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ARTICLE INFO ABSTRACT

Keywords: The important issues in preparing transition metal oxide nanoparticle (TMO NP)-based energy storage electrodes,
Redox-active ligand such as pseudocapacitor electrodes, are to effectively minimize the amount of electrochemically inactive organics
Porphyrin

(i.e., polymeric binders and ligands stabilizing NPs) and simultaneously increase the amount of high-energy TMO
NPs within a limited electrode area/volume without a significant loss in charge transfer kinetics. Herein, we
introduce a redox-active ligand-mediated layer-by-layer (LbL) assembly as a novel approach for significantly
enhancing the energy storage performance of TMO NP-based pseudocapacitor electrodes. In this study, high-
energy TMO NPs and conductive NPs are periodically LbL-assembled using redox-active porphyrin ligands
instead of polymeric binders. During LbL deposition, the insulating native ligands on the NP surface are suc-
cessfully exchanged with carboxylic acid-functionalized porphyrin ligands, forming a densely NP-packed
structure that can minimize the mass and volume of electrochemically inactive components. Based on this
redox-active ligand-mediated LbL approach, the resultant pseudocapacitor electrodes exhibit much higher en-
ergy capacities (areal, volumetric, and specific capacities) and superior rate capability than insulating polymeric
ligand-mediated electrodes as well as previously reported electrodes. Our approach can provide a fundamental
basis for fully exploiting the energy efficiency of components and further designing a variety of high-performance
electrochemical electrodes.

Layer-by-layer assembly

Transition metal oxide nanoparticle
Pseudocapacitor

High packing density

active surface-to-volume ratio have been considered as one of the most
promising active components that can resolve the low energy density

1. Introduction

The recent rapid growth and expansion in the use of electric vehicles
and wearable/portable electronic devices have strongly necessitated the
development of energy storage devices with more advanced electro-
chemical performance (i.e., higher energy/power densities and longer
operation lifetime) than the existing devices [1-5]. Generally, the high
energy density of energy storage devices can be achieved by densely
loading high-energy active materials in a limited electrode area/volume
[6,7]. In particular, pseudocapacitive transition metal oxide nano-
particles (TMO NPs) with reversible Faradaic reactions and a large

issue of conventional carbonaceous material-based supercapacitors and
further reduce the large gap in the energy density between super-
capacitors and lithium-ion batteries [8,9]. However, the inherently poor
electrical properties of TMO NPs as well as the numerous interfacial
resistance sites between neighboring NPs seriously impede the electron
transfer within the electrodes, limiting the practical output of their high
theoretical capacitance (i.e., low energy efficiency) [10-13]. Addition-
ally, the insulating organic ligands bound to the surface of TMO NPs act
as other major interfacial resistance sites, which imposes a limit on
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effectively deriving the intrinsic energy properties of TMO NPs [14]. As
a result, the use of TMO NPs inevitably causes a trade-off between en-
ergy density and power density, which becomes more problematic at a
higher loading amount (i.e., electrode thickness) of TMO NPs for higher
energy density [7,8].

Along with the aforementioned critical issues, polymeric binders and
carbonaceous conductive enhancers, which have been widely used as
essential components in conventional slurry-based electrode fabrication
methods, should also be seriously considered with regard to energy
storage performance. That is, since those bulky components (i.e., poly-
meric binders and carbonaceous conductive enhancers) occupy a sig-
nificant portion of the limited area/volume of electrodes, they can
directly or indirectly affect the charge transfer kinetics within the
electrodes and consequently have adverse effects on the overall elec-
trochemical performance of electrodes [15-18]. Specifically, the insu-
lating polymeric binders providing the mechanical integrity of
electrodes by strongly binding each component restrict the facile elec-
tron communication at the interfaces between active components,
resulting in a decrease in the energy efficiency and rate capability
[16,17]. Additionally, the use of bulky carbonaceous conductive en-
hancers (e.g., carbon nanotubes and/or reduced graphene oxides) for
better electron transfer can lead to poor volumetric performance due to
the formation of electrodes with low packing densities [18]. Further-
more, simple physical blending between those additive components and
active materials without a sufficient understanding of interfacial in-
teractions is highly vulnerable to the partial segregation/agglomeration
of electrode components, which act as ‘inactive dead mass/volume’ in
electrodes [19]. From this point of view, if these essential but electro-
chemically inactive and/or bulky components can be properly replaced
with unique electrode components that can induce more facile charge
transfer and higher energy density through favorable interfacial in-
teractions, the areal/volumetric/specific capacities, rate capability, and
operational stability of the resulting electrodes can be notably enhanced.

Herein, we introduce a novel approach (i.e., redox-active ligand-
mediated layer-by-layer (LbL) assembly) that can significantly enhance
the energy storage performance of TMO NP-based pseudocapacitor
electrodes without electrochemically inactive organic species (i.e.,
polymeric binders and/or native ligands bound to the NP surface). A
notable advantage of our approach is that the porphyrins act as redox-
active ligands (or linkers) that can directly and robustly integrate all
electrode components, thereby improving the areal/volumetric/specific
capacities while maintaining good rate capability and structural stabil-
ity. To our knowledge, there have been few studies for converting
electrochemically inactive organic ligands to the redox-active ligands
bound to the surface of active components including TMO NPs.

