RESEARCH ARTICLE

'-) Check for updates

FUNCTIONAL

www.afm-journal.de

Layer-by-Layer Assembly-Based Electrocatalytic Fibril
Electrodes Enabling Extremely Low Overpotentials and
Stable Operation at 1 A cm~2 in Water-Splitting Reaction

Younji Ko, Jinho Park, Jeongmin Mo, Seokmin Lee, Yongkwon Song, Yongmin Ko,

Hoyoung Lee, Yongju Kim, June Huh, Seung Woo Lee,*

For the practical use of water electrolyzers using non-noble metal catalysts,
it is crucial to minimize the overpotentials for the hydrogen and oxygen
evolution reactions. Here, cotton-based, highly porous electrocatalytic
electrodes are introduced with extremely low overpotentials and fast
reaction kinetics using metal nanoparticle assembly-driven electroplating.
Hydrophobic metal nanoparticles are layer-by-layer assembled with small-
molecule linkers onto cotton fibrils to form the conductive seeds for effective
electroplating of non-noble metal electrocatalysts. This approach converts
insulating cottons to highly electrocatalytic textiles while maintaining their
intrinsic 3D porous structure with extremely large surface area without
metal agglomerations. To prepare hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) electrodes, Ni is first electroplated onto

the conductive cotton textile (HER electrode), and NiFe is subsequently
electroplated onto the Ni—electroplated textile (OER electrode). The resulting
HER and OER electrodes exhibit remarkably low overpotentials of 12 mV at
10 mA cm=2 and 214 mV at 50 mA cm?, respectively. The two-electrode water
electrolyzer exhibits a current density of 10 mA cm™2 at a low cell voltage of
1.39 V. Additionally, the operational stability of the device is well maintained
even at an extremely high current density of 1 A cm™2 for at least 100 h.

and Jinhan Cho*

based on fossil fuels (i.e., steam methane
reforming and coal gasification), resulting
in the production of large amounts of
carbon dioxide.”! Therefore, electrocata-
Iytic splitting of water into hydrogen (i.e.,
the hydrogen evolution reaction; HER) at
the cathode and oxygen (i.e., the oxygen
evolution reaction; OER) at the anode has
been recognized as a promising alternative
to the current fossil fuel-based hydrogen
energy system.3# Considerable research
efforts have been devoted to developing
efficient and low-cost HER and OER elec-
trocatalysts composed of non-noble metal
composites (mainly binary metal compos-
ites based on Ni, Co, Fe, Mo, and/or W)
to replace noble and rare metal (Pt, Ir, and
Ru)-based electrocatalysts.>~! These elec-
trocatalysts have been mainly deposited
onto porous metal foams or conductive
carbon substrates with the relatively large
surface area for the preparation of HER
and OER electrodes."-13] Several different

1. Introduction

Hydrogen (H,) is the cleanest fuel available and has the poten-
tial to meet the energy needs of future societies owing to its high
energy density and energy conversion efficiency.!! However, at
present, it has been generated from chemical processes that are

approaches have been also made to over-

come the intrinsically low activity of non-

noble metal catalysts. These approaches
include controlling the chemical composition, synthesizing
high-index faceted catalysts, and increasing the specific surface
area.® Despite some progress, the performance of non-noble
metal electrocatalyst-based systems remains well below that of
their noble-metal counterparts.
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Recently, paper and cotton substrates composed of cellulose
fibrils have emerged as multifunctional substrates for energy
storage and conversion devices, with advantages including their
low cost, high surface areas, and 3D porous structures.l®l For
these electrochemical applications including water-splitting,
depositing electrically conductive and electrochemically active
materials on these substrates is essential for overcoming their
insulating property. Furthermore, conformal deposition of the
conductive and active materials over the entire porous sub-
strates (from the outermost to central regions) is critical for the
effective utilization of their large surface area and achieving
high electrochemical performance. To achieve this goal, various
deposition processes, such as painting, sputtering, and electro-
less (EL) deposition (i.e., chemical reduction deposition), have
been used to incorporate conductive and catalytic materials into
these 3D paper or cotton substrates.['! However, these deposi-
tion processes have much difficulty in inducing highly uniform
coating and structures due to inadequate control of the interfa-
cial interactions between the substrate and the introduced con-
ductive, catalytic components. Furthermore, these phenomena
can limit the overall conductivity and catalytic activity for water-
splitting. To our knowledge, the overpotentials for most non-
noble metal textile-based electrodes except porous metal-based
electrodes have exceeded 30 and 270 mV for the HER and the
OER, respectively (at 10 mA cm™2).

Herein, we introduce an electrocatalytic fibril-based water-
splitting electrode fabricated by a layer-by-layer (LbL)-assembled
metal nanoparticle (NP)-induced electroplating. For this study,
tetra(octyl ammonium) (TOA)-stabilized metal NPs, which were
used as conductive seeds for the model system, were conformally
and successively coated onto amine (NH,)-modified cotton fibrils
using a unique ligand-exchange-based LbL-assembly between
bulky TOA ligands and small molecule linkers, which resulted
in sufficient electrical conductivity for subsequent electrocatalytic
(Ni and NiFe) electroplating. Although TOA-Au NPs were pref-
erentially used as a conductive metal component in our study,
it should be noted that other metal NPs such as TOA-Cu NPs
and TOA-Ag NPs showing a high affinity with NH,-modified
cotton can be also employed as conductive seeds instead of Au
NPs (a more detailed explanation and evidences are given in
the latter part). In this case, the metal NPs are easily incorpo-
rated into the cotton textiles owing to the high affinity (i.e., cova-
lent bonding) between the amine (NH,)-modified cotton fibrils
and the surface of the metal NPs. They can also be uniformly
and densely deposited onto all the regions from the exterior to
the interior of the textile, maintaining its porous structure. Parti-
cularly, we highlight that this LbL-assembled metal NPs using
small molecule linkers is required for the preparation of con-
ductive textile (10%-10*° Q sq7) that is suitable for robust and
uniform Ni electroplating. It should also be noted that this
conductive textile cannot be easily realized by conventional elec-
trostatic LbL-assembly between charged metal NPs and oppositely
charged polymer linkers in aqueous solution.l’"1 Additionally,
our research goals are to lower the overpotentials for HER and
OER using large surface area of LbL-assembly-induced metallic
cotton fibrils, and simultaneously enhance the mechanical
flexibility and operation stability using favorable interfacial inter-
actions between textiles and electrocatalytic components. In addi-
tion, Ni and NiFe electroplating onto the metal NP-assembled

Adv. Funct. Mater. 2021, 31, 2102530

2102530 (2 of 15)

www.afm-journal.de

cotton textiles led to an extremely low sheet resistance
(<0.1Q sq™h.

Furthermore, our approach produced a large amount of
highly active BNi(OH), (particularly compared to that of
o-Ni(OH), showing relatively low HER performance) and NiFe
layered double hydroxide (NiFe LDH) with a nanosized pro-
tuberant and wrinkled structure that enhanced the HER and
the OER performances, respectively. The highly conductive 3D
porous network structure of f-Ni(OH), and NiFe LDH increases
the active surface area of electrodes, and also facilitates charge
and mass transport. When the Ni— and NiFe—cotton electrodes
were applied to the HER and OER, respectively, they exhibited
low overpotentials of 12 mV (for the HER at 10 mA cm2) and
214 mV (for the OER at 50 mA c¢m™2), and also maintained the
stable operation (>at least 100 h) at an extremely high current
density of 1 A cm™ in 1 m KOH, exceeding the electrocatalytic
performances of conventional non-noble metal-based textile
electrodes. Considering that our approach could easily impart
electrical and electrocatalytic properties to other insulating sub-
strates, we believe that it is very effective in preparing a variety
of other electrochemical electrodes as well as water-splitting
electrodes that require a large active surface area and facile
charge transfer.

