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We introduce high-performance supercapacitor electrodes with ternary components prepared from con-
secutive amphiphilic ligand-exchange-based layer-by-layer (LbL) assembly among amine-functionalized
multi-walled carbon nanotubes (NH,-MWCNTSs) in alcohol, oleic acid-stabilized Fe;04 nanoparticles (OA-
Fe;04 NPs) in toluene, and semiconducting polymers (PEDOT:PSS) in water. The periodic insertion of
semiconducting polymers within the (OA-Fe304 NP/NH,-MWCNT),, multilayer-coated indium tin oxide
(ITO) electrode enhanced the volumetric and areal capacitances up to 408 + 4 Fcm ™ and 8.79 + 0.06
mF cm~2 at 5mV s/, respectively, allowing excellent cycling stability (98.8% of the initial capacitance
after 5000 cycles) and good rate capability. These values were higher than those of the OA-Fe;04 NP/
NH,-MWCNT multilayered electrode without semiconducting polymer linkers (volumetric capacitance
~241+4Fcm 3 and areal capacitance ~1.95 + 0.03 mF cm 2) at the same scan rate. Furthermore, when
the asymmetric supercapacitor cells (ASCs) were prepared using OA-Fe304 NP- and OA-MnO NP-based
ternary component electrodes, they displayed high volumetric energy (0.36 mW h cm—>) and power den-
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sities (820 mW cm ™).

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Since the beginning of this century, the rapid growth and evolu-
tion of various portable electronics, microelectronic systems, and
electronic motor vehicles has continuously increased the need for
the development of high-energy renewable energy-storage sources
(e.g., supercapacitors, batteries, and fuel cells) [1-6]. Among these
various energy-storage devices, supercapacitors are an important
energy-storage component of high-power applications due to their
higher power density (>10 kW kg~!) and longer operation lifetimes
than batteries and, additionally, their simpler and more cost-
effective structure than fuel cells [1-4,7-10]. However, the energy
density of supercapacitors (approximately 5 W h kg™!) is consider-
ably lower than that of batteries (approximately 150 W h kg™1),
which serves as a critical obstacle in the replacement of battery-
based electronics with supercapacitor-based electronics. Therefore,
much more effort has been directed toward the development of
supercapacitors with high-capacitance performance closely related
to the energy density.

To enhance the energy density of supercapacitors, a variety of
pseudocapacitive nanoparticles (PC NPs), such as RuOy, MnOy,
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Fe304, and WO,, with high specific capacitance have been incorpo-
rated into conductive carbon-based materials (i.e., multi-walled
carbon nanotubes (MWCNTs), reduced graphene oxides (r-GOs),
and porous carbons) and/or conducting (or semiconducting) poly-
mer matrices through various physical adsorption processes (e.g.,
dip coating, Meyer rod coating, and dispensing writing) [11-14].
However, these approaches have difficulty increasing the PC NP
loading amount within the electrodes due to NP aggregation. Fur-
thermore, the unstable interface interactions (i.e., physical adsorp-
tion) between conductive matrices and PC NPs have limited the
long-term operation of the electrodes.

Recently, layer-by-layer (LbL) assembly using complementary
interactions (i.e., electrostatic, hydrogen bonding, and covalent
bonding interactions) between two different components has been
demonstrated as an effective process to fabricate thin-film elec-
trodes with controlled loading amounts, thicknesses, structures,
and compositions of the active materials irrespective of the sub-
strate size or shape [9-11,15-19,24-26]. Additionally, supercapac-
itor electrodes based on LbL assembly, in comparison with those
electrodes prepared from other conventional methods, can signifi-
cantly enhance the areal capacitance that is considered a practical
performance parameter for energy-storage devices [9,10,15-19].
Hyder et al. reported that the total charges of (cationic TiO, NP/
anionic MWCNT), electrodes can be enhanced by increasing the
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bilayer number (n) of the electrochemically active components
using electrostatic LbL assembly [17]. Dong et al. demonstrated
that the areal charge capacity of LbL-assembled (Co-Al hydroxide
nanosheet/graphene), multilayer electrodes could regularly
increase with an increasing bilayer number, indicating the control-
lability and uniformity of the electrostatic LbL deposition process
[19]. Although electrostatically charged PC NPs for LbL-
assembled supercapacitor electrodes induce a low packing density
per layer because of electrostatic repulsion between the same
charged NPs, these previous studies strongly suggest that gaining
more delicate control over various processing parameters, such
as the electrode structure design, effective incorporation of active
materials within the electrodes, and interface interaction among
the heterogeneous active components, can improve the energy
performance of supercapacitor electrodes. However, using electro-
statically charged PC NPs for LbL-assembled supercapacitor elec-
trodes to greatly enhance the volumetric and areal capacitance at
the same time is very difficult because the electrostatic repulsion
between the same charged neighboring NPs results in low packing
density of PC NPs (<30%) [20,21].