Particularly, the porphyrins (or their related structures) have been
studied as promising electrochemically active organic materials based
on their unique electrochemical characteristics (i.e., facile electron up-
take/release properties due to the small highest occupied molecular
orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) gap and
high electrochemical activity due to the redox reactions mediated by the
conjugated w electrons on the macrocycle ring) [20-25]. However, most
porphyrin-based electrodes reported to date have focused only on the
electrochemical activity of porphyrins, thereby inevitably requiring the
use of insulating polymeric binders in the electrode preparation
[25-28]. On the other hand, it is worth noting that the porphyrins in our
study are interface-modified to be employed as redox-active ligands
bound to the surface of TMO NPs. Specifically, our approach is charac-
terized by the fact that carboxylic acid (COOH)-functionalized
porphyrin ligands are directly assembled with high-energy TMO NPs
and conductive NPs through in situ ligand exchange reaction between
the porphyrin ligands and the native ligands on the surface of NPs. That
is, the porphyrins in our system operate not only as an electrochemically
active material for additional energy capacity but also as a ligand (or
linker) that robustly connects all components in the electrodes based on
well-defined interfacial interactions. In particular, our approach can
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provide a homogeneously and densely NP-packed structure that enables
facile charge transfer at all interfaces within the electrodes, minimizing
the presence of inactive dead mass/volume (i.e., partially agglomerated
parts and excess large pores) even at high electrochemical sweep rates.
For this study, Mn(III)-porphyrin bis-carboxylic acid (MnPP) with
high electrochemical activity was used as a redox-active ligand for the
LbL assembly of high-energy iron oxide (Fe3O4) NPs and conductive
indium tin oxide (ITO) NPs (Scheme 1). In this case, oleic acid (OA) and/
or oleylamine (OAm) ligands loosely bound to the surface of Fes04 and
ITO NPs were readily replaced by the MnPP ligands during consecutive
LbL deposition due to the higher interfacial affinity (i.e., coordination
binding) between the carboxylic acid (COOH) groups of MnPP ligands
and the surface of NPs, resulting in a robust electrode structure. Addi-
tionally, the conductive ITO NPs were incorporated into the Fe3O4 NP
array to form a homogeneous and nanoblended conductive network,
along with semiconducting porphyrin ligands, which could further
enhance the charge transfer kinetics of the electrodes. As a result, the
formed (Fe3O4 NP/MnPP/ITO NP/MnPP),, electrodes (m: periodic
number for the LbL assembly) exhibited a remarkably higher capacity,
better rate capability, and longer operational stability compared to
insulating polymeric-incorporated electrodes. In addition, when our
approach was applied to porous textile-type current collectors (TCCs)
with a large specific surface area, all electrode components could be
conformally coated onto the entire region ranging from the exterior to
the interior of the TCC without blocking its inherent pores, delivering a
high areal performance of ~2.1 F cm ™2 (at a current density of 3.0 mA
cm~2) at a high mass loading of ~9.8 mg cm™2 and outperforming the
previously reported Fe3O4-based electrodes [29-36]. We believe that
our approach for the structural design and interfacial interactions based
on redox-active ligand-mediated LbL assembly can provide a basis for
developing and designing high-performance energy storage devices.

2. Results and discussion

2.1. MnPP-mediated assembly of high-energy TMO NPs and conductive
NPs

To use porphyrin as a redox-active ligand (or linker) bridging the
interfaces between adjacent NPs (Fig. 1a-1b), we first synthesized MnPP
molecules with COOH groups attached to both sides of macrocycle ring
(i.e., the para-positions of pyrrole ring). The as-prepared MnPP with
COOH groups showed a stable dispersion in ethanol, and its UV-vis
absorption spectrum indicated the typical Soret band (at 478 nm) and Q
band (at 580-620 nm) originating from the electronic transition be-
tween porphyrin and Mn(III) core orbitals (Fig. S1a) [37-39]. In this
case, the COOH groups of MnPP not only provide favorable interfacial
interactions that can induce the formation of a robust electrode structure
but also impart the hydrophilic properties to all exposed surface of NPs
within the electrodes, enabling an excellent interfacial wettability in
aqueous electrolytes for facile ion diffusion (the more details are given in
the later part). In addition, the organic MnPP molecules exhibited a low
molecular weight (My,) of ~931 g mol ! and an amorphous structure as
confirmed by X-ray diffraction (XRD) analysis (Fig. S1b-Slc). Particu-
larly, as shown in the electron configuration and corresponding frontier
orbital diagram using density functional theory (DFT) (Fig. S2), the
neutral MnPP molecules possessed a small HOMO-LUMO gap of ~2.06
eV [40], allowing facile electron uptake/release properties for the
enhanced charge transfer kinetics within the electrodes.