2. Results and Discussion

2.1. Metal Electroplating Using LbL-Assembled Metal NPs

To fabricate our water-splitting electrodes (Figure 1), we first
investigated the adsorption behavior of metal NPs using LbL-
assembly based on the mutual interactions between two dif-
ferent components. TOA-Au NPs with a diameter of =7 nm in
toluene were alternately LbL-assembled with small diethylen-
etriamine (DETA) molecules (M,, =103 g mol™) in ethanol onto
Si substrates (Figure 2a,b). During LbL deposition, the amine
groups (NH, and NH groups) of the DETA linkers were directly
deposited onto the bare surfaces of the Au NPs via a ligand-
exchange reaction between the bulky TOA ligands, which were
loosely bound to the surfaces of the Au NPs, and DETA, which
has a higher affinity for Au.

The presence of residual TOA ligands in the (TOA-Au
NP/DETA), multilayers was examined using Fourier trans-
form infrared (FTIR) spectroscopy (Figure 2b and Figure S1,
Supporting Information). The FTIR spectra of the TOA-Au
NPs exhibited absorption peaks originating from the C-H
stretching of the long alkyl chains of the TOA ligands at
2920 and 2860 cm™ (i.e., n = 0.5 bilayers). However, as the
extremely thin DETA layer was adsorbed onto the TOA-Au
NP-coated substrate (n = 1.0 bilayers), the C-H stretching
absorption peak almost completely disappeared. Therefore,
the alternating deposition of the TOA-Au NPs and DETA
produced inversely correlated changes in the peak intensi-
ties at the C—H stretching frequencies. This result indicates
that the Au NP layers (e.g., 1.0- and 2.0-bilayer films) sand-
wiched between adjacent DETA layers did not contain bulky
TOA ligands, which minimizes the separation distance (i.e.,
contact resistance) between neighboring Au NPs. Addition-
ally, it should be noted that it is difficult for conventional
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Figure 1. Schematic illustration of the conductive cotton for water-splitting electrocatalysts based on the metal NP assembly-driven electroplating

approach.

electrostatic LbL-assembly using anionic Au NPs and cationic
polymer linkers to prepare conductive textiles because the use
of bulky polymer linkers and the strong electrostatic repulsion
between neighboring Au NPs with the same negative charges
significantly increase the contact resistances.[2%

The thickness per bilayer was measured to be =3.4 nm
(Figure S2, Supporting Information), and the size of the Au
NPs measured for (TOA-Au NP/DETA),, was much larger than
that for the 1-bilayer film (or the as-synthesized Au NPs shown
in Figure 2a), as shown in field emission-scanning electron
microscopy (FE-SEM) images (Figure 2c). This implies that
the dense packing of Au NPs during assembly induces partial
metallic sintering of Au—Au NPs. Korgel et al. reported that
metallic bonding can occur between metal NPs with low cohe-
sive energy when the separation distance between neighboring
metal NPs is less than 5 A.[2!

To gain molecularlevel insight into the interparticle
distance of assembled Au NPs, we used atomistic molecular
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dynamics (MD) simulations of model systems for DETA
between adjacent Au layers (Figure 2d). When it was
considered that the Au NPs were almost perfectly covered by a
DETA monolayer with a flat conformation (i.e., the ratio of the
surface area covered by adsorbed DETA linkers to that covered
by adsorbed Au NPs (Spgra/Saus) = 1.0), the interparticle
distance was estimated to be =5.4-6.7 A. This minimized
separation gap between neighboring Au NPs with low cohesive
energy (3.81 eV per atom) can facilitate mutual atom diffusion
within the LbL-assembled Au NPs, which can enhance the
electrical conductivity.l"!

After testing the LbL-assembly method on the Si sub-
strate, we then applied it to highly porous textiles composed
of cotton fibrils (i.e., OH-functionalized cellulose fibrils) with
widths of =23 wm. First, the surfaces of the cotton fibrils were
amine-functionalized by poly(ethylene imine) (PEI) through
hydrogen bonding interactions between the NH, groups of
PEI and the OH groups of cotton fibrils. Then, TOA-Au NPs

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

Intensity (a.u.)

N T

—
2.5 bilayers

2.0 bilayers

| _BAaces |

1.5 bilayers

1.0 bilayers

e —
0.5 bilayers

— 1.5 bilayers

C+41 stretching

¥

— 1.0 bilayers ——————

TSI

-~

— 0.5 bilayers

3100 3000 2900 2800 2700

Wavenumber (cm™)

7 »
; / |

Au-Au distance
in bulk lattice

1.0 15 20 25 3.0
SDETAISAU
o " F (ToaAu NPIDETA), cott "
-AU —cotton —
3 ok (. b {102 <
-~ . s
g w0 f 3.sx1o°ni1:’_,__c 16 g
) - 33.8 Scm”
[ e 1 (2]
Q Ay ‘. Including 630 pm ol ]
g 104 f Y thick cotton{ 101 >
2 w0} kY {102 2
D e " % {10e §
B vl 7 e, 047 Qsq"] 104 2
[ ! ¥ la ]
g 1°F o ~4.4X10%S cm “4__9__\‘.110" o
wn 101 . . . 10%

[} 5 10 15 20

Bilayer Number (n)

Figure 2. a) High-resolution transmission electron microscopy (HR-TEM) image of TOA-Au NPs dispersed in toluene. b) FTIR spectra and schematic
representation of ligand-exchange reaction-induced LbL-assembled (TOA-Au NP/DETA), multilayers as a function of bilayer number (n). c) Planar
FE-SEM images of (TOA-Au NP/DETA); and (TOA-Au NP/DETA),, multilayers. d) The MD-computed minimal distance between Au atomic surfaces
separated by DETA molecules as a function of surface coverage ratio (Spgra/Sau)- The blue dotted horizontal line shows the inter-particle distance of
Au-Au in the bulk lattice (2.884 A). The image in the r.h.s. represents the MD-simulated molecular structure of DETAs between Au atomic surfaces
at Spera/Sau = 1.0. €) Planar FE-SEM image of (TOA-Au NP/DETA),-coated cotton electrodes. f) Electrical properties of (TOA-Au NP/DETA),-coated

cotton electrodes with increasing bilayer number.

were deposited onto PEI-coated cotton via the abovemen-
tioned ligand-exchange reaction. After this stable adsorption of
TOA-Au NPs, DETA and TOA-Au NPs were alternately depos-
ited onto the PEI-coated cotton substrates. Notably, the TOA-Au
NP multilayers were uniformly and densely deposited on the
surfaces of fibrils, infiltrating deeply without any NP agglom-
eration (Figure 2e and Figure S3, Supporting Information),
although the first deposition of the TOA-Au NP layer (i.e.,
(TOA-Au NP/DETA),_,) exhibited insufficient surface coverage
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(Figure S4, Supporting Information). With increasing bilayer
number (n) of the (TOA-Au NP/DETA), multilayers from 1 to
20, the sheet resistance of the multilayer-coated textiles sharply
decreased from 3.6 X 10° to 0.47 Q sq7}, and the electrical con-
ductivity (including the thickness of the 630 um-thick cotton
textile) increased from 4.4 x 107 to 33.8 S cm™ without any
thermal or mechanical treatment (Figure 2f).