Here, we fabricated amphiphilic LbL-assembled supercapacitor
electrodes composed of amine-functionalized MWCNTs
(NH,-MWCNTs), poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS), and oleic-acid-stabilized Fe30, NPs
(OA-Fe304 NPs) through a ligand exchange reaction. These elec-
trodes exhibited high volumetric and area capacitances with good
rate capabilities and high operational stabilities through the facile
but delicate control over their reciprocal interface interaction,
ligand exchange, and active component loading amount. A main
advantage of the amphiphilic LbL-assembled electrode using
ternary components was that the additional incorporation of
hydrophilic semiconducting polymers into the (OA-Fe304
NP/NH,-MWCNT), electrodes improved charge transfer and fur-
ther increased the loading amount of high-energy Fe;04, NPs due
to the formation of a large number of adsorption sites for the
Fe;04 NPs. The bulky OA ligands loosely bound to the Fe;04 NP
surface were replaced by the NH, groups of the MWCNTs and sul-
fonic acid (SO3) groups of PEDOT:PSS during the LbL deposition
due to the higher affinity of the Fes04 NP surface to NH, and
SO3 groups. These ternary component electrodes (i.e., (PEDOT:
PSS/OA-Fe304 NP/NH,-MWCNT/OA-Fe304 NP),, hereafter referred
to as TC, electrodes) exhibited remarkable volumetric capacitance
up to 408 +4Fcm~3 at a scan rate of 5mVs~!, which was
approximately 1.7 and 6.4 times higher than those of (OA-Fe304
NP/NH,-MWCNT), and (NH,-MWCNT/COOH-MWCNT), multilay-
ers, respectively. Additionally, when the periodic layer number
(n) was increased to 10, the areal capacitance of the TC;, electrode
reached 8.79 + 0.06 mF cm~2, which was approximately 4.5 times
higher than that of (OA-Fe304 NP/NH,-MWCNT),o. These TC, elec-
trodes also displayed excellent operational stability (98.8% of the
initial capacitance after 5000 cycles) due to the multidentate
bonding between PEDOT:PSS and the Fes04 NPs and between
the MWCNTs and Fe;04 NPs after amphiphilic ligand exchange.
Furthermore, when the asymmetric supercapacitor cells (i.e., TC-
ASCs) were prepared using OA-Fe304 NP- and OA-MnO NP-based
ternary component electrodes, they exhibited the high volumetric
energy density of ~0.36 mW hcm™> (power density ~330 mW
cm™>) at a current density of 1.1 Acm™>, and power density of
~820 mW cm > (energy density ~0.12mW hcm3) at a current
density of 10.3 A cm~>. Considering that amphiphilic LbL assembly
using ternary active components can effectively enhance the
capacitance of electrodes with good rate capability and high
operation stability, our approach can provide an important tool
to design electrode structures and interfacial stability for high-
performance energy-storage devices.

2. Experimental details
2.1. Materials

An aqueous solution of 1 mg ml~! PEDOT:PSS (M,, =70 000,
Aldrich) was used as an anionic polyelectrolyte. OA-Fe304 NPs with
diameter of 8nm in toluene were synthesized by high-
temperature reaction of mixture composed of iron(Ill) acetylaceto-
nate (2 mmol), benzyl ether (20 ml), 1,2-hexadecandiol (10 mmol),
oleic acid (5 mmol), and oleylamine (6 mmol) under nitrogen (N5)
conditions [22]. Briefly, the mixture was heated to 200 °C for 2 h,
and then to ~300 °C with refluxing for 1 h. Ethanol was then added
to precipitate the black-colored resultant, which was separated
from the solvent using centrifugation. The black resultant was dis-
solved in hexane with 0.05 ml of oleic acid and oleylamine and
purified with ethanol using centrifugation three times. The result-
ing black power was re-dispersed into toluene.

OA-MnO NPs were prepared by thermal decomposition of Mn-
oleate complex [23]. In a typical synthesis, Mn-oleate complex was
firstly prepared by heating a mixture of manganese(Il) chloride
tetrahydrate (40 mmol) and sodium oleate (80 mmol) in co-
solvent of ethanol (30 ml), de-ionized water (70 ml), and n-
hexane (70 ml) at 70 °C for 12 h under argon condition. The syn-
thesized Mn-oleate (2 mmol) was dispersed in 1-hexadecene
(12.8 ml) at 70 °C for 1 h, and heated the mixture up to 280 °C with
heating rate of 2 °C min~'. After 10 min at 280 °C, the black mix-
ture was cooled and washed out using centrifugation with de-
ionized water for three times. All chemicals used in the synthesis
of the PC NPs (i.e., OA-Fe30, and OA-MnO) were purchased from
Sigma-Aldrich.

