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Graphic Abstract 

Interface Chemistry Engineering in Electrode Systems for Electrochemical Energy Storage 

Lei Yu, Zhongyu Qian, Nannan Shi, Qi Liu, Jun Wang and Xiaoyan Jing 

 

In this review, we introduce two powerful strategies for well-controlled interface (step-by-step 

nano-architectures grown on substrates and nanoscale building blocks with spatial precision). 

Interface chemistry engineering in electrode systems for electrochemical energy storage needs to 

integrate individual materials components to interface design and optimization. Step-by-step 

growing provides robust contact between working materials and substrates. Nanoscale building 

blocks as solution-processable precursors are potentially low cost alternative and promising for the 

bulk production. Flexible step-by-step assembly by combining interfacial self-assembly with 

nanoscale building blocks may be a powerful way for interface chemistry of electrochemical energy 

storage. 
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Although high power electrochemical capacitors and high energy batteries have some differences in the 

charge storage mechanism, high-efficiency energy storage requires an excellent interface between the 

electronic-transporting phase (electrode) and the ionic-transporting phase (electrolyte). Considerable 

amounts of attentions have been paid to interface and entire electrode system to solve all kinds of 

technological challenges for the development. We introduce two powerful strategies for well-controlled 10 

interface (step-by-step nano-architectures grown on substrates and nanoscale building blocks with spatial 

precision). Then, some recent advances are focused on the interface design of current collectors and 

highlight the interfacial bonding between electrochemically active materials and conductive substrates. 

Interface chemistry engineering in electrode systems for electrochemical energy storage needs to integrate 

individual materials components to interface design and optimization. Step-by-step growing provides 15 

robust contact between working materials and substrates. Nanoscale building blocks as solution-

processable precursors are potentially low cost alternative and promising for the bulk production. Flexible 

step-by-step assembly by combining interfacial self-assembly with nanoscale building blocks may be a 

powerful way for interface chemistry of electrochemical energy storage. 

1. Introduction 20 

Electrochemical power sources, as a secure and sustainable 

energy supply, have been intensively investigated in 

technological development and standard of living.1 High power 

electrochemical capacitors (ECs) and high energy lithium ion 

batteries (LIBs) are at the forefront of these, to meet the higher 25 

requirements of future systems.2 Although they have some 

difference in the charge storage mechanism (ECs store charges at 

surface or in a thin layer of active materials in reversible 

processes, while, LIBs store charges by the intercalation of Li+ 

ions from the surface to the bulk of active materials),3 developing 30 

new materials and advancing architecture designs of the 

electrochemical interfaces assign equally importance to them for 

future energy storage systems.4,5 

The high-efficiency energy storage requires an excellent 

interface between the electronic-transporting phase (electrode) 35 

and the ionic-transporting phase (electrolyte).6 Nanostructured 

materials with a shortened ion diffusion pathway benefit high 

energy devices, high power performance relies on enhanced 

electron transport related with electronic conductivity and 

mobility.4 The hybrid or composite materials integrate several 40 

types of functional materials and make them synergistically 

enhance the properties of each component. 3D-architecture 

design of materials shortens the transport lengths for ions and 

increases the contact area between the electrode and the 

electrolyte5. Heterostructured nanoarchitectures have achieved 45 

notable success in scrupulous design of smart hybridization and 

controllable microstructure for electrochemical energy storage.  
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Superior to traditional core/shell nanostructure or 3D-architecture 

