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Abstract

The functional valorization of waste fabrics, particularly their conversion into flexible
low-cost, high-performance electrodes, holds significant promise for resource sustainability
and the development of advanced energy technologies. Here, a NiB/Cu/polyester fabric
(PF) composite electrode was fabricated via two-step electroless plating on waste PF and
was demonstrated as a bifunctional electrocatalyst for methanol oxidation (MOR) and urea
oxidation (UOR). The morphology, crystal structure, surface chemical state, and wettability
of the electrodes were characterized using SEM, TEM, XRD, XPS, and contact angle mea-
surements. The Cu interlayer critically enhanced interfacial wettability, intrinsic catalytic
activity and stability. At 0.8 V, the NiB/Cu/PF electrode delivered average current densities
of 312 mA-cm~2 for MOR and 288 mA-cm~2 for UOR, outperforming NiB/PF by 27.9%
and 9.1%, respectively. After 2000 accelerated degradation cycles with electrolyte renewal,
MOR and UOR activities were retained at 91.6% and 105.0%, respectively. Remarkably,
the Cu interlayer conferred exceptional mechanical-electrochemical robustness: following
100 sequential bending and twisting deformations, current density retention ranged from
84.6% to 96.7% across multiple test configurations. The Cu interlayer acted as a flexible
stress buffer during mechanical deformation, effectively improving the adhesion between
the coating and the substrate.

Keywords: methanol oxidation; urea oxidation; electrocatalysis; flexible electrode; interlayer

1. Introduction

With the acceleration of global population growth and industrial technology iteration,
the energy system dominated by fossil fuels faces a dual crisis of resource depletion and
environmental deterioration. Developing high-performance and low-cost fuel cell catalyst
systems is of great strategic significance for building a green and low-carbon energy
network [1,2]. Direct methanol fuel cells (DMFCs) and direct urea fuel cells (DUFCs) have
attracted attention due to their high energy conversion efficiency, safe usage, storage and
transportation, as well as economic and environmental benefits [3-6].

However, the large-scale application of DMFCs and DUFCs still faces key challenges.
Currently, commercial applications mainly use high-cost precious metals such as Pt and
their compounds as catalysts, and their scarcity and price volatility severely constrain the
technical economy. In addition, the anode catalyst poisoning caused by methanol crossover
in DMFCs and the slow kinetics of the urea oxidation reaction (UOR) in DUFCs further
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aggravate the system efficiency loss. Therefore, while searching for the preparation of
high-performance Pt alternative catalysts, the choice of support material also plays an
important role in catalytic activity [7,8].

Nickel-based materials have the characteristics of a Pt-like electronic structure, low
cost, and abundant reserves. The combination with non-metals such as Ni-O, Ni-P, Ni-S,
and Ni-B to form catalytic materials has attracted much attention for research on MOR
and UOR. Compared with crystalline catalysts, Hu et al. [9] prepared a porous amorphous
nickel-boron catalyst (a-NiBx) using a simple electroless plating method. The presence of B
increased the adsorption energy of NiBx for urea molecules and hydroxyl ions, bringing the
energy potential of NiBx closer to the thermoneutral value and significantly accelerating
the kinetics of UOR. Huang et al. [10] synthesized a Ni-B electrocatalyst through a chemical
reduction—annealing process. The ultrafine Ni-B nanoparticles had more active sites and
higher activity. After annealing treatment, amorphous Ni-B transformed into crystalline
Ni-B with lattice expansion, exhibiting a good electrocatalytic performance. Ni-B materials
are promising electrocatalytic materials.

Rapid economic expansion and population growth have driven a substantial in-
crease in global textile consumption—concurrently generating mounting volumes of post-
consumer textile waste, which poses escalating environmental and resource management
challenges [11-13]. Consequently, the recycling and functional valorization of waste fabrics
represents not only a critical strategy for circular resource recovery but also a promis-
ing avenue for enabling sustainable energy technologies. Zhang et al. [14] constructed a
self-supported nitrogen-doped carbon electrocatalyst using the thermal carbonization of
waste silk fabric, which exhibited a unique porous three-dimensional (3D) structure that
could expose more active sites and promote the efficient diffusion of the electrolyte. Jiang
et al. [15] prepared an efficient oxygen evolution reaction (OER) catalyst with a metal and
heteroatom co-doped carbon fiber structure using waste cotton fabric through a simple
two-step carbonization process.