To fabricate TMO NP-based pseudocapacitor electrodes using the
MnPP ligands, we prepared OA-Fe3O4 NPs with a diameter of ~7 nm as
high-energy TMO NPs and OAm-ITO NPs with a diameter of ~9 nm as
conductive NPs via solvothermal reactions, which displayed a high
dispersion stability in toluene and well-defined crystalline structures
(Fig. laand Fig. S3) [41,42]. Given that the structural characteristics (i.
e., high crystallinity, grain boundary, and narrow size distribution) of
TMO NPs significantly affect the electrochemical behaviors, the
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Scheme 1. Schematic representation for the MnPP-mediated LbL assembly of TMO NP-based pseudocapacitor electrodes with a densely packed and nanoblended

internal structure.

synthesized OA-Fe304 NPs in our work can deliver better energy storage
performance than bulk FesO4 [14,43,44]. As already mentioned above,
the COOH groups of MnPP ligands had a high interfacial affinity to the
bare surface of Fe3O4 and ITO NPs, which was clearly confirmed by
Fourier transform infrared (FTIR) spectroscopy in an advanced grazing
angle (AGA) specular mode during consecutive LbL assembly. In the
FTIR spectra, the MnPP exhibited strong C—H stretching peaks
(assigned to the macrocycle ring) at 2924 and 2854 cm™!, where the

pristine OA-Fe3O4 and OAm-ITO NPs displayed the same absorption
peaks originating from the long aliphatic chains of native OA/OAm li-
gands (Fig. S4). Therefore, the adsorption behaviors of MnPP ligands
were investigated by monitoring their typical absorption peaks (i.e.,
aromatic C—N (at 1244 cm_l), in-plane C—H (at 1086 cm_l), and Mn-N
(at1011 cm’l) vibrations) that did not overlap with those of native OA/
OAm ligands (Fig. S4c) [45]. Specifically, when the MnPP was assem-
bled onto the OA-Fe304 NP-coated substrate (see the MnPP/Fe304 NP in
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Fig. 1. (a) Schematic diagram of the multilayers composed of OA-Fe304 NPs, OAm-ITO NPs, and MnPP ligands, and HR-TEM images of 7 nm-sized OA-Fe304 NPs and
9 nm-sized OAm-ITO NPs. The insets of the HR-TEM images indicate the lattice fringe spacing (d) and corresponding crystal plane of each NP. (b) Molecular structure
of MnPP with COOH groups at the para-positions of pyrrole ring. (c) FTIR spectra and schematic representation of (Fe304 NP/MnPP/ITO NP/MnPP),, multilayers
obtained by sequentially depositing each layer. The outermost layer is represented as a red line for Fe304 NP, a blue line for ITO NP, and a green line for MnPP. (d)
UV-vis absorbance spectra and absorbance at a wavelength of 476 nm (inset) of (Fe304 NP/MnPP/ITO NP/MnPP),, multilayers as the periodic number increases from
1 to 5. The red line/circles and blue line/circles indicate the deposition of (Fe304 NP/MnPP) and (ITO NP/MnPP), respectively. (e) Film thickness (left axis) and mass
loading (right axis) of (Fe304 NP/MnPP/ITO NP/MnPP),, multilayers as a function of the periodic number, which were obtained from cross-sectional FE-SEM images
and quartz crystal microbalance (QCM) measurements, respectively. The inset shows the cross-sectional FE-SEM image with a film thickness of ~238 nm at the
periodic number of 20. (f) Tilted FE-SEM image and corresponding EDS elemental mapping images of (Fe304 NP/MnPP/ITO NP/MnPP),, multilayers. (For inter-
Eretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 1c), the absorption peaks of MnPP were intensified due to the strong
interfacial interactions (i.e., coordination bonding) between the multi-
ple COOH groups of MnPP and the surface of Fes04 NPs [46]. When
OAm-ITO NPs were sequentially deposited onto the MnPP/Fe304 NP/
substrate (see the ITO NP/MnPP/Fe304 NP in Fig. 1c), the absorption
peaks of MnPP were reduced again, suggesting that the ITO NPs were
densely coated through the abovementioned coordination bonding-
induced LbL deposition. In this case, the MnPP ligands with multiple
COOH groups could act as multidentate ligands for oxide NPs, thereby
providing a robust electrode structure [47]. That is, the MnPP-mediated
LbL assembly could be accomplished by replacing the native OA/OAm
ligands (serving as mono- or bidentate ligands) bound to the bare surface
of oxide NPs with the multiple COOH groups of MnPP ligands (serving as
multidentate ligands). This adsorption mechanism was also supported
through the FTIR analysis for COOH-functionalized poly(acrylic acid)
(PAA)-mediated LbL assembly, clearly demonstrating the ligand
replacement reaction between the native OA/OAm ligands and the
multiple COOH moieties (Fig. S5). Furthermore, the periodic oscillation
of water contact angles during the LbL assembly of (Fe304 NP/MnPP/
ITO NP/MnPP),, multilayers indicated the repetitive ligand replacement
reactions, as confirmed in the FTIR analysis. Specifically, when the
MnPP layer was deposited onto the NP layer, the water contact angles
were significantly decreased from ~98° (for the outermost OA-Fe304 NP
layer) and ~102° (for the outermost OAm-ITO NP layer) to ~64° (for the
outermost MnPP layer) (Fig. S6), which implied the possibility of hy-
drophilic interfacial properties that can facilitate the infiltration of
aqueous electrolytes into the electrodes.

