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A B S T R A C T   

Energy storage performance of pseudocapacitors (PCs) critically depends on the integration and distribution of 
electrochemically active materials and conductive fillers as well as the intrinsic energy storage capacity of active 
materials. This is particularly challenging for nano-sized pseudocapacitive materials that offer high energy 
density but suffer from low electrical conductivity. Additionally, conventional electrode fabrication methods 
often neglect crucial interfacial interactions and electrolyte wettability essential for nanoparticle-based PC 
electrodes in a 3D structure, which can lead to performance degradation. Here, we present a novel approach to 
fabricate 3D-structured pseudocapacitor electrodes by directly and sequentially assembling hydrophobic energy 
nanoparticles (NPs) and hydrophilic carbon nano-oligomers (CNOs) with branched space arms onto 3D textile 
current collectors, eliminating the need of insulating and hydrophobic organic components. This assembly based 
on direct interfacial multidentate interactions between MnOx NPs and CNOs ensure a uniform nano-level dis
tribution over the entire metallic textile surface. The resulting positive electrodes (i.e., MnOx NP/CNO-based 
textiles) exhibit the outstanding areal capacitance of ~1,725 mF cm− 2 at 5.0 mA cm− 2. This capacitance can 
be further increased to ~3,244 mF cm− 2 at 10 mA cm− 2 via a multi-stacking method. When paired with negative 
electrodes (i.e., Fe3O4 NP/CNO-based textiles) fabricated using the same approach, asymmetric full-cell 
demonstrate remarkable areal energy/power densities that surpass those of conventional pseudocapacitors.   

1. Introduction 

Pseudocapacitors (PCs) have emerged as promising energy storage 
solutions that can bridge the gap between high-power carbon-based 
electric double-layer capacitors (EDLCs) and high-energy rechargeable 
batteries [1–6]. These systems are characterized by storing charges 
through the fast Faradaic processes at or near the surface of the active 
materials (within the range of ten nanometers from the surface), which 
do not involve phase transformations. Therefore, reducing the size of the 
active materials− ideally to the nanoscale− can result in higher energy 
efficiency and good rate-capabilities [7–10]. That is, the use of 

nanomaterials for PCs enables to expand the electrochemically active 
surface area and minimize the charge transfer distance between adjacent 
components, thereby further boosting the performance of the electrodes. 
In this regard, multivalent transition metal oxide nanoparticles (NPs), 
such as MnOx and FeOx, have received great attention as potential 
candidates for pseudocapacitive materials due to their high theoretical 
capacitance originating from multi-electron-mediated oxidation states, 
as well as their facile tunability into various nanostructures [1–4,7]. 

Importantly, to fully utilize the advantages of such active NPs, the 
key consideration is to ensure a uniform and stable distribution within 
the electrode through the efficient integration of NPs with supporting 
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components, such as conductive fillers and binders. Basically, these 
supporting components play a significant role in facilitating charge 
transfer within the electrode and/or imparting appropriate surface 
properties to active materials [11–14], which improves the electro
chemical performance as well as the structural integrity. However, 
conventional mechanical mixing approaches to form an active slurry 
have much difficulty in effectively meeting the aforementioned re
quirements, which can become more problematic as the particle size 
decreases to the order of a few nanometers [12]. The essence of such 
problems lies in the reliance on simple physical mixing, which neglects 
complementary interfacial interactions between active NPs and 
conductive fillers [15,16]. In general, achieving an optimal electrode 
design for higher energy density involves maximizing the mass ratio of 
active materials to the other supporting components (i.e., conductive 
fillers and binders) as much as possible. However, active NPs with 
extremely large active surface areas not only possess organic ligands 
which can act as contact resistance within electrodes [17,18], but also 
require large amounts of polymeric binders to connect adjacent elec
trode components and/or stabilize the NP interfaces [16,19]. Despite the 
introduction of these electrochemically inactive organic components 
(organic ligands and binders), a simple mechanical mixing process is not 
sufficient to achieve uniform dispersion of active NPs and conductive 
fillers within the electrode. As a result, this dilemma of active NPs leads 
to sluggish charge transfer between adjacent active NPs, resulting in a 
decrease in the electrochemical performance of the electrode [20,21]. 

Another crucial factor that should not be overlooked is the influence 
of electrolyte wettability on the electrode components. For example, 
when assembling the PC electrodes with polar solvents (particularly 
aqueous electrolytes) for better rate performance, conventional hydro
phobic carbon-based conductive fillers (e.g., CNT and/or carbon black) 
and poly(vinylidene fluoride) binders can impede effective charge 
transfer between neighboring active components due to the formation of 
a thick diffusion layer at the electrode/electrolyte interfaces [19,22,23]. 
In particular, the hydrophobic CNTs with a high-aspect-ratio (typically 
several hundred micrometers in length) are prone to bundling due to 
their poor dispersion stability, resulting in uneven charge distribution. 
Similarly, this feature tends to be more prominent when using 
nano-sized active materials [24]. Although some studies have utilized 
the acid treatment method of carbon materials to introduce functional 
groups for incorporation with active materials, hydrophobic polymeric 
binders and additional conductive fillers are still required for preparing 
electrodes [25–27]. To the best of our knowledge, studies on binder-free 
pseudocapacitor electrodes using surface-modified carbon black as
sembly have never been reported by other research groups. 

