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portable electronics, cell phones, elec-
trical vehicles (EVs), aerospace, etc. For 
advanced batteries, higher and higher 
energy density and/or power density, 
long cycling stability, good device safety, 
and low-cost are the primary goals. Since 
the energy density is mainly dependent 
on the specific capacity and loading level 
of active materials (AMs), AMs usually 
dominate the volume and weight inside 
the batteries. Because of this, tremendous 
efforts have been focused on high-perfor-
mance AMs. However, the electrochemical 
performance of energy storage devices 
(ESDs) is fundamentally determined by a 
collective contribution or teamwork of all 
the components: AMs, electrolyte, sepa-
rator, conductive agent, binders, etc. More 
importantly, with the increasing interests 
on high-capacity AMs (e.g., silicon, sulfur, 
Li-rich cathode, etc.), it becomes very clear 
that the “traffic system” (i.e., the charge 
transport system) plays very critical roles 
in the performance of the high-capacity 
AMs. Take silicon anode for example, a 
durable and flexible conductive network 
inside the electrode composite has been 

vital for addressing the big volume change issue. In this case, 
high-performance binders and conductive agent that can gen-
erate advanced conductive network are the keys.[2] In addition, 
with the increasing interests on EVs and flexible electronics, 
building a powerful and robust charge transport system inside 
ESDs is an urgent and critical task to support fast charging/
discharging capability and even flexibility of ESDs. In short, 
with the fast development of energy storage technologies, EVs, 
cell phones, etc., there is a critical, urgent, and challenging task 
on building powerful and durable charge transport system in 
next-generation advanced ESDs.

1.1. Charge Transport Inside ESDs

The thriving of big cities highly relies on a powerful traffic 
system that transports the people, foods, products, etc. Sim-
ilar to this picture, ESDs are powered by the transportation of 
charges, including both ions and electrons. As illustrated in 
Figure 1a, one can analogize the charge transport system and 
AMs in the electrodes of ESDs to the traffic system and build-
ings (i.e., host system of people), respectively. This analogy 
example not only help to explain the relationship between 

The charge transport system in an energy storage device (ESD) fundamentally 
controls the electrochemical performance and device safety. As the skeleton 
of the charge transport system, the “traffic” networks connecting the active 
materials are primary structural factors controlling the transport of ions/elec-
trons. However, with the development of ESDs, it becomes very critical but 
challenging to build traffic networks with rational structures and mechanical 
robustness, which can support high energy density, fast charging and dis-
charging capability, cycle stability, safety, and even device flexibility. This is  
especially true for ESDs with high-capacity active materials (e.g., sulfur and 
silicon), which show notable volume change during cycling. Therefore, there 
is an urgent need for cost-effective strategies to realize robust transport 
networks, and an in-depth understanding of the roles of their structures and 
properties in device performance. To address this urgent need, the primary 
strategies reported recently are summarized here into three categories 
according to their controllability over ion-transport networks, electron-trans-
port networks, or both of them. More specifically, the significant studies on 
active materials, binders, electrode designs based on various templates, pore 
additives, etc., are introduced accordingly. Finally, significant challenges and 
opportunities for building robust charge transport system in next-generation 
energy storage devices are discussed.

Composite Electrodes

1. Introduction

Energy conversion and storage plays a more and more critical 
role in our daily lives due to the increasing and urgent interest 
on clean energy and technologies.[1] Advanced batteries (e.g., 
lithium ion batteries (LIBs) and sodium ion batteries (SIBs)), 
capable of storing more energy and running much longer than 
conventional batteries, are, therefore, of great interests and 
have significant applications in numerous industries, such as 
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charge transport system and AMs in ESDs, but also is very 
instructive for a rational design of charge transport system 
that can support high energy density, high power density, long 
cycle stability and good safety. To further understand the charge 
transport inside ESDs, the flow of ions and electrons is illus-
trated by an in-series gear configuration as shown in Figure 1b. 
In this gear configuration, each gear corresponds to a unique 
part of the charge transport system. Specifically, the charge 
transport system is composed of several sections. Inside com-
posite electrodes, there are four parts: ion transport network 
determined by the porous structures of the electrode com-
posite, electron transport network built from the conductive 
agent and binder, the ion/electron transport inside the AMs, 
and the interfaces between conductive agents (electrolyte and 
conductive fillers) and AMs. Between the two electrodes, it is 
the ion transport network determined by the porous structures 
of the separator. At the same time, the connection between the 
gears represents the primary interfaces between the main com-
ponents of ESDs. This configuration well reflects the collective 
nature of the charge transport. Every gear and the connection 
between two gears could be the limiting or dominant factor 
controlling the charges transport inside ESDs. As a result, the 
charge transport inside ESDs works in a similar way as the rota-
tion of the gear configuration. In real ESDs, the input or output 
current is realized by countless in-series gear configuration as 
illustrated by Figure 1b.

1.2. Critical Factors Controlling the Charge Transport Networks

The work efficiency and stability of the charge transport 
system as illustrated by the in-series gear configuration are 
highly dependent on many and complicated factors. Although 
it is very hard to identify all the factors, the primary factors 
can be classified into about three categories as summarized in 
Figure 1c. The first category is the materials factors, including 
the ionic/electronic conductivities of the components and the 
material morphology (e.g., shape, size, etc.).[3] The conductivi-
ties of battery materials are the most critical factor describing 
the charge mobility through the materials. The morphology 
of each component, primarily AMs or electrode particles, is 
another critical factor controlling the pathways for the ion/
electron transport inside the battery materials.[4–7] The second 
category is on interface factors that are the most complicated 
and also instable factors inside ESDs. This is fundamentally 
determined by the fact that an ESD is a combination of very 
different materials, including solid particles (active mate-
rials, conductive agent, etc.), organic liquids or inorganic/
polymeric solids being as electrolyte, polymeric separator, 
binder, and metals as current collectors. Usually, there is no 
compatibility among these materials, which results in com-
plicated interfaces. In Figure 1c, to name a few critical ones, 
the interfaces among the main components (AMs, electrolyte, 
separator, and conductive fillers) include the ones of sepa-
rator/electrode, electrolyte/active material or solid electrolyte 
interphase (SEI),[8,9] and conductive agent/active material. 
These interfaces correspond to the gear connection as illus-
trated in Figure 1b. It is clear that the connection quality of 
interfaces among these components/materials is one of the 

keys controlling the charge transport process.[10,11] However, 
there is a big challenge to characterize and understand effects 
of these interface factors mainly due to the fact that the var-
ious interfaces are very complicated in structures and instable 
with time, temperature or electrochemical reactions.[12–16] This 
is especially true for high-capacity electrodes with notable 
volume change.[2,17–19]

The third category is summarized as configuration fac-
tors that describe the conductive network structures for ions/
electrons transport. Based on the charge transport process as 
illustrated in Figure 1b, there are three different configuration 
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factors, including the electronic conductive network inside 
the electrodes, the pore network structures of the electrodes 
and the separator (i.e., the pathways for the ion transporta-
tion). Similar to the functions of veins in organisms, these 
configuration factors determine the 3D structures of path-
ways for charge transportation, which fundamentally control 
the charge transportation capability. Due to the complicated 
coupling effects among these factors, it is a big challenge to 
understand the relationships between these charge transport 
factors and the cell performance. In addition, environmental 
factors (e.g., temperature, applied deformation, vibrations) 
can notably affect the charge transport, which is not a focus 
discussed in this review.

1.3. Random Close Packing (RCP) for Conventional 
Composite Electrodes

In a traditional battery electrode, as illustrated in Figure 2, the 
charge transport system is built via several steps. For the first 
step, the conductive agent, polymer binder and AMs are mixed 
together in an appropriate solvent to form uniform electrode 
slurry. Then, the slurry is coated onto current collectors and a 
porous composite is fabricated after the solvent is removed. In 
this porous composite, the conductive agent “glued” by polymer 
binder constructs the electron transport network (ETN). This 
ETN will be further treated by heating and compression (i.e., 
calendaring) during the manufacturing of electrodes. At this 

Adv. Mater. 2019, 31, 1804204

Figure 1.  The charge transport system in a typical energy storage device (e.g. lithium-ion batteries) using liquid electrolytes. a) Analogizing the traffic 
system in cities to the charge transport system in battery electrodes. b) Illustration of the charge transportation process and its collective nature by 
in-series gear configuration. c) Classification of the main factors affecting the charges transport.

Figure 2.  Illustration of the traditional strategy based on random close packing (RCP) for building the charge transport system in composite electrodes.
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stage, the ion transport network (ITN) structure for ion trans-
portation is also established by the porous structures of the 
dry composite electrodes. However, the ion transport system is 
not yet fully established as there are no mobile ions inside the 
electrode. At the next step, liquid electrolyte (e.g., organic liquid 
electrolytes) is introduced into the composite electrodes during 
the battery assembly. Through liquid wetting, all the porous 
structures of the composite electrodes and separator are occu-
pied by the ion-conductive electrolyte, which finally establishes 
the ion transport system.

For this traditional strategy, each step and every component 
play an important role in building the transport networks. 
More specifically, the ratios among the components,[20] the 
morphology of the AMs and conductive agents,[21] the manufac-
turing conditions especially the calendering process, etc.[22] are 
the critical factors determining the final structures of the charge 
transport networks. In particular, electrode calendering process 
has significant and complicated effects on the charge transport 
networks, and thus impacts the electrochemical performance. 
For the ITN (i.e., the porous structure of composite electrodes), 
the porosity (the volume fraction of ITN) is notably affected by 
the calendering process.[23,24] At the same time, the 3D struc-
ture of ITN (the tortuosity) is also notably affected by the cal-
endaring process. For example, the tortuosity in the thickness 
direction usually increases with the reduction of thickness after 
calendaring.[25–27] However, the thickness of the ITN is also 
reduced after calendering, which shortens the travel distance 
for the Li–ions. For ETN, the calendering can notably enhance 
the structure stability and network connectivity when combined 
with the effects of binder. This improvement helps to stabilize 
ETN and improve the electrochemical performance.[23,24,28,29] 
In short, the calendering is a simple process but a critical 
step for the quality control of composite electrodes. Owing to 
the simplicity and scalability, this RCP model has been widely 
employed by both industries and laboratories. At the same 
time, because most of the AMs are usually particles, this RCP 
strategy is the most important one in practice. As a result, it 
lays the foundation for other strategies as introduced in this 
review. The main disadvantage for this traditional strategy is 
the poor controllability over the structures and properties of 
the transport networks. The random self-packing of electrode 
components is sensitive to many factors, such as the charac-
teristics of components, ratios, manufacturing conditions, 
etc. Therefore, the primary goal of the strategies summarized  
here is to achieve better control over the charge transport 
networks.