Based on the high interfacial interactions between MnPP ligands and
oxide NPs, the heterostructured (Fe3sO4 NP/MnPP/ITO NP/MnPP),,
multilayers were prepared by consecutive LbL assembly. In this case, the
vertical growth of the multilayers was investigated using UV-vis spec-
troscopy and field-emission scanning electron microscopy (FE-SEM)
(Fig. 1d-1e and Fig. S7). With increasing the periodic number (m), the
absorbance at the characteristic peak (A ~476 nm for the Soret band) of
the assembled MnPP ligands (see the inset in Fig. 1d) and the total film
thickness (or mass loading) increased almost linearly, implying the
uniform and vertical growth of multilayers. Additionally, the mass
fraction of each component within the multilayer composites was
calculated to be ~34.3 % for Fe3O4 NPs, 60.8 % for ITO NPs, and 4.9 %
for MnPP through inductively coupled plasma-mass spectrometry (ICP-
MS) (Fig. S8). Particularly, given that the film thickness of (Fes04 NP/
MnPP/ITO NP/MnPP),, multilayers was ~238 nm, the average film
thickness per periodic layer was estimated to be ~12 nm, which was
smaller than the total diameters of the incorporated oxide NPs (i.e., 7
nm-sized Fe304 NPs and 9 nm-sized ITO NPs). This phenomenon implied
that the formed multilayers possessed a nanoblended internal structure
rather than a highly ordered structure with stratified interfaces, which
was also observed in cross-sectional FE-SEM and energy-dispersive X-ray
spectroscopy (EDS) elemental mapping images (Fig. 1f). This nano-
blended structure is very important in that the homogeneous distribu-
tion of conductive ITO NPs throughout the entire electrode region can
induce a well-interconnected electron network to effectively lower the
internal resistance of electrodes. It should also be noted that the (Fe3O4
NP/MnPP/ITO NP/MnPP),, multilayers exhibited a densely NP-packed
structure with a high mass density of ~2.9 g cm™> without the

aggregations of components (Fig. S9). The numerous nanopores gener-
ated among neighboring NPs were maintained even after consecutive
LbL assembly, possibly providing sufficient ion diffusion pathways
during successive electrochemical sweeps. Additionally, to investigate
the physical adhesion stability of (Fe304 NP/MnPP/ITO NP/MnPP);y,
multilayers on substrates, we conducted the peeling test using a 3 M
adhesive tape (Fig. S10). After peeling off the 3 M tape attached to the
multilayers, there was no apparent delamination from the substrate,
indicating that the multilayers were stably deposited with strong inter-
facial interactions (i.e., coordination bonding) between the COOH
groups of MnPP ligands and the surface of oxide NPs. Considering that
the conventional slurry-based electrodes containing polymeric binders
and bulky carbonaceous conductive enhancers have much difficulty in
sufficiently utilizing the advantages of TMO NPs with large specific
surface area due to the low packing density and the aggregations of NPs
caused by the unfavorable interfacial interactions [48,49], our approach
can provide an efficient way to design robustly structured TMO NP-
based pseudocapacitor electrodes with facile charge transfer and high
energy capacity.

2.2. Electrochemical properties of MnPP-mediated TMO NP-based
electrodes

Based on these results, we examined the electrochemical properties
of MnPP ligands in an aqueous 0.5 M NaySOj3 electrolyte-based three-
electrode system. For this investigation, the COOH-functionalized MnPP
ligands were LbL-assembled with conductive ITO NPs onto fluorine-
doped tin oxide (FTO) substrates (i.e., (ITO NP/MnPP)y, electrode)
(Fig. 2a). In this case, the (ITO NP/MnPP)y, electrode was prepared
without pseudocapacitive FesO4 NPs for clearly understanding the
charge storage behaviors of only MnPP ligands. As a comparative con-
trol sample, the COOH-functionalized PAA ligands without any elec-
trochemical activity were also LbL-assembled with the same ITO NPs (i.
e., (ITO NP/PAA), electrode). These electrodes prepared by using two
different kinds of linkers also displayed a densely NP-packed surface
morphology with similar film thicknesses (Fig. S11).

In the case of CV curves at a scan rate of 100 mV s~ in the negative
potential window of —0.9 to 0 V (vs Ag/AgCl) (Fig. 2b), the (ITO NP/
PAA)y electrode showed only a quasi-rectangular shape without any
noticeable redox peak, implying typical electric double-layer capacitor
(EDLC) behaviors originating from conductive ITO NPs [42,50]. In
contrast, the (ITO NP/MnPP), electrode exhibited an evident reversible
redox pair at —0.52/—0.34 V along with the EDLC behaviors of ITO NPs.
Particularly, the other redox pair at 0.22/0.33 V was also observed in the
positive potential window ranging from 0 to 0.9 V (Fig. S12). These
redox reactions could be explained by the reversible two conjugated =
electron-mediated oxidation and reduction of neutral MnPP (18 n),
forming dicationic MnPP** (16 ©) and dianionic MnPP%~ (20 n),
respectively (Fig. S13) [20]. As a result, the MnPP ligands could be
electrochemically operated in both negative and positive potential
windows. Additionally, since FesO4-based electrodes are known to have
stable and reversible redox reactions in the negative potential window
[51], the electrochemical tests for this study were carried out in the
negative potential window to induce a synergistic effect between MnPP
ligands and Fe3O4 NPs. Furthermore, in the negative CV scan range,
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Fig. 2. (a) Schematic diagram of (ITO NP/ligand), electrodes. (b) CV curves (at a scan rate of 100 mV s Y and (c) Nyquist plots with equivalent circuit (inset) of (ITO
NP/MnPP)yo and (ITO NP/PAA), electrodes. (d) Schematic diagram of (Fe304 NP/ligand), electrodes. (e) Areal capacitances (Careal) of (Fe304 NP/MnPP)yo and
(Fe304 NP/PAA), electrodes obtained from the GCD measurements with increasing the current density from 0.2 to 4.0 mA em 2 () Bilayer number-dependent of
Carea1 Of (Fes04 NP/ligand), electrodes obtained from the GCD curves at current densities of 0.2 and 4.0 mA cm_ 2 The red and black line/circles represent the (Fe30,4
NP/MnPP),, and (Fe304 NP/PAA), electrodes, respectively. (g) Frequency-dependent resistance and phase angle of Bode plots for (Fe304 NP/MnPP),, and (Fe304 NP/
PAA)y electrodes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