To make waste fabrics into conductive electrodes, high conductivity is typically
achieved by coating the fabric surface with metals or metal salts [16,17]. Common con-
ductive fabric manufacturing processes include electroplating [18,19], magnetron sputter-
ing [20,21], chemical vapor deposition [22,23], sol-gel wet spinning [24], and electroless
plating [25-28]. Among these techniques, electroless plating is favored due to its cost-
effectiveness, simple process, ability to form a strong coating, and controlled uniform
deposition on non-conductive fabric surfaces [29]. Wang et al. [30] deposited metal layers
on various substrates such as cotton cloth, filter paper, and sponge via electroless plating
to construct highly conductive flexible electrodes. These electrodes formed a continuous
conductive network while maintaining the original three-dimensional porous structure and
flexibility of the substrate, thus enabling successful application in flexible batteries. Khajeh
et al. [31] prepared a Ni-P coating on nylon nonwoven fabric surfaces using electroless
plating technology, obtaining a multifunctional conductive fabric with conductive and
thermal response characteristics. This material achieved uniform coverage of the metal
layer while maintaining the lightweight and breathable properties of the nonwoven fabric,
thereby exhibiting various functions such as electromagnetic shielding, electrothermal
and photothermal conversion. The above studies mainly focus on the construction and
performance optimization of the metal coating itself, while the role of the metal interlayer in
electrochemical performance remains underexplored. In this work, we demonstrate that the
introduction of a Cu interlayer significantly enhances the interfacial wettability, intrinsic
catalytic activity, and stability of the Ni-B-coated polyester fabric electrode. Moreover,
the Cu interlayer confers exceptional mechanical-electrochemical robustness: it acts as a
flexible stress buffer during mechanical deformation, effectively improving the adhesion
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between the Ni-B coating and the fabric substrate, and enables the electrode to maintain a
stable performance under repeated bending and twisting.

Despite the advantages of electroless plating, the influence of a metallic interlayer (e.g.,
Cu) on the catalytic performance of Ni-B-coated fabric electrodes has not been systemati-
cally investigated. In particular, the combined effects on wettability, charge transfer, and
mechanical flexibility remain unexplored. Herein, we report a flexible NiB/Cu/polyester
fabric (PF) electrode fabricated using a two-step electroless plating method. The role of
the Cu interlayer is systematically evaluated, and the electrode is characterized by its
morphology, wettability, and electrocatalytic activity toward MOR and UOR.

2. Materials and Methods
2.1. Materials and Chemicals

Polyester fabric was obtained from Sijiging Old Clothing Market in Hangzhou,
China. The waste polyester fabric is a woven satin fabric with a smooth surface. Its
chemical composition is polyethylene terephthalate (PET). The average diameter of the
polyester fibers is approximately 15 um. Nickel chloride (NiCly-6H,O, AR, >98%), stan-
nous chloride (SnCl,-2H,0, AR), sodium hydroxide (NaOH, AR, >96%), copper sulfate
(CuSO4-5H,0, AR, >99%), hydrochloric acid (HCl, AR, 36-38%), ammonia solution (NHj3,
AR, 25-28%), formaldehyde solution (CH,O, AR), potassium hydroxide (KOH, AR, 85%),
methanol (CH30H, AR, >99.5%), and urea (CO(NH;),, AR, 99%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Potassium sodium tartrate
(C4H406KNa-4H,0, AR, >99%) and dimethylamine borane (DMAB, C,H;9BN, >96%)
were purchased from Aladdin, Ltd., Shanghai, China. Palladium chloride (PdCly, 59-60%)
was purchased from Shuangmu Chemical Co., Ltd., Hangzhou, China.

2.2. Synthesis of Electrode Materials
2.2.1. Pretreatment of Polyester Fabric (PF)

Waste polyester fabric was cut into 1 cm X 2 cm strips, thoroughly rinsed with deion-
ized water to remove surface contaminants, and dried at 60 °C under ambient atmosphere
prior to use.

2.2.2. Synthesis of Cu/PF Electrodes

The pretreated PF was sequentially immersed in a sensitization solution containing
5SnCl,-2H,0 (44.3 mM) and HC1 (0.50 M) and an activation solution containing PdCl,
(2.82 mM) and HCI (0.50 M) at room temperature for 10 min each, followed by thorough
rinsing with deionized water. Subsequently, electroless copper plating was performed at
45 °C for 60 min in a bath containing 0.03 M CuSO4-5H;0, 0.14 M NaKC;H4O4-4H,0,
0.1 M NaOH, and 0.13 M CH,O. In this bath, CuSO,4-5H,0 serves as the metal ion source,
potassium sodium tartrate acts as a complexing agent to stabilize Cu?* ions, NaOH adjusts
the pH to an alkaline condition, and formaldehyde functions as the reducing agent for
the electroless deposition of Cu. After rinsing and drying at 60 °C, the Cu/PF electrode
was obtained. To optimize interfacial conductivity and catalytic support, copper plating
duration was systematically varied (15, 30, 45, 60, and 75 min), yielding samples designated
as Cu/PF-t15, Cu/PF-t30, Cu/PF-t45, Cu/PF-t60 (as Cu/PF), and Cu/PF-t75, respectively.