1.4. Scope and Structure

As introduced above, the whole picture of the charge trans-
port system consists of two sub-systems including the phys-
ical networks (similar to roads in a real traffic system) and 
the conduction media (the ion-conductive electrolyte and 
electron-conductive agents). At the same time, it can be physi-
cally divided into about six sections as illustrated in Figure 1b. 
Therefore, a comprehensive summary of the related efforts and 
understanding of the whole picture will be an extremely huge 
and challenging task. In this review, for clarity, we try to focus 

on the physical networks of the most important two sections in 
composite electrodes: the ion and electron transport networks 
surrounding the AMs. The main reason for such reviewing is 
explained below. It is well accepted that, with the increasing 
demands for higher energy and power densities, long cycle life 
and safety, building robust physical networks for efficient ions/
electrons transport in composite electrodes becomes increas-
ingly critical, especially for high-capacity AMs. High-capacity 
AMs, such as sulfur and silicon, are well known by their huge 
volume change during the electrochemical reaction processes, 
which result in serious structural instability for the charge 
transport system.[30–32] Therefore, building advanced physical 
network structures for transport of both ion and electron is 
one of the most critical tasks for the success of high-capacity 
AMs. Therefore, other sections of charge transport system, 
such as the ion/electron transport inside AMs, the ion/electron 
transport through the interfaces (such as solid-electrolyte-inter-
phase), and the ion transport through the separator are not 
included here. Meanwhile, the effort on improving conductivity 
of conductive media (e.g., electrolyte and conductive fillers) is 
not included in this review either.

In the following sections, we will organize the main strat-
egies into three categories based on their contribution to dif-
ferent part of the charge transport networks as shown in 
Scheme 1: 1) strategies for mainly controlling ITN, 2) strategies 
for mainly controlling ETN, and 3) strategies for controlling 
both ITN and ETN. Although this organization is not techni-
cally rigorous since ETN and ITN are coupled somehow, it will 
help the understanding of their roles as discussed in this review.

2. Controlling ITN in Composite Electrodes

For an ESD with liquid as the electrolyte, the ITN is actually 
the porous network inside the composite electrodes. Therefore,  
the strategies for ITN control are the ones controlling the porous 
structures of the composite electrodes. In practice, the porous 
structure in composite electrodes is a product of the team 
work by all the components and the manufacturing process. 
Thus, it is hard to control the whole ITN via a simple and 
single step. It is noted that the component ratios and manu-
facturing conditions (e.g., calendering processing as introduced 
above) are critical factors determining both the ITN and ETN 
structures; however, we will not emphasize them here and  
the readers are suggested to read the review by Ein-Eli and 
co-workers.[22]

2.1. Porous Particles: Porosity Control for ITN

Since AM is the dominate component inside the composite elec-
trodes, design of AMs with rational morphology facilitating fast 
ions transport is one primary way to control the ITN structure. A 
good example of this point is the work on porous AMs.[34–50] For 
electrodes with porous AMs, the structures of ITN will include 
two parts: one is the porous structures around the AMs; and 
the other is the porous structures inside the AMs. For example, 
as shown in Figure 3a,b, Cao and co-workers reported a facile 
strategy based on amorphous TiO2/oleylamine nanoprecursor 

Adv. Mater. 2019, 31, 1804204
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Scheme 1.  Overview of the strategies summarized in this review for controlling the charge transport systems in composite electrodes.

Figure 3.  Porous particle engineering for building fast ion-conduction channels inside active materials (AMs). a,b,h) Porous TiO2 particles by 
self-assembly: a) Schematic of the synthesis strategy based on an oleylamine-assisted self-assembly process. b) SEM image of the porous TiO2 particles. 
h) C-rate performance. c,d) 3D porous Ge particles by HF etching: c) Schematic of the fabrication strategy based chemical etching of silica template. 
d) SEM image of the 3D porous Ge particles. e–g,i,j) 3D porous LiMnPO4 (LMP) flakes and micro-ball: e) Illustration of the strategy by poly(methyl 
methacrylate) (PMMA) template method. f,g), SEM images of the porous LMP flakes and balls, respectively. i,j) C-rate and cycle performance for 
the 3D porous LMP flakes and micro-ball. a,b,h) Reproduced with permission.[33] Copyright 2017, American Chemical Society. c,d) Reproduced with 
permission.[34] Copyright 2010, Wiley-VCH. e–g,i,j) Reproduced with permission.[35] Copyright 2011, Wiley-VCH.
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for fabrication of porous core–shell TiO2 particles as advanced 
anode for LIBs.[33] In this strategy, the porous structure of the 
TiO2 particles was controlled by a self-assembly process of a 
nanoprecursor. This self-assembly method has been widely used 
to prepare porous microparticles, such as pomegranate-inspired 
porous Si particles by Cui and co-workers.[42] Chemical etching 
is another important conventional method to prepare porous 
AM.[51–54] For example, Cho and co-workers reported different 
types of 3D porous germanium nanoparticle assemblies as 
high-performance anode for LIBs.[34] In this strategy, silica NPs 
were employed as the template of the pores. With the help of 
assembly and chemical etching of silica by HF (see Figure 3c),  
3D porous germanium particles were fabricated (see Figure 3d). 
Cho and co-workers reported a similar strategy for fabrication 
of macroporous silicon particles by metal-assisted chemical 
etching.[37] They employed commercially available bulk Si pow-
ders with size of about 10 µm as the raw materials, and success-
fully fabricated 3D porous Si particles with nanoscale pores.

In addition, strategies on fabrication of porous cathode par-
ticles are also of great interest.[35,44,45,49,55] For example, Cho 
and co-workers reported a polymer-template method to pre-
pare porous LiMnPO4 (LMP) flakes and microball as shown in 
Figure 3e.[35] In this strategy, poly(methyl methacrylate) (PMMA)  
colloidal crystals were used as the template for the pores, which 
can be removed easily by an annealing process. The scanning 
electron microscopy (SEM) images (see Figure 3f,g) indicate 
that the pores were well controlled by the template with a size 
of ≈250 nm. Pores were also introduced into AMs with different 
shape, such as porous nanosheet,[50,56] porous nanofiber[33] and 
meshed plate-like particles.[57] For a more comprehensive sum-
mary on porous AMs, the readers are suggested to read the 
review by Stein and co-workers.[49]

The pores inside AM particles can significantly improve the 
charge transport by mainly three mechanisms: 1) opening more 
pathways for fast ions transportation, 2) reducing the diffusion 
distance of charges inside the AM particles, and 3) stabilizing 
the structures of high-capacity AMs during volume change. 
As a result, the C-rate capability can be improved as shown in 
Figure 3h–j. In particular, the porous assembled TiO2 delivered 
a specific capacity around 150 mAh g−1 even at a high current 
density of 20 C, which is about 3 times of the nonporous TiO2 
particles as shown in Figure 3h.[33] For the porous LMP flakes 
and microball, Cho and co-workers found that 3D porous flakes 
delivered much higher capacity at different C-rates as compared 
with 3D porous balls as shown in Figure 3i,j. As shown above, 
porous design of AMs is an effective strategy of adjusting the 

ITN structures. However, it will inevitably reduce the energy 
density due to the increase of pore volume. At the same time, 
there is little knowledge on how the porous structures affect the 
mechanical and structural stability of AMs and the final elec-
trode composites, which may have notable influence on the 
performance stability. Therefore, more fundamental studies 
on the structure-properties-performance relationships are in 
critical need for this porous AM strategy.

2.2. Pore Additives: Porosity and Tortuosity Control for ITN

For particles-based electrodes, the ITN around the AMs can be 
controlled by addition of template additives. Similar to the tem-
plate methods employed for creating porous structures inside 
AMs, template additives generate well-defined pores inside com-
posite electrodes after their removal as illustrated in Figure 4. In 
this strategy, the template additives are introduced as an addi-
tional component to form well-defined pore template. Depending 
on the properties and structures, the template additives can form 
ordered or nonordered pores after removal. Usually, they are 
removed after the calendering process in order to protect the 
ITN that was already created by the template additives.

Magnetized Rods as Pore Additives Creating Ordered ITN: There 
are several types of template additives reported thus far. The first 
one is magnetic template additives. This type of template addi-
tives was initiated by Chiang and co-workers.[58] As illustrated in 
Figure  5a, magnetized nylon rods are first introduced into the 
electrode slurry. With the help of magnetic field, these nylon 
rods align with the magnetic field and form ordered structure 
inside the composite electrodes. After a step of consolidation, 
the aligned nylon rods were removed by pyrolysis. As a result, 
ordered porous structures can be realized. Figure 5b,c shows the 
SEM images of the fracture surface for the electrode composite 
with aligned nylon rods before and after the removal of template 
additives. The aligned structures along the thickness direction are 
clearly shown. The most significant contribution of the aligned 
pores is the fast ion transport in thick electrodes. They suc-
cessfully demonstrated a thick electrode with thickness around 
700 µm and an areal capacity above 12 mAh cm−2, which is about 
three times of the commercial LIBs. The aligned pore structure 
significantly improved the ion transport in the thick electrode. As 
a result, it notably improved the C-rate performance, especially at 
high C-rates, such as 1 C, as shown in Figure 5d.

Salts as Pore Additives for ITN Control: Salts, such as table 
salt, were employed as template additive to create pores inside 

Adv. Mater. 2019, 31, 1804204

Figure 4.  Illustration of template additive strategy for building controllable ion-transport-network (ITN) in composite electrodes. a) Conventional 
porous composite electrodes with random ITN; b) porous composite electrodes with template additives; c) porous composite electrodes with 
controlled ITN after the removal of template additives; d) establishing fast ions transport system based on controlled ITN.
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composite electrodes.[59–61] For example, Liu and co-workers 
reported the first study on using sacrificial NaCl to introduce 
controlled pores in a Si-based electrode. They successfully dem-
onstrated an areal capacity of ≈4 mAh cm−2 at a C/10 rate.[61] 
Similar to this idea, Seznec and co-workers further developed a 
method by combination of salt-template and spark plasma sin-
tering for fabrication 1  mm thick porous LiFePO4 (LFP) and 
Li4Ti5O12 (LTO) composite electrodes.[59] They directly mixed the 
NaCl particles as templating agent with carbon-coated AMs (LFP 
or LTO). After sintering, the AMs and NaCl particles formed a 
binder-free composite as shown in Figure 5e. The NaCl parti-
cles were then removed by DI-water and pores were controlled 
as shown in Figure 5f. Via this template additive method, they 
demonstrated a very thick electrode composite (≈1 mm for the 
thickness) for both LFP cathode and LTO anode with a controlled 
porosity around 40%. Benefited from the controlled porous struc-
tures, they demonstrated a full battery with specific areal capacity 

of 20  mA h cm−2, which is ≈4 times higher than conventional 
Li-ion batteries (4 mA h cm−2). This battery also showed much 
improved C-rate performance (see Figure 5g). As introduced 
above, pore additives provide a very facile way to generating con-
trollable pores inside the electrode composites. It is effective to 
adjust both the porosity and tortuosity of ITN. This strategy is 
very promising for the fabrication of thick electrodes with well-
defined ITN configuration to achieve higher energy and power 
densities. For future studies, the morphology of pore additives 
needs be further optimized with the help of simulation studies 
that can predict the best pore configuration for thick electrodes.

