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ABSTRACT: One of the most critical issues in preparing
high-performance transparent supercapacitors (TSCs) is to
overcome the trade-off between areal capacitance and
optical transmittance as well as that between areal
capacitance and rate capability. Herein, we introduce a
TSC with high areal capacitance, fast rate capability, and
good optical transparency by minimizing the charge
transfer resistance between pseudocapacitive nanoparticles
(NPs) using molecular linker- and conductive NP-
mediated layer-by-layer (LbL) assembly. For this study,
bulky ligand-stabilized manganese oxide (MnO) and
indium tin oxide (ITO) NP multilayers are LbL-assembled
through a ligand exchange reaction between native ligands and small multidentate linkers (tricarballylic acid). The
introduced molecular linker substantially decreases the separation distance between neighboring NPs, thereby reducing
the contact resistance of electrodes. Moreover, the periodic insertion of ITO NPs into the MnO NP-based electrodes can
lower the charge transfer resistance without a meaningful loss of transmittance, which can significantly improve the areal
capacitance. The areal capacitances of the ITO NP-free electrode and the ITO NP-incorporated electrode are 24.6 mF
cm−2 (at 61.6% transmittance) and 40.5 mF cm−2 (at 60.8%), respectively, which outperforms state of the art TSCs.
Furthermore, we demonstrate a flexible symmetric solid-state TSC that exhibits scalable areal capacitance and optical
transmittance.
KEYWORDS: transparent supercapacitor, indium tin oxide nanoparticles, multidentate linker, charge transfer resistance, multilayer

Recently, considerable attention has been paid to
transparent electronic devices, which can be used in
many emerging applications, such as electrochromic

windows, smart watches, and other next-generation electronic
glassworks, leading to the strong demand for the development
of various transparent component parts.1−8 Most studies have
been directed toward the fabrication of transparent displays,
light-emitting diodes, and electronic circuits and consequently
have produced numerous advances to date. Despite this
progress, relatively little research effort has been focused on the
utilization of transparent power sources that are required for
the ultimate realization of self-powered, fully transparent
integrated devices. In particular, transparent supercapacitors
(TSCs) have been investigated as one of the promising
candidates for self-powered next-generation transparent

devices due to their advantages, including high power density
and long cycle life. However, the low energy performance
indices (particularly poor areal capacitance ∼ capacitance per
unit area, F cm−2) of TSCs, which result from the surface-
limited charge storage mechanism and ultrathin electrode
thicknesses, are critical barriers to developing practical TSCs.
The most common carbon-material-based TSCs show a
thickness-dependent optical transmittance of 30−85% at 550
nm, but their areal capacitances usually do not exceed 4 mF
cm−2 due to the electric double-layer capacitance of carbon
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materials.9−14 For example, Chen et al.14 reported that
wrinkled graphene-based TSCs exhibited an areal capacitance
of approximately 6 μF cm−2 with an optical transmittance of
57% at 550 nm. Additionally, when the loading amount of the
carbon materials is increased to improve areal capacitance, the
transmittance of the electrode is significantly reduced because
of the light absorption and scattering of the active components,
implying a trade-off between optical transparency and areal
capacitance.
As an alternative, high-energy pseudocapacitive (PC)

nanoparticles (NPs) have been used for the preparation of
high-performance TSCs that can provide relatively high areal
capacitance with ultrathin film thickness (i.e., high optical
transmittance).15−24 In particular, Liu et al.16 reported that
MnO2 nanoflakes electrochemically deposited onto highly
transparent Ni mesh films exhibited an outstanding areal
capacitance of 80.7 mF cm−2 (on the basis of a half-cell
electrode) and a high optical transmittance of 84%. In this
case, however, the areal capacitance was calculated using only
the narrow area of the patterned micrometer-scale Ni string
with a large void area, which could not represent a practical
capacitance value (i.e., areal capacitance based on the entire
device). Ma et al.24 also reported that the transparent carbon-
fiber-based electrode with electrodeposited MnO2 exhibited a
high areal capacitance of 8 mF cm−2 with a transmittance of
58% (on the basis of a full cell) and improved the areal
capacitance up to 35.8 mF cm−2 through control of the
electrodeposition time of MnO2. More recently, Wang et al.18

reported that island-like patterned MnO2 array-based electro-
des delivered a high areal capacitance of 3.5 mF cm−2 (on the
basis of a half-cell electrode) with an optical transmittance of
69%. Despite the high-energy performance of PC materials,
most PC-material-based electrodes have poor electrical
conductivity; thus, the charge transfer resistance of PC-
material-based electrodes increases with increasing loading

amount. As a result, these phenomena significantly reduce the
rate capability and optical transmittance of the electrode.25,26

To lower the charge transfer resistance, various conducting
components, such as carbon-based materials or conducting
polymers, have been incorporated into PC-material-based
supercapacitor electrodes through physical adsorption pro-
cesses such as simple solution casting or blending.27−30

However, in most cases, conductive materials have strong
light absorption (mainly because of carbon nanotubes (CNTs)
and/or graphene), which restricts the enhancement in optical
performance and energy storage of TSCs. Additionally, it
should be noted that the above-mentioned physical adsorption
processes provide poor control over the loading amount (or
thickness) of components as well as homogeneous blending at
the nanoscale, which leads to much difficulty in precisely
controlling the trade-off between energy storage performance
and optical transparency.
Layer-by-layer (LbL) assembly is a simple fabrication

process that has been widely used for the preparation of
ultrathin nanocomposite films with tailored thicknesses,
compositions, and functionalities on various substrates by
utilizing complementary interactions between different com-
ponents.31−42 In particular, in the case of electrostatic LbL
assembly for energy storage applications, most studies have
mainly focused on supercapacitor electrodes composed of
charged carbon materials (e.g., cationic NH3

