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A B S T R A C T   

Developing nonnoble electrocatalyst-based water-splitting electrodes with high operational stability and low 
overpotentials is one of the most critical challenges in commercially available water-splitting reactions. In this 
study, we present water-splitting textile electrodes enabling remarkably low overpotentials and high stable 
operation. We first assembled conductive multi-walled-carbon-nanotubes (MWCNTs) with amine molecule-based 
linkers onto cotton textiles and subsequently electrodeposited Ni onto the MWCNT-incorporated textile. For the 
preparation of hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) electrodes, NiMo and 
NiFe were further electrodeposited onto the Ni-electrodeposited textile electrode, respectively. These electrodes 
exhibited considerably low overpotentials in alkaline media (8 mV at 10 mA cm− 2 for HER and 189 mV at 50 mA 
cm− 2 for OER). Furthermore, the full-cell electrodes preserved a low cell voltage of 2.01 V at an unprecedentedly 
high current density of 3000 mA cm− 2 for a prolonged duration (> at least 1000 h).   

1. Introduction 

Serious concerns about global warming, environmental pollution, 
and energy crisis have led to a strong demand for renewable/clean en
ergy sources and processes that can completely replace conventional 
fossil fuels, which emit large amounts of carbon dioxide. Among various 
energy sources and processes, hydrogen (H2) gas produced from an 
electrolytic water-splitting reaction is considered one of the most 
promising energy sources and carriers due to its environmental friend
liness and high energy density [1–6]. However, its production efficiency 

is severely restricted by the short lifespan and low catalytic perfor
mances of hydrogen evolution reaction (HER) and oxygen evolution 
reaction (OER) electrodes used in water-splitting cells. Although noble 
metal catalysts such as Pt, Ru, and Ir exhibit high water-splitting effi
ciency, their scarcity and high cost present a significant obstacle to the 
improvement of commercially available electrolytic water-splitting 
electrodes (EWSE) [7,8]. Moreover, despite the use of these noble 
metal catalysts, the electrodes are still subject to the issue of short-term 
operation stability due to unfavorable interfacial interactions between 
catalysts and a host electrode, as well as between neighboring catalysts. 
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To address these issues, substantial research has been dedicated to 
developing high-performance electrodes with low overpotentials and 
long-term durability using a variety of nonnoble metal electrocatalysts, 
such as 3d oxides [9–11], phosphates [12–16], nitrides [17,18], sulfides 
[19,20], and perovskite, which have been explored in alkaline envi
ronments. For instance, depositing electrocatalytic Ni-based alloys onto 
3D-structured current collectors (i.e., porous carbon cloth or Ni foam) 
via chemical reduction or hydrothermal methods has resulted in elec
trodes exhibiting low overpotentials of 20–40 mV at 10 mA cm− 2 for 
HER [11,12,18,21] and 220–300 mV at 50 mA cm− 2 for OER [14–17,22, 
23] in KOH solution, respectively. However, ensuring operational 

stability and water-splitting efficiency at higher current density has 
proven challenging, primarily due to nonuniform deposition and poor 
interfacial interactions of electrocatalysts across all regions of 3D-struc
tured current collectors, ranging from the exterior to the interior. 

A cell voltage required for commercially available full-cell-devices 
comprised of HER and OER electrodes to deliver current densities of 
300–400 mA cm− 2 is approximately 1.7–2.4 V [6]. On the other hand, to 
sustainably produce larger amounts of hydrogen gas, the electrodes need 
to enable stable operation at higher current densities (> 400 mA cm− 2) 
for a long time. However, in most research works reported to date, the 
operational stability tests have been mainly conducted under current 

Scheme 1. Schematic representation of the fabrication of water-splitting electrodes using electrodeposition induced by MWCNT/small molecular linker assembly. 
The structures of assembled electrodes were ideally represented. 
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densities lower than 400 mA cm− 2, which also have much difficulty in 
securing the long-term operation time of above 1000 h [24,25]. 
Particularly, it is important to note that a significant increase in amounts 
of H2 and O2 gas bubbles generated from water-splitting cells at high 
current density has a strong impact on the operational stability of EWSEs 
because electrocatalysts are weakly adsorbed onto the host electrodes 
through conventional slurry casting, chemical reduction of electro
catalytic metal ions, or hydrothermal method. These phenomena are 
applicable to nearly all water-splitting electrodes, irrespective of 
whether they consist of noble or nonnoble metal catalysts. Therefore, to 
achieve long-term operation of commercially available EWSEs with high 
water-splitting efficiency even at an extremely high current density (>
2000 mA cm− 2), it is highly desirable to establish all-in-one structured 
interfaces within the electrodes, comprising the substrate, conductive 
components, and highly efficient electrocatalysts, through favorable 
interfacial interactions without any harsh chemical or high-temperature 
treatment [9–26]. Moreover, electrocatalysts should be conformally 
assembled across all regions of 3D-structured current collectors to 
maximize the electrocatalytic surface area of water-splitting HER and 
OER electrodes. 

Herein, we present the development of high-performance robust 
HER and OER electrodes with remarkably low overpotentials (8 mV at 
10 mA cm− 2 for HER and 189 mV at 50 mA cm− 2 for OER in 1 M KOH 
media at room temperature) and exceptional operation stability even 
under exceptionally high current density of 3000 mA cm− 2. These 
electrodes could be fabricated by employing molecular linker-mediated 
carbon nanotube assembly-induced nonnoble binary metal electrode
position without aids of noble metals and/or thermal treatments, as 
illustrated in Scheme 1. Particularly, considering that a harsh process 
such as high-temperature carbonization renders various textiles such as 
cotton, polyester, or nylon extremely vulnerable to external stimuli 
possibly induced by bubble pressure, it should be noted that our 
approach is widely applicable to a variety of textiles for the preparation 
of 3D current collectors. Additionally, our electrodes demonstrated a 
substantial active surface area, facilitated by the highly nano
protuberant structure in the case of the HER electrode and the nano
wrinkled structure for the OER electrode. Moreover, the formation of 
microporous structure (by numerous fibrils) within textile further could 
enhance the electrocatalytic performance of electrodes. 

Specifically, small molecular linker-mediated carbon nanotube as
sembly shown in our approach, has proven to be instrumental in 
achieving several key outcomes. One crucial aspect is the conformal 
deposition of a conductive seed layer onto the textile fibrils. This process 
further expands the surface area of the pristine textile without 
compromising its mechanical properties. Additionally, it effectively 
minimizes contact resistances between adjacent carbon nanotubes, 
leading to improved conductivity within the textile material. It is worth 
mentioning that the electrical conductivity of small molecular linker- 
mediated carbon nanotube assembled film is much higher than those 
of conventional carbon nanotube films. Additional notable advantage of 
our approach is that the enhanced surface area achieved through the 
carbon nanotube assembly has a significant impact on enlarging the 
active surface area of the resulting water-splitting electrodes. This 
improvement is a critical factor in enhanced performance and efficiency 
of the electrodes during the water-splitting process. That is, our 
approach’s utilization of small molecular linker-mediated carbon 
nanotube assembly is pivotal in expanding the textile’s surface area, 
improving conductivity, and providing a strong foundation for the 
water-splitting electrodes. In addition to providing a significantly 
expanded active surface area, the utilization of electroplated Ni alloy 
catalysts, namely NiMo for HER and NiFe for OER, offered more facile 
reaction pathways and a more robust mechanical structure compared to 
conventional Ni and hydrothermal-induced Ni alloys, respectively. This 
unique combination yielded unprecedently low overpotentials, sur
passing what could typically be achieved with Pt and Ir (or Ru) 
electrocatalyst-based electrodes, as well as previously reported Ni alloy- 

based electrodes. 
For this goal, we used carboxylic acid− functionalized multi-walled- 