2.2.3. Synthesis of NiB/Cu/PF Electrodes

The as-prepared Cu/PF was further processed following a similar procedure. Cu/PF
was sequentially immersed in the sensitization solution and activation solution at room tem-
perature for 10 min each, followed by thorough rinsing with deionized water. Subsequent
electroless Ni-B deposition was carried out at 30 °C for 45 min in a bath containing 0.19 M
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NiCl,-6H,0, 20 mM DMAB, and 0.59 M NH3-H,O. In this bath, NiCl,-6H,O provides Niz*
ions, DMAB acts as the reducing agent, and NH3-H,O serves both as a complexing agent
for Ni?* and as a pH adjuster to maintain an alkaline environment, which is essential for
the reduction reaction. After rinsing with deionized water, the sample was dried at 60 °C
to obtain NiB/Cu/PF. To tailor the catalytic electronic structure and surface reactivity, the
DMAB concentration—and thus the nominal B content—was systematically varied from
5 to 25 mM in 5 mM increments (i.e., 5, 10, 17.5, 20, and 25 mM)), yielding samples desig-
nated as 5-NiB/Cu/PF, 10-NiB/Cu/PF, 17.5-NiB/Cu/PF, 20-NiB/Cu/PF (as NiB/Cu/PF),
and 25-NiB/Cu/PF, respectively.

For comparative evaluation, the NiB/PF control electrode was prepared by directly
applying the identical Ni-B electroless deposition protocol to pristine polyester fabric
(PF), omitting the Cu interlayer step. Figure 1 shows the synthesis process of the flexible
NiB/Cu/PF electrode. The NiB/Cu/PF samples used for all characterizations in this work
were prepared with a Cu plating time of 60 min and a DMAB concentration of 20 mM.

|

Electroless
NiB plating

Electroless
Cu plating

PF Cu/PF NiB/Cu/PF

Figure 1. Schematic diagram of the preparation process of the NiB/Cu/PF electrode.

2.3. Material Characterization

The wettability of the samples was measured using a fully automatic optical contact
angle measuring instrument (OCA30, Dataphysics, Filderstadt, Germany). The X-ray
diffraction (XRD) patterns of the samples were characterized using an X-ray diffractometer
(Bruker D8 Advance, Karlsruhe, Germany) with a Cu-K« radiation source (A = 1.546 A)
in the 20 range of 20-80° at a scanning speed of 20°-min~! and a step size of 0.02°. The
surface of the samples was chemically analyzed using X-ray photoelectron spectroscopy
(XPS, Thermo Scientific K-Alpha, East Grinstead, UK). The micromorphology and crystal
structure of the samples were characterized using field emission scanning electron mi-
croscopy (FEI Nano Nova 450, Brno, Czech Republic) and transmission electron microscopy
(JEOL JEM F200,Tokyo, Japan). The chemical composition and elemental distribution were
analyzed using high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) coupled with energy-dispersive X-ray spectroscopy (EDS), performed on
a JEOL JEM-F200 transmission electron microscope (JEOL Ltd., Tokyo, Japan).

Electrochemical performance was measured using a three-electrode system on an elec-
trochemical workstation (CHI 760e, Chenhua Instruments, Shanghai, China). The prepared
samples, Pt foil, and a saturated calomel electrode (SCE, E = 0.242 V vs. NHE) were used as
the working electrode, counter electrode, and reference electrode, respectively, to evaluate
the OER, MOR, and UOR performance. The catalytic performance was assessed using
cyclic voltammetry (CV) at a scan rate of 50 mV-s~! in 1.0 M KOH solution, 1.0 M KOH
+ 0.5 M CH30H solution, and 1.0 M KOH + 0.33 M CO(NH),), solution. Electrochemical
impedance spectroscopy (EIS) was measured in the frequency range of 0.01 Hz to 100 kHz.
The cycle life and long-term stability of the catalytic electrodes were evaluated using
chronopotentiometry (CP) at 100 mA-cm 2 and 2000 cycles of cyclic voltammetry (CV).
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The working electrode (1 cm X 2 cm sample) and a Pt foil counter electrode were
placed parallel in the same beaker containing the electrolyte. The reference electrode
was placed in a separate beaker with saturated KCl and connected via a salt bridge to
the working electrode beaker. The immersion depth was adjusted to 1 cm using a ruler,
defining a working electrode area of 1 cm?. Although the fabric substrate is flexible, the
deposited metal layer imparts sufficient rigidity to the electrode; in the electrolyte, the
electrode remains straight and does not curl, ensuring a reproducible electrode/electrolyte
interface. The schematic diagram of this configuration is shown in Figure S1.

