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Interfacial control and design of conductive
nanomaterials for transparent nanocomposite
electrodes
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A few critical issues in preparing transparent conductive electrodes (TCEs) based on solution-processable

conductive nanomaterials are their low electrical conductivity and the unfavorable trade-off between

electrical conductivity and optical transparency, which are closely related to the organic ligands bound to

the nanomaterial surface. In particular, bulky/insulating organic ligands bound to the surface of conduc-

tive nanomaterials unavoidably act as high contact resistance sites at the interfaces between neighboring

nanomaterials, which adversely affects the charge transfer kinetics of the resultant TCEs. This article

reviews the latest research status of various interfacial control approaches for solution-processable TCEs.

We describe how these approaches can be effectively applied to conductive nanomaterials and how

interface-controlled conductive nanomaterials can be employed to improve the electrical and/or electro-

chemical performance of various transparent nanocomposite electrodes, including TCEs, energy storage

electrodes, and electrochromic electrodes. Last, we provide perspectives on the development direction

for next-generation transparent nanocomposite electrodes and breakthroughs for significantly mitigating

the complex trade-off between their electrical/electrochemical performance and optical transparency.

1. Introduction

Transparent conductive electrodes (TCEs) play a pivotal role
in preparing a variety of transparent electronics such as dis-
plays, touch screens, sensors, organic/inorganic light-emitting
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diodes (LEDs), photovoltaics, energy storage devices, and
smart windows.1–10 Currently, transparent conducting oxides
(TCOs), such as indium tin oxide (ITO), fluorine-doped tin
oxide (FTO), and aluminum-doped zinc oxide (AZO), have been
widely employed as conductive materials in TCEs due to their
excellent opto-electrical properties (i.e., high optical transpar-
ency above ∼80% at a low sheet resistance of 10–100 Ω sq−1)
and satisfactory operational stability in air.11–18 For example,
in the case of commercial ITO electrodes that have been the
most widely used in the TCE industries, ITOs are deposited
onto transparent glass substrates through energy-intensive
vacuum deposition processes (mainly sputtering).13–18 Then,
the formed ITO films are annealed at high temperatures under
a reducing atmosphere to promote crystallization and to
increase the ratio of oxygen vacancies in the ITOs.13,14 It is well
known that these oxygen vacancies act as n-type dopants in
ITOs, transforming insulating oxides into semiconducting
oxides, which has a significant effect on the electrical conduc-
tivity of the ITO electrodes.13,19–21

However, conventional vacuum deposition processes
reported to date intrinsically possess a few critical drawbacks:
(i) the low production yield of only 15–30% despite the high
cost of target materials; (ii) the electrode size that is defined by
the size of highly expensive vacuum chambers; (iii) the incom-
patibility with complex geometric substrates such as high-cur-
vature substrates; and (iv) the lack of flexibility owing to the
brittleness of sputtered bulk films.6,14–18 These limitations
create obstacles in realizing the large-scale production of TCEs
with the desired geometries and flexibilities. Although gra-
phene films grown by chemical vapor deposition (CVD) pro-
cesses may be one of attractive candidates for TCEs, their extre-
mely high synthesis temperature (∼1000 °C) limits the versati-
lity of TCEs.7,22,23 Additionally, metal nanomesh-based films
with patterned metal lines can also exhibit good optical and
electrical properties (sheet resistance ∼5–100 Ω sq−1; optical
transparency >80%).24–28 However, in most cases, these films
require a relatively complicated patterning process, such as
photolithography, nanosphere lithography or grain boundary
lithography.25–28 Furthermore, metal nanomesh-based films
with numerous open holes are restrictively applied to touch
panels or sensors, possibly allowing a large interdistance
(>10 μm) between adjacent metal lines.6,18

On the other hand, solution process-based approaches are
promising in terms of more effective deposition for the large-
scale preparation of TCEs with various sizes and geometries
compared to the abovementioned traditional vacuum or dry
deposition processes. For example, solution-processable TCO
films can be prepared using a sol–gel method based on the
hydrolysis of molecular precursors (i.e., metal salts or alkox-
ides) and the polycondensation of metal hydroxides.29,30

Although it has been reported that sol–gel-derived TCO films
can exhibit a high opto-electrical performance comparable to
sputtered TCO films, prolonged annealing processes at high
temperatures (>450 °C) are needed to promote both the crystal-
lization and the thermal decomposition of large amounts of
residual organic compounds in the TCO films.31,32

Instead of sol–gel precursors, a variety of solution-processa-
ble conducting polymers (e.g., poly(3,4-ethylenedioxythio-
phene:polystyrene sulfonate (PEDOT:PSS)) or carbon-based
materials (e.g., carbon nanotubes (CNTs) and reduced gra-
phene oxides (r-GOs)) can be directly used for the preparation
of TCEs.23,33–36 However, their low electrical conductivity and
light absorption properties (sheet resistance >100 Ω sq−1;
optical transparency >80%) act as major obstacles to the prepa-
ration of high-performance TCEs.18,24 As an alternative, solu-
tion-processable TCO nanoparticles (NPs), metal NPs, and
metal nanowires (NWs) have also been applied to TCEs using
spin coating, spray coating, drop casting, doctor blading,
Meyer rod coating, layer-by-layer assembly, printing, and roll-
to-roll deposition methods.6,15–18 For these approaches, high-
quality conductive nanomaterials (i.e., high crystallinity and
uniform size/shape) have been synthesized using relatively
bulky organic ligands.37–40 However, these bulky organic
ligands bound to the surface of nanomaterials increase the
separation distance between adjacent nanomaterials and
operate as insulating barriers (i.e., contact resistance sites)
within the assembled electrodes.41–49 Consequently, the pres-
ence of bulky/insulating organic ligands substantially impedes
electron transport at the interfaces between neighboring con-
ductive nanomaterials. Particularly, in the case of preparing
TCEs using spherical-type TCO NPs, the effects of the contact
resistance on the electrical performance of TCEs become
much more important due to the large contact area formed at
the NP–NP interfaces.50 Additionally, if reduction processes at
high temperatures are carried out to induce more closely
packed TCO NP films and/or increase the oxygen vacancies in
the TCO NP films,42–44 partially decomposed hydrocarbon-
based ligands can cause light absorption in the visible wave-
length range due to the formation of carbon ashes, which can
then decrease the optical transparency of TCO NP-based
TCEs.21 Therefore, interfacial control of conductive nano-
materials, involving the effective removal and/or proper
exchange of bulky/insulating organic ligands on the surface of
nanomaterials, can provide a fundamental solution to achieve
the desired optical/electrical performance of conductive NP (or
NW)-based TCEs.