To prepare the water-splitting electrode, Ni was electroplated
on the (TOA-Au NP/DETA),deposited cotton textile with a

© 2021 Wiley-VCH GmbH
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Figure 3. a) Schematic of the HER electrode fabricated using metal NP assembly-driven Ni electroplating deposition. b) Electrical properties of elec-

troplated Ni-coated cotton (EP Ni—cotton).

image of the EP Ni—cotton electrode (the top left inset shows the thickness of the EP Ni layer).

c) Planar FE-SEM images and d) cross-sectional energy-dispersive X-ray spectroscopy (EDX) mapping

e) Planar FE-SEM images and f) cross-sectional EDX

mapping image of the EL Ni—cotton electrode (the top left inset shows the thickness of the EL Ni layer). XRD spectra of g) the EP Ni—cotton electrode

and h) EL Ni—cotton electrode.

sheet resistance of =650 Q sq! (Figure 3a,b). In this case, the
loading amount of (TOA-Au NP/DETA), multilayers adsorbed
onto cotton substrate was measured to be ~2.47 mg cm™2 (Note:
TOA ligands are replaced by DETA, and additionally the M,,
(103 g mol™) of DETA is similar to that (92 g mol™) of toluene
solvent). Therefore, we assume that the loading mass of
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(TOA-Au NP/DETA), is almost similar to that of Au NPs.
Although a higher number of bilayers would have generally pro-
vided higher electrical conductivity suitable for the electroplating
process, we selected (TOA-Au NP/DETA),-coated cotton, which
had the minimum conductivity required, considering the pro-
cess and time efficiency. When the (TOA-Au NP/DETA),-coated

© 2021 Wiley-VCH GmbH
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cotton was electroplated (EP) at a current density of
346 mA cm™ for 30 min, the thickness and loading mass of
the EP Ni layer were measured to be =609 nm and 52 mg cm™2,
respectively. In addition, the thickness of the Ni layer can be
controlled by the electroplating time (see Figure S5 in the
Supporting Information).

The sheet resistance of the EP Ni-deposited cotton textile
(i-e., EP Ni—cotton) decreased to 0.05 Q sq! (Figure 3b), which
was much lower than that (=3 Q sq7}) of Ni—cotton textiles pre-
pared using the EL Ni deposition process (i.e., chemical reduc-
tion of Ni precursors). In addition, the LbL-assembled Au NP
layer used for the conductive seed was completely embedded
beneath the 609 nm-thick EP Ni layer, which had no effect on
electrocatalytic activities. We also confirmed that the resultant
EP Ni—cotton could maintain low sheet resistance during
5000 cycles of repetitive mechanical bending tests, which
implied the high mechanical flexibility and electrical stability of
EP Ni—cotton (Figure S6, Supporting Information).

Importantly, the EP Ni components were uniformly coated
onto all cotton fibrils from the outer surface to the central
region of the cotton textiles without metal agglomeration. The
EP Ni layer exhibited a highly protuberant surface morphology
with a size of a few hundred nanometers (Figure 3c,d). As men-
tioned earlier, the deposition of a 609 nm-thick EP Ni layer onto
conductive textiles implies that the electrical and electrocatalytic
properties of EP Ni-cotton are completely governed by those
of the EP Ni layer irrespective of the kind of conductive seeds
(i-e., metal NPs) and textiles. By contrast, nonuniform coating
areas (without Ni components) and partial aggregation of the
Ni components were observed when applying the EL Ni deposi-
tion approach (Figure 3e,f).

Specifically, in the case of EL Ni deposition, Ni precursor ions
are first deposited onto NH,-functionalized cotton textiles and
then chemically reduced with the aid of a reducing agent. How-
ever, it is worth noting that the Ni cationic ions are not densely
adsorbed onto the cotton textiles during the first deposition
step due to the long-range electrostatic repulsion between the
Ni ions with the same charge. Additionally, when Ni seeds with
low packing density are formed by chemical reduction, Ni ions
are continuously incorporated into the seeds. As a result, the
seeds concentrically grow onto the selected area through nucle-
ation growth, which induces nonuniform Ni deposition onto
the cotton textiles.

Therefore, the EL Ni layer was not evenly coated on the
fibrils, so the thickness was not uniform on the inside and out-
side. Furthermore, this chemical reduction method has much
difficulty in minutely controlling the coating process due to
the complex process variables, including the metal precursor
concentration, reducing agent concentration, and/or reaction
time. As already mentioned above (see Figure S4, Supporting
Information), this insufficient surface coverage could also be
observed with the (TOA-Au NP/DETA);-coated cotton. However,
our LbL-assembly approach using a multilayer structure could
easily increase the surface coverage of conductive Au NPs onto
cotton textiles, which resulted in the formation of a highly uni-
form electroplated Ni layer onto cotton textiles.

Although EL Ni was performed on (TOA-Au
NP/DETA),-coated cotton with the outermost DETA layer, the
surface morphology and electrical properties (=3 Q sq7!) of
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the resultant EL Ni-cotton were similar to those of EL Ni—
cotton without (TOA-Au NP/DETA), multilayers (Figure S7,
Supporting Information). It should be noted here that the
electrical properties of EL Ni—cotton were entirely governed
by the EL Ni layer (=3 Q sq7}) instead of TOA-Au NP multi-
layers (=650 Q sq7!). That is, the stable adsorption and elec-
trical properties of the EL Ni layer strongly depend on the
interfacial interaction between Ni precursor ions and the
NH,-functionalized surface of cotton substrates irrespec-
tive of the presence of Au NP multilayers. The specific sur-
face areas of EL Ni-cotton and EP Ni-cotton, which were
measured using Brunauer-Emmett-Teller (BET) analyzer,
were =0.469 and 0.869 m? g~!, respectively (Figure S8, Sup-
porting Information). That is, the specific surface area of
EP Ni-cotton was 2-fold higher relative to the EL Ni—cotton,
which was 1.5 times higher than the bare cotton (0.581 m? g7!),
and on the other hand 0.65 times lower than the Au NP
coated—cotton (1.347 m? g7!), respectively.

As mentioned earlier, this increase in the specific surface of
EP Ni-cotton was attributed to the large amount of Ni protru-
sions created during electroplating. These results also dem-
onstrate that the metal NP assembly-driven electroplating
approach can be effectively applied to the preparation of metal-
like conductive and highly electrocatalytic cotton textiles while
preserving their pristine porous structure with a large surface
area. Furthermore, it should be noted that TOA-Ag NPs and
TOA-Cu NPs can also be deposited with small amine linkers
onto cotton textiles using the same ligand-exchange reaction-
based LbL-assembly (a more detailed explanation will be given
later and in the Supporting Information).

We also investigated the crystal structure of the EP Ni layer
using X-ray diffraction (XRD) analysis. The XRD pattern of
EP Ni mainly exhibited the characteristic (101), (102), and (111)
reflection peaks assigned to -Ni(OH),. Additionally, the (111)
and (220) peaks of face-centered cubic (fcc) Ni and the minor
(002) peak of o-Ni(OH), were observed (Figure 3g). By contrast,
the XRD pattern of the EL Ni layer exhibited the characteristic
(001), (002), (015), and (018) peaks of a~Ni(OH), and the (111)
peak of fcc Ni (Figure 3h).2Z In addition, a negligible (001)
reflection peak associated with B-Ni(OH), was observed, con-
firming the dominant structure of &~Ni(OH), in the EL Ni layer.
Thus, unlike EL deposition, metal NP assembly-driven electro-
plating generates a large amount of -Ni(OH),, which is known
to be more active toward the HER.