there was no irreversible reaction that could be caused by the over-
oxidation and/or polymerization of MnPP ligands [52,53], which was
highly advantageous for maintaining the robust electrode structure
under successive potential sweeps.

Based on the electrochemical behaviors, when the total charge
densities (in a unit of mC c¢cm~2) were obtained from the integrated CV
area, the (ITO NP/MnPP)y electrode exhibited a 3.2 times higher value
(2.5 x 1072 mC cm™2) compared to the (ITO NP/PAA)y electrode (7.9
x 1073 mC em™2), indicating that the MnPP ligands contributed to the
charge storage capacity. It was also worth noting that the MnPP ligands
with semiconducting properties could promote the electron transfer
kinetics at all the interfaces between adjacent ITO NPs. To confirm this

possibility, electrochemical impedance spectroscopy (EIS) analysis for
each electrode was conducted in the frequency range from 10° Hz to 0.1
Hz at a potential amplitude of 5 mV using Randles circuit as a model
system (Fig. 2c). In this case, the fitted values of equivalent series
resistance (ESR) and charge transfer resistance (Rt of the (ITO NP/
MnPP)y electrode were measured to be ~14.8 and 6.1 Q, respectively,
which were much lower than those of the (ITO NP/PAA)y electrode
(ESR of ~19.9 Q and R of ~86.5 Q). Furthermore, the (ITO NP/
MnPP)y electrode showed much better ion diffusion behaviors with a
smaller Warburg impedance coefficient (6y) of ~55.4 Q 5795 than that
of the (ITO NP/PAA)y electrode (~434.9 Q s~ %) (Fig. 514). These
results implied that the MnPP-mediated electrode retained numerous
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nanopores among neighboring NPs, thereby facilitating the mass
transport in the electrode. With the aid of this enhanced charge transfer
kinetics, the (ITO NP/MnPP), electrode exhibited an almost linear in-
crease in anodic/cathodic peak current densities (i, in mA cm~2) as well
as negligible peak separation (AE;,, ~0.12 mV for 30 mV s~'and ~0.18
mV for 500 mV s~!) even with increasing the scan rate up to 500 mV s !
(Fig. S15), which demonstrated the good charge conduction behaviors
of the MnPP ligands.

For better understanding the improved charge transfer behaviors by
the MnPP ligands, we then prepared the MnPP-mediated electrode using
poorly conductive but pseudocapacitive Fe304 NPs without the use of
conductive ITO NPs (i.e., (Fe304 NP/MnPP)y electrode) (Fig. 2d), and
its electrochemical performance was compared with the PAA-mediated
electrode (i.e., (Fe304 NP/PAA), electrode). In this case, the MnPP- and
PAA-mediated electrodes showed a mass loading of Fe3O4 NPs of
approximately 24.0 pg cm 2, which also possessed a densely NP-packed
structure (Fig. S16). As confirmed in Fig. 2e, the (Fe304 NP/MnPP)y
electrode exhibited much higher areal capacitance (Cyreqr; calculated
from galvanostatic charge/discharge (GCD) profiles) of ~6.1 mF cm ™2
than the (Fe304 NP/PAA)sg electrode (Cgrea) of ~4.5 mF cm™?) at the
same current density of 0.2 mA cm 2 Importantly, the (Fe3O4 NP/
MnPP)y electrode maintained ~64 % of its initial capacitance at a high
current density of 4.0 mA cm’z, while the (Fe304 NP/PAA)yq electrode
maintained only ~25 % of its initial value. These results clearly indi-
cated that the MnPP-mediated electrode could exhibit the superior
charge transfer behaviors compared to the polymeric ligand-mediated
electrode.

In particular, the Cyeq of the (Fes04 NP/MnPP), electrodes were
almost linearly increased with increasing the bilayer number (n) (or
mass loading), even at a high current density (Fig. 2f and Fig. S17). In
contrast, the (Fe3O4 NP/PAA), electrodes showed considerable diffi-
culty in efficiently utilizing the active Fe304 NPs, especially at a high
current density as the bilayer number was increased. These results
clearly suggested that the insulating polymeric ligands significantly
restrict the electronic and/or ionic conductions within the electrodes
when the active TMO NPs were deposited with a high mass loading for
achieving higher energy density. These phenomena could also be
confirmed by the Bode plots from EIS measurements (Fig. 2g). Specif-
ically, the frequency-dependent impedance plots showed that the
overall impedance of the (Fe3O4 NP/MnPP),, electrode was approxi-
mately 10 times lower than that of the (Fe3O4 NP/PAA)y, electrode.
Furthermore, the relaxation time constant (to = 1/fi, where fy indicates
the knee frequency at a phase angle of — 45°) of the (Fe304 NP/MnPP)2
electrode (0.09 s at 10.6 Hz) was much lower than that of the (Fe304 NP/
PAA)y electrode (2.85 s at 0.35 Hz), evidently indicating that the MnPP
ligands could significantly improve the charge transfer kinetics of the
electrode, thereby enabling superior rate capability.

