]. Copyright 2018, Royal Society of Chemistry.

mum power density is 222.5 kW/g, and the Pt load of the cathode
is 3.5 pug/cm?2, which is about 14 times higher than the traditional
MEA.

GDL has functions such as gas transmission and drainage, heat
transfer, current collection, and CL support, especially playing a
very important role in water management. It is usually composed
of a gas diffusion backing layer (GBDL) with large holes and a MPL
with small holes. The ideal GDL needs to have suitable porosity
and pore size distribution to ensure the effective diffusion of the
reaction gas and the smooth discharge of the product water. Kong
et al. [69] designed two GDLs with a double-layer GBDL structure,
namely GDL-A’B and GDL-A'C (Fig. 2C). GDL-A'B was prepared by
stacking GDL-A’ and GDBL-B, and GDL-A’C was prepared by stack-
ing GDL-A’ and GDBL-C. Both GDL-A and GDL-A’ have conventional
designs and consist of a single GDBL and a single MPL. The double-
layer GBDL structure of GDL-A'B uses the same matrix material,
and the porosity of the GDBL-C layer in GDL-A'C is lower than
that of the GDBL-A’ layer, in order to improve the water retention
capacity of GDL-A'C. In order to evaluate the influence of stack-
ing and structural design on self-humidification characteristics, the
contact angle, electrical resistance, and vapor permeability of GDL
were measured. The electrochemical performance of the fuel cell
was also measured under various relative humidity and stoichio-
metric conditions. It was found that the double-layer structure de-
sign of GDBL has a significant impact on the water retention ca-
pacity of GDL. Under low humidity conditions, the performance of
single cells using GDL-A'C has been significantly improved.

In addition to the structural design of PEM, CL and GDL, the
structural improvement or innovation of the flow field plate of the
PEMFC can also realize the structuration of the fuel cell. 3D print-
ing technology can be applied in the flow field design of fuel cells
to improve the performance of fuel cells. Based on the inspiration
of the fractal geometry of the lungs, Trogadas et al. [70] used direct
metal laser sintering 3D printing technology to design the fractal
flow field of the fuel cell to solve the problem of uneven distri-
bution of reaction gas in the cell (Fig. 2D). The newfashioned flow
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field made by 3D printing is better than the traditional serpentine
flow field, and the performance of the cell is better. This is because
the reaction gas is more uniformly distributed on the fuel cell cata-
lyst layer. The structural design of structural fuel cells in the future
requires 3D printing technology. 3D printing can satisfy the design
requirements of lightweight fuel cells while reducing the amount
of materials, which is of great significance for reducing the weight
of unmanned aerial vehicles or new energy vehicles.

The structural design of fuel cell components can improve the
performance of PEMFC, which is of great significance for the future
development of low-cost, high-performance, and long-life MEA. In
the future, the structural design of fuel cell components can be
considered from the following aspects: (1) Optimize the prepara-
tion process of PEM, CL, GDL and other components, simplify the
preparation process, and increase the possibility of large-scale ap-
plication of fuel cells. (2) The synergy among PEM, CL, and GDL
needs further study. The structural design of the three is coupled
to optimize the overall performance of the MEA. (3) The structural
design of the fine-sized flow field plate is carried out to improve
the performance of the fuel cell. (4) The combination of experi-
ment and simulation is an important research method, and the
mathematical model is introduced into the research of structural
fuel cells.

2.2. Structural device

A typical structural fuel cell utilizes a skin-core composite sand-
wich structure, which consists of a thin polymer-based composite
skin and a structural fuel cell core, as shown in Fig. 3A. Among
them, the structural fuel cell core is composed of metal foam in
the outer layer and traditional MEA in the middle layer. The func-
tion of the foam core is to provide the shear and compression char-
acteristics required to achieve high sandwich rigidity, and to circu-
late air and hydrogen at the same time. Sandwich structures are
generally used in structural applications because this design mode
has high specific bending stiffness and strength [71,72]. The skin-
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core sandwich structural fuel cell is a new type of multifunctional
material that can serve as a structural material to withstand me-
chanical loads while also generating electricity, thereby improving
the overall efficiency of the system.

South et al. [73] used a skin-core composite sandwich structure
to design a functional and structural fuel cell. The components of
the structural fuel cell design are shown in Fig. 3B. The thin poly-
mer matrix composite skin on the surface of the fuel cell is made
of carbon fiber epoxy resin prepreg. The cell core is composed of
two layers of open-pored metal foam aluminum sandwiching a tra-
ditional MEA. By changing pores per inch (ppi), density and film
adhesive position respectively, different fuel cell samples were de-
signed. The ppi values of samples A, B and C are 10, 20 and 40,
respectively. The densities of the samples corresponding to D, E,
and F are 6%, 12% and 20%, respectively. The film adhesive posi-
tions corresponding to G, H, I and ] are No adh., Top-bottom adh.,
Middle adh., Top-bottom-middle adh., respectively. The mechanical
properties of various cell samples were tested through three-point
bending experiments. The results found that the maximum bend-
ing stress increased with the increase of foam aluminum porosity
and foam density, which was caused by the increase of foam ma-
terial rigidity; the position of the film adhesive between the lay-
ers also has a greater impact on the bending strength of the cell,
as shown in Fig. 3D. These results demonstrate the importance of
designing fuel cell cores with high shear strength. The electrical
properties of various cell samples were analyzed through the volt-
ampere characteristic curve. It was found that as the porosity and
foam density of the aluminum foam increased, the electrical prop-
erties of the cell increased, as shown in Fig. 3E. This may be due
to the improved interface performance with MEA, thereby reduc-
ing ohmic loss; another reason may be that as the permeability
of the foam decreases, more electrons flow to the GDL, which will
increase the reaction rate of the MEA.