Along with critical issues related to organic ligands, the
shapes and/or chemical properties of conductive nano-
materials should be considered for the preparation of high-
performance TCEs. Specifically, in the case of one-dimensional
(1D)-conductive metal NW films with randomly percolating
networks, the formation of vacant and nonconductive
domains improves the light transmission but results in an
extremely narrow electrode area with a rough surface.5,51–54

Consequently, highly porous metal NW films have the limited
contact area between TCEs and upper active layers and the risk
of short circuits in charge injection applications such as LEDs
and photovoltaics.53 Furthermore, Ag or Cu NW films have a
low operational stability under ambient and/or electrochemical
conditions due to their irreversible byproduct reactions with
the moisture, oxygen, and sulfur-containing compounds in air
and/or with reactive ions in electrolytes.55–57 Therefore, metal
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NW films often require an additional coating of other
materials for surface planarization and/or protection to ensure
facile charge transfer from the entire electrode area to the
active layers along with an extremely smooth surface
morphology.52–58 For example, it has been reported that the
coating of PEDOT:PSS or TCO layers onto metal NW films can
contribute to the reduction of surface roughness and/or the
improvement of chemical stability of the metal NW films.52–56

However, it should be noted that the coating of insulating
materials can inevitably hinder the charge transport from the
TCEs to the active layers (i.e., in the device structure composed
of TCEs/insulating materials/active layers).57,58

Interfacial control and design are also important factors in
determining the performance in other transparent electro-
chemical applications, including energy storage and electro-
chromic (EC) devices. Specifically, when a variety of transition
metal oxide (TMO) nanomaterials (e.g., manganese oxide
(MnOx), iron oxide (FeOx), and cobalt oxide (CoOx) NPs for
energy storage properties; tungsten oxide (WOx) and molyb-
denum oxide (MoOx) nanorods (NRs) for EC properties) are
exploited for electrochemical electrodes with the desired func-
tionalities, bulky organic ligands on the surface of NPs (or
NRs) severely limit the charge transfer between neighboring
NPs and further obstruct the facile access of reactive ions to
the NP surface for electrochemical reactions.59–63 As a result,
the high contact resistance occurring from organic ligands at
the TMO NP–NP interfaces as well as the inherently low electri-
cal conductivity of TMO NPs leads to the poor electrochemical
performance of electrodes.59,64 Therefore, it is desirable that
conductive nanomaterials are additionally incorporated into
TMO NP films for facile charge transport within the
electrodes.59–61,65–68 However, simple insertion or blending
without special consideration of interfacial interactions
between TMO NPs and conductive nanomaterials can induce
phase segregations or agglomerations.69 Moreover, the exces-
sive use of conductive nanomaterials with strong light absorp-
tion, such as CNTs or r-GOs, can have an adverse effect on the
optical transparency of electrodes.66–68 To address these pro-
blems and further improve the overall electrical and/or electro-
chemical performance of transparent nanocomposite electro-
des without a notable loss in optical transparency, conductive
nanomaterials with minimal light absorption, such as TCO
NPs, should be uniformly incorporated into TMO NP films
through elaborate interfacial interactions.

Recently, it has been reported that various hydrophobic
organic ligands (e.g., oleic acid (OA), oleylamine (OAm), and
tetraoctylammonium (TOA)) on the surface of metal and/or
metal oxide NPs can be easily substituted with amine (NH2)- or
carboxylic acid (COOH)-functionalized linkers during ligand
replacement layer-by-layer (LR-LbL) assembly in organic
media.59–61,70–77 Particularly, consecutive ligand replacements
by small molecular linkers with extremely low molecular
weights (Mw) can significantly reduce the contact resistance by
minimizing the separation distance between adjacent NPs,
which can enhance the charge transport at the NP–NP
interfaces.74–77 Additionally, it has also been demonstrated

that the uniform and stable incorporation of conductive NPs
into LbL-assembled nanocomposite films can be achieved
through the use of linkers that can directly bridge adjacent
NPs.59–61 That is, LR-LbL assembly using small molecular
linkers in organic media enables the preparation of highly
optimized nanocomposite electrodes with regard to charge
transfer efficiency, outperforming conventional LbL assembly
(mainly electrostatic LbL assembly in aqueous media).75–77

In this minireview, we introduce various interfacial control
approaches for conductive nanomaterials and review their suc-
cessful applications in TCEs, transparent energy storage, and
EC devices (Fig. 1). We highlight that research works demon-
strating the importance of interfacial control have been scar-
cely reviewed despite the presence of numerous reviews related
to conductive nanomaterials and their applications to TCEs.
First, we briefly discuss conductive nanomaterials used for the
preparation of TCEs and then describe the recently reported
interfacial approaches, including electrochemical desorption,
chemical desorption, electrostatic LbL assembly, and LR-LbL
assembly (section 2). Next, we explore the potential utilization
of interface-controlled TCO NPs for facile charge transfer
within TMO NP-based transparent supercapacitor and EC elec-
trodes (section 3). Finally, we provide an overall summary and
perspectives on interfacial engineering for developing a variety
of next-generation transparent nanocomposite electrodes
(section 4).

