
2001924 (1 of 26) © 2020 Wiley-VCH GmbH

www.advmat.de

Progress rePort

Nanoparticle-Based Electrodes with High Charge Transfer 
Efficiency through Ligand Exchange Layer-by-Layer Assembly

Yongmin Ko, Cheong Hoon Kwon, Seung Woo Lee, and Jinhan Cho*

Dr. Y. Ko, Dr. C. H. Kwon, Prof. J. Cho
Department of Chemical & Biological Engineering
Korea University
145 Anam-ro, Seongbuk-gu, Seoul 02841, Republic of Korea
E-mail: jinhan71@korea.ac.kr
Dr. Y. Ko
Division of Energy Technology
Materials Research Institute
Daegu Gyeongbuk Institute of Science and Technology (DGIST)
333 Techno Jungang-daero, Hyeonpung-eup, Dalseong-gun 
Daegu 42988, Republic of Korea
Prof. S. W. Lee
School of Mechanical Engineering
Georgia Institute of Technology
Atlanta, GA 30332-0245, USA

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202001924.

DOI: 10.1002/adma.202001924

such as batteries, electrochemical capaci-
tors (supercapacitors), and fuel cells.[1–8] 
Electrochemical energy storage devices can 
be categorized as Faradaic or non-Faradaic 
charge storage mechanisms depending 
on the presence of redox charge transfer 
reactions.[9] Various carbon materials (e.g., 
porous activated carbon, graphene, and 
carbon nanotubes (CNTs)) exhibit good 
charge transfer behavior (i.e., high power) 
due to their high electrical conductivity. In 
this case, the charged species (i.e., electric 
energy) are physically aligned and accumu-
late along the surface of carbon materials 
upon potential sweeps, forming an elec-
trical double layer.[10] This charge storage 
mechanism, which is electrochemical 
double layer capacitance, has fast charge 
transfer kinetics and depends on the area 
of the electrode/electrolyte interface. How-
ever, these carbon materials with electro-
chemical double layer capacitance have 
intrinsically low-energy density (i.e., a low 
areal capacitance of ≈30 µF cm−2),[11] lim-
iting their use in high power applications, 
such as uninterruptible power supplies and 

load leveling.[12] It has been reported that the immobilization of 
oxygen functional groups on the surface of carbon materials can 
induce a Faradaic reaction with specific cations (e.g., Li+ or H+)  
and thus increase the energy density.[13,14] However, carbon-
based electrodes have inherently low density (<1  g cm−3) and 
thus exhibit low volumetric energy density, limiting their prac-
tical use in high energy applications, including portable elec-
tronic devices and electric vehicles.

Recently, various transition metal oxides (TMOs), such as 
iron oxide, manganese oxide, cobalt oxide, and their mixed 
oxides, have been investigated for high energy density electrode 
materials for both pseudocapacitors and batteries due to their 
high theoretical capacity and large surface-to-volume ratio (i.e., 
large active surface area in nanomaterial-based electrodes).[15–23] 
That is, in contrast to capacitive carbon materials, TMO-based 
electrodes can store large amounts of energy through additional 
redox reactions (≈2.5 electrons per metal atom of the acces-
sible active surface of transition metal oxides[24]) on/near the 
electrode surface (pseudocapacitance) or within the bulk of the 
materials by ion intercalation or phase conversion reactions in 
battery systems.[25] In addition, the electrochemical performance 
of TMO-based electrodes can be further improved by controlling 
their structural parameters, such as particle size, uniformity, 
crystallinity, crystallite (domain) size, and orientation.[26–33] 

Organic-ligand-based solution processes of metal and transition metal oxide 
(TMO) nanoparticles (NPs) have been widely studied for the preparation of 
electrode materials with desired electrical and electrochemical properties for 
various energy devices. However, the ligands adsorbed on NPs have a signifi-
cant effect on the intrinsic properties of materials, thus influencing the perfor-
mance of bulk electrodes assembled by NPs for energy devices. To resolve these 
critical drawbacks, numerous approaches have focused on developing unique 
surface chemistry that can exchange bulky ligands with small ligands or remove 
bulky ligands from NPs after NP deposition. In particular, recent studies have 
reported that the ligand-exchange-induced layer-by-layer (LE-LbL) assembly of 
NPs enables controlled assembly of NPs with the desired interparticle distance, 
and interfaces, dramatically improving the electrical/electrochemical perfor-
mance of electrodes. This emerging approach also demonstrates that efficient 
surface ligand engineering can exploit the unique electrochemical properties of 
individual NPs and maximize the electrochemical performance of the resultant 
NP-assembled electrodes through improved charge transfer efficiency. This 
report focuses on how LE-LbL assembly can be effectively applied to NP-based 
energy storage/conversion electrodes. First, the basic principles of the LE-LbL 
approach are introduced and then recent progress on NP-based energy elec-
trodes prepared via the LE-LbL approach is reviewed.

1. Introduction

With the explosive growth of wearable, portable, and smart elec-
tronics for convenience and for enhancing the quality of daily 
life, numerous research efforts have been made to develop high-
performance electrochemical energy storage/conversion systems 
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For example, a decrease in particle size from the micro- to 
nanoscale can shorten the ion diffusion and electron transfer 
length between adjacent active species within the electrode, 
thereby improving the rate performance of TMO-nanoparticle 
(NP)-based electrodes according to the following equation

L Dt=  (1)

where L, D, and t indicate the diffusion length within the elec-
trode, the diffusion coefficient, and the specific time constant 
for ion diffusion, respectively. Furthermore, high crystallinity 
and an optimized crystallite size can enhance the structural 
stability under continuous electrochemical cycles as well as 
facilitate charge transport, resulting in a highly stable reversible 
capacity.[33,34] In this regard, high-quality (i.e., uniform particle 
size and high crystallinity) TMO NPs are a promising active 
component for high energy density electrodes in both pseudo-
capacitors and rechargeable batteries. Despite these advantages 
of TMO NPs, their relatively low electrical conductivity signifi-
cantly restricts the energy storage efficiency under fast charge/
discharge conditions, often resulting in poor rate performance. 
To resolve this issue, various physically blended nanocomposite 
electrodes composed of high-energy TMO NPs, carbon mate-
rials (as conductive enhancers), and polymer binders have been 
reported.[21–23,35–37] However, adding low-density carbon mate-
rials and electrochemically inactive polymer binders decreases 
the overall energy density of the electrode. Moreover, the 
organic ligands remaining on the surfaces of TMO NPs and 
the insulating polymer binders have a significant effect on the 
charge transfer between the active materials and thus increase 
the internal resistance of the electrodes. Therefore, it is highly 
desirable to control the structure of the electrodes, including 
the composition, packing density, and interfacial structure 
between the components, to exploit the intrinsic electrochem-
ical properties of TMO NPs and maximize the electrochemical 
performance of the electrodes.

In the synthesis of inorganic NPs (including metal and 
TMO NPs), organic ligands are key components that control 
the shape of NPs and improve dispersion stability in solu-
tion-based electrode processes.[38–40] Additionally, the ligands 
remaining on the surface of the NPs can have a substantial 
effect on the ability to fully exploit the intrinsic electrical and 
electrochemical properties of the NPs,[41–45] which are directly 
related to the performance of various electrochemical devices 
prepared from NP-based electrodes. High-quality NPs are com-
monly synthesized in organic media using hydrophobic and 
bulky ligands (e.g., oleic acid (OA), palmitic acid (PA), and 
tetraoctylammonium bromide (TOA)). However, when using 
these NPs in electrodes for energy storage, the reported syn-
thetic methods have the disadvantage that the insulating nature 
of these long aliphatic ligands can limit the charge transport 
at the NP/NP and/or NP/current collector interfaces. Thus, 
taking into account that NP-based electrodes for energy storage 
have a large interface area between components (i.e., the NP/
NP and NP/current collector), fine-tuning the interfacial struc-
ture, including the effective removal and/or proper exchange 
of the insulating ligands on NPs, is essential to improve the 
performance of NP-based electrodes. In addition, it is desir-
able that this ligand engineering process should be ideally 
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performed under nondestructive and mild conditions to main-
tain the intrinsic properties of the active materials.

Numerous papers on ligand chemistry, including materials 
synthesis,[38,46] and ligand exchange processes,[47–49] have been 
reported to date. However, most studies have considered the 
ligand exchange process as a single event for NPs dispersed 
in organic or aqueous media, and the in situ ligand exchange 
reactions on NPs during the solution-based electrode assembly 
processes have been largely unexplored. Recently, it has been 
reported that various hydrophobic ligands on inorganic NPs (i.e., 
metal and TMO NPs) can be easily replaced by amine (NH2)-
functionalized small ligands (or linkers) with a low molecular 
weight (Mw) through in situ ligand exchange reactions during 
the solution-based electrode assembly process (Figure 1a).[50–57] 
The ligand exchange reaction is induced by the differences 
in the binding energies of ligands to NPs using a short-chain 
amine-functionalized ligand having a higher binding energy and 
a long-chain ligand attached to the NPs with a lower binding 
energy. Therefore, the short-chain ligands can replace the long-
chain ligands on the NPs during the solution-based layer-by-layer 
(LbL) deposition process to assemble bulk electrode materials 
consisting of 3D interconnected nanoparticles through molecule 
linkers. Significantly, the effective ligand exchange reactions on 
the NP surface dramatically improve the charge transfer kinetics 
between neighboring NPs by reducing the distance between 
them (Figure  1b). This in situ ligand-exchange-induced LbL 
(LE-LbL) assembly method can be an effective approach to pre-
pare NP-based electrodes with a controlled thickness, composi-
tion, and functionality onto various substrates, irrespective of 
the substrate size or shape.[50–53,57–60] Given that the structural 
properties, compositions, and interfacial structure between NPs 
significantly affect the energy performance of electrodes, the 
LE-LbL assembly approach can provide new insights into the 
study of the structure–property performance relationship of NP-
based electrodes for energy storage.