Hilton et al. [74] proposed a method that can characterize the
design of multifunctional fuel cells to evaluate the potential of
structural fuel cells to achieve system level mass savings. The me-
chanical performance is characterized by the flexural stiffness (M)
of the structural fuel cell, the electrical performance is character-
ized by the power density (P) of the structural fuel cell, and the
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Table 1

Performance of three structural fuel cells [74].
Cell design P (mW/g) of Mpa mm/g oS omf
KFOAM 4.58 0.17 1.30 0.52 0.69
VARTM 0.42 0.016 1.12 0.45 0.47
Pultruded 0.45 0.017 0.50 0.20 0.22

multifunctional efficiency (¢™) is characterized by the sum of the
structural efficiency (¢5) and power efficiency (o) of the struc-
tural fuel cell. A solid and lightweight carbon foam (KFOAM) ma-
terial is used to prepare a structural fuel cell. The components of
the fuel cell design are shown in Fig. 3C. On both sides of the
membrane electrode assembly, gaskets are used to seal the cell.
Then the KFOAM material is placed on both sides of the cell, using
stainless steel sheets as the current collector. In addition, vacuum
assisted resin transfer molding (VARTM) and pultruded technology
(Pultruded) were used to prepare multifunctional fuel cells. The
catalyst loading of the membrane electrode assemblies of the three
cells is the same. All three cells all adopt a sandwich structure. The
relevant data of the three cells in the literature have been sorted
out, as shown in Table 1. The research results show that the struc-
tural fuel cell based on carbon foam has the best mechanical and
electrical properties. This is because the contact pressure of the gas
diffusion layer is optimized in the design. The three types of cells
have achieved multifunctional efficiencies of 69%, 47% and 22%, re-
spectively. System level mass savings can only be achieved when
the value of multifunctional efficiency is greater than 1. Therefore,
none of the three fuel cells can achieve system level mass savings,
as shown in Fig. 3F. The skin-core sandwich structure belongs to
the structuring of the entire fuel cell device, and the structuring
of the device can also be achieved by using other more advanced
technologies.

Compared with traditional fuel cells, the sandwich structural
fuel cell design uses a very special skin-core composite sand-
wich structure. Sandwich structural fuel cells can not only gener-
ate electricity, but also provide structural support for the system,
which has great application potential. Although the electrical per-
formance of sandwich structural fuel cells is not ideal, there is still
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a need for research on sandwich structural fuel cells. In the future,
the key research of sandwich structural fuel cells will focus on two
aspects. One is to optimize the design of the skin-core composite
sandwich structure to improve the mechanical and electrical prop-
erties of the cell, and the other is to promote the multifunctional
design of the structural fuel cell to achieve system level mass sav-
ings.

3. Structural lithium battery
3.1. Structural lithium-ion battery

Since its commercialization in 1990, lithium-ion batteries have
exhibited the superiorities of high energy density, long-cycle stabil-
ity, and environmental friendliness. Therefore, it has become one of
the most popular power sources for electronic products. Through
structural improvement and innovation of lithium-ion batteries,
structural lithium-ion batteries can also be obtained. Next, a multi-
scale concept is proposed to introduce the research progress of
structural lithium-ion batteries from nano-micro scale to macro
scale.

The structuration of structural lithium-ion batteries is multi-
scale. The first is the microscopic scale, which includes the struc-
turing of electrode materials. Multi-level structure or coating
can be added on the surface of carbon fiber. Carbon fiber is a
lightweight and multifunctional composite material, which can
not only serve as a battery electrode, but also have a structural
strengthening effect. Adding some multi-level structures on the
surface of carbon fiber can enhance the specific surface area. From
the perspective of improving performance, increasing the specific
surface area can bring into full play the electrochemical perfor-
mance. It is also possible to add coating on the surface of the
carbon fiber, and the mechanical strength of the material will
change after coating. Structural lithium-ion batteries using com-
mercial carbon fibers as electrodes have relatively low capacity,
which limits the further application of structural batteries. The
preparation method of coating the surface of carbon fibers with
some metal oxides such as Co304, ZnO, SnO,, MnO, to form com-
posite materials is very economical and simple. These composite
materials can be invoked as anode materials for structural lithium-
ion batteries. Wang et al. [75] used a three-step method to coat
the surface of carbon fibers with Co304 polyhedrons to prepare
a new CF@Co30,4 composite. The anode material is made of ac-
tive material CF@Co304, polyvinylidene fluoride (PVDF) and acety-
lene black, and copper foil is the electrode current collector. The
separator is Celgard 2400 membrane. The electrolyte is a mixture
of ethylene carbonate (EC) and diethyl carbonate (DEC) dissolved
in LiPFg. The results show that the CF@Co304 composite material
has a porous structure and excellent lithium storage performance.
The fabricated battery has a reversible capacity of 420 mAh/g at
a current density of 100 mA/g. Han et al. [76] coated the surface
of carbon fibers with ZnO nanoparticles, and successfully prepared
CF@ZnO composite materials as the anode of the structural bat-
tery by hydrothermal method. It was found that the structural bat-
tery maintained a reversible capacity of 510 mAh/g after 300 cy-
cles at a current density of 100 mA/g. Polyacrylonitrile (PAN) is
one of the commonly used carbon fiber precursors. The disordered
structure of PAN-based carbon fiber is more suitable for lithium
ion insertion. At the same time, the lightweight PAN-based carbon
fiber can save volume and mass, and is also considered to be a ex-
tremely potential anode material for structural lithium-ion batter-
ies. Therefore, Han et al. [77-79] respectively coated the surface of
PAN-based carbon fiber with SnO,, MnO, and Co304, and success-
fully prepared CF@Sn0O,, CF@Mn0,, CF@Co30,4 composite materi-
als as the anode of the battery. Li et al. [80] prepared a ZnCo;04/C
coating on carbon fiber, exhibiting enhanced capacity and excellent
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cycle stability. ZnCo,0,4/C@CF has a unique nanostructure and has
potential application value in structural lithium-ion batteries. In
addition, nanotube electrodes with hollow structures also belong
to the microscopic scale. Liu et al. [81] grew Li;TisOq, nanotube ar-
rays on a stainless steel foil substrate based on a template, coated
the inner and outer surfaces of LizTisOq, nanotubes with conduc-
tive carbon thin layers, and prepared a self-supporting LisTi5O0q,-
C nanotube array with high conductivity as anode material for
lithium-ion batteries. It is found that the prepared LizTi5Oq,-C nan-
otube array has excellent rate performance and cycle performance.
This is because the diffusion distance of lithium ions is shortened,
the hollow structure increases the contact surface, the conductivity
is good enough, and the nanotube array has good structural stabil-
ity.

In addition to the structuration of the anode of the lithium-ion
battery, the cathode of the lithium-ion battery can also realize the
structuration. Hagberg et al. [82] used electrophoretic deposition
(EPD) to coat the surface of carbon fibers with LiFePQOy4, carbon
black and PVDF to prepare a structural cathode. It was found that
the structural battery has good electrochemical performance, with
a specific capacity of about 60~110 mAh/g. The carbon fiber and
the coating have excellent adhesion. This study shows that carbon
fibers coated with LiFePOy,, carbon black and PVDF can be used as
cathode materials for structural batteries, and EPD can be applied
to prepare structural cathodes.