COOH-MWCNTs and NH,-MWCNTSs) were prepared by surface
modification of pristine MWCNTs (>95% purity, outer diameter ~9
nm, length ~5 pm, Aldrich) [10]. First, COOH-MWCNTs were pre-
pared by strong acidic treatment of pristine MWCNTSs with refluxing
in H,S04/HNO3 mixture at 70 °C for 2 h. Then, the oxidized MWCNTs
were purified with deionized water (18 MQ cm) several times. The
resulting COOH-MWCNTs (80 ml) were reacted with excess
ethylenediamine (8 ml, Sigma Aldrich) and N-ethyl-N'-(3-dimethyla
minopropyl)carbodiimide methiodide (800 mg, Alfar Aesar) for 5 h
to prepare NH,-MWCNTSs. The resultant solution was dialyzed using
membrane (MWCO ~ 12,000 to 14,000) for one week.

2.2. Build-up of the TC,, multilayers

An aqueous solution of PEDOT:PSS, toluene solution of the
hydrophobic transition metal oxide (TMO) NPs (i.e., OA-Fe304
and OA-MnO NPs), and ethanol solution of the NH,-MWCNTs were
prepared at concentrations of 1, 10, and 2 mg ml~!, respectively.
NaCl (0.2 M) was added to the PEDOT:PSS aqueous solution. For
the build-up of the LbL-assembled multilayer, a quartz or silicon
substrate was first cleaned with an RCA solution (H,O/NH3/H;0,
=5:1:1 v/v/v) at 60 °C. The resulting negatively charged substrates
were first dipped into positively charged poly(allylamine
hydrochloride) (PAH) (M,, = 70,000, Aldrich) solution with 0.2 M
NaCl for 10 min, washed twice with deionized water, and suffi-
ciently dried under a gentle air stream. The PAH-coated substrates
were dipped into the PEDOT:PSS solution for 10 min, followed by
washing with deionized water and thorough drying with air. The
PEDOT:PSS-coated substrate was dipped into the OA-TMO NP solu-
tion for 30 min, followed by washing with toluene and drying with
air. The OA-TMO NP-coated substrates were dipped into the NH,-
MWCNT solution for 10 min, followed by washing with ethanol
and drying with air. Then, the substrate was dipped into the OA-
TMO NP again. These dipping cycles were repeated until the
desired number of periodic layers was obtained.
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2.3. Measurements

A quartz crystal microbalance (QCM) device (QCM200, SRS) was
used to examine the mass of the material deposited after each
adsorption step. The resonance frequency of the QCM electrode
was approximately 5 MHz. To prepare the TC, multilayers on the
QCM electrode, a 0.2 M NaCl PAH layer was first deposited onto
the QCM electrode. Then, the adsorbed masses (Am) of PEDOT:
PSS, OA-Fes04 NPs, and NH,-MWCNTs were calculated from the
change in the QCM frequency, AF, using the Sauerbrey equation
[25,26]:

2F;
— =0 . Am
A\/Pqltg

Here, Fy (~5 MHz) is the fundamental resonance frequency of the
crystal, A is the electrode area, and p, (~2.65gcm™2) and p,
(~2.95 x 10" gcm~2572) are the shear modulus and density of
quartz, respectively. This equation can be simplified as follows:

—AF (Hz) = 56.6 x Am, 2)

AF (Hz) = (1)

where Amy, is the mass change per quartz crystal unit area in pg
cm 2. In this case, we repeatedly measured (10 times) —AF per
layer, and the resultant standard deviation of the —AF measure-
ment was obtained from the same layer.

Vibrational spectra were measured by Fourier transform infra-
red (FTIR) spectroscopy (Agilent Technology) in specular mode.
The sample chamber was purged with N, gas for 2 h to eliminate
water and CO, prior to conducting the FTIR measurements. FTIR
spectra for the TC,, multilayer films deposited onto Au-coated sub-
strates were obtained using 300 scans with an incident angle of
80°. The acquired raw data were plotted after baseline correction,
and the spectra were smoothed using spectrum analyzing software
(OMNIC, Nicolet).

Electrochemical tests of the multilayer electrodes deposited
onto PAH-coated fluorine tin oxide (FTO) electrodes were con-
ducted using a three-electrode system, using a Ag/AgCl electrode
and Pt wire as the reference and counter electrodes, respectively.
The LbL-assembled electrode was employed as the working elec-
trode in 0.1 M Na,SOs electrolyte solution. Cyclic voltammetry
was performed in the potential range from —0.9 to +0.1 V at scan
rates of 5-400 mV s~'. Electrochemical impedance spectroscopy
(EIS) measurements were performed by applying an AC voltage
with a 50 mV amplitude in the frequency range of 100 kHz-0.1
Hz at room temperature. The ASC electrodes for two-electrode
measurement were assembled using Fes0, NP-based TC;, and
MnO NP-based TC;q electrodes as a negative and positive elec-
trodes, respectively. These positive and negative TC;o electrodes
were integrated using a 20-pm-thick membrane (Celgard 3501)
interposed between two electrodes.