2. Interfacial control approaches of
conductive nanomaterials for TCEs
2.1 Electrochemical desorption-based interfacial control

1D metal NWs with a large aspect ratio have been recognized
as one of attractive conductive nanomaterials for the prepa-
ration of TCEs by virtue of the superior electrical and mechani-
cal properties as well as the formation of efficient junctions
among metal NWs.78–80 Randomly percolating networks of
metal NW films with numerous open holes can ensure both
high electrical conductivity and light transmission, which can
be controlled by the loading amount of NWs on the sub-
strates.81 In particular, Ag NWs have been intensively studied
due to their facile synthesis with scalability and reproducibility
compared to other metal NWs, such as Au NWs or Cu NWs.82

The most widely used and well-established synthesis method
of Ag NWs is polyol reduction, involving the reduction of Ag
ions in the presence of polyvinylpyrrolidone (PVP) ligands.83–85

In this case, the PVP ligands play important roles as steric
stabilizers and structure-directing agents that allow the aniso-
tropic growth of Ag NWs by selectively adsorbing on the (100)
facets of Ag nuclei.86 Despite the importance of PVP ligands,
the presence of bulky/insulating PVP ligands, which have
strong coordination bonds with the Ag NW surface via carbo-
nyl groups, limits the preparation of highly conductive Ag NW
films.87 Therefore, the synthesized Ag NWs require many
repetitive washing and additional treatment processes (e.g.,
thermal, plasmonic, and plasma treatments) to remove the
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PVP ligands and/or to decrease the contact resistance within
the assembled Ag NW films.88–92

Recently, a variety of unique interfacial approaches for
removing residual PVP ligands adsorbed on the surface of Ag
NWs have been reported by a few research groups. For
example, Duan and coworkers reported electrochemical clean-
ing that can induce the desorption of PVP ligands present in
Ag NW films using the hydrogen evolution reaction (HER).87

When the spin-coated Ag NW films were polarized in the HER
potential region, the formation of Ag–H bonds induced the
rapid desorption of PVP ligands due to the higher strength of
Ag–H bonds (170 kJ mol−1) than that of Ag–O coordination
bonds (50.9 kJ mol−1) of PVP ligands (Fig. 2a). Then, the H
atoms bound to the Ag surface were converted into H2

bubbles, pushing away the detached PVP ligands. These HER
behaviors were confirmed in the cyclic voltammetry (CV)
curves with the increasing cycle number (Fig. 2b). The poten-
tial value at the same current densities gradually shifted
toward a more positive potential, indicating that the overpo-
tential for the HER decreased as the electrochemically active
Ag NW surface was exposed by the removal of PVP ligands.
Additionally, the neatly cleaned surface of Ag NWs was also
observed through electron microscopy analysis (Fig. 2c).

Consequently, the surface-cleaned Ag NW films showed a low
sheet resistance of 13 Ω sq−1 with a high transmittance of
90.9% at a wavelength of 550 nm by significantly lowering the
contact resistance at the NW–NW junctions (Fig. 2d).

Fang et al. also demonstrated that electrochemical etching
can produce ligand-free Ag NW films while tailoring the dia-
meter of NWs.93 The well-regulated electrochemical reactions at
low current densities caused the dissolution of the outermost
Ag atoms along with the removal of PVP ligands within blade-
coated Ag NW films (Fig. 2e). In this case, the optical/electrical
properties (i.e., haze, transmittance, and sheet resistance) of the
Ag NW films were modulated according to the diameter of the
Ag NWs (Fig. 2f and g). Specifically, a decrease in the diameter
of Ag NWs led to high optical transmittance and low haze due
to the decreased shadow area. More interestingly, the sheet re-
sistance of Ag NW films was notably decreased after etching,
although the individual resistance of Ag NWs increased due to
the narrowed conductive pathway (Fig. 2e and g). These
improved electrical properties of Ag NW films were mainly
attributed to the removal of bulky/insulating PVP ligands as
well as metallic fusion (or welding) at the ligand-free Ag NW–

NW junctions. Since the activation energy of Ag atoms for
diffusion is lower than 1 eV, the migration of Ag atoms between

Fig. 1 Schematic illustration of the interfacial control of conductive nanomaterials for the preparation of transparent nanocomposite electrodes
with facile charge transport. Reproduced with permission.123 Copyright 2020, Wiley-VCH. Reproduced with permission.124 Copyright 2019,
American Chemical Society. Reproduced with permission.125 Copyright 2019, The Royal Society of Chemistry.
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neighboring ligand-free Ag NWs can spontaneously occur
without additional thermal and/or mechanical treatments,
which resulted in metallic fusion within Ag NW films even at

room temperature (Fig. 2h).75,94 As a result, the etched Ag NW
films showed an extremely low sheet resistance of 4 Ω sq−1 with
a high transmittance of 88.4% at a wavelength of 550 nm.

Fig. 2 (a) Schematic representation of the electrochemical cleaning of PVP ligands on the Ag NW surface using the HER. (b) CV curves over the
narrow potential range involving the HER region as a function of the cycle number. (c) Scanning electron microscopy (SEM), high-resolution trans-
mission electron microscopy (HR-TEM), and energy-dispersive X-ray spectroscopy (EDS) mapping images of Ag NWs before (1, 2, 3) and after (4, 5,
6) cleaning. (d) Sheet resistance and transmittance of Ag NW films before and after cleaning. Reproduced with permission.87 Copyright 2019,
American Chemical Society. (e) SEM images of Ag NWs with increasing electrochemical etching time. (f ) Photographs of Ag NW films before and
after etching. (g) Changes in diffusive transmittance and haze as a function of etching time. (h) Tilted side-view SEM image of electrochemically
etched Ag NW films with welded junctions. Reproduced with permission.93 Copyright 2018, Wiley-VCH.
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2.2 Chemical desorption-based interfacial control