On the basis of these results, we designed an electrode structure with
higher energy efficiency and more improved rate capability through
periodically controlled MnPP-mediated LbL assembly of high-energy
Fe304 NPs and conductive ITO NPs (i.e., (Fe304 NP/MnPP/ITO NP/
MnPP),, electrodes) (see Fig. 1a). As shown in Fig. 3a, the (Fe304 NP/
MnPP/ITO NP/MnPP),, electrodes displayed the typical pseudocapaci-
tive behaviors with asymmetric CV curves, resulting from the reversible
redox reactions of active materials (i.e., FesO4 NPs and MnPP). With
increasing the periodic number from 5 to 20, the areal current responses
and corresponding integrated area of the (FesO4 NP/MnPP/ITO NP/
MnPP),, electrodes gradually increased without a notable shape distor-
tion. Such reversible pseudocapacitive behaviors of the electrodes could
also be observed under continuous CV sweeps at various scan rates
ranging from 5 to 200 mV s~! (Fig. 3b and Fig. 518), showing the stable
electrochemical reactions without any significant overpotential region
over the entire potential range. It should also be noted that the (Fe304
NP/MnPP/ITO NP/MnPP),, electrodes exhibited much higher current
responses compared to the conventional slurry-casted electrode
composed of the same mass loading of active materials (i.e., Fe304 NP
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and MnPP), which was mainly attributed to the rational structure and
interfaces as mentioned above (Fig. S19).

In addition, the Cyeq of the (Fe3s04 NP/MnPP/ITO NP/MnPP),,
electrodes obtained from the GCD measurements (at various current
densities ranging from 0.2 to 4.0 mA cm™~2) was linearly increased with
increasing the periodic number from 5 to 20 (Fig. 3c and Fig. S20 —
$22). In this case, the (Fe304 NP/MnPP/ITO NP/MnPP),, electrode
delivered Cyrear Of ~8.4 mF cm ™2 at a current density of 0.2 mA cm ™2,
and maintained ~72.6 % of the value even at a high current density of
4.0 mA cm2, indicating the high energy efficiency and excellent rate
capability (see Fig. 3c). Importantly, the specific capacitances (Cspecific;
calculated from the total mass of the electrodes) were almost maintained
from ~129.9 F g7! (m = 5) to ~125.1 F ¢! (m = 20) (see Fig. $22),
suggesting an efficient electrode structure of the MnPP-mediated sys-
tem. These phenomena were further confirmed by the EIS measurements
that the resistances of the electrodes exhibited a negligible change
despite the increase in periodic number (related to the film thickness)
(Fig. S23). In contrast, the polymeric ligand-mediated electrode (i.e.,
(Fe3O4 NP/PAA/ITO NP/PAA)y electrode) showed a relatively lower
Careal Of ~5.8 mF cm 2 in the GCD curve at a current density of 0.2 mA
cm 2 (Fig. 3d) although the mass loading of each NP (i.e., Fe304 and ITO
NPs) within the PAA-mediated electrode was adjusted to be almost the
same as that within the MnPP-mediated electrode. Particularly,
considering that the capacitance contribution of MnPP ligands was
estimated to be ~3.9 % (calculated from both the mass fraction of MnPP
~ 4.9 % and the experimentally measured specific capacitance of ~98 F
g 1) (see Fig. S8 and Fig. S24), it is highly reasonable to conclude that
these notable enhancements in the specific/areal capacitances of the
(Fe3O4 NP/MnPP/ITO NP/MnPP),, electrodes were mainly attributed to
the enhanced charge transfer by the MnPP ligands. Additionally, these
results could be also supported by the EIS measurements, showing that
the R of the (FesO4 NP/MnPP/ITO NP/MnPP), electrode (~5.0 Q)
was significantly lower than that of the (Fe304 NP/PAA/ITO NP/PAA)yg
electrode (~31.7 Q) (Fig. 3e).

Another notable advantage of our approach is that the MnPP-
mediated assembly can produce the densely and homogeneously NP-
packed structure that can maximize the volumetric capacitance (Cyo))
of electrodes. The (Fes04 NP/MnPP/ITO NP/MnPP),, electrodes with a
high mass density of approximately 2.9 g cm™> showed a high Cyo| of
~367.6 mF ¢cm 2 (for m = 20), which was almost independent of the
film thickness (Cyo1 of ~369.5 mF cm ™~ for m = 5) in the range from ~65
to 244 nm (Fig. S25). These results demonstrated that the volumetric
energy performance of TMO NP-based electrodes could be significantly
improved through the efficient structural design of MnPP-mediated
electrodes. Furthermore, it should be noted that the MnPP ligands
enabled the formation of a robust electrode structure based on the strong
coordination bonding for the bare surface of oxide NPs. Therefore, the
(Fe304 NP/MnPP/ITO NP/MnPP), electrode could exhibit an excellent
capacitance retention of ~88 % with a good Coulombic efficiency of
~99 % after 5000 GCD cycles at a current density of 0.5 mA cm™2,
maintaining its structural integrity (Fig. 3f and Fig. S26).