In this report, we discuss the recent progress of NP-based 
electrodes for energy storage prepared via in situ LE-LbL 
assembly to achieve high charge transfer efficiency. Addition-
ally, we demonstrate that this ligand engineering approach 
can be applied to a wide range of inorganic NPs from metal 
to TMO NPs. First, we introduce an in situ ligand exchange 
reaction and its mechanism of LE-LbL assembly for NP-based 
electrodes. Herein, the electrical and electrochemical proper-
ties of the resulting NP-based electrodes are also presented. We 
show that the in situ LE-LbL assembly of conductive metal NPs 
can be effectively used to fabricate current collectors with excel-
lent electrical conductivity for various electrochemical energy 
systems. In the next section, NP-based electrodes for energy 
storage devices, such as lithium-ion batteries, electrochemical 
capacitors, and biofuel cells, prepared by ligand engineering are 
reviewed. Using the in situ LE-LbL assembly, we systematically 
assembled 3D nanocomposite electrodes consisting of various 
components, including metal NPs with conductive properties, 
TMO NPs with charge storage properties, and an enzyme with 
catalytic properties; the nanocomposite electrodes have a con-
trolled composition, alignment, and interfacial structure for 
various electrochemical energy storage and conversion devices. 
Finally, this report briefly describes the importance and pros-
pects of interfacial engineering for future energy devices.

2. Ligand Exchange Layer-by-Layer Assembly

2.1. Effect of Surface Ligands on Charge Transfer Kinetics

The kind of organic ligand bound to the surface of inorganic 
NPs seriously affects the electrical and electrochemical char-
acteristics[61–64] in the formation of inorganic NPs, and these 
effects can be further intensified when these NPs are adsorbed 
onto substrates for the preparation of NP-based nanocomposite 
electrodes.[65,66] First, considering the electrical properties, bulky 
and hydrophobic ligands with long aliphatic chains result in 
high contact resistance (i.e., insulating barriers) between adja-
cent NPs within the electrodes, which significantly reduces the 
electron transport within the NP networks, resulting in low elec-
trical conductivity in the nanocomposite electrodes.[38,67–70] Typi-
cally, the charge transport mechanism in electrical conductors 
(e.g., metal NP-based nanocomposites) can be described by three 
representative theories of electron hopping, quantum tunneling, 
and ohmic conduction, which strongly depend on the thickness 
of insulating barriers (i.e., the interdistance between separated 
ligands) of adjacent NPs.[71,72] Murray and co-workers reported 
that dried solid-state film electrodes based on Au NPs stabilized 
with long alkane chains exhibited relatively low electrical con-
ductivity due to the high activation energy (due to the presence 
of bulky organic ligands) for electron tunneling between neigh-
boring Au NPs.[73,74] That is, the organic ligands surrounding 
the NPs play a similar role as the dielectric capacitor, and they 
cause electron confinement with a low capacitance (<≈10−18 F, 
depending on the thickness of the ligand shell), which restricts 
facile charge movements between neighboring Au NPs. These 
interparticle-distance-dependent charge conduction behaviors 
have been further systematically studied through low-frequency 
impedance spectroscopy measurements on metal NP-based 
nanocomposites.[75,76] Heath and co-workers found that the tran-
sition of insulator-to-metal conduction behavior occurs when the 
interparticle spacing (i.e., the ligand shell thickness) between 
adjacent metal NPs decreases to less than 6 Å. These pheno-
mena have also been confirmed in various conductive noble 
metal and oxide NPs, silver,[66,68] copper,[77] aluminum,[78] tin and 
zinc oxide.[79–81] Additionally, Chen and co-workers reported that 
the electron transfer behavior is strongly influenced by the types 
of terminal moieties on ligands such as phenyl group-function-
alized ligands.[82] That is, π–π stacking of the phenyl groups can 
induce an overlap between adjacent ligands that can decrease the 
NP–NP interdistance, which increases charge transfer between 
neighboring NPs. They also demonstrated that the resulting 
charge transport characteristics show a clear Arrhenius behavior 
with a thermally activated hopping conduction mechanism.

Surface charge transfer kinetics at the interface also play a 
critical role in determining the electrochemical activity of NPs. 
In other words, the presence of bulky ligands covering the 
functional NPs can block the facile access of external reactive 
species (i.e., molecules, electrons, ions, and/or absorbates), 
thereby lowering the electrochemical activity of NPs and their 
composite electrodes.[45,83] Fan and co-workers reported that the 
catalytic activity of novel metal NPs (i.e., Pt, Pd, and Au NPs) 
could be notably improved by removing the native ligands 
through thermal annealing or electrochemical methods.[84,85] 
Specifically, as the surface coverage of polymeric ligands on 
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catalytic NPs decreased, the oxygen reduction reaction (ORR) 
activity and sensitivity of NPs gradually increased. These 
phenomena clearly indicate that organic ligands strongly affect 
the electrocatalytic properties of catalytic NPs as well as the 
electrical conductivity of metal NPs, as mentioned above.[86]

Likewise, the surface charge transport behavior of the TMO 
NPs can be controlled depending on the type or length of ligands 
(or linkers) on the NP surface.[87–90] In general, the insulating 
ligands coordinatively bonded through d-orbital participation 
with the transition metals limit the electron transport across 
NP networks. Cho and co-workers reported that the modulation 
of surface ligands on TMO NPs can increase the electrical and 
electrochemical properties.[87,88,91] The removal of bulky ligands 
(i.e., oleylamine (OAm)) bound to the surface of electrochromic 

tungsten oxide (WO2.72) nanorods (NRs) enhanced the colora-
tion efficiency (CE) and response time of coloration/bleaching 
cycles.[88] They also showed that the electrochemical (or elec-
trochromic) performance of WO2.72 NR-based nanocomposites 
could be improved by reducing the ligand length or thickness 
of the ligand shell. That is, when small organic molecules were 
used as a linker instead of bulky polymers, the area in the cyclic 
voltammogram (CV) was notably increased with obvious reduc-
tion peaks at the same scan rate, which implied the significant 
influence of the ligands on electron transfer kinetics at the 
electrode interfaces (Figure  2a,b). This unique phenomenon 
could be further intensified by conductive TMO NPs such 
as indium tin oxide (ITO). As shown in Figure  2c,d, when 
OAm–ITO NP ligands were incorporated into WO2.72 NR-based 
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Figure 1. Schematic illustration of the preparation of nanoparticle-based electrodes for energy storage through ligand engineering. a) Schematic repre-
sentation of the ligand-exchange-induced layer-by-layer (LE-LbL) assembly and its applications to electrochemical energy electrodes. Image for energy 
storage (bottom left): Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/
licenses/by/4.0).[52] Copyright 2017, The Authors, published by Springer Nature. Image for energy conversion (bottom right): Adapted under the terms 
of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[53] Copyright 2018, The Authors, 
published by Springer Nature. b) Schematic diagram of the ligand-dependent interparticle distance in the electrodes.

https://creativecommons.org/licenses/by/4.0
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nanocomposites using LE-LbL assembly, the electrochemical 
responses in CVs were more notably improved compared to the 
electrodes without OAm–ITO NPs (Figure 2b).[88]

Similarly, the areal capacitance of MnO NP-based pseudoca-
pacitor electrodes could be significantly increased by the insertion 
of OAm–ITO NPs using the abovementioned LE-LbL assembly 
method (Figure 2e).[91] In this case, the charge transfer resistance 
(Rct, a semicircle in the middle-frequency region) and ion diffu-
sion behavior (Warburg line in the low-frequency region) of the 
OAm–ITO NP-inserted electrode were significantly improved 
compared to the electrodes without OAm–ITO NPs (Figure 2f). 
That is, the periodic deposition of conductive ITO NP layers into a 
functional TMO NP (i.e., WO2.72 or MnO2) film through a ligand 
exchange reaction notably reduced the internal resistance of the 

electrodes, resulting in improved electrochemical performance. 
As a result, the design of efficient electrodes by combining func-
tional NP (i.e., metal and TMO NP) assembly approaches with 
ligand engineering is a new breakthrough for increasing the per-
formance of electrochemical electrodes for energy storage that 
can address the trade-off relationship between energy and power.

2.2. Ligand Exchange LbL Assembly for Increased Charge 
Transfer of Functional NP-Based Nanocomposites

Based on the significant influence of surface ligands on the 
electrical and electrochemical properties of functional NP-based 
nanocomposites, many research groups have reported a variety 
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Figure 2. The role of the ligands in the electrochemical performance. a) Schematic illustration of WO2.72 NR-based film structures with different organic 
linkers (or different interdistances between WO2.72 layers). b) Cyclic voltammograms (CVs) of WO2.72 NR-based electrodes at 100 mV s−1 as a function 
of organic linker. c) Schematic illustration and d) CVs at 100 mV s−1 for WO2.72 NR-based electrodes with or without ITO NP layers. a−d) Adapted with 
permission.[88] Copyright 2019, The Royal Society of Chemistry. e,f) Comparison of the areal capacitance (e) and electrochemical impedance spectra (f) of 
MnO NP-based pseudocapacitor electrodes with or without an ITO NP layer. e,f) Adapted with permission.[91] Copyright 2019, American Chemical Society.
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of approaches to remove residual organic ligands bound to 
the surface of NPs or decrease the interdistance between adja-
cent NPs. However, in most cases, these approaches require 
additional treatments such as thermal annealing,[92] the use 
of chemical agents,[93] and the use of a mechanical press[94] 
after NP deposition onto the substrate, which may be difficult 
to directly apply to substrates such as heat/chemical agent-
damageable textiles or mechanically vulnerable glasses. Fur-
thermore, considering that the mutual interactions between 
neighboring NPs as well as between the NP and substrate can 
act as an important parameter in ensuring electrical and elec-
trochemical stability of NP-based electrodes for energy storage, 
it is difficult for conventional physical adsorption processes 
(i.e., dip coating, painting, Meyer rod coating, and dispensing-
writing methods) to control interfacial interactions.

As an alternative, the LbL assembly process, which is a 
solution-processable, ultrathin film fabrication technique, has 
attracted considerable attention because it is based on the com-
plementary interactions between two different components, irre-
spective of the substrate size and shape.[95–103] In most cases, this 
approach has been performed using electrostatic interactions 
between electrostatically charged active components (i.e., inor-
ganic NPs, carbon-based materials, or electrochemically active 
polymers) and oppositely charged polymers such as polyelectro-
lytes in aqueous media. Despite the notable advantages of the LbL 
assembly method, the use of bulky and insulating polymer linkers 
significantly restricts charge transfer between active components.