Moreover, for Ni deposition through electroplating with
the high reduction power of Ni ions, the crystalline structure
was similar to that of the bulk Ni foam (mainly S-Ni(OH),
and fcc Ni) (Figure 3g and Figure S9, Supporting Informa-
tion). However, EL Ni deposition strongly induces the forma-
tion of o~Ni(OH), structures with a metastable phase rather
than S-Ni(OH), with a thermodynamically stable phase and
a well-defined crystalline structure because of the relatively
low reduction power and the formation of large amounts of
impurities resulting from this chemical reduction approach
(Figure 3h).?3-%%] Tt was also reported by Hall et al. that EL
Ni deposition or Ni electroplating using an external deposition
current on the order of a few mA ¢cm™ mainly results in the
formation of o~Ni(OH),, and electroplating using larger cur-
rents yields mixed ¢/fB-phase materials.?®l In addition, they

© 2021 Wiley-VCH GmbH
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reported that the structure (phase, crystallinity, and shape)
of the nickel oxides is also dependent on the nature of the
nickel salt solution (concentration and counter-ions). There-
fore, considering that our EP Ni cotton substrates were pre-
pared using a relatively high current density of 346 mA cm™,
it is obvious that the phase materials formed by high-current-
based Ni electroplating are different from those obtained by
EL Ni deposition.

We further analyzed the NiO and Ni(OH), in the EP Ni- and
EL Ni-cotton textiles using X-ray photoelectron spectroscopy
(XPS) (Figure S10, Supporting Information). The binding
energies of EP Ni—cotton were negatively shifted by 0.1-0.3 eV
relative to those of EL Ni—cotton, which indicates the forma-
tion of weaker Ni-OH bonds (i.e., longer Ni-O bonds) in the
B-Ni(OH), of the EP Ni layer than in the EL Ni—deposited layer.
Thus, considering that weaker Ni-OH bonds have stronger
hydrogen bonding interactions with water molecules in alka-
line media, the EP Ni layer can enhance HER activity compared
with the EL Ni layer that has relatively strong Ni-OH bonds in
Ni(OH),.1?7

Recently, o~Ni(OH), was reported to have a larger interlayer
distance (0.70-0.90 nm) than S-Ni(OH), (0.46—0.48 nm) due to
the presence of interlamellar water molecules and/or impuri-
ties in the o~Ni(OH), lattice.?®! Additionally, the researchers
demonstrated that the hydrogen bonding between interla-
mellar water molecules and the lamellar hydroxyl groups of
o-Ni(OH), decreases HER activity because the adsorbed water
molecules and/or impurities cannot act as HER reactants.
These results support our conclusion that f-Ni(OH), without
internal water molecules has higher activity in the HER than
o-Ni(OH),.

2.2. HER Textile Electrode Using Electroplated Ni

We confirmed the exceptional HER performance of the EP
Ni—cotton textile in a three-electrode electrochemical cell
using 1 m KOH electrolyte, which was in stark contrast with
the performance of commercial Ni foam and the EL Ni—cotton
textile (Figure 4a). The high HER activity of EP Ni—cotton was
not attributed to the electrocatalytic activity of the Au NP layer
buried below the Ni layer (Figure S11, Supporting Informa-
tion). It should also be noted that the (TOA-Au NP/DETA),
multilayers with a thickness of =13 nm and a relatively high
sheet resistance of =650 Q sq! provide only the minimal
electrical conductivity for the formation of a uniform Ni layer
during the electroplating process. Therefore, the formed EP
Ni-cotton exhibited an electrical conductivity of =0.05 Q sq7},
which was superior to that of the EL Ni—cotton (=3 Q sq7}).
These phenomena evidently demonstrate that the EP Ni layer
on the (TOA-Au NP/DETA),—cotton fully governs the electrical
conductivity, the active surface area, and the resultant HER
performance.

The EP Ni-cotton electrode exhibited overpotentials of 12
and 59 mV at current densities of 10 and 50 mA c¢cm~2 for the
HER, respectively, which were much lower than that of the
EL Ni—cotton electrode (89 mV at 10 mA cm™). Additionally,
we confirmed that when the potential increases from —0.025
to —0.175 V, the activity difference between EP Ni- and EL
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Ni—cotton electrodes was slightly decreased. Specifically, The
EP Ni-cotton electrode displayed the current densities of 22.4
and 320.2 mA cm™? at the potentials of —0.025 and —0.175 V,
respectively, which were =8.3 and 6.3 times higher than that
of the EL Ni—cotton electrode, respectively (Figure S12, Sup-
porting Information). Although the HER performance of EL
Ni-cotton with the (TOA-Au NP/DETA), multilayers (i.e.,
EL Ni-Au—cotton) was slightly improved compared to that
of EL Ni-cotton without (TOA-Au NP/DETA), presumably
due to the slight change in the active surface area of the EL
Ni layer (Figures S13 and S14, Supporting Information), its
performance (i.e., overpotentials =40 and 138 mV at 10 and
50 mA cm™2, respectively) was still substantially inferior to that
(i-e., overpotentials of 12 and 59 mV at 10 and 50 mA cm~2) of
EP Ni-cotton.

To further demonstrate the effect of the EP Ni layer on HER
performance, we also prepared samples on a flat substrate and
then measured their HER for a relative performance com-
parison, i.e., 1) an EP Ni/Au sputtered-flat Si substrate (EP
Ni-flat wafer) and 2) an EL Ni/Au sputtered-flat Si substrate
(EL Ni—flat wafer). The flat substrate used for these samples
could minimize the effect of the macroporous structure of
cotton substrates on HER performance, although the EP
Ni-flat wafer also has nanosized protuberances that influence
the active surface area (Figure S15, Supporting Information).
In this case, the HER performance of the EP Ni-flat wafer
outperformed that of the EL Ni-flat wafer (Figure S16, Sup-
porting Information), which coincided with the performance
trend between the EP Ni-cotton and the EL Ni-cotton to
some degree. Compared to the nonporous and flat substrate,
the cotton substrate induced the onset potential shift, which
implied the enhanced water dissociation performance occur-
ring from an increase of the S-Ni(OH), surface (provided
by the 3D porous structure per geometrical surface area).
Additionally, when the Ni electroplating process was applied
to a flat Ni plate instead of a gold-coated Si wafer, a protu-
berant nanostructure in the EP Ni—flat wafer was also formed
(Figure S17a, Supporting Information), and the resulting HER
performance was similar to that of the EP Ni—flat wafer under
the same experimental conditions (Figure S17b, Supporting
Information). These results demonstrate that the remarkably
low overpotential of EP Ni—cotton is mainly caused by the
structural uniqueness (i.e., crystal structure and protuberant
nanostructure) of the EP Ni layer as well as the large surface
area of cotton electrodes with high electrical conductivity. Fur-
thermore, these results imply that the HER performance of
EP Ni-cotton is entirely governed by the EP Ni layer irrespec-
tive of TOA-Au NP/DETA multilayers.