carbon nanotubes (COOH-MWCNTs) assembled with amine (NH2)- 
functionalized molecular linkers (tris(2-aminoethyl) amine, TREN) onto 
cotton textile utilizing hydrogen-bonding interactions. The use of these 
molecular linkers with an exceptionally small molecular weight (Mw ~ 
146 g mol− 1) onto textile significantly reduced the interfacial contact 
resistances between neighboring COOH-MWCNTs and established direct 
bridging between adjacent COOH-MWCNTs as well as between pristine 
textile and COOH-MWCNTs. Additionally, the surface area of MWCNT/ 
TREN-assembled textile was 1.6 times larger than bare textile. For the 
preparation of the host electrodes with high conductivity comparable to 
bulk metal, a Ni layer was electrodeposited onto the outermost NH2- 
functionalized TREN-coated layer of COOH-MWCNT/TREN-assembled 
textile. Thereafter, either Ni-Mo or Ni-Fe layer was subsequently elec
trodeposited onto the Ni electroplated MWCNT-coated textile elec
trodes, respectively. In this case, the Ni-Mo layer was prepared for the 
HER electrode and the Ni-Fe layer was developed for the OER electrode. 
These steps resulted in the formation of nanoprotuberant-structured 
NiMo and nanowrinkled NiFe-based textile electrodes, which 
possessed large active surface areas and low skeletal mass densities of 
approximately 1.62 g cm− 3 (compared to the mass density of bulk 
nickel, including Ni foam or Ni felt, which is approximately 
8.91 g cm− 3). The interfaces within the formed HER and OER electrodes 
were robustly bridged through hydrogen, covalent, and metallic 
bonding interactions. Additionally, the numerous fibrils constituting the 
complex textile underwent a complete transformation into electro
catalytic fibrils with a significant surface area due to the inherent 
nanostructure. Consequently, the HER and OER textile-based electrodes 
exhibited low overpotentials of 8 mV at 10 mA cm− 2 and 189 mV at 
50 mA cm− 2, respectively. Furthermore, when integrated into a full-cell 
electrolyzer water-splitting system (EWSE), comprising these electrodes, 
the system demonstrated highly stable operation for at least 1000 h, 
delivering a cell voltage as low as 2 V even when subjected to an 
extremely high current density of up to 3000 mA cm− 2, surpassing the 
performance of previous EWSEs. The exceptional water-splitting capa
bilities of these textile electrodes were corroborated through in-situ X- 
ray analysis, operando Raman analysis, and density functional theory 
(DFT) calculations. Overall, our approach presents a promising foun
dation for the design and development of highly efficient EWSEs. 

2. Experimental section 

2.1. Materials 

All chemical reagents used in our study were purchased from Sigma- 
Aldrich and handled without further purification. Cotton textiles 
(4.5 cm × 4 cm × 790 µm) were purchased from Cottonday (Republic of 
Korea). The diameter of the fibers which compose the textile is about 
14.6 µm. Pristine MWCNTs exhibiting a diameter of 7–9 nm, length of 
10–50 µm, and purity greater than 80%, obtained from Nanosolution 
Co. LTD., were subjected to acidic treatment using a mixture of HNO3/ 
H2SO4 at 75 ◦C. The resulting COOH-MWCNTs were repeatedly washed 
using a centrifuge and vacuum filter process to eliminate byproducts and 
acidic residues. Finally, ethanol was used as a solvent to redisperse the 
COOH-MWCNTs. 

2.2. Preparation of textile electrodes 

To fabricate a (COOH-MWCNT/TREN)n multilayer-coated textile 
(CTT) using a layer-by-layer (LbL) assembly, both COOH-MWCNTs and 
TREN were dispersed using ethanol (2 mg mL–1). Initially, a cotton 
textile with cellulose fibrils with numerous hydroxyl (OH)-functional 
groups was immersed in poly(ethylene imine) (PEI)-dissolved ethanol 
solution (2 mg mL–1) for 18 h, which converted OH-functional cotton 
textile into NH2-functional textile. After this surface treatment, the 
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textile was dipped into COOH-MWCNT solution for 15 min to induce 
hydrogen bonding-based adsorption. The COOH-MWCNT-coated textile 
was then washed several times using pure ethanol to clear weakly 
bonded COOH-MWCNTs away. Afterwards, the textile with adsorbed 
COOH-MWCNTs was immersed in an NH2-functionalized TREN solution 
for 15 min, again, and then a washing procedure was repeated. These 
dipping and washing procedures were repeated to get the desired 
number of bilayers. 

To prepare the Ni-electrodeposited (COOH-MWCNT/TREN)20- 
coated textile (Ni-ED CTT), a Ni plate and the as-prepared CTT were 
connected to an electroplating circuit as an anode and cathode, 
respectively. These electrodes were then dipped into a Watt bath con
taining 45 g L− 1 NiCl2, 240 g L− 1 NiSO4, and 30 g L− 1 H3BO3 [27]. The 
Ni electrodeposition step was conducted at 350 mA cm–2 for 5 min with 
an Ivium-n-Stat workstation (Ivium Technologies). After the electrode
position process, the formed Ni-ED CTT was washed several times with 
DI water, and then dried at room temperature for 8 h under vacuum 
conditions. In this case, the Ni loading amount was estimated to be 
approximately 61.4 mg cm− 1. 

MWCNT-free Ni-ED textile was fabricated using the same electro
deposition method as Ni-ED CTT. However, before electrodeposition, 
both sides of cotton textile were coated with Au (150 s sputtering at the 
current of 30 mA) using ion sputtering equipment (Hitachi, MC1000). 
This process produced a conductive textile with a sheet resistance of 
about 2.0 × 103 Ω sq− 1. 

A NiMo layer was electrodeposited onto the Ni-ED CTT electrode in 
the electrolyte solution containing 80 g L− 1 NiSO4, 50 g L− 1 Na2MoO4, 
90 g L− 1 Na3C6H5O7, deionized (DI) water, and an excess amount of 
NH4OH. In this case, the pH of electrolyte solution was adjusted to 10.5 
[28]. The NiMo electrodeposition was conducted at 150 mA cm–2 for 
7 min using an Ivium-n-Stat workstation (Ivium Technologies). When 
the electrodeposition process was finished, the NiMo-ED CTT (i.e., 
NiMo/Ni-ED CTT) was cleaned with DI water several times and dried at 
room temperature for 8 h under vacuum conditions (NiMo loading 
amount: 4.5 mg cm− 1). 

A layer of NiFe layered double hydroxide (LDH) was electro
deposited onto the Ni-ED CTT electrode in electrolyte solution con
taining 5 mM Ni(NO3)2⋅6 H2O, 1 mM Fe(NO3)3⋅9 H2O, and DI water 
[29]. Then, the process of NiFe LDH electrodeposition was conducted at 
10 mA cm–2 for 60 min using Ivium-n-Stat workstation (Ivium Tech
nologies). When the electrodeposition process was finished, the NiFe-ED 
CTT (i.e., NiFe LDH/Ni-ED CTT) was cleaned with DI water several times 
and dried at room temperature for 8 h under vacuum condition (NiFe 
loading amount: 4.3 mg cm− 1). 

2.3. Characterization 

Fourier-transform infrared spectroscopy (FTIR) analysis was con
ducted utilizing a Cary 600 spectrometer (Agilent Technology). To 
obtain the spectra of COOH-MWCNT and TREN, an attenuated total 
reflection (ATR) mode, operating at a resolution of 2 cm− 1

, was applied. 
An advanced grazing angle (AGA) mode operating at a resolution of 
4 cm− 1, was used to obtain the spectra of multilayers. The obtained data 
were baseline-corrected and smoothed using spectral analysis software 
(OMNIC, Nicolet). The UV–vis spectra of (COOH-MWCNT/TREN)n films 
on quartz glasses were acquired with a Lambda 365 (Perkin Elmer) 
spectrophotometer, within a wavelength from 200 nm to 1000 nm. A 
QCM (QCM 200, SRS) was utilized to quantitively identify the mass 
change (Δm) of each layer by measuring the frequency change (ΔF). 

Water contact angles and skeletal density were measured using a 
Phoenix 300 (S.E.O. Co., Ltd.) and mercury intrusion porosimetry 
(AutoPore V 9600, Micromeritics). The Brunauer–Emmett–Teller (BET) 
specific surface areas of bare textile, CTT, and Ni-ED CTT were obtained 
via N2 adsorption at 77 K (Autosorb-iQ and Quadrasorb SI). SmartLab 
(Rigaku) with Cu Kα radiation source was used to examine X-ray 
diffraction (XRD) patterns. 

The surface morphology, energy-dispersive X-ray spectroscopy 
(EDS) mapping images, crystal structures, and chemical compositions of 
electrodes were studied using the field-emission scanning electron mi
croscopy (FE-SEM) (Quanta 250 FEG, FEI), EDS, high-resolution trans
mission electron microscopy (HR-TEM) (JEM-F200 (TFEG) equipment 
(JEOL Ltd.)), and X-ray photoelectron spectroscopy (XPS) (ULVAC-PHI). 
XPS spectra were charge-corrected using C 1 s peak assigned to C-C/C-H 
binding energy (284.8 eV). 