Recently, Cho and co-workers reported novel types of LbL self-
assembly for functional NPs based on the in situ ligand exchange 
reaction between the hydrophobic ligands of NP and amine 
(NH2)-functionalized organic linkers in organic media.[50–57,104] 
In this process, the high affinity of amine moieties to metal sur-
faces (via covalent bonds)[105–108] effectively induces the replace-
ment of insulating hydrophobic ligands of NPs with hydro-
philic incoming ligands (i.e., HN2-functionalized dendrimers), 
showing dramatic changes in the surface chemistry (Figure 3a). 
As the deposition time of the NH2-dendrimer layer increased, 
the characteristic peaks originating from the hydrophobic ligand 
(i.e., PA) gradually disappeared, and new peaks arising from the 
hydrophilic moiety NH2 were observed, indicating the com-
plete removal of insulating ligands from the NPs.[50] The reac-
tion is complete in almost half an hour, which is quite fast com-
pared to other organosulfur-based ligand exchange reactions that 
require several hours.[109–111] Additionally, it is worth noting that 
the change in the outermost ligands from being hydrophobic 
to being hydrophilic leads to excellent electrolyte wettability (or 
ion accessibility) in electrochemical energy applications, which 
improves the energy density and efficiency under high rate 
operation.[112,113] Furthermore, when applying small molecules 
as incoming ligands, only one molecular layer exists between 
vertically and horizontally adjacent NPs after ligand exchange 
reactions, which is quite different from conventional electro-
static LbL assembly[95,101] and blending methods[114] with many 
residual insulating ligands in the nanocomposites (Figure  3b). 
This unique phenomenon not only provides a significant 
improvement in interfacial charge transfer kinetics due to the 
effective elimination of polymeric ligands as well as a reduction 
in the separation distance between neighboring NPs but also 
enables high structural stability in various media (or electrolytes) 

and under mechanical deformation (Figure  3c,d). As shown in 
Figure  3c, the mass of NP-based nanocomposite films meas-
ured by a quartz crystal microbalance (QCM) remained almost 
unchanged with an immersion time of ≈4 h in various solvents. 
In addition, the electrical conductivity change (σ/σ0) of the LE-
LbL-assembled NP film was negligible even after 10 000 bending 
cycles, which was in stark contrast to that of an electron beam 
evaporated electrode, indicating excellent structural stability 
(Figure 3d).[52] These results demonstrate that LE-LbL-assembled 
NP films are chemically and mechanically stable.

Increasing the packing density of functional NPs within a 
limited electrode volume is challenging in electrodes for energy 
storage[115–118] and other integrated nanostructures.[57,119–121] 
Generally, NP-based electrodes with a high mass density 
cannot be easily achieved by conventional electrode preparation 
methods such as doctor blading or electrostatic LbL assembly 
without additional treatments (e.g., the use of a mechanical 
press or thermal annealing) due to the low-density nature of 
polymeric (or carbonaceous) materials and electrostatic repul-
sive forces among NPs with the same charge.[94,101,122–124] On the 
other hand, it has been reported that in situ LE-LbL assembly 
can produce densely packed NP multilayers without any NP 
agglomeration or segregation because the reported approach 
does not use charged species and/or bulky polymer ligands in 
organic media. In this study, the as-assembled Ag NP multi-
layers exhibited a high packing density of ≈60% (in volume), 
obtained from QCM measurements based on the Sauerbrey 
equation,[125] which was much higher than that of nanocompos-
ites prepared using the abovementioned conventional methods 
(<30% packing density or ≈1 g cm−3 mass density).[123,126,127]

One of the most attractive advantages of LbL assembly is 
that the loading amount of functional NPs can be easily and 
precisely modulated by controlling the deposition number. 
This unique characteristic also implies that the output per-
formance of NP-based electrodes, such as electrical conduc-
tivity, catalytic activity, and areal capacity, can be improved 
through consecutive deposition of NPs.[55,128–132] That is, by 
simply increasing the bilayer number (n), the thickness and 
mass of NP-based multilayers are regularly increased without 
significant NP agglomeration, which can be expanded up to a 
micrometer-scale thickness irrespective of substrate size and 
shape (Figure 3e).[104] The scalability of this approach is highly 
advantageous in achieving high volumetric and areal energy 
densities, which are considered valuable performance fac-
tors in practical and commercial energy storage systems.[133] 
Additionally, this approach can be easily applied to automatic 
spray or roll-to-roll LbL deposition processes,[134,135] enabling 
fast and large-scale fabrication of flexible or wearable energy 
electronics. Thus, the efficient combination of NP assembly 
and ligand engineering processes provides a good approach 
for the preparation of NP-based electrodes with increased 
charge transfer kinetics as well as high energy density.

3. Ligand-Engineering-Based Energy Storage

In electrochemical energy systems, given that most electro-
chemical reactions involving the uptake and release of active 
species mainly occur on the surfaces of active materials, the 
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proper modulation of the electrode interface chemistry is a 
decisive factor in the performance output. Further, the use of 
NP-based electrodes with an extremely large surface area signif-
icantly increases the number of electrochemical reactions per 
unit area.[6,15,136–138] In this section, these issues are discussed 
considering specific energy storage applications, such as lith-
ium-ion batteries and electrochemical capacitors.

3.1. Lithium-Ion Battery: Size Effect of Energy Nanomaterials

Rechargeable batteries have been considered one of the most 
advanced energy storage systems to resolve the issues of fossil 
fuel depletion that have been constantly raised over past cen-
turies. Since the lead–acid battery, the oldest rechargeable bat-
tery, was first invented in 1859,[139] tremendous research has 
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Figure 3. Nanoparticle (NP)-based nanocomposite film prepared by LE-LbL assembly. a) Fourier transform infrared (FTIR) spectra (left) and schematic 
representation (right) of LE-LbL-assembled PA-Ag NP/NH2-functionalized dendrimer multilayers as a function of the deposition time of the NH2-func-
tionalized dendrimer. Adapted with permission.[50] Copyright 2013, American Chemical Society. b) Schematic diagram showing the structural differences 
of NP-based nanocomposites prepared by the conventional blending method (left), by electrostatic LbL assembly (middle), and by LE-LbL assembly 
using a small-molecule ligand (right). c) Mass change (−ΔF (%)) in LE-LbL-assembled multilayers in various organic solvents as a function of immer-
sion time (min). Adapted with permission.[50] Copyright 2013, American Chemical Society. d) Electrical conductivity (σ/σ0) of Au NP-based thin films on 
plastic substrates prepared by LE-LbL assembly and electron beam evaporation. Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 
International license (https://creativecommons.org/licenses/by/4.0).[52] Copyright 2017, The Authors, published by Springer Nature. e) Film thickness of 
(OA-Fe3O4 NP/small-molecule linker (TREN))n multilayers as a function of bilayer number (n). Adapted with permission.[104] Copyright 2018, Wiley-VCH.

https://creativecommons.org/licenses/by/4.0
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been devoted to exploiting suitable energy storage materials 
and electrode compositions that can meet the demands of high-
performance electronics. Among the various metals for charge 
carriers in rechargeable battery systems, lithium (Li) is still the 
most promising charge carrier material due to its light weight, 
good ion mobility, lack of memory effect, and high energy den-
sity (reduction potential of −3.04  V vs the standard electrode 
potential (E0)[4,140]), and it has been widely applied to batteries 
(i.e., lithium-ion batteries, LIBs) for various commercial appli-
cations, such as medical devices, mobile electronics, and elec-
tric vehicles.[1,141,142] Furthermore, many challenging attempts 
are being made to design appropriate electrode structures to 
increase the energy and power density through advanced nano-
technologies involving surface ligand modulations of high-
energy TMO NPs.

The energy density of battery systems basically depends on 
the intrinsic electrochemical nature of the active materials. 
Therefore, the development of high-voltage cathode and high-
capacity anode materials and the full realization of their proper-
ties in battery cells are the prime routes for achieving batteries 
with high energy density (i.e., capacity × voltage).

Since the first commercialization of bulk LiCoO2/C elec-
trode-based rechargeable LIBs,[143] the low reversible capacity 
and low rate performance, which are closely related to the ion/
electron diffusion kinetics, have steadily emerged as difficult 
and troublesome problems to overcome.[144] Accordingly, crys-
talline energetic NPs instead of bulk energetic materials have 
received attention as an alternative to solve the abovementioned 
issues. Specifically, the use of energetic NPs in battery elec-
trodes not only provides an extremely large surface area that 
can increase the Faradaic reaction at a given sweep rate but also 
allows the fabrication of electrodes with well-defined nanostruc-
tures that promote ion diffusion within the lattices.[26,145–148] As 
a result, these phenomena contribute to the increase in capacity 
and electrochemical reactivity. Particularly, given that the ion 
diffusion time (t) decreases as the charge/discharge sweep rate 
increases (Equation (1)), the effective specific capacity depends 
on the particle volume ratio with the following relationship[146]

/3 3 3r r L r( )− −   (2)

where r and L represent the particle radius and ion diffusion 
length, respectively.

Therefore, to obtain the maximum specific capacity, the ion 
diffusion length should be greater than the particle radius. For 
example, if the charge/discharge cycle time of LiFePO4 mate-
rials with a diffusion coefficient of 10−14 DLi cm2 s−1 is 1 min,[149] 
their size should be smaller than 15 nm. These results suggest 
that a notable decrease in the ion diffusion pathway can be real-
ized in nanoscale energy materials.

Ceder and co-workers also reported that the ion diffusion 
coefficient in LIB cells could be controlled according to the par-
ticle size.[29] In the case of bulk LiFePO4 crystals as a cathode 
material, the diffusion of Li ions through 1D channels (i.e., (010) 
or (001) plane directions) is blocked or decelerated by Fe ions 
that occupy the channels (i.e., point defects), resulting in poor 
rate capability and high potential polarization (Figure  4a). On 
the other hand, particle size reduction to the nanometer scale 
significantly diminishes the defects that prevent the migration of 

Li ions in lattices, allowing efficient utilization of Li ions under 
high rate operation (Figure 4d). That is, the reduced particle size 
increases the ion diffusion coefficient of LiFePO4 cathode mate-
rials. Additionally, the expanded lattice spacing caused by nano-
sized particles aids in ion movement, which induces capacitive 
behavior at the interfaces with a higher rate capability than that 
of bulk electrodes for energy storage (Figure 4c,d).[150] Similarly, 
as the LiCoO2 crystallite size decreases, a capacitive behavior 
with a disappearing plateau becomes dominant (Figure  4c), 
indicating the facile intercalation of Li ions into the surface 
layers with an enlarged interspacing distance (Figure 4d).