2.3. Additive Manufacturing for Programmable ITN

Building programmable ITN in composite electrodes by new 
manufacturing technology, such as 3D printing, represents 

Adv. Mater. 2019, 31, 1804204

Figure 5.  Template additives strategy for building fast and controllable ITN in composite electrodes. a–d) Magnetized polymer rods as template 
additives to build ordered pores in thick composite electrodes: a) Schematic of the fabrication process. b,c) SEM images of the fracture surface for 
thick composite electrodes before and after the removal of the magnetized nylon rods. d) C-rate performance comparison between thick composite 
electrodes with aligned pore channel and conventional porous structures. e–g) Salt crystals as template additives to build controlled pores in thick 
composite electrodes: e,f) SEM images of the fracture surface for a thick electrode composite before and after the removal of table salt (NaCl) crystal. 
g) C-rate performance comparison for thick composite electrodes with salt-templated pores and conventional porous structures. a–d) Reproduced with 
permission.[58] Copyright 2016, Springer Nature). e–g) Reproduced with permission.[59] Copyright 2018, Wiley-VCH.
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another attractive strategy for the control of ITN. With the 
increasing interest on customizable products, 3D printing 
is of great interest for the fabrication of advanced LIBs,[62–70] 
and redox flow batteries.[71–73] For example, Yang and co-
workers recently reported a 3D printed sulfur cathode for 
Li–S battery.[62] The process is illustrated in Figure  6a. First, 
the authors designed a printable ink, which was composed 
of sulfur particles, 1,3-diisopropenylbenzene (DIB), and con-
densed graphene oxide dispersion. Via an extrusion-based 3D 
printing approach, they printed a sulfur copolymer–graphene 
composite electrode with well-defined periodic microlattices. 
The pore size of the microlattices is around 500 µm as shown 
in Figure 6b. At the same time, small pores with size around 

30 µm were formed inside the printed electrode as shown in 
Figure 6c. This hierarchical porous structure notably reduced 
the resistance of the cell (see Figure 6d), indicating a faster 
ion transport in the ITN defined by the 3D printed archi-
tecture. Another example is a 3D-printed cathode based on 
LiMn1−xFexPO4 (LMFP) nanocrystals reported by Pan and co-
workers.[63] As shown in Figure 6e–g, in this study, the authors 
employed carbon-coated LMFP nanoparticles as the AM and 
printed the electrode with width around 450 µm and height of 
18 µm. The alignment of the semi-circle electrode solid lines 
actually creates a gradient pore space between them, which 
helps the ion transport as shown by the C-rate performance in 
Figure 6h. They demonstrated a high capacity of ≈120 mAh g−1 

Adv. Mater. 2019, 31, 1804204

Figure 6.  3D printing for building programmable ITN in composite electrodes. a–d) 3D printing of a sulfur–graphene composite cathode for Li–S 
batteries: a) Illustration of the fabrication process and strategy. b,c) SEM images of the printed cathode and sulfur-graphene composite. d) Electrochemical 
impedance spectra (EIS) comparison of 3DP-pSG and 3DP-SG after 50 cycles. e–i) 3D printing of LiMn1−xFexPO4 nanocrystals based electrodes for 
improved C-rate performance: e) Illustration of the 3D printing fabrication process. f) Structures of the carbon-coated LiMn1−xFexPO4 as the active 
material. g) Illustration of the cell configuration assembled with the 3D-printed electrode. h,i) C-rate capability and cycle performance comparison 
between the 3D-printed and traditional electrodes, respectively. a–d) Reproduced with permission.[62] Copyright 2017, Wiley-VCH. e–i) Reproduced 
with permission.[63] Copyright 2016, Wiley-VCH.
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@ 100 C for LMFP electrode, which is about two times of 
that for the electrodes fabricated by traditional slurry casting 
methods. At the same time, excellent structural stability and 
cycle stability was also realized for the 3D printed LMFP elec-
trode (see Figure 6i). As an attractive manufacturing method, 
3D printing provides a programmable way to control the 
microstructures of electrode composites. Theoretically, it can 
realize the best control over ITN or ETN, and enable the fab-
rication of microbatteries and micro-supercapacitors.[70,74–76] 
Obviously, 3D printing is very promising for the fabrication of 
small ESDs with well-defined structures. However, this indi-
cates it is not suitable for large-scale fabrication. At the same 
time, there are many requirements for the electrode inks to be 
printable. All these factors limit the broad applications of 3D 
printing in energy storage technology, which should be consid-
ered in the future studies.

3. Controlling ETN in Composite Electrodes

It is well known that most of the AMs, especially the ones 
with high capacity (e.g., LiMO2 (M = Ni, Mn) oxides, LiFePO4, 
LiNixCoyMn(1−x−y)O2, silicon and sulfur, etc.), are poor in elec-
tronic conductivity as compared with conductive agents (e.g., 
carbon-based nanofillers), although some of them are actu-
ally electronically conductive.[77–79] Due to this fact, building 
a robust conductive network around the AMs is one of the 
primary tasks to realize powerful and durable electron trans-
port inside the composite electrodes. Traditionally, conductive 
agents, such as carbon black, are simply mixed with a polymer 
binder to build the ETN as illustrated in Figure 2. Although this 
traditional strategy has been widely used today, there are several 
drawbacks. First, it is difficult to achieve uniform electronic/
ionic contacts between conductive agents and active materials 
due to a nonuniform distribution of components. Second, the 
electronic contact is not stable owing to insufficient adhesion. 
These two drawbacks do not only limit the capacity extraction 
of AMs, but also cause fast capacity fading due to the interface 
instability.[80–82] This situation becomes even worse for the high 
capacity active materials with notable volume change during 
cycling, such as silicon and sulfur.[30,83,84] Therefore, strategies 
on building deformation-tolerant and strong ETN in composite 
electrodes with high-capacity AMs are in critical need for the 
success of high-capacity AMs.

3.1. Core–Shell Design of AMs: Uniform and Stable 
Electronic Contact

Core–shell strategy has been widely employed to build uni-
form and stable electronic contact between AMs and conduc-
tive agents. In this configuration, the AMs usually are the core, 
and the nanostructured conductive agents act as the shell. As 
illustrated in Figure  7, there are several types of core–shell 
structures: carbon coated AMs, conductive polymer coated 
AMs, hollow core–shell structure, clusters of core–shell AMs. 
It should be noted that there are many other functions for 
the conductive shell in addition to the electron conduction. 
For example, it can protect the AM from dissolution (such as 
sulfur),[85,86] or help to stabilize the solid-electrolyte-interphase 
(SEI) for silicon, etc.[87–92] To build the final ETN in composite 
electrodes, core–shell AMs can be either directly sintered, 
or mixed with polymer binder and/or additional conductive 
agents. In both cases, the conductive shell helps to build a 
robust ETN for uniform and stable electron transport. In the 
following, we will focus on two types of conductive coating 
methods for fabrication of core–shell AMs.

Carbon-Coating for Core–Shell AMs (Carbon@AM): Conduc-
tive carbon coating of electrode particles has been extensively 
studied recently to enhance the electron-conduction and so 
the performance.[19,93,96–109] Carbon@AM is probably the most 
effective way to control the ETN structures. With this carbon 
shell, the uniformity and stability of electron/ion transfer into 
or outside the AMs can be remarkably improved. There are sev-
eral ways for the fabrication of carbon@AM. The first example 
is thermolysis.[90,110,111] For this strategy, the AMs are first coated 
by a precursor (e.g., polymers or small organic molecules) in a 
liquid, then the mixture is treated at high temperatures to car-
bonize the precursors.[112] This thermolysis-based technique is 
usually suitable for electrode materials with high melting point, 
such as Li4Ti5O12,[93,113] silicon,[19,105,114,115] LiFePO4,[94,116,117] 
etc. As shown in Figure  8a–d, one can find that the thick-
ness of the carbon nanocoating is usually very small (e.g., 
less than 10  nm), which can ensure a low resistance for Li+-
transfer. Carbon nanocoating is applicable for electrode mate-
rials with different morphology from 0D particles (Figure 8b),  
1D rod (Figure 8a), and fibers (Figure 8c) and 2D plates (Figure 8d).  
As introduced previously, the carbon nanoshell has multiple 
functions in addition to reinforcing ETN structures/proper-
ties. For example, for Li4Ti5O12, carbon coating can significantly 

Adv. Mater. 2019, 31, 1804204

Figure 7.  Enhancing and stabilizing the electron-conductive-network (ETN) in composite electrodes by various core–shell designs of active materials.
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improve the C-rate performance,[99,118] cycle stability as 
shown Figure 8e,[93] and stability with electrolyte.[119,120] For 
big-volume-change electrode particles (e.g., silicon), carbon 
coating is also critical for stabilizing the ETN structures and 
SEI layer.[87–89,92,110,121] However, it should be noted that for sil-
icon, carbon-coating is usually combined with a rational design 
of pore structure inside the particles to compensate the big 
volume change. Figure 8f is an example by Xia and co-workers 
which shows a much improved cycle stability for a carbon 
coated Si/void/Silica anode.[93]

Conductive Polymer Nanocoatings for Core–Shell AMs: Similar 
to the carbon nanocoating, conductive polymers are also of 
great interest for fabrication of core–shell AMs. As a result, 
different types of conductive polymers have been studied as 
summarized in Figure  9. These conductive polymers include 
PEDOT:PSS,[85,122,124–126] polypyrrole  (PPy),[123,127–133] Poly-
aniline  (PANI),[126,134–137] etc. Different from carbon-coating, 
conductive polymer coatings are believed to be more flexible 
in terms of mechanical properties and applicable to various 
electrode materials. For example, conductive polymer coating 
was employed for both high-melting-point electrodes (e.g., 
silicon,[122,125] LiFePO4

[128]) and low-melting-point electrodes 
(e.g., sulfur[85,138,139]). Since conductive polymers are relatively 
more flexible than carbon materials, they are more attrac-
tive for high-capacity electrode materials experiencing notable 
volume change during charging and discharging. Figure 9a is 
an example by Coleman and co-workers who directly employed 
PEDOT:PSS as both binder and conductive coating for Si-NPs 
anode.[122] As shown by the SEM image, PEDOT:PSS can 

form a uniform coating onto Si-NPs and build a robust poly-
meric ETN for the Si anode. PPy is another classic conductive 
polymer material that has been frequently employed to fabri-
cate core–shell AMs.[131,133,140,141] Due to the good processing 
properties of PPy, it can enable the fabrication of core–shell 
nanowires as shown by Figure 9b, which is about a type of 
PPy@V2O5 nanofabric reported by Mao and co-workers.[123] 
In a more systematic study, as shown in Figure 9c,d, Cui and 
co-workers compared the performance of sulfur cathodes with 
different types of conductive polymer coatings and found that 
PEDOT:PSS is the best option for sulfur cathode.[85] In addi-
tion to electron conduction, another advantage by using con-
ductive polymer is the good binding function. In other words, 
conductive polymers can be employed as both conductive agent 
and binder materials for battery electrodes. This is significant 
for battery electrodes since it can help to increase the overall 
loading level of active materials, and thus increase the energy 
density of the final battery.