+-functionalized
CNT or -reduced graphene oxide) and oppositely charged
materials (e.g., anionic COO−-functionalized carbon materials,
electrochemically active polymers, PC NPs, or bulky polymer
linkers) using complementary electrostatic interactions in
aqueous media.40−42 Despite the promising architectures
obtainable by conventional LbL assembly, electrostatic LbL
assembly of TSC electrodes possesses some critical limitations,
including (1) low packing density (<30%) of PC NPs per layer
due to the reciprocal electrostatic repulsion between same-

Scheme 1. Schematic illustration of the formation of a transparent supercapacitor electrode based on pseudocapacitive OA-
MnO NPs and conductive/transparent OAm-ITO NPs using multidentate small-linker-mediated ligand exchange reaction.
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charged PC NPs,43,44 (2) strong light absorption of carbon-
based materials, and/or (3) high contact resistance originating
from the insulating organics (more specifically, bulky charged
polymer linkers) sandwiched between electrochemically active
components. As a result, these drawbacks act as a major
obstacle to preparing high-performance TSCs.
Herein, we introduce a high-performance TSC with high

areal capacitance, excellent rate capability, and good optical
transmittance using an unconventional LbL assembly between
high-energy PC NPs (i.e., MnO NPs) and conductive/
transparent NPs (i.e., indium tin oxide (ITO) NPs) in organic
media without using any carbon-based materials or conducting

polymers (Scheme 1). In particular, we highlight that our
approach can provide an alternative for effectively alleviating
the complex and troublesome trade-off between areal
capacitance and optical transmittance as well as that between
areal capacitance and rate capability. For this study, oleic acid
(OA)-stabilized MnO NPs (OA-MnO NPs) with a diameter of
10 ± 0.5 nm and oleylamine (OAm)/octanoic acid (OCA)-
stabilized ITO NPs (OAm-ITO NPs) with a diameter of 7 ± 2
nm were prepared in toluene and then were LbL-assembled
with tricarballylic acid (TC, Mw ≈ 176) serving as a
multidentate linker in ethanol. In this LbL assembly process,
bulky and native ligands (i.e., OA, OAm, and OCA ligands)

Figure 1. (a) HR-TEM images of synthesized OA-MnO NPs. (b) ATR-FTIR spectra and schematic representation of (MnO NP/TC)n
multilayers as a function of bilayer number (n). (c) Frequency and mass change of (MnO NP/TC)n multilayers obtained from QCM
measurements as a function of bilayer number. (d) Thickness change of (MnO NP/TC)n multilayers measured from the cross-sectional FE-
SEM images (insets). (e) AFM image and rms surface roughness of (MnO NP/TC)50 multilayer. (f) Transmittance spectra and digital
images of the (MnO NP/TC)n multilayers on ITO glass with different bilayer number (n). The university logos were used with permission
from Korea University.
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loosely bound to the surface of the MnO and ITO NPs are
replaced by multidentate TC with three carboxylic acid
(COOH) groups through a ligand exchange reaction without
additional chemical or thermal treatments during LbL
deposition. Based on this ligand exchange reaction, a variety
of LbL-assembled (MnO NP/TC)n, (ITO NP/TC)n, and
(MnO NP/TC/ITO NP/TC)m multilayer films were
deposited onto ITO glass or flexible ITO-coated poly(ethylene
terephthalate) (PET) substrates to obtain TSCs. We also
demonstrate that the COOH-functionalized small molecule is
capable of directly bridging all the interfaces between NPs as a
multidentate organic linker, which can effectively reduce the
contact resistance between neighboring NPs. Another feature
is that ITO NPs themselves have electrical conductivity as well
as transparency, and furthermore the alternating LbL assembly
of MnO and ITO NPs significantly increases the areal
capacitance and rate capability without considerably sacrificing
optical transmittance.
In particular, in the case of ITO NP-incorporated MnO NP

films (i.e., (MnO NP/TC/ITO NP/TC)50 multilayers), their
areal capacitance can be increased up to 40.5 mF cm−2 at a
current density of 0.1 mA cm−2, which outperforms the areal
capacitances of LbL-assembled electrodes without ITO NPs
(24.6 mF cm−2 at 0.1 mA cm−2) and most TSCs reported to
date. On the other hand, the optical transmittance of (MnO
NP/TC/ITO NP/TC)50-coated ITO glass is approximately
60.8%, which is fairly similar to the transmittance of 61.6%
measured from the (MnO NP/TC)50-coated ITO glass. We
also highlight that the areal capacitance and optical trans-
parency of these LbL-assembled TSCs can be easily but exactly
controlled using the layer number. Furthermore, the flexible
and symmetric solid-state TSCs based on the (MnO NP/TC/
ITO NP/TC)m multilayers exhibit high areal performances
and good optical transparency. Given that our approach using
ligand-exchange-based LbL assembly and conductive/trans-
parent NPs can significantly improve the performance of TSCs
without a notable loss of transmittance, our approach can
provide an important basis for designing various electrodes for
electrochemical applications, including electrochromic films
requiring facile charge transfer and high optical transparency.