2.3. Electrochemical properties of MnPP-mediated multilayer-coated
textile electrodes

Although the densely packed thin film-type electrodes proposed in
the present study possess the fascinating characteristics for realizing
high-efficiency and/or high-power energy storage performance, the
relatively low mass loading of active components makes it difficult to
achieve higher energy density [54]. To overcome this drawback, the
(Fe304 NP/MnPP/ITO NP/MnPP),, multilayers were deposited onto
porous TCC with extremely large surface area (Fig. 4a), which were
prepared through the LbL assembly of metal NPs and subsequent Ni
electroplating as reported in our previous paper [55]. In this case, the
electroplated Ni layer was homogeneously deposited onto all fibrils of a
metal NP-coated cotton textile (Fig. S27). The formed 780 pm-thick TCC
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Fig. 3. (a) CV curves of (Fe304 NP/MnPP/ITO NP/MnPP),, electrodes with increasing the periodic number from 5 to 20 at a scan rate of 100 mV s~L. (b) Scan rate-
dependent CV curves of (Fe304 NP/MnPP/ITO NP/MnPP), electrode in the range of scan rate from 5 to 200 mV 571, (¢) Careal Of (Fe304 NP/MnPP/ITO NP/MnPP),,
electrodes with different periodic numbers obtained from the GCD curves with increasing the current density from 0.2 to 4.0 mA cm 2. (d) GCD curves (at a current
density of 0.2 mA cm~2) and (e) Nyquist plots of (Fes04 NP/ligand/ITO NP/ligand),q electrodes (ligand: MnPP and PAA). (f) Capacity retention (left axis, red circles)
and Coulombic efficiency (right axis, black circles) of (Fe304 NP/MnPP/ITO NP/MnPP), electrode during 5000 GCD cycles at a current density of 0.5 mA cm 2. (For
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Fig. 4. (a) Schematic diagram of (Fe304 NP/MnPP/ITO NP/MnPP),, multilayers deposited onto a 3D porous TCC. (b) Comparison of mass loading of (Fe;04 NP/
MnPP/ITO NP/MnPP),, multilayers between on porous TCC and on flat FTO glass with increasing the periodic number from 5 to 25. (¢) Cross-sectional/planar FE-
SEM and corresponding EDS elemental mapping images of 25-MnPP-TCC. (d) CV curves of m-MnPP-TCCs with different periodic numbers and bare TCC at a scan rate
of 20 mV s 1. () Careal Of m-MnPP-TCCs with different periodic numbers and 25-PAA-TCC as the current density increases from 3.0 to 70 mA cm~2 (D) Capacity
retention (left axis, red circles) and Coulombic efficiency (right axis, black circles) of 25-MnPP-TCC during 5000 GCD cycles at a current density of 50 mA cm 2, ®
Ragone plot (as a function of areal energy/power densities) of the 25-MnPP-TCC//CT compared with previously reported asymmetric pseudocapacitors. (For
i‘nterpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

<

exhibited a total mass density of ~0.81 g cm™ (mass density of bare
cotton textile: ~0.22 g cm™>), an extremely low sheet resistance of
~0.02 Q sq !, and a large specific surface area of ~6.50 m? g~
(confirmed by the mercury intrusion porosimetry). As shown in Fig. 4b,
the mass loading of (Fe304 NP/MnPP/ITO NP/MnPP),, multilayers on
the TCC (i.e., m-MnPP-TCC) was increased linearly from ~1.5 (m = 5) to
9.8 mg c¢m 2 (m = 25), which was ~120 times higher than that on the
nonporous flat current collector (i.e., FTO glass). Additionally, FE-SEM
and EDS mapping images clearly showed that these multilayers were
uniformly coated onto all regions ranging from the exterior to the
interior of highly porous 3D TCC without any notable aggregation of
components (Fig. 4c). In particular, another promising feature of our
approach was the fact that the deposited multilayers still maintained
their densely NP-packed structure despite the tremendous increase in
the mass loading of active components, which could be highly advan-
tageous for favorable rate capability and high energy efficiency.