In this regard, to fully exploit the size advantage of PC NPs and to 
control the electrolyte wettability of the electrode components, it is 
highly important to develop a unique assembly approach that can 
properly arrange the conductive components at the interfaces between 
neighboring NPs, while directly connecting them without the presence 
of insulating and hydrophobic components. Although it has been re
ported that cationic amine (NH3

+) or neutral amine (NH2)-functionalized 
CNTs can also be assembled with active NPs or chemically reduced MnO 
layer without polymeric binders through electrostatic-bonding layer-by- 
layer (LbL) assembly, the PC electrodes fabricated from such approaches 
exhibited relatively low areal energy storage performance due to low 
loading amounts of adsorbed PC components onto bulky CNTs [28,29]. 
In particular, given the significance of areal performance (areal capac
itance, areal energy density, and areal power density) for the practical 
utilization of PC devices [30,31], a novel assembly approach is required 
to ensure uniform and dense deposition of active components over the 
entire regions, ranging from the interior to the exterior, of 3D porous 
current collectors with extremely large areal surfaces but complex 
structures. Addressing these challenges will unlock the full potential of 
NP-based PC electrodes and pave the way for highly efficient energy 
storage devices. 

In this study, we introduce a conductive linker-based nanoblending 

approach of active NPs for developing high-performance binder-free 
pseudocapacitive textiles. This approach involves the direct and robust 
assembly of hydrophobic PC NPs with hydrophilic carbon nano- 
oligomers (CNOs) onto 3D textile current collectors, completely elimi
nating the presence of insulating or hydrophobic organic components 
within electrode. Initially, hydrophobically aggregated pristine carbon 
blacks were converted into hydrophilic/conductive CNOs with a size 
range of 20–30 nm and branched space arms through chemical treat
ments, granting them high dispersion in polar solvents. These solution- 
processable CNOs served a dual function, acting as both conductive 
fillers with branched space arms and multidentate linkers, directly 
bridging all interfaces within the electrodes without any aid of hydro
phobic or hydrophilic polymeric binders. By strategically incorporating 
functional groups into CNOs, we established a robust multidentate 
bonding between PC NPs and CNOs. This assembly ensured a uniform 
distribution of electrode components at the nanoscale without the use of 
insulating polymeric binders, constructing a more efficient charge 
transfer network within the electrodes. Importantly, the hydrophilic 
functional groups of CNOs completely replaced the original hydrophobic 
organic ligands on the PC NPs, inducing hydrophilic properties 
throughout the entire electrode. In this regard, we emphasize that our 
binder-free approach using a robust assembly of interfacial interactions 
between a few nm-sized PC NPs and CNOs is obviously different from the 
approaches reported by other research groups. 

To further demonstrate the effectiveness of our approach, we utilized 
oleate ligand-stabilized MnOx NPs (OA-MnOx NPs) with a diameter of 
8.3 nm as positive/active components in a pseudocapacitor model sys
tem. Although the MnOx NPs themselves have high theoretical capaci
tance values, they seriously suffer from poor electrical conductivity 
close to insulating properties. However, by using our assembly method 
with CNOs, we were able to achieve a significant improvement in 
electrochemical performance, which was entirely due to the assembled 
CNOs. For this goal, the OA-MnOx NPs are sequentially assembled with 
CNOs onto highly porous Ni textile current collectors (NTCs) fabricated 
by the metallization of carbonized cotton textiles (CCTs). The resulting 
positive electrodes (i.e., (MnOx NP/CNO)-based NTCs with a MnOx NP 
loading mass of ~5.0 mg cm− 2) delivered an exceptionally high areal 
capacitance of ~1,725 mF cm− 2 (at 5.0 mA cm− 2). This value could be 
further enhanced to ~3,244 mF cm− 2 (at 10 mA cm− 2) through a multi- 
stacking method. It should also be noted that the notable enhancement 
of energy storage performance through multi-stacked textile electrodes 
is achieved by highly uniform and porous structure of textile electrode. 
In stark contrast, comparative MnOx slurry-cast NTCs displayed a 
notably lower areal capacitance of ~125 mF cm− 2 at the same condi
tions. Furthermore, we also applied our approach to different metal 
oxide such as negative/active Fe3O4 NPs to fabricate asymmetric full- 
cell (AFC) devices composed of the (MnOx NP/CNO)-based NTCs (pos
itive electrodes) and the (Fe3O4 NP/CNO)-based NTCs (negative elec
trodes). These AFC devices demonstrated successful operations in both 
aqueous and polymer-gel electrolytes with impressive areal energy/ 
power densities and rate capabilities. Given the formation of direct/ 
robust interfaces between metal oxide NPs and hydrophilic/conductive 
CNOs without any insulating organics, we believe that our approach can 
provide a basis for designing various high-performance energy storage 
electrodes. 