Similar to core–shell carbon@AM, conductive polymer@
AMs also demonstrated much improved electrochemical per-
formance in terms of C-rate capability and cycle stability. For 
example, as shown in Figure 9e, PEDOT:PSS coating notably 
improved the C-rate performance of Si-NP anode even without 
the design of pore inside the Si-NPs. The big volume change of 
Si-NPs did not cause fast capacity decay in the first couple of 
cycles for this PEDOT:PSS@Si-NP anode. This is probably due 
to much better mechanical flexibility for conductive polymers as 
compared with carbon-coating. The type of conductive polymer 
coatings also has a significant impact on the electrochemical 

Adv. Mater. 2019, 31, 1804204

Figure 8.  Conductive carbon coating for ETN control in composite electrodes. a,e) Carbon-coated Li4Ti5O12 nanorod: a) SEM and TEM images, and 
e) cycle stability, of the carbon-coated Li4Ti5O12 nanorod. b,f) Carbon and silica double coated Si anode: b) SEM and TEM images, and f) cycle stability 
of the carbon and silica double-coated Si anode. c) Carbon-coated LiFePO4 nanowires by electro-spinning method. d) Carbon-coated Si thin flakes. 
a,e) Reproduced with permission.[93] Copyright 2010, The Royal Society of Chemistry). b,f) Reproduced under the terms of the CC-BY Creative Commons 
Attribution 4.0 International License.[91] Copyright 2015, Springer Nature. c) Reproduced with permission.[94] Copyright 2011, Wiley-VCH. d) Reproduced 
with permission.[95] Copyright 2012, The Electrochemical Society of Japan.
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performance as revealed by Cui and co-workers in Figure 9f. 
They found that, among the three conductive polymers (PPy, 
PANI, and PEDOT:PSS), PEDOT:PSS gave rise to the best elec-
trochemical performance, including C-rate and cycle stability. 
They explained this finding as the results of a higher binding 
energy between PEDOT:PSS and polysulfides, as compared 
with other two conductive polymers.

Encapsulation for Hollowed Core–Shell AMs: Encapsulation is 
widely used to prepare special hollowed core–shell structure for 
especially high-capacity active materials, such as silicon,[142–147] 
sulfur,[148–155] and aluminum.[156] The hollow structure can 
reduce the damage to the conductive network structures during 
volume change. There are several encapsulation methods. 
One classic method for Si-anode is chemical etching as shown 
Figure 10a, which was reported by Li et al.,[157] and Fan and co-
workers.[158] For this method, the active materials are coated 
with two types of materials in sequence: sacrificing coating and 
conductive coating. The sacrificing coating is finally removed 
by chemical etching, forming the hollow structure inside the 
core–shell particles. For Si anode, the sacrificing coating is usu-
ally silica that can be easily removed by HF acid. Figure 10b is a 
transmission electron microscopy (TEM) image for the hollow 
C@Si particles prepared by this method.[158] Similar to chemical 
etching, electroless etching, i.e., etching the active materials 
directly for creating free space inside the core–shell AMs, was 
reported by Cho and co-workers.[159] Another method is infusion 
of active materials into hollow conductive agents, such as carbon 

nanofibers[154] or nitrogen-doped carbon nanofibers as shown in 
Figure 10c,d.[160] For this method, the active material (e.g., sulfur) 
is melted and infused into the hollow host. Clearly, hollow core–
shell AMs provides another effective solution to build stable ETN 
for especially big-volume-change AMs. With his hollow core–
shell AMs, the electrochemical performance and its cycle sta-
bility have been notably improved for both Si-anode (Figure 10e) 
and sulfur-cathode (Figure 10f). The excellent cycle stability for 
the hollow C@Si (see Figure 10e) also indicates that the carbon–
shell can stabilize the SEI. For the core–shell sulfur composite 
with carbon nanofibers, the improved specific capacity and cycle 
stability may also indicate that 1D carbon nanofibers can help to 
build stable ETN due to the entanglements of nanofibers.

3.2. Let It Expand: Deformation-Tolerant ETN by Conductive 
Wrapping

Conductive wrapping by usually flexible 2D nanomaterials, 
such as graphene, is another important strategy for building 
robust and flexible ETN in composite electrodes. Flexible or 
expandable ETN is especially critical for the success of high-
capacity electrodes, such as silicon and sulfur, since the volume 
change is so big (≈300% for Si) that the ETN may be destroyed 
after several cycles of shrinking and expanding.[80,83] There-
fore, to address this challenge, the hollow core–shell structures  
as introduced above, and conductive wrapping of AMs are 

Adv. Mater. 2019, 31, 1804204

Figure 9.  Conductive polymer coating for ETN reinforcement. a,e) PEDOT:PSS-coated Si nanoparticles for stabilizing ETN: a) Schematic and SEM 
image of the PEDOT:PSS-coated Si-NPs, and e) C-rate performance for the conductive polymer coated Si-NPs. b) Polypyrrole-coated V2O5 nanofibers. 
c,d,f) Conductive-polymer-coated sulfur particles for Li–S batteries: c) Schematic of the fabrication strategy. d) SEM and TEM images of PPy-coated S-NPs. 
f) C-rate capability for the S-NPs with different conductive polymer coatings. a,e) Reproduced with permission.[122] Copyright 2016, American Chemical 
Society. b) Reproduced with permission.[123] Copyright 2015, Elsevier. c,d,f) Reproduced with permission.[85] Copyright 2013, American Chemical Society.
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of great interest for high-capacity electrode materials. The 
most popular nanomaterials employed for flexible conduc-
tive-wrapping (FCW) is graphene or reduced graphene oxide 
(rGO).[163–172] This strategy has been widely used for especially 
silicon[167,173,174] and sulfur,[166,169,175–177] and also conventional 
electrode materials, such as LiFePO4,[178] LiMnO2.[179] Graphene 
is a 2D atomic film with high conductivities, excellent flex-
ibility and mechanical strength. At the same time, graphene 
itself tends to wrap up to form loose structures due to its high 
surface energy. These features make it an ideal nanomaterial 
for flexible or expandable wrapping. To achieve good wrapping 
structures, surface treatment of both graphene and active mate-
rials is usually required in order to create sufficient interactions 
driving the wrapping process. For example, by the help of a 
polyelectrolyte (PDDA), Guo and co-workers reported a simple 
wrapping strategy based on electrostatic interactions to fabri-
cate rGO wrapped Si nanoparticles (Figure  11a).[161] The SEM 
and TEM images (see Figure 11b,c) clearly show the wrapped 
Si-NPs by rGO sheets. These rGO wrapped Si finally built a flex-
ible conductive ETN, which notably improved the cycle stability 
(see Figure 11d). Similarly, Zhang et al. reported a type of rGO 
wrapped sulfur for Li–S batteries (Figure 11e–g).[162] This rGO 
wrapping not only provided a flexible ETN for nonconductive 
sulfur, but also acted a barrier layer to block the diffusion of 

polysulfides. As a result, they achieved a high specific capacity 
above 500 mAh g−1 even at 4C (Figure 11h). Another method 
was reported by Cui and co-workers, by which they created 
graphene-wrapping onto sulfur nanoparticles using PEG as 
mediator.[176] For these high-capacity active materials, flexible 
and conductive wrapping not only address the conductivity 
issue of high-capacity AMs, but also the dissolving issue of 
lithium polysulfides in S-cathode.[180]

3.3. Binder Engineering for ETN Control

The above strategies including core–shell design of AMs and 
flexible wrapping actually follow the same methodology: 
rational design of the structures of AMs incorporating nano-
structured conductive agents. In parallel to these strategies, the 
efforts on polymer binders can also make a big difference in 
the ETN structures. It is well known that binders play a critical 
role in controlling the microstructures of the final electrodes 
and interactions among different components. Therefore, in 
this sub-section, we will summarize the main efforts on binder 
materials in order to build robust ETN structures in composite 
electrodes. These will include conductive binders, structural 
binders and self-healing binders.

Adv. Mater. 2019, 31, 1804204

Figure 10.  Hollow core-shell AMs for ETN stabilization. a,b,e) Hollow C@Si particles for stabilizing ETN around Si: a) Schematic of the fabrication strategy 
based on a combination of carbon coating and chemical etching. b,e) TEM image and electrochemical performance of the hollow C@Si particles. c,d,f) Hollow 
encapsulation of sulfur in carbon nanofiber. c) Schematic of the fabrication strategy based on carbonization of PANI nanofiber and sulfur infusion.  
d) SEM and TEM images of the encapsulated sulfur in carbon nanofiber. f) Electrochemical performance of the encapsulated sulfur in carbon nanofiber.  
a,b,e) Reproduced with permission.[158] Copyright 2014, The Royal Society of Chemistry. c,d,f) Reproduced with permission.[160] Copyright 2014, Elsevier.
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Conductive Binders: Similar to the conductive polymer 
coating in the core–shell strategy, conductive polymers are 
usually employed as functional binder to construct ETN in 
the composite electrodes.[181–191] In this case, the conductive 
polymers act as both conductive agent and binder. For the 
construction of ETN, there are several significant advantages 
for polymeric conductive agent as compared with traditional 
carbon agent. First, polymeric conductive agent can give rise 
to more continuous pathway or conductive network, which is 
very different from carbon-based conductive agent that forms 
the conductive network by particle connection. Second, conduc-
tive polymers can form more uniform and strong interface with 
AM particles through a molecular coating process. Lastly, due 
to the above two advantages, the ETN built by conductive poly-
mers is usually much stronger and stable than the ETN built 
by carbon-based conductive fillers. For example, Marschilok 
and co-workers reported a 3D nanostructured conductive gel 
framework based on PPy conductive polymer for Fe3O4 nano-
particles electrode as shown in Figure  12a.[181] The PPy con-
ductive binder formed uniform coating onto the Fe3O4 NPs 
and smooth connection among AM particles as shown by the 
SEM (see Figure 12b) and TEM images (see Figure 12c). At 
the same time, the PPy conductive binder was swelled by the 
liquid electrolyte and formed gel-type dual-conductive frame 
inside the composite electrodes. As a result, the cell resistance 

was reduced from ≈50 to ≈30 Ω (see Figure 12d) and the C-rate 
performance was notably improved (Figure 12e). Synthesis of 
new conductive polymers as functional binder is also of great 
interest. Different types of new conductive polymers have been 
developed by Liu’s group.[182,185,187,188] For instance, they chemi-
cally modified the conventional conductive polymer poly(1-
pyrenemethyl methacrylate) (PPy) by a poly(1-pyrenemethyl 
methacrylate-co-triethylene oxide methyl ether methacrylate) 
(PPyE), in order to improve the adhesion of conductive polymer 
to Si-NPs (see Figure 12f). The SEM and TEM images as shown 
by Figure 12g,h confirmed the good adhesion of the conduc-
tive binder with Si-NPs. The improved adhesion between the 
PPyE and Si-NP significantly enhance the electrochemical 
performance and its stability as shown in Figure 12i,j. In par-
ticular, the C-rate performance at high current density, such as 
1 C and 2 C, was improved notably. While, the cycle stability  
was dramatically improved, and a high specific capacity of 
≈1500 mAh g−1 @ 2C was achieved for the PPyE-Si electrode 
even after ≈1000 cycles. The much improved electrochemical 
performance is fundamentally contributed by the strong ENT 
based on the PPyE conductive polymer binder.