To confirm whether the substantially increased surface area of TCCs
could be efficiently utilized for the electrochemical reaction, we calcu-
lated the electrochemical surface area (ECSA) from the double-layer
capacitances (Cq) obtained in the scan rate-dependent CV curves
(Fig. 528). The CV scans were recorded in the non-Faradaic potential
region ranging from —0.1 to 0 V at different scan rates ranging from 10
to 50 mV s~ . In this case, the measured ECSA of 25-MnPP-TCC was
nearly 254 times higher than that of flat (Fe304 NP/MnPP/ITO NP/
MnPP)y electrode, evidently implying the enlarged surface area of
porous TCCs. The CV curves of m-MnPP-TCCs displayed the typical
pseudocapacitive features with high current responses and large CV
area, which also regularly increased with increasing the periodic num-
ber (or mass loading) from 15 (~5.5 mg cm’z) to 25 (~9.8 mg cm?)
(Fig. 4d and Fig. S29). However, this behavior was in stark contrast to
that of (FesO04 NP/PAA/ITO NP/PAA),5 multilayer-coated TCC (i.e., 25-
PAA-TCC) with a significantly distorted CV shape despite the same mass
loading (~9.8 mg cm’z) (Fig. S30). Additionally, the GCD profiles with
quasi-triangular shapes of m-MnPP-TCCs implied stable charge storage
behaviors (Fig. S31). In this case, the 25-MnPP-TCC exhibited a
maximum Carea) Of ~2.1 F cm ™2 at a current density of 3.0 mA em 2 with
a high Coulombic efficiency of ~98 %, outperforming previously re-
ported Fe3O4-based electrodes (Fig. 4e and Table S1). On the other hand,
the GCD profile of 25-PAA-TCC showed a plateau in a high voltage re-
gion at a current density lower than 50 mA cm™2 during the charging
step (Fig. S32), mainly caused by the irreversible current consumption
such as electrolyte decomposition [56,57]. This phenomenon implied
that the insulating PAA ligands severely limited the charge transfer ki-
netics at the high mass loading of electrodes. As a result, the 25-PAA-
TCC showed a much lower Curea) (—0.13 F cm™2) at a current density
of 50 mA cm 2 than that of the 25-MnPP-TCC (~0.80 F cm™?), with a
low Coulombic efficiency of ~58 % (Fig. S33). This large difference in
the energy efficiency implied that the ligand-induced charge transfer
effects could be more intensified at higher mass loading of active ma-
terials on the porous TCCs, compared to the case of flat electrodes. The
enhanced charge transfer of m-MnPP-TCCs was further confirmed by the
EIS results that the R¢; of 25-MnPP-TCC (~1.8 Q) was much lower than
that of 25-PAA-TCC (~14.5 Q) (Fig. S34). That is, the 25-PAA-TCC could
not effectively utilize the structural advantages of TCC with large surface
area due to the presence of polymeric ligands with insulating properties.
On the other hand, the MnPP ligands adsorbed onto all surface of NPs
could provide an efficient pathway for charge transport and a favorable
electrolyte reservoir. As a result, the 25-MnPP-TCC maintained ~72 %
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of its initial capacitance with a high Coulombic efficiency of ~99 % after
5000 GCD cycles at a current density of 50 mA cm ™2 in spite of the high
mass loading of ~9.8 mg cm ™2 (Fig. 4f), which was mainly attributed to
the formation of favorable and robust interfacial bonding between
neighboring NPs bridged by the MnPP ligands.

Additionally, in order to confirm the possibility for applying the m-
MnPP-TCCs to asymmetric pseudocapacitors, we constructed a full-cell
system composed of 25-MnPP-TCC as a negative electrode and carbon
textile (CT) as a positive electrode (i.e., 25-MnPP-TCC//CT) using a 1.0
M NaySOy4 electrolyte. In this case, the positive CT electrode displayed a
stable EDLC behavior in the potential window of 0-0.9 V (vs Ag/AgCl)
(Fig. S35a), and its total charge amount was equally balanced with the
counter 25-MnPP-TCC electrode. As a result, the overall potential win-
dow of 25-MnPP-TCC//CT device could be successfully extended up to
1.8 V (Fig. S35b), which was also identified from stable charging/dis-
charging behaviors in the scan rate-dependent CV and the current
density-dependent GCD curves (Fig. S35¢-S35d). In this case, the areal
energy and power densities of 25-MnPP-TCC//CT were calculated to be
~613 pW h cm~2 and ~39.5 mW cm ™2, respectively, outperforming the
previously reported studies using Fe3O4 as an active material (Fig. 4g
and Table S2). These results evidently demonstrated that the MnPP li-
gands, which can directly bridge the interfaces between high-energy
TMO NPs and conductive NPs, have significant impacts on the overall
energy storage performance, and furthermore, that the better under-
standing of these ligand effects become increasingly important in
developing high-performance energy storage electrodes.

3. Conclusion

In this study, we demonstrated that the overall electrochemical
performance of TMO NP-based pseudocapacitor electrodes could be
significantly improved by the redox-active ligand (i.e., MnPP ligand)-
mediated LbL assembly based on the well-defined interfacial in-
teractions. Our approach highlighted that the ligand design of TMO NPs
could have a significant effect on the charge transfer kinetics within the
electrode, and furthermore it could provide an optimal electrode
structure for realizing high-performance energy storage electrodes that
require high energy/power densities and rate capability. The MnPP li-
gands were LbL-assembled with high-energy Fe3O4 and conductive ITO
NPs, effectively eliminating the electrochemically inactive native li-
gands as well as directly and robustly bridging the interface between
neighboring NPs without the use of polymeric binders. Owing to this
effective replacement of inactive/insulating organic species with elec-
trochemically active MnPP ligands, the resultant TMO NP-based elec-
trodes could exhibit a higher capacity and more facile charge transfer
than insulating polymeric ligand-mediated electrodes, even at high
electrode packing density. Particularly, in the case of using porous TCCs
with large surface area instead of flat current collectors, the electro-
chemically active effect of MnPP ligands on the overall energy storage
performance of TMO NP-based electrodes could be more clearly
observed. Note that the high mass loading of active TMO NPs could be
easily applied to textile electrodes without sacrificing the charge
transfer kinetics within the electrodes. Considering that the redox-active
MnPP-mediated LbL assembly is based on effective control of the ligand
type, interfacial interactions, and structural design within the elec-
trodes, we believe that our approach can provide a basis for developing
and designing high-performance energy storage devices.
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