The electrochemical performance of the formed multilayer elec-
trode was evaluated using the following equation:

_ Ji(V)av

Specific capacitance (C) = S0AV x% (for cyclic voltammetry)

3)
Specific capacitance (C)
= % (for galvanostatic charge-discharge measurement) (4)

where i, AV, and v correspond to the current, potential window, and
scan rate, respectively. The variable S indicates the area (cm?) or
volume (cm?) of the working electrode. The energy and power den-
sity of TC-ASCs were calculated from discharge profiles in GCD
curves using follow equations:

Energy density (E) = 0.5CV2 (5)

AV? 1

Power density (P) = AR X cell volume

(6)
where R indicates the internal resistance (€2) obtained from iR drops
in GCD profiles using equation of AiR/2i, here, i represents the
applied current density.

3. Results and discussion

For the preparation of amphiphilic LbL-assembled electrodes
with ternary components, anionic PEDOT:PSS in water, OA-Fe304
NPs with a diameter of approximately 8 nm in toluene (Supple-
mentary Information, Fig. S1), and NH,-MWCNTSs in alcohol were
alternately deposited onto PAH-coated substrates (Scheme 1). For
the LbL assembly between PEDOT:PSS and the OA-Fe;0,4 NPs, the
SO3 groups of PEDOT:PSS were directly adsorbed onto the Fes04
NP surface through strong coordination bonds after OA ligand
replacement. This high affinity between the SO3 groups of
PEDOT:PSS and the Fe;0,4 NP surface was confirmed by FTIR spec-
troscopy (Fig. 1a). First, the FTIR spectra of PEDOT:PSS and the OA-
Fe304 NPs showed evident absorption peaks corresponding to: (1)
the deformation of the phenyl ring (at 1525 and 1128 cm™'), C—C
thiophene ring (at 1274 cm™!), ethylenedioxy group (1162 cm™?),
and SOj3 stretching vibrations (at 1040 and 1010 cm™') originating
from PEDOT:PSS (%) [27,28]; and (2) COO~ stretching peaks (at
1604, 1536, and 1411 cm™') derived from the OA ligands of the
Fe304 NPs (V) (Supplementary Information, Fig. S2a) [29,30]. Based
on these results, we investigated the spectra of the OA ligands with
increasing PEDOT:PSS deposition time onto the OA-Fe;O, NP-
coated substrates from O to 20 min (Fig. 1a). The intensity of the
COO~ peaks (at 1411 and 1604 cm™!) of OA ligands bound to the
surface of Fe304 NPs gradually decreased, and the absorption peaks
arising from PEDOT:PSS intensified. The SO3 groups of alkanesul-
fonic acid surfactants in organic media have been shown to be
coordinately bonded with the Fe3* sites on the surface of iron oxide
NPs [31]. This previous report suggests that PEDOT:PSS containing
a large number of SO3 groups can have a higher affinity for Fe304
NPs than OA ligands containing carboxylate ions, and thus can
operate as a polymeric (or multidentate) ligand for Fes04 NPs
despite the extremely different solvent polarity between the non-
polar (for OA-Fe304 NPs) and aqueous media (for PEDOT:PSS) [24].
Similarly, the NH,-MWCNTs in alcohol could be directly LbL-
assembled with the OA-Fe;04 NPs via ligand exchange between
the NH, groups of the MWCNTs and the OA ligands with COO~
groups (Supplementary Information, Fig. S2b) [9]. These interfacial
interactions indicate that the ternary component multilayers based
on semiconducting PEDOT:PSS, pseudocapacitive Fe304 NPs, and
NH,-MWCNTs can be successfully prepared using consecutive
amphiphilic ligand exchange reactions (Supplementary Informa-
tion, Fig. S3).

To further confirm these phenomena, the LbL-assembled TC,
multilayers, i.e., (NH,-MWCNT/OA-Fe;0, NP/PEDOT:PSS/OA-
Fe;04 NP),, were sequentially deposited onto PAH-coated sub-
strates. With an increasing periodic layer number (n) from O to
10, the total mass loading (by QCM) and the total thickness (by
cross-sectional field-emission scanning electron microscopy (FE-
SEM)) of the TC, multilayers increased up to approximately 51.5
pg cm 2 and 215 nm, respectively (Fig. 1b and c). The average mass
change of the OA-Fes04 NPs per layer was calculated as 2.35 ug
cm 2, which was considerably higher than that (i.e., average mass
of the OA-Fe;04 NPs per layer ~1.11 ug cm~2) of the (OA-Fe;0,4 NP/
NH,-MWCNT), multilayers without PEDOT:PSS. These results indi-
cate the formation of a large number of binding sites (i.e., SO3) for
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Scheme 1. Schematic representation for the ternary component multilayer electrodes using amphiphilic LbL assembly.