On the macro level, 3D printing technology is utilized to pre-
pare lithium-ion battery electrodes. In terms of design dexterity,
the advantage of 3D printing is that the shape can be designed
freely, which is simply impossible to achieve with traditional man-
ufacturing technology [83]. Researchers Sun et al. [84] utilized di-
rect ink writing (DIW) 3D printing technology to prepare interdig-
ital lithium-ion microbatteries composed of high aspect ratio elec-
trode structures. The cathode material of the battery is LiFePOg4
(LFP), the anode material is Li4TisOq, (LTO), and the electrolyte
material uses LiClO4 with a volume ratio of 1:1 EC and dimethyl
carbonate (DMC). The printed 3D interdigital microbattery archi-
tectures (3D-IMA) have excellent performance, such as high areal
energy density and power density. This is ascribed to the man-
ufacture of a high aspect ratio electrode structure, which has a
small footprint while maintaining a relatively small transmission
length scale to facilitate the transmission of electrons and ions
during charging and discharging. Such microbatteries may find po-
tential applications in micro devices with automatic power sup-
ply. Pikul et al. [85] reported a lithium-ion microbattery composed
of interdigitated three-dimensional bicontinuous nanoporous elec-
trodes with a power density of 74 mW cm~2 pm~!, which is
2000 times higher than other microbatteries. The microbattery
was fabricated by using template-assisted electrodeposition (TAE)
3D printing technology. First, the self-assembled opal template
of polystyrene spheres was invoked as the electrode template of
the lithium-ion battery. Next, Ni was electrodeposited into the
gap of the template, and the template was removed to obtain
nickel inverse opal. Finally, a thin layer of Ni-Sn is coated on the
nickel support to obtain the battery anode, and lithium mangan-
ite LiMnO, is coated to obtain the battery cathode. The battery
microstructure optimizes the transmission of electrons and ions,
while reducing the ion diffusion length and resistance in the entire
microbattery system, increasing the power density and realizing
the microelectronic integration of lithium-ion batteries. Sun et al.
[86] used a viscous gel-like hybrid ink containing one-dimensional
silver nanowires (AgNWs), two-dimensional graphene oxide (GO)
nanosheets and LTO nanoparticles to prepare GO-AgNWs-LTO elec-
trodes with a thickness of about 1500 pm through extrusion-based
3D printing technology. The AgNW porous network facilitates the
migration of electrons and ions to maintain high conductivity, and
the layered porous structure allows complete electrolyte penetra-
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Fig. 4. Multi-scale structural lithium-ion batteries. Reproduced with permission
[81]. Copyright 2014, American Chemical Society. Reproduced with permission [82].
Copyright 2018, Elsevier. Reproduced with permission [84]. Copyright 2013, Wiley-
VCH.

tion. Interconnected GO scaffolds can provide the required me-
chanical strength and toughness, which can improve electrode sta-
bility. LTO nanoparticles show low volume changes during battery
cycling. The results of the study found that the lithium-ion battery
with this thick electrode has a specific capacity of 121 mAh/g at
10 C, and an area capacity of 4.74 mAh/cm? at a current density
of 1.06 mA/cm?. The capacity retention rate after 100 cycles is ap-
proximately 95%. This research work has alleviated the problems
of incomplete electrolyte penetration of thick electrodes, poor me-
chanical properties, and slow electron and ion transfer, providing a
valuable reference for the design of thick electrodes for other en-
ergy storage devices.

The last is the structuration of the entire device. Similar to
structural fuel cells, structural lithium-ion batteries also have a
skin-core sandwich structure. Zhang et al. [87] prepared a mul-
tifunctional lithium-ion battery based on the skin-core sandwich
structure and tested it. It was found that the initial capacity of the
structural battery was 17.85 Ah, the energy density was 248 Wh/L,
and the specific energy was 102 Wh/kg. After 190 cycles of charge
and discharge rate of C/3 and 8 cycles of mechanical loading, the
capacity retention rate reached 85%. Studies have demonstrated
that the concept of a multifunctional structural battery has broad
development prospects for the effective use of mass and space
in electric vehicles. Carlson et al. [88] designed a multifunctional
composite automotive component, embedding lithium-ion batter-
ies into the composite component. This multifunctional composite
component combines structural functions with electric energy stor-
age, effectively reducing the weight of the system, and successfully
demonstrated the potential of using multifunctional components
to save space and weight in future electric and hybrid vehicles.
Fig. 4 shows multi-scale structural lithium-ion batteries, including
the structuration of the anode, the structuration of the cathode, the
structuration of the microbattery and the macro body large battery.
The structural lithium-ion battery can be applied to the car body
in the future to reduce the weight of the car [89].

The complex structural design of the electrodes of lithium-ion
batteries brings excellent electrochemical performance, but most of
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them usually have complex synthesis steps and high costs. The fu-
ture development of simple, easy and low-cost technology to pre-
pare structural parts is particularly critical. Although 3D printing
technology has great flexibility in designing and producing com-
plex architectures, it still faces many challenges. At present, the
most developed 3D printing technology can only prepare a sin-
gle component (electrode or electrolyte), and the one-step print-
ing technology of fully integrated preparation of the entire lithium-
ion battery is still very challenging. Designing flexible and variable-
shaped lithium-ion batteries to adapt to the shape of the car body
is also the focus of future research on structural lithium-ion bat-
teries.

3.2. Structural lithium metal battery

Metal lithium has a high theoretical specific capacity
(3860 mAh/g), a low reaction potential (—3.04 V, relative to a
standard hydrogen electrode), and light weight, which is consid-
ered the holy grail of electrode materials for lithium batteries
[90]. Therefore, the research of lithium metal batteries is of great
significance to the improvement of energy density. However,
metal lithium batteries have serious growth problem of lithium
dendrites, which make them face very severe challenges in the
process of commercialization. The growth of lithium dendrites is
likely to cause the following obstacles, including: (1) The dendrites
pierce the separator and contact the positive electrode to cause
a short circuit in the battery, raising safety problems. (2) There
will be a reaction between lithium metal and the electrolyte,
which irreversibly consumes active lithium metal materials and
electrolyte, and drastically reduces the coulomb efficiency. (3)
During the cycle, the dendritic lithium will fall off the lithium
sheet to form a "dead lithium" layer, which will not only reduce
the coulombic efficiency, but also increase the internal resistance
of the battery and affect the cycle performance. (4) For lithium
metal anodes, the volume change during each plating/stripping
process is unlimited. Therefore, effectively inhibiting the growth of
dendrites and prolonging the cycle life of the battery are the most
urgent tasks in the practical application of lithium metal batteries
[91].