X-ray absorption spectroscopy (XAS) measurements were performed 
at the BL7D beamline in the Pohang Light Source (PLS), which operated 
in the top-up mode with a ring current of 300 mA at 3.0 GeV. The 
incident beam underwent collimation by a Ru-coated mirror at 2.8 mrad 
and monochromatization using a channel-cut Si (1 1 1) monochromator. 
Processing of the acquired extended X-ray absorption fine structure 
(EXAFS) data followed standard procedures, employing the ATHENA 
module within the IFEFFIT software packages. To obtain the EXAFS 
spectra, the post-edge background was subtracted from the overall ab
sorption, followed by normalization with respect to the edge-jump step. 
Subsequently, the χ(k) data in k-space underwent Fourier trans
formation to real (R) space, utilizing a Hanning window to separate the 
EXAFS contributions from different coordination shells. 

2.4. Electrochemical characterization 

Linear sweep voltammetry (LSV), Cyclic voltammetry (CV), and 
electrochemical impedance spectroscopy (EIS) measurements were 
conducted using an Ivium-n-Stat electrochemical workstation. A Pt 
mesh and reversible hydrogen electrode (RHE) were respectively used as 
counter and reference electrodes in the 1 M KOH electrolyte for mea
surements in a three-electrode cell system. The HER and OER catalytic 
activities were measured by LSV and CV, respectively, at scan rates of 
2 mV s− 1 with iR compensation. All current densities reported were 
measured based on the geometric surface area of the electrodes. The EIS 
curves were obtained with a biased working electrode at frequencies 
ranging from 100 kHz to 0.01 Hz and potentials of − 0.1 V (vs. RHE) for 
the HER and 1.5 V (vs. RHE) for the OER. The size of the electrodes was 
fixed at 0.5 × 0.5 cm2. 

Operando Raman spectra were obtained via an instrument (DXR2xi, 
Thermo, USA) with a 514 nm argon laser (power: 1 mW) during LSV 
experiments. A home-made electrochemical configuration, consisting of 
a prepared catalyst as a working electrode, Pt wire as a counter elec
trode, and Ag/AgCl (KCl Sat.) as a reference electrode was used. The 
amount of Ni, Mo, and Fe ions dissolved in the electrolyte was measured 
using inductively coupled plasma mass spectrometry (ICP-MS, Agilent 
Technologies 7700) after the full cell test. 

3. Results and discussion 

3.1. MWCNT assembly-driven conductive textile 

For the preparation of MWCNT assembly-driven EWSE, we first 
transformed pristine MWCNTs to COOH-MWCNTs using an HNO3/ 
H2SO4 oxidative method (Fig. S1) [30,31]. We then sequentially 
assembled these COOH-MWCNTs with NH2-functionalized TREN mo
lecular linkers using hydrogen-bonding interaction in ethanol to deposit 
(COOH-MWCNT/TREN)n multilayers onto substrates. FTIR spectra of 
COOH-MWCNTs and TREN revealed absorption peaks originating from 
the C––O stretching vibration of COOH groups around 1720 cm− 1 and 
N-H bending vibration of NH2 groups around 1610 cm− 1, respectively 
(Fig. S2) [32,33]. With increasing the bilayer number (n) of 
(COOH-MWCNT/TREN)n from 0.5 to 2, the absorption peak intensities 
of the COOH and NH2 groups were alternately intensified (Fig. 1a). 

Furthermore, as the bilayer number (n) increased from 5 to 20, the 
total film thicknesses of the (COOH-MWCNT/TREN)n multilayers almost 
linearly increased from 135 (for n = 5) to 564 nm (n = 20), which was 
also confirmed by cross-sectional FE-SEM images and UV–vis 
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Fig. 1. Preparation of the COOH-MWCNT/TREN multi-layer coated textile. a) FTIR spectra of a (COOH-MWCNT/TREN)n multilayer as a function of the bilayer 
number (n) and corresponding illustration of the cohesive mechanism. b) Film thickness of (COOH-MWCNT/TREN)n multilayers on Si wafers as a function of the 
bilayer number (n) gauged by the cross-sectional FE-SEM images (inset). c) QCM measurements of change in frequency (− ΔF, left axis) and mass (− Δm, right axis) of 
(COOH-MWCNT/TREN)n multilayers with increasing bilayer number. d) Planar FE-SEM images of the (COOH-MWCNT/TREN)n multilayers at the bilayer number of 
5, 10, 15, and 20. e) Sheet resistance of the (COOH-MWCNT/linker)n multilayers (linker: TREN, PEI, NH2-MWCNT) as the MWCNT layer number increased from 1 to 
20. f) Planar FE-SEM images of the CTT at varying degrees of magnification. g) Electrical properties of the CTT with increasing bilayer number (n). 
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spectroscopy (Fig. 1b and Fig. S3). The mass changes per bilayer were 
calculated using quartz crystal microbalance (QCM) and estimated to be 
approximately 5.5 μg⋅cm− 2 (ΔF ~ 309 Hz) (Fig. 1c and Supplementary 
detailed experimental procedures). Another significant benefit of 
these COOH-MWCNT/TREN films, with their controllable film thick
ness, is that they maintain a highly uniform nanoporous structure and 
hydrophilic surface, even as the total multilayer thickness continuously 
increases with the bilayer number (Fig. 1d and Fig. S4). These unifor
mity and hydrophilic surface are noteworthy because they enable 
infiltration of hydrophilic ions, such as nonnoble metal ions for elec
trodeposition, into the (COOH-MWCNT/TREN)n films, unlike pristine 
MWCNT films, which have hydrophobic properties (Fig. S4). Such 
properties are critical in achieving uniform catalytic metal electrode
position onto the films. 

In addition, our assembly approach, which employs an extremely 
small molecular linker, provides a significant advantage by minimizing 
the electrical resistance between neighboring COOH-MWCNTs. This is in 
stark contrast to the electrical resistance observed in conventional 
MWCNT multilayers that use NH2-functionalized MWCNTs (i.e., NH2- 
MWCNTs) or insulating NH2-functionalized polymeric linkers such as 
PEI (Fig. 1e). Previous studies have shown that the LbL-assembled TREN 
molecule layer has an extremely thin thickness of approximately 5.6 Å, 
which does not impede electron transfer [34]. With an aid of these 
molecular linkers, the sheet resistance of multilayers was reduced from 
8.3 × 104 to 2.4 × 103 Ω sq− 1 when the bilayer number (n) of multi
layers onto a nonporous, flat Si wafer was increased from 1 to 20. This 
low electrical resistance value of 2.4 × 103 Ω sq− 1 is suitable for Ni 
electrodeposition. 

Based on these electrical properties and adsorption behaviors of 
(COOH-MWCNT/TREN)n, the multilayers were deposited onto the 3D- 
structued porous textile with numerous OH group-functionalized fi
brils, referred to as COOH-MWCNT and TREN-coated textile, CTT. The 
NH2 groups of the linkers directly bridged the interfaces between fibrils 
within cotton textile and COOH-MWCNTs, as well as between neigh
boring COOH-MWCNTs through hydrogen-bonding interactions. As a 
result, the COOH-MWCNT multilayers were uniformly covered the 
entire surface from the exterior to the interior of the textile (Fig. 1f and 
Fig. S5). Additionally, when the bilayer number (n) of (COOH-MWCNT/ 
TREN)n multilayers was accumulated up to 20, the sheet resistance of 
the (COOH-MWCNT/TREN)n multilayer-coated textile was reduced to 
2.2 × 103 Ω sq− 1, which was nearly identical to that of the (COOH- 
MWCNT/TREN)20 multilayer-coated Si wafer (Fig. 1g). 

3.2. Ni-electrodeposited textile using MWCNT assembly 

Based on this conductive textile, we further attempted to create a 
porous host electrode that functions as a conductive support with bulk 
metal-like electrical conductivity for water-splitting electrocatalysts. To 
this end, we electrodeposited Ni metal over the electrically conductive 
textile with a sheet resistance of 2.2 × 103 Ω sq− 1, resulting in a metallic 
substrate with a highly porous textile structure and an exceptionally low 
sheet resistance of approximately 0.06 Ω sq− 1 (Fig. 2a,b). It is worth 
noting that this conformal electrodeposition was not easily achievable 
using the aforementioned COOH-MWCNT/NH2-MWCNT or COOH- 
MWCNT/PEI multilayers due to their relatively high electrical resis
tance (see Fig. 1e). Additionally, although 61.4 mg cm− 2 of Ni was 
electrodeposited, the skeletal mass density of Ni-electrodeposited 
(COOH-MWCNT/TREN)20 multilayer-coated textile (i.e., Ni-ED CTT) 
was estimated to be 1.58 g cm− 3 (the total mass density of Ni-ED CTT ~ 
0.93 g cm− 3), which was much lower than that of bulk nickel (mass 
density ~ 8.91 g cm− 3) including Ni foam or Ni felt. 