The nanosize effect of energy materials on electrochemical 
performance can also be observed in conversion-reaction-based 
anode materials. Tarascon and co-workers reported that crys-
talline α-Fe2O3 (hematite) NPs could store a larger amount of 
Li ions (i.e., ≈1 Li per α-Fe2O3 or α-Li1.0Fe2O3) than bulk iron 
oxide materials (i.e., ≈0.05 Li per Fe2O3bulk or Li0.05Fe2O3bulk), 
and the NPs could more easily accommodate structural defor-
mations than bulk NPs under Li intercalation.[151] These unique 
advantages of NPs strongly support the fact that α-Fe2O3 NP-
based electrodes exhibit better cycle retention and capacity 
than bulk iron oxide-based electrodes. In addition, decreasing 
the size of energetic NPs further facilitates ion intercalation/
deintercalation behavior into the crystal lattices.[152] Figure  4e 
shows the impedance spectra of anatase TiO2 NP-based anode 
electrodes with various NP sizes ranging from 8.6 to 24.1 nm. 
In this case, the Rct value analyzed from the radius of the semi-
circle in the low-frequency region gradually decreased from 
≈24.5 to ≈65 Ω as the NP size decreased, indicating improved Li 
ion transfer kinetics at the electrode/electrolyte interfaces. As a 
result, the anode electrode with a smaller TiO2 NP size showed 
much better electrochemical performance than the large-sized 
NP-based electrode at the same current density, demonstrating 
high rate performance (Figure 4f).

Although nanolevel energy materials have a beneficial effect 
on electrochemical performance, most studies on the nanosize 
effects of energy materials on electrochemical output have been 
analyzed without full consideration of bulky insulating organic 
ligands bound to the surface of energetic nanomaterials. As 
mentioned earlier, most energetic NPs, such as TMO NPs, 
have poor electrical conductivity, and the presence of organic 
ligands has synergistically fatal impacts on the charge transfer 
kinetics at the interfaces between neighboring NPs as well as 
between NPs and conductive supports. From this perspective, 
many studies on the preparation of TMO NP-based electrodes 
for energy storage have obvious limitations in solving a variety 
of performance issues, including the energy efficiency and 
cycle stability of LIB electrode assemblies.[153–155] Therefore, it is 
desirable that interface factors such as complementary interac-
tions, structural design, and organic ligands should be consid-
ered for preparing NP-based LIB electrodes with high charge 
transport behavior; furthermore, these factors should be easily 
but finely controlled during electrode preparation.

3.2. Surface Modification of Energy NPs

Although a decrease in the size of energy materials can sig-
nificantly improve ion diffusion kinetics in LIB electrodes, the 

Adv. Mater. 2020, 32, 2001924
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use of the energy NPs still has much difficulty in sufficiently 
enhancing LIB performance due to their poor electrical conduc-
tivity. To overcome this problem, the surface of energy mate-
rials using conductive materials such as conducting polymer, 
carbon, and metal NPs has been modified through the wrapping 
or coating of conductive materials such as conducting polymer, 
carbon, and metal NPs.[156–161] Generally, the coating of carbon 
materials on the surface of the energy NPs creates a conduc-
tive thin layer, forming a core–shell structures. Furthermore, it 
should be noted that the conductive carbon shells also serve as 
a buffer layer against periodic volume change of energy NPs. 
For example, Passerini and co-workers reported the carbon-
coated ZnFe2O4 NPs for carboxymethylcellulose (CMC)-based 

aqueous LIB anodes.[159] A few nanometer-thick carbon layer-
coated ZnFe2O4 NPs could form the well-connected electrical 
percolation network within the resulting NP-based nanocom-
posite electrode (Figure  5a), resulting in the more improved 
rate-performance and capacity reversibility compared to bare 
NP-based electrode made of CMC or PVDF-HEP (Figure  5b). 
Additionally, they demonstrated that the carbon shell prevented 
the direct contact between the energy NPs and the electrolyte, 
which could resultantly restrict the formation of an unstable 
amorphous polymeric layer (i.e., solid electrolyte interface (SEI) 
layer) by continuous electrolyte decomposition reaction.[162]

As another approach, various metal NPs have been anchored 
on the surface of energy materials. Stevenson and co-workers 
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Figure 4. Electrochemical behavior of the NP-based LIB electrode. a) Representative crystal structure of LiFePO4 showing 1D channels for Li ion dif-
fusion (left). Schematic illustration of Li ion diffusion behavior with point defects (right). b) Fraction of unblocked capacity versus channel length of 
LiFePO4 nanocrystals with different defect concentrations (ρdefect). In this case, the defect concentration decreases as the nanocrystal size decreases. 
a,b) Adapted with permission.[29] Copyright 2010, American Chemical Society. c) Discharge curves of LiCoO2-based LIB cathodes with various crystal-
lite sizes. d) Expected discharge behavior of nanosized LiCoO2. The inset illustrates the representative crystal structure of LiCoO2 NPs with different 
interspacing values for the surface and bulk phases. c,d) Adapted with permission.[150] Copyright 2010, American Chemical Society. e) Electrochemical 
impedance spectra of TiO2-based LIB anode electrodes with different particle sizes. f) Galvanostatic charge/discharge profiles for the first, second, 
and fifth cycles at a current density of 20 mA g−1 of TiO2 NP-based LIB anode electrodes with different particle sizes (8.6 and 24.1 nm). e,f) Adapted 
with permission.[152] Copyright 2013, Elsevier.
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reported the copper (Cu)-coated amorphous silicon (Si) parti-
cles prepared by low temperature polyol reduction process.[161] 
As shown in Figure  5c, the uniformly coated Cu NPs on the 
surface of large-sized Si NPs could play a role as a conductive 
relay, allowing the improved charge transfer kinetics at the 
interface between neighboring NPs. The Li-ion half-cell based 
on the Cu-decorated Si particle showed much better energy effi-
ciency (i.e., specific capacity and cycle retention) than the bare 
Si particle-based one (Figure 5d). These results implied that the 
incorporated Cu not only reduced the internal resistance of the 
electrode, but also suppressed the undesired solvent decompo-
sition at the electrode/electrolyte interface. In addition to Cu 
NP, various metal NPs such as Sn,[79] Ag,[163] and Au[164] have 
been also employed to improve the electrical conductivity and 
energy efficiency of LIB electrodes.

These previous reports clearly demonstrate that improving 
the electrical conductivity at the numerous interfaces of energy 
NPs within LIB electrode is of great importance for achieving 
high electrochemical reactivity and operation stability. However, 
it should be noted that the quality of such incoming conductive 
species is highly dependent on the complex synthesis condi-
tions (e.g., temperature, reaction time, and molar concentration 
of active species), and the electrode formation is largely lim-
ited to convention blending technique with unfavorable inter-
facial interactions between the respective active components. 
Therefore, to maximize energy efficiency, the integrated and 

systematic electrode design for active nanomaterials and their 
nanocomposites should be carefully considered.

3.3. Interfacial Ligand Design for Improved Charge Transport 
of NP-Based LIB Electrodes

As a common approach to improve the charge transport kinetics, 
various carbon materials as conductive enhancers have been 
actively combined with poorly conductive TMO materials 
through physical mixing with or without insulating polymer 
binders.[22,165,166] However, the low mass density of the inserted 
TMO within the electrode and the insulating nature of polymer 
binders limit the achievement of high areal and volumetric capaci-
ties, particularly at high sweep rates. In this respect, if metal NPs 
can be used as conductive enhancers in TMO NP-based electrodes 
without the aid of additional polymer binders, this approach 
may be a breakthrough to resolve the low mass density of TMO 
materials and the low charge transfer kinetics of conventional 
electrodes.[167] Furthermore, a highly uniform combination of 
high-quality TMO NPs and metal NPs through ligand engineering 
can be an effective way to synergistically affect the electrochemical 
performance of LIB electrodes with high charge transfer efficiency.

These possibilities were systematically demonstrated by 
the ligand-engineering- (or ligand exchange reaction)-induced 
LbL assembly of hydrophobic Fe3O4 NPs (i.e., stabilized by 
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Figure 5. Surface modification of energy material. a) High-resolution transmission electron microscopy (HR TEM) image of carbon-coated ZnFe2O4 
(ZnFe2O4-C) NPs. The carbon thin layer is uniformly covered on the ZnFe2O4 NP surface. In this case, an additional carbon layer (black arrow) around 
the ZnFe2O4-C NPs connects adjacent NPs and forms a continuous conducting network. b) Electrochemical properties of ZnFe2O4-C NP-based LIBs 
monitored by the galvanostatic charge/discharge processes. a,b) Adapted with permission.[159] Copyright 2012, Wiley-VCH. c) Scanning transmission 
electron microscopy (STEM) image of Cu NP-coated large-sized Si NPs (A) and corresponding elemental mapping images (B–D) collected using energy-
dispersive X-ray spectroscopy (EDS). d) Cycle-number-dependent specific capacity for Si NP-based LIBs with (A) and without (B) Cu NP at different cur-
rent density of 70, 100, and 500 mA g−1, respectively. The red line in the middle region indicates the specific capacity of a commercial graphite-based cell.  
c,d) Adapted with permission.[161] Copyright 2012, American Chemical Society.
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OA) with consecutive insertion of metal (platinum, Pt) NPs 
using flash sputtering processes (Figure  6a).[104] In this case, 
the bulky OA ligands of Fe3O4 NPs were effectively replaced 
by NH2-functionalized small organic ligands (i.e., tris(2-ami-
noethyl)amine, TREN)) during LE-LbL assembly in organic 
media. This approach allowed dense packing of Fe3O4 NPs 
in the formed Fe3O4 NP/TREN multilayers (mass density of  
≈3.5 vs ≈5.2 g cm−3 for the bulk) because of the absence of elec-
trostatic repulsion between neighboring Fe3O4 NPs as well as 
insulating polymer binders, indicating a significant reduction 
in interparticle distance that can facilitate electron transport 
between adjacent NPs. In addition, the formed multilayer films 
generate a number of nanopores that can create an effective 

ion (i.e., electrolyte) path, which is a critical factor to achieve 
high rate capacity in densely packed electrodes.[167–173] After the 
LE-LbL deposition of Fe3O4 NPs, the Pt NPs were periodically 
introduced into the Fe3O4 NP/TREN multilayers via sputtering 
methods under optimized conditions (i.e., current and time), 
resulting in the uniform distribution of Pt NPs within the 
multilayer films without any notable morphological changes, 
as shown in field-emission scanning electron microscopy 
(FE-SEM) and energy-dispersive spectrometry (EDS) mapping 
images (Figure  6b). Importantly, the inserted Pt NPs form 
stable covalent bonds with the NH2 moieties of small-molecule 
linkers, preventing undesired molecule dissolution in the con-
tinuous charge/discharge processes.