Structural Binders: The formation of ETN inside composite 
electrodes cannot happen without the help of binders and binders 
always play a critical role in controlling the structures of the 
ETN in composite electrodes.[195] Structural binders do not have 

Adv. Mater. 2019, 31, 1804204

Figure 11.  Flexible conductive wrapping for stabilizing ETN in high-capacity composite electrodes. a–d) Graphene-wrapped Si-NPs: a) Schematic of the 
fabrication strategy based on PDDA-assisted coating method. b,c), SEM and TEM images of the graphene-wrapped Si-NPs. d) cycle stability testing of the 
graphene wrapped Si-NPs. e–h) Reduced graphene oxide (RGO)-wrapped sulfur cathode: e) Schematic of the fabrication strategy based on sonication of 
sulfur solution in the presence of GO. f,g) SEM images the RGO-wrapped sulfur-NPs. h) cycle stability testing of the RGO@sulfur with different C-rates. 
a–d) Reproduced with permission.[161] Copyright 2012, Wiley-VCH. e–h) Reproduced with permission.[162] Copyright 2012, The Royal Society of Chemistry.
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conduction function, but they are able to improve or reinforce the 
structures of the ETN that uses conductive fillers as the building 
block. Compared with traditional PVDF binder, structural binders 
usually show much improved adhesion properties with both con-
ductive agents and/or AMs particles, better mechanical proper-
ties (such as flexibility) and other possible properties.[192–194,196] 
Clearly, conductive nanofillers (e.g., carbon black, carbon nano-
tubes, nanofibers, etc.) are still the most primary building block 
for the construction of ETN inside composite electrodes. There-
fore, studies on new structural binders with ability to improve 
the structures and properties of the ETN are still in critical need 
by the mass-production of advanced electrodes, such as the elec-
trodes with high-capacity AMs. There are several ways to the 
design of structural binders: polymer alloying, chemical bonding 
with AMs, and self-healing polymers rich in H-bonds.

The first one, also the simplest one, is the physical method 
by molecular blending or alloying.[192,197,198] For example, Wang 
and Zhong and co-workers reported a type of polymer alloy 
binder to control the structures-properties of battery electrodes 
as shown in Figure  13a.[192] Based on the most classic polymer 
binder, PVDF, they modified PVDF binder by ultrahigh mole
cular weight poly(ethylene oxide) (UHMWPEO) simply via 
polymer alloying, which has been well known in polymer sci-
ence and widely employed to improve the mechanical properties 
of polymeric materials. They found that the mixing of PVDF 
with UHMWPEO can significantly suppress the crystallization 

of each component and improve the adhesion and mechanical 
flexibility of the binder. As a result, a flexible electrode composite 
with much improved dispersion/distribution uniformity for the 
conductive agent and notably improved mechanical flexibility 
was fabricated as shown by Figure 13b–e. The improved adhe-
sion of the alloy binder and uniformity of the conductive agent 
are mainly contributed by the amorphous structures of the alloy 
binder. Another study on advanced structural binders by polymer 
blending was reported by Zhang and co-workers who devel-
oped a type of biopolymer network binder for the stabilization 
of ETN and blocking of polysulfides in high-performance Li–S 
batteries.[198] The second method is to chemically modify binder 
polymers in order to achieve much improved adhesion proper-
ties with AMs or mechanical strength. For example, as shown in 
Figure 13f, Coskun and Choi and co-workers reported a hyper-
branched β‑cyclodextrin polymer as advanced structure binder for 
Si-anode.[193] This polymer can generate strong hydrogen-bonding 
interaction with Si-anode and so improve the stability of ETN 
during the big volume change of Si-anode after different cycles 
(see Figure 13g,h). Another good example is the mussel-inspired 
adhesive binder reported by Park and co-workers.[194] As shown in 
Figure 13i, they got inspiration from mussel that realizes strong 
bonding between muscle and inorganic shell, and designed a type 
of adhesive binder named as AIg-C. With the help of this binder, 
Si-anode showed notably improved structure integrated and adhe-
sion with the copper substrate as shown by the peeling testing in 

Adv. Mater. 2019, 31, 1804204

Figure 12.  Conductive binders for ETN control in composite electrodes. a–e) 3D nanostructured conductive binder based on polypyrrole gel framework 
for Fe3O4 electrode: a) Schematic of the contribution of conductive binder to both electrons and ions transportation, b,c) SEM and TEM images of 
the resultant electrode composite, respectively. d,e) Nyquist curves and C-rate performance of the cells, respectively. f–j) Polymer binder with conductive 
side chain (PPyE) for stabilizing ETN in Si anode: f) Scheme of the synthesis process of the PPyE. g,h) SEM and TEM images of the Si anode composite 
based on the conductive polymer binder. i,j) C-rate performance (i) and cycle stability (j) of the PPyE–Si anode. a–e) Reproduced with permission.[181] 
Copyright 2017, Wiley-VCH. f–j) Reproduced with permission.[182] Copyright 2015, American Chemical Society.
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Figure 13j. As a result, Si-anode with this strong adhesive binder 
showed very good cycle stability as shown in Figure 13k. Lastly, 
repairing the broken ETN by self-healing chemistry represents 
another attractive strategy for developing structural binder that 
can realize robust ETN in composite electrodes. This strategy 
was initially proposed by Cui and co-workers, and it is attracting 
notable attention for the studies on Si-anode.[199–203] The self-
healing polymers usually have multiple intermolecular or intra-
molecular H-bonding sites which can repair the cracks induced 
by the volume change of AMs. These studies indicate that strong 
adhesion, good mechanical properties or even self-healing prop-
erties are critical factors of structural binders for building robust 
ETN and stabilize the electrochemical performance.

Since binder works together with conductive agents as the 
building blocks for the ETN, the types of conductive agents also 
fundamentally affect the structures and properties of the ETN, 
and thus impact the electrochemical performance.[6,204–207] For 
example, 0D, 1D, and 2D carbon materials can generate an ETN 
with different 3D structures, mechanical properties and stability 
with strain. One can even build binder-free ETN with 1D or 2D 
carbon materials.[208–210] At the same time, 1D or 2D carbon is 
beneficial to the network connectivity of ETN, which improves 
the conductivity and its stability with strain. This is critical for 
achieving good cycle stability and C-rate capability for especially 
high-capacity AMs.[211–215] However, 0D conductive carbon is 

beneficial to uniform electronic contact with AM. In short, a 
rational design of binder/conductive composites is still a facile and 
effective strategy for ETN control. However, more efforts should 
be focused on improving the distribution uniformity, mechanical 
strength or flexibility and adhesion properties with AMs.

4. Controlling Both ETN and ITN in Composite 
Electrodes

In the above sections, we have introduced some strategies 
based on their main contribution to either ETN or ITN. In fact, 
since ETN and ITN are usually entangled and coupled inside 
composite electrodes, it is hard to clearly separate them from 
each other. Therefore, there are many strategies that can con-
trol the ETN and ITN simultaneously. These strategies include 
electrode templates, electrode scaffolds, electrode matrices, etc., 
which will be introduced below.

4.1. Electrode Templates

Template methods have also been widely employed to control 
both the ITN and ETN in electrodes. Sacrificing templates 
based on colloid crystals is the most popular way to constructing 

Adv. Mater. 2019, 31, 1804204

Figure 13.  Structural binders for ETN reinforcement. a–e) Polymer alloy binder for adjusting the structures of ETN in electrode composite: a) Schematic 
of the structural evolution of composite electrodes using stress-free polymer alloy as advanced binders. b) Digital photo showing brittle behavior of 
electrode composite using traditional PVDF binder. c) SEM image of electrode composite with PVDF as the binder. d) Digital photo showing flexible 
behavior of electrode composite using PVDF-UHMWPEO alloy binder. e) SEM image of electrode composite with PVDF-UHMWPEO alloy binder.  
f–h) Structural binder enabling hydrogen-bonding interaction with Si-anode for stabilizing the ETN: f) Schematic of the stabilization mechanism. g,h) SEM 
images of the Si-anode composite before cycling and after first delithiation, respectively. i–k) Mussel-inspired structural binder for Si-anode: i) The structure 
formula for a mussel-inspired adhesive binder AIg-C. j) Peeling testing for the Si-NP anode with different types of binders. k) Cycling stability of the 
resultant AIg-C/Si-NP electrode at 0.5 C. a–e) Reproduced with permission.[192] Copyright 2018, Elsevier. f–h) Reproduced with permission.[193] Copyright 
2014, American Chemical Society. i–k) Reproduced with permission.[194] Copyright 2013, Wiley-VCH.
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well-defined ITN and ETN structures. As illustrated in 
Figure 14a, the colloid crystal is first built onto a substrate, usu-
ally the current collector. Then active materials or conductive 
agent are deposited onto the 3D-ordered template. After the 
removal of the template, an electrode or 3D conductive scaffold 
with template-defined porous structures can be achieved. Based 
on this porous scaffold, one can deposit additional active mate-
rials. This template method has been comprehensively studied 

mainly by Braun’s group.[216–222] Figure 14 shows some of the 
examples. For instance, as shown in Figure 14b, a 3D nickel 
metal scaffold was first prepared via a colloidal crystal template 
method. Then, a 3D bi-continuous silicon anode was fabricated 
by depositing a layer of silicon on the surface of the 3D nickel 
metal scaffold as shown in Figure 14c.[216] This method is very 
attractive as it realizes a well control of both ETN (i.e., the metal 
scaffold) and ITN (i.e., the porous structures) via one template. 