The chemical structure of Ni-electrodeposited (COOH-MWCNT/ 
TREN)20 multilayer-coated textile (i.e., Ni-ED CTT) was studied using 
XPS. The Ni 2p data obtained from Ni-ED CTT exhibited strong peak 
intensity originating from metallic Ni (i.e., Ni0 2p3/2 at 853.1 eV and Ni0 

2p3/2 at 870.4 eV) and Ni(OH)2 (Ni2+ 2p3/2 at 856.3 eV and Ni2+ 2p1/2 

at 874.4 eV) (Fig. 2c) [35–37]. The presence of Ni(OH)2 could also be 
confirmed from the O 1 s peak observed at 531.3 eV (Fig. S6) [37–39]. 
Additionally, XRD analysis revealed that the crystalline structure of 
Ni-ED CTT layer was composed of face-centered cubic (fcc) Ni and α-Ni 
(OH)2 (Fig. 2d). Despite this electrodeposition of Ni-ED CTT, it still 
preserved the high mechanical flexibility of the pristine cotton textile. 
Specifically, the electrical conductivity of Ni-ED CTT after 10,000 
bending cycles (with a bending radius (R) of approximately ~ 0.2 cm) 
maintained about 98.4% of its initial electrical conductivity (Fig. 2e). 
These results demonstrate that our approach for Ni-ED CTT can have 
both the electrical conductivity comparable to bulk metal and the high 
mechanical flexibility of the bare cotton textile. 

Another notable feature of Ni-ED CTT is its significantly large surface 
area, achieved through a highly nanoprotuberant structure. It is 
important to note that this nanostructure-induced large surface area of 
the electrodeposited Ni layer can also have a significant effect on the 
surface area of the subsequently electrodeposited electrocatalysts (i.e., 
NiMo layer for HER and NiFe LDH layer for OER). First, the large surface 
area of Ni-ED CTT was confirmed by BET analysis (Fig. 2f). In this case, 
the surface area of Ni-ED textile (about 3.6 m2 g-1) was larger than that 
of the COOH-MWCNT multilayer-coated textile (about 2.7 m2 g-1) 
without Ni-electrodeposition, and that of the bare textile (about 1.7 m2 

g-1) due to the prominent nanostructure of Ni layer created during Ni 
electrodeposition (as shown in Fig. 2b). To further compare the surface 
area of Ni-ED CTT with that of other Ni-based 3D porous current col
lectors, we estimated the electrochemically active surface area (ECSA) 
using the double-layer capacitance (Cdl) (Fig. 2g and Fig. S7). Based on 
the scan rate-dependent CV in 1 M KOH (Fig. S7) and the linear fitting 
(Fig. 2g), the Cdl of Ni-ED CTT was calculated to be approximately 134 
mF cm− 2. This value was about 30 and 200 times larger than that of 
conventional Ni-electrodeposited carbon cloth (about 5.0 mF cm− 2) and 
commercially available Ni foam (about 0.6 mF cm− 2), respectively. It 
should also be noted that the ECSA of Ni-ED CTT was about 2 times 
larger than that (about 62.8 mF cm− 2) of MWCNT-free Ni-ED textile (see 
Experimental section). 

For a better understanding of the effect of MWCNT sublayers on the 
surface area and chemical properties of the host electrode, the Ni layer 
was electrodeposited onto the MWCNT-coated Si wafer (sheet resistance 
of ~2000 Ω sq− 1), the MWCNT-free Au/Si wafer (sheet resistance of 
~3 Ω sq− 1), and the bare Ni plate (sheet resistance of < 0.01 Ω sq− 1), 
respectively. Then, water contact angle measurements were performed 
on these three different samples. We found that the water contact angle 
of Ni-electrodeposited (COOH-MWCNT/TREN)20/Si wafer was lower 
than that of the Ni-electrodeposited MWCNT-free Au/Si wafer and bare 
Ni plate. Although the outermost layers of all samples were composed of 
Ni with almost the same chemical properties (Fig. S8), their water 
contact angles strongly depended on the degree of surface roughness, 
which is closely related to the surface area described with Wenzel’s 
model as follows: 

cosθrough = r • cosθsmooth (1) 

herein, r is the roughness factor meaning the ratio of rough surface 
area to planar/smooth surface area, where θrough is the contact angle of 
the rough surface and θsmooth is the contact angle of the smooth surface 
[40,41]. Comparing the r values of each Ni-electrodeposited layer, 
Ni-electrodeposited (COOH-MWCNT/TREN)20/Si wafer showed 
approximately 2.2- and 4.6-times larger surface area than 
Ni-electrodeposited MWCNT-free Au/Si wafer and bare Ni plate, 
respectively (Fig. S9). That is, when Ni was electrodeposited onto a less 
conductive MWCNT nanobundle-coated Si wafer with relatively a high 
sheet resistance, the Ni layer was assembled onto the substrate, forming 
a highly nanoprotuberant structure. On the other hand, the Ni electro
deposition onto a highly conductive substrate with a flat surface induced 
the formation of a smooth morphology on the surface with a relatively 
low surface area. As a result, these findings clearly indicate that 
MWCNT-induced Ni electrodeposition can significantly increase the 
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Fig. 2. Characterization of the Ni-ED CTT. a) Change in electrical properties of the Ni-ED CTT before and after the Ni electrodeposition. b) Planar/cross-sectional FE- 
SEM images at different degrees of magnification and corresponding EDS mapping image of Ni-ED CTT. c) Ni 2p high-resolution XPS spectra and d) XRD pattern of 
Ni-ED CTT. e) Mechanical stability test of Ni-ED CTT measuring relative electrical conductivity (σ/σ0) as a function of a bending cycles with bending radius of about 
2 mm. f) N2 adsorption-desorption isotherms and corresponding pore size distribution (inset) of the bare textile, CTT, and Ni-ED CTT. g) Capacitive currents of Ni-ED 
CTT, MWCNT-free Ni-ED textile, Ni-ED carbon cloth, and bare Ni foam with increasing scan rate for calculation of double layer capacitances (Cdl). 
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surface area of textile electrodes. Furthermore, considering that Ni al
loys such as NiMo (for HER) or NiFe (for OER), which have high elec
trocatalytic activities and stability [28,42], can be electrodeposited onto 
the entire surface from the exterior to the interior of Ni-ED CTT, it is 
reasonable to infer that the large surface area of Ni-ED CTT offers the 
possibility of notably enhancing its electrocatalytic performance. 

3.3. NiMo-electrodeposited textile for HER electrode 

It is widely recognized that NiMo alloy electrocatalysts exhibit 
excellent HER performance due to their ability to effectively decrease 
the energy barrier of the Volmer step and accelerate the slow HER ki
netics in alkaline conditions [43–45]. Based on these electrocatalytic 
properties, NiMo was electrodeposited onto the Ni-ED CTT to prepare a 
high-performance HER textile electrode by optimizing electrodeposition 
time (Fig. S10). The resulting electrodeposited NiMo layer had a 
thickness of approximately 112 nm (i.e., the total thickness of electro
deposited NiMo/Ni layer was ~1.10 µm), and the average mass loading 
amount of NiMo was 4.5 mg cm− 2, maintaining a highly porous 3D 
textile structure without blocking any pores (Fig. 3a). In addition, the 
electrodeposited NiMo layer exhibited highly nanoprotuberant surface 
morphology, which could effectively induce a large active surface area. 
The chemical composition of NiMo layer was estimated to be approxi
mately 1: 0.12 Ni to Mo, with mainly existing in the form of Ni0 (with 
some as Ni2+) and Mo6+ (with some as Mo5+

, Mo4+
, Mo0), respectively, as 

confirmed by XPS (Fig. 3b) [43,46]. The XRD pattern of NiMo showed 
the characteristic (111), (200), and (220) peaks of fcc NiMo, which 
exactly coincided with Ni crystal structure (Fig. S11) [46,47]. The 
structure was also observed in the HR-TEM and EDS mapping images, 
which showed the (111) plane and a 2.0 Å d-spacing of NiMo (Fig. S12). 
Additionally, the sheet resistance of NiMo-ED textile was measured to be 
approximately 0.08 Ω sq− 1–, which was comparable to that of the 
Ni-ED textile (0.06 Ω sq− 1). Furthermore, the NiMo-ED CTT CTT (i.e., 
NiMo/Ni-ED CTT) maintained a considerably low skeletal mass density 
of 1.621 g cm− 3 with a slight increase (~ 0.04 g cm− 3) compared to the 
Ni-ED CTT. 