3. Results and Discussion
3.1. XRD and XPS

Figure 2 shows the XRD patterns of the PF, Cu/PF, NiB/PF, and NiB/Cu/PF electrodes.
Two broad diffraction peaks below 30° of 26 are attributed to the weak carbon (C) peak
of the amorphous polyester fabric (PF) substrate [32]. The Cu/PF electrode shows three
dominant peaks at 26 = 43.3°, 50.4°, and 74.1°, assigned to the (111), (200), and (220) planes
of Cu (PDF#04-0836), with pronounced (111) intensity. The NiB/PF electrode exhibits three
diffraction peaks at 20 = 44.5°, 51.8°, and 76.4°, indexed to the (111), (200), and (220) planes
of face-centered cubic (fcc) Ni, respectively (PDF#04-0850). Critically, the NiB/Cu/PF
pattern integrates both sets of peaks—confirming the coexistence of crystalline Cu and Ni
phases. Notably, the Ni diffraction peaks in both the NiB/PF and NiB/Cu/PF electrodes
exhibit broadening and reduced intensity characteristic of low crystallinity and partial
amorphous formation during electroless Ni-B deposition on PF substrates.

(@) (b)
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__: Ni2p,, N
¢ A NiZp,, [
S~ - Ni?*
IS = Sat. o /|
NiB/Cu/PF * $ S 7any/i\ S
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£ \\Ji-n 1A\ .
= / |
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Figure 2. (a) XRD patterns of PF, Cu/PF, NiB/PF, and NiB/Cu/PF electrodes. High-resolution XPS
spectrum of (b) Ni 2p. (c) B 1s.

The surface chemical state and elemental composition of the NiB/Cu/PF electrode
were characterized using X-ray photoelectron spectroscopy (XPS). High-resolution spectra
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of the Ni 2p and B 1s regions (Figure 2b,c) reveal characteristic binding energies consistent
with Ni-B alloy formation. The Ni 2p3/, peak at 853.1 eV is assigned to metallic Ni in the
Ni-B matrix—distinct from the Ni?* species core level of Ni 2p3 » in Ni-B [33]. The broad
shake-up satellites (marked as “Sat.” in Figure 2b) at approximately 861 eV and 880 eV
are characteristic of Ni>* species, indicating the presence of a thin native oxide/hydroxide
layer on the Ni-B surface [34]. In the B 1s spectrum, the peak at 191.8 eV corresponds to
oxidized boron. The O 1s spectrum (Figure S2) exhibits a distinct peak at 531.3 eV, further
corroborating the presence of a thin native oxide layer on the Ni-B surface. The atomic
percentages of Ni, Cu, B, C, and O derived from XPS survey spectra are summarized in
Table S2. Collectively, these results confirm the successful deposition of a Ni-B phase with
mixed metallic and oxidized surface character.

3.2. Wettability

Wettability influences interfacial charge/mass transport in aqueous electrocatalytic
systems. Contact angle measurements (Figure 3a—e) quantitatively assess the surface
wettability of NiB/PF and NiB/Cu/PF electrodes in various electrolyte media, including
KOH, methanol, and urea. Both electrodes exhibit markedly reduced contact angles upon
addition of KOH to methanol or urea solutions, demonstrating enhanced hydrophilicity
under alkaline conditions. This pronounced wettability improvement confirms effective
electrolyte penetration and uniform electrode surface coverage, thereby validating the
choice of alkaline mixed electrolytes for subsequent electrocatalytic performance evaluation.

IM KOH

(b)

0.5 M CH;O0H

(© |

0.33 M CO(NH,),

((l) 4 o 5.0°
1.0 M KOH+ HEi =90

0.5 M CH;OH

P e e e e e . . e . e e e e e e e e e e o e - e -y

(e)

1.OMKOH+ ! 65.7° 39.2° :
1 |

NiB/PF NiB/Cu/PF

Figure 3. Initial contact angles of NiB/PF and NiB/Cu/PF electrodes in (a) 1.0 M KOH, (b) 0.5 M
CH;30H, (c) 0.33 M CO(NHj,),, (d) 1.0 M KOH + 0.5 M CH;30H, (e) 1.0 M KOH + 0.33 M CO(NH,),.