Adv. Mater. 2019, 31, 1804204

Figure 14.  Electrode template strategy for building ordered ITN/ETN in composite electrodes. a) Illustration of the template strategy based on colloid 
crystals to build ordered pores for fast ions-transport. b,c,g) Si electrode with ordered porous structures by Ni inverse opal template method: b) SEM 
image the Ni inverse opal after template removal (plane view). c) SEM image of the structure after Si deposition by CVD (plane view). g) Li+-diffusion 
coefficient in templated Si-anode with different pore size. d,e) Combination of Ni inverse opal template with hydrothermal deposition for fabrication of 
multi-layered inverse opal template electrodes: SEM images of SiO2@Fe3O4 and Ni@SnO2–NPs@SiO2 inverse opal electrodes, respectively. f,h) 3D sand-
wich-structured electrode with controlled pores based on inverse opal template: f) Cross-sectional-view SEM image of a V2O5@graphene@V2O5 sandwich-
structured electrode. h) C-rate performance of the V2O5@graphene@V2O5 sandwich-structured electrode. i–l) 3D electrode with ordered structures based  
on a silicon template: i) Illustration of the fabrication process. j–l) The fabricated three-dimensional carbon array electrodes with aspect ratio of 5.5:1, 3.5:1, and 
7:1, respectively. b,c,g) Reproduced with permission.[216] Copyright 2012, American Chemical Society. d,e) Reproduced with permission.[217] Copyright 2014, 
Wiley-VCH. f,h) Reproduced with permission.[219] Copyright 2016, Wiley-VCH. i–l) Reproduced with permission.[223] Copyright 2014, Wiley-VCH.
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Based on this strategy, 3D nanostructured electrodes with more 
complicated compositions can be realized. For example, Braun 
and co-workers further developed a type of 3D SiO2@Fe3O4 (see 
Figure 14d) and 3D Ni@SnO2-NPs@SiO2 inverse opal elec-
trodes (see Figure 14e),[217] and even V2O5@graphene@V2O5 
sandwich-structured composite electrode (see Figure 14f).[219]

The well-controlled pore structures by electrode template 
method provide fast channels for Li-diffusion inside the electrode. 
For example, pores with bigger size definitely help the fast diffu-
sion of Li–ions as shown in Figure 14g. Benefited from the well-
defined ETN and ITN structures, one can significantly improve 
the transport efficiency for both ions and electrons and enable 
ultrafast charge and discharge capability (see Figure 14h).[219,222] 
At the same time, the well-defined pore structures also provide 
space for the volume change of active materials (see Figure 14b,c). 
In addition to colloid crystals, there are many other types of elec-
trode templates that can generate well-controlled 3D structures for 
electrodes. For example, Dunn and co-workers reported a silicon 
template method for fabrication of 3D carbon array electrodes 
with different aspect ratios and pore configuration.[223] As shown 
in Figure 14i, the authors employed empty silicon mold as the 
electrode template and the AMs was filled into the empty space by 
extrusion. After removal of the silicon mold, electrodes with well-
defined array structures can be fabricated. They have successfully 
fabricated several array electrodes with different aspect ratios and 
pore configuration as shown in Figure 14j–l. For a more compre-
hensive summary on 3D structured electrodes with well-defined 
ITN and ETN, it is suggested to read the reviews by Dunn,[224–226] 
Rolison, Long, and Gogotsi et al.[226,227]

4.2. Electrode Scaffolds/Frames

Different from the strategy of electrode templates that is 
removed finally, electrode scaffolds/frames stay inside the 

electrode as a component providing physical support for 
holding the active materials and shaping the ITN/ETN inside 
the final composite electrodes. They are usually porous con-
ductive sheets with good mechanical properties. There are 
several types of electrode scaffolds made of different materials 
or prepared via different methods, for example, metal foams, 
graphene-based foams, carbon-based fabrics/frameworks, etc., 
which will be introduced below.

Metal Foams as Highly Conductive and Mechanically Strong 
Electrode Scaffolds: Metal foams have been frequently studied as 
a type of electrode scaffold for different types of electrochemical 
devices, including lithium ion batteries,[228–233] lithium-sulfur 
batteries,[234] supercapacitors, etc.[235–239] The high conductivity, 
high porosity and mechanical strength make metal foams an 
idea candidate for electrode scaffold. At the same time, it is easy 
to load nanostructured AMs onto the metal scaffolds, such as, 
by electrochemical deposition[240–243] or chemical vapor deposi-
tion.[240,244,245] The most popular metal foams studied in this 
area include nickel foam and copper foam.[246–251] For example, 
as shown in Figure 15, Hng and co-workers reported a design 
of 3D ordered hierarchically porous Fe2O3 electrode based on 
nickel foam.[228] As illustrated in Figure 15a, they first depos-
ited a colloid template onto the Ni-foam, and then the template 
was removed and the active material, Fe2O3 nanoparticles, was 
formed by in-situ crystallization from its precursors of Fe3+. 
Simultaneously, glucose in the precursor solution was employed 
as carbon source, which was carbonized into ordered 3D 
macroporous carbon that firmly integrated on the framework 
of Ni foam as shown by Figure 15b. This unique hierarchically 
porous Fe2O3@C electrode obviously possesses a robust ETN 
constructed by the Ni-foam and the 3D macroporous carbon 
coated on the Ni-foam, and a robust ITN with pore size larger 
than 300 µm that is defined by the highly porous structure of 
the Ni-foam. Benefited from these powerful transport networks, 
the electrode showed an ultrahigh rate capabilities and delivered 

Adv. Mater. 2019, 31, 1804204

Figure 15.  Metal-foam-based electrode scaffolds. Nickel foam as electrode scaffold for growing porous Fe2O3 active materials with building robust 
ETN and ITN: a) Scheme of the fabrication process combining self-assembly of colloid template and Ni-foam. b) Digital photo and SEM images of the 
Ni-foam supported composite electrodes. c,d) C-rate and cycle performance. Reproduced with permission.[228] Copyright 2014, Wiley-VCH.
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a high specific capacity of ≈500 mAh g−1 even at 20 A g−1 
(see Figure 15c). At the same time, they demonstrated excellent 
cycle stability at a high current density of 2 A g−1. In particular, 
the specific capacity (≈900 mAh g−1) showed even no decay even 
after 1000 cycles as shown by Figure 15d, indicating that there 
was a very stable charges transport system in the electrode.

Graphene-Based Foam as Electrode Scaffold: Due to the excellent 
conductivity, ultrahigh surface area, good mechanical flexibility, 
and electrochemical performance, graphene is a very prom-
ising nanomaterial for building advanced conductive networks 
in ESDs. Actually, it has been widely used as an advanced con-
ductive agent to replace the conventional ones, such as carbon 
black,[252–256] or directly used as anode active materials.[257–260] 
Therefore, graphene-based foams are also of great interest for 
ESDs to achieve ultrahigh rate capability and even mechanical 
flexibility.[261–267] Graphene-based foams may have some signifi-
cant advantages as compared with metal foams, such as much 
lower density, excellent electrochemical stability, flexibility in 
fabrication, etc.

For example, Yu and co-workers proposed a sugar-template 
method to prepare elastic graphene foam (GF) based on PDMS 
sponge as illustrated in Figure  16a.[261] They first prepared a 
PDMS/sugar composite which was cured first and then etched 
by water to achieve an elastic PDMS sponge. Based on this 
sponge, GO was coated and reduced into rGO by HI vapor. 

Finally, they loaded AMs (VOPO4 as cathode and hard carbon as 
anode) into the PDMS/rGO foam to fabricate a full sodium ion 
battery showing excellent flexibility and even stretchability. The 
electrochemical performance as shown in Figure 16a indicates 
that the flexible PDMS/rGO foam can support stable charges 
transport for more than 100 cycles even under stretching. 
Another example on using graphene foam as flexible electrode 
scaffolds was reported by Cheng and co-workers.[262] In this 
study, the authors fabricated a unique 3D GF consisting of a 
3D interconnected network structure by high-quality chemical 
vapor deposition method. The electrical conductivity of this 
high-quality GF was estimated as high as ≈1000 S m−1. More-
over, the reported GF is extremely light with an areal density 
of only about 0.1 mg cm−2, and a high porosity of ≈99.7%. As 
illustrated in Figure 16c,d, they further demonstrated a thin, 
lightweight, and flexible full cell with LFP/GF and LTO/GF as 
the two electrodes. Benefited from the GF scaffold, they were 
able to achieve a high specific capacity of ≈90 mAh g−1 even 
with a current density of 200 C (see Figure 16e) for LTO anode. 
At the same time, the full cell based on the GF showed very 
high charge and discharge rates up to 100 C (see Figure 16f). 
More significantly, the full cell is very flexible and was capable 
of repeated bending to a radius of <5 mm without breaking the 
charges-transport networks and loss of performance as shown 
in Figure 16g.

Adv. Mater. 2019, 31, 1804204

Figure 16.  Graphene foam as flexible electrode scaffold. a,b) Stretchable electrode frame based on PDMS/rGO sponge: a) Schematic of the fabrication 
process, b) cycle stability of a stretchable PDMS/rGO sponge/VOPO4//PDMS/rGO sponge/hard-carbon sodium-ion full battery. c–g) 3D interconnected 
graphene foam (GF) as flexible electrode frame: c) Illustration of the structures of a flexible full cell based on the GF electrode frame. d) SEM 
and TEM images of composite electrodes with robust ETN and ITN (porous structures). e,f), C-rate and cycle performance for an LTO–GF anode, 
respectively. g) Electrochemical performance of a flexible LTO/GF//LFP/GF full battery under bent and flat states. a,b) Reproduced with permission.[261] 
Copyright 2017, Wiley-VCH. c–g) Reproduced with permission.[262] Copyright 2012, National Academy of Sciences.
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Carbon-Based Electrode Scaffolds/Frames: The metal foams and 
graphene foams as introduced above usually possess very big 
pores (around 300 µm), which is beneficial to build robust ITN, 
but sacrifices too much space and so energy density. In addition, 
the mechanical properties of these foams (such as compression 
modulus) are very critical for the final porous structures of the 
electrodes under compression since foams are highly compress-
ible due to the high porosity and flexibility. Therefore, strategies 
on how to design the porous structures of electrode scaffolds to 
improve the mechanical properties and support higher loading 
of AMs are in critical need. Carbon foams and porous carbon 
frameworks with small pores provide a good solution to the 
above issue.[268–274] For example, Zhang and co-workers reported 
a type of porous carbon foam based on CMK-3 hard template 
for LTO anode as shown in Figure 17a.[268] They first prepared 
the CMK-3 foam template by the replication of mesoporous 

silica SBA-15.[275] The CMK-3 foam was further treated by con-
centrated nitric acid to induce good affinity for facile impregna-
tion of the precursor aqueous solution of AMs (LTO). Finally, 
the well-dispersed LTO nanoparticles formed inside the CMK-3 
foam after a heat treatment at 750 °C. This strategy provides a 
good control on the porous structures of the carbon foam and so 
advanced ETN and ITN structures as illustrated by Figure 17b. 
Figure 17c is a TEM image of the LTO/CMK-3 foam composite 
which shows uniform distribution and dispersion of LTO NPs 
inside the carbon foam. When employed as an anode material 
for LIBs, it exhibited greatly improved electrochemical perfor-
mance as compared with bulk LTO. In particular, it did not only 
show an excellent rate capability (73.4 mAh g−1 at a high current 
density of 80 C (see Figure 17d), but also significantly enhanced 
cycling stability with only 5.6% capacity loss after 1000 cycles at 
a high rate of 20 C (see Figure 17e).