Based on these results, the HER performance of NiMo-ED was eval
uated in 1 M KOH using a 3-electrode cell. In this case, the over
potentials of NiMo-ED CTT were measured to be approximately 8 and 
203 mV at current densities of 10 and 1000 mA cm− 2, respectively, 
which outperformed those of MWCNT-free NiMo-ED textile (332 mV at 
10 mA cm− 2 and 251 mV at 1000 mA cm− 2), Ni-ED CTT (15 mV at 
10 mA cm− 2 and 305 mV at 1000 mA cm− 2), and conventional Pt/C- 
coated Ni foam electrode (19 mV at 10 mA cm− 2 and 520 mV at 
1000 mA cm− 2) under the same experimental conditions (Fig. 3c, 
Supplementary detailed experimental procedures, and Table S1). 
Additionally, a highly fluctuating polarization curve at high current 
density was observed in the MWCNT-free NiMo-ED textile with unfa
vorable interfacial interaction between the host electrode and NiMo 
electrocatalyst layer, which was in stark contrast to NiMo-ED CTT with a 
stable polarization curve at high current density. To the best of our 
knowledge, this extremely low overpotential (for HER) obtained from 
NiMo-ED CTT electrode has not been reported by other research groups. 

Furthermore, the lower Tafel slope of NiMo-ED CTT (28.5 mV dec− 1) 
than those of other electrodes implied enhanced water-dissociation ef
ficiency and identified rate-determining step (RDS) (Fig. S13). Gener
ally, the HER mechanism in alkaline media is composed of a dissociation 
and recombination procedure [8,48]. During the water-splitting reac
tion, the dissociation process that occurs first is known as the Volmer 
step. In this step, water molecules (H2O) are split into hydroxyl ions 
(OH–) and hydrogen adsorbed onto a surface of the metal (i.e., the 
absorbed hydrogen is an intermediate of water-splitting reaction, 2 H2O 
+ M + 2e– ⇆ 2 M–Had + 2OH–). Subsequently, the absorbed hydrogen 
undergoes a recombination process, but the recombination process can 
be either the Heyrovsky step (H2O+Had-M + e– ⇆M + H2 + OH–) or the 
Tafel step (2 M–Had ⇆ 2 M + H2). Herein, considering that the Tafel 

slope of NiMo-ED CTT in a low overpotential range (8 − 30 mV) was 
28.5 mV dec− 1, the NiMo-ED CTT electrode follows the Volmer-Tafel 
mechanism, and resultantly the Tafel step acts as an RDS for HER in 
the NiMo-ED CTT electrode. 

We also confirmed the fast charge transfer kinetics of NiMo-ED CTT 
using EIS (Fig. 3d and Fig. S14). In this case, the charge transfer resis
tance (Rct) of NiMo-ED CTT was measured to be 1.8 Ω, which was much 
lower than those of the other HER electrodes. To identify the electro
chemically available surface area for HER between different electrodes, 
Cdl was estimated (Fig. S15) [45,49,50]. In this case, the Cdl values of 
NiMo-ED CTT (140 mF cm− 2–) and Ni-ED CTT (134 mF cm− 2) were 
almost similar, both being approximately 2.1 times larger than that of 
the MWCNT-free NiMo-ED textile (65.2 mF cm− 2), in line with above
mentioned difference in surface area between the electrodes with and 
without the MWCNT layer (see Fig. 2 g and Fig. S7). Additionally, the 
intrinsic catalytic activity of each electrode, excluding the effect of the 
surface area, was measured by normalizing the current density with 
ECSA. In this case, the intrinsic catalytic activities of NiMo-ED CTT and 
MWCNT-free NiMo-ED textile were similar to each other and showed 
approximately a 2.2-fold enhancement compared to that of Ni-ED CTT. 
These results suggest that the outstanding HER performance of NiMo-ED 
CTT was attributed to the extremely large active surface area (with aids 
of the nanoprotuberant structure of NiMo layer as well as microporous 
structure of fibrils) of the overall textile electrode and the high catalytic 
activity of NiMo alloy. 

The NiMo alloy in our system also undergoes the reaction pathway 
with the optimized Gibbs free energy of H adsorption, which can have a 
significant effect on the HER performance. Generally, Ni is known as a 
metal element where hydrogen can be strongly adsorbed, but it is 
desirable for the adsorption strength of hydrogen on the Ni surface to be 
lowered for better electrocatalytic activity. In this view, Ni alloys such as 
NiMo can effectively decrease the hydrogen-Ni adsorption strength 
[44]. To explore this possibility, we first conducted an XPS analysis on 
the NiMo-ED CTT. The results showed that when Mo was alloyed with 
Ni, the Ni0 peaks shifted to lower binding energies by 0.4 and 0.3 eV in 
Ni 2p1/2 and Ni 2p3/2 spectra, respectively (Fig. S16) [51]. This was 
mainly attributed to the reduction of Ni element, which was reported to 
weaken the hydrogen-binding energy as the d-band center of the metal 
shifted downward away from the Fermi level [52]. This phenomenon 
could also be demonstrated through X-ray absorption near-edge struc
ture (XANES) analysis, as shown in Fig. 3e. In Ni K-edge XANES spectra, 
the white line intensity decreased from Ni-ED CTT to NiMo-ED CTT, 
indicating that the oxidation state of Ni in NiMo-ED CTT was reduced 
compared to that in Ni-ED CTT [53,54]. According to the electronega
tivity model of Allred-Rochow or Allen, the electronegativity of Ni has a 
higher value (1.75 on the Allred-Rochow scale and 1.88 on the Allen 
scale) than that of Mo (1.30 on the Allred-Rochow scale and 1.47 on the 
Allen scale) [55], which induces the transfer of electrons from Mo atom 
to Ni atom. As a result, the absorption pre-edge peak was negatively 
shifted (Fig. 3e and Fig. S17a). These findings were also consistent with 
the XPS analysis represented in Fig. S16. 

To further investigate the local structure and atomic configuration, 
Fourier-transformed (FT) EXAFS was conducted (Fig. S17b). The pre
dominant Ni-Ni first coordination shell main peak was slightly shifted to 
a larger reduced distance with the decreased intensity from Ni-ED CTT 
to NiMo-ED CTT. This shift indicated a reduction in Ni-Ni coordination 
and an increase in Ni-Ni bond length, which was attributed to the 
isolation effect of Mo atoms [45,56,57]. 

To better understand these phenomena, additional DFT calculations 
were carried out (Supplementary detailed experimental proced
ures). First, the energetically stable atomic structures of NiMo alloy 
were explored to model the catalytic activity of NiMo-ED CTT. Since the 
XRD pattern of NiMo-ED CTT was consistent with that of fcc Ni, this 
work excluded intermetallic compounds of NiMo alloys, such as Ni3Mo 
and Ni4Mo. Instead, all possible symmetrically inequivalent combina
tions (a total of 70 cases) of Mo substitution in the fcc Ni surface from the 
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Fig. 3. Characterization and electrocatalytic performance of the NiMo-ED CTT. a) Planar/cross-sectional FE-SEM images at different degrees of magnification and 
corresponding EDS mapping images of the NiMo-ED CTT. b) Ni 2p and Mo 3d high-resolution XPS spectra of the NiMo-ED CTT. c) The HER polarization curves and d) 
EIS plots of NiMo-ED CTT, MWCNT-free NiMo-ED textile, Ni-ED CTT, and Pt/C Ni foam. EIS plots were measured at an applied potential of − 0.1 V (vs. RHE). e) Ni K- 
edge XANES spectra of thr NiMo-ED CTT, Ni-ED CTT. f) The surface free energy as a function of the number of substituted Mo atoms in Ni (111). g) Gibbs free energy 
diagram of HER on Ni (111) and NiMo (111). h) The chronopotentiometry stability test of NiMo-ED CTT at 100 mA cm− 2 for 15 h and 3000 mA cm− 2 for 15 h. 
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1st nearest neighbor to the 3rd nearest neighbor of the H adsorption site 
(i.e., a fcc-hollow site), were considered as shown in Fig. S18. The sur
face free energies of all NiMo alloy model structures were then calcu
lated and plotted as a function of the number of Mo substitutions in the 
fcc Ni surface (Fig. 3 f). In this case, the study revealed that the NiMo 
surface, which has 3 Mo substitutions in the 3rd nearest neighbor of the 
H adsorption site (hereafter referred to as NiMo (111)) has the lowest 
surface free energy. This result suggests that NiMo (111) is the most 
thermodynamically preferred surface among all the NiMo alloy models 
considered in this work. Subsequently, the DFT calculation of the Gibbs 
free energy of H adsorption was performed on NiMo (111) and bare Ni 
(111) to evaluate the overall performance of HER (Fig. 3 g). In this case, 
the Gibbs free energy calculations of H adsorption suggested that the 
excellent HER performance of NiMo-ED CTT could be attributed to the 
lower Gibbs free energy of H adsorption on NiMo(111) (− 0.24 eV), 
which was closer to the optimal value for HER (0 eV), compared to that 
for Ni(111) (− 0.32 eV). 