RESULTS AND DISCUSSION
For the preparation of TSC electrodes, we first synthesized
well-defined OA-MnO NPs with a diameter of approximately
10 nm that can be well dispersed in nonpolar media such as
toluene, as shown in the high-resolution transmission electron
microscopy (HR-TEM) image (Figure 1a). When these OA-
MnO NPs were deposited onto the outermost TC-coated
substrates, OA with one carboxylate ion (COO−) group
loosely bound to the MnO NP surface was easily replaced by
small multidentate TC linkers via a ligand exchange reaction
during deposition, which was demonstrated using Fourier
transform infrared (FTIR) spectroscopy (Figure 1b and Figure
S1). First, the FTIR spectrum of OA-MnO NPs displayed two
prominent absorption peaks (C−H stretching at 2926−2854
cm−1) derived from the long alkyl chains of the bulky OA
ligand, while TC had no absorption peak in the corresponding
wavenumber range. Generally, when the OA ligands with the
COOH group are adsorbed onto the surface of MnO NPs, the
COO− stretching peak (at 1585 and 1465 cm−1) appears in
place of the CO stretching (at 1720 cm−1) peak from the
COOH group. These absorption peaks of the OA ligands
exactly overlapped with those of the TC linkers before and

after adsorption onto the surface of MnO NPs. Therefore, the
ligand exchange reaction between OA and TC was determined
through the trace of the absorption peak arising from the long
alkyl chains of the OA ligands. More specifically, when TC was
deposited onto the OA-MnO NP-coated substrate (i.e., the
substrate/OA-MnO NP defined as “n = 0.5” in Figure 1b)
through the ligand exchange reaction, the C−H stretching
peak intensity of the outermost OA ligands bound to the MnO
NP surface significantly decreased (i.e., the substrate/(MnO
NP/TC) defined as “n = 1” in Figure 1b). As the OA-MnO NP
layer was further adsorbed onto the outermost TC-coated film,
the absorption peak intensity of the C−H stretching peaks
increased again. That is, alternating deposition of TC and OA-
MnO NPs results in inversely correlated changes in the
intensities of the C−H stretching peak, indicating that the OA
ligands bound to the surface of MnO NPs were exchanged
with TC.
Although the carboxylate ion (−COO−) group of the OA

ligand acts either as a bidentate ligand that binds to Mn2+ via
two O atoms or as a monodentate ligand that links to Mn2+ via
only one O atom,36,45 it is clear that the TC linker with three
COOH groups can serve as a multidentate ligand. It was
reported that multidentate ligands possess more stable and
stronger binding affinity for the surface of NPs than
conventional mono- and/or bidentate ligands.37,46 Addition-
ally, considering that the pKa (pKa = 9.1−9.5) of the COOH
group of native OA ligands with long alkyl chains is higher than
that (pKa = 3.49) of the COOH groups of TC (i.e., three
carboxylic acid (COOH) groups per TC molecule), we cannot
exclude the possibility that the ligand exchange reaction
observed in our approach can slightly depend on the degree of
acidity of COOH groups.47 As a result, compared to the OA
ligands with weak acidity and mono- or bidentate binding, the
multidentate TC ligands with stronger acidity can provide
enhanced coordination interactions with the surface of MnO
NPs. These possible explanations also suggest that other bulky
mono/bidentate ligands (with amine (NH2) groups as well as
COOH groups) bound to the surface of transition metal oxide
NPs can also be exchanged with the multidentate TC linker
during LbL deposition (a more detailed explanation will be
given in a later part). Furthermore, it should be noted that this
adsorption mechanism induces densely packed MnO NP
arrays by reducing the interparticle distance between
neighboring MnO NPs since one TC layer can directly bridge
the MnO NP−MnO NP interface.
Next, we quantitatively investigated the vertical growth of

(MnO NP/TC)n multilayers with increasing bilayer number
(n). In this case, the concentrations of OA-MnO NP and TC
solutions used for LbL assembly were 10 and 2 mg mL−1,
respectively. Figure 1c shows the frequency change (−ΔF) and
the mass change (Δm) in the adsorbed OA-MnO NPs and TC
due to the increase in the number of bilayers. The mass change
was calculated from the frequency change during the
adsorption of the OA-MnO NPs and TC on quartz crystal
microbalance (QCM) electrodes using the Sauerbrey equation
(see the Experimental Section). The alternating deposition of
OA-MnO NP and TC resulted in −ΔF values of 169 ± 18
(Δm of ∼3.0 μg cm−2) and −7.2 ± 3 Hz (Δm of ∼−0.13 μg
cm−2) per layer, respectively. In this case, the decreased mass
change derived from TC adsorption was mainly caused by the
ligand exchange reaction between the bulky OA ligands (Mw ≈
282) and the small TC linkers (Mw ≈ 176). The mass ratio of
pure inorganic components (i.e., MnO NPs) in the multilayer
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was determined to be ∼87.7% by thermogravimetric analysis
(TGA) (Figure S2). Such a high ratio indicates that the ligand
exchange-based LbL approach can maximize the loading
amount of energy storage components within ultrathin films
by minimizing the use of electrochemically inactive materials
(i.e., insulating organic ligands or linkers). As the bilayer
number (n) of the (MnO NP/TC)n multilayers increased from
10 to 50, the film thickness was linearly increased from 81 to
410 nm (Figure 1d). We also confirmed that the (MnO NP/
TC)n multilayers can be assembled uniformly on the ITO glass
(Figure S3). Additionally, the root-mean-square (rms) surface
roughness of the (MnO NP/TC)50 multilayers measured from
atomic force microscopy (AFM) was 4.19 nm (Figure 1e and
Figure S4). Notably, this low surface roughness of the
multilayers has no significant effect on their light scattering,
and Figure 1f shows optical transmittance spectra and optical

images of (MnO NP/TC)n multilayer-coated ITO glasses as a
function of bilayer number (n). When the bilayer number was
increased from n = 10 to 50, the optical transmittance of the
multilayers measured at a wavelength of 550 nm gradually
decreased from 86% to 62% due to the slight light absorbance
of MnO NPs in the given wavelength range (Figure S5).
On the basis of these results, we explored the possibility that