2. Results and discussion 

2.1. Direct multidentate assembly using CNOs 

For the preparation of pseudocapacitor electrodes using a direct 
multidentate assembly, hydrophobic pristine carbon black aggregates 
were first converted into hydrophilic carboxylic acid (COOH)-modified 
CNOs with good dispersion stability in ethanol (Fig. 1A and S1A). The 
pristine carbon black aggregates agglomerated into a lump, whereas the 
prepared CNOs exhibited a branched morphology consisting of several 
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Fig. 1. (A) Schematic illustrations and FTIR spectra of pristine carbon black aggregates (left) and surface-modified CNOs (right). (B) HR-TEM images of CNOs 
(dispersed in ethanol) with a disordered graphite-like crystalline region (inset). (C) Schematic diagrams of an in-situ ligand replacement reaction between the 
multiple COOH groups of CNOs and the native OA ligands on the surface of MnOx NPs. (D) FTIR spectra and corresponding schematic representations of (MnOx NP/ 
CNO)n multilayers as a function of bilayer number (n). (E) Mass changes (Δm) of (MnOx NP/CNO)n multilayers with increasing the bilayer number (n) from 0 to 10 in 
the QCM analysis. (F) Planar (left) and cross-sectional FE-SEM images with EDS mapping images (right) of the multilayers (n = 40). 
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carbon NPs with diameters of 20–30 nm and a disordered graphite-like 
crystalline region, which was confirmed by high-resolution transmission 
electron microscopy (HR-TEM) (Fig. 1B and S1B). The X-ray diffraction 
(XRD) patterns of the CNOs revealed two broad peaks at ~24.7 and 
43.3◦, corresponding to the graphitic (002) and (100)/(101) planes, 
which was consistent with those of pristine carbon blacks (Fig. S1C) 
[32]. The successful formation of multiple COOH groups on the CNO 
surface was demonstrated by Fourier transform infrared (FTIR) spectra, 
which showed the appearance of C = O (at 1,697 cm− 1) and C − O (at 1, 
250–1,000 cm− 1) stretching vibrations, along with the stationary C − C 
stretching vibration (at 1,540 cm− 1) of their aromatic rings (see Fig. 1A) 
[33,34]. In terms of electrical properties, the spin-coated CNO films 
exhibited a sheet resistance of ~6.35 × 103 Ω sq− 1 at a thickness of 
~240 nm, which was equivalent to an electrical conductivity of ~6.56 S 
cm− 1. These results suggested that the CNOs could serve as both 
conductive fillers and multidentate linkers, directly bridging neigh
boring metal oxide NPs via multiple COOH groups, while preserving the 
original physicochemical properties of pristine carbon blacks. 

We also synthesized high-energy OA-MnOx NPs as positive/active 
materials to prepare pseudocapacitor electrodes through a direct mul
tidentate assembly with the conductive CNOs. The solvothermally syn
thesized OA-MnOx NPs showed an average diameter of ~8.3 nm and a 
well-ordered crystalline phase with good dispersion stability in toluene 
(Fig. S2). In this case, the bulky OA ligands used to synthesize the MnOx 
NPs ensure high-quality colloidal properties [35,36]; however, these 
bulky/insulating organics pose a significant barrier to electron transfer 
between neighboring MnOx NPs within the electrodes [36,37]. To 
overcome this drawback and improve the electron transfer, we induced 
an in-situ ligand replacement reaction that effectively removed the 
insulating/native OA ligands using direct multidentate interactions be
tween the COOH groups of CNOs and the surface of MnOx NPs (Fig. 1C). 
To better understand these interactions, the FTIR spectra of (MnOx 
NP/CNO)n multilayers (here, n is bilayer number) were collected during 
the sequential deposition of OA-MnOx NPs and CNOs. During each 
deposition process, we ensured complete saturation of the component 
adsorption by carefully controlling the experimental parameters such as 
concentration and dipping time of the component solutions. Since 
OA-MnOx NPs, unlike CNOs, exhibited prominent C − H stretching vi
bration (at 3,000–2,800 cm− 1) originating from the long alkyl chains of 
the OA ligands (Fig. S3) [38,39], the ligand replacement was confirmed 
by the appearance and disappearance of the C − H stretching peak. 
Specifically, when the OA-MnOx NPs were deposited on the outermost 
surface of the substrates (as indicated by n = 0.5 and n = 1.5 in Fig. 1D), 
the C − H stretching peak was obviously detected due to the remaining 
OA ligands on the upper surface of the MnOx NPs. Conversely, the in
tensity of the C − H stretching peak significantly decreased when the 
CNOs were subsequently deposited on the MnOx NP-coated surface (as 
indicated by n = 1.0 and n = 2.0 in Fig. 1D). These contrasting phe
nomena demonstrated the complete removal of the native OA ligands by 
the CNOs, which was further supported by the periodic changes in the 
water contact angles of the multilayers in the assembly process (Fig. S4). 
In addition, it was worth noting that the multiple COOH groups of CNOs 
generated the strong bonding with the surface of MnOx NPs through the 
coordination of one or two O atoms in the form of carboxylate ion 
(COO− ), which was identified from the asymmetric (vas; at 1,577 cm− 1) 
and symmetric (vs; at 1,415 cm− 1) COO− stretching vibrations in the 
FTIR spectra (Fig. 1D) [40,41]. That is, the numerous COOH groups of 
single CNOs could establish stronger direct multidentate interactions 
with the surface of multiple MnOx NPs compared to the mono
dentate/native OA ligands [39,41]. This superiority enabled the con
struction of robust pseudocapacitor electrodes without the existence of 
insulating organic components including polymeric binders and native 
ligands. 