Fe304 NPs by the additional incorporation of PEDOT:PSS into the
OA-Fe;04 NP/NH,-MWCNT multilayers. Additionally, the mass
density (p) of the TC, multilayers was measured to be approxi-
mately 2.42 g cm 3, which was much higher than those of (OA-
Fe3;04 NP/NH,-MWCNT), (p ~ 1.94 g cm>) and hydrogen-bonded
(NH,-MWCNT/COOH-MWCNT),, multilayers (p ~0.79 gcm™3)
(Supplementary Information, Fig. S4). For the (anionic Fe;04 NP/ca-
tionic CNT),, multilayers prepared from traditional electrostatic LbL
assembly, the mass density was approximately 1.20 g cm— due to
the relatively low packing density by the electrostatic charge
repulsion between the same charged Fe;04 NPs. Despite the den-
sely packed OA-Fe;0,4 NPs within the TC,, multilayers, these multi-
layers exhibited a highly porous structure, possibly allowing facile
charge transfer during electrochemical operation (Fig. 1d). Addi-
tionally, the ternary components (i.e., PEDOT:PSS, NH,-MWCNTs,
and OA-Fe304 NPs) were uniformly distributed within the TC, mul-
tilayers, as confirmed by energy dispersive X-ray spectroscopy
(EDX) elemental mapping (Fig. 1e). Furthermore, the active mate-
rial mass loading, related to the areal performance of supercapac-
itor electrodes, was further scalable based on the increased
periodic layer number.

On the basis of these results, we investigated the electrochem-
ical performances of the amphiphilic LbL-assembled TC, elec-
trodes. For this investigation, the TC, multilayers were first
deposited onto an ITO substrate, and then their electrochemical
behavior was examined in 0.1 M Na,SOs electrolyte using cyclic
voltammetry (CV), galvanostatic charge/discharge (GCD), and EIS
measurements. Fig. 2a shows the representative electrochemical
responses of the TC, electrodes with increasing periodic number
(n) from 3 to 10 at a scan rate of 50 mV s~!. The non-rectangular
profiles with notable redox peaks originating from the electro-
chemical reaction of FesO4 in the Na,SOs electrolyte gradually
increased with an increasing periodic number (n). These reversible
redox reactions are connected with both the surface redox reaction
of sulfur in form of anions (i.e., sulfate and sulfite anions) on the
surface of Fe;0, NPs and multivalent state change of Fe'' and Fe"
caused by the intercalation of sulfite anions [32,33]. This mecha-
nism can be expressed as follows:

FeO + SO3 — 5FeS0,4 + 2e~

2Fe"0 + 502 — (Fe'0) + S0 (Fe"0) ™ + 2e-

Additionally, the corresponding total charge densities linearly
increased, implying that the charge capacity (or active material
mass loading) can be precisely controlled by the amphiphilic LbL
assembly process (the inset of Fig. 2a). These TC, electrodes also
exhibited good pseudocapacitance behaviors and double-layer
capacitance behaviors in the scan rate range from 5 to 400 mV
s~! (Fig. 2b). These phenomena evidently showed that the amphi-
philic TC,, electrodes possessed fast charge transfer, and a corre-
spondingly good rate capability despite the high OA-Fe;O, NP
loading amount. Additionally, the anodic current peaks were pro-
portional to the square root of the scan rate (#'/2), implying that
the redox reaction of the TC, electrodes followed a diffusion-
controlled process (Supplementary Fig. S5) (more detailed explana-
tion given later). Interestingly, although the OA-Fe304 NPs dis-
persed in toluene had hydrophobic surface properties, the Fe304
NPs buried within the amphiphilic LbL-assembled multilayers
exhibited hydrophilicity due to ligand exchange between the OA
and SO3 groups of PEDOT:PSS and between the OA and NH, groups
of the NH,-MW(CNTs. Therefore, we reasonably conclude that the
hydrophobic surface properties of the OA-Fe304 NPs used for TC,
electrodes do not disturb ion transfer and diffusion in 0.1 M Na,-
SO; electrolyte. On the other hand, an increase of scan rate induced
a peak shift of the electrochemical current toward higher poten-
tials during the anodic sweep because of the poor electrochemical
reaction kinetics of the Fe;04 NPs.

We also highlight that the electrochemical performance of the
TCyo electrode outperformed those of the covalent-bonded (OA-
Fe;0, NP/NH,-MWCNT);o (total film thickness ~81 nm) and
hydrogen-bonded (NH,-MWCNT/COOH-MWCNT);, electrodes
(total film thickness ~105 nm) with the same periodic number at
the same scan rate (Fig. 2c). Although the higher current level
and larger area in the CV curve of the 215-nm-thick TC;¢ electrode
are mainly attributed to the higher active material loading amount
within the electrode, the comparison of the volumetric capacitance
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Fig. 1. (a) FTIR spectra of the TC,, multilayers with increasing absorption time of PEDOT:PSS onto the OA-Fe304 NP-coated films. (b) QCM traces and (c) film thicknesses of the
TC, multilayers as a function of the periodic layer number. Error bars indicate the standard deviation collected by three measurements from cross-sectional FE-SEM images.
(d) FE-SEM planar image of the TC;o multilayer. (e) Cross-sectional FE-SEM image of the TC,o multilayer with EDX elemental mapping images for Fe, S, and N.

