ano
esearch
Open Access

Hierarchical NiFe LDH/N-doped Co/nickel foam as highly active
oxygen evolution reaction electrode for anion exchange membrane
water electrolysis

Jiansheng Wang1'2, Yongsheng Wang1’2, Xiaoxuan Guo'?, Mengting Chen'?, Jinjie Fang3, Xiaojie Li®, Wei Zhue ™™,

and Zhongbin Zhuang® "?**

!State Key Lab of Organic-Inorganic Composites and Beijing Advanced Innovation Center for Soft Matter Science and Engineering, Beijing
University of Chemical Technology, Beijing 100029, China

? Beijing Key Laboratory of Energy Environmental Catalysis, Beijing University of Chemical Technology, Beijing 100029, China

? PetroChina Shenzhen New Energy Research Institute Co., Ltd., Shenzhen 518054, China

Cite this article: Nano Research, 2025, 18, 94907190. https://doi.org/10.26599/NR.2025.94907190

ABSTRACT: Anion exchange membrane water electrolyzers
(AEMWESs) are emerging as a promising technology due to the
high performance and low cost. However, the development of
highly active and stable non-precious metal-based catalysts for
the anodic oxygen evolution reaction (OER) remains a great
challenge. In this study, we present a top-down construction
strategy for anode design, resulting in a hierarchical NiFe
layered double hydroxide (LDH)/N-doped Co/nickel foam (NF)
electrode synthesized via a hydrothermal-gas phase
nitridation—electrodeposition method. This electrode features
NiFe LDH nanoplates grown on N-doped Co nanowires
supported by nickel foam substrates. The NiFe LDH/N-doped
Co/NF electrode demonstrates exceptional performance,
achieving a current density of 100 mA-cm? at a low
overpotential of 262 mV with minimal attenuation of just 7 mV
after 100 h of operation. When assembled into an AEMWE, the system requires only 1.63 V to achieve a current density of
1 A-cm™, surpassing the performance of most reported catalysts. The N-doped Co nanowires are shown to enhance both
activity and stability by increasing the electrode’s surface area and reinforcing the catalyst—support interaction.

| 1

—— NiFe LDHIN-doped ColNF|
RuO,INF

e

j(Aem)

E(V)

~ NiFo LDHIN-doped CoiNF.

E(V)

Refresh
[

Time (h)

KEYWORDS: water electrolysis, oxygen evolution reaction, hierarchical structure, synergistic effect

approach for renewable energy storage, enabling the conversion of

1 Introduction ) , '
electrical energy into hydrogen energy [12, 13]. Notably, anion

Hydrogen is widely regarded as an ideal energy carrier for
sustainable energy systems due to its high energy density and the
non-polluting nature of its combustion products [1-3]. Currently,
hydrogen production is predominantly achieved through steam
reforming, underscoring the urgent need for sustainable and green
hydrogen production technologies to meet growing demand
[4-11]. Among these, water electrolysis has emerged as an efficient
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exchange membrane water electrolysis (AEMWE) distinguishes
itself through high efficiency and the ability to employ non-precious
metal electrodes, offering a cost-effective solution for industrial-
scale applications.[14]

Despite these advantages, the oxygen evolution reaction (OER) at
the anode of AEMWEs encounters significant kinetic barriers due
to its sluggish four-electron transfer mechanism. These challenges
are further exacerbated by the dissolution and exfoliation of non-
precious metal catalysts under highly oxidative conditions [15-19].
Enhancing the energy efficiency and durability of AEMWEs is
therefore critical for reducing hydrogen production costs and
enabling scalable commercialization [20]. Research efforts have
focused on the rational design and synthesis of non-precious metal
catalysts with high activity and stability for OER in alkaline
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conditions [21, 22]. Transition metal-based materials, such as alloys
[23], sulfides [24], phosphides [25], nitrides [26], and hydroxides
[27], have been extensively investigated. Among these, NiFe layered
double hydroxides (LDHs) exhibit exceptional OER activity [28,
29], attributed to the accelerated formation of MOOH
intermediates and interlayer anions that enhance reaction kinetics
by modulating the lattice structure [30].