Based on this direct multidentate assembly, we observed the bilayer 
number-dependent growth behaviors of the (MnOx NP/CNO)n multi
layers by UV–vis spectroscopy (Fig. S5) and quartz crystal microbalance 

(QCM) measurements (Fig. 1E). During the alternating deposition of OA- 
MnOx NPs and CNOs, a consistent and uniform growth trends were 
monitored in the qualitative absorption and quantitative loading mass. 
When the loading mass (Δm) was calculated based on the Sauerbrey 
equation in the QCM analysis, the average Δm per (MnOx NP/CNO)1 
bilayer was estimated to be ~3.38 μg cm− 2, with the MnOx NPs and 
CNOs accounting for 75.8 and 24.2 %, respectively. The total film 
thickness of the multilayers increased linearly from ~137 (n = 10) to 
535 nm (n = 40), accompanied by the homogeneous incorporation of 
CNOs within the MnOx NP arrays, as observed in field-emission scanning 
electron microscopy (FE-SEM) and energy-dispersive X-ray spectroscopy 
(EDS) mapping images (Fig. 1F and S6). In this case, the mass density of 
the multilayers was measured to be ~2.53 g cm− 3, which was a rela
tively higher than those reported in previous studies for MnOx-based 
electrodes (<1.70 g cm− 3) [42–44]. Furthermore, it should be noted that 
our CNO-mediated multidentate assembly could be extended to other 
metal oxide NPs such as negative/active OA-Fe3O4 NPs (Fig. S7), 
allowing the construction of asymmetric full-cell devices when paired 
with the positive (MnOx NP/CNO)-based electrodes (more details will be 
given later). 

2.2. Pseudocapacitor electrodes using a direct multidentate assembly 

After the successful assembly of (MnOx NP/CNO)n multilayers, we 
investigated their electrical and electrochemical properties as pseudo
capacitor electrodes. For this study, these multilayers were deposited on 
flat indium tin oxide (ITO) glasses as current collectors (referred to as 
(MnOx NP/CNO)n electrodes). First, the electrodes (n = 40) exhibited an 
ohmic conduction mechanism with significantly higher current levels 
above 10− 1 mA cm− 2 compared to spin-coated pristine OA-MnOx NP 
films with insulating properties (current levels of ~10− 8 mA cm− 2) in 
two-probe conductivity measurements (see the details in Fig. S8). This 
result clearly implied that the electron transfer rate could be markedly 
enhanced by the uniformly distributed CNOs within the MnOx NP arrays 
through a direct multidentate assembly (Fig. 2A). 

The electrochemical charge storage capability of (MnOx NP/CNO)n 
electrodes was then systematically analyzed using a three-electrode 
configuration with an aqueous 0.5 M Na2SO4 electrolyte in the poten
tial range of 0 to 0.8 V (vs. Ag/AgCl). When cyclic voltammetry (CV) 
scans were conducted at 100 mV s− 1, the current responses increased 
proportionally with increasing the bilayer number (or loading mass) 
from 10 to 40 (Fig. 2B). In this case, the total charge density obtained 
from the integrated CV area showed a linear increase according to the 
bilayer number (Fig. 2C), suggesting that the electrode capacitance 
could be further enhanced by simply adjusting the bilayer number. 
Notably, despite the Faradaic reactions of MnOx NPs, the electrodes 
exhibited quasi-rectangular CV shapes like an electric double-layer 
capacitance (EDLC) behavior. This charge storage mechanism could be 
driven by the rapid and sequential multiple surface redox reactions of 
MnOx NPs, specifically involving the surface adsorption of electrolyte 
cations (i.e., Na+) and the incorporation of protons [MnOx + xNa+ +

yH+ + (x + y)e− → MnOx− 1ONaxHy] [45]. Additionally, considering that 
the EDLC characteristics of the CNOs displayed a negligible CV area 
(Fig. S9), it could be reasonably concluded that the capacitive behaviors 
of the electrodes were mainly governed by the high-energy MnOx NPs 
rather than the CNOs. The scan rate-dependent CV curves of the elec
trodes were also shown in Fig. S10. Although the CV curves became 
closer to spindle-like shapes with increasing the scan rate due to the 
polarization effect with increasing the scan rate [46], their overall 
shapes were maintained without significant distortion even at the high 
scan rate of 300 mV s− 1. To gain a deeper understanding of charge 
storage kinetics, we quantitatively separated the capacitive- and 
diffusion-controlled currents in the scan rate-dependent CV curves for 
the electrodes (n = 40) based on the Dunn’s method using a following 
equation [7]: 
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i(V) = k1(V)v + k2(V)v
1
2 (1)  

where i(V) is the current at a certain potential (V), involving the 
capacitive- (k1v) and diffusion- (k2v1/2) controlled currents at the scan 
rate (v). As a result, the capacitive-controlled contribution was 
measured to be ~47.7 % at 10 mV s− 1 and gradually increased to ~85.1 
% at 300 mV s− 1 (Fig. 2D and 2E). This phenomenon implied that the 
electrochemically accessible surface, mainly determined by the elec
trode structure, played a more dominant role in the charge storage (or 
capacitance) with increasing the scan rate [47]. 