design, interface chemistry engineering leads to long cycle life, 

low cost, and a relatively larger energy density. In addition, 

hybrid interface can modification of each other with 

reinforcements and fewer inherent limitations.7-9 A range of 5 

nanoscale building blocks, such as electric double-layer 

capacitive (EDLC) graphene or carbon nanotube materials (high-

power but relatively low-energy, reasonably high conductivity 

and relatively high surface-area),10-12 moderate electrochemical 

conducting polymers,13-15 and pseudocapacitive transition-metal-10 

based oxides or hydroxides (TMOs) or battery materials (high-

energy, volume change during electrochemical process and poor 

electric conductivity),16-18 have gained prominence with high 

specific surface area and small dimensions. Besides, interface 

between current collectors and active materials has also attracted 15 

increasing interests.19,20 

Most traditional research focused on active materials and 

synthesis, as it has been widely accepted that interface of 

electrode materials plays a key role during electrochemical 

process, considerable amounts of attentions have been paid on 20 

interface and entire electrode system to solve all kinds of 

technological challenges for the development.21 Practical 

applications require balance between capacity and specific 

capacity. Electrodes should have a large mass loading towards 

green grid,22-24 and interface should be designed with an optimal 25 

physical space.7 Nanocomposites could be achieved with well-

controlled interface by two powerful strategies: step-by-step 

nano-architectures grown on substrates3,25,26(desirable to integrate 

these hybrid nanocomposites and substrates with robust interface, 

but is not sufficient in nanoscale spatial precision with limited 30 

synthetic methods) and nanoscale building blocks with spatial 

precision27-29(the fabrication is more flexible, but often lacks 

suitable interfacial bonding with the substrates by using slurry-

pasting). We first review the two promoting ways of fabricating 

hybrid electrode materials. After that, some recent advances are 35 

focused on interface design of current collectors. Next, we 

highlight the interfacial bonding between electrochemically 

active materials and conductive substrates. The concluding 

section is focused on several promising research trends in the 

electrode architecture design with an outlook.  40 

2. Step-by-step nano-architectures grown on 
substrates 

Step-by-step growing avoids additives and provides robust 

contact between working materials and substrates, the interval 

space formed between neighboring makes easy diffusion of ionic-45 

transporting region.26 Some efforts have also been directed at the 

search from metal oxide materials-conductive matrix to hybrid 

mixed metal oxides,3,25,26 primary structure grown on substrates 

should be electrochemically stable and good electrical 

conductivity, compared with the subsequent structure. Hybrid 50 

mixed metal oxides exhibit better in high energy for fast ion 

transport, but worse electronic-transporting than carbon-based 

structures.27-39 Step-by-step growing is concordant with interface 

design of current collectors, poor electronic-transporting phase 

may rely on the interface of current collectors more,27-39 interface 55 

design of current collectors will be discussed later. 

 
Fig. 1 (a) Schematic illustration of the two-step synthesis of metal oxide 

core/shell nanowire arrays directly on various substrates.  (b) Scanning 

electron micrograph and transmission electron micrograph (inset) of metal 60 

oxide core/shell nanowire arrays. (c) Cycling performances of Co3O4/NiO 

nanowire arrays. (Reproduced from Acs Nano, 2012, 6, 5531-5538. 

Copyright 2012, American Chemical Society.31) 

Heterostructured core/shell nanowire arrays may be one of the 

most scientific and technological interests. Fabrication of core 65 

nanowire arrays with well-defined morphologies is critical, which 

is often achieved by electrodeposition,32-34 vapor deposition35-37 

and hydrothermal synthesis.38,39 Currently, tremendous efforts 

have been devoted to developing cost-effective and simple 

methods. For example, Xia et al. presented a simple two-step 70 

solution-based method to synthesize transition metal oxide 

core/shell nanoarrays by combining hydrothermal synthesis and 

chemical bath deposition, core nanowires could act as backbones 

to guide the shell materials preferentially deposited, and the 

core/shell nanoarrays lead to enhanced electrochemical properties 75 

(452 F/g and 1.35 F/cm2 at 2 A/g).31 (Fig. 1) 

 

 
Fig. 2 Scanning electron micrographs of the NiCo2O4 nanosheets on Ni 

foam after cycling for 3000 cycles with a current density of 25 mA cm
−2. 80 

(Reproduced from Adv. Mater., 2013, 25, 976-979. Copyright 2013, 

Wiley-VCH.53)  

Hydrothermal approaches may be facile for one-dimensional 

(1D) nanoarrays directly on various substrates and be spoke self-

assembled structures.40-43 As another point of view, it is a kind of 85 

technique for tailoring the interface of the matrix. Nanowire 

arrays are designed to guarantee a fast ion and electron transfer, 

so there still exists some nano-architectures may be promising for 

electrochemical energy storage, such as nanoflake arrays and 

networked nanocoatings.44-47 More high-effective interfaces 90 

should be explored with three-dimensional porous structures and 

robust interface from self-assembled nanomaterials.48-52 

Nanoflake arrays seem to exhibit poor microstructures compared 

with nanowire arrays, but the fabrication is flexible and easy to 

scale up. Zhang et al. presented a simple template-free solution-95 

based method combined with a post annealing treatment, it is 

successfully developed to grow interconnected mesoporous 
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NiCo2O4 nanosheets on various conductive substrates, the 

integrated electrodes exhibit an ultrahigh specific capacitance 

(1743.4 F/g and 2.09 F/cm2 at 8.5 mA/cm2) and excellent cycling 

stability at a high charge /discharge current density (17.1% loss, 

3000 cycles,at 25 mA/cm2).53 (Fig. 2) NiCo2O4 has better 5 

electrical conductivity and higher electrochemically activity 

compared with NiO and Co3O4, it could be good backbones to 

guide the shell materials grown. 