values as a function of the scan rate suggests that the designed
structure of the TC, electrode can appropriately balance the charge
transfer and pseudocapacitance behaviors compared to other con-
ventional supercapacitor electrodes, including LbL-assembled elec-
trodes (particularly the (OA-Fe304, NP/NH,-MWCNT);o electrode)
(Fig. 2d). More specifically, the volumetric capacitance value of
the amphiphilic TC;o electrode was 408 +4Fcm™> at 5mV s,
which outperformed those of the 81-nm-thick (OA-FesO4 NP/
NH,-MWCNT);o (241 +4Fcm3) and 105-nm-thick (NH,-
MWCNT/COOH-MWCNT); electrodes (64 + 2 Fcm™3) at the same
scan rate. Additionally, this high volumetric performance of TC;q

electrodes was also superior to those of the previously reported
ternary component-based or LbL-assembled supercapacitor elec-
trodes (Supplementary Information, Table S1). Although the volu-
metric capacitance of the TCyo electrode decreased with an
increasing scan rate due to the poor electrochemical kinetics of
the Fes04 NPs [9,10], the TC, electrodes exhibited high volumetric
capacitance value above 200 F cm 3 even at a high scan rate of 400
mV s~!. These results evidently imply that the TC, electrodes with
densely packed OA-Fe304 NP arrays and PEDOT:PSS layers can
effectively utilize the high energy density of Fes04 NPs. Further-
more, PEDOT:PSS within the NH,-MWCNT matrices mitigates the
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TCyp electrode as a function of the current density from 0.1 to 0.5 mA cm 2.

considerably decreased charge transfer by acting as an additional Furthermore, we examined the reason for the superior electro-
conductive bridge between neighboring Fe304 NPs with poor elec- chemical performance of the 215-nm-thick TC;o electrode com-
tron conductivity. pared to that of the multilayer electrode without PEDOT:PSS (i.e.,
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81-nm-thick (OA-Fe304 NP/NH,-MWCNT), o electrode). The equiv-
alent series resistance (ESR) of the TC;q electrode was measured to
be approximately 16.6 Q cm~2 at the intersection of the real axis in
the high-frequency region, which was considerably lower than that
of the (OA-Fe304; NP/NH,-MWCNT)o electrode (ESR~ 33.7 Q
cm—2) despite the increased thickness of the TC;, electrode (Fig.
2e). Additionally, in contrast to the TC,q electrode, the (OA-Fe304
NP/NH,-MWCNT)o electrode displayed an evident semicircular
arc in this frequency region (arrow in the inset of Fig. 2e), which
corresponds to the charge-transfer resistance. This phenomenon
indicates the sluggish ion-transfer kinetics due to the large internal
resistance within the (OA-Fe304; NP/NH,-MWCNT);, electrode
[34].

Sequentially, we prepared the TC, electrodes using PSS with
SO3 groups (i.e., (PSS/OA-Fe;04 NP/NH,-MWCNT/OA-Fe;04 NP);)
instead of PEDOT:PSS. Despite the nearly identical mass loading
of the Fe;04 NPs within the electrodes (~2.35 ug cm ™2 per layer
for the PEDOT:PSS-based electrodes and ~2.45 pg cm~2 per layer
for the PSS-based electrodes), the CV curve area of the PEDOT:
PSS-based TC,o electrode was ~26% larger than that of the PSS-
based TCyq electrode. On the other hand, a smaller peak potential
separation (AE,: ~310 mV) between the cathodic (Ep.) and anodic
peak potentials (E,,) of the PEDOT:PSS-based TC;, electrode was

-1

observed compared to that of the PSS-based TC;, electrode (AEp:
~410 mV) (Supplementary Information, Fig. S6a). Furthermore,
the ESR value of the PSS-based TC;q electrode was approximately
49.7 Q cm~2 (Supplementary Information, Fig. S6b). These results
strongly indicate that the semiconducting PEDOT:PSS polymers
inserted within the TC, electrode can effectively decrease the
charge-transfer resistance.

Fig. 2f shows the changes in the GCD curves of the PEDOT:PSS-
based TC;, electrode with increasing current density from 0.1 to
0.5 mA cm 2. The nonlinear charge-discharge profiles in the poten-
tial window from +0.1 to —0.9 V exhibited superimposed redox
reactions, which is in accordance with the redox peaks of the CV
curves shown in Fig. 2a. For potentials greater than —0.4V, the
time-dependent potential curve showed linear behavior, implying
electric double-layer capacitance behavior occurring at the
electrode-electrolyte interface. In contrast, at potentials less than
—0.4V, the time dependence of the potential was nonlinear due
to the typical pseudocapacitance behavior of the OA-Fe;04 NPs
inserted within the TC,q electrode. These phenomena are in stark
contrast to the linear time-dependent behavior of the H-bonded
(NH,-MWCNT/COOH-MWCNT), electrodes without OA-Fe304 NPs
(Supplementary Information, Fig. S7). As a result, this notable
charge-storage behavior of the TC, electrodes was mainly attribu-
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ted to the synergetic effect of the high-energy Fes0, NPs and the
electrically conductive components (i.e., PEDOT:PSS and NH,-
MWCNTSs).