Adv. Mater. 2020, 32, 2001924

Figure 6. LE-LbL-assembled LIB anode. a) Schematic illustration of the preparation of Fe3O4 NP-based anode electrodes through metal sputtering 
combined with LE-LbL assembly. b) FE-SEM (left and middle) and EDS mapping images of metal NP-inserted Fe3O4 NP/TREN anode electrodes. 
The planar FE-SEM image indicates the surface of the electrode (red dotted box), and the EDS mapping represents the cross section of the electrode 
(yellow solid box). c) Temperature (K)-dependent electrical conductivity of Fe3O4/TREN electrodes with (red line) or without (black line) Pt sputtering. 
The inset indicates enlarged Fe3O4/TREN without Pt NPs. d) Volumetric capacity of each electrode at various current densities ranging from 470 to 
6110 mA cm−3. e) Electrochemical impedance spectra of (OA-Fe3O4 NP/TREN)35 and Pt@(OA-Fe3O4 NP/TREN)35 electrodes. The inset indicates the 
representative equivalent circuit. a−e) Adapted with permission.[104] Copyright 2018, Wiley-VCH.
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In general, bulk magnetite exhibits good electrical conduc-
tivity (≈102 S cm−1)[174] compared to other crystalline TMOs. 
However, as mentioned above, numerous insulating ligands 
surrounding the materials as well as the nanosize effect of 
Fe3O4 NPs significantly hinder electron transport between 
neighboring NPs, resulting in a lower electrical conductivity. 
The LE-LbL assembly of Fe3O4 NP/TREN films clearly demon-
strated the effect of native organic ligands on the electrical 
properties (Figure  6c). The formed multilayer films exhibited 
an increased electrical conductivity of ≈2.8 × 10−5 S cm−1 in con-
trast to the insulating characteristics of drop-cast OA-Fe3O4 NP 
films, which further increased up to ≈11.6 S cm−1 after metal 
sputtering.

As a result, the Pt NP-incorporated Fe3O4 NP/TREN films 
(Pt@(Fe3O4 NP/TREN)) showed excellent volumetric capacity 
(≈3195  mA h cm−3 at 470  mA cm−3) and rate performance 
with superior cycle retention compared to multilayers without 
metal sputtering (Figure  6d), indicating that the combination 
of LE-LbL assembly and sputtered metal NPs can noticeably 
reduce the internal resistance originating from bulky ligands 
and the semiconducting nature of TMO NPs (Figure  6e). In 
particular, the periodic insertion of Pt NPs by sputtering into 
the LE-LbL-assembled (Fe3O4 NP/TREN)n films additionally 
decreases the Rct of the electrodes from 143.5 to 52.1 Ω due to 
the enhanced electron transfer. Surprisingly, the formed elec-
trodes showed a specific capacity of ≈913  mA h g−1 (>98% of 
the theoretical capacity of Fe3O4) despite the high mass density, 
suggesting that ligand exchange with hydrophilic small organic 
compounds provides efficient utilization of the active mate-
rials and good electrolyte wettability. Although the electrodes 
without metal sputtering have shown low output performance 
compared to metal NP-inserted electrodes, it is worth noting 
that, despite the absence of additional conductive enhancers, 
the volumetric capacity obtained (≈2305  mA h cm−3) is much 
better than that of physically blended TMO material-based elec-
trodes containing a number of bulky organic compounds, such 
as polymer binder and OA ligands.[175–180] Furthermore, these 
results clearly demonstrate that the efficient removal of bulky 
ligands through LE-LbL assembly is highly beneficial for the 
interface charge transport of TMO NP-based LIB electrodes, 
thus enabling good energy efficiency and cycle retention.

3.4. Electrochemical Capacitors: Ligand-Engineering-Based 
Current Collector Design for Efficient Charge Transport

In contrast to batteries with a high energy density resulting 
from diffusion-controlled Faradaic reactions in the bulk 
phase, electrochemical capacitors (or supercapacitors), 
including electric double layer capacitors (EDLCs) and pseu-
docapacitors, exhibit higher power capability and a long 
cycle life due to the fast charge storage reactions on/near 
the surface of active materials that do not involve notable 
crystallographic phase changes.[2,181] In particular, pseudo-
capacitive materials with battery-like redox behaviors (e.g., 
hydrous RuO2, MnO2, Co3O4, Fe3O4, and mixed transition 
metal oxides) have received attention over the past decade 
because they can deliver much higher energy density at 
high sweep rates than EDLC materials (i.e., carbonaceous 

materials).[182,183] Although there is some confusion in clearly 
distinguishing the difference between battery and pseudoca-
pacitive materials due to the improved rate performance of 
nanomaterial-based battery systems (see Section  3.1.), the 
electrochemical behavior of pseudocapacitive materials is not 
significantly limited by slow solid-state ion diffusion kinetics 
at various scan rates.[14,25,182] Therefore, interface control and 
the design of energetic NPs are critical for pseudocapacitive 
reactions that occur at the surface of electrodes at a depth 
of several nanometers. In the same direction, the interfa-
cial resistance between the NP and the current collector also 
affects the electrochemical output.

The contact resistance arising from the NP/NP and NP/cur-
rent collector interfaces is highly associated with sluggish elec-
tron and ion transport of pseudocapacitor electrodes. Zheng 
reported that the contact resistance between the current col-
lector and active materials is the dominant factor in the total 
internal resistance of electrochemical capacitor systems, thus 
significantly influencing output performance.[184] Therefore, 
the current collector requires high electrical conductivity and 
adequate surface conditions, enabling the stable adsorption of 
active materials.

In recent studies, highly porous fabrics (e.g., carbon cloth, 
carbon felt, or textiles) with extremely large surface areas 
have been intensively used as current collectors or substrates 
capable of depositing various energy materials and/or con-
ductive enhancers.[52,185–189] These fabric-based current col-
lectors allow a substantial increase in the mass loading of 
pseudocapacitive NPs per unit area compared to nonporous 
flat substrates, resulting in the efficient utilization of active 
materials during fast charge/discharge cycles for a high-
performance wearable energy supplier.[187,190] However, to 
this end, fabrics with insulating properties should be pref-
erentially converted to conductive fabrics while maintaining 
their mechanical properties. For example, it was reported 
that Au NPs were densely deposited onto textile substrates 
through LE-LbL assembly with small-molecule linkers in 
organic media, forming highly porous metallic textiles with 
exceptional mechanical stabilities (Figure  7a,b).[52,191] These 
studies systematically demonstrated that the efficient removal 
of hydrophobic insulating ligands bound to Au NPs and the 
consequent reduction in interparticle distance could achieve 
metal-like conductivity (≈105 S cm−1) while preserving their 
mechanical and geometrical characteristics. The resulting 
electrical properties of metallic textiles as current collectors 
are superior to those of carbon material-coated materials and 
conventional electrostatic LbL-assembled Au NP films.[94,192] 
This replacement of bulky ligands by small-molecule linkers 
greatly reduces the interfacial resistance between active mate-
rials such as pseudocapacitive NPs and current collectors, 
thus improving the rate performance.[184,193]

The potential applicability of metallic textiles as a current col-
lector for pseudocapacitors was demonstrated by the successive 
LE-LbL deposition of TMO NPs (i.e., Fe3O4 and MnO2 NPs for 
negative and positive pseudocapacitive materials) on prepared 
metallic textiles. In this case, the bulky insulating ligands (i.e., 
OA ligands) of TMO NPs were also exchanged with hydro-
philic small-molecule linkers, forming densely packed TMO 
NP arrays with improved charge transport. In stark contrast 

Adv. Mater. 2020, 32, 2001924



© 2020 Wiley-VCH GmbH2001924 (13 of 26)

www.advmat.dewww.advancedsciencenews.com

to nonporous flat substrates, metallic textiles accommodate 
a much greater number of TMO NPs per unit area, enabling 
high areal capacitance (Figure 7c). As a result, despite the same 
deposition numbers, the metallic textile-based supercapacitor 
electrodes exhibited approximately 10 times higher areal perfor-
mance and lower internal resistance than flat substrate-based 
electrodes (Figure  7d,e), showing improved charge transfer 
kinetics at the interface of the TMO NP multilayer/current col-
lector. It is worth noting that the extremely increased surface 
area of the textile-based electrode allows much thinner active 
layer than that of nonporous flat substrate-based one at the 
same loading amount of active materials. As a result, metallic 

textile-based electrodes showed a significantly reduced Rct 
value of 0.08 Ω cm−2 compared to the nonporous electrode 
(Rct  ≈ 23.4 Ω cm−2), demonstrating that the charge transport 
length was decreased by highly porous structures (Figure 7e).