 
Fig. 3 Schematic of layer-by-layer assembly process for multilayer films 10 

of positively charged Co-Al LDH nanosheets and negatively charged 

graphene oxide nanosheets. (Reproduced from Langmuir, 2012, 28, 293-

298. Copyright 2012, American Chemical Society.55) 

Step-by-step growing promotes a binder- and conductive 

agent-free robust adhesion. However, these electrodes often have 15 

a small mass loading compared with slurry-pasting, 42,43,53 the 

technique needs to be considered with interface design of current 

collectors to integrate the interface of electrodes system. Whether 

growing or not is not the foremost, robust adhesion with 

substrates should be considered first. It can be achieved by 20 

electrostatic sequential adsorption, such as layer-by-layer (LBL) 

assembly, Langmuir-Blodgett and electrophoretic deposition.54 

Dong et al. reported the fabrication of flexible films of Co-Al 

layered double hydroxide (LDH) nanosheets/graphene oxide via 

LBL assembly process (1204 F/g and 90 F/cm2 at 5 mV/s, 40 25 

bilayers; over 99% after 2000 cycles, at 20 A/g ).55 LBL assembly 

is a powerful tool to build well organized layered films with 

finely controlled film thickness and uniformity, but it may be 

difficult for a large mass loading. However, it is desirable for 

step-by-step to grow developing towards more flexible step-by-30 

step assembly. It can be inferred from the related discussion that 

the first step is difficult and limited, but the second step is various 

and flexible. 

3. Nanoscale building blocks with spatial precision 

3.1 Planar or graphene-based nanostructures 35 

Flexible solution-based methods have scrupulous design of 

nanoarchitectures and smart hybridization. Graphene oxide (GO), 

as a promising solution-processable precursor for the bulk 

production of reduced graphene oxide (rGO) and potentially low 

cost alternative, is derivative by functional groups for growth of 40 

inorganic nanoparticles to afford strongly coupled hybrids.56-58 

High energy active materials, such as TMOs, exhibit 

electrochemically active with electrolyte, but poor electronic-

transporting. During an electrochemical process, phase change is 

estimated from surface to bulk entirely towards high energy. For 45 

better electronic-transporting, electrochemically stable phase is 

needed. Strongly coupled TMOs-graphene hybrid materials 

achieve these with graphene acted as stable electric conductive 

phase and TMOs acted as active materials for high energy. The 

self-assembly of nanoparticles anchored on GO nanosheets could 50 

be directed with surfactants-assisted,59-61 (Fig. 4) solvent-assisted 

dispersion of graphene-based material or hydrothermal,62-64 which 

opens a promising avenue for replacing the framework carbon 

atoms of graphene.65 Wang et al. coerced multiple phases of SnO2 

and graphene into deterministic nanostructured materials by self-55 

assembly (760 mAh/g, at 80 mA/g).59  

 

  
Fig. 4 Schematic illustrations of the ternary self-assembly approach to 

ordered metal oxide/graphene nanocomposites. (A) Adsorption of 60 

surfactant hemimicelles on the surfaces of the graphene causes its 

dispersion in surfactant micelles in an aqueous solution. (B) The self-

assembly of anionic sulfonate surfactant on the graphene surface with 

oppositely charged metal cation species and the transition into the lamella 

mesophase nanocomposites. (C) Metal oxide/graphene layered 65 

nanocomposites composed of alternating layers of metal oxide 

nanocrystals and graphene stacks after crystallization of metal oxide and 

removal of the surfactant. (D) Self-assembled hexagonal nanostructure of 

metal oxide precursor with nonionic surfactants on graphene stacks. 

(Reproduced from Acs Nano, 2010, 4, 1587-1595. Copyright 2010, 70 

American Chemical Society.59) 

Stable, single and few-atom-thick two-dimensional (2D) 