The ligand desorption approach based on the use of chemical
agents has been recognized as an effective interfacial control
method, as reported by many research groups.95–104 Chemical
agents can induce the desorption of organic ligands by provid-
ing stronger affinities with the surface of metal and/or metal
oxide nanomaterials than anchoring groups of ligands. For
example, halide ions such as Br− or Cl− are well known to
strongly detach organic ligands on the Ag surface and used for
the preparation of highly conductive Ag NP (or NW) films.95–97

Kagan and coworkers also reported that anionic thiocyanate
ions can be chemisorbed onto positively charged sites on the
Ag NP surface while removing organic ligands.98 Additionally,
Heo et al. reported that organic ligands adsorbed on the
surface of metal oxide NPs, such as TCO NPs, can be comple-
tely stripped by nitrosonium tetrafluoroborate (NOBF4)
treatment.100

Ge et al. reported that NaBH4 treatment can thoroughly
remove the remaining PVP ligands within spin-coated Ag NW
films, thereby providing direct welding between adjacent Ag
NWs at room temperature.57 During NaBH4 treatment, hydride
ions produced from NaBH4 bound to the Ag NW surface
(binding energy ∼81.7 kJ mol−1), rapidly displacing the carbo-
nyl groups of PVP ligands (binding energy ∼50.9 kJ mol−1)
(Fig. 3a). Consequently, the PVP ligands adsorbed on the Ag
NW surface were clearly eliminated without impairing the
overall structure and optical transparency of the Ag NW films
even after NaBH4 treatment (Fig. 3b and c). The chemically
treated Ag NW films exhibited a low sheet resistance of 35 Ω
sq−1 with a high transmittance of 92.6% at a wavelength of
550 nm (Fig. 3d). Additionally, it has been demonstrated that
subsequent decoration with hydrophobic dodecanethiol (DT)
layers onto the ligand-free Ag NW surface can effectively
hinder moisture diffusion and/or surface oxidation, thus
improving the long-term stability without affecting the optical/
electrical properties of Ag NW films (Fig. 3e). Similarly, Zhu
et al. prepared Ag NW-based TCEs using NaBH4 treatment, fol-
lowed by coating with poly(diallyldimethyl-ammonium chlor-
ide) (PDDA) layers onto Ag NW films to ensure long-term stabi-
lity and surface planarization.58 The resultant Ag NW/PDDA
composite films showed uniform percolating networks after
NaBH4 treatment and PDDA coating (Fig. 3f). In particular, the
root-mean-square (RMS) roughness of the Ag NW/PDDA com-
posite films was decreased to ∼13.5 nm with the aid of coating
PDDA layers. Resultantly, the Ag NW/PDDA composite films
showed a sheet resistance of 22 Ω sq−1 at a transmittance of
95.5% relative to the substrates (Fig. 3g) and markedly
enhanced long-term stability compared to the pristine Ag NW
films (Fig. 3h).

Crockett et al. prepared ITO NP-based TCEs using ligand de-
sorption by formic acid treatment.104 When the spin-coated
ITO NP films were immersed in a formic acid/acetonitrile solu-
tion, the oleate ligands (i.e., the conjugate base of OA) bound
to the NP surface were protonated by formic acid, inducing the
desorption of OA ligands and the simultaneous adsorption of

formate ligands (i.e., the conjugate base of formic acid)
(Fig. 4a).105 After the removal of OA ligands, the ITO NP films
were thermally annealed at 300 °C under a reducing atmo-
sphere to increase the oxygen vacancies within ITO NPs as
well as to eliminate residual organic components. Scanning
electron microscopy (SEM) images showed that the ITO NP
films were uniformly deposited over the entire surface
without any voids or cracks (Fig. 4b). In particular, the
optical/electrical properties of ITO NP films depending on
the size of NPs were systematically examined by comparing
films consisting of NPs with diameters of 5.3, 12.8, and
21.5 nm (Fig. 4c). Three different ITO NP films with a similar
thickness of ∼150 nm showed a transmittance in the range of
85–88% at a wavelength of 550 nm, indicating that the size of
ITO NPs did not have a significant impact on optical trans-
parency (Fig. 4d). On the other hand, the sheet resistance of
ITO NP films decreased over an order of magnitude from
3690 to 350 Ω sq−1 for 5.3 and 21.5 nm NPs, respectively
(Fig. 4e). This trend in the electrical properties was explained
by the decreases in coulombic charging energy and interface
density as the size of ITO NPs increased, resulting in the
lowered activation energy for hopping conduction at the NP–
NP interfaces (Fig. 4f ). That is, these phenomena strongly
suggest that the degree of the existing interfaces with organic
ligands has a decisive effect on the electrical conduction
within nanocomposite electrodes.50

2.3 Electrostatic LbL assembly-based interfacial control

Among the various solution approaches, LbL assembly based
on complementary interactions (mainly electrostatic inter-
actions) between components offers diverse opportunities to
prepare nanocomposite films with tailored thicknesses, com-
positions, and functionalities on various substrates irrespec-
tive of substrate size and shape.106–112 In line with these
notable advantages, a variety of charged conductive
materials (e.g., charged metal NPs/NWs, CNTs, r-GOs, and
conducting polymers) in aqueous media have been electro-
statically LbL-assembled with oppositely charged materials
for the preparation of TCEs.113–119 For example, Hong et al.
reported that when positively charged CNTs (NH3

+-CNTs)
were LbL-assembled with negatively charged r-GOs (COO−-r-
GOs), the formed multilayers exhibited a sheet resistance of
8 kΩ sq−1 with a transmittance of 81.0% at a wavelength of
550 nm.116 Recently, Camic et al. demonstrated that the rela-
tively high sheet resistance of electrostatically LbL-
assembled films can be lowered by the use of Ag NWs
instead of CNTs.117 For this study, positively charged Ag
NWs (NH3

+-Ag NWs) were first prepared by ligand exchange
between cysteamine and PVP ligands on the surface of Ag
NWs. These cationic NH3

+-Ag NWs were LbL-assembled with
anionic GOs for the preparation of (anionic GO/NH3

+-Ag
NWs)n multilayers (herein, ‘n’ is the bilayer number) onto
glass substrates. The total resistance of (anionic GO/NH3

+-Ag
NWs)n multilayers was significantly decreased because
cysteamine is a small molecule with an extremely low Mw of
∼77 g mol−1; additionally, the LbL-assembled GOs were
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transformed into r-GOs through chemical reduction using
hydrazine treatment. When the (anionic r-GO/NH3

+-Ag
NWs)2 multilayers were thermally annealed at 230 °C, the
resultant multilayers exhibited a low sheet resistance of 6.5
Ω sq−1 with a transmittance of 78.2%.