Since the beginning of the 215t century, methods such as arti-
ficial SEI film protection, solid electrolyte, and structural design of
metal lithium anodes have provided good solutions to the prob-
lem of lithium dendrite growth. Among them, the structural de-
sign of lithium metal anode is the focus of research. Through the
structural design of the metal lithium anodes, the volume expan-
sion and the current density can be reduced, thereby inhibiting the
growth of lithium dendrites and improving the performance of the
lithium metal battery. Lin et al. [92] designed a layered Li/reduced
graphene oxide (rGO) composite material as a lithium metal anode.
First, a simple "spark" reaction was developed to generate a uni-
form nano-gap and partially reduce the GO film, and then Li was
uniformly injected into the interlayer space (Fig. 5A). This structure
has several obvious advantages. Firstly, the layered structure pro-
vides a stable support for lithium stripping/plating, thereby greatly
reducing the volume change of the electrode during the cycle. Sec-
ondly, rGO has excellent lithium affinity, which can ensure uniform
injection and deposition of lithium during the synthesis process
and the cycle process, respectively. Thirdly, the top layer of rGO
provides an artificial interface that is electrochemically and me-
chanically stable. Due to these advantages, layered Li/rGO films can
improve electrochemical performance. Zhang et al. [93] prepared
a coral-like silver-coated carbon fiber-based lithium metal anode
framework. Using carbon material as the substrate, the silver par-
ticles are electroplated on the carbon skeleton by the interval elec-
trophoresis method, and the carbon skeleton with uniformly de-
posited silver particles is obtained by adjusting the electroplating
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Fig. 5. (A) Fabrication schematic of a layered Li-rGO composite film and corresponding digital camera images. Reproduced with permission [92]. Copyright 2016, Nature
Publishing Group. (B) Fabrication schematic diagram of CF/Ag-Li composite electrode and SEM characterization. Reproduced with permission [93]. Copyright 2018, Cell Press.
(C) Proposed preparation mechanism for the growth of carbon nanotubes on electrospun fibers and morphology changes during alloying and Li plating. Reproduced with
permission [94]. Copyright 2021, Elsevier. (D) Schematic for the process of Li plating and stripping in the 3D garnet-type ion-conductive framework. Reproduced with

permission [96]. Copyright 2018, National Academy of Sciences.

current density and the time interval. Due to the affinity of silver
and lithium, perfect contact between molten lithium metal and the
carbon framework can be achieved, as shown in Fig. 5B. The results
of the study found that the battery can be cycled stably for 400
cycles without degradation at a current density of 1 mA/cm?2, and
it exhibits good cycle performance compared with a symmetrical
battery of bare lithium.

The 3D structure of the lithium metal anode support has a sta-
ble electron transfer framework and a porous structure that can
achieve higher capacity, which can reduce volume changes and im-
prove the overall performance during Li plating/stripping. There-
fore, Liu et al. [94] demonstrated the design of a 3D structural
lithium metal anode by electrospinning. The anode is continu-
ous carbon nanofibers with cobalt-modified nitrogen-doped carbon
nanotubes grown in situ, as shown in Fig. 5C. The porous and inde-
pendent structure can enhance the resistance to the stress caused
by the inherent volume change during the lithium plating/stripping
process, thereby significantly increasing the charge/discharge rate
and stabilizing the cycle performance. The binary Co-Li alloy phase
is formed during the initial discharge process, which creates more
active sites for the nucleation and uniform deposition of Li. Related
characterization and density functional theory simulation calcula-
tions show that the conductive and uniformly distributed cobalt-
decorated carbon nanotubes have a layered structure, which can
effectively reduce the local current density and absorb Li atoms
more easily, thereby achieving more uniform Li nucleation during
the plating process. Xue et al. [95] proposed a 3D porous core-
shell fiber scaffold as a lithium metal anode, which is composed
of well-dispersed SiO,, TiO, and carbon. It was found that even
at an ultra-high current density of 10 mA/cm2, amorphous SiO,
and TiO, can still control the nucleation and deposition of metal-
lic lithium inside the porous core-shell fiber. In addition, the hol-
low fibers and interconnected conductive skeletons can achieve
rapid electron and ion transport during cycling, high Li loading,
and structural integrity of the matrix. After being paired with
LiNip5Cog,Mng30, (NCM) cathode, the full battery exhibits high
discharge capacity and excellent cycle performance. The stable cy-
cle performance of up to 200 cycles can be obtained at 10 C. Yang
et al. [96] used a garnet-type ion-conducting framework as the ma-
trix of the lithium metal anode, studied its plating/stripping be-
havior, and proved that it is a safe and dendritic-free solid lithium
metal anode (Fig. 5D). The study found that the solid lithium metal
anode in the main body of garnet has excellent cycle stability,
which can be cycled for more than 300 h under the condition of
0.5 mA/cm?, and the overpotential is small.
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A good SEI film requires high lithium ion conductivity, high
elastic modulus, and a thin and compact film structure. The con-
centration of the electrolyte, the composition of the electrolyte, ad-
ditives, etc. will have a great impact on the properties of the SEI
film and the deposition behavior of lithium, so the modification of
the electrolyte is very important. At present, researchers are com-
mitted to finding suitable electrolyte additives to modify the SEI
film of lithium metal anodes. It is desirable to construct a highly
stable SEI layer to suppress the formation of lithium dendrites and
extend the life of the battery. Li et al. [97] designed a gradient SEI
structure with C-F bonds rich surface and LiF rich bottom layer
by using a novel bisfluoroacetamide (BFA) as multifunctional elec-
trolyte additive. Due to the polar C-F bond on the SEI surface, Lit
is easily adsorbed. Due to the low Li* diffusion barrier of LiF, Li*
can be quickly transported to the lithium anode through the LiF
rich layer. This novel gradient SEI structure achieves fast Li™ Kki-
netics and uniform Li deposition. In addition, BFA molecules can
adjust the Li* solvation structure by reducing the free solvent in
the electrolyte, improve the stability of the electrolyte, and pre-
vent the extensive degradation of the electrolyte on the cathode
surface, thereby forming a uniform and stable cathode electrolyte
interphase (CEI). The results of the study found that BFA additives
can achieve dendrite-free lithium plating/stripping in symmetric
batteries, with lower overpotential and higher cycle stability. The
full cells containing BFA additives showed excellent rate perfor-
mance and capacity retention after 200 cycles. This work provides
a very effective strategy for exploring effective electrolyte addi-
tives to inhibit lithium dendrites and protect the cathode struc-
ture. It also provides a certain reference for the SEI design of other
metal batteries. Wang et al. [98] reported that crown ether was
used as an electrolyte additive and verified that the complexation
between lithium ions and crown ether made lithium metal bat-
teries exhibit long cycle life. When the crown ether is introduced
into the electrolyte, the lithium ion/crown ether complex can re-
duce the surface concentration of lithium ions and form a larger
primary crystal nucleus. During the plating process, the complex
not only reduces the accumulation of lithium ions on the surface
of the dendrite, but also isolates the carbonate electrolyte to form
a uniform and dense SEI film, which inhibits the growth of lithium
dendrites and improves the cycle performance of the battery. Qi
et al. [99] proposed a multifunctional electrolyte additive (potas-
sium perfluorinated sulfonate) to inhibit the growth of lithium
dendrites. Firstly, K™ can form an electrostatic shielding on the sur-
face of the lithium anode to inhibit the further growth of lithium
dendrites. Then, potassium perfluorinated sulfonate acts as a con-
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ductive salt to increase the activity of the electrolyte and reduce
the potential for lithium nucleation. Thirdly, the perfluorosulfonate
anion can not only change the Lit solvation sheath structure to
reduce the desolvation energy barrier and increase the ion mobil-
ity, but also can be partially decomposed to form an excellent SEI.
The addition of perfluorosulfonate also helps to form a thin and
uniform CEI layer. These synergistic effects effectively inhibit the
formation of lithium dendrites, thereby prolonging the cycle per-
formance.