The catalytic activity of electrocatalysts strongly depends on
the electrochemically active surface area (ECSA). To estimate the
ECSA, we measured the electric double-layer capacitance of EP
Ni—cotton and EL Ni—cotton using scan-rate-dependent cyclic vol-
tammetry in 1 m KOH (Figure S18, Supporting Information).l?®!
With a specific capacitance of 0.040 mF cm™ of Nil the ECSA
of the EP Ni—cotton electrode was calculated to be =1835 cm?,
which was 1.3 times higher than that of the EL Ni—cotton elec-
trode (13875 cm?). To evaluate the intrinsic activity of the Ni
electrocatalysts, the current densities were normalized with
respect to the ECSA. In this case, the EP Ni—cotton exhibited
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Figure 4. a) HER polarization curves recorded with Ni foam, EL Ni—cotton, and EP Ni-cotton electrodes in a 1 M KOH electrolyte at a scan rate of
10 mV s7\. Herein, j is defined as geometrical areal current density. b) Intrinsic HER activity (WA cm™2gcsa) of EL Ni- and EP Ni—cotton electrodes
normalized with respect to the ECSAs of the electrocatalysts. In this case, |j| is defined as absolute value of the current density normalized with respect
to the ECSAs. c) Tafel plots for the EL Ni—cotton and EP Ni-cotton electrodes. d) EIS plots for the EL Ni—cotton and EP Ni—cotton electrodes at an
applied potential of —0.1V (vs RHE). e) Chronopotentiometric stability test of the EP Ni—cotton electrode at 10 mA cm™2. The inset shows the polariza-
tion curves recorded before and after 10 000 cycles of potential sweeps in the range of +0.02 to —0.4 V (vs RHE).

an approximately sixfold enhancement in intrinsic activity rela-
tive to the EL Ni—cotton at —0.05 V versus a reversible hydrogen
electrode (RHE) (Figure 4b). Therefore, it is reasonable to con-
clude that the enhanced intrinsic activity of the EP Ni—cotton
electrode is mainly caused by the aforementioned favorable crys-
talline structure and binding energies. The high active surface
area of the formed nickel hydroxides significantly contributes to
the high HER performance of EP Ni—cotton. Another benefit of
our EP Ni—cotton electrode is its fast kinetics. Specifically, the
Tafel slope of EP Ni—cotton electrode (i.e., HER electrode) was
=327 mV dec’!, indicating that the Tafel step operates as a
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rate-limiting step for HER in EP Ni-cotton electrode.”-?*-31

The lower Tafel slope of EP Ni—cotton electrode than that of
EL Ni—cotton electrode (974 mV dec™) also implies the higher
efficiency of water dissociation (Figure 4c).

We also confirmed the fast kinetics using electrochemical
impedance spectroscopy (EIS) (Figure 4d). The EP Ni—cotton
exhibited much lower charge transfer resistance (R.) of
18.1 Q cm™? than that of the EL Ni-cotton (R =32.4 Q cm™),
which is indicative of more efficient electron transfer between
the electrode surface and electrolyte.’!! In addition, the lower
equivalent series resistance of EP Ni—cotton (R, =79 Q cm™ at
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100 kHz) than that of EL Ni—cotton (R, =9.1 Q cm™ at 100 kHz)
means that EP Ni—cotton was more electrically conductive than
EL Ni-cotton, which contained a relatively large amount of
impurities, as mentioned earlier. The HER performance of our
EP Ni—cotton textiles (Tafel slope and overpotential) was supe-
rior to those of Ni nanocomposites with mixed metal compo-
nents (e.g., NiFe(oxo) hydroxide/Ni, NiS/Ni, FeP/Ni,P/Ni, and
NiMo/Ni)[10-121233-39] reported to date (Table S1, Supporting
Information). Furthermore, our electrodes could stably main-
tain high electrocatalytic activity without notable structural or
morphological changes in the EP Ni (Figure 4e and Figures S19
and S20, Supporting Information).

2.3. OER Textile Electrode Using Electroplated NiFe

Even with exceptional performance for the HER, the overall
kinetics of the electrochemical water-splitting process can be
significantly hindered by a sluggish anodic OER. To obtain a
high-performance, non-noble OER catalyst, we carried out an
additional electroplating step to deposit NiFe onto the highly
conductive EP Ni—cotton textile. We selected NiFe based on
a recent report that Fe in NiFe mixed hydroxides can pos-
sibly prevent further oxidation from Ni%* to Ni3*/** during
the OER, thus improving the OER activity.l’”*8] The surface
morphology, chemical composition, and crystal structure
of NiFe electroplated onto EP Ni—cotton were characterized
by FE-SEM, XPS, and XRD measurements, respectively. As
shown in Figure 5a,b, the NiFe layer was highly uniform.
Additionally, the thickness and the loading mass of the EP
NiFe layer was measured to be =460 nm (i.e., the total EP layer
thickness of EP NiFe LDH/Ni was =1150 nm) and 8 mg cm™2,
respectively. The surface of the EP NiFe LDH electrode
exhibited a hierarchical, wrinkled nanostructure while main-
taining a highly porous 3D cellulose network without any
blocking of the pores by NiFe. The Ni and Fe in NiFe mainly
existed in the form of Ni?" and Fe?" (with some as Fe3),
respectively (Figure 5c,d).B%31 Moreover, the XRD pattern
of NiFe exhibited additional (003), (006), and (009) peaks,
which were assigned to NiFe LDH (Figure S21, Supporting
Information).?”) The sheet resistance of the EP NiFe-coated
cotton was measured to be =0.02 Q sq7!, which is slightly
lower than that of the EP Ni—cotton (0.05 Q sq7}).

The OER performance of NiFe electroplated onto EP
Ni—cotton (EP NiFe LDH/Ni—cotton) was evaluated in 1 m KOH
using a three-electrode cell and was compared with those of com-
mercial Ni foam and EP Ni—cotton by finding the optimal plating
conditions (Figure 5e and Figures S22 and S23, Supporting
Information). The effect of the capacitive current on the catalytic
activity (by Ni ion oxidation) of the EP NiFe LDH/Ni—cotton was
minimized by calculating the average activity from the forward
and reverse sweeps of the cyclic voltammetry curve (Figures S24
and S25, Supporting Information).' The overpotential of the EP
NiFe LDH/Ni—cotton electrode was lower than those of commer-
cial Ni foam and EP Ni—cotton. Particularly, it is worth noting that
the overpotentials (i.e., =214 mV at 50 mA cm™2 and =228 mV
at 100 mA cm™) of the EP NiFe LDH/Ni—cotton electrode were
significantly reduced compared to those of Ni-based OER elec-
trodes reported by other research groups (Table S2, Supporting
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Information)."237:3% We also confirmed that the LbL-assembled
Au layer buried below the EP Ni layer showed negligible activity
toward the OER (Figure S26, Supporting Information).

The EP NiFe LDH/Ni—cotton electrode exhibited fast OER
kinetics with a small Tafel slope of 27 mV dec™! (Table S2, Sup-
porting Information). As shown in Figure 5f, the EIS results
confirm the fast OER kinetics of the EP NiFe LDH/Ni—cotton
electrode. The R and R of the EP NiFe LDH/Ni—cotton were
measured to be =78 (at 100 kHz) and 5.3 Q cm™, respectively,
which are lower than those of the EP Ni—cotton electrode
(Rg = 13.5 and R, = 16.0 Q cm™?). Typically, the R, value is
determined by the sum of the resistance generated from each
cell component (i.e., electrolyte, active material, and current
collector) and the interfaces (mainly, active material/current
collector).*? As mentioned earlier, the formed EP NiFe LDH/
Ni—cotton anode showed better electrical conductivity than the
EP Ni-cotton, along with an extremely large surface area with
unique nanostructures. This is consistent with a recent report
by Trotochaud et al., who observed that when Fe ions were
incorporated into a Ni hydroxide lattice, they could act as n-type
dopants and consequently increase the electrical conductivity
of the Ni hydroxide with the formation of a distinct structure
(i.e., NiFe LDH).[#1 Additionally, it has been reported that the
high electrical conductivity of the active material is a critical
factor in achieving higher catalytic activities, which results in
low R values.I***] For example, the NiFe LDH nanoarrays with
improved electrical conductivity by modulating the density of
oxygen vacancies on the materials’ surface showed improved
catalytic activities with a marked reduction in R values despite
no notable geometrical changes.[*!