(MnO NP/TC)n multilayers could be effectively used as an
ultrathin TSC electrode. For this investigation, the charge
storage performance of the (MnO NP/TC)n multilayers
deposited onto an ITO substrate (i.e., (MnO NP/TC)n
electrodes) was evaluated using cyclic voltammetry (CV)
and galvanostatic charge/discharge (GCD) measurements in a
three-electrode cell configuration using 0.5 M Na2SO4 as an
electrolyte. First, CV scans of the (MnO NP/TC)n electrodes
were measured as a function of the bilayer number (n) in a

Figure 2. (a) CV curves and (b) the total integrated charge density of the (MnO NP/TC)n electrodes at a scan rate of 50 mV s−1 as a function
of the bilayer number (n). (c) Scan-rate-dependent CVs of the (MnO NP/TC)50 electrode measured at 5−200 mV s−1. (d) GCD curves of
the (MnO NP/TC)50 electrode at various current densities in the range of 0.1−2 mA cm−2. (e) Areal capacitances of the (MnO NP/TC)n
electrodes with increasing current density from 0.1 to 2 mA cm−2. (f) Nyquist plots and charge transfer resistances (Rct; inset) of the (MnO
NP/TC)n electrodes as a function of bilayer number (n).
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potential window of 0−0.8 V vs Ag/AgCl at a scan rate of 50
mV s−1 (Figure 2a). In the CV curves, the broad redox peaks
between the different states of the Mn ions were observed
around 0.55 V (anodic peak) and at 0.45 V (cathodic peak).48

These peaks indicate that the Mn ions are reduced and
oxidized between Mn(II) and Mn(III), as in the Pourbaix
diagram of Mn ions.49 Therefore, the mechanism of energy
storage of manganese oxides in an aqueous solution can be
expressed and simplified as follows:50

+ + + + ↔+ + −x y x y eMnO C H ( ) MnOC Hx y (1)

↔ + −eMn(II) Mn(III) (2)

Moreover, the current level of the quasi-rectangular CV
scans was observed to increase with increasing bilayer number
(or multilayer thickness), and the total charge density
calculated from the integrated area of the CV scans increased
almost linearly with the bilayer number of the multilayer
electrodes (Figure 2b). This linear trend implies that the
capacity of the electrodes can be further enhanced and exactly
controlled by adjusting the bilayer number. The rate capability
of the (MnO NP/TC)50 electrode was also evaluated from CV

Figure 3. (a) HR-TEM images of synthesized OAm-ITO NPs. (b) Schematic illustration of MnO NP-based TSC electrodes with the
conductive/transparent ITO NPs. (c) Frequency and mass change of (MnO NP/TC/ITO NP/TC)m multilayers as a function of the periodic
number (m). (d) Thickness change of (MnO NP/TC/ITO NP/TC)m multilayers measured from the cross-sectional FE-SEM images
(insets). (e) EDS mapping images of a (MnO NP/TC/ITO NP/TC)50 multilayer. (f) Transmittance spectra and digital images of the (MnO
NP/TC/ITO NP/TC)m multilayers on ITO glass with increasing periodic number (m). The university logos were used with permission from
Korea University.
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scans with scan rates varied from 5 to 200 mV s−1 (Figure 2c)
and from GCD curves with various current densities ranging
from 0.1 to 2 mA cm−2 (Figure 2d). The (MnO NP/TC)50
electrode with a thickness of ∼410 nm exhibited a high areal
capacitance of 24.6 mF cm−2 at a low current density of 0.1
mA cm−2 and maintained its high capacitance of ∼13.9 mF
cm−2 at a high current density of 2.0 mA cm−2 (Figure 2e and
Figure S6). These results imply that the multilayer electrodes
have good rate capability due to the relatively facile charge
transfer through the densely packed but ultrathin MnO NP
arrays. To investigate the charge transfer characteristics of the
(MnO NP/TC)n electrodes, electrochemical impedance spec-
troscopy (EIS) measurements were further conducted in the
frequency range from 100 kHz to 0.1 Hz at a potential
amplitude of 5 mV (Figure 2f). The charge transfer resistance
(i.e., Rct, which is related to the charge transfer at the

electrode−electrolyte interface) of the multilayer electrodes
was slightly increased from approximately 3.3 Ω to 6.9 Ω with
increasing bilayer number from 10 to 50. Additionally, when
the bilayer number (or film thickness) is increased, the slope of
the straight tail in the low-frequency region (Warburg
impedance) slightly decreased due to the increase in the ion
diffusion resistance.
Although the charge transfer and ion diffusion resistances of

the electrodes were increased with increasing the loading
amount of active materials, the electrochemical performance of
the (MnO NP/TC)n electrodes was notably improved
compared to that of other conventional LbL-assembled
electrodes using polymer linkers. As a control sample, LbL-
assembled electrodes were prepared by alternatively depositing
MnO NPs and bulky poly(acrylic acid) (PAA, Mw ≈ 1800)
instead of TC, generating (MnO NP/PAA)n multilayers. The