Based on these results, the electrochemical stability of NiMo-ED CTT 
was further investigated through chronopotentiometry tests at current 
densities of 100 mA cm− 2 for 15 h and 3000 mA cm− 2 for 15 h. During 
the HER stability test, the potential of NiMo-ED CTT remained constant 
without any significant decay (Fig. 3 h). Although additional oxidations 
were observed at the surface of the electrode after the harsh HER sta
bility test (as revealed by the XPS spectra and FE-SEM image) (Fig. S19 
and S20), they had no significant impact on the operational stability. 
Notably, it should be pointed out that an HER electrode, which can 
withstand such a high current density of 3000 mA cm− 2–, has not been 
reported until now. As a result, NiMo-ED CTT exhibited superior HER 
performance in terms of overpotential, Tafel slope, and durability, when 
compared to previously reported Ni nanocomposite electrodes with 
mixed metal components such as Ni2N-NiMoN, Ni2P/Ni, and NiMoO2/ 
Ni [11,12,18]. The outstanding performance was mainly attributed to 
the unique structural design and all-in-one interfacial engineering, as 
well as the intrinsically high catalytic activity of the electrodeposited 
NiMo layer. 

3.4. NiFe-electrodeposited textile for OER electrode 

Four electron-involved OER that generates O2 and H2O is a far more 
complex reaction process than two electron-involved HER that produces 
H2 and OH- ions. Therefore, the overall kinetics of the electrolytic water- 
splitting reaction is significantly limited by the sluggish OER at the 
anode, rather than HER at the cathode [58,59]. To address this problem 
and develop a high-performing OER electrode, we attempted to prepare 
an OER textile electrode using a NiFe layer, which is known as an active 
OER catalyst in alkaline media. 

For achieving this goal, we fabricated NiFe/Ni-ED CTT (i.e., NiFe-ED 
CTT) by electrodepositing the NiFe layer onto Ni-ED CTT, while 
adjusting electrodeposition time to optimize performance (Fig. S21). 
The surface morphology and structure of NiFe-ED CTT were investigated 
using FE-SEM and EDS mapping images (Fig. 4a). As with NiMo-ED 
textiles, the EDS images of FE-SEM exhibited uniform coating of Ni 
and Fe onto the Ni-ED CTT, preserving the original textile structure 
characterized by high porosity. Significantly, the electrodeposited NiFe 
layer exhibited a highly nanowrinkled structure with a thickness of 
approximately 283 nm (i.e., the total thickness of electrodeposited NiFe/ 
Ni layer was ~1.27 µm), and the average mass loading amount of NiFe 
was 4.3 mg cm− 2. This is a significant improvement compared to the 
typical NiFe layer prepared using hydrothermal method, which showed 
a wrinkled structure with a relatively large size [60]. 

Additionally, we investigated the chemical composition of NiFe-ED 
CTT with XPS. As shown in Fig. 4b, the Ni and Fe in the electro
deposited NiFe alloy mainly existed in the form of Ni2+ (at 856.4 and 
874.6 eV for Ni(OH)2) and Fe3+ (at 711.8 and 724.1 eV), respectively in 
the ratio of approximately 1:0.8 Ni to Fe [60,61,63,64]. Additionally, 
these peaks associated with the presence of Ni2+ and Fe3+ originated 

from major components of NiFe LDH. 
To further confirm the chemical and surface structure of NiFe-ED 

CTT, we also performed the XRD and HR-TEM analysis. The (003), 
(006), and (012) peaks corresponding to the NiFe LDH were evidently 
distinguished from those (i.e., (111), (200), and (220) peaks) of fcc Ni 
that originated from electrodeposited Ni layer of Ni-ED CTT (Fig. 4c) 
[61–63,65]. The HR-TEM images showed d-spacings of 2.5 and 3.8 Å, 
which are assigned to (012) and (006) planes, respectively (Fig. S22) 
[61,62]. This lattice structure matched well with the NiFe LDH peaks 
observed in the XRD pattern. Additionally, the NiFe-ED CTT maintained 
a remarkably low skeletal mass density of 1.619 g cm− 3, which was 
comparable to that of the NiMo-ED CTT. 

Based on these results, we evaluated the OER performance of NiFe- 
ED CTT, MWCNT-free NiFe-ED textile, Ni-ED CTT, and conventional 
IrO2-coated Ni foam in 1 M KOH condition using a 3-electrode cell 
(Table S2). During OER measurement, the generation of capacitive 
current and the appearance of peaks during oxidation can make it 
difficult to exactly monitor the catalytic activity of NiFe-ED CTT elec
trodes. To alleviate this issue, the effect of capacitive and oxidation 
current was reduced by averaging the forward and reverse sweeps of the 
CV curves (Fig. S23). In this case, the NiFe-ED CTT exhibited remarkably 
low overpotentials of 189, 202, and 227 mV at current densities of 50, 
100, and 1000 mA cm− 2, respectively, outperforming the other elec
trodes (Fig. 4d). Specifically, the MWCNT-free NiFe-ED textile had 
overpotentials of approximately 227, 241, and 307 mV at 50, 100, and 
1000 mA cm− 2, respectively, and additionally, the Ni-ED CTT exhibited 
the overpotential values of 285, 301, and 384 mV at 50, 100, and 
1000 mA cm− 2, respectively. The overpotential values of IrO2-coated Ni 
foam were measured to be 316, 334, and 497 mV at 50, 100, and 
1000 mA cm− 2, respectively. Additionally, we investigated OER cata
lytic performance using a graphite rod-based counter electrode instead 
of Pt counter electrode. In this case, the overpotential values of OER 
electrodes measured using a graphite rod were slightly higher than those 
of OER electrode measured using a Pt-based counter electrode, which 
were mainly attributed to the better performances (i.e., electrocatalytic 
property, electrical conductivity, and surface area) of Pt mesh as counter 
electrode (Fig. S24). 

Additionally, the OER kinetics of NiFe-ED CTT electrode was supe
rior to those of MWCNT-free NiFe-ED textile, Ni-ED CTT, and IrO2 Ni 
foam, as confirmed by its Tafel slope (30.1 mV dec− 1) and electro
chemical resistances measured using EIS measurement (Fig. 4e, Fig. S25, 
Fig. S26, and Supplementary detailed experimental procedures). 
Particularly, in the case of electrochemical resistances, the NiFe-ED CTT 
exhibited Rct and Rs of approximately 0.9 Ω and 1.8 Ω, respectively, 
significantly lower than those of other electrodes. Here, the metal 
electrodeposited CTT shown in our study was free from the effects of 
carbon corrosion that is detrimental to the electrochemical perfor
mance. This is because the MWCNT sublayers adsorbed on the surface of 
the cotton textile were completely encapsulated by electrodeposited Ni/ 
NiFe layers with a thickness of approximately 1.27 µm (Fig. S27). 