In particular, very similar metal hydroxide composition and
structure between NiFe LDH and EP Ni—cotton surface (i.e.,
Ni(OH),) allow for stable connection through strong interfa-
cial interactions, enabling negligible contact resistance and fast
charge transfer as well as stable performance retention.”! Thus,
the significant reduction of R, value for EP NiFe LDH/Ni—cotton
anode (Figure 5f) can be attributed to the synergistic effect of
improved electrical conductivity and stable interface structure,
which can be more prominent in OER where large anodic over-
potential occurs due to complex four-electron reaction.*84]

On the other hand, the R, mainly arising at the active mate-
rial/electrolyte interface is greatly influenced by the geometric
property and surface chemistry of the electrode.’® The hierar-
chical 3D nanostructure of the EP NiFe LDH/Ni—cotton provides
an extremely large active surface area with a number of exposed,
highly active edge sites, which enables fast charge transfer (i.e.,
low R.) at all electrode/electrolyte interfaces. Moreover, this
open 3D structure allows excellent electrolyte accessibility, which
is highly advantageous in ion diffusion and gas release, resulting
in superior electrocatalytic activity and stability. Based on these
facts, the reduced resistances can be attributed to the improved
charge transfer characteristics between the electrode (i.e., EP
NiFe LDH/Ni—cotton) and the OER electrolyte based on the
increased electrical conductivity and surface area (due to the for-
mation of wrinkled nanostructures, as shown in Figure 5a, which
was enabled by the additional NiFe electroplating). We also con-
firmed that our OER electrode did not have any carbon corrosion
phenomenon (i.e., the generation of CO, gas as a byproduct)
despite the use of cotton textile because the applied current was
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Figure 5. a) Planar FE-SEM images and b) cross-sectional FE-SEM and EDX mapping images of the EP NiFe LDH/Ni—cotton electrode (the top left inset
shows the thickness of the NiFe LDH/Ni layer). XPS spectra of ¢) Ni 2p and d) Fe 2p for the EP NiFe LDH/Ni-cotton electrode. e) OER polarization
curves for Ni foam, EP Ni-cotton, and EP NiFe LDH/Ni—cotton electrodes in a 1 M KOH electrolyte at a scan rate of 1 mV s™' (the inset shows the Tafel
plot). f) EIS plots for the EP Ni-cotton and EP NiFe LDH/Ni—cotton electrodes recorded at an applied potential of 1.5 V versus RHE.

exclusively around the highly conductive metal layer coated onto
the cotton textile (Figure S27, Supporting Information).

To assess the long-term stability of our OER electrode, we con-
ducted an accelerated durability test in 1 M KOH electrolyte by
repeating potential sweeps up to 10 000 cycles. The EP NiFe LDH/
Ni—cotton electrode exhibited good operation durability with only
a negligible drop in current density after 10 000 cycles. We also
evaluated the catalytic durability of EP NiFe LDH/Ni—cotton using
a chronopotentiometry test at 10 and 50 mA cm~ for 24 h. As
shown in Figure S28, Supporting Information, the potential was
maintained with minimal decay during the chronopotentiometry
test for 24 h, demonstrating the good stability of the electrode
in the alkaline OER. Additionally, the EP NiFe LDH/Ni—cotton
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electrode maintained high OER performance even at mechani-
cally folded states (Figure S29, Supporting Information). In the
case of folding the electrode one and two times, 93.6% and 92.2%
of the initial OER current were maintained. These results evi-
dently show that our electroplated electrodes are also mechani-
cally stable, and furthermore can meet the flexibility demands.

2.4. Two-Electrode Water Electrolyzer Using HER and OER
Textile Electrodes

To investigate the overall water-splitting performance, we pre-
pared a full-cell device composed of EP Ni—cotton (the cathode
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water-splitting electrodes (reported by other research groups). e) Photograph of the large-scale EP Ni—cotton and EP NiFe LDH/Ni—cotton electrodes.

for the HER) and EP NiFe LDH/Ni—cotton (the anode for the
OER) (Figure 6a and Figure S30, Supporting Information).
In this case, the cell voltages of the EP Ni||EP NiFe LDH/
Ni-cotton cell were measured to be =1.39, 1.63, and 1.81 V
at 10, 100, and 1000 mA cm™, respectively (Figure 6a and
Table S3, Supporting Information), which was much lower
than those of Pt/C and IrO, catalyst-loaded Ni foams (i.e.,
Pt/C/Ni foam () || 1rO,/Ni foam (+), 1.55 V at 10 mA cm™,
1.67 V at 100 mA cm™2) (Figure S31, Supporting Information).
When the operational stability of the EP Ni||EP NiFe LDH/
Ni—cotton cell was evaluated by chronopotentiometry at a cur-
rent density of 10 mA cm™2 for 100 h in 1 m KOH (Figure 6b),
the cell voltage remained constant at =1.4 V. The polarization
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curve after chronopotentiometry for 100 h was nearly identical
to the initial curve. We also confirmed that the operational
stability of our device could be well maintained even at an
extremely high current density of 1 A cm™ for 100 h in 1 m
KOH (Figure 6c). Furthermore, after such a harsh durability
test, the EP NiFe LDH/Ni—cotton electrode did not exhibit the
physical and chemical degradations such as delamination and
crack of the electroplated layer as well as leakage of Ni and
Fe ions (Figure S32, Supporting Information). These results
indicate the excellent stability of our full-cell device against
the long-term operation of water electrolysis. Particularly,
from the polarization curves of water electrolysis in 1 m KOH,
the full cell exhibited an extremely low cell voltage of 1.39 V
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at 10 mA cm~2, which is superior to (i.e., lower than) those
of conventional non-noble metal-based full-cell devices under
the same experimental conditions (Figure 6d).

Futhermore, when the experimentally measured amount of
the generated H, and O, gases was compared with the amount
of theoretical products (calculated from the amount of charge
passed at different time intervals), the faradaic efficiency was
estimated to be =99.7% (Figure S33, Supporting Information).
We attribute this excellent performance to the extremely large
surface area of the highly porous cotton-based electrodes with
metal-like conductivity, the crystalline structure of nickel oxides,
and the facile charge transport. As a result, our approach is
highly effective for preparing large-scale HER and OER elec-
trodes because the LbL-assembly of metal NPs and commercial
two-electrode-based electroplating can be easily carried out
irrespective of substrate size and shape (Figure 6e). In addition
to the effectiveness of the cotton-based electrodes, we high-
light that TOA-Ag NPs and TOA-Cu NPs as well as TOA-Au
NPs can be used for the preparation of EP Ni—cotton and EP
NiFe LDH-cotton electrodes using the same abovementioned
approach and experimental conditions (Figures S34-S40, Sup-
porting Information). Furthermore, it should be noted that our
approach can be easily applied to various flexible and porous sub-
strates, such as polyester, paper or nylon (Figures S41 and S42,
Supporting Information).