Figure 4. (a) CV curves of the (MnO NP/TC/ITO NP/TC)m electrode as a function of the periodic number (m) at a scan rate of 50 mV s−1.
(b) Comparison of CV scans among the (MnO NP/TC/ITO NP/TC)50, (MnO NP/TC)50, and (ITO NP/TC)50 electrodes in 0.5 M Na2SO4
at a scan rate of 50 mV s−1. (c) Nyquist plots of the (MnO NP/TC/ITO NP/TC)50, (MnO NP/TC)50, and (ITO NP/TC)50 electrodes. (d)
GCD curves of the (MnO NP/TC/ITO NP/TC)50 electrode at various current densities in the range of 0.1−2 mA cm−2. (e) Comparison of
areal capacitances among the (MnO NP/TC/ITO NP/TC)50, (MnO NP/TC)50, and (ITO NP/TC)50 electrodes. (f) Cycling retention of the
(MnO NP/TC/ITO NP/TC)50 electrode during GCD measurements at 2 mA cm−2.
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assembled (MnO NP/PAA)50 electrode exhibited worse
electrochemical performance than that of the (MnO NP/
TC)50 electrode (Figure S7a,b). This poor performance of the
(MnO NP/PAA)50 electrode can be attributed to the increased
charge transfer resistance (Rct ≈ 68 Ω) compared to that of the
(MnO NP/TC)50 electrode (Rct ≈ 6.9 Ω) (Figure S7c).
Therefore, it is reasonable to conclude that the (MnO NP/
TC)n multilayers with minimized separation distance can
reduce the charge transport length scale compared to that of
(MnO NP/PAA)n multilayers using polymer linkers, resulting
in improved electrochemical performance.
Moreover, we tried to further enhance the energy storage

performance of the electrodes by reducing the internal
resistance of the transparent electrodes. Although other
research groups also reported that the insertion of conductive
materials such as Au NPs or carbon-based materials into the
electrode could promote the capacitance through reducing
internal resistance,51,52 it should be noted that the used
conductive materials had a strong light absorption property,
adversely affecting optical transparency. Therefore, we focused
on lowering the internal resistance of TSCs without a
meaningful loss of optical transparency. This task consists of
finding an approach to address the complex trade-off between
areal capacitance and optical transmittance as well as that
between areal capacitance and rate capability. For this purpose,
conductive and transparent OAm-ITO NPs with a diameter of
approximately 7 ± 2 nm and high crystallinity were prepared in
toluene (Figure 3a) and then were periodically inserted into
(MnO NP/TC)n multilayers using the above-mentioned ligand
exchange-based LbL assembly method (Figure 3b). In this
case, it was expected that the incorporated ITO NPs could
provide beneficial electron transfer pathways (by reducing the
charge transfer resistance) within the MnO NP-based
electrodes with negligible loss of optical transmittance. First,
we investigated the adsorption behavior and mechanism of
(ITO NP/TC)n multilayers. As mentioned previously, the
OAm ligands bound to the surface of ITO NPs could be
replaced by the multidentate TC linkers during LbL deposition
(Figure S8). Similar to the (MnO NP/TC)n multilayers, the
(ITO NP/TC)n multilayers exhibited regular growth, a
uniform thickness increase, a high mass ratio of the embedded
ITO NPs, and transparent optical properties, as confirmed by
QCM, cross-sectional field emission scanning electron
microscopy (FE-SEM) images, TGA, and UV−vis spectrosco-
py measurements, respectively (Figure S9). Interestingly, the
assembled (ITO NP/TC)n multilayers showed considerably
higher charge storage capability than the bulk ITO film. When
a 168-nm-thick (ITO NP/TC)12 multilayer was deposited
onto 166-nm-thick ITO-coated glass (i.e., bare ITO glass), the
CV current level of the ITO NP-based electrode was
significantly higher than that of bare ITO glass (Figure
S10a). This higher electrochemical performance of ITO NP-
based multilayers than bulk ITO glass was mainly due to the
large specific surface area of the ITO NPs. Furthermore, the
(ITO NP/TC)50 electrode displayed nearly rectangular CV
curves and triangular GCD curves originating from its double-
layer capacitive behavior and good rate capability (Figure
S10b,c). The ITO NP-based electrode retained 98.5% of its
initial capacitance even after 10 000 GCD cycles, demonstrat-
ing excellent stability (Figure S10d).
Motivated by these results, we regularly deposited (MnO

NP/TC/ITO NP/TC)m multilayers onto the substrates,
inducing a greater thickness (or total loading amount) than

that of the ITO NP-free (MnO NP/TC)n multilayers with the
same layer number of MnO NPs (Figure 3c,d). Moreover, as
shown in energy dispersive X-ray spectroscopy (EDS) images
(Figure 3e and Figure S11), the inserted ITO NPs were
uniformly and densely distributed within the multilayer films
with a high mass ratio of NPs (∼92.8%) (Figure S12a). The
rms surface roughness of the (MnO NP/TC/ITO NP/TC)50
multilayers was estimated to be 4.52 nm, which was similar to
that of the (MnO NP/TC)50 multilayers (∼4.19 nm) (Figure
S12b). A striking feature of these ITO NP-incorporated
multilayers is that the optical transmittance of the (MnO NP/
TC/ITO NP/TC)m electrodes is fairly similar to that of the
(MnO NP/TC)n electrodes with the same layer number of
MnO NPs despite the substantial increase in total thickness
due to the periodic insertion of ITO NPs (Figure 3f).
Specifically, the optical transmittance values of the 1304-nm-
thick (MnO NP/TC/ITO NP/TC)50 and 410-nm-thick
(MnO NP/TC)50 multilayers were 60.8% and 61.6% at 550
nm, respectively.
The charge storage capability of the (MnO NP/TC/ITO