Compared with the traditional bulk electrode, the structural
lithium metal anode can not only significantly reduce the volume
change of the electrode during the cycle, but also adjust the behav-
ior of lithium ion plating/stripping to inhibit the growth of lithium
dendrites. The structural matrix is very important for the lithium
metal anode, which helps to realize a dendritic-free and highly
conductive lithium metal anode. It is of vital importance to further
optimize the structural matrix and develop a simpler and low-cost
method to prepare structural composite lithium metal anodes.

4. Structural supercapacitor
4.1. Structural electrode and electrolyte

Due to its high power density, long cycle life, and short sup-
ply time, supercapacitors have made breakthroughs in advanced
energy applications. The charge storage in supercapacitors utilizes
the electrostatic field formed at the electrode/electrolyte interface.
Through reasonable structural design of electrodes or electrolytes,
the energy conversion and storage performance of supercapaci-
tors can be improved. Structural supercapacitors are a new type
of supercapacitors, which have attracted the attention of a grow-
ing number of scientific researchers. Structural supercapacitors are
usually composed of two functional structural electrodes and poly-
mer electrolyte [100].

The structuration of structural supercapacitors is also multi-
scale. The first is the microscopic scale, such as multi-level struc-
ture design on the surface of nanomaterials. Carbon fiber has the
advantages of large specific surface area, good electrical conduc-
tivity, light weight, high specific strength and specific modulus,
and good corrosion resistance. Therefore, it is a very ideal elec-
trode material and plays a very important role in the develop-
ment of structural supercapacitors. Carbon nanotubes (CNT) have
excellent mechanical, electrochemical and thermal properties. CNT
can be grown on the surface of carbon nanofibers (CNF) prepared
by electrospinning [101], which is an effective method to improve
the performance of structural supercapacitors. Li et al. [102] used
CNF with CNT growing on the surface as the electrode material
and polyethylene glycol diglycidylether (PEGDGE) as the solid resin
electrolyte to prepare a new structural supercapacitor. It was found
that CNF/CNT electrodes have better capacitance performance than
ordinary CNF electrodes, with a capacitance of about 3.35 mF/cm?.
The estimated Young's modulus of the CNF/CNT sample is 271 GPa,
while the estimated value of the CNF sample is 145 GPa. The
growth of CNT not only enhances the capacitance of the structural
supercapacitor, but also improves its mechanical properties. This
study shows that CNF has great potential as an electrode mate-
rial for structural supercapacitors. Javaid et al. [103] used VARTM
for the first time to prepare a structural supercapacitor. The car-
bon fiber loaded with graphene nanosheets is used as the elec-
trode material, and the filter paper is used as the separator ma-
terial. The polymer electrolyte is made of the diglycidylether of
bisphenol A epoxy (DGEBA) and triethylenetetramine (TETA) cross-
linker, and LiClO4 and propylene carbonate (PC) are added to en-
hance ion mobility. Graphene nanosheets have a large specific sur-
face area, and loading them on the carbon fiber mats can im-
prove the charge storage capacity on the electrode and increase the

1825

Chinese Chemical Letters 33 (2022) 1817-1830

energy density and power density. The results demonstrate that
when the content of graphene nanosheets is 10 wt%, the power
density of the fabricated supercapacitor is 47 W/L, the energy den-
sity is 0.26 Wh/L, and the in-plane shear modulus is 3.1 GPa. It is a
novel and easy-to-implement method to use carbon fibers loaded
with graphene nanosheets as electrodes for structural supercapaci-
tors. This method can enhance the versatility of structural superca-
pacitors, and provide new ideas for further research on structural
supercapacitors. Qian et al. [104] injected carbon aerogel (CAG) into
carbon fiber fabric to form a cohesive but porous overall struc-
ture for the development of multifunctional electrodes. CAG mod-
ification can increase the surface area of the carbon fiber fabrics,
thereby improving electrochemical performance. Continuous CAG
can be applied as the nano-reinforced material of the matrix to
form a layered structure that can enhance mechanical properties.
The study also found that the in-plane shear strength and modu-
lus were increased by 4.5 times, which improved the mechanical
properties. CAG modified structural carbon fiber fabric has excel-
lent potential in multifunctional energy storage applications.

Next, the improved design of the electrolyte material of the
supercapacitor can realize the structuration. For example, adding
mesoporous particles to the electrolyte improves the performance
of structural supercapacitors. Javaid et al. [105] fabricated a struc-
tural supercapacitor by a resin infusion under the flexible tool-
ing (RIFT) method. Activated carbon fiber is used as the electrode,
glass fiber is used as the separator, and cross-linked PEGDGE is
used as the electrolyte. Mesoporous SiO, particles are added to
the electrolyte as a reinforcing agent. When mesoporous SiO, par-
ticles are added to the polymer electrolyte, the SiO, particles tend
to form aggregates, thereby providing excellent ion transport per-
formance. The results showed that fiber activation and the addi-
tion of mesoporous SiO, particles improved the performance of the
structural supercapacitor, and its energy density and shear modu-
lus were increased. The prepared supercapacitor has a power den-
sity of 34 W/kg, an energy density of 0.12 Wh/kg, and a shear
modulus of 1.75 GPa. Wang et al. [106] utilized PVDF, lithium tri-
fluoromethanesulfonate (LiTf) and epoxy resin as raw materials to
prepare a new solid adhesive polymer electrolyte. A structural su-
percapacitor was prepared by the vacuum bagging method, us-
ing carbon-based electrodes and an epoxy-based adhesive polymer
electrolyte. The research results indicate that the fabricated struc-
tural supercapacitor has acceptable mechanical strength and excel-
lent electrochemical performance. The maximum specific energy
can reach 2.64 Wh/kg, and the tensile strength can reach 80 MPa.
In addition, the response of electrochemical properties to tensile
stress was further studied. It is found that the specific power
and specific energy increased slightly with the increase of ten-
sile stress before the sample fractured. Shirshova et al. [107] pre-
pared a bicontinuous multifunctional electrolyte by mixing a com-
mercial epoxy resin with an ionic liquid based Li-containing elec-
trolyte. The study found that under the condition of 30 wt% struc-
tural resin and 70 wt% ionic liquid based electrolyte, the prepared
structural electrolyte had a room temperature ionic conductivity of
0.8 mS/cm and a Young’s modulus of 0.18 GPa. The performance
improvement can be ascribed to the formation of a bicontinuous
structure of the structural electrolyte. The two-phase system spon-
taneously forms a bicontinuous nanostructure. One phase provides
ionic conductivity, and the other phase improves structural rigidity.