In methanol and urea solutions, the NiB/PF electrode exhibited larger contact angles,
with minimal temporal variation and stable droplet morphology—indicative of poor surface
hydrophilicity and limited electrolyte affinity. In contrast, the NiB/Cu/PF electrode showed
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smaller contact angles in all test solutions, demonstrating excellent wettability, which is
beneficial for the rapid diffusion of electrolyte ions and thus promotes the electrochemical
reaction process [35].

3.3. Microstructure

The micromorphology of the Cu/PF, NiB/PF, and NiB/Cu/PF electrodes was charac-
terized using scanning electron microscopy (SEM). As shown in Figure 4(al,a2), small Cu
particles are uniformly distributed across the PF fiber surfaces—forming a well-defined,
continuous layer. The SEM images of the NiB/PF electrode (Figure 4(b1,b2)) reveal delicate
flower-like nanospheres composed of thin, interconnected nanosheets, uniformly coating
the fiber surface. In the NiB/Cu/PF electrode (Figure 4(c1,c2)), this elegant nanostructure
is further enriched: the underlying Cu interlayer remains clearly visible, while the NiB
nanosheets grow more densely and abundantly—resulting in significantly enhanced sur-
face texture and microstructural complexity. This thoughtful architectural synergy between
Cu and NiB not only preserves the structural integrity of the fibers but also increases
surface roughness and effective area—offering more accessible active sites and supporting

a stronger electrocatalytic performance. Finally, the cross-sectional SEM image (Figure 4d)
of the NiB/Cu/PF sample clearly confirms the uniform presence and continuity of the Cu
interlayer within the composite architecture.

Figure 4. SEM images of (al,a2) Cu/PF, (b1,b2) NiB/PF, (c1,c2) NiB/Cu/PF, (d) cross-section of
NiB/Cu/PF fiber.

The micromorphology of the NiB/Cu/PF electrode was carefully examined using SEM
and transmission electron microscopy (TEM). As shown in Figure 5a, the SEM image reveals
a well-integrated, hierarchical surface architecture—where NiB nanosheets gracefully coat
the underlying Cu-decorated PF fibers. The corresponding TEM image (Figure 5b) shows
that the larger nanoparticles are uniformly enveloped by vertically aligned, ultrathin
nanosheets. In Figure 5c, the coexistence of amorphous NiB regions and crystalline Ni
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regions with clear lattice fringes can be clearly observed, together forming an amorphous—
crystalline composite structure of NiB. Furthermore, the inverse fast Fourier transform
(IFFT) images in Figure 5(c1,c2) show lattice fringes with spacings of 0.177 and 0.202 nm,
corresponding to the (002) and (111) planes of Ni, respectively.

Ni(022) ————- ~

Ni(002) e——= -
Ni(111) <=t

100 nm 100 nm 100 nm 100 nm

Figure 5. (a) SEM image, (b) TEM image, (c) HRTEM image, (c1,c2) IFFT images, (d) SAED pattern,
(e) EDS elemental mapping images of NiB/Cu/PF.

The selected-area electron diffraction (SAED) pattern (Figure 5d) exhibits distinct
polycrystalline diffraction rings: yellow rings indexed to the Ni (111), (002), and (022) lattice
planes, and a blue ring assigned to the Cu (222) reflection—collectively confirming the
coexistence of crystalline Ni and Cu phases. In addition, the high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) image and corresponding
elemental mapping images in Figure 5e show that Ni, Cu, B, C, and O elements are
uniformly distributed, further confirming the successful incorporation of B.

3.4. Electrochemical Performance

The electrocatalytic performance of the prepared electrodes was tested using a three-
electrode system at a scan rate of 50 mV-s~!. As shown in Figure 6a, Cu/PF exhibited
no obvious oxidation peak in 1.0 M KOH solution. The CV curves of both NiB/PF and
NiB/Cu/PF electrodes show distinct redox peaks, corresponding to the reversible con-
version between Ni?* and Ni®* [36]. Compared with NiB/PF, the redox peak area of
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NiB/Cu/PF increases, indicating improved electrochemical reversibility and enhanced
accessibility of active sites, thereby enhancing the catalytic activity [37].
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Figure 6. CV curves of different electrodes in (a) 1 M KOH, (b) 1.0 M KOH + 0.5 M
CH30H, (¢) 1.0 M KOH + 0.33 M CO(NH,),. (d) EIS curves of NiB/PF and NiB/Cu/PF in
1.0 M KOH + 0.5 M CH30H and 1.0 M KOH + 0.33 M CO(NH,),. (e) Peak current densities of
NiB/Cu/PF electrodes with different electroless Cu plating times in different electrolytes at
0.8 V. (f) Peak current densities of NiB/Cu/PF electrodes with different B contents in different
electrolytes at 0.8 V.