3. Conclusion

Using highly porous cotton textile electrodes fabricated by a
LbL-assembled metal NP-driven electroplating approach, we
demonstrated that our textile electrodes could exhibit consid-
erably high HER and OER performances. Our NP assembly
approach completely converted insulating cotton to a highly
conductive textile while preserving its porosity and large sur-
face area. Additionally, the metal NP-assembled cotton fibrils
induced the uniform electroplating of electrocatalytic Ni and
NiFe without any metal agglomeration. This capability to con-
trol the interfacial structure between conductive and catalytic
phases enabled the considerably low overpotentials and fast
reaction kinetics of EP Ni—cotton for the HER (i.e., 12 mV at
10 mA cm™ and 32.7 mV dec™!) and EP NiFe LDH/Ni-cotton
for the OER (i.e., 214 mV at 50 mA cm™ and 27 mV dec™).
For the full-cell device combining EP Ni—cotton and EP NiFe
LDH/Ni—cotton electrodes, the cell voltage was measured to be
1.39 V at 10 mA cm2. Furthermore, our full cell device exhib-
ited stable operation at an extremely high current density of
1 A cm™2 for at least 100 h in 1 M KOH. Given that our approach
can be applied to other porous substrates irrespective of sub-
strate size or shape, we believe that this strategy can provide
a basis for designing other high-performance electrochemical
electrodes (i.e., lithium-ion batteries, supercapacitors, and bio-
fuel cells) and water-splitting electrodes that require a large
active surface area and facile charge transport.

4. Experimental Section

Synthesis of TOA-Au NPs: Tetraoctylammonium bromide-stabilized
Au NPs (TOA-Au NPs) in toluene were prepared according to the
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Brust-Schiffrin method.P!l In brief, 25 x 107 ™ tetraoctylammonium
bromide dissolved in toluene (80 mL) and 30 x 10~3 m HAuCl, dissolved
in deionized water (30 mL) were mixed under stirring. Then, a freshly
prepared 0.4 m NaBH, solution (25 mL) was added to the mixture and
immediately reduced. After 30 min of reaction, the toluene phase was
washed with 0.1 m H,SO,, 0.1 m NaOH, and deionized water (3 times).

Synthesis of TOA-Ag NPs: Tetraoctylammonium thiosulfate-stabilized
Ag NPs (TOA-Ag NPs) with a diameter of =<7 nm in toluene were prepared
by the modified Brust-Schiffrin method.P!l In brief, 2.25 x 1073 m
tetraoctylammonium bromide was dissolved in toluene (24 mL), and
0.9 x 107 ™ silver nitrate was dissolved in deionized water (24 mL) with
3.6 X 107 M sodium thiosulfate and stirred. Then, a freshly prepared
1.35 x 1073 M NaBH, solution (24 mL) was added to the mixture and
immediately reduced. After 10 min of reaction, the toluene phase was
washed with 0.01 m HCI, 0.01 m NH,OH, and deionized water (3 times).

Synthesis of TOA-Cu NPs: Tetraoctylammonium thiosulfate-stabilized
Cu NPs (TOA-Cu NPs) with a size of =7.5 nm in toluene were prepared
by the modified Brust-Schiffrin method.P In brief, 0.75 x 103 ™
tetraoctylammonium bromide was dissolved in toluene (8 mL), and
0.3 107 m copper (I) chloride dihydrate was dissolved in deionized water
(7 mL) with 1.2 X 10 ™M sodium thiosulfate and stirred. Then, a freshly
prepared 0.9 x 10> m NaBH, solution (1 mL) was added to the mixture
and immediately reduced. After 10 min of reaction, the toluene phase was
washed three times with 0.01 m HCl, 0.01 m NH,OH, and deionized water.

Preparation of (TOA-Au, -Ag, or -Cu NP/DETA),-Coated Cotton: First,
a PEl solution (2 mg mL™", M,, = 800 g mol™") was dissolved in ethanol
and adsorbed onto the substrate. After washing the PEl-coated
cotton with pure ethanol, the 15 mg mL~" TOA-Au NP solution was
sequentially deposited on the PEl-coated cotton. This procedure
was followed by washing the cotton with pure toluene to remove the
weakly adsorbed TOA-Au NPs (or TOA-Ag NPs) on the PEl-coated
substrate, and then the outermost TOA ligand layer was replaced with
the DETA (2 mg mL™) linker in ethanol. After this ligand-exchange
reaction, the weakly adsorbed DETA layer was likewise washed
three times with pure ethanol. This deposition cycle was repeated
until the desired number of bilayers was reached. Additionally, the
(TOA-Ag NP/DETA),-coated cotton was prepared using the same
abovementioned procedures. When preparing the TOA-Cu NP-coated
cotton, cysteamine molecules were used as organic linkers (i.e.,
(TOA-Cu NP/cysteamine),-coated cotton) instead of DETA because
the DETA linker solution dissolves the Cu NPs. The concentration
of cysteamine in ethanol was fixed at 2 mg mL™". Additionally, all the
experimental procedures for depositing TOA-Cu NPs and cysteamine
onto the cotton substrates were identical to those of (TOA-Au NP/
DETA),-coated cotton substrates.

Preparation of EP Ni-Cotton: The as-prepared (TOA-Au NP/DETA),
coated cotton was immersed in a typical Watt bath (240 g L' NiSO,,
45 g L' NiCl,, and 30 g L™! H3BO;).4 The process of Ni electroplating
based on a two-electrode system was performed on (TOA-Au NP/
DETA) -coated cotton as a cathode and a Ni plate as an anode. These
procedures were also applied to (TOA-Ag NP/DETA),- or (TOA-Cu
NP/cysteamine),-coated cotton. In this case, the separation distance
between the cathode and anode was fixed at 2 cm. Then, an external
current density of 346 mA cm™ was applied to the sample for 30 min
at room temperature, and the sample was washed three times in
deionized water and dried at room temperature (Ni loading amount:
0.0522 g cm?). These EP Ni-cotton electrodes were dipped into a
0.1 M KOH solution for 60 min for the additional formation of Ni(OH),,
washed in deionized water and dried at room temperature.

When preparing EP Ni-cotton using TOA-Ag NPs or TOA-Cu NPs
instead of TOA-Au NPs, the sheet resistances of (TOA-Ag NP/DETA),-
or (TOA-Cu NP/cysteamine),-coated cotton were first adjusted below
1000 Q sq' with increasing bilayer number (n). After lowering the sheet
resistances, Ni electroplating was carried out on (TOA-Ag NP/DETA),- or
(TOA-Cu NP/cysteamine),-coated cotton.

Preparation of EL Ni—Cotton: The EL Ni deposition on cotton followed
the reported procedure.[*l Briefly, cellulose cotton was first immersed
into a sensitizing solution (0.05 M SnCl,-2H,0 and 0.15 m HCl) and a
PdCl, solution (0.6 x 107 m PdCl, and 0.03 m HCI). After the substrate

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

was washed three times with deionized water, 45 g L' NiSO,-6H,0,
240 g L' NaH,PO, - H,0, 30 g L' NaCgHs0; - 2H,0 and 50 g L' NH,Cl
were added to the mixture, which was stirred at room temperature and
adjusted to pH 9 using NH,OH. After increasing the temperature of the
solution to 80 °C, the cotton substrate was inserted, and the mixture
was stirred for 120 min. After the reaction, the electrodes were repeatedly
washed with deionized water and dried. After the chemical reduction
process, these EL Ni—cotton electrodes were dipped into a 0.1 m KOH
solution for 60 min for the additional formation of Ni(OH),, washed
in deionized water and dried at room temperature. In particular, this
oxidation process using KOH solution was applied to all the samples,
including the EP Ni—cotton, porous Ni foam, Ni plate and EL Ni-cotton,
under the same experimental conditions.