To obtain the capacitance values of the (MnOx NP/CNO)n electrodes, 

we performed galvanostatic charge/discharge (GCD) with increasing the 
current density from 0.1 to 4.0 mA cm− 2 (Fig. S11). In this case, the GCD 
curves displayed quasi-triangular shapes and much longer charge/ 
discharge times with increasing the bilayer number, which was consis
tent with the observations in the aforementioned CV curves with an 
EDLC-like behavior. The electrodes (n = 40) exhibited a maximum areal 
capacitance of ~32.9 mF cm− 2 at 0.1 mA cm− 2 while retaining ~57.4 % 
of their initial value even at 4.0 mA cm− 2 (Fig. 2F). When the specific 
and volumetric capacitance values were calculated on the basis of the 
total loading mass and film thickness of the electrodes, they were 
measured to be ~243 F g− 1 (~321 F g− 1 based on the loading mass of 

Fig. 2. (A) Schematic illustrations of (MnOx NP/CNO)n electrodes with enhanced charge transfer kinetics. (B) CV curves and (C) corresponding total charge density 
of (MnOx NP/CNO)n electrodes at 100 mV s− 1 with increasing the bilayer number (n) from 10 to 40. (D) Capacitive-controlled currents in the CV curve of the 
electrodes (n = 40) at 100 mV s− 1. (E) Relative contribution ratios between capacitive- (green bars) and diffusion- (red bars) controlled charge storage of the 
electrodes (n = 40) at different scan rates in the range of 10 to 300 mV s− 1. (F) Areal capacitance (CAreal) values at various current densities in the range of 0.1 to 4.0 
mA cm− 2 and (G) Nyquist plots of (MnOx NP/CNO)n electrodes as a function of bilayer number. (H) Capacitance retention (left axis) and Coulombic efficiency (right 
axis) of the electrodes (n = 40) during 10,000 GCD cycles at 2.0 mA cm− 2. The schematic representations (inset) indicate direct multidentate interactions between 
MnOx NPs and CNOs, allowing the stable electrochemical operation. 
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only MnOx NPs) and ~615 F cm− 3, respectively (Fig. S12). The excellent 
rate capability of the (MnOx NP/CNO)n electrodes was further clarified 
by electrochemical impedance spectroscopy (EIS) in the frequency range 
of 105 to 0.1 Hz (Fig. 2G). When the bilayer number increased from 10 to 
40, the electrodes showed only slight increments in charge transfer 
resistance (Rct; as observed from the extending semicircles in the high- 
frequency region) and ion diffusion resistance (as observed from the 
declining slopes of the tails in the low-frequency region). That is, despite 
a substantial increase in the loading mass (or film thickness) of poorly 
conductive MnOx NPs, the observed resistance behaviors verified the 
efficient charge transfer in the electrodes, which was mainly achieved by 
the interconnected conductive network of uniformly distributed CNOs. 
It was also worth noting that the multidentate bonding-induced CNOs 
enabled robust structural integrity through strong interfacial in
teractions between the MnOx NPs and the CNOs. The electrodes (n = 40) 
exhibited a long-term operational stability of ~88.4 % relative to their 
initial value with a high Coulombic efficiency of ~99.8 % after 10,000 
GCD cycles at 2.0 mA cm− 2 (Fig. 2H). In addition, the capacity retention 
of above 100 % at the beginning of GCD cycling was caused by an in
crease in the electrochemically accessible surface area between MnOx 
NPs and electrolytes within the electrodes [48]. 

2.3. Pseudocapacitive textile using a direct multidentate assembly 

Building on the promising charge storage of (MnOx NP/CNO)n 
electrodes, we extended our direct multidentate assembly to 3D porous 
current collectors to dramatically enhance their areal performance 
levels (Fig. 3A). The use of porous current collectors allows for a sig
nificant increase in the loading mass of active components without 
compromising charge transport, a typical issue associated with thick
ened electrode layers. To exploit this potential advantage, we prepared 
Ni textile current collectors (NTCs) by using the metallization of CCTs 
(Fig. S13). During this preparation process, a thin Ni layer of ~210 nm 
was uniformly electrodeposited on the carbonized surface of all indi
vidual fibrils without disturbing the porous structure of the textiles 
(Fig. S14 and S15). More importantly, although the total surface area of 
the NTCs inevitably decreased with the electrodeposition of the Ni layer 
(Fig. S16), the NTCs showed a prominent improvement in electrical 
conductivity by three orders of magnitude. That is, the NTCs showed an 
extremely low sheet resistance of ~2.80 × 10− 2 Ω sq− 1, which was in 
stark contrast to the CCTs with a sheet resistance range from 20 to 40 Ω 
sq− 1. These structural and electrical benefits of the NTCs as 3D porous 
current collectors could lead to notably improved electrochemical per
formance compared to when using the CCTs (more details will be given 
later). 