3.5. Modification of Electronic Structure 
of Pseudocapacitive Material

Chemical doping is an effective way that can improve the 
electrical property of pseudocapacitive materials.[194,195] 
That is, incorporation of dopants into crystalline materials 

Adv. Mater. 2020, 32, 2001924

Figure 7. Textile-based current collector for improved charge transfer kinetics. a,b) Photographs of metallic textiles (a) and threads (b) connected 
to LED bulbs under various mechanical deformations. In this case, the metallic fabrics were prepared by coating with Au NP/TREN multilayers. c) 
Bilayer-number-dependent loading amount (mg cm−2) of MnO NPs onto porous (paper) and nonporous (flat) substrates. d) CVs and e) electro-
chemical impedance spectra of porous and nonporous substrate-based electrodes. The inset of (e) indicates the enlarged spectra in the high-frequency 
region. a,c–e) Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/
by/4.0).[52] Copyright 2017, The Authors, published by Springer Nature. b) Adapted with permission.[191] Copyright 2018, The Royal Society of Chemistry.
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changes their electronic structure, thereby providing a better 
electrical conductivity and electrochemical performance in 
energy storage systems. Zhou and co-workers reported that 
the electrical conductivity of α-MnO2 microsphere could be 
significantly increased by Al3+ ion doping, resulting in high 
specific capacitance and excellent cycling stability (91% of initial 
value after 15 000 cycles).[195] They also demonstrated that the 
electrochemical performance strongly depended on according 
to the reaction molar ratio between Al3+ and Mn4+ in the doping 
processes, and could show the better electrical property at 
higher dopant concentration.

Another approach for improving the electrical properties 
of pseudocapacitive materials is to control oxygen vacancy 
within the materials.[196,197] Dunn and co-workers investi-
gated the effect of oxygen vacancies on the electrochemical 
characteristics of α-MoO3–x.[197] In this case, α-MoO3–x with 
oxygen vacancies exhibited higher capacity with fast charge 
transfer kinetic (i.e., capacitive behavior) compared to the 
fully oxidized one. They also demonstrated that the generated 
oxygen vacancies act as a shallow donor to increase the car-
rier concentration in the lattices, which resultantly improve 
the electrical conductivity of α-MoO3–x.[198] However, despite 
the unique advantages of such chemical doping, the dopants 
should be carefully selected because the structural instability 
after doping can also lead to the performance fading during 
long-term cycling operations (more than several thousand 
cycles).[199,200]

3.6. LE-LbL Design for Scalable Areal Performance 
in Electrochemical Capacitor Application

Scalable areal performance is highly attractive for achieving 
high energy density in limited areas. However, at the same time, 
it is imperative to consider the optimized electrode structure for 
facile ion transport and high electrical conductivity because the 
loading mass per unit area of poorly conductive energy mate-
rials such as pseudocapacitive NPs is directly related to the areal 
capacitance. Recently, it was reported that the increased overall 
internal resistance of electrodes according to the increase in the 
mass loading of pseudocapacitive TMO NPs could be reduced 
through the periodic insertion of conductive NPs into LE-LbL-
assembled pseudocapacitive NP multilayers (Figure 8a−d).[91,191] 
In this case, the surfaces of the inserted conductive NP layers 
(i.e., TOA-Au NPs or OAm–ITO NPs) were covalently bonded 
to the amine groups of small-molecule ligands via the same 
ligand exchange reaction as that used for the TMO NP layers 
and acted as an electron transport layer between vertically adja-
cent TMO layers (Figure  8a,c). In addition, the periodically 
inserted conductive NPs were uniformly distributed within 
the electrodes without NP agglomeration or segregation, sug-
gesting the formation of efficient electron paths (Figure 8b,d). 
With the aid of conductive NP layers, the internal resistance 
of the overall electrode was notably decreased compared to 
that of electrodes without conductive NP layers, resulting in 
improved electrochemical performance (Figure  8e,f). As a 
result, the asymmetric solid-state cells consisting of conductive 
NP-inserted LE-LbL electrodes (i.e., OA-MnO NP-based positive 
electrodes and OA-Fe3O4 NP-based negative electrodes) showed 

much better energy and power densities than other fiber-
based electrochemical capacitors as well as LE-LbL electrodes 
without a conductive NP layer, further demonstrating the opti-
mized electrode structure for efficient charge transfer kinetics 
(Figure  8g).[201–208] These results demonstrate that the surface 
ligand-engineering-induced assembly approach can provide an 
important basis for designing high-energy NP-based electrodes 
with improved charge transport and scalable/stable energy 
storage compared with traditional electrodes.

4. Ligand-Engineering-Based Energy Conversion

There has been considerable interest in various energy conversion 
devices. Among them, biofuel cells (BFC), which convert chem-
ical energy into electrical energy, are considered portable and 
implantable energy sources.[209] Recently, several researches for 
improving the performance of BFC have focused on the increase 
of the active surface area of   the electrode and/or the enhance-
ment of electron transfer efficiency between the electrode surface 
and the enzyme. In this section, we review the recent progress of 
BFC electrodes composed of metal NPs and enzymes. We also 
discuss how the metal NP/enzyme multilayered electrodes based 
on LE-LbL assembly can increase the charge transfer efficiency, 
and furthermore enhance the BFC performance.

4.1. Concept of Biofuel Cells

Another attractive energy source is an enzymatic BFC, which 
allows the conversion of biochemical energy from humans, 
such as the conversion of glucose to electricity.[210,211] Although 
the power output of BFCs is much lower than that of other 
power sources, such as conventional fuel cells, BFCs have 
received much attention as a microscale power source for var-
ious biological and biomedical systems, including implantable 
devices, due to their high biocompatibility and operation under 
mild conditions (i.e., room temperature and near-neutral pH). 
Based on these notable advantages, many research efforts have 
been devoted to the development of BFCs with a higher power 
output than that of previous BFCs.[8,212,213]

Generally, enzymatic BFCs are composed of an anode 
coated by an enzyme layer (mainly glucose oxidase (GOx)) and 
a cathode coated by an ORR catalyst (e.g., bilirubin oxidase 
(BOD), laccase, Au NP, or Pt NP), which induces the following 
electrochemical reactions in an aqueous electrolyte solution 
containing glucose fuel.

→ + −−Anode : glucose gluconolactone 2H +2e+  (3)

Cathode : O 4H 4e 2H O2
+

2+ + →−−  (4)

Complete system : 2glucose O 2gluconolactone 2H O2 2+ → +  (5)

Through these electrochemical reactions, effective electron 
transfer between the enzyme and electrode plays a signifi-
cant role in determining the BFC performance. Therefore, a 
variety of strategies have been suggested for the fabrication 

Adv. Mater. 2020, 32, 2001924
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of high-performance BFC electrodes over the last few dec-
ades, which are closely related to the strategies to enhance 
the electrical and electrochemical performance of BFCs 
through: 1) the use of carbon material-based supports (i.e., 
porous carbon, carbon nanotubes, and reduced graphene oxide 
(r-GO)) with large surface areas and high electrical conductivi-
ties (<300 S cm−1), 2) the use of redox mediators between the 
enzyme and the conductive support, and/or 3) the introduc-
tion of metal NPs into GOx. To the best of our knowledge, the 
highest power performance reported to date is a power output of 
2.18 mW cm−2 obtained from redox-mediated electron transfer-
based BFCs (MET-BFCs).[214] On the other hand, it has been 
reported that conventional direct electron transfer-based BFCs 
(DET-BFCs) using a carbon material-based support without 
the use of redox mediators generally exhibit an extremely low 
power output of a few µW cm−2.[215] Despite the low perfor-
mance of DET-BFCs, recent research trends have focused on 
the development of high-performance DET-BFCs that can over-
come several critical issues of MET-BFCs, such as instability, 
toxicity, and the complex synthesis of redox mediators.

To improve the performance of DET-BFCs through effective 
charge transfer between the enzyme and electrode, the number 
of electrochemically inactive and insulating organic com-
pounds existing within the electrodes of DET-BFCs should be 
minimized. Furthermore, it is desirable that the electrodes have 
higher electrical conductivity and a larger active surface area 
than those of conventional carbon material-based electrodes to 
enhance the charge transfer efficiency between the enzyme and 
electrode. As mentioned in previous sections, these require-
ments are directly applied to energy storage electrodes such as 
batteries and supercapacitors.

In this section, we describe conventional BFCs reported 
to date and then introduce a state-of-the-art DFT-BFC using 
ligand engineering. Additionally, we suggest possibilities 
for maximizing the charge transfer efficiency of DET-BFCs 
through ligand-exchange-induced NP assembly. Furthermore, 
we describe how the interfacial design of electrodes and the 
ligand control of metal NPs can influence the charge transfer 
efficiency of DET-BFCs as well as the electrical/electrochemical 
properties of electrodes.

Adv. Mater. 2020, 32, 2001924

Figure 8. Scalable areal performance. a) Schematic illustration of the alternating deposition of pseudocapacitive MnO NPs and conducting ITO NPs 
through ligand-engineering-based LbL assembly. Adapted with permission.[91] Copyright 2019, American Chemical Society. b) Schematic illustration of 
the periodic insertion of the Au NP layer into Fe3O4 NP-based multilayer negative electrodes. c) Electrochemical impedance spectra of 40-bilayer elec-
trodes with or without the insertion of Au NP layers. d) Comparison of the areal and volumetric capacitance of the electrodes as a function of bilayer 
numbers. e) Ragone plots of the areal performance of the solid-state thread-type supercapacitor prepared by ligand-engineering-induced assembly. 
b−e) Adapted with permission.[191] Copyright 2018, The Royal Society of Chemistry.
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4.2. Carbon-Based Materials as a Host Electrode 
for Conventional BFCs

Carbon-based materials such as CNTs and/or r-GOs have been 
widely used to improve the electrical conductivity, active surface 
area, and mechanical properties of host electrodes. Mano and 
co-workers demonstrated that carbon materials such as carbon 
fibers and porous CNTs could be used as host electrodes for 
the preparation of GOx-coated anodes and BOD-coated cath-
odes. They also reported that the maximum power density 
(≈0.7  mW cm−2) of CNT-based BFCs was four times higher 
than that of carbon fiber-based BFCs due to the facile mass (or 
ion) transfer by the porous structure of the CNT host electrode 
(Figure  9a,b).[216] Cosnier and co-workers also reported that 
disk-type CNT-enzyme composite electrodes, in which the disk 
was compressed by a hydraulic press, exhibited a maximum 
power density of 1.3 mW cm−2 under physiological conditions 
(Figure  9c,d).[217] Furthermore, considerable research efforts 
have focused on modifying the chemical and mechanical prop-
erties of carbon-based host electrodes to enhance power output 
and operational stability. However, the low electrical conduc-
tivity (<300 S cm−1) of carbon-based materials compared with 
that of bulk metal and the unfavorable interfacial interactions 
between hydrophobic carbon-based host electrodes and hydro-
philic enzymes significantly increase the internal resistance 

and simultaneously decrease the overall operational stability 
of BFC electrodes. Although surface modifications of carbon 
materials can induce a stable electrostatic adsorption of nega-
tively charged enzymes (at pH 7.4) through the introduction 
of positively charged amine groups (i.e., NH3

+ groups) onto 
the surface of carbon materials, this chemical modification 
greatly decreases the electrical conductivity of carbon mate-
rials. Therefore, if the next-generation host electrode for high-
performance BFCs can achieve bulk metal-like conductivity and 
stable adsorption with enzymes that cannot be easily realized 
by conventional carbon-based materials, we believe that it can 
significantly contribute to the preparation of high-performance 
BFCs with enhanced electrical communication between the 
electrode and enzymes as well as operational stability.