Figure 6b,c show the MOR and UOR performance of the two electrodes in 1.0 M
KOH + 0.5 M CH30H and 1.0 M KOH + 0.33 M CO(NH3),, respectively. The NiB/Cu/PF
electrode exhibits significantly enhanced electrocatalytic activity. At a potential of 0.8V, its
average current densities are 312 mA-cm 2 for MOR and 288 mA-cm 2 for UOR, repre-
senting enhancements of 27.9% and 9.1%, respectively, relative to the NiB/PF. In addition,
a comparison of the MOR and UOR performance with recently reported Ni-based (includ-
ing flexible) electrodes (shown in Table S1) reveals that the NiB/Cu/PF electrode in this
work exhibits a good performance. Figure 6d presents the electrochemical impedance spec-
troscopy (EIS) spectra of the NiB/PF and NiB/Cu/PF electrodes in two kinds of electrolytes.
The fitted charge-transfer resistance (Rt) values are 17.43 () for MOR and 10.45 ) for UOR
on NiB/PF, decreasing markedly to 7.02 (2 (MOR) and 1.77 Q2 (UOR) on NiB/Cu/PF. This
substantial reduction in Rt was by 59.7% for MOR and 83.1% for UOR. This performance
enhancement is ascribed to the Cu interlayer, which concurrently increases the density of
electrochemically accessible active sites, reduces charge-transfer resistance, and accelerates
interfacial charge-transfer kinetics. In 1.0 M KOH + 0.5 M CH30H, the double-layer capaci-
tance (Cdl) of NiB/PF and NiB/Cu/PF are 1.25 and 3.26 mF-cm 2, respectively, and the
Tafel slopes are 91 and 69 mV-dec™!. In 1.0 M KOH + 0.33 M CO(NH,),, the Cdl values
are 1.91 and 3.25 mF-cm~2, and the Tafel slopes are 141 and 72 mV-dec™!, respectively
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(Figures S3 and S4). These results indicate that NiB/Cu/PF possesses a larger electrochem-
ically active surface area and faster reaction kinetics than NiB/PFE.

The effect of the Cu interlayer prepared with different electroless plating times on the
performance of the NiB/Cu/PF electrode was investigated, and the results are shown in
Figure 6e. The CV curves of Cu/PF electrodes with different electroless Cu plating times
are shown in Figure S5. These curves show that the 60 min plating time yields the largest
redox peak area, consistent with the current density trend in Figure 6e. The electrode
fabricated with a copper plating duration of 60 min delivers the highest current density.
With increasing plating time from 0 to 60 min, the Cu layer gradually forms a continuous
conductive network, which is beneficial for improving electron transport capability and
increasing the exposure of active sites. Beyond 60 min, with further extension to 75 min, the
excessively thick Cu layer may cover part of the surface structure and reduce the effective
specific surface area, leading to a decrease in current density [38].

In addition, the effect of boron (B) content in the electroless plating solution on the
electrode performance was studied, and the results are shown in Figure 6f. The CV curves
of NiB/Cu/PF electrodes with different B contents are shown in Figure S6. It can be seen
that the sample with 20 mM DMAB exhibits the most pronounced redox peaks, which
correlates well with the highest current density in Figure 6f. A series of samples were
prepared by adjusting the B concentration to 5, 10, 17.5, 20, and 25 mM. With increasing
B content, the current density of the electrode at 0.8 V first increases and then decreases.
Increasing the boron precursor concentration from 17.5 mM to 20 mM markedly enhanced
the catalytic activity for both MOR and UOR. However, further increasing the concentration
to 25 mM led to a discernible decline in current density, indicating that 20 mM represents
the upper bound of the optimal B-doping window under the given synthesis conditions.
An appropriate amount of B can modulate the electronic structure of Ni and promote the
formation of NiOOH active species, thereby increasing the electrocatalytic reaction rate. In
contrast, excessive B incorporation induces thickening of the deposited layer or excessive
structural disorder, which in turn affects electron transport and reactant diffusion, resulting
in decreased catalytic performance [39].

3.5. Electrochemical Stability

Figure 7a,b show the chronopotentiometry (CP) curves of the two electrodes at a
constant current density of 100 mA-cm~2. In the methanol oxidation reaction (MOR)
electrolyte, both electrodes exhibited minimal potential drift over time. In contrast, during
the urea oxidation reaction (UOR), both electrodes displayed a gradual positive potential
shift accompanied by moderate fluctuations; nevertheless, the overall potential trajectories
remained within a narrow, bounded range, confirming sustained electrocatalytic activity.