Additionally, our 3D porous 660 μm-thick NTCs exhibited much 
higher specific surface area (~0.275 m2 g− 1) than 3D porous Ni foams 
(~0.035 m2 g− 1 at a thickness of 1,600 μm) and 2D flat Ni foils (~0.006 
m2 g− 1 at a thickness of 20 μm), as determined by mercury intrusion 
porosimetry (MIP) measurements and geometric calculations. The 
significantly higher specific surface area of the porous NTCs compared 
to the porous Ni foams could be supported by a denser and more 
compact porous network with smaller pores, as also easily observed in 
the same magnified FE-SEM images (Fig. 3B). As a result of this 
increased surface area of the NTCs, when the (MnOx NP/CNO)n multi
layers were incorporated into the current collectors, the loading mass of 
MnOx NPs on the NTCs increased by more than ~97 times compared to 
that on the Ni foils at the same bilayer number (Fig. S17). In addition, 
the FE-SEM and EDS mapping images clearly represented that the (MnOx 
NP/CNO)20 multilayer-coated NTCs (i.e., (MnOx NP/CNO)-NTCs) 
exhibited a conformal coating on all inner/outer Ni fibrils without any 
notable aggregates (Fig. 3C and S18). Despite the high loading mass of 
MnOx NPs (~5.0 mg cm− 2), their textile structure with numerous pores 
was successfully preserved to ensure efficient ion transport. For the 
comparison with conventional methods, we additionally prepared MnOx 
slurry-coated NTCs (i.e., (MnOx slurry)-NTCs) using the physical 

blending of commercial MnO2 powder, pristine carbon blacks, and 
COOH group-containing poly(acrylic acid) (PAA) binder at a weight 
ratio of 8:1:1. However, the highly concentrated and viscous slurries 
resulted in an uneven morphology with pore clogging and agglomera
tion within the NTCs, preventing the effective utilization of the porous 
structure (Fig. 3D). 

As expected from the uniformity of the electrodes, the overall per
formance of the (MnOx NP/CNO)-NTCs significantly exceeded that of 
the (MnOx slurry)-NTCs. For this investigation, electrochemical tests 
were performed for each electrode with the same loading of active MnOx 
(~5.0 mg cm− 2) and the increased concentration (1.0 M) of a Na2SO4 
electrolyte, considering the substantial difference in active surface area 
between porous and flat electrodes. As shown in the scan rate-dependent 
CV curves (Fig. 3E and S19), the (MnOx NP/CNO)-NTCs exhibited more 
desirable capacitive characteristics with larger CV area compared to the 
(MnOx slurry)-NTCs. This large difference in the current responses of the 
CV curves between the (MnOx NP/CNO) and (MnOx slurry) electrode 
layers was similarly confirmed when using 2D flat ITO current collectors 
(Fig. S20). Meanwhile, the slight electrochemical deviation from the 
quasi-rectangular CV shapes (observed in the flat electrodes; Fig. 2B) 
was caused by the significantly increased loading mass of the poorly 
conductive MnOx NPs. Additionally, as evidenced from the difference 
with the CV area of bare NTCs, the overall capacitance was mainly 
contributed by the electrode layer composed of MnOx NPs rather than 
the underlying NTCs. Furthermore, the EIS measurements showed that 
the (MnOx NP/CNO)-NTCs possessed considerably faster charge transfer 
kinetics (Rct of ~2.4 Ω) than the (MnOx slurry)-NTCs (Rct of ~102 Ω) 
through the fitting using a Randle circuit model (Fig. 3F and S21). Due to 
this favorable charge transfer network, the (MnOx NP/CNO)-NTCs 
provided an unprecedented areal capacitance of ~1,725 mF cm− 2 at 
5.0 mA cm− 2 (1.0 A g− 1) with a capacity retention of ~31.1 % (~537 mF 
cm− 2) even at the high current density of 30 mA cm− 2 (6.0 A g− 1) 
(Fig. 3G and S22). On the other hand, the (MnOx slurry)-NTCs yielded a 
remarkably low value of ~125 mF cm− 2 at 5.0 mA cm− 2 and a nearly 
negligible value at 30 mA cm− 2. This stark difference in performance 
levels evidently implied that our direct multidentate assembly fully 
exploited the structural benefits of 3D porous NTCs with a large surface 
area by providing the uniform nano-level deposition of the components. 
To further clarify the electrical benefits of the NTCs as 3D porous current 
collectors, we also compared the electrochemical characteristics of the 
(MnOx NP/CNO)-NTCs with the CCT-based electrodes with the same 
loading mass of electrode layers (Fig. S23). As a result, the NTC-based 
electrodes exhibited much lower equivalent series resistance (ESR) 
value than the CCT-based electrodes, resulting a large performance 
difference in terms of capacitance and rate capability. This indicated 
that the superior electrical properties of the 3D porous NTCs could 
contribute to a notable improvement in electrochemical performance. In 
addition, the electrochemical cycling stability of the (MnOx NP/CNO)- 
NTCs was also evaluated during 5,000 GCD cycles at 30 mA cm− 2, 
resulting in a satisfactory retention of ~69.6 % with a Coulombic effi
ciency of ~99.8 % (Fig. S24). 