nanomaterials beyond graphene have been one of the most 

extensively studied to exhibit fascinating and technologically 

useful properties, such as charge transport confined to a plane and 75 

high electron mobility.66 Liquid exfoliation of layered compounds 

are now considered to be excellent candidates for future 

electronic applications.67,68 For example, positively charged 

layered double hydroxide nanosheets and some negatively 

charged oxide nanosheets could be obtained by using formamide 80 

and quaternary amine ion, respectively.69-72 Time-consuming and 

possible surface residues of foreign ions are quite unfavorable, 

Feng et al. took advantage of an intermediate intercalated 

compound precursor of VS2·NH3 (4.76 F/cm2 and 317 F/cm3 at 

0.2 A/m2, area: 11.52 cm2, thickness: 150 nm ).73 Besides, 85 

“Bottom Up” strategies process a efficient route for liquid 

exfoliation.74-76 Flocculation occurs when electrolytes 

(counterions) added to colloidal nanosheets.67 Directed assembly 

of positively and negatively charged nanosheets can be achieved 

to construct sandwich lamellar systems, it is possible to tailor 90 

superlattice-like assemblies by incorporating 2D nanocrystal 

building blocks.67,77  

3.2 Interpenetrating networks of 1D nanomaterials 

1D carbon nanotubes (CNTs) can be viewed as graphene sheets 

rolled up into nanoscale tubes.78 CNTs have gained prominence 95 

as nanoscale building blocks for dispersing the active materials to 

prevent them from agglomerating, interpenetrating networks of 

1D CNT-based nanomaterials also afford an efficient electronic 
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pathway to provide better electrical contacts.4,79 Hierarchical 

interconnected pore channels can be also achieved by hybrid 

CNTs and V2O5 nanowires (792 F/g, 3.8 mg/cm2 for lithium ion 

ECs; ~400 F/g, 1-3 mg/cm2 for sodium ion ECs).80,81 (Fig. 5) 

High-power CNTs and high energy V2O5 are intertwined with 5 

each other, the network ensures fast and efficient electronic-

transporting.11 

 
Fig. 5 Schematic of (A) a nanocomposite consisting of interpenetrating 

networks of V2O5 nanowires and CNTs, (B) intimate contacts between the 10 

V2O5 nanowire and CNTs facilitating charge transport, and (C) Na+ 

intercalation within the V2O5 layer structure. (Reproduced from Acs 

Nano, 2012, 6, 4319-4327. Copyright 2012, American Chemical 

Society.81) 

One dimension nanomaterials are easy to build networks with 15 

short ion diffusion paths and better utilization.11 Among various 

methods, template-directed and hydrothermal synthesis has been 

a powerful route with simplicity and great variability in 

controlling the chemical composition and morphology in both 

lateral and longitudinal dimensions.82-84 Macroscopic-scale 20 

assembled nanowires thin films promote the interface-induced 

and external fields assisted technology, for example, Langmuir-

Blodgett Technique, evaporation-induced, microfluidic flow, 

bubble-blowing, electrospinning, magnetic field-assisted.85 

 25 

3.3 Three-dimensional gel frameworks 

 
Fig. 6 Fabrication of hierarchical macro- and mesoporous GAs-SiO2 

frameworks: (i) electrostatic adsorption and assembly of ofcetyltrimethyl 

ammonium bromide (CTAB) on the surface of 3D GAs, (ii) 30 

tetraethoxysilane hydrolysis for nucleation and growth of mesoporous 

silica on the surface of CTA+-adsorped GAs, and (iii) CTAB removal 

through ethanol washing, drying, and thermal annealing. (Reproduced 

from J. Am. Chem. Soc., 2012, 134, 19532-19535. Copyright 2012, 

American Chemical Society.91)  35 

Three-dimensional (3D) graphene gel frameworks can be cheaply 

produced on a large scale from graphene oxide by hydrothermal 

or additives,86-89 The 3D structures provide high specific surface 

areas, strong mechanical strengths and fast mass and electron 

transport kinetics.90 Hierarchical macro- and mesoporous 40 

graphene aerogels (GAs) can be also fabricated, the macropores 

can act as a bulk buffering reservoir for electrolytes diffusion, 

while the mesopores can provide a larger accessible active 

surface area, and micropores can continuously increase charge 

accommodation.91 (Fig. 6) Hierarchical porous structures also 45 

benefit TMOs, large pores increase ion transport, small pores 

increase volumetric energy densities.92 Hydrogel interpenetrates 

solid-state with liquid-state, that is to say, it interpenetrates 

efficient ion and electron transport. 