From a macro perspective, 3D printing technology can also be
applied to prepare supercapacitor electrodes. In recent years, 3D
printing has become a method of manufacturing unique electrodes
with high aspect ratios and arbitrary shapes. Liu et al. [108] used
direct metal laser sintering (DMLS) 3D printing technology to ob-
tain porous stainless steel scaffolds, and then combined MnO,,
Mn, 03, poly(3,4-ethylenedioxythiophene) (PEDOT) and polystyrene
sulfonic acid (PSS) to obtain MnOx-PEDOT:PSS film layer on the



Y. Liu, Z. Yu, J. Chen et al.

Structural
Electrode

Electrode

Electrolyte

Applications

Fig. 6. Multi-scale structural supercapacitors from nano-micro to macro scale. Re-
produced with permission [100]. Copyright 2014, Royal Society of Chemistry. Repro-
duced with permission [102]. Copyright 2018, Springer. Reproduced with permis-
sion [107]. Copyright 2013, Royal Society of Chemistry. Reproduced with permission
[108]. Copyright 2016, Wiley-VCH.

surface of the 3D printed stainless steel scaffolds by the co-
electrodeposition method. MnOx-PEDOT:PSS films are utilized as
composite electrodes for structural pseudocapacitors. In the case of
porous scaffolds, since the accessible surface area increases, the ac-
tive material forms a relatively thin layer. By combining the porous
stainless steel scaffold with a thinner membrane layer, this can
improve the surface area and enhance the conductivity of elec-
trons to increase the efficiency of the charge and discharge process.
The new method combining 3D printing and co-electrodeposition
has realized structural pseudocapacitors with higher surface ca-
pacitance, longer cycle performance and lower resistance, and a
new perspective on the development of 3D printed pseudocapac-
itors with structural load-bearing capacity has been proposed. It
is also of great significance to the development of other 3D print-
ing energy storage devices. Li et al. [109] used DIW printing tech-
nology to prepare 3D graphene electrodes. First, graphene ink was
printed layer by layer to form a 3D structure. After freeze drying
and chemical reduction treatment, a 3D graphene electrode with a
specific shape was obtained. The gel electrolyte was prepared by
dissolving polyvinyl alcohol (PVA) powder in deionized water and
then adding H,SO4. The unique 3D graphene structure enables the
new miniature supercapacitors to have excellent performance, such
as high specific capacitance, long cycle life, stable mechanical flex-
ibility and integration with microelectronic devices.

Fig. 6 shows multi-scale structural supercapacitors from nano-
micro to macro scale. Structural supercapacitors have great possi-
bilities in electric vehicles, aerospace and portable electronic prod-
ucts. As an application example, the LEDs of a full size trunk lid
for a Volvo S80 are powered by structural supercapacitors.

Reasonable structural design of electrodes and electrolytes to
develop structural supercapacitors with higher power density, en-
ergy density and elastic modulus is still a hot research direction
in the future. Similar to lithium-ion batteries, the most advanced
3D printing technology can only prepare a single component (elec-
trode or electrolyte) of a supercapacitor, and the one-step printing
technology for fully integrated preparation of the entire superca-
pacitor is still very challenging.

4.2. Flexible and stretchable supercapacitor

Traditional supercapacitors are usually made of rigid plates and
appear bulky, which is disadvantageous for many applications. For
example, portable, highly integrated devices, they have to be small,
light and highly flexible [110-112]. Therefore, flexible equipment
has become a development trend today [113-115].