Another important aspect of the use of 3D porous NTCs is the po
tential enhancement of areal performance levels through a multi- 
stacking method (Fig. 3H). Since the porous NTCs had a well- 
established charge transfer network based on their interconnected Ni 
fibrils and numerous pores, the (MnOx NP/CNO)-NTCs maintained their 
charge storage capability even in the multi-stacked state. Specifically, 
the two-stacked (MnOx NP/CNO)-NTCs showed an approximately twice 
the CV area of the single-stacked configuration, which was consistent 
with the increase in the loading mass of MnOx NPs (~10 mg cm− 2) upon 
stacking (Fig. S25A). In addition, the two-stacked (MnOx NP/CNO)- 
NTCs exhibited stable shapes during successive CV sweeps without 
notable deviations compared to the single-stacked configuration in the 
same range of scan rates from 10 to 300 mV s− 1 (Fig. S25B and S19A). 
The areal capacitance value of the two-stacked electrodes could be 
increased to ~3,244 (at 1.0 A g− 1) and 1,093 mF cm− 2 (at 6.0 A g− 1) 
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Fig. 3. (A) Schematic illustrations of 3D porous NTCs and (MnOx NP/CNO)-NTCs. (B) MIP analysis (left) and the same-magnified FE-SEM images (right) for 3D 
porous NTCs (top) and Ni foams (bottom). Planar and cross-sectional FE-SEM images of (C) (MnOx NP/CNO)-NTCs and (D) (MnOx slurry)-NTCs. Comparison of (E) 
CV curves at 100 mV s− 1, (F) Nyquist plots (with a Randles circuit model for fitting; inset), and (G) GCD curves at 5.0 mA cm− 2 between (MnOx NP/CNO)-NTCs and 
(MnOx slurry)-NTCs. (H) Schematic diagrams of multi-stacked (MnOx NP/CNO)-NTCs with efficient ion transport. (I) Comparison of areal capacitance (CAreal) values 
between non-stacked and two-stacked (MnOx NP/CNO)-NTCs at different current densities in the range of 1.0 to 6.0 A g− 1. (J) Comparison plots for the loading mass 
(of active MnOx materials) and areal capacitance (CAreal) of our work with other literatures. 
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(Fig. 3I and S26), outperforming the values reported in other studies 
using active MnOx materials (Fig. 3J and Table S1) [49–56]. Further
more, the areal capacitance could be increased up to ~4,523 mFcm− 2 

(at 1.0 A g− 1) with additional stacking (3-stack); however, the increase 
in the total electrode thickness by the multi-stacking process resulted in 
an increase in the overall ion diffusion length, leading to a slight 
decrease in the specific capacitance and rate capability of the (MnOx 
NP/CNO)-NTCs (Fig. S27). That is, our approach allowed a remarkable 
enhancement in the areal capacitance (or loading mass) of the electrodes 
through the effective utilization of 3D porous current collectors with a 
multi-stacking method, without experiencing performance degradation 
caused by thickened electrode layers. 

2.4. Asymmetric full-cell devices using pseudocapacitive textile 

To further demonstrate the practical application of (MnOx NP/CNO)- 
NTCs, we constructed an asymmetric full-cell (AFC) devices using a 1.0 
M Na2SO4 electrolyte (for aqueous AFCs) and a Na2SO4/PVA gel elec
trolyte (for solid-state AFCs), as illustrated in Fig. 4A. In particular, our 
approach could become a versatile platform assembly, which was 

applicable not only to MnOx NPs but also to other metal oxide NPs. Thus, 
we fabricated pseudocapaitor electrodes using negative/active Fe3O4 
NPs through the same CNO-mediated multidentate assembly on porous 
NTCs, which were paired with the (MnOx NP/CNO)-NTCs in the AFC 
devices. Similar to the case of using MnOx NPs, the (Fe3O4 NP/CNO)- 
NTCs exhibited a homogeneous coating over all Ni fibrils from the 
exterior to the interior region within the NTCs due to the favorable 
interfacial affinities between Fe3O4 NPs and CNOs (Fig. S28). In a half- 
cell configuration, the as-prepared (Fe3O4 NP/CNO)-NTCs with a Fe3O4 
NP loading mass of ~5.0 mg cm− 2 exhibited an electrochemically stable 
behavior in scan rate-dependent CV and current density-dependent GCD 
tests in the potential range of − 0.8 to 0 V (vs. Ag/AgCl), resulting in an 
areal capacitance of ~1,062 mF cm− 2 (Fig. S29). Then, the total stored 
charge of the negative (Fe3O4 NP/CNO)-NTCs was equally balanced 
with that of the positive (MnOx NP/CNO)-NTCs by adjusting their active 
area to achieve the best performance in the AFC devices (Fig. 4B). In this 
case, the optimal area ratio between the positive and negative electrodes 
was determined to be 1:1.3 based on the surrounded CV area at 100 mV 
s− 1. 