In addition, Worsley et al. utilized carbon to knit together 50 

graphene sheets into a macroscopic 3D structure with superior 

electrical conductivity. Graphene aerogel synthesis was carried 

out by sol-gel polymerization of resorcinol and formaldehyde, 

followed by pyrolysis.93 3D Graphene-based compounds can be 

prepared in situ reduced with self-assembly and embedding of 55 

components.94-96 Hydrothermal carbonization and pyrolysis are 

rising techniques for the synthesis of porous carbonaceous 

materials.97-99 Hence, an innovative approach is to incorporate 

metal oxide nanoparticles to the porous carbon materials.8,100,101 

3.4 Nanomaterials-assembled hierarchical microstructures 60 

 
Fig. 7 Scanning electron micrographs (A,C,E) and transmission electron 

micrographs (B,D,F) images of the three samples: A,B) single-shelled 

Co3O4 hollow spheres, C,D) double-shelled spheres, and E,F) triple-

shelled spheres. (Reproduced from Adv. Funct. Mater., 2010, 20, 1680-65 

1686. Copyright 2010, Wiley-VCH.109)  

Various methodologies have been developed to achieve self-

assemblied special nanostructure to make easy diffusion of ionic-

transporting region.102-107 Recently, multishelled hollow 

structures have received more attention from potential 70 

applications.102,108 Multishell hollow Co3O4 spheres composed of 

oriented self-assembled nanosheets were synthesized via a 

hydrothermal method, double-shelled spheres benefits superior 

electrical conductivity and high structural stability with superior 

void-space-utilizing rate during volume change during Li+ 75 

insertion–extraction.109 Besides, Wang et al. reported a facile 

“pumpkin-carving” strategy for the production of single-crystal 

CoSn(OH)6 nanoboxes with a uniform size.102  

Hydrotalcite-like compounds consist of positively charged 
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brucite-like host layers and charge balancing anions in the 

interlayer, α-hydroxides are reported to be isostructural with 

hydrotalcite-like compounds, which have a larger interlayer 

than that of the brucite-like structure.110,111 The intercalated 

anions are exchangeable, thus making it possible to adjust the 5 

interlayer spacing.110 Wang et al. reported a novel strategy of 

fabricating conical structures be formed by the rolling-up of 

layered α-cobalt hydroxide materials, the lower size limit of 

accessible hollow spaces in cobalt hydroxide-based 

electrochemical capacitors through an anion exchange reaction 10 

studying.112,113 Nanomaterials-assembled hierarchical 

microstructures construct an excellent interface for ionic-

transport, but fail to provide robust adhesions with matrixes, 

which lead to a poor electron-transporting phase. 

3.5 Surface coating 15 

Coating the surface of the electrode material is a common 

technique used for improving the functionality and performance 

of the electrode material. For the lithium ion batteries, carbon 

coating is one of the most popular means of easily enhancing the 

electronic conductivity of electrode materials, and can also 20 

stabilize SEI films.114-116 Moreover, surface coatings onto cathode 

material with oxides (NiO or MnO2) can essentially shield from 

direct exposure to the electrolyte solution, improving the 

structural integrity of the cathode material and suppressing phase 

transitions.117,118 For the supercapacitors, a conducting polymer 25 

such as polypyrrole (PPy) usually is used to coat the surface of 

the electrode materials to, which lead to significantly improved 

electron transport within every nanostructures. PPy was chosen 

not only because it has greater density and better degree of 

flexibility, but also itself can undergo a fast redox reaction to 30 

store charge.119 

4. Interface design of current collectors 

4.1 Microstructured interface design 

 
Fig. 8 Design and fabrication of 3D porous current collectors filled with 35 

the battery electrode material. (a) (left): Highly conductive fibrous 

network after coating polyester fibers with carbon nanotubes and (right): 

Porous conductor filled with battery materials, where the conductive 

polyester fiber network functions as an effective current collector and the 

organic electrolyte penetrates throughout the entire structure effectively. 40 

(b) By comparison, the battery electrode material is coated on the surface 

of the flat current collector in the traditional architecture. (Reproduced 

from Adv. Energ. Mater., 2011, 1, 1012-1017. Copyright 2011, Wiley-

VCH.120) 