Preparation of EP NiFe LDH/Ni—Cotton: The EP NiFe LDH deposition
on cotton followed the reported procedure with slight modifications.[>
NiFe LDH was deposited on a prepared EP Ni-cotton electrode from
an aqueous electrolyte bath containing 3 x 1073 m Ni(NOj3),-6H,0
and 3 X 107 m Fe(NOj);-9H,0. Electrodeposition was carried out in
a potentiometric manner in a two-electrode configuration consisting of
EP Ni—cotton as the anode and a Ni plate as the cathode. The potential
was held constant at —2.5 V for 60 min. After electrodeposition, the
electrode was carefully removed, washed several times with deionized
water and dried.

Preparation of Pt/C/Ni Foam: Pt/C/Ni foam catalysts were prepared
by dispersing 1 mg Pt/C (20 wt% Pt on Vulcan XC-72) in 300 uL of EtOH
solution containing 10.5 UL of 5 wt% Nafion.I% This catalyst ink solution
was deposited onto the commercial Ni foam (0.5 X 0.5 cm?), and then
dried at room temperature.

Preparation of 1rO;/Ni Foam: 1rO,/Ni foam catalysts were prepared by
dispersing 1 mg IrO; in 300 pL of EtOH solution with 10.5 pL of 5 wt%
Nafion.’Sl As already mentioned above, this catalyst ink solution was
loaded onto the commercial Ni foam (0.5 x 0.5 cm?), and then dried at
room temperature.

Characterization: The crystal structure and size distribution
of TOA-Au NPs were examined by high-resolution transmission
electron microscopy (HR-TEM) (Tecnai 20, FEI). The XPS spectra of
the electrodes were investigated using XPS (X-TOOL, ULVAC-PHI)
with Al Ko radiation. The crystallinity of the EP Ni-cotton,
EL Ni-cotton and EP NiFe LDH/Ni-cotton surfaces was analyzed
with their X-ray diffraction (XRD) patterns obtained from SmartLab
(Rigaku) with Cu Ko radiation. To determine the absorption
mechanism during the ligand-exchange reaction, the FTIR spectra
of the multilayer films were measured with a Cary 600 spectrometer
(Agilent Technology) operated at a 4 cm™ resolution in attenuated
total reflectance (ATR) mode. The raw data were plotted after
baseline correction and smoothing using spectral analysis software
(Omnic 9, Thermo Scientific). SEM and energy-dispersive X-ray
(EDX) spectroscopy images were observed via FE-SEM (Quanta
250 FEG, FEl). The Brunauer—-Emmett-Teller (BET) specific surface
areas of the EP Ni—cotton, EL Ni—cotton, and Au NP coated—cotton
were measured using N, (99.999%) adsorption at 77 K (BELSORP-
mini 1l, MicrotracBEL, Corp). The specific surface of bare cotton
was determined using mercury intrusion porosimetry (MicroActive
AutoPore V9600) that could operate in the interval 0.20-33 000 psi to
estimate the cores between 0.006 and 800 pum.

Molecular Dynamics Simulations: All-atom MD simulations were
performed for a model system consisting of DETA molecules between
Au (100) surfaces. The initial molecular geometries were prepared by
placing n DETA molecules between Au slabs built by FCC stacking with
a (100) face consisting of a 7 x 7 supercell. With this system configuration,
NPT-ensemble MD simulations were carried out at 298 K and 1 bar
using the Forcite module with COMPASS force field*®l (COMPASS 11,
as implemented in the Material Studio package. The Nose-Hoover-
Langevin thermostat™! and Parrinello-Rahman barostatl®® were used
to maintain the temperature (298 K) and pressure (1 bar). For all NPT
MD runs, the electrostatic potential energy was calculated by the Ewald
summation method with an accuracy of 0.1 kcal mol™ and a buffer
width of 0.5 A. The van der Waals potential energy was calculated by
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the atom-based technique with a cutoff distance of 12.5 A and a spline
width of 1 A. The MD system was equilibrated for 5 ns with a time step
of 1fs.

Electrochemical Characterization: All electrochemical measurements,
including polarization curves, cyclic voltammetry, and EIS, were
carried out with an lvium-n-Stat electrochemical workstation (lvium
Technologies). For measurements in the three-electrode cell system, a
Pt mesh and an RHE were used as the counter and reference electrodes,
respectively, while using 1 M KOH (pH = 14) as the electrolyte. The OER
and HER catalytic activities were measured by linear sweep voltammetry
at scan rates of 1 and 10 mV s, respectively, with iR compensation. All
reported current densities were based on the geometric surface area of
the electrodes. The EIS measurements were performed with a biased
working electrode over a frequency range from 100 kHz to 0.01 Hz
and potentials of 1.5 V (vs RHE) for the OER and —0.1 V (vs RHE) for
the HER, respectively. Thus, the semicircle diameter corresponds to
the charge transfer resistance (R), which can be used to evaluate the
charge transfer kinetics on the surface of the electrode. The starting
point on the x-axis of the semicircle represents the series resistance,
which is the sum of the ionic resistance of the electrolyte, the intrinsic
resistance of the active materials and the contact resistance at the active
material/current collector interface.

For carbon corrosion tests (in situ gas analysis) of OER electrodes, a
mass spectrometer (Cirrus 2, MKS Instruments) was connected to the
electrochemical cell in series. Ar gas (ultrahigh purity, Airgas) was fed
into the electrochemical cell as a carrier gas (flow rate of 20 mL min™)
controlled by a mass flow controller (G-series, MKS Instruments).

Inductively coupled plasma optical emission spectrometry (ICP-OES,
Agilent Technologies 5900, VistaChipll CCD detector) was performed to
detect the amount of Ni and Fe ions dissolved in the electrolyte after
stability testing at the current density of T A cm™.

The faradaic efficiency of water splitting was measured by the
eudiometry method in the experimental setups. The working electrode
was fixed at the inside of an inverted burette filled with the electrolyte.
All the metal wires connecting the working electrode were coated with
insulating epoxy to prevent a loss of charge from side reactions. The
evolved gases were directly collected in the headspace of the inverted
burette, and the corresponding gas volume was determined by the
displacement of the vertical water column. Based on this method, the
faradaic efficiency was calculated by comparing the amount of evolved
gas with the theoretical amount of gas, which is calculated by the charge
passed through the electrode:

Vexperi Vexperi
Faradaic efﬁciency(Hz) — experiment — experiment (-I)
Vtheoretical Z x Q <V
47F
. . Vexperiment Vexperiment
Faradaic efficiency(O,) = Vooen =10 (2)
theoretical Z x F x Vm

where F is the Faraday constant (96 485 C mol™), Q is the summation
of the charge passed through the electrodes, the number 4 indicates
4 moles of electrons per mole of H,0, the number 2 indicates 2 moles
of H, per mole of H,0, the number 1 indicates 1 mole of O, per mole of
H,0 and V,, is the molar volume of gas (24.5 L mol™, 298 K, 101 kPa).*!
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