On the other hand, when using metal NPs with a high
degree of light reflection as conductive nanomaterials for
TCEs, the total thickness of the assembled films should be
controlled below ∼10 nm for visible light transmission.18,120

Furthermore, the packing density of these NPs in the lateral

dimension should be also substantially increased to decrease
the contact resistance (i.e., the separation distance due to a
low packing density and the presence of organic ligands)
occurring between adjacent metal NPs.76 However, when
charged metal NPs are LbL-assembled with oppositely charged
polymer linkers, the packing density of metal NPs per layer is
generally below ∼30%, which is mainly caused by electrostatic
repulsion between the same charged metal NPs.121 Therefore,
electrostatically LbL-assembled metal NP films with a low
thickness (<10 nm) have poor electrical conductivity that is

Fig. 3 (a) Schematic representation of the removal of PVP ligands from Ag NWs through chemical desorption using NaBH4 treatment and sub-
sequent surface decoration of DT layers. (b) SEM and HR-TEM images of Ag NWs before (1, 2) and after (3, 4) NaBH4 treatment. (c) Photographs of
Ag NW films before and after NaBH4 treatment. (d) Changes in the relative sheet resistance and transmittance of Ag NW films with increasing NaBH4

treatment time. The inset shows the plot of transmittance versus sheet resistance of Ag NW films before (black line, 1) and after (green line, 2) NaBH4

treatment. (e) Variations in sheet resistance for PVP-Ag NW, surface-cleaned Ag NW, and DT-decorated Ag NW films exposed in summer air (temp-
erature ∼25 °C; relative humidity ∼90%) for 10 days. Reproduced with permission.57 Copyright 2018, American Chemical Society. (f ) Planar SEM and
photograph of Ag NW/PDDA composite films. (g) Plots of transmittance versus sheet resistance of Ag NW films according to NaBH4 treatment and
PDDA coating. (h) Stability tests of PVP-Ag NW and Ag NW/PDDA composite films under 25 °C/65% relative humidity conditions. Reproduced with
permission.58 Copyright 2020, The Royal Society of Chemistry.
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close to an insulating property because of the low degree of
interconnection among neighboring NPs.76 Additionally, the
polymer linkers mainly used for electrostatic LbL assembly
increase the contact resistance within the assembled metal NP
films,110 which is similar to the case with bulky/insulating
organic ligands. These phenomena imply that even if electro-
statically LbL-assembled TCO NP films with minimal light
reflectance/absorption can be applied to TCEs, their low elec-
trical conductivity originating from both the low packing
density of TCO NPs (by electrostatic repulsion) and the pres-
ence of bulky polymer linkers remains an unavoidable draw-
back.122 Therefore, a more advanced solution approach allow-
ing the use of a wide range of conductive nanomaterials is
required for developing high-performance TCEs with the
desired functionalities.

2.4 LR-LbL assembly-based interfacial control

Recently, it was demonstrated that organic linkers with NH2

and COOH groups, which serve as bidentate or multidentate
ligands, can directly bridge the interfaces between adjacent in-
organic NPs (i.e., metal and/or metal oxide NPs) by effectively
replacing bulky organic ligands on the surface of NPs during
LbL assembly in organic media.70–77 These ligand replacement

reactions are mainly caused by the higher affinity of multiden-
tate linkers with the NP surface than that of monodentate
organic ligands.70 Specifically, NH2- or COOH-functionalized
small molecular linkers such as tris(2-aminoethyl)amine
(TREN, Mw ∼ 146), diethylenetriamine (DETA, Mw ∼ 104),
hydrazine (Hyd, Mw ∼ 32), and tricarballylic acid (TC, Mw ∼
176) in ethanol can be LbL-assembled by successfully substi-
tuting hydrophobic organic ligands (e.g., OA, OAm, and TOA)
on the surface of metal (e.g., Au, Ag, Cu, and Pt) and/or metal
oxide (e.g., ITO, FeOx, MnOx, WOx, and TiOx) NPs in nonpolar
media.60,72,75,123–125 This LR-LbL assembly using small mole-
cular linkers in organic media without electrostatic repulsion
can lead to the formation of densely packed NP films and sig-
nificantly decrease the interparticle distance between adjacent
NPs.59 In this case, the separation distance of metal NP–NP at
the interfaces was estimated to be less than 6 Å by atomistic
molecular dynamic (MD) simulations, suggesting the possi-
bility of greatly enhanced charge transport between neighbor-
ing NPs.75,77

Based on the notable advantages of LR-LbL assembly,
Cho et al. reported that OAm-ITO NPs can be LbL-assembled
with small Hyd molecules composed of only two NH2 groups
(Fig. 5a).123 It has also been demonstrated that the use of