3D porous current collectors have excellent interfaces between 45 

the electronic-transporting phase and the ionic-transporting phase, 

while, flat current collectors are difficult for electrolyte 

penetration.120 (Fig. 8) 3D porous conductive materials, such as 

carbon paper and carbon cloth, are promising for high- 

performance flexible electrodes.121-124 Similar to EC materials, 50 

for current collectors with high electronic conductivity and 

mobility, only surface or a thin layer around the 

electrode/electrolyte interface play a key role, microstructured 

interface design of current collectors  is vital for meet the 

requirements of short transport lengths and large energy 55 

capacities with an optimal physical space.7,125 When slurry-

pasting is discussed, low specific capacity caused by the extra 

weight of additives and dead volume is obvious drawbacks.26 

these can be also caused by a poor interfacial design of current 

collectors. Zhang et al. reported a self-assembled bicontinuous 60 

bulk electrode concept consisting of an electrolytically active 

material sandwiched between the electrolyte and the current 

collectors with polystyrene spheres template-assisted 

electrodeposition.126 Gowda et al. reported 3D nanoporous Au 

nanowire current collectors for thin film micro batteries, 65 

vertically aligned gold-silver nanotube arrays were fabricated 

using a template-assisted electrodeposition technique followed by 

treated with concentrated nitric acid.127 Chemical-ecthing with 

nitric acid is a powerful way for nanoporous electrodes.128,129 

Ideal electrode architectures provide three-dimensional 70 

interpenetrating efficient ion and electron transport.126 Attempts 

at novel electrode design have been extensively made from 

conductive matrixes to integrate materials hybrid 

nanostructures.30 Step-by-step growing is concordant with the 

microstructured interface design of current collectors to assign to 75 

bridge the performance for electrode design. Step-by-step 

growing of battery materials is suitable for high-energy devices, 

while, microstructured interface design of current collectors may 

benefit high-power devices.130 

4.2 Surface modification and functionalization 80 

Textile fibers have a hierarchical structure with complicated 

surface morphology, each fiber is comprised of multiple 

individual cotton fibrils, which are in turn composed of multiple 

microfibrils bundled, functional groups cause the fibers to swell 

in polar solutions. Flexible and porous textiles are used as 85 

supporters to make nanosystems electrodes,132 and provide an 

effective three-dimensional (3D) framework for a large mass 

loading of electrochemical active materials. Porous conductors 

could be made with carbon nanotube or graphene coated,131-134 

the fabrication process is simple and scalable, similar to those 90 

widely used for dyeing fibers and fabrics in the textile industry. 

(Fig. 9) Cotton T-shirt textiles could be converted into activated 

carbon textiles for energy storage applications.135 Inspired of 

these, hierarchical macroporous sponges and flexible paper have 

been designed to conductive substrates.136-139 Polypyrrole-coat 95 

papers could be fabricated by a simple “soak and 

polymerization”.140 Hu et al. demonstrated highly conductive 

paper for energy-storage devices with single-walled CNTs and 

Ag nanowires integrated by solution-based processes.141  
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Fig. 9 Porous textile conductor fabrication. (a) Schematic of SWNTs 

wrapping around cellulose fibers to form a 3D porous structure. (b) 

Conductive textiles are fabricated by dipping textile into an aqueous CNT 

ink followed by drying in oven at 120 °C for 10 min. (c) A thin, 10 cm × 5 

10 cm textile conductor based on a fabric sheet with 100% cotton and Rs 

of 4 Ω/sq. (d) SEM image of coated cotton reveals the macroporous 

structure of the cotton sheet coated with CNTs on the cotton fiber surface. 

(e) SEM image of fabric sheet coated with CNTs on the fabric fiber 

surface. (f) High-magnification SEM image shows the conformal coating 10 

of CNT covering and bridging between the fabric fibers. (g) TEM image 

of CNTs on cotton fibers. (Reproduced from Nano Lett., 2010, 10, 708-

714. Copyright 2010, American Chemical Society.131) 

Alignments of nanocrystalline phases with different 

morphologies and microstructures show substantial differences in 15 

electrochemical performances, substrate dependent self-

organization of mesoporous cobalt oxide nanowires with 

remarkable pseudocapacitance were reported.142 Interfacial 

designs for electron and ion transfer are affected by chemical and 

physical properties of substrates, it implies the importance 20 

surface modification and functionalization.143-145 A high mass 

loading of active materials usually leads to an increased electrode 

resistance. To solve these critical problems, Yu et al. developed a 

“3D conductive wrapping” method.146 

4.3 Self-supporting materials 25 

 
Fig. 10 Illustration of the fabrication process for flexible all-solid-state 

asymmetric supercapacitors based on polymer gel electrolyte and free-

standing paper electrodes. (Reproduced from ACS Appl. Mater. Inter., 

2012, 4, 7020-7026. Copyright 2012, American Chemical Society.153)  30 

Papers are excellent candidates for substrates of flexible energy-

storage applications and miniature devices, carbon nanotube/ 

cellulose papers could be used in all-solid-state flexible 

supercapacitors.147-149 Flexible CNT or graphene thin films could 

be prepared by filtration, 149-151 incorporating these with transition 35 

metal oxides or conductive polymers is a promising approach to 

further achieve better electrochemical performances of 

devices.152,153 (Fig. 10) Recently, macroscopic GO membranes 

were prepared by evaporating GO at a liquid/air interface.154 

Electrochemically active materials serve as current collectors in 40 

self-supporting electrodes, no additional conductive matrix exists. 