Based on these results, we assembled the negative (Fe3O4 NP/CNO)- 

Fig. 4. (A) Schematic illustrations of the NTC-AFCs with positive (MnOx NP/CNO)-NTCs and negative (Fe3O4 NP/CNO)-NTCs. (B) CV curves of positive (MnOx NP/ 
CNO)-NTCs and negative (Fe3O4 NP/CNO)-NTCs within the potential window of 0 to 0.8 V and 0 to − 0.8 V, respectively, at 100 mV s− 1. (C) CV curves with extending 
the voltage window from 0.6 to 1.6 V at 100 mV s− 1 and (D) current density-dependent GCD profiles (in the range of 10 to 50 mA cm− 2) of NTC-AFCs. 
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NTCs with the positive (MnOx NP/CNO)-NTCs to build the NTC-based 
AFC devices (i.e., NTC-AFCs). As shown in Fig. 4C, the potential win
dow of the NTC-AFCs could be successfully extended to 1.6 V at 100 mV 
s− 1 without any irreversible reactions. Particularly, considering that the 
potential window beyond 1.6 V may lead to the occurrence of the oxy
gen evolution reaction (OER) in aqueous electrolytes [47], we selected 
the optimal potential window of 1.6 V for further electrochemical 
analysis. In this potential window, the NTC-AFCs exhibited 
quasi-rectangular CV shapes without undergoing notable distortion in 
the range of scan rates from 10 to 300 mV s− 1 (Fig. S30). The GCD tests 
of the NTC-AFCs also revealed quasi-triangular and symmetric shapes in 
the range of current densities from 10 to 50 mA cm− 2 (Fig. 4D). These 
observations clearly demonstrated the good electrochemical revers
ibility and fast charge/discharge rates of the NTC-AFCs. When the areal 
capacitance was calculated from the GCD profiles based on the active 
area of the positive electrodes, it was determined to be ~590 mF cm− 2 at 
10 mA cm− 2, retaining 65.2 % of the initial value even at the high 
current density of 50 mA cm− 2. In addition, the NTC-AFCs delivered an 
impressive energy density of ~188 μWh cm− 2 at a power density of ~7.6 
mW cm− 2 and retained an energy density of ~83.1 μWh cm− 2 even at 
the high power density of ~30.8 mW cm− 2. These energy/power per
formance levels were higher than those recorded in previous literatures, 
which primarily fabricated the electrodes using conventional slurry 
casting methods (Table S2). It was also noteworthy that our NTC-AFCs 
could be successfully operated in an all-solid-state configuration using 
a Na2SO4/PVA gel electrolyte (Fig. S31A). In this case, the solid-state 
NTC-AFCs showed a stable electrochemical behavior in successive CV 
and GCD sweeps (Fig. S31B and S31C), which indicated potential 
practical applications in a variety of wearable/flexible electronics. 

3. Conclusion 

In conclusion, we introduced a conductive linker-based assembly 
approach to develop high-performance pseudocapacitive textile by 
directly integrating PC NPs and conductive CNOs with branched space 
arms on 3D porous NTCs. In particular, the multiple COOH moieties of 
CNOs induced an in-situ ligand replacement, which effectively removed 
the inactive/insulating ligands on the surface of PC NPs, thus enabling 
the direct multidentate bonding assembly of the electrodes based on 
robust interfacial interactions between the components. Due to this 
interfacial design, the conductive CNOs with multidentate bonding were 
homogeneously distributed within the PC NP arrays during the subse
quent assembly process, which contributed to the formation of an 
interconnected charge transfer network. Moreover, our assembly 
approach could fully exploit the structural advantages of the as-prepared 
3D porous NTCs with attractive properties (i.e., metal-like conductivity, 
large specific surface area, and numerous pores). The resulting positive 
(MnOx NP/CNO)-NTCs exhibited a notably high areal capacitance of 
~1,725 mFcm− 2 (at 5.0 mA cm− 2), which could be further enhanced to 
~3,244 mFcm− 2 (at 10 mA cm− 2) by multi-stacking. When these elec
trodes were coupled with the negative (Fe3O4 NP/CNO)-NTCs, the 
constructed NTC-AFC devices could be stably operated in both aqueous 
and polymer-gel electrolytes, exhibiting a maximum areal energy den
sity of ~188 μWh cm− 2 and a power density of ~30.8 mW cm− 2. With 
the deep consideration of the interfacial interaction between adjacent 
electrode components, we believe that our study can provide an insight 
for the design of electrochemical electrodes that require the intimate 
interfaces, optimal distribution, and high loading mass of the 
components. 
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