NP/TC)m electrodes was investigated using CV scans as a
function of the periodic layer number (m) at a scan rate of 50
mV s−1 (Figure 4a). The current levels of the quasi-
rectangular-type CV scans increased as the periodic layer
number increased, and the scan-rate-dependent CV scans
showed the rapid capacitive behavior of the ITO NP-
incorporated MnO NP electrodes (Figure S13). In particular,
the superior electrochemical performance of ITO NP-inserted
electrodes can be made more evident by the comparison
among three different kinds of electrodes (i.e., the (ITO NP/
TC)50, (MnO NP/TC)50, and (MnO NP/TC/ITO NP/TC)50
electrodes) (Figure 4b). The total charge densities calculated
from the integrated area of the CV scans of the (ITO NP/
TC)50, (MnO NP/TC)50, and (MnO NP/TC/ITO NP/TC)50
electrodes at a scan rate of 50 mV s−1 were approximately 0.36,
9.28, and 17.7 mC cm−2, respectively. Given that the double-
layer capacitance of the inserted ITO NPs is much smaller than
the pseudocapacitance of the MnO NPs, this notable increase
in the charge density of the (MnO NP/TC/ITO NP/TC)50
electrode implies that the periodically inserted ITO NP layers
can significantly reduce the internal resistance and con-
sequently facilitate charge transfer. These possible explanations
were also confirmed by EIS measurement (Figure 4c).
Although the equivalent series resistance (ESR) and Rct values
of the ITO NP-incorporated electrodes (i.e., ESR and Rct of
(MnO NP/TC/ITO NP/TC)50 ≈ 25.2 and 5.3 Ω,
respectively) were higher than those of the (ITO NP/TC)50
electrodes (ESR and Rct of (ITO NP/TC)50 ∼21 and 4.3 Ω,
respectively), these values were much lower than those of the
(MnO NP/TC)50 electrode (ESR and Rct of (MnO NP/TC)50
≈ 32 and 6.9 Ω, respectively) despite the increased electrode
thickness. These results clearly show that the periodically
incorporated ITO NPs facilitate electron transfer between
neighboring PC NPs with poor electrical conductivity. In Bode
plots, it was confirmed that the phase angle of the ITO-
inserted electrode in the low-frequency region was closer to
−90° than that of the ITO NP-free electrode, indicating the
better ideal capacitor behavior (Figure S14). However, in a
high-frequency region, the peak denoted by φ was slightly
shifted to a lower frequency region by the inserted ITO NPs,
suggesting an increase of the diffusive resistance of ions.53,54

The increased ion diffusive resistance can be caused by an
increase in the total thickness of the multilayer due to the
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insertion of ITO NPs. However, considering that the
electrochemical performance of electrodes was significantly
improved by the incorporated-ITO NPs, it is reasonable to
conclude that the enhanced electrical conductivity (i.e., the
reduced Rct) is a dominant factor contributing to the capacitive
behavior.
The areal capacitance of the (MnO NP/TC/ITO NP/TC)m

electrodes was evaluated as a function of the periodic layer
number (m) using GCD curves acquired at varied current
densities ranging from 0.1 to 2 mA cm−2 (Figure 4d and Figure
S15). Their GCD curves displayed the typical triangular

feature, implying the good capacitive behavior of the ITO NP-
incorporated MnO NP electrodes. The areal capacitances of
the (MnO NP/TC/ITO NP/TC)m electrodes gradually
increased with increasing periodic layer number (m) from 10
to 50 (Figure S16). It should particularly be noted that the
energy storage performance of the (MnO NP/TC/ITO NP/
TC)50 electrode was superior to that of the (MnO NP/TC)50
electrode over the entire current density range (Figure 4e).
The maximum areal capacitance of the (MnO NP/TC/ITO
NP/TC)50 electrode was calculated to be approximately 41 mF
cm−2 (at 0.1 mA cm−2), which was 1.6 times higher than that

Figure 5. (a) Schematic illustration and (b) photographic images of a flexible and symmetric solid-state TSC. The university logos were used
with permission from Korea University. (c) Transmittance spectra of the single electrode and the full-cell TSC device. (d) CV curves of the
full-cell TSC device as a function of scan rate. (e) GCD curves of the full-cell TSC device as a function of current density. (f) GCD curves of
the full-cell TSC device according to the bending angle at a current density of 0.2 mA cm−2.
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of the (MnO NP/TC)50 electrode (24.6 mF cm−2 at 0.1 mA
cm−2). In addition, the (MnO NP/TC/ITO NP/TC)10
electrode also exhibited a high areal performance of 8.45 mF
cm−2 at 0.1 mA cm−2 despite its high optical transmittance of
84.7%. Furthermore, we investigated the cycling stability of the
(MnO NP/TC/ITO NP/TC)50 electrode at 2 mA cm−2. In
this case, the ITO NP-incorporated electrode retained 92.6%
of its initial capacitance after 5000 GCD cycles (Figure 4f),
indicating that the (MnO NP/TC/ITO NP/TC)50 electrode
was highly stable despite the use of a small organic linker.
Additionally, the slight increase in capacitance during the initial
cycling test (i.e., the initial 500 cycles) may be attributable to
the increase in the effective interfacial area between the
electrode and electrolyte, as well as surface activation of the
electrode materials during electrochemical cycling.55,56 As
shown in Figure S17, the self-discharge characteristics of the
(MnO NP/TC/ITO NP/TC)50 electrode were investigated
after charging the electrode in 0.8 V. In this case, the time-
dependent voltage drop was observed at open-circuit voltage.
This self-discharge process relatively rapidly occurred during
the first 1 h, and then the potential drop was slowly decreased.
Particularly, when we plotted the data against the logarithm of
time, the self-discharge profile exhibited a linear drop after a
plateau, as shown in Figure S17b. This observation indicates
the activation-controlled Faradaic reaction with charge
redistribution.57,58 These results evidently demonstrate that
the elaborate interface design through the insertion of
conductive ITO NPs as well as the ligand replacement of
bulky native ligands (i.e., OA, OAm, and/or OCA) with small-
molecule TC linkers allows decreased charge transfer
resistance, easier penetration of the electrolyte, improved
utilization of active materials, and more stable electrochemical
operation.
On the basis of these results, we prepared a flexible and