Portable electronic devices develop in the trend of being small, 

thin, lightweight, flexible and even roll-up, flexible and 

lightweight devices need to provide much higher energy and 

power with less device mass, these could be achieved by 45 

combining thin films electrodes and polymer gel    

electrolytes.141-148 

Ultralight and highly porous CNT or graphene aerogels may be 

another exciting candidates for electrically conducting 

aerogels,155,156 the fabrication could be incorporated with 50 

transition metal oxides or conductive polymers for enhanced 

electrochemical performances.157-159  Folded structured graphene 

paper from 3D graphene aerogels is also adaptable for high 

performance electrode materials.160 Inspired by wearable 

electronic devices with textiles, easily woven fibrous electrodes 55 

could be prepared with CNT yarn infiltrated with polyaniline 

nanowire arrays.161 Wet-spinning assemblies of macroscopic 

graphene fibers may be fabricated the same as fiber springing in 

the future.162-164 Flexible and conductive fibers make wearable 

electrochemical storage devices feasible by utilizing 60 

nanotechnology, if integrated with stretchable energy generation 

to a self-powering nanosystem, wearable electrochemical storage 

devices could work when we walk and move.165-168 

5. Interfacial bonding between working materials 
and substrates. 65 

5.1 Binders and additives 

 
Fig. 11 Illustration of the system-level strategy of the fabrication of rGO 

/SnO2 composite-based anode for lithium ion battery. (Reproduced from 

Nano Lett., 2013, 13, 1711-1716. Copyright 2013, American Chemical 70 

Society.20) 

Slurry-pasting of active materials, conductive additives and 

polymeric binders onto the current collector is a traditional 

treatment for electrodes, however, random distribution of the 

constitutive phases has obvious drawbacks including poor 75 

electron transport and extra weight of additives.26 Acitve 

materials ensure high energy, conductive additives guarantee high 

electron transport and power, binders keep structural stability 

during the electrochemical process. Selecting binders should be 

considered with interfacial bonding and high performance. For 80 

example, sodium alginate may be a good binder compared with 

polyvinylidene fluoride for lithium ion battery.169 The excellent 

electrode performance caused by the sodium alginate is not only 

owing to without react between sodium alginate and electrolyte, 

but also electrode porosity. Sarkar et al. synthesized NH4V4O10 85 
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along with CMC/alginate binder.170 It delivers discharge capacity 

of 200 mAh/g at very high current rate of 1000 mA/g and 

completely retains its original discharge state at low current rate 

of 100 mA/g rate, whereas PVDF-based cathode delivers 

discharge capacity of 125 mAh/g at same current rate. Liu et al. 5 

prepared an alginate hydrogel binder which leads to a remarkable 

improvement in the electrochemical performance of the Si/C 

anode of a Li-ion battery.171 Besides, conductive binders combine 

conductive additives with polymeric binders to tailor the 

conduction band and improve the mechanical binding force.172,173 10 

Wang et al. built a cross-link reaction between active materials 

coated with polydopamine and polyacrylic acid to form a robust 

network of covalent bonds in electrodes.20 (Fig. 11) 

Sometimes, additives may improve the performance. For 

instance, sodium alginate could direct nanofiber networks of 15 

polyaniline,174 coating constituents phase-separate from battery 

materials could lead to a high-power performance,175 polyvinyl 

alcohol gel could stabilize vanadium oxide nanowire for 

pseudocapacitors.176 Heat treatments in air for binders burn-out 

and active materials sintered may be a powerful binder-free 20 

technique for porous metal oxides. 177,178 It promotes TMOs 

nanoscale building blocks to construct hierarchically porous 

bulks. 