Fig. 4 (a) Fourier transform infrared (FTIR) spectra of ITO NP films during ligand exchange reactions. The C–H stretching peaks related to oleate
ligands decrease as the substitution with formate ligands progresses. (b) Planar SEM image of ITO NP films after ligand exchange reactions. (c)
Cross-sectional SEM images of ITO NP films composed of NPs with diameters of 5.3 nm (1), 12.8 nm (2), and 21.5 nm (3). (d) Optical transmittance
spectra of ITO NP films with different NP sizes. (e) Changes in the resistivity of ITO NP films with a thickness of ∼150 nm as a function of NP dia-
meter. When the ITO NP diameter is larger than 14 nm, the coulombic charging energy (Ec) becomes lower than the thermal energy (kBT ), dividing
into two separate regions with different size dependencies for the activation energy. (f ) Evaluated interface densities of ITO NP films depending on
the NP diameter using the sphere packing geometries of simple cubic (SC), body-centered cubic (BCC), and face-centered cubic (FCC). Reproduced
with permission.104 Copyright 2019, American Chemical Society.
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Fig. 5 (a) Schematic illustration of the preparation of ITO NP multilayers on curved substrates based on LR-LbL assembly using small Hyd linkers
with carbon-free and chemically reducing properties. (b) FTIR spectra and schematic representation of (OAm-ITO NPs/Hyd)n multilayers as a func-
tion of bilayer number (n). The disappearance and regeneration of C–H stretching peaks indicate ligand exchange reactions between OAm ligands
and Hyd linkers. (c) Tilted and planar (inset) SEM images of (OAm-ITO NPs/Hyd)40 multilayers. (d) Atomic force microscopy (AFM) images and height
profiles of commercial bulk ITO films and (OAm-ITO NPs/Hyd)40 multilayers. (e) Sheet resistance, transmittance, and photographic image (inset) of
(OAm-ITO NPs/Hyd)n multilayers after thermal annealing at 300 °C as a function of the bilayer number. (f ) Electrical and (g) optical properties of ITO
NP multilayers based on three different NH2-functionalized linkers (PEI, TREN, and Hyd) after thermal annealing at 300 °C. (h) Photograph of the
(OAm-ITO NPs/Hyd) multilayer-coated spherical glass connected with an LED. Reproduced with permission.123 Copyright 2020, Wiley-VCH.
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carbon-free Hyd linkers with strong chemically reducing pro-
perties can increase the oxygen vacancies within ITO NPs
during LbL assembly, which has a significant effect on the
electrical conductivity of ITO NP films. The Hyd linkers were
adsorbed on the surface of ITO NPs through a consecutive
ligand replacement reaction between the NH2 groups of Hyd
linkers and the OAm ligands (Fig. 5b). The LR-LbL-
assembled (OAm-ITO NPs/Hyd)40 multilayers showed a
densely packed surface morphology with a low RMS rough-
ness of ∼3.70 nm (Fig. 5c and d). When the formed (OAm-
ITO NPs/Hyd)40 multilayers were annealed at 300 °C under
an Ar/H2 gas mixture to increase the ratio of oxygen
vacancies within ITO NPs, the sheet resistance was evaluated
to be 86 Ω sq−1, while the initial transmittance of ∼89.6% at
a wavelength of 550 nm was maintained (Fig. 5e).
Particularly, when increasing the annealing temperature up
to 400 °C, the sheet resistance of (OAm-ITO NPs/Hyd)40 mul-
tilayers was decreased up to 30 Ω sq−1. As already men-
tioned, this excellent electrical/optical performance of (OAm-
ITO NPs/Hyd)n multilayers was mainly attributed to the use
of extremely small Hyd linkers (Mw ∼ 32) with carbon-free
and reducing properties, which could be more clarified by
comparison with two different NH2-functionalized linkers
(i.e., poly(ethylene imine) (PEI, Mw ∼ 800) and TREN (Mw ∼
146)). The sheet resistances of PEI and TREN linker-based
ITO NP films were found to be ∼2.3 × 105 and ∼346 Ω sq−1,
respectively (Fig. 5f ). Furthermore, these PEI and TREN
linker-based ITO NP films exhibited a notable decrease in
transmittance after annealing processes due to the light
absorption of the formed carbon residues, which was in
stark contrast to Hyd linker-based films (Fig. 5g).
Additionally, the Hyd linker-based ITO NP films had a
higher ratio of oxygen vacancies (∼59%) than those of PEI
(∼33%) and TREN (∼42%) linker-based films under the
same annealing conditions. These results imply that the
physical and/or chemical properties of linkers can directly
affect the electrical conductivity as well as the optical trans-
parency of ITO NP-based TCEs. Moreover, the LR-LbL assem-
bly of ITO NPs based on the dipping process could be easily
applied to highly curved substrates such as spherical glasses
(Fig. 5h).

3. Electrochemical applications using
interface-controlled TCO NPs
3.1 Transparent supercapacitors

Pseudocapacitive (PC)-TMO NPs, which provide a high
energy storage performance through faradaic redox reactions
at or near the surface of NPs, have been extensively used as
active materials for energy storage devices such as
supercapacitors.126–130 However, for PC-TMO NP-based elec-
trodes to be applied to transparent supercapacitors (TSCs),
they should have a limited film thickness due to the
inherent opacity and poor electrical conductivity of TMO
NPs.126 Therefore, it remains a great challenge to overcome

the complex trade-off between capacitance (particularly
areal capacitance (Careal)) and optical transparency as well
as to enhance the rate capability of PC-TMO NP-based
electrodes.127

Transparent/conductive ITO NPs can also possess charge-
storage capability through electrical double-layer capacitor
(EDLC) behaviors, which originate from their large surface-to-
volume ratio.131,132 Bellani et al. prepared ITO NP-based elec-
trodes by drop-casting cubic-shaped ITO NPs with a lateral
dimension of less than 50 nm (Fig. 6a).131 The specific surface
area of the nanostructured ITO NP films was 249 times larger
than that of bulk ITO films at a loading amount of 1 mg cm−2

(Fig. 6b and c), as measured by Brunauer–Emmett–Teller (BET)
analysis. The ITO NP-based electrodes showed nearly rectangu-
lar CV curves of EDLC behaviors without obvious redox peaks,
maintaining their shapes even at a high scan rate of up to 10 V
s−1 (Fig. 6d and e). These ITO NP-based electrodes exhibited a
Careal value of 1.53 mF cm−2 (@ 0.2 mA cm−2) with a transmit-
tance of 64.4% (@ 550 nm; Fig. 6f) at a loading amount of
0.50 mg cm−2, whereas bulk ITO electrodes had a negligible
capacitance.