symmetric TSC (FS-TSC) composed of positive and negative
(MnO NP/TC/ITO NP/TC)50 electrodes that were depos-
ited onto ITO-coated PET substrates (Figure S18). The
preparation methods, multilayer structures, and electro-
chemical properties of the FS-TSCs exactly coincided with
those of the above-mentioned ITO-incorporated MnO NP
electrodes (for a single electrode) (Experimental Section and
Figure 5a). First, the letters (“KOREA University”) printed
under the solid-state FS-TSC were clearly visible with the
naked eye, and the specific optical transmittance of the FS-
TSC was measured to be approximately 44% at a wavelength
of 550 nm (for comparison, the transmittance of a single
electrode is ∼58.2% at 550 nm) (Figure 5b,c). Notably, merely
decreasing the periodic layer number (m) increases the optical
transparency. The electrochemical performance of the solid-
state FS-TSC device was assessed in a voltage window of 0.8 V
with a solid poly(vinyl alcohol) (PVA)/LiCl electrolyte. In this
case, the quasi-rectangular CV curves and the symmetric
triangular GCD curves of the solid-state FS-TSC device at
various rates (i.e., different voltages ranging from 5 to 100 mV
s−1 and varied current densities from 0.05 to 0.5 mA cm−2)
revealed its desirable capacitive feature and excellent rate
capability despite the use of a solid-state electrolyte as well as
the increase in the total electrode thickness (Figure 5d,e). The
areal capacitances of the FS-TSC (calculated from the GCD
profiles) at current densities of 0.05 and 0.5 mA cm−2 were
calculated to be approximately 10.1 and 3.42 mF cm−2,
respectively. Furthermore, the maximum areal power and
energy density of this device were measured to be

approximately 113 μW cm−2 and 0.82 μWh cm−2, respectively,
which were much superior to those of most other
TSCs.11,20−22,59,60 In addition, the device exhibited a 76%
cycling retention after 5000 GCD cycles at 0.5 mA cm−2,
confirming the operational stability of the device (Figure S19).
Lastly, the electrochemical performance of the FS-TSC device
was also investigated under various bending angles, as shown
in Figure 5f. When the device was bent from 0° to 180°, there
was no notable difference in the GCD curves. Specifically, the
areal capacitance maintained 90% of the initial capacitance (9.1
mF cm−2 at 0.05 mA cm−2) (Figure S20). In addition, as
shown in Figure S21, the transmittance of the device remained
stable without any significant change even after the cycling test
and the bending test. Notably, the mechanical flexibility and
conductivity of ITO-coated PET film substrates can also have
significant effects on the device performance depending on the
bending angle (or degree of flexibility). Therefore, the
mechanical stimuli-induced energy storage performance of
FS-TSCs can be further improved with other types of flexible
current collectors. Finally, the CV and GCD profiles of two,
three, and four cells connected in series and parallel were
measured for practical applications (Figure S22). The voltage
window was enlarged linearly with increasing the number of
cells connected in series. In the case of parallel connection, the
capacitance was increased according to the number of cells. As
shown in the digital image of Figure S22e, three cells
connected in series could operate a red LED (2.1 V),
demonstrating the possibility of applying the LbL-assembled
TSCs to the transparent electronics.

CONCLUSION
We demonstrated that high-performance TSCs (including a
solid-state FS-TSC) with high areal capacitance, excellent rate
capability, and good optical transmittance could be prepared
using the alternating LbL assembly between high-energy MnO
NP and ITO NP arrays without unnecessary bulky organics or
electrochemically inactive components. Through a ligand
exchange reaction during LbL deposition, the TC molecular
linker serving as a ligand directly bridged all the interfaces
between neighboring NPs, which can minimize the NP−NP
separation distance. Moreover, the periodic insertion of
conductive/transparent ITO NPs within MnO NP-based
electrodes significantly reduced the charge transfer resistance
of the electrodes without a notable loss of optical trans-
mittance, resulting in high electrochemical performance and
good transparency. Another feature of our approach is that the
electrochemical performance and optical transparency of LbL-
assembled TSCs can be easily but exactly controlled by the
number of deposition layers of MnO and/or ITO NPs. As a
result, we highlight that our approach can innovatively mitigate
the troublesome trade-off between areal capacitance and
optical transmittance as well as that between areal capacitance
and rate capability. Finally, we believe that the introduced LbL
approach can provide an important basis for designing a variety
of electrochemical applications requiring low charge transfer
resistance.

EXPERIMENTAL SECTION
Synthesis of OA-MnO NPs. OA-MnO NPs with a diameter of 10

nm in toluene were prepared as previously reported.61 First,
manganese(II) chloride tetrahydrate (MnCl2·4H2O, 40 mmol,
Sigma-Aldrich) and sodium oleate (80 mmol, TCI Co., Ltd.) were
added to a solution composed of ethanol (30 mL), n-hexane (70 mL),
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and deionized water (40 mL), and then the mixture was stirred at 70
°C for 12 h under an argon atmosphere. The Mn-oleate complex
formed in the organic solvent was separated from the water phase and
then evaporated to obtain a complex powder. For the synthesis of
OA-MnO NPs, the Mn oleate powder (1.24 g) was mixed with 1-
hexadecene (12.8 mL) at 70 °C for 1 h. The mixture was gradually
heated to 280 °C at a heating rate of 1.9 °C min−1 under argon gas
and then maintained at 280 °C for 10 min. After the isothermal
process, the resultant solution was slowly cooled and then rinsed by
centrifugation. The obtained hydrophobic OA-MnO NPs were
redispersed in a nonpolar solvent such as toluene.
Synthesis OAm-ITO NPs. All chemicals used in the synthesis of