Recent studies highlight promising advancements. For instance,
Zheng et al. synthesized lattice-contracted NiFe LDH, achieving a
low overpotential of 217 mV at 10 mA-cm™ with good durability
over 20 h [31]. Xing et al. developed a zipper-like interlocked
heterostructure of NiFe LDH-WN that demonstrated ultrahigh
OER activity, achieving 228 mV of overpotential at 50 mA-cm™ and
excellent long-term stability [32]. However, in AEMWE devices,
powdered catalysts are typically bound to porous transport layers
(PTLs) using electrically insulating binders (e.g., anion exchange
membrane (AEM) ionomers, Nafion, and polytetrafluroethylene
(PTFE)), which compromise electrical conductivity and mass
transport, particularly at high industrial current densities [33-36].

To address these limitations, researchers have explored self-
supported electrodes by growing NiFe LDH catalyst layers (CLs)
directly on PTLs. This binder-free approach reduces the overall
internal resistance of the anode catalytic layer [37]. Nevertheless, the
low intrinsic conductivity of high-loading NiFe LDH remains a
bottleneck for OER performance [38]. Introducing an intermediate
conductive layer with strong interfacial interactions between the
NiFe LDH and PTL has shown promise for enhancing device
performance at industrial current densities [39]. Additionally,
nanowire (NW) array structures endow electrodes with
superhydrophilic properties, enabling efficient gas-liquid mass
transfer and reducing mass transport resistance [40].

In this study, we present a hierarchical electrode design
comprising a three-dimensional porous nickel foam (NF) as the
PTL, a two-dimensional NiFe LDH as the OER CL, and a one-
dimensional nitrogen-doped cobalt (N-doped Co) NW interlayer.
This architecture aims to enhance catalytic activity and stability.
The self-supported NiFe LDH/N-doped Co/NF electrode was
fabricated using a hydrothermal-gas phase nitridation-
electrodeposition synthesis method. The electrode exhibited
outstanding performance, achieving a current density of
100 mA-cm™ at a low overpotential of 262 mV in 1 M KOH and
maintaining excellent stability over 100 h of operation. When
assembled into an AEMWE device, the electrode achieved a current
density of 4.84 A-cm™ at a cell voltage of 2.0 V with minimal
performance decay during a 90-h stability test at 1 A-cm™. Control
experiments and characterization analyses revealed that the N-
doped Co NWs imparted high surface area and superhydrophilic
properties to the electrode and effectively reduced both internal and
charge transfer resistances, significantly enhancing OER
performance.

2 Experimental

2.1 Materials

NFs with a thickness of 1.5 mm, a packing density of 320 g¢-m™, and
a purity of 99.8% were purchased from Kunshan Guangjiaoyuan
New Material Co. HCI (36 wt.%) and anhydrous ethanol (99.8%)
were purchased from Beijing Tongguang Fine Chemical Company.
Ni(NO;),-6H,0 (analytical reagent (AR)), Co(NO,),6H,0O (AR),
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FeSO,7H,0 (AR), NH,F (AR), CO(NH,), (AR), and NH,Cl (AR)
were purchased from Shanghai Aladdin Biochemical Technology.
Commercial PtRu/C and RuO, were purchased from SCI Materials
Hub. All chemicals were used as received without further
purification and all water used for synthesis and analysis was
purified to > 18.2 MQ-cm by Millipore system.

2.2 Preparation of Co(OH),/NF

Prior to the preparation of Co(OH),/NF, NF with a surface density
of 320 gm™ and a thickness of 1.5 mm was pressed to a thickness of
270 pm using a roller press. 2 cm x 3 cm of NF was then sonicated
with acetone and 3 M HCI for 30 min each, followed by washing
with deionized water and anhydrous ethanol to remove surface
grease and oxides.

Co(OH),/NF was prepared using a hydrothermal method.
1 mmol of Co(NO;),-6H,0, 2 mmol of NH,F, and 5 mmol of
CO(NH,), were dissolved in 40 mL of deionized water and stirred
for 20 min. The solution and the processed NF were then
transferred to a 50 mL autoclave and kept at 120 °C for 6 h. After
cooling to room temperature, the sample was rinsed with deionized
water and dried overnight.

2.3 Preparation of N-doped Co/NF

The N-doped Co NWs on NF were prepared by the nitridation of
the as-obtained Co(OH),/NF. A porcelain boat with 500 mg of
CO(NH,), was positioned upstream of a quartz tube, while a
porcelain boat with Co(OH),/NF was placed downstream. The
nitridation was conducted at 450 °C with a ramp rate of 5 °C per
minute for 120 min under a nitrogen atmosphere.