To gain further insight into the improved OER performance of NiFe- 
ED CTT electrodes, we estimated the ECSA of the electrodes using Cdl. To 
calculate Cdl, we measured CV curves at 0.95 − 1.05 V (Fig. S28) [66, 
67]. Interestingly, the Cdl of NiFe-ED CTT was estimated to be 112 mF 
cm− 2, which was 1.2 times larger than that of the Ni-ED CTT (92.4 mF 
cm− 2) and 2.3 times larger than that of the MWCNT-free NiFe-ED textile 
(48.8 mF cm− 2). Consistent with the Cdl results of NiMo-ED CTT and 
MWCNT-free NiMo-ED textile electrodes (see Fig. S15), the incorporated 
MWCNT layer caused an approximately two-fold increase in active 
surface area. Additionally, the observed increase in surface area after 
NiFe electrodeposition was primarily due to the nanowrinkled structure 
of NiFe LDH as well as the extremely porous fibrillar structure of the 
textile electrode. This increase in active surface area, combined with the 
excellent catalytic activity of NiFe, strongly contributed to the high OER 
performance of NiFe-ED CTT. 

Furthermore, we attempted to establish and elucidate the active sites 
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Fig. 4. Characterization and electrocatalytic performance of the NiFe-ED CTT. a) Planar/cross-sectional FE-SEM images at different degrees of magnification and 
corresponding EDS mapping images of the NiFe-ED CTT. b) Ni 2p and Fe 2p high-resolution XPS spectra and c) XRD pattern of the NiFe-ED CTT. d) The OER 
polarization curves and e) Tafel plots of the NiFe-ED CTT, MWCNT-free NiFe-ED textile, Ni-ED CTT, and IrO2 Ni foam. Operando Raman spectra of the f) Ni-ED CTT 
and g) NiFe-ED CTT under OER conditions. h) The chronopotentiometry stability test of NiFe-ED CTT at 100 mA cm− 2 for 15 h and 3000 mA cm− 2 for 15 h. 
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of NiFe-ED CTT for OER using operando Raman analysis. Fig. 4f,g 
showed the Raman spectral changes of Ni-ED CTT and NiFe-ED CTT 
recorded at various applied potentials. At open circuit potential, Ni-ED 
CTT exhibited two peaks at 450 cm− 1 and 495 cm− 1, corresponding to 
the A1 g stretching modes of Ni-OH and Ni-O in Ni(OH)2, respectively 
(see Fig. 4f). As the applied potential increased up to 1.52 V vs. RHE, the 
A1 g stretching mode peaks became stronger and eventually disappeared 
due to the formation of NiOOH, which detected by the Eg bending and 
A1 g stretching modes of Ni-O in NiOOH at 479 cm− 1 and 560 cm− 1, 
respectively [60,65]. On the other hand, the operando Raman spectra of 
NiFe-ED CTT revealed different local structure changes during the OER 
process. As shown in Fig. 4g, the three obvious peaks could be assigned 
to the vibration of Ni-OH at 449 cm− 1 and Ni-O in disordered Ni(OH)2 at 
520 cm− 1, respectively [70], with the vibration of Fe-O at 700 cm− 1 in 
FeOOH, which appeared by the interaction between OH- and Fe3+ at low 
potentials [68,71–73]. Importantly, the Ni-OH and Ni-O vibration in 
NiFe-ED CTT was gradually transformed to the Eg bending (474 cm− 1) 
and A1 g stretching (552 cm− 1) modes of Ni-O in NiOOH at lower po
tential (1.43 V vs. RHE) compared to Ni-ED CTT (1.52 V vs. RHE), rep
resenting the facile formation of NiOOH during the OER process. 
Moreover, the peak positions and intensity ratios of the Eg bending and 
A1 g stretching modes of Ni-O in the formed NiOOH intermediate for 
Ni-ED CTT and NiFe-ED CTT provide valuable information about the 
local structure of Ni-O and the interlayer distance. That is, the formed 
NiOOH in NiFe-ED CTT (474 cm− 1 and 552 cm− 1) was detected at lower 
wavenumbers than those of Ni-ED CTT (479 cm− 1 and 560 cm− 1) due to 
the elongated Ni-O bond, which might be related to the disordered 
structure. In addition, the Eg bending/A1 g stretching intensity ratio of 
NiFe-ED CTT (I474/I552 = 1.03) was significantly lower than that of 
Ni-ED CTT (I479/I560 = 1.66), which strongly correlated to the formation 
of the β-NiOOH phase in the anodic process [69,74]. Therefore, the 
outstanding OER catalytic activity of NiFe-ED CTT could be attributed to 
the rapid formation of NiOOH intermediates with the desirable β-NiOOH 
phase that was highly active for OER as well as the structural effect of 
the textile electrode with a large active surface area. 

To support the experimental finding that the OER kinetics of NiFe-ED 
CTT outperform those of Ni-ED CTT, we performed additional DFT 
calculations to determine the Gibbs free energy along the OER pathway 
for both Ni LDH and NiFe LDH structures (Fig. S29a and Supplemen
tary detailed experimental procedures). For Ni LDH, the theoretical 
overpotential was calculated to be 1.48 V. In this case, the *OH →*O 
step serves as the RDS due to weak adsorption of OH and even weaker 
adsorption of O. Conversely, when Fe is incorporated into Ni LDH, the 
overpotential is significantly reduced to 0.53 V (Fig. S29b). This 
improvement is attributed to the strengthened adsorption of both OH 
and O in leading to a change in the RDS to *O → *OOH, facilitated by the 
presence of Fe, which acts as an active site for OER. These findings are in 
line with previously reported literature [75,76]. Therefore, the incor
poration of Fe, serving as additional active sites for the OER, could be 
one of the key factors contributing to the superior OER performance of 
our NiFe-ED CTT. 

Based on these results, we investigated the electrochemical stability 
of NiFe-ED CTT through harsh chronopotentiometry tests (at 
100 mA cm− 2 for 15 h and 3000 mA cm− 2 for 15 h) as shown in Fig. 4h. 
Despite observing slight oxidation from Ni2+ to Ni3+ in the XPS spectra 
of NiFe-ED CTT after the operational stability test, the surface 
morphology and overall potential of the electrode remained stable and 
maintained its initial potential value without any significant change 
(Fig. S30 and S31). These results also indicate that the robust electro
catalytic layers of NiFe-ED CTT as an OER electrode, as well as NiMo-ED 
CTT as an HER electrode, are highly stable due to the formation of an all- 
in-one fibril-type structure induced by favorable interfacial interactions. 

3.5. Full-cell water electrolyzer composed of HER and OER textile 
electrodes 

Based on the remarkable performances of the HER and OER textile 
electrodes, we prepared a full-cell water-splitting device composed of 
NiMo-ED CTT cathode (for HER) and NiFe-ED CTT anode (for OER) 
(Movie S1). Initially, our focus was to validate that the microstructural 
flaws in the acid-treated CTT and COOH-MWCNT had an insignificant 
impact on the electrocatalytic properties of NiMo-ED CTT and NiFe-ED 
CTT. This led us to investigate the structural characteristics of pristine 
MWCNT, CTT, COOH-MWCNTs, NiMo-ED CTT, and NiFe-CTT using 
Raman spectroscopy (Fig. S32). The Raman spectra of these distinct 
samples exhibited prominent peaks at approximately 1340 and 
1590 cm− 1, corresponding to the D band (arising from the disordered 
A1 g vibrational mode of hexagonal carbon structures) and the G band 
(stemming from the E2 g vibrational mode of six-membered aromatic 
rings), respectively. Remarkably, the D/G band ratios were similar 
across all samples except pristine MWCNT, implying that the electro
catalytic process of the complete-cell devices remained unaffected by 
the structural defects present in CTT and COOH-MWCNTs embedded 
within both HER and OER electrodes. 

Similar to the OER measurement, the polarization curves of the full- 
cell water-splitting devices were obtained by averaging the measured 
values of the forward and reverse sweeps of the CV curves, effectively 
reducing the influence of capacitive current and Ni oxidation current 
(Fig. S33). In this case, the NiMo-ED CTT cathode║NiFe-ED CTT anode 
(shortly, NiMo-ED CTT║NiFe-ED CTT) delivered current densities of 10, 
100, 1000 and 3000 mA cm− 2 at relatively low cell voltages of 1.34, 
1.55, 1.77, and 2.01 V, respectively, which were much higher than those 
of the MWCNT-free NiMo-ED textile║MWCNT-free NiFe-ED textile- 
based device, Ni-ED CTT║Ni-ED CTT-based device, and the Pt/C Ni 
foam║IrO2 Ni foam-based device at the same cell voltages (Fig. 5a and 
Table S3). Furthermore, this remarkable high performance of the NiMo- 
ED CTT║NiFe-ED CTT device outperformed that of previously reported 
full-cell devices based on nonnoble metal catalysts in alkaline media 
(Fig. 5b) [9–15]. 