5.2 Weak interactions 

 25 

Fig. 12 (a) Schematic of the formation and structure of Co-Al LDH 

nanosheets/graphene oxide composite. (b) Digital photographs of (left) an 

aqueous dispersion of LDH nanosheets, (middle) an aqueous dispersion 

of graphene oxide, and (right) a mixture of LDH nanosheets and graphene 

oxide. 179 30 

Nanoelectrodes have higher electrode/electrolyte contact areas 

and short path lengths for electronic and ionic transport.92 

Various flexible techniques are developed for nanomaterials, 

however, most of these rely on slurry-pasting. Slurry-pasting is 

more suitable for nanomaterials than nanoelectrodes, inferior 35 

packing of particles leading to lower volumetric energy 

densities.92 Robust contacts between working materials and 

substrates are pivotal. Step-by-step growing promotes a additive-

free robust adhesion with current collectors with a small mass 

loading.  40 

Co-Al LDH nanosheets/GO composite could be produced by 

simply mixing dispersions of each component to maximize the 

contact area of graphene and nanosheets and to optimize the 

utilization rate of the nanosheets as active materials (1031 F/g 1 

mg/cm2, at 1 A/g; nearly 100% after 6000 cycles, at 20 A/g), (Fig. 45 

12) these conductive additive-free assembled materials still needs 

binders to contact with current collectors.179,180 It could be 

achieved by electrophoretic deposition or self-assembly thin 

film.137,181 It implies interfacial assembly with current collectors 

is operable. Robust adhesion with substrates and smart hybrid can 50 

be achieved by layer-by-layer  assembly, however, to have a large 

mass loading is  time-consuming, co-assembly of mixed nano-

objects with different sizes and/or shapes represents a 

fundamentally interesting topic, co-assembly of nanowires and 

GO nanosheets directs unidirectional self-alignment of nanowires 55 

at the air-water interface,182 co-assemblies of multicomponent 

colloids remain to be attractive for applications in electronics and 

electrodes.183  

Textiles could absorb polar solvents, the interactions of 

functional groups with solutes, the weak interactions combine 60 

textiles with solutes when the solvents are evaporated.145 Various 

interfacial assemblies of nanomaterials have been improved, it 

has been widely accepted interfacial assembly is solvent-assisted 

and substrate-dependent.184-186 Integrated system could be built up 

with dispersion of nanomaterials in suitable solvents and 65 

substrate surface modification. Filtration contains structure-

induced interfacial assembly; transition metal oxide 

nanowire/CNT intertwined mesh could be prepared by a filtration 

method with the nanowires trapped on the CNT films.187 

As another point of view, instead of building robust interfaces 70 

with substrates, dispersing active materials in a liquid electrolyte 

may meet the demand for batteries of higher energy and power. 

Flow architecture is named as semi-solid flow battery, Duduta et 

al. designed diffusion-limited cluster aggregation of conductive 

nanoparticles as percolating conductor networks and “hit and 75 

stick” behavior that forms fractal particle stabilizing the larger 

particles from settling out of suspension, the semi-solid flow 

battery shows an increasing energy density.188-190 It can be 

inferred that the stability of suspensions and conductor networks 

plays a pivotal role, during the electrochemical process actives 80 

materials adhering to electrodes are undesirable. Molecules and 

ions in solutions are stable and homogenous dispersed, active 

materials homogenous dispersed will be better for 

electrochemical devices. Yang et al. proposed a new room-

temperature lithium/polysulde semi-liquid battery, no insoluble 85 

phases exist in the proof-of-concept battery with high energy 

density.191 

5.3 Interconnected structures 

Nanostructured materials with well-defined morphologies have 

obtained success, while, nanostructured electrodes with efficient 90 

electron and ion pathways are difficult to control. Nanostructured 

electrodes could be prepared by attaching active materials on the 

3D networked scaffold with robust interfacial bonding between 

working materials and substrates. However, ideal 3D 

nanoarchitectured electrode should be interpenetrating active 95 

materials and conductive materials for electron and ion 

networks.85,82 Chen et al. applied an H2 gas bubble dynamic 

template route to design 3D nanoarchitectured metal electrodes, 

followed by a heat treatment for interpenetrated metal/oxide 

(721.7 mAh/g, at 1 C rate).19 (Fig. 13) Wang et al. proposed a 100 

strategy construct a free-standing, hierarchically porous carbon 
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with GO sol-gel dropped into the nickel-foam and carbonized for 

Li-O2 batteries.192 Various 3D interpenetrated nanoarchitectures 

may be constructed with chemical bath deposition or other 

solution-based methods.193-198 

 5 

 
Fig. 13 (A) A schematic of lithium ion batteries, including the porous 

micro/nanostructured interconnected metal/metal oxide electrode. (B) A 

structural illustration of a metal/metal oxide electrode. (C) The 

metal/metal oxide electrode was fabricated via an H2 gas bubble dynamic 10 

template route.19 

6. Future outlook 

Slurry-pasting contains the preparation of the slurry and coating 

with current collectors, and could be seen as a rough technique to 

a certain extent. If active materials could be dispersed in the 15 

slurry homogenously and steadily, the slurry could be used for 

semi-solid flow batteries. If the components in the slurry could be 

controlled with a scrupulous design, interfacial assembly could be 

achieved with a robust adhere with the matrix. Step-by-step 

growing provides a robust structure with restricted conditions, 20 

while, flexible nanoscale materials need to be integrated with 

interfacial assembly. Slurry should be studied for flexible step-

by-step assembly by combining interfacial self-assembly with 

nanoscale build blocks. 
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