Cho et al. further demonstrated that interface-controlled
ITO NP films using smaller NPs (∼8 nm; Fig. 7a) with a more
uniform size can exhibit improved optical/electrochemical
properties.123 Specifically, the LR-LbL assembly of OAm-ITO
NPs and small Hyd linkers produced nanocomposite films
with high optical transparency (by the formation of a smooth
surface morphology) and a large active area (Fig. 7b). As a
result, the LR-LbL-assembled (OAm-ITO NPs/Hyd)n multi-
layers showed almost quasi-rectangular CV shapes with
typical EDLC behaviors and fast current responses (Fig. 7c).
Due to the well-defined ITO NPs and the LR-LbL assembly
modulating facile charge transport, the Careal and transmit-
tance values of (OAm-ITO NP/Hyd)40 multilayers (the loading
amount of ITO NPs was ∼0.16 mg cm−2) were evaluated to be
approximately 1.44 mF cm−2 (@ 0.2 mA cm−2) and 89.6% (@
550 nm), respectively. This electrochemical performance of
ITO NP-based electrodes can be further enhanced by the
integration of PC-MnO NPs within the assembled films. Choi
et al. reported that high-performance TSC electrodes with
high Careal values can be prepared by alternating the LR-LbL
assembly of OA-MnO NPs and OAm-ITO NPs with small TC
linkers (Fig. 7d).124 The bulky/insulating organic ligands
(i.e., OA and OAm) loosely bound to the surfaces of MnO and
ITO NPs were successfully replaced by multidentate TC
linkers with three COOH groups.105,133 Additionally, the use
of TC linkers induced the homogeneous insertion of ITO
NPs without agglomerations into the densely packed NP
arrays, which contributed to the formation of an efficient
charge pathway across electrodes (Fig. 7e). Therefore, the
charge-storage capability of the (MnO NP/TC/ITO NP/TC)m
multilayers (herein, ‘m’ is the periodic number) was notably
improved compared to that of the (ITO NP/TC)n and (MnO
NP/TC)n multilayers, as shown in the CV curves (Fig. 7f ). In
particular, given that the electrical double-layer capacitance
of ITO NPs was much lower than the pseudocapacitance of
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MnO NPs, the prominent enhancement was mainly attribu-
ted to the reduced internal resistance by inserting ITO NPs.
Electrochemical impedance spectroscopy (EIS) analysis also
confirmed that ITO NP-incorporated MnO NP-based electro-
des exhibited lower equivalent series resistance and charge
transfer resistance than ITO NP-free electrodes (Fig. 7g). As a
result, the Careal value of (MnO NP/TC/ITO NP/TC)50 multi-
layers was substantially increased from 24.6 to 40.5 mF cm−2

(@ 0.1 mA cm−2) with the insertion of ITO NPs; on the other
hand, the optical transmittance was slightly decreased from
61.6% to 60.8% (@ 550 nm), which also outperformed the
electrochemical performance of (ITO NP/TC)50 and (MnO NP/
TC)50 multilayers (Fig. 7h).

3.2 EC devices

EC-TMOs, which can allow reversible electrochemical reaction-
induced color switching by external electrical potentials, have
attracted considerable attention due to their potential uses for
a variety of applications, such as automotive displays and
energy-saving smart windows.134–137 However, similar to the
case with PC-TMO NPs for TSC electrodes, EC-TMOs also
suffer from sluggish charge transfer kinetics due to their

poor electrical conductivity.136 Although solution-processable
EC-TMO nanomaterials prepared in organic media can have
some advantages in improving their charge transport within
electrodes, it should be noted that bulky/insulating organic
ligands bound to the surface of EC-TMO nanomaterials act as
another obstacle to charge delivery between neighboring
EC-TMO nanomaterials.62 Additionally, considering that
reversible color changes of EC-TMO nanomaterials are closely
related to the insertion/extraction of guest positive ions (e.g.,
Li+, H+, and Na+) and electrons, their switching behaviors for
coloration and/or bleaching are greatly influenced by the
degree of charge transfer.137 Therefore, as mentioned earlier,
uniform incorporation of interface-controlled TCO NPs into
EC-TMO nanocomposite films can enhance the overall EC per-
formance without sacrificing the optical transparency of
electrodes.

Recently, Yun et al. reported that LR-LbL-assembled nano-
composite films composed of OAm-WO2.72 NRs, OAm-ITO
NPs, and TREN linkers can exhibit a high EC performance
(i.e., a fast color switching speed and a high color contrast)
due to the improved charge transfer by the aid of conductive
ITO NPs, small TREN linkers, and NR-induced porous struc-

Fig. 6 (a) HR-TEM image of ITO NPs with lateral dimensions of less than ∼50 nm. (b) Planar and (c) cross-sectional SEM images of drop-casted ITO
NP films at a loading amount of 1 mg cm−2. (d) CV curves of ITO NP films at a scan rate of 1 V s−1 with an increasing loading amount from 0 to 2 mg
cm−2. (e) CV curves of ITO NP films at a loading amount of 0.50 mg cm−2 at different scan rates (from 0.01 to 10 V s−1). (f ) Optical transmittance
spectra of ITO NP films with an increasing loading amount from 0 to 2 mg cm−2. Reproduced with permission.131 Copyright 2017, The Royal Society
of Chemistry.
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tures (Fig. 8a).125 During consecutive LR-LbL assembly, OAm-
WO2.72 NRs were vertically bridged with small TREN linkers,
generating a number of nanosized pores formed among the
randomly packed WO2.72 NRs (Fig. 8b).63 In this case, OAm-
ITO NPs with a diameter of ∼7 nm could easily infiltrate into
the WO2.72 NR films through the nanosized pores (Fig. 8b
and c). Although the inserted ITO NPs had little effect on the
optical transparency of WO2.72 NR-based electrodes in the
bleached state, the ITO NP-incorporated WO2.72 NR-based
electrodes showed improved optical modulations (i.e., trans-

mittance changes between bleached and colored states at a
wavelength of 633 nm) compared to the ITO NP-free electro-
des (Fig. 8d). Furthermore, the switching times of WO2.72