Flexible supercapacitors can be designed into a variety of
shapes, and the shapes of their devices are diversified, such as
fiber line, ring, sheet. Fibrous supercapacitors have received more
and more attention from researchers, due to their light weight,
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small size, high flexibility, and strong weavability [116,117]. Cai
et al. [118] utilized electrodeposition to synthesize composite fibers
of highly oriented multi-walled carbon nanotubes (MWCNT) and
polyaniline (PANI), and covered a layer of gel electrolyte on the
MWCNT-PANI composite fibers. Two composite fibers were twisted
to prepare a linear supercapacitor, as shown in Fig. 7A. The study
found that the specific capacitance of the prepared linear superca-
pacitor was as high as 263 mF/cm. Lightweight, high strength, high
flexibility and weavability provide it with promising applications
in various fields. Chen et al. [119] used carbon nanotube fibers and
sheets to prepare an electric double-layer capacitor fiber with a
coaxial structure (Fig. 7B). They serve as the two electrodes of the
capacitor, and a polymer gel is added between them to act as an
electrolyte. The unique coaxial structure can reduce the contact re-
sistance between the two electrodes, and quickly transport ions
between the two electrodes, which are beneficial to achieve higher
electrochemical performance. The experimental results found that
the maximum discharge capacitance can reach 59 F/g, and it has
been maintained in good condition under high current. This en-
ergy storage fiber material is also flexible and stretchable, can be
commonly applied in electronic textiles, and has very huge appli-
cation potential. Qu et al. [120] developed hollow fiber electrodes
including reduced graphene oxide/conductive polymer composite
fibers with PVA/H3PO,4 gel as the electrolyte, and prepared a new
type of fibrous supercapacitor (Fig. 7C). The formation of the hol-
low structure is due to the release of gas during the reduction
reaction of graphene oxide. The hollow structure inside the fiber
will increase the specific surface area, thereby increasing the con-
tact interface between the electrode and the electrolyte and pro-
moting the transfer of charges. It is found that this new type of
fiber supercapacitor has a specific capacitance as high as 304.5
mF/cm2, an energy density as high as 6.8 nWh/cm?, and long-
life stability. Fiber supercapacitors can be woven into soft textiles,
which are particularly promising for portable and wearable elec-
tronic devices. Liao et al. [121] incorporated fluorescent dye par-
ticles into aligned MWCNT sheets through a cospinning process,
and performed a rolling process to convert the sheets into fibers.
Then, two fluorescent fiber electrodes were coated with a layer of
aqueous gel electrolyte. Finally, two fiber electrodes were twisted
together to prepare a new type of multicolor fluorescent superca-
pacitor fiber (Fig. 7D). The fluorescent component in the dye intro-
duces a fluorescent indicator function to the supercapacitor fiber,
which shows great hope for flexible and wearable devices used in
dark environments. In addition, the color fluorescent supercapaci-
tor fiber can also maintain very good electrochemical performance
during the cycle of bending and charge-discharge processes. In ad-
dition to fibrous linear supercapacitors, supercapacitors can also be
made into rings and sheets to satisfy new wearable applications
and other emergency requirements. Wang et al. [122] wound the
aligned CNT/PEDOT:PSS composite sheets onto an elastic polymer
ring to prepare a ring-shaped supercapacitor. The study found that
the prepared toroidal supercapacitor showed a high specific capac-
itance of 134.8 F/g, and could maintain excellent electrochemical
performance under the action of expansion and pressure. Due to
its high flexibility and elasticity, the same ring-shaped superca-
pacitor can meet substrates of various sizes and irregular shapes
(Fig. 7E). Sun et al. [123] prepared thin and flexible supercapac-
itors through advanced slicing technology. Sheet supercapacitors
have uniform surface and compact interface, and have excellent
electrochemical performance. Simultaneously, their thickness is ad-
justable. The study found that the specific capacitance of the sheet
supercapacitor is as high as 248 F/g, and it can maintain good elec-
trochemical performance before and after bending. As an appli-
cation demonstration, the researchers fixed three series-connected
thin supercapacitors on the fingernails to light up commercial LED
light (Fig. 7F), which showed its huge application potential. The
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Fig. 7. (A) Schematic illustration and SEM image of two aligned MWCNT-PANI composite fibers twisted into a fiber supercapacitor. Reproduced with permission [118]. Copy-
right 2013, Royal Society of Chemistry. (B) Schematic illustration of a fiber supercapacitor with coaxial structure (top), SEM image of a fiber being made into a knot (bottom
left) and SEM image of several fibers being woven into a textile structure (bottom right). Reproduced with permission [119]. Copyright 2013, Wiley-VCH. (C) Schematic illus-
tration of preparation of a fiber supercapacitor with hollow structure (top), and cross-sectional SEM images of the hollow composite fibers at low and high magnifications,
respectively (bottom). Reproduced with permission [120]. Copyright 2016, Wiley-VCH. (D) Schematic diagram of the preparation process of the fluorescent fiber electrode
(top), photographs of continuously prepared fluorescent fiber under natural light and ultraviolet, photograph of fluorescent supercapacitor fibers with four colors woven into
a black textile under ultraviolet, and fluorescent supercapacitor fibers woven into a glove to power red light-emitting diodes. Reproduced with permission [121]. Copyright
2018, Wiley-VCH. (E) Photograph and schematic illustration of the structure of the ring-shaped supercapacitor (top), and photographs showing that the ring-shaped super-
capacitor can be worn on the substrates of various sizes and irregular shapes (bottom). Reproduced with permission [122]. Copyright 2016, Royal Society of Chemistry. (F)
Schematic diagram of manufacturing the thin supercapacitor through slicing method (top), and photographs of the thin supercapacitors powering red-light-emitting diode
in the dark (bottom). Reproduced with permission [123]. Copyright 2016, Wiley-VCH.

slicing method has the advantages of low cost, small individual dif-
ference and controllable thickness, and can be extended to other
thin energy storage devices with high performance.
Supercapacitor fibers can be woven into textiles with high per-
formance, which have great potential in the application of wear-
able electronic devices. Sun et al. [124] developed a large-area su-
percapacitor textile with high energy storage performance by de-
signing a novel layered conductive structure. Hong et al. [125] uti-
lized a multichannel spinneret with two internal parallel nozzles
for electrode inks and a larger external nozzle for carrying gel
electrolyte to continuously produce supercapacitor fibers of sev-
eral kilometers length and high productivity through a one-step
process. PEDOT:PSS and CNT are mixed to prepare high-viscosity
electrode ink for two fiber electrodes. The mixture of chitosan and
PVA is used as gel electrolyte, because chitosan is easy to so-
lidify and PVA has higher mechanical strength. The supercapaci-
tor fibers produced also show high flexibility, structural stability
and electrochemical stability, and are further woven into a soft
scarf by knitting machine (Fig. 8A), which is expected to realize
wearable applications. Carbon nanotube arrays with unique grad-
ual structure can be used as electrode materials for supercapaci-
tors. Zhao et al. [126] developed a new type of compressible carbon
nanotube array (CCNA) material by imitating the gradient struc-
ture of the mouth of the giant squid. This CCNA material has a
unique highly crosslinked gradual structure in the vertical direc-
tion, can withstand different degrees of compressive strain, and
has high reversible compressibility and excellent conductivity. By
using CCNA as the electrode, a new type of compression sensing
supercapacitor was prepared, which can store energy and sense
changes in external strain. As an application demonstration, mul-
tiple compression sensing supercapacitors are integrated into the
circuit to make a multifunctional device. When different amounts
of pressure are applied on the flexible integrated watchband, the
LEDs of different colors are lightened (Fig. 8B). Nanowire arrays can
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also be used as electrode materials for supercapacitors. Ning et al.
[127] synthesized NiCoO,/NiCoP nanowire arrays directly grown on
nickel foam, and embedded NiCoP nanoparticles into amorphous
NiCoO, on a single nanowire. The unique and novel structural de-
sign combines the characteristics and advantages of metal phos-
phides and metal oxides. Firstly, the design of the self-supporting
NiCoO,/NiCoP material on the foamed nickel improves the con-
ductivity of the electrode and reduces the internal resistance. Sec-
ondly, the morphology of the nanowire array shortens the ion
transmission path and increases the specific surface area. Thirdly,
the combination of highly active NiCoP and stable NiCoO, signif-
icantly improves the specific capacitance and cycle performance.
With NiCoO,/NiCoP nanowire array/Ni as the positive electrode
and activated carbon as the negative electrode, the assembled all-
solid-state supercapacitor exhibits excellent flexibility. At the same
time, two devices connected in series can light up 21 red LED in-
dicators. With the increasing demand for portable and wearable
electronic devices, flexible and transparent supercapacitors have
also become a new generation of energy storage devices [128].
Based on the fractal network structure of leaf veins, Chen et al
[129] prepared Au/polypyrrole (PPy) transparent flexible electrodes
through chemical etching, UV lithography, sputtering deposition of
Au metal film, stripping of photoresist, and electrochemical de-
position of PPy (Fig. 8C). Then, researchers used PVA/LICl gel as
the electrolyte and wrapped the electrolyte with a frame made
of acrylic double-sided adhesive to assemble a transparent super-
capacitor. The assembled transparent supercapacitor has a visible
light transmittance of 45% at a current of 1 mA and a surface ca-
pacitance of 5.6 mF/cm?. In addition, the transparent supercapaci-
tor also has excellent electrochemical stability and mechanical flex-
ibility, and is expected to be widely applied in transparent wear-
able electronic products.