4.3. Redox Mediators between the Enzyme and Conductive 
Support for MET-BFCs

One of the most widely used approaches for improving the 
power output of BFCs is the use of redox mediators acting as an 
electron transfer bridge between the enzyme and the conductive 
support (Figure  10a).[216,218] For example, Kano and co-workers 
reported that a 2-methyl-1,4-naphthoquinone mediator and an 
Fe(CN)6

4-/3- redox couple were used as electron transfer mediators 
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Figure 9. Carbon-material-based conventional BFCs. a) Classical carbon fiber BFC and porous CNT fiber BFC. b) Dependence of power density (P) on 
operating voltage (V) for two carbon material-based BFCs. a,b) Adapted with permission.[216] Copyright 2010, Springer Nature. c) CNT-enzyme disk-type 
BFCs. d) Power density performance of CNT-enzyme disk BFCs. c,d) Adapted with permission.[217] Copyright 2011, Springer Nature.
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for the anode and cathode, respectively, which exhibited a 
maximum power output of ≈1.45  mW cm−2 (Figure  10b−d).[219]  
In particular, it was reported by many research groups that 
MET-BFCs using osmium redox complexes could signifi-
cantly increase the electrocatalytic activity of enzymes.[220,221] 
Specifically, Kim and co-workers demonstrated that high-per-
formance MET-BFCs could be realized by an osmium-based 
redox mediator that improves the electron transfer between 
enzymes and the host electrode (or conductive support).[214] In 
this case, two redox mediators of poly(N-vinylimidazole)-[Os(4,4’-
dimethoxy-2,2’-bipyridine)2Cl])+/2+ and poly(acryl amide)-
poly(N-vinylimidazole)-[Os(4,4’-dichloro-2,2’-bipyridine)2])+/2+ 

were used for the anode and cathode, respectively (Figure 10e). 
This MET-BFC exhibited an extremely high power density of 
2.18  mW cm−2 under oxygen-saturated, 60  mmol L−1 glucose 
conditions (Figure 10f).[214]

However, despite this notable advantage, the presence of 
redox mediators including heavy metal ions in the MET-BFC 
electrode causes toxicity issues due to the leakage of redox 
mediators from the electrode, which may introduce toxicity 
issues after implantation. Therefore, considerable research 
interest has rapidly shifted from MET-BFCs to DET-BFCs 
in recent years, further focusing on enhancing the electron 
transfer efficiency of DET-BFCs.

Adv. Mater. 2020, 32, 2001924

Figure 10. MET-BFCs. a) Schematic diagram of MET-BFCs. At the anode, electrons are transferred from glucose to glucose oxidase (GOx), from 
GOx to redox polymer (I) and from (I) to the CNT fiber. At the cathode, electrons are transferred from the CNT fiber to the redox polymer (II), from 
(II) to BOD and from BOD to oxygen. Adapted with permission.[216] Copyright 2010, Springer Nature. b) Schematic of the electron transfer reaction 
by shuttling electrons between electrodes and enzymes. (i) CNT fiber electrode, (ii) Ti-mesh collector, (iii) cellophane separator, (iv) external circuit, 
(v) enzyme/mediator immobilized layer, (vi) electrolyte solution including the phosphate buffer, and (vii) air. c) An electrochemical cell for a single 
BFC with a solution volume of 3 mL. d) The performance of a BFC composed of a CNT fiber-bioanode and a CNT fiber-biocathode. b−d) Adapted 
with permission.[219] Copyright 2009, The Royal Society of Chemistry. e) CNT yarn BFCs with osmium-based redox mediators, redox polymer I, for the 
anode and redox polymer II for the cathode. f) Power density for the complete BFC system at a 60 mmol L−1 glucose concentration. e,f) Adapted with 
permission.[214] Copyright 2014, Springer Nature.



© 2020 Wiley-VCH GmbH2001924 (18 of 26)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2020, 32, 2001924

4.4. Incorporating Metal NPs into GOx for Electron Relay 
in DET-BFCs

A notable approach for efficient electron transfer in DET-BFCs is 
to incorporate metal NPs into GOx. Willner and co-workers dem-
onstrated that metal NPs could act as an electron relay for both 
the enzyme alignment on the conductive support and the elec-
trical wiring of the enzyme active center.[222–225] Therefore, GOx-
based films containing Au NPs (i.e., Au–NP–GOx assemblies) 
could significantly enhance the electrochemical activity compared 
to native GOx films. Specifically, the incorporation of Au NPs 
into enzymes significantly enhanced the anodic current density 

performance with increasing glucose concentration. Additionally, 
Willner and co-workers reported that a flavin-dependent GDH/Au 
NP-modified electrode (for DET-BFCs) exhibited improved elec-
trocatalytic properties toward the oxidation of glucose because of 
the effective electrical contact between the GDH/Au NP and the 
electrode (Figure  11a–c).[225] In this case, the current density of 
the electrode gradually increased with increasing glucose concen-
tration, and the electrode displayed a relatively high power output 
of ≈32 µW cm−2 at a glucose concentration of 200 mmol L−1 even 
though it was a DET-BFC (Figure 11d,e). However, it is difficult 
to control the adsorption amount of Au NPs within the GOx 
film and to achieve homogeneous electron transfer efficiency of 

Figure 11. Au NP enzyme for DET-BFCs. a) GDH/Au NP composite-modified Au electrode. b) CVs corresponding to the oxidation of glucose. 
c) Calibration curve of the anodic current density levels at E = +0.3 V versus SCE. d) Schematic presentation of the GDH/Au NP composite/BOD-CNT 
BFC. e) CVs corresponding to the oxidation of glucose by the GDH/Au NP composite-modified Au electrode. f) BFC power measured through different 
external resistance levels in air. a−f) Adapted with permission.[225] Copyright 2011, American Chemical Society.



© 2020 Wiley-VCH GmbH2001924 (19 of 26)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2020, 32, 2001924

the DET-BFC electrode with this approach. In this respect, the 
interfacial design and charge transfer kinetics between GOx and 
the metal NP should be further considered for improving the  
electrical communication of DET-BFC electrodes.[226]

4.5. DET-BFC Cathodes Using Ligand Engineering

Cotton fibers composed of numerous cellulose microfibrils 
have attracted considerable attention in the area of electrodes 
for energy storage and conversion due to their large surface 
area and mechanically flexible properties. Recently, Cho and 
co-workers reported that cotton fibers can be completely con-
verted to metallic cotton fibers (MCFs) using the LE-LbL 
assembly of TOA-Au NPs and a small-molecule linker (i.e., 
TREN) with an extremely low molecular weight (Mw  ≈ 146)[53] 
in organic media; furthermore, the formed MCFs can be effec-
tively applied to both the host electrode and the BFC cathode 
with high ORR activity (Figure  12a).[227,228] To this end, the 
application of a dense and uniform coating of hydrophobic 

TOA-Au NPs on highly porous cotton fibers was first realized 
by a consecutive ligand exchange reaction between pristine 
bulky ligands (i.e., TOA ligands) loosely bound to the surface 
of Au NPs and TREN. With an increasing bilayer number (n) of  
LE-LbL-assembled (TOA-Au NP/TREN)n multilayers onto cotton 
fibers up to n = 20, the electrical conductivity was measured to 
be ≈3.5 × 103 S cm−1, and a low resistivity of ≈1.2 × 10−4 Ω cm 
was measured (in this case, the outermost layer of the resultant 
MCFs was TREN) (Figure 12b).

On the other hand, the porous structure, mechanical flex-
ibility, and intrinsic characteristics of cotton fibers were well 
preserved even after the successive mass loading of Au NP 
layers (i.e., Au NP/TREN). Furthermore, it should be noted 
that MCFs with highly porous structures can allow facile ion 
(electrolyte) transport. In addition to the role of MCFs as a 
host electrode, the (TOA-Au NP/TREN)20-coated cotton fibers 
exhibited notable ORR activity originating from the Au NPs, 
inducing a high cathodic current density of −10.0 mA cm−2 in 
pH 7.4 phosphate buffer solution (PBS) under ambient con-
ditions (Figure  12c). Interestingly, this ORR activity could be 

Figure 12. Ligand-engineering-based cathodes. a) Illustration of MCF electrode-based BFCs. b) Resistivity and electrical conductivity of n-MCFs as a 
function of n. Inset: Optical image of metallic cotton fibers (20-MCFs). c) Cathodic performance curves. Inset: Nyquist plots of a 20-MCF in PBS under 
N2, ambient, and O2 conditions. d) Cathodic current density performance for n-MCF cathodes as a function of n. e) Nyquist plots of the MCF cathodes 
depending on n. a−e) Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/
licenses/by/4.0).[53] Copyright 2018, The Authors, published by Springer Nature.

https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
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further intensified according to the deposition bilayer number 
(up to n = 120) of the Au NP layers (Figure 12d,e). These results 
demonstrate that the LE-LbL assembly of electrocatalytic NPs 
is highly efficient in developing high-performance cathode 
electrodes as well as host electrodes in DET-BFCs.