NR-based electrodes for coloration/bleaching notably
decreased from 12.2 s/6.5 s to 5.0 s/3.0 s (m = 20) and 44.2 s/
53.2 s to 10.9 s/15.2 s (m = 40) due to the enhanced charge
transport by the insertion of ITO NPs (Fig. 8e and f ). These
phenomena were also confirmed by the decreased charge
transfer resistance and ion diffusion resistance of ITO NP-
incorporated WO2.72 NR-based electrodes, as shown in EIS

Fig. 7 (a) HR-TEM image of ITO NPs with a diameter of ∼8 nm. (b) Planar SEM image of LR-LbL-assembled (OAm-ITO NPs/Hyd) multilayers. (c) CV
curves of (OAm-ITO NPs/Hyd) multilayers a scan rate of 0.5 V s−1 with an increasing bilayer number (n) from 0 to 40. Reproduced with permission.123

Copyright 2020, Wiley-VCH. (d) Schematic representation of MnO NP-based electrodes with the incorporation of ITO NPs prepared by LR-LbL
assembly using small TC linkers. (e) EDS mapping images of (MnO NP/TC/ITO NP/TC)50 multilayers. Comparison of (f ) CV curves at a scan rate of
50 mV s−1, (g) Nyquist plots, and (h) areal capacitance among (MnO NP/TC/ITO NP/TC)50, (MnO NP/TC)50, and (ITO NP/TC)50 multilayers.
Reproduced with permission.124 Copyright 2019, American Chemical Society.
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analysis (Fig. 8g). Particularly, considering that the periodic
incorporation of ITO NPs into WO2.72 NR-based electrodes
increased the total film thickness and partially fills the nano-

pores, a notable increase in the EC performance was primar-
ily due to the enhanced charge transport by inserting
ITO NPs.

Fig. 8 (a) Schematic illustration of the alternating LR-LbL assembly of OAm-WO2.72 NRs and OAm-ITO NPs using small TREN linkers. (b) Surface
morphology according to the sequential deposition of (WO2.72 NR/TREN) and (ITO NP/TREN) layers. (c) Cross-sectional SEM and EDS mapping
images of (WO2.72 NR/TREN/ITO NP/TREN)20 multilayers. (d) Photographs of (WO2.72 NR/TREN/ITO NP/TREN)20 and 40 multilayers in bleached (+4.0
V) and colored (−4.0 V) states. Comparison of (e) switching behaviors, (f ) response times for coloration/bleaching, and (g) Nyquist plots of WO2.72

NR-based electrodes with ITO NPs and without ITO NPs. Reproduced with permission.125 Copyright 2019, The Royal Society of Chemistry.
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4. Conclusions and outlook

Interfacial control on solution-processable nanomaterials (par-
ticularly metal and/or metal oxide nanomaterials) plays a criti-
cal role in determining the electrical and/or electrochemical
performance of transparent nanocomposite electrodes.
However, although this control is an important issue, most
solution approaches reported to date have been recognized as
only one tool for coating high-quality nanomaterials (i.e., in
terms of high dispersion stability, high crystallinity, and
uniform size/shape) onto transparent substrates without
careful consideration of ligand control and the interfacial
interactions of electrically and/or electrochemically active
nanomaterials. Particularly, when preparing TCEs based on
solution-processable conductive nanomaterials, bulky/insulat-
ing organic ligands inevitably cause high contact resistance at
the interfaces, which seriously restricts charge transfer across
the assembled TCEs. Furthermore, in the case of TCO NP-
based TCEs, the carbon residues generated from thermal
decomposition of hydrocarbon-based ligands during anneal-
ing processes at high temperatures notably decrease the
optical transparency of TCEs due to their strong light
absorption.

From this viewpoint, we have discussed the need for inter-
facial control and optimal solution approaches to prepare
TCEs with desirable optical/electrical performance. Among the
various interfacial control approaches, LR-LbL assembly using
small molecular linkers in organic media could significantly
enhance the electrical conductivity of TCO NP-based TCEs due
to the minimized interparticle distance between neighboring
NPs as well as the increase in oxygen vacancies by the reducing
properties of the NH2-functionalized linkers. Additionally,
even if the TCO NP-based TCEs need annealing processes at
high temperatures to further enhance their electrical perform-
ance, the effect of the formed carbon residues (by partially
decomposed organic ligands and/or linkers) on the optical
transparency could be minimized through the use of extremely
small and/or carbon-free linkers. Owing to the facile control
and design of the interfacial structure using LR-LbL assembly,
TCO NPs could be uniformly nanoblended with other kinds of
TMO NPs or NRs, which can allow the preparation of transpar-
ent nanocomposite electrodes with the desired functionalities.
In this case, the unfavorable trade-off between electrical and/
or electrochemical performance and optical transparency for
transparent nanocomposite electrodes (i.e., TCEs, TSC electro-
des, and EC electrodes) could be mitigated to some degree
using interface-controlled TCO NPs by LR-LbL assembly.

However, despite these notable advantages of LR-LbL
assembly, thin-film deposition through repetitive coating pro-
cesses brings about time-consuming issues. Although an
increase in solution concentration can significantly reduce the
adsorption time and increase the packing density (i.e., the
loading amount) of NPs,70 it is highly desirable that more uni-
versal and commercial approaches, such as roll-to-roll or
spray-coating methods, are combined with LR-LbL assembly
for process efficiency.138,139 We believe that these efforts to

combine approaches can represent a technological break-
through for the practical production of high-performance
transparent nanocomposite electrodes using interfacial
control and interactions; furthermore, these combinatorial
approaches or modified LbL assembly approaches can be
widely and effectively applied to various electrical and/or
electrochemical applications.
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