Adv. Mater. 2019, 31, 1804204

Figure 17.  Carbon foam and bio-derived carbon framework as advanced electrode scaffolds enabling fast charges transport. a) Schematic of the 
fabrication of Li4Ti5O12/C nanocomposite based on ordered mesoporous CMK-3 carbon foam. b) Illustration of the contribution to fast ions and 
electrons transportation from the ordered carbon foam. c) TEM image showing the microstructures of Li4Ti5O12/C nanocomposite. d,e) C-rate and 
cycle performance of the Li4Ti5O12/C nanocomposite electrode, respectively. f–j) Bio-derived electrode scaffold for fabrication of thick electrodes 
with low-tortuosity for both electrons and ions transport: f) Schematic of the electrode fabrication strategy based on bio-derived carbon template, 
g,h) SEM images of a thick electrode composite with ordered channels for both ions and electrons transport, i,j) areal capacity and overpotential at 
different current densities for the thick electrodes based on the carbon template. a–e) Reproduced with permission.[268] Copyright 2012, Wiley-VCH. 
f–j) Reproduced with permission.[269] Copyright 2017, Wiley-VCH.
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Nature materials with well-defined microstructures, such 
as woods, animal shells, provide another important source for 
fabrication of porous carbon which can potentially be modified 
as advanced electrode scaffolds.[269,270,276–288] These bioderived 
porous carbon materials are very attractive for application in 
ESDs it is not only because the raw materials are more sustain-
able and environmentally friendly, but also their porous struc-
tures are very unique (e.g., very uniform pore size and even 
well-aligned pore configuration). For example, as illustrated 
in Figure 17f, Hu and Xie and co-workers reported a study 
on fabrication of thick electrode based on an advanced carbon 
framework with aligned pores that were derived from natural 
wood materials.[269] This unique carbon framework is highly 
conductive, lightweight, and importantly, naturally designed 
with low-tortuosity. When employed as an electrode scaffold, 
they demonstrated an ultrathick 3D electrode with lithium iron 
phosphate as the AMs (see Figure 17g,h). The thickness of the 
electrode is about 800 µm and the active material mass loading 
reached as high as 60 mg cm−2. With such a high loading level 
of AM and thickness, the battery still delivered a high areal 
capacity of 7.6 mAh cm−2 @ 0.1  mA cm−2 and ≈2 mAh cm−2 
@ 10 mA cm−2 (see Figure 17i). Moreover, the over-potential of 
the cell was significantly reduced by the unique carbon frame-
work as compared with conventional thick electrode as shown 
in Figure 17j, indicating a powerful charges (both ions and 
electrons) transport inside the thick electrodes. Other natural 
materials, such as crab shell,[276] were also studied as electrode 
scaffold by Cui, Cheng, Wong et al.

As introduced above, electrode scaffolds/frames provide a 
facile way to simultaneously control of the ETN and ITN. The 
roles of electrode scaffolds/frames can be understood by the 
following three points. First, for ETN, they provide a robust con-
ductive skeleton with superior structural stability, mechanical 
properties, and conductive properties as compared with tradi-
tional ETN built by binder/conductive agent composites. Second, 
due to the unique porous structures, they expand and shape the 
ITN in a way of facilitating fast ion transport. Third, the inter-
faces between ETN and AM can be improved if the AM is depos-
ited or grown on the ETN surface. All these advantages together 
give rise to the much superior electrochemical performance as 
introduced above. However, it is noted that there is still a long 
way to go for their practical applications. For example, the dem-
onstration of the high specific capacity and C-rate capability is 
realized by notably sacrificing the overall energy density since the 
ETN and ITN occupy too much space or weight inside the elec-
trode. Moreover, one can expect a significant increase in material 
and manufacturing cost if electrode scaffolds/frames are finally 
used in the ESDs. In spite of these facts, from scientific point 
of view, they provide strong evidence on how important a robust 
charge transport system is for the electrochemical performance.

4.3. Electrode Matrix

The above strategies are designed for porous electrodes that 
have to work with liquid electrolytes in the final ESDs. With 
the development of ESDs, design of advanced nonporous elec-
trodes that integrate all the functions (ion-conduction, electron-
conduction, and ion-storage) in one composite is important for 

the development of advanced ESDs. With the help of nonpo-
rous electrode composite design, one can potentially solve the 
challenging issues for porous electrodes, including interface 
weakness, structural/mechanical instability, and poor con-
trollability over the microstructures of ETN and ITN and also 
safety concern. The realization of this design is fundamentally 
dependent on the development of advanced solid or gel electro-
lytes. With the increasing interests on all-solid-state ESDs, it is 
believed that strategies on and design and fabrication of non-
porous composite electrodes with solid electrolytes will become 
more and more critical. As an attempt to realize this goal, the 
authors proposed the concept of electrode matrix which was 
learned from the matrix well-known in polymer nanocompos-
ites.[289] As illustrated in Figure  18a, we fabricated a gum-like 
nanocomposite as a unique electrode matrix to integrate the 
essential properties/functions in one material: ion-conductivity, 
electron-conductivity, adhesion, mechanical properties, and 
even processing properties. Based on this gum-like electrode 
matrix, one can fabricate nonporous composite electrodes with 
in-built uniform ETN and ITN around the AMs as illustrated 
in Figure 18b. Via a rational design of the compositions for the 
gum-like nanocomposite, good processability by such as extru-
sion was also realized as demonstrated in Figure 18c.

Based on this electrode matrix, we successfully demonstrated 
a nonporous electrode composite with 70 wt% loading of LiCoO2 
and 30 wt% loading of the electrode matrix as shown in Figure 18d.  
Significantly, the nonporous electrode composite showed excel-
lent mechanical flexibility due to the good interfaces among dif-
ferent components. Figure 18e,f shows the SEM images of the 
fracture and free surface of the nonporous composite electrodes. 
From these images, one can find that the gum-like electrode 
matrix can form very uniform and strong interfaces with AM 
particles, which explains the good mechanical flexibility. As a 
proof-of-concept study, we further investigated the electrochem-
ical performance in a half-cell with lithium metal as the anode. 
As shown in Figure 18g, the battery with the electrode matrix 
gave rise to a similar specific capacity (130 mAh g−1 @ 0.5C) 
as compared with traditional porous LCO electrode. However, 
the cycle stability of the half-cell is more stable than the porous 
counterpart. This result also indicates that the nonporous 
composite electrodes and gum-like electrolytes[290,291] may also 
improve the surface stability of lithium metal.

An electrode matrix, as a new concept learned from polymer 
composites, integrates the functions of the binder, electrolyte 
and conductive agent into one material. This will significantly 
simplify the structures of electrode composites. At a unique 
polymeric nanocomposite, the structures and properties of 
the electrode matrix can be adjusted, or even, customized for 
a specific ESD to achieve the desired performance. With the 
increasing interest in semi-solid-state or all-solid-state bat-
teries, the electrode matrix will play a more and more critical 
role in the future ESDs. However, there are also some issues. 
First, the performance and properties of an electrode matrix 
need improvement in several ways, such as, ionic conductivity 
and/or mechanical properties. This is highly dependent on the 
development of highly ion-conductive solid polymer electrolytes 
or gel polymer electrolytes. Second, the energy density of the 
nonporous composite electrode needs improvement. This issue 
may be resolved by using high capacity AMs, such as silicon 

Adv. Mater. 2019, 31, 1804204
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and sulfur. In short, the development of electrode matrix is still 
at its early stage and the knowledge/technology to be well estab-
lished for polymer nanocomposites will be very instructive.

5. Concluding Remarks

5.1. Summary

The charge transport networks, including ITN and ETN, are 
the veins inside composite electrodes. Their structures and 
properties have significant influence on the electrochemical 
performance, which is especially true for high capacity active 
materials (e.g., silicon, sulfur, nickel-rich and lithium-rich cath-
odes). In particular, nickel-rich and lithium-rich cathodes are of 
great interest for EV applications. In this case, building robust 
ETN and ITN to support fast charging/discharging becomes 
very critical. Moreover, in addition to the current focus on stabi-
lizing lithium-rich cathode particles, how the structures/prop-
erties of ETN/ITN affect their performance is also a critical task 
for the R&D of Li-rich high-capacity AMs.[292–295] Therefore, the 
strategies summarized above are instructive for all the different 
types of advanced batteries that need a powerful charge trans-
port system. It should be noted that ITN and ETN are not a real 
component inside an energy storage device, but a production of 
the teamwork among all the components, the manufacturing 
process and even the electrochemical reactions. Therefore, the 
strategies for controlling the structures and properties of ITN/
ETN vary from component design to electrode even cell design, 
from manufacturing to assembly, as summarized in this review.

For the ITN around AMs, the morphology/structure control 
of each component (e.g., porous active materials), electrode 

design with sacrificing additives, additive manufacturing gener-
ating programmable pores, etc. are very effective methods for the 
control of the ITN structures. As summarized in Table 1, there 
are always advantages and disadvantages for each strategy. For 
example, the ion-transport capability can be notably improved 
by the strategies producing increased porosity (i.e., porous 
AMs, electrode additives) or decreased tortuosity of the porous 
structures. However, usually there is a sacrifice of volumetric 
energy density or an increasing of manufacturing cost finally. 
In addition, the increased porosity may weaken the mechanical 
properties of the whole composite electrode and thus, induce 
structural instabilities, which notably affect the performance sta-
bility. However, in this scenario, there is exception. For example, 
if one can achieve ordered ITN with optimal porosity, the trade-
offs among volumetric energy density, power density, and even 
mechanical stability may be resolved. This has been demon-
strated by the template additive strategy as reported by Chiang 
and co-workers.[58] Therefore, the future efforts on ITN con-
trol can be concentrated on the optimization of ITN structures 
through materials or manufacturing engineering. The primary 
goal is to achieve rational structures (e.g., gradient and ordered 
structures) and volume fraction (porosity) to support fast ion-
transport as well as high volumetric energy density. This is one 
of the keys for the development of electrical vehicles that rely on 
advanced batteries with both high energy and power densities.