Although the preparation of flexible supercapacitors has made
rapid progress and made huge research results, there are still many
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Fig. 8. (A) Schematic of the continuous fabrication of supercapacitor fibers toward energy storage textiles (top), a supercapacitor scarf by weaving the supercapacitor fibers
with cotton yarns (bottom left), and the supercapacitor scarf demonstrated to be flexible (bottom right). Reproduced with permission [125]. Copyright 2019, Springer. (B)
Schematic diagram of the CCNA with gradually crosslinking structure, Schematic diagram of the compression sensing supercapacitor function as a strain sensor before and af-
ter compressing, and different pressures being applied on the flexible integrated circuit to light up different colored LEDs. Reproduced with permission [126]. Copyright 2020,
Wiley-VCH. (C) Schematic diagram of the fabrication process of PPy/Au network electrode, and photograph of supercapacitor demonstrating high transparency. Reproduced

with permission [129]. Copyright 2019, Wiley-VCH.

unsolved problems to be explored. The electrochemical perfor-
mance of flexible supercapacitors is far from meeting the needs
of practical applications. For flexible fiber supercapacitors, while
maintaining their inherent high specific power density unchanged,
it is still important to enhance their capacitance and energy den-
sity. Still need to further explore and develop other new materials
for mass production of flexible electrodes. At present, flexible su-
percapacitor fibers can only be woven on a limited area with small
machines or by hand. Using commercial machines to weave fiber
supercapacitors over a large area is a huge challenge. Flexible de-
sign of device shapes to develop the diversification of supercapac-
itor shapes is still a significant research direction.

5. Summary and outlook

Traditional energy devices have encountered performance bot-
tlenecks. In addition to finding new and suitable materials, the
structural design of energy devices can achieve satisfactory energy
conversion and storage performance. By improving and innovating
the structure of traditional energy devices, new structural energy
devices can be obtained. Structural energy devices are expected to
achieve lightweight design, improve mechanical support, enhance
electrochemical performance, and adapt to the special shape of
the device. This review puts forward the concept of structural en-
ergy devices and summarizes the latest developments in structural
energy devices, including fuel cells, lithium-ion batteries, lithium
metal batteries, and supercapacitors. First, the structural fuel cell
is introduced, focusing on the structural components and the skin-
core sandwich structure of the entire device. Next, the research
progress of structural lithium-ion batteries and structural lithium
metal batteries in recent years is also summarized. The key devel-
opments of structural lithium-ion batteries are summarized from
a multiscale perspective, and structural design of lithium anode
for lithium metal batteries is highlighted. The latest developments
in structural electrodes and structural electrolytes of supercapaci-
tors are also summarized in the view of multiscale. Finally, flexi-
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ble supercapacitors with diversified shapes are shown. Each struc-
tural energy device has its own merits and drawbacks, as shown
in Fig. 9.

Structural energy devices can effectively save system weight
and volume, and improve performance. Therefore, they have broad
development prospects in the fields of unmanned aerial vehicles,
new energy vehicles, and aerospace. For example, structural bat-
teries are expected to be used in the body of unmanned aerial
vehicles or new energy vehicles to reduce the weight of un-
manned aerial vehicles or cars and improve their overall perfor-
mance. Structural energy devices have attracted the attention of
a growing number of researchers and made certain progress, but
they still face enormous challenges. The structuration of batter-
ies and supercapacitors in the future depends on structural design
and material selection. The design of the structure requires novel
and unique technologies. For example, 3D printing technology can
topologically optimize the complex structural designs. It can sat-
isfy the needs of lightweight design while reducing the amount of
materials, thereby achieving structural weight reduction. 3D print-
ing technology is increasingly favored by people, and will continue
to be applied in the structural design of structural batteries and
supercapacitors in the future. At present, the most developed 3D
printing technology can only prepare a single component (elec-
trode or electrolyte) of a battery or capacitor, and the one-step
printing technology of fully integrated preparation of the entire de-
vice is still challenging. Besides, 4D and 5D printing technologies
are also hopeful to be used in the structural design of energy de-
vices. In order to rationally design the structure of the component
or the entire device, an advanced, low-cost, and environmentally-
friendly synthesis strategy is urgently needed. The choice of mate-
rials is also an important issue. The structuration of batteries and
supercapacitors in the future will require materials with low den-
sity, low cost and better performance. It is still essential to search
for new materials with further improved electrochemical proper-
ties. In order to expand structural devices from the laboratory to
the industrial scale, there is an urgent need to develop low-cost
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Structural energy devices

Structural fuel cell

High efficiency High energy density
Zero emission High working voltage
Low working temperature High charging efficiency
Short life Small self-discharge
High cost Long cycle life

Poor shape adaptability High cost

Structural lithium-ion battery

Structural lithium metal battery

Structural supercapacitor
High energy density High power density
High specific capacity Large capacity
Low reaction potential Short charge/discharge time
Light weight Long cycle life
Poor safety performance Low energy density

Poor chemical stability High cost

Fig. 9. Various structural energy devices.

and mass-produced technical strategies. In addition, structural de-
vices must be further stacked and packaged to meet the urgent
needs of high energy density, high power density, and high safety.
In addition to structural fuel cells, structural lithium-ion batteries,
structural lithium metal batteries and structural supercapacitors,
structural energy devices can also be extended to structural air
batteries, structural flow batteries, structural solar cells, etc. This
has far-reaching significance for the development of structural en-
ergy devices in the future. With the efforts and struggles of gen-
erations of scientific researchers, a variety of structural energy de-
vices will bring earth-shaking changes to the world, and promote
better progress and development in the fields of new energy vehi-
cles, aerospace, and electronic equipment. In short, structural en-
ergy devices have very huge development opportunities, and the
exploitation of new integrated batteries and supercapacitors with
high performance, light weight, and low cost is still a key research
direction in the future.
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