OAm/OCA-stabilized ITO NPs (OAm-ITO NPs) were purchased
from Sigma-Aldrich. OAm-ITO NPs with a diameter of approximately
7 nm were prepared in toluene using a method reported by Kanehara
et al.62 Briefly, indium(III) acetate (1.08 mmol) and tin(II) 2-
ethylhexanoate (0.12 mmol) were added to a dioctyl ether (10 mL)
solution containing n-octanoic acid (3.6 mmol) and OAm (30 mmol),
and then the reaction mixture was stirred at 80 °C for 30 min. After
the mild heating process, the mixture was heated at 150 °C for 1 h
under an argon atmosphere, and then it was heated again at 280 °C
for 2 h. After these successive heating processes, the reaction mixture
was slowly cooled to room temperature and then purified with excess
acetone using centrifugation several times. The obtained OAm-ITO
NPs were dispersed in toluene.
Preparation of LbL-Assembled Multilayers. For the prepara-

tion of LbL-assembled (MnO NP/TC)n, (MnO NP/TC)n, and
(MnO NP/TC/ITO NP/TC)m multilayers, the surfaces of Si wafers,
quartz glasses (for UV−vis absorbance analysis), gold-sputtered Si
wafers (for FTIR spectroscopy analysis), QCM electrodes (for
loading amount analysis), and 160-nm-thick ITO-coated glass with a
sheet resistance of 20 Ω sq−1 (for electrochemical analysis) were
treated by irradiation with UV light (λ ≈ 350 nm) for 30 min. First, a
poly(ethyleneimine) (PEI) solution in ethanol (1 mg mL−1, Mw ≈
800) was deposited onto the substrates using spin-coating at 3000
rpm for 15 s, and then the PEI-coated substrates were thoroughly
rinsed twice by the spin-coating of pure ethanol. Next, a 10 mg mL−1

OA-MnO NP solution (or OAm-ITO NP solution) was deposited
onto the PEI-coated substrates with the same procedure and then
washed with pure toluene twice to remove the weakly absorbed OA-
MnO NPs. Subsequently, TC in ethanol (2 mg mL−1) was deposited
onto the outermost OA-MnO NP layer-coated substrate and then
washed with pure ethanol twice. These deposition cycles were
repeated until the desired bilayer number was reached. The (ITO
NP/TC)n or (MnO NP/TC/ITO NP/TC)m multilayers were also
prepared through the same procedure with the same solution
concentrations.
Preparation of Flexible and Symmetric Solid-State Super-

capacitor. For the preparation of flexible and symmetric solid-state
supercapacitors composed of positive and negative (MnO NP/TC/
ITO NP/TC)50 electrodes, these LbL-assembled multilayers were
deposited onto flexible ITO-coated poly(ethylene terephthalate)
(PET) substrates. In this case, a PVA/LiCl gel electrolyte was
prepared by dissolving PVA (1 g) and 1 g of LiCl in 10 mL of
deionized water with continuous stirring at 85 °C for 1 h. After the
PVA/LiCl gel became clear, the electrolyte gel was coated on the
electrode with an effective working area of 1 cm2 and dried at room
temperature until the gel solidified. Finally, a flexible solid-state
supercapacitor device was fabricated by assembling two electrodes
together.
Characterization. The crystal structure and size distribution of

OA-MnO NPs and OAm-ITO NPs were investigated by HR-TEM
(Tecnai 20, FEI). The crystallinity of OAm-ITO NPs was also
examined through an X-ray diffraction pattern obtained from a
SmartLab (Rigaku) with Cu Kα radiation. To confirm the ligand
exchange reaction-based adsorption mechanism, FTIR spectra of the
LbL-assembled multilayer films was measured with a Cary 600
spectrometer (Agilent Technology) operated in ATR mode with a 4
cm−1 resolution. The measured data were analyzed using spectrum
analysis software (Omnic 9, Thermo Scientific). The vertical growth

and optical transmittance of multilayers were monitored by a UV−vis
spectrophotometer (Lambda 35, PerkinElmer) in a scan range from
200 to 1000 nm. Additionally, the film growth was quantitatively
measured using a QCM (QCM 200, SRS). The mass change (Δm) of
multilayers was calculated from the changes in the frequency (ΔF)
using the Sauerbrery equation,63 eq 3:

Δ = − × ΔF m(Hz) 56.6 A (3)

where ΔmA is the mass change per quartz crystal unit area in μg cm−2.
The film thickness and EDX images of multilayers were observed
through FE-SEM (Quanta 250 FEG, FEI). The mass ratio of metal
oxide components within LbL-assembled multilayers was analyzed by
TGA (Q50, TA Instruments).

Electrochemical Measurements. All the electrochemical
measurements were conducted with an Ivium-n-Stat electrochemical
workstation (Ivium Technologies). A three-electrode system was
applied to test the electrochemical performance of a single electrode,
and a two-electrode cell system was applied to evaluate the
performance of the solid-state supercapacitor. In the three-electrode
system composed of a Ag/AgCl reference electrode, a Pt counter
electrode, and a working electrode, the electrochemical properties of
the working electrodes (i.e., MnO NP-based multilayer electrodes
with ITO NPs and without ITO NPs, active area ∼1 cm2) were
investigated in a 0.5 M Na2SO4 electrolyte. For the flexible and
symmetric solid-state supercapacitors, PVA/LiCl gels were used as
both the separator and electrolyte. CV and GCD were measured in a
potential range from 0 to +0.8 V. EIS measurements were performed
over the frequency range from 100 kHz to 0.1 Hz at a potential
amplitude of 5 mV. In this case, the areal capacitance (C) was
calculated from the GCD curves using the following eq 4:

= Δ
Δ

C
I t

V (4)

where I is the discharge current density, Δt is the discharge time, and
ΔV is the operating voltage window. In addition, the energy (E) and
power (P) density were calculated from the GCD profiles as
follows:64

= Δ
E

C V
7200

2

(5)

= ×
Δ

P
E
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3600
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