Additionally, we confirmed the unprecedentedly high operational 
stability of NiMo-ED CTT║NiFe-ED CTT through a chronopotentiometry 
test. Specifically, when the current density was varied from 10 to 
3000 mA cm− 2, the cell voltage of the device remained constant for 
defined time intervals and could be maintained for at least 2000 h 
(Fig. 5c and Fig. S34). However, unlike the CTT-based cell, the MWCNT- 
free NiMo-ED textile║MWCNT-free NiFe-ED textile cell showed 
increasing and fluctuating potential during operation at 3000 mA cm− 2 

(Fig. 5d). Notably, this long-term durability of the CTT-based cell at an 
exceptionally high current density of 3000 mA cm− 2 has not been re
ported to date by other research groups. After the stability test, we also 
investigated the states of each electrode and electrolyte. First, the 
compositions of both NiMo-ED CTT and NiFe-ED CTT were almost 
similar to those of the electrodes before the stabilty test. Additionally, 
when comparing the XPS spectra of the electrodes after 2000 h in the 
full-cell stability test with those of the electrodes after 30 h in the half- 
cell stability test, they showed nearly identical oxidation tendencies 
(Fig. S35). 

Based on these XRD results, we confirmed that NiMo-ED CTT could 
maintain highly stable electrocatalystic structure even after the harsh 
stabilty test, and on the other hand, the crystalinity of the NiFe-ED CTT 
was slightly decreased (Fig. S36). In terms of the electrolyte, Ni, Mo, and 
Fe ions were not detected after 20 h operation at a high current density 
of 3000 mA cm− 2, as confirmed by ICP-MS (Table S4). Furthermore, we 
investigated the faradaic efficiency of NiMo-ED CTT║NiFe-ED CTT de
vice through the comparison of experimentally measured products (i.e., 
generated H2 and O2 gases) and theoretically calculated products (i.e., 
calculated H2 and O2 amounts from charges passed at given time in
tervals). In this case, the faradaic efficiency of HER and OER electrodes 
was estimated to be approximately 99.7% and 98.9%, respectively 
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(Fig. 5e, Fig. S37, and Supplementary detailed experimental proced
ures). We also confirmed that these full-cell electrodes could maintain 
high water-splitting performance in a harsher electrolyte environment 
(30 wt% KOH solution at 60 ◦C) corresponding to commercially avail
able conditions (Fig. S38). Additionally, it is worth noting that our 
approach is highly advantageous for large-scale water-splitting textile 

electrodes (Fig. S39), which can be applied to various substrates various 
substrates including polyester, nylon, silk, and paper as well as cotton 
(Fig. S40). 

Fig. 5. Overall performance of the full-cell water-splitting electrodes. a) Polarization curves of the NiMo-ED CTT║NiFe-ED CTT electrodes, MWCNT-free NiMo-ED 
textile║MWCNT-free NiFe-ED textile electrodes, Ni-ED CTT║Ni-ED CTT electrodes, and Pt/C Ni foam║IrO2 Ni foam electrodes. b) Comparison of cell voltages be
tween the NiMo-ED CTT║NiFe-ED CTT electrodes (in our work) and other nonnoble metal-based water-splitting electrodes (reported by other research groups). c) 
Chronopotentiometry stability test of the NiMo-ED CTT║NiFe-ED CTT electrodes recorded at 10 mA cm− 2, 100 mA cm− 2, 500 mA cm− 2, 1000 mA cm− 2, 
2000 mA cm− 2, and 3000 mA cm− 2

. d) Chronopotentiometry curve of MWCNT-free NiMo-ED textile║MWCNT-free NiFe-ED textile cell at current density of 
3000 mA cm− 2. e) Theoretically calculated and experimentally measured amounts of H2 and O2 gases from NiMo-ED CTT║NiFe-ED CTT as a function of the interval 
time at a constant current density of 10 mA cm− 2. 

Y. Son et al.                                                                                                                                                                                                                                      



Applied Catalysis B: Environmental 343 (2024) 123563

14

4. Conclusions 

In conclusion, we have successfully converted insulating textiles into 
high-performance electrocatalytic textiles through a small molecule- 
driven assembly of MWCNTs and subsequent electrodeposition of non
noble metals. The resulting textile electrodes exhibit a perfect fibrillar 
structure and nanostructured surface morphology, featuring nano
protuberant and nanowrinkled structures. These electrodes demonstrate 
exceptional performance for the HER and the OER, achieving remark
ably low overpotentials of 8 mV at 10 mA cm− 2 for HER and 189 mV at 
50 mA cm− 2 for OER. Moreover, they exhibit long-term operational 
stability, maintaining their performance for at least 2000 h under high 
current densities ranging from 10 to 3000 mA cm− 2. As a result, our 
findings indicate that the outstanding water-splitting performances can 
be attributed to the all-in-one structured NiMo and NiFe electrodes, 
which possess a large active surface area and intrinsically high catalytic 
activity. This conclusion is supported by in-situ/operando electrocatalyst 
characterization and DFT calculations. Notably, our designed textile 
electrodes facilitate highly favorable interfacial interactions at all in
terfaces, including between the pristine textile and conductive seed 
(MWCNT/TREN multilayer), between the conductive seed and electro
deposited metal layer, and between the electrodeposited metal layer and 
electrocatalysts. This approach provides a valuable tool for the devel
opment and design of various high-performance electrochemical 3D 
electrodes, including water-splitting electrodes, that require a large 
specific surface area and robust interfacial interactions. 
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[73] J.-L. Ortiz-Quiñonez, U. Pal, M.S. Villanueva, Structural, magnetic, and catalytic 
evaluation of spinel Co, Ni, and Co-Ni ferrite nanoparticles fabricated by low- 
temperature solution combustion process, ACS Omega 3 (2018) 14986–15001, 
https://doi.org/10.1021/acsomega.8b02229. 

[74] X. Bo, Y. Li, X. Chen, C. Zhao, Operando raman spectroscopy reveals Cr-induced- 
phase reconstruction of NiFe and CoFe oxyhydroxides for enhanced 
electrocatalytic water oxidation, Chem. Mater. 32 (2020) 4303–4311, https://doi. 
org/10.1021/acs.chemmater/0c01067. 

[75] H. Shin, H. Xiao, W.A. Goddard, In silico discovery of new dopants for Fe-doped Ni 
oxyhydroxide (Ni1–xFexOOH) catalysts for oxygen evolution reaction, J. Am. Chem. 
Soc. 140 (2018) 6745–6748, https://doi.org/10.1021/jacs.8b02225. 

[76] D. Friebel, M.W. Louie, M. Bajdich, K.E. Sanwald, Y. Cai, A.M. Wise, M.-J. Cheng, 
D. Sokaras, T.-C. Weng, R. Alonso-Mori, R.C. Davis, J.R. Bargar, J.K. Nørskov, 
A. Nilsson, A.T. Bell, Identification of highly active Fe sites in (Ni,Fe)OOH for 
electrocatalytic water splitting, J. Am. Chem. Soc. 137 (2015) 1305–1313, https:// 
doi.org/10.1021/ja511559d. 

Y. Son et al.                                                                                                                                                                                                                                      

https://doi.org/10.1021/acs.inorgchem.1c02903
https://doi.org/10.1039/C8EE03282C
https://doi.org/10.1021/ja411835a
https://doi.org/10.1021/acsomega.8b02229
https://doi.org/10.1021/acs.chemmater/0c01067
https://doi.org/10.1021/acs.chemmater/0c01067
https://doi.org/10.1021/jacs.8b02225
https://doi.org/10.1021/ja511559d
https://doi.org/10.1021/ja511559d

	Highly efficient water-splitting electrodes with stable operation at 3 A cm−2 in alkaline media through molecular linker as ...
	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 Preparation of textile electrodes
	2.3 Characterization
	2.4 Electrochemical characterization

	3 Results and discussion
	3.1 MWCNT assembly-driven conductive textile
	3.2 Ni-electrodeposited textile using MWCNT assembly
	3.3 NiMo-electrodeposited textile for HER electrode
	3.4 NiFe-electrodeposited textile for OER electrode
	3.5 Full-cell water electrolyzer composed of HER and OER textile electrodes

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	Appendix A Supporting information
	References