4.6. DET-BFC Anode Using Ligand Engineering 
and Small-Molecule Linkers

Most conventional BFC anodes (i.e., MET- and DET-BFC 
anodes) have been prepared through simple physical adsorp-
tion of GOx enzymes onto carbon supports (or host electrodes). 
Therefore, the reported approaches have much difficulty than 
the proposed approach in precisely controlling the interfacial 
distance, interactions, conformation, and stability between 
enzymes and host electrodes as well as the enzyme loading 
amount, which strongly restricts the effective utilization of elec-
trochemical enzyme reactions.[229–233]

Recently, it was reported that a GOx-coated MCF (i.e., Au 
NP-coated cotton fiber) for a DET-BFC anode could be success-
fully prepared by electrostatic LbL assembly of anionic GOx and 
cationic TREN.[53] In this case, the highly porous MCFs with an 
outermost TREN layer (see Section 4.5.) could be electrostatically 
bonded with anionic GOx at pH 7.4 because the NH2 groups of 
the outermost TREN layer were converted to positively charged 
amine groups in pH 7.4 PBS. As a result, ligand-engineering- 
and LbL-assembly-based BFC anodes had high current output 
(31.6 mA cm−2) in 300 mmol L−1 glucose-containing PBS at +0.6 V 
(Figure 13a). Particularly, when the apparent heterogeneous elec-
tron transfer rate (Ks) was estimated by the Laviron method for 
a surface-controlled electrochemical system, the (GOx/TREN)30-
coated MCF anode exhibited a larger Ks value of 6.0 ± 0.1 s−1 than 
that of the CNT-modified anode or TMO NP-based anode (1.53 s−1  
for the multiwalled nanotube (MWNT)-modified electrode, 
3.96 s−1 for the porous TiO2 electrode).[234–236] It should be noted 
that the TREN-based MCF electrode with a large Ks is significantly 

effective in facilitating the direct electron transfer of GOx. The 
authors also suggested that this high anodic performance was 
mainly caused by the high electrical conductivity of the host elec-
trode and the minimized distance between neighboring GOx 
layers with the aid of small-molecule linkers (i.e., TREN).

To demonstrate these possibilities, the authors prepared 
(GOx/PEI)n multilayer-coated MCFs using the bulky insulating 
compound poly(ethylene imine) (PEI, Mw  ≈ 25 000) instead of 
TREN, which was LbL-assembled with GOx on MCFs, and then 
they investigated the anodic performance (Figure 13a,b). In this 
case, the electrochemical performance of the (GOx/TREN)n-
coated MCF anodes was superior to that of (GOx/PEI)n-coated 
MCF anodes (i.e., a low anodic areal current density, a high 
internal resistance and a low ion-diffusion rate). Furthermore, 
full-cell DET-BFCs composed of an enzyme-free MCF cathode 
and a (GOx/TREN)n-coated MCF anode exhibited a considerably 
high power density of 3.7 mW cm−2, outperforming conventional 
BFCs, including DET- and MET-BFCs (Figure 13c−e and Table 1).

As a result, this ligand-engineering-based interfacial 
design for the preparation of BFC electrodes (i.e., cathodes 
and anodes) could convert various substrates such as textiles 
and cotton fibers into highly conductive host electrodes and 
significantly improve the electron communication between 
the electrode and enzymes due to the notable decrease in the 
electron transfer resistance at all heterogeneous interfaces. In 
this regard, a ligand engineering approach can provide a basic 
platform for developing high-performance BFC electrodes with 
high power output and excellent operational stability.

5. Conclusion and Outlook

Ligand engineering is one of the classical topics in determining 
the size, shape, and dispersion stability of functional NPs in 
desired solutions. In most cases, high-quality inorganic NPs (in 
terms of crystallinity, size, and shape) have been synthesized 
using a variety of bulky hydrophobic ligands such as TOA or 

Table 1. Power output performance of various BFCs reported to date.

Host electrode Catalystsb) Anode/cathode Fuel Anode/cathode Pmax [mW cm−2] Refs.

MCFa) GOx/Au NP Glucose/O2 3.7 (ambient cond.) [53]

CNT fiber GOx/BOD Glucose/O2 0.74 (air cond.) [216]

CNT yarn GOx/BOD Glucose/O2 2.18 (oxygen cond.) [214]

CNT film GOx/Ptbulk
c) Glucose/O2 1.34 (air cond.) [233]

Compressed CNTs GOx-Cat/Lac Glucose/O2 1.25 [217]

3D Au NP (on carbon paper) FDH/BOD Fructose/O2 0.87 (oxygen cond.) [237]

SWNT (on glassy carbon) GDH/Lac Glucose/O2 0.0095 (ambient cond.) [238]

Graphene/Au NP Hybrid (on Au substrate) FDH/Lac Formic acid/O2 1.96 [239]

Nafion/poly(vinyl pyrolidone) compound nanowire (on 
Au electrode)

GOx/Lac Glucose/O2 0.03 [240]

Catecholamine polymers (on Au disk) GOx/carbon rod Glucose/O2 1.62 (KMnO4 + H2SO4) [241]

Au NP/PANI (polyaniline) network (on glassy carbon) GOx/Lac Glucose/O2 0.685 [242]

Enzyme cluster composite (on carbon paper) GOx/Ptbulk
c) Glucose/O2 1.62 [243]

a)MCF, metallic cotton fiber; b)The abbreviations for different enzymes: glucose oxidase (GOx), laccase (Lac), bilirubin oxidase (BOD), fructose dehydrogenase (FDH), and 
catalase (Cat); c)Ptbulk: Commercial Pt bulk electrode.
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organic fatty acid ligands (OA, PA, and linoleic acid ligands) in 
nonpolar media. However, it is difficult for these hydrophobic 
NPs to stably and uniformly adsorb onto hydrophilic substrates 
with the desired size and shape. Furthermore, when fabricating 
bulk electrodes from hydrophobic NPs such as metal or TMO 
NPs, the bulky native ligands bound to the surface of NPs seri-
ously restrict the charge transfer between neighboring NPs as 
well as between current collectors and NPs, resulting in poor 
utilization of functional NPs with intrinsically outstanding elec-
trical and/or electrochemical properties. Thus, these organic 
ligands play a critical role in determining the performance of 
NP-based electrodes in various electrochemical energy storage 
and conversion devices.

From this viewpoint, we have discussed the need for a 
unique ligand engineering approach using LE-LbL assembly 
in organic media. In particular, amine-functionalized organic 
linkers used in the LE-LbL assembly method could almost 
completely remove the bulky native ligands bound to the sur-
face of metal and TMO NPs and could bridge all interfaces 
of electrodes (i.e., substrate/metal NP, metal NP/metal NP, 
and metal NP/TMO NP) for energy storage. Furthermore, we 
have highlighted that the LE-LbL assembly method allows the 
application of a highly uniform coating of functional NPs over 
the entire area of porous substrates, such as paper and thread-
type cotton, without any NP agglomeration or pore blocking. 
It should be noted that this approach is completely different 

Figure 13. Ligand-engineering-based anodes and complete BFCs. a) Anodic current density performance of 30-GOx/20-MCF electrodes prepared from 
(GOx/TREN)30 and (GOx/PEI)30 multilayered MCFs. Inset: FE-SEM images of (GOx/TREN)30 and (GOx/PEI)30 multilayered MCF anodes. b) Nyquist plots 
of TREN- and PEI-based 30-GOx/20-MCF anodes. Inset: Schematic diagram showing the difference between the small-molecule linker (TREN) (i) and the 
insulating polymer linker (PEI) (ii), which is related to the internal distance. c) Redox process for a complete MCF-BFC composed of a cathode and an anode 
through an external load resister. d) Power outputs of MCF-BFCs (an n-MCF cathode and a 30-bilayer GOx/TREN multilayer-coated MCF anode) with external 
resistors (1 kΩ ≈ 10 MΩ) as a function of n-MCF. e) Power outputs of one and two MCF-BFCs composed of the 120-MCF cathode and the 30-GOx/20-MCF 
anode. In these cases, the two MCF-BFCs were connected with each other in series. a−e) Adapted under the terms of the CC-BY Creative Commons Attribu-
tion 4.0 International license (https://creativecommons.org/licenses/by/4.0).[53] The Authors, published by Springer Nature.
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from conventional LbL assemblies based on complementary 
interactions (i.e., electrostatic attraction, hydrogen bonding, or 
covalent bonding) between organic ligands and bulky polymer 
linkers without any ligand exchange reaction.

As a result, the LE-LbL assembly using small organic 
linkers could significantly enhance the charge transfer kinetics 
between neighboring NPs as well as between the substrate and 
functional NPs while maintaining the mechanical flexibility 
of porous substrates. These phenomena were confirmed by 
the notable performance improvement in the various LE-LbL-
assembled electrodes for batteries, electrochemical capacitors 
and BFCs. Considering that this approach can be effectively 
applied to various conductive and electrochemically active mate-
rials irrespective of substrate size and shape, we suggest that 
our approach can provide an important basis for developing 
high-performance electrodes for energy storage that require 
a large active surface area, a flexibility similar to textiles, and 
precise control over the thickness or loading mass. Finally, the 
ligand control approach can potentially transform the assembly 
method of NPs into a highly controllable process that can pro-
duce structure- and property-tuned 3D bulk electrodes for var-
ious electrochemical energy storage and conversion systems.

Despite such powerful advantages of the LE-LbL assembly, 
which allows accurate control of the interfacial interaction and the 
loading amount (or film thickness) of the active NPs within the 
electrode, thin film (nanometer-thick) deposition by dip coating 
process often creates time-consuming issues in preparing energy 
storage system with high areal performance (i.e., mass loading 
of NP). Basically, these issues, including process time and NP 
loading, can easily be optimized with simple control of solution 

concentration.[50,244] More potentially, the ligand engineering 
approach can be expanded to large-scale LbL assemblies such as 
automatic spray deposition and roll-to-roll processes, which can 
significantly reduce the electrode fabrication time (few seconds 
per layer) while achieving the mass loading of total amount of 
energy material on various highly porous substrates, enabling 
the production of industrial-grade energy electrodes.[134,245] 
In this regard, an effective combination between the ligand-
exchange-induced interface design of functional nanomaterials 
and the advanced fabrication technology can be a breakthrough 
in overcoming barriers to applying the LbL assembly to practical 
devices. Therefore, we envision that such an approach can be 
widely and effectively applied to the energy electrodes for various 
wearable/portable devices, including energy storage, conversion 
devices and biomedical devices (Figure 14).
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