The total charge-storage mechanisms of pseudocapacitors, such
as the TC, electrodes, can be classified into two types: (1) a
diffusion-controlled faradic process via ion intercalation and (2) a
surface-controlled process including the faradaic process originat-
ing from fast charge transfer at the electrode surface and the non-
faradaic double-layer capacitance [12,35,36]. The CV current
responses at various scan rate are expressed using the following
relation:

i=avh (7)

where i and v correspond to the current and scan rate, respectively,
and additionally, a and b indicate the variable coefficients. The
surface-controlled (i.e., capacitive) reaction, including the pseudo-
capacitive charge-transfer and double-layer processes, at the elec-
trode surface is proportional to v (b=1), and on the other hand,
the diffusion-controlled process is proportional to »/? (b = 0.5).

Based on these various charge-storage mechanisms, we investi-
gated the capacitance contribution of the TC, electrodes using the
CV results. Fig.30 shows the b-values of the TC;o electrode
obtained from a log-log plot of the CV current versus the scan rate
using the cathodic sweep (Supplementary Fig. S8). The obtained b-
values of the TCy, electrode were in the range from 0.59 to 0.94,
implying that charge storage in the TC, electrode was induced by
both surface- and diffusion-controlled processes [35]. These results
are in good agreement with the previous results indicating that
charge storage in magnetite originates from both surface redox
reactions and intercalation of sulfate and/or sulfite anions
[32,37]. From this viewpoint, the CV current of the TC, electrode
at a specific potential can be separated into two components using
the following relation [38]:

i(V) = kyv + kpv'/2 (8)

where k;vand k,2'/? represent the surface- and diffusion-controlled
storage processes, respectively. The adjustable constants of k; and
k> can be obtained from the slope and y-intercept in the following
relation:

i((v)

W: I(]Vl/z +k2 (9)

Therefore, for a scan rate of 20 mV s~!, the surface-controlled
capacitance was calculated to contribute approximately 54.7% of
the total stored charge (i.e., sum of the diffusion- and surface-
controlled capacitance, including faradaic reactions at the elec-
trode surface and non-faradaic double-layer capacitance).

The electrochemical charge-storage kinetics of the TC, elec-
trodes were further analyzed by the relation between the total
stored charge and scan rate suggested by Trasatti et al. [39]:

Q (total charge) = Q; + constant (v'/?) (10)

where Qs represents the surface-controlled charge at v = oo, and
v~ 12 is related to the diffusion-controlled charge.

Fig. 3c shows the total stored charge of the TC;o electrode
according to the applied scan rate (v~ '/?). The y-intercept of the lin-
ear fit to the data, implying pure surface-controlled charge (Qs),
was measured to be approximately 6.79 mC cm 2. However, as
the scan rate decreased, the charge density gradually increased
due to the additional diffusion-controlled charge caused by the
sufficient reaction time for the full activation of densely packed
Fe;04 NPs within the TC; electrode. Correspondingly, the compet-
itive capacitance contribution between the two different charge-
storage processes strongly depends on the sweep rate, as shown
in Fig. 3d.

(@) 49
a | @ TC, electrode e
£ @ (OA-Fe,0, NP/NH,-MWCNT), /‘
u": 8 ' W (NH,-MWCNT/COOH-MWCNT), § P
£ &
~ e
® el §/
o s
= s
s
8 4 e
© 47
= -
g 2r o - .’_,,f "’.’
= s -
< 7 - .
= ‘_____-._———""_'_-__“
(1 ‘ =S 1l 1 1 L
0 2 4 6 8 10
Periodic Number (n)
(b) 120
TC,, electrode @ 100 mV s™
;'\5 L
;moMoooooooo
= ) ~ 98.8%
©
o i
8 80 <
- E |
e £
c g Ll
L 60 E
£ 3
5 21 — 2nd cycle
oq-; —— 5000th cycle
14 b ' ' ' '
40 + 40 08 06 04 02 00 02
Potential (V)
1 " 1 1 " 1 " 1 " 1
0 1000 2000 3000 4000 5000

Cycle Number
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recorded at 5mV s~'. (b) Cycling retention of the TC;, electrode over 5000 cycles
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In contrast to the volumetric capacitance, the areal perfor-
mances of the LbL-assembled electrodes can be further improved
by increasing the periodic deposition number (n). As shown in
Fig. 4a, the areal capacitances of the LbL-assembled electrodes
(i.e, TC, (OA-Fe;0, NP/NH,-MWCNT),, and (NH,-MWCNT/
COOH-MWCNT), electrodes) regularly increased with increasing
periodic number (n) at a scan rate of 5 mV s~ . The areal capaci-
tances of the TC, electrodes reached 8.79 + 0.06 mF cm 2 at a peri-
odic number of 10, outperforming those of the (OA-Fe;04 NP/NH,-
MWCNT);o (1.95+0.03mFcm 2) and (NH,-MWCNT/COOH-
MWCNT);, (0.67 = 0.02 mF cm™2) electrodes at the same periodic
number. Furthermore, we investigated the long-term cycling per-
formances of the TC, electrodes. Over 5000 cycles at a scan rate
of 100 mV s~ !, only 1.2% loss of the initial capacity was observed
(Fig. 4b). These results evidently indicate that the amphiphilic
TC, electrodes with covalently bonded interfaces of OA-Fe304 NP/
PEDOT:PSS and OA-Fe304 NP/NH,-MWCNTs are highly stable over
long-term cycling operation.