After identical testing durations, the potential retention values were 102.13% for
NiB/PF and 99.79% for NiB/Cu/PF in MOR, and 110.04% for NiB/PF and 106.45% for
NiB/Cu/PF in UOR. Notably, NiB/Cu/PF consistently operated at a lower overpotential
and demonstrated a reduced potential fluctuation amplitude relative to NiB/PF across
both systems, demonstrating that the Cu interlayer enhances not only intrinsic activity but
also long-term potential stability under constant-current operation.

Figure 7c,d show the changes in current density at 0.8 V with the number of CV cycles
up to 2000 cycles for the two electrodes. During the methanol oxidation reaction, the
performance of both electrodes decreases within the first 2000 cycles. Following electrolyte
replacement, the NiB/Cu/PF electrode recovered 91.61% of its initial current density for
MOR, whereas NiB/PF recovered only 76.96%. A comparable recovery trend is observed for
UOR: NiB/Cu/PF exhibits full activity restoration with a slight activation effect (105.00%
of initial current density), while NiB/PF recovers to just 82.26%. The slight activation effect
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(105.0% retention) for UOR after 2000 CV cycles is attributed to the in situ electrochemical
reconstruction of the Ni-B surface during prolonged cycling. This reconstruction generates
more NiOOH active species, leading to a slight enhancement of the urea oxidation activity.
This indicates that NiB/Cu/PF exhibited superior cycling durability and electrochemical
reversibility. The CV curves of the two electrodes before and after long-term cycling are
shown in Figure S7.

(a) (b)
1.0 e 1.0 R
— NiB/PF At 100 mA- em™ —— NiB/PF At 100 mA: cm™
NiB/Cu/PF —— NiB/Cu/PF
. 0.87 . 0.87
Z | Z i A A A 1100%
— 0.67 — 0.67
-é‘ 99.8% -E | ] 06.5%
g g
2 047 2 047
A A
0.2 0.2
1.0M KOH+0.5M CH,OH 1.0M KOH+0.33M CO(NH,),
0.0 . . . . 0.0 . . . .
0 1800 3600 5400 7200 0 1800 3600 5400 7200
() Time (s) (d) Time (s)
00 T——r A0SV | 400 ——r At 0.8V
's —e— NiB/Cu/PF 's —e—NiB/Cu/PF .
S 2001 cycle with refresh electrolyte| & 2001 “eyclewich reliesirelgetrolyie
3004 3001 105.0%
< . <
g ~ 91.6% | & -\-\
o WY SR S
P — . - — T B23%
£200 e e 7w | E200 \l’\
g —\ | E
= = 2001" cycle with refresh electrolyte,
E 100 2001 cycle with refresh electrolyte ‘é 100-
- -
- ™
3 1.0M KOH+0.5M CH,OH | 3 1.0M KOH+0.33M CO(NH,),
0 T T T T T 0 T T T T T
0 500 1000 1500 2000 0 500 1000 1500 2000
Cycles Cycles

Figure 7. (a) Chronopotentiometry curves of NiB/PF and NiB/Cu/PF at 100 mA-cm 2 for 7200 s
in 1.0 M KOH + 0.5 M CH30H and (b) 1.0 M KOH + 0.33 M CO(NH;);. (c) Current density
values (at 0.8 V) of NiB/PF and NiB/Cu/PF as a function of cycle number up to 2000 cycles in
1.0 M KOH + 0.5 M CH30H and (d) 1.0 M KOH + 0.33 M CO(NH>),.

In addition, Figure 8 shows the SEM images of the two electrodes after 2000 CV cycles.
In methanol solution, both electrodes maintain their morphology. In urea solution, the
surface of NiB/PF shows obvious peeling, exposing the underlying fibers, while the surface
of NiB/Cu/PF remained uniformly covered and structurally intact. These results further
confirm that the Cu interlayer can enhance the adhesion between the NiB catalytic layer and
the PF substrate, as well as improve the conductivity of the electrode, thereby effectively
maintaining the structural integrity of the electrode under both MOR and UOR conditions,
which is beneficial for achieving long-term electrochemical stability.

To evaluate the mechanical-electrochemical stability of the electrodes, repeated bend-
ing and twisting tests were performed on NiB/PF and NiB/Cu/PF electrodes. The me-
chanical bending and twisting tests were performed manually using tweezers to hold both
ends of the electrode. For the bending test, the electrode was repeatedly bent to an angle
of 180° and then returned to its original flat state. For the twisting test, the electrode was
twisted by 360° along its longitudinal axis and then released back to the flat state. Each
bending or twisting cycle was completed within approximately 1 s. Photographs of the
test procedure are shown in Figure S8. The corresponding CV curves after bending and
twisting cycles are provided in Figures S9 and 510, respectively. Figure 9a,b show the
current density at 0.8 V as a function of bending and twisting cycles for the two electrodes
in different test solutions. The results show that after bending and twisting, the perfor-
mance of the NiB/Cu/PF electrode remains relatively stable, while the performance of the
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NiB/PF electrode decreased significantly. Following the bending test, the current retention
of NiB/Cu/PF is 96.7% in the methanol oxidation system and 84.6% in the urea oxidation
system; for the twisting test, the values are 95.9% and 94.2%, respectively. In contrast, after
bending, the current retentions of NiB/PF are 41.0% and 32.6%, and after twisting, they are
only 13.3% and 12.6%, respectively, which further confirms the important role of the Cu
interlayer in improving the mechanical stability of the electrodes.