For ETN, the structures and properties (mechanical and con-
ductive properties) are usually not the primary limiting factors 
for traditional active materials. However, with the increasing 
interest on high-capacity active materials (e.g., Si, sulfur, etc.), 
they become very critical as introduced in this review. Here, we 
have introduced seven strategies to reinforcing ETN structures 
and properties as summarized in Table 1. The first group of 

Adv. Mater. 2019, 31, 1804204

Figure 18.  Electrode matrix integrating ion and electron conduction functions into one nonporous nanocomposite for the structure–property control of 
composite electrodes. a) Schematic of the concept of electrode matrix based on a gum-like dual-conductive adhesive that integrates all the critical properties 
in one material. b) Illustration of nonporous composite electrodes based on the gum-like electrode matrix. c) Digital photos showing the good processability 
of the gum-like electrode matrix by extrusion. d) Digital photo showing the mechanical flexibility of the resultant nonporous electrode composite under 
twisting. e,f) SEM images of the fracture and free surface of the nonporous composite electrodes with uniform and good interfaces. g) cycle stability 
testing of a nonporous LCO/Li half-cell with the gum-like electrode matrix. a–g) Reproduced with permission.[289] Copyright 2016, Wiley-VCH. 
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strategies is the modification of AMs, including core–shell design 
of AMs, flexible wrapping of AMs by conductive agents, and con-
ductive binder coating. The most significant advantage of these 
strategies is that they can reinforce, uniformize, and stabilize the 
connection between AMs and ETN with a very small amount of 
conductive agent. This is critical for maintaining a high energy 
density. The main disadvantages are probably the high cost in 
manufacturing, type limitation of AMs, etc. The second group of 
strategies for ETN control is the binder engineering to reinforce 
the interfaces among AMs, conductive fillers and current collec-
tors, in order to achieve good structural and conductive stability 
for the ETN. As introduced in the section of structural binders, 
strong adhesion and mechanical properties of binders play a 
key role in determining the structural uniformity, stability and 
flexibility of the whole composite electrode and so the ETN/ITN 
structures. The third group of strategies is the structural conduc-
tive materials which have been employed as electrode scaffolds 
or template, such as porous carbon frame and metal foams. 
One big advantage is that these structural conductive materials 
can provide not only a mechanically strong and/or flexible ETN, 
but also orientated and/or large ions-transport channels for fast 
ion-transport. However, the disadvantages are also obvious, for 
example, the notable loss of energy density, poor scalability, and 
high cost, etc. For future studies on ITN control, the key is to 
achieve stable and uniform ETN/AM contact, good mechanical 
properties and even multifunction for the binder/conductive 
agent composite, with nonactive materials as less as possible.

5.2. Challenges and Perspectives

With the development of ESDs, there are increasing demands 
on high energy and power densities, long-term cycle stability, 

good safety and even mechanical flexibility, with all at a low 
cost. Clearly, a robust charge transport system is one of the 
primary keys for achieving these performances. Therefore, 
a comprehensive understanding of the challenges for the 
charge transport system (particularly the physical transport 
networks as summarized in this review) and their relation-
ships with the desired device performances is critical for the 
success of next generation ESDs. As illustrated in Figure 19, 
the relationships among charge transport system, AMs and 
device performance, and the possible challenges for building 
robust charge transport system in composite electrodes, are 
summarized in one picture. The ETN, the ITN, and the AMs 
provide the basic support for the “wish-list bridge” of device 
performances. It should be noted that there is almost no 
ideal ESD that can satisfy all the requirements as shown in 
Figure 19. Therefore, the challenges for ETN/ITN control 
depend on the specific application.

Challenges on Component Level: On material component 
level, the main challenge is to simultaneously realize desired 
material functions (such as conduction, lithium ion storage), 
appropriate mechanical and interfacial properties, and rational 
morphology with good uniformity. These structures and 
properties are the key factors shaping the charge transport 
networks in composite electrodes. This challenge applies to 
all the primary components in ESDs, including electrolytes, 
active materials, conductive agent, binders, etc. For example, 
for liquid electrolytes, although mechanical properties are 
seldom discussed, the trade-off between ion-conductivity 
and viscosity is also well known.[296–298] It is easy to under-
stand that good mechanical properties of an electrolyte will 
help to stabilize the structures of composite electrodes, and 
so the charge transport networks. Therefore, solid polymer 
electrolytes,[299–303] and ceramic solid electrolytes,[304–308] are 

Table 1.  Summary of the main strategies for controlling transport networks in electrodes.

Strategies ITN control ETN control Advantages Possible disadvantages Ref.

Random close packing NA NA Universal, low-cost and scalable Poor controllability and stability [22]

Porous AMs Yes NA Fast ions transport, high active surface area, supporting 

high power density

Sacrificing energy density, increasing 

manufacturing cost and mechanical 

instability

[33–35]

Pore additives Yes NA Fast ions transport in thick electrodes, scalable, sup-

porting high energy and power densities

More manufacturing steps and 

increased cost

[58–61]

Additive manufacturing Yes NA Programmable control of electrode configuration Low manufacturing efficiency, 

limited application

[62–65]

Core–shell AMs NA Yes Stable and uniform, supporting high energy and power 

densities

Poor scalability and high    

materials cost

[93–95,122]

Conductive wrapping NA Yes Deformation-tolerant, supporting high power density Poor scalability and high cost [161–165]

Conductive binders NA Yes Stable and uniform, supporting high energy density Poor scalability and high materials cost [181,182]

Structural binders NA Yes Stable and uniform ETN, good mechanical flexibility Nonactive, sacrificing energy density [192–194]

Electrode templates Yes Yes Precise control of ITN and ETN, supporting high power 

density

Poor scalability, limitation in AMs, 

and high cost

[216–223]

Electrode scaffolds Yes Yes Mechanical flexibility and strength, robust ITN and ETN, 

supporting high power density, long cycle stability

Low energy density, high cost, 

limitation in AMs

[228,261,262]

Electrode matrix Yes Yes Mechanical flexibility, uniform and stable ITN and ETN Limitation in energy and power 

densities

[289]

Note: NA—not applicable.
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promising solutions to build mechanically strong ITN inside 
the electrodes. For ETN, similar challenge exists for both 
binder and conductive agent. For example, binders are usu-
ally nonconductive and conductive agents are weak in inter-
face interactions. As a result, the ETN built by the two usually 
suffers from either insufficient electronic conductivity or weak 
mechanical properties. To address this challenge, structural 
AMs, adhesive and conductive binders, surface treatment of 
components to achieve better adhesion are possible solutions. 
It is noted that the solvent in the electrode slurry also plays 
a critical role in controlling the interactions among polymer 
binders, conductive fillers and AMs particles as revealed 
recently by Zhong and co-workers.[309]

Challenges on Composite Electrode Level: The challenges on 
composite electrode level depend on the specific require-
ments on device performance and properties. For example, 
if high energy density, high power density, and/or long cycle 
stability are required, the biggest challenge comes from the 
space and weight competition between the charge transport 
system (i.e., the ITN and ETN) and AMs. This challenge 
is fundamentally due to the fact that high energy density 
requires a high volume or weight percentage of AMs, simi-
larly, a high power density needs a high volume percentage 
of charge transport system in the composite electrodes. 
They cannot be satisfied simultaneously in a fixed volume. 
It seems that there is no fundamental solution to this issue. 
However, a rational design of the structures of electrode 

composite with high-capacity AMs can be 
the most promising solution for this issue. 
This is because higher capacity AMs can 
improve the energy density with even lower 
loading as compared with traditional low-
capacity AMs, which can make more space 
for the charge transport system. However, 
the success depends on whether one can 
solve the instability issues of charge trans-
port networks with the big-volume-change 
or dissolution of AMs as introduced 
previously.

Challenges in Characterizations, Under-
standing, and Simulation: As introduced previ-
ously, the 3D structures of ETN and ITN are 
complicated, but they play a pivotal role in 
controlling the overall performance of ESDs. 
Therefore, characterizations of the structures 
and properties of the charge transport net-
works and tracking their evolution during 
practice is very critical for understanding 
the performance and its decay behavior. As 
far as we know, there is lack of experimental 
method for direct study on the ionic conduc-
tivity of wet composite electrodes. The con-
ventional way for this is the Electrochemical 
Impedance Spectroscopy (EIS) analysis or 
C-rate performance testing of the assembled 
battery cell. Generally, the ionic conductivity 
of electrode is determined by two critical  
factors: the structures of ITN and the ion- 
conductivity of electrolyte. For electrical  

conductivity, conventional methods, such as resistivity 
testing by four-probe method,[310] have been widely used 
for both dry and wet electrodes. It is important to sepa-
rately characterize the ionic and electronic conductivities, 
which is critical for a better understanding of the property- 
performance relationship for composite electrodes. In this case, 
models on how the porous structures (ITN structure) deter-
mine the ion transport inside composite electrodes are very 
helpful. For example, Terao et al. proposed a numerical calcula-
tion equation as shown below to describe the mass transport 
properties of porous electrode[311]

ε
τ

= = = +1/(1 / )R
eff

bulk
bulk kD

D

D
D D � (1)

π= 2
3

(8 / )k 1/2D RT M r � (2)

where, DR is the relative diffusion coefficient, ε is porosity, 
τ is tortuosity, and r is pore radius. These parameters were 
obtained from the reconstructed structure of the porous elec-
trode. Dk is the Knudsen diffusion coefficient. It is noted 
that these values are very helpful to describe the average 
properties of electrodes, but not the uniformity of electrode 
properties. Therefore, there is a big challenge of evaluating 
the uniformity of charge transport properties inside the 
porous electrode, which plays a critical role in controlling 

Figure 19.  A big picture showing the challenges for building a robust charge transport system 
for advanced energy storage devices. The two physical networks (ITN and ETN) and AMs are 
the most fundamental support for the “wish bridge.” The main challenges come from the 
limitation and competition from space and weight, limited functions/properties of individual 
component, the coupling effect between electrochemistry and mechanics, a poor understanding 
of the structures-properties-performance relationships on both materials and cell levels, etc. 
For details, please see the text.
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the uniformity of local current, the cycle stability and safety 
of the device.

However, we believe that, with the development of sim-
ulation technology and characterization techniques, it is 
absolutely possible to realize theoretical prediction on 
the electrochemical performance of composite electrodes. 
Although the progress in this field is sluggish, there are sig-
nificant studies worthy of discussion. For example, recently, 
Wood and co-workers developed a model to describe how 
materials factors, SEI, and adhesion among components 
impact the detachment of AMs from conductive networks 
and the capacity fade, which is instructive for design of 
better conductive networks for high-capacity AMs.[312] There 
are also earlier pioneering efforts. For instance, Park and 
co-workers developed a model to include multiscale and 
multiphysics phenomena in composite electrode.[313] The 
developed model has revealed complicated dynamic electro-
chemical behaviors related to the variation of particle shape, 
tortuosity, material composition, etc. For thick composite 
electrodes, the theoretical studies become even more chal-
lenging but critical for the optimization and practical appli-
cation. A very significant effort on this point was reported 
by Inoue and Kawase.[314] In this study, they developed a 
correlation equation between a porous structure and the 
effective conductivity. They found that the binder distribu-
tion and the particle morphology are the most dominant 
factors that degrade ion transportation in thick electrodes. 
Another significant effort on the theoretical studies of thick 
electrode was reported by Danner and co-workers,[315] which 
describes a detailed 3D microstructure resolved model to 
investigate limiting factors for battery performance. In short, 
more theoretical studies are in critical need, and the charac-
terizations and understanding of multiscale, multiphysical, 
electro-chemo-mechanical problems are the main challenges 
for simulation studies.[316–318]

In conclusion, building advanced “traffic system” for charge 
transport has been a critical and primary task for the R&D 
of next-generation ESDs with especially high-capacity AMs. 
The construction of robust “traffic system” highly depends 
on a good team work among active materials, electrolytes, 
conductive agents, polymer binders, manufacturing, and cell 
assembly. At the same time, characterizations of the ETN/ITN 
structures/properties and a better understanding their roles 
at electrode and cell levels are in critical and urgent need by 
advanced ESDs.
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