Based on these results, for demonstrating the possibility for
practical applications, we have further investigated the electro-
chemical properties of TC, electrodes in two-electrode working
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. (e) Change in the volumetric capacitance and capacity retention of TC-ASCs with

increasing the current density from 1.1 to 10.3 A cm>. All data points were obtained from GCD profiles. (f) Ragone plots of TC-ASCs compared with previous reports on

volumetric performance.

systems. For this investigation, the ternary component-based
asymmetric supercapacitor cells (TC-ASC) were fabricated using
Fes04 NP-based TCqo (Fe304-TC;0) and MnO-based TCyo, (MnO-
TC,o) electrodes as a negative and a positive electrode, respec-
tively, and then the charge storing features of TC-ASC were evalu-

ated (Fig. 5). In this case, the periodic number (n) of each electrode
was adjusted to 10 (Supplementary Fig. S9). Fig. 5a shows the
potential-dependent CVs of TC-ASC electrodes at a scan rate of
100 mV s~ L. In this case, the regular increase in the area of CV
curve with increasing working potential window suggests the typ-
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ical and stable capacitive behavior with fast Faradaic reaction of
the TC-ASCs in Na,SO, electrolyte. In line with these CVs, the vol-
umetric capacitance was regularly increased up to the working
potential of 1.7 V without any irreversible feature, indicating that
the charge storage capability of the TC-ASCs can be improved with-
out loss of efficiency (Fig. 5b). Another interesting result is that the
CV curves of the TC-ASCs almost maintained their initial curve
shape although the scan rate was increased from 10 to 200 mV
s~1, implying the good rate performance (Fig. 5¢). This capacitive
feature can also be seen in GCD profiles with increasing the current
density from 1.1 to 10.3 A cm3 (Fig. 5d). The non-linear variation
of the potential according to the charging or discharging time
implies the pseudocapacitance characteristics originating from PC
NPs, which is in good agreement with the CV curves shown in
Fig. 5c. Fig. 5e shows the volumetric capacitance and capacity
retention performance of the TC-ASCs at the different current den-
sities calculated from discharging time in GCD profiles. In this case,
TC-ASCs exhibited the high volumetric capacitance of ~0.91 mF
cm~3 at a current density of ~1.1 A cm™3, which corresponded to
approximately threefold increase compared to the capacitance
value (~0.31 mFcm3) measured at a high current density of
~10.3 Acm™3. This good rate capability of TC-ASCs, in spite of
the high mass loading of pseudocapacitive Fe304 NPs, mainly orig-
inate from the porous structure and high conductivity of TC-ASC
electrodes as mentioned earlier. As a result, the maximum energy
and power densities of TC-ASCs were measured to be ~0.36 mW h
cm~ (at 1.1 A cm™3; power density ~0.33 W cm~>) and ~0.82 W
cm~> (at 10.3 Acm™3; energy density ~0.30 mW h cm™3), respec-
tively (Fig. 5f), which outperformed the previously reported results
[40-45].

4. Conclusion

We demonstrated that amphiphilic TC,, supercapacitor elec-
trodes composed of PEDOT:PSS, NH,-MWCNTs, and OA-Fe304
NPs exhibited notable volumetric capacitance with high opera-
tional stability. Consecutive ligand exchange reactions between
OA loosely bound to the Fes04 NP surface and the SO3 groups of
semiconducting PEDOT:PSS as well as between the OA and NH,
groups of the NH,-MWCNTs easily changed the densely packed
hydrophobic Fes04 NPs to hydrophilic Fes04 NPs within the TC,
electrodes. This unique assembly process greatly increased the
loading amount of high-energy Fe;04, NPs within the electrodes
and, on the other hand, facilitated electrolyte-ion and electron
transfer throughout the electrode aided by the porous conductive
MWCNT network and semiconducting polymer. Additionally, the
areal capacitances of the TC, electrodes were further improved
by increasing the periodic number (n). Furthermore, we success-
fully fabricated the TC-ASCs based on positive and negative TC,
electrodes, and the formed electrodes exhibited the excellent
energy and power densities. Our approach resulted in high
energy-storage performance, effectively inducing double-layer-
and pseudocapacitance behavior. Given that a variety of electro-
chemically active materials with extremely different surface polar-
ities can be easily fabricated into thin-film electrodes, we believe
that our approach can provide an insight for the design and devel-
opment of energy-storage electrodes with high volumetric capaci-
tance and scalable areal capacitance through more complex and
various heterogeneous components.
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