After 2000 cycles in After 2000 cycles in
1.0 M KOH + 0.5 M CH;0H 1.0 M KOH + 0.33 M CO(NH2):

Figure 8. SEM images of NiB/PF and NiB/Cu/PF after 2000 cycles in (a1,b1) 1.0 M KOH + 0.5 M
CH30H and (a2,b2) 1.0 M KOH + 0.33 M CO(NH,),.

https://doi.org/10.3390 /met16050528


https://doi.org/10.3390/met16050528

Metals 2026, 16, 528

13 of 16

(a) (b)

'}'A 4009 — 1.OMKOH - - = NiB/PF ']'A 400 — 1.OMKOH - 0 -NiB/PF
= — 1.0M KOH+0.5M CH,0H ‘ g — 1.0M KOH+0.5M CH,OH -
b5 — 1.0M KOH+0.33M CO(NH,), —*~ NiB/CwPF 5 — 1.OM KOH+033M CONH,), —*— NiB/CwPF
< 300 - e < 300
E 5 : E

oltel T
.‘? Teale é’
Z 2001 T Z 200
) .~ S
= s =
E e @ = Tl E
o 100 - — <8 o 100
= | TTTeeeeeelll o bt
= | 0 TTTeeemccsanaaa.. 5 et
= =
o @
T 0

After 100 bending cycles
(€2). :

20 pm

*“NiBICulPF

Figure 9. Current density at 0.8 V of NiB/PF and NiB/Cu/PF in different electrolytes after (a) bending
and (b) twisting tests. (c) SEM images of (c1-c3) NiB/PF and (c4—c6) NiB/Cu/PF before and after
100 bending and twisting cycles.

Figure 9c shows the SEM images of the NiB/PF and NiB/Cu/PF electrodes before
and after 100 bending and twisting cycles. After bending, the NiB/PF electrode exhibited
wider and more numerous surface cracks compared to NiB/Cu/PFE. After twisting, the NiB
layer on NiB/PF underwent extensive delamination, whereas NiB/Cu/PF developed only
localized microcracks and retained overall structural integrity. These results indicate that
the Cu interlayer acts as a flexible stress buffer during mechanical deformation, effectively
enhancing the adhesion between the coating and the substrate. Therefore, NiB/Cu/PF
maintained good structural integrity and adhesion strength after bending and twisting,
which is consistent with its stable performance observed in electrochemical tests [40].

4. Conclusions

In this study, waste polyester fabric (PF) was employed as a flexible substrate, and a
NiB/Cu/PF composite electrode was fabricated via a two-step electroless plating process.
The incorporation of the Cu interlayer markedly improved both electrolyte wettability and
interfacial adhesion strength, thereby synergistically enhancing electrocatalytic activity,
long-term electrochemical stability, and mechanical—electrochemical robustness. At 0.8V,
the NiB/Cu/PF electrode reaches average current densities of 312 mA-cm~2 for methanol
oxidation (MOR) and 288 mA-cm~2 for urea oxidation (UOR), representing enhancements
of 27.9% and 9.1%, respectively, over the NiB/PF electrode. Following accelerated durability
testing (2000 CV cycles) and subsequent electrolyte replacement, NiB/Cu/PF retains
91.6% (MOR) and 105.0% (UOR) of its initial current density, whereas NiB/PF retains
only 77.0% (MOR) and 82.3% (UOR), confirming good stability. Furthermore, the Cu
interlayer significantly enhanced the mechanical-electrochemical stability of the electrode.
After 100 bending cycles, the current density retentions of NiB/Cu/PF are 96.7% for
MOR and 84.6% for UOR; After 100 twisting cycles, the values are 95.9% and 94.2%,
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respectively. These findings demonstrate that the Cu interlayer functions as an effective
stress-relieving interlayer, mitigating interfacial delamination and preserving electrical
continuity during repeated deformation. This work establishes a waste-to-value strategy
for upcycling discarded polyester fabric into high-performance flexible electrocatalysts
with direct relevance to portable energy conversion systems and high-value utilization
of waste.
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