24 Preparation of NiFe LDH/N-doped Co/NF

The NiFe LDH/N-doped Co/NF electrode was prepared by the on-
site growth of NiFe-LDH nanosheets on the N-doped Co/NF using
an electrodeposition method. A solution was prepared by dissolving
0.01 mol (291 g) of Ni(NOs),6H,O, 0.01 mol (2.78 g) of
FeSO4+7H,0, and 0.1 mol (5.3 g) of NH4Cl in 100 mL of deionized
water. The electrodeposition was carried out in a two-electrode
system, with N-doped Co/NF as the working electrode and graphite
flakes as the counter electrode. The deposition was conducted at a
current density of 75 mA-cm™ for 60 s. After electrodeposition, the
sample was rinsed with deionized water and dried overnight.

2.5 Preparation of other comparison samples

The synthetic procedure of NiFe LDH/Co(OH),/NF was the same
as for the NiFe LDH/N-doped Co/NF electrodeposition, except that
the N-doped Co/NF precursor was replaced with Co(OH),/NF.
The synthetic procedure of NiFe LDH/NF was the same as for the
NiFe LDH/N-doped Co/NF electrodeposition, except that the N-
doped Co/NF precursor was replaced with NF.

2.6 Preparation of RuO,/NF

5.0 mg of RuO, was dissolved in a mixture of 240 pL of deionized
water, 750 pL of isopropanol, and 10 uL of 5% Nafion. The mixture
was first subjected to 3 min of vigorous sonication in an ice bath,
followed by 2 h of sonication to form a well-dispersed catalyst ink.
This ink was then drop-coated onto a 1 cm? NF substrate with a
loading of 1 mg-cm™.

2.7 Electrochemical measurements

Electrochemical measurements were performed using a CHI-760
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electrochemical workstation (CHI Instrument) in a three-electrode
system. The tests were maintained at a constant temperature of
30 °C in a 1 M KOH solution with oxygen saturation. The
synthesized catalyst was used as the working electrode, while
Hg/HgO and carbon rod served as the reference and counter
electrodes, respectively. All potentials were converted to reversible
hydrogen electrode (RHE) potentials using Eq. (1)

E(vs. RHE) == E(vs. Hg/HgO) + 0.098 + 0.0591 X pH (1)

Polarization curves were obtained via linear scanning
voltammetry (LSV) with a scanning rate of 5 mV-s" and 100% iR
compensation at a potential of 0.6 V (vs. HgO/Hg). Electrochemical
impedance spectroscopy (EIS) were recorded in the frequency
range of 100 kHz to 0.1 Hz, and the OER stability was assessed by
chronopotentiometry for 100 h at a current density of 100 mA-cm™.
The electrochemical surface area (ECSA) was determined by
measuring the double-layer capacitance (Cy) in the non-Faradaic
region, under an Ar atmosphere, at various cyclic voltammetry
(CV) scanning rates. ECSA was calculated using Eq. (2)

ECSA = C, /C, (2)

where C; is typically assumed to be 0.04 mF-cm™ for Ni/Co-based
materials.

2.8 AEMMWE fabrications and tests

The membrane electrode assembly (MEA) was prepared using the
catalyst-coated substrate (CCS) technique. The cathode was made
by spraying a PtRu/C catalyst ink onto carbon paper (HCPO30N)
with a loading of 0.3 mgp-cm™. The anode was prepared using the
synthesized NiFe LDH/N-doped Co/NF and RuO,/NF control
samples. The electrodes had an effective area of 4 cm® and a loading

Nitridation

capacity of 1.25 mg-cm™ The anion exchange membrane was
PiperION™ A20 (20 pm), which was soaked in 1 M KOH solution
overnight. The anion exchange membrane, CCS, stainless steel
runner plate with a 4 cm’ flow field, and metal bipolar plate were
assembled to form a complete AEMWE. The performance of the
AEMWE was evaluated at 60 °C and 1 M KOH.

2.9 Characterization

The catalysts were analyzed for their chemical composition and
microstructure  using  various  analytical methods. The
microstructure was examined with transmission electron
microscopy (TEM, FEI Talos F200x) and scanning electron
microscopy (SEM, TESCAN Clara). The crystalline phase was
analyzed wusing X-ray diffraction (XRD, Rigaku D/Max
2500 VB2+/PC) with a sweep rate of 5 ®min™ and a scanning angle
range of 260 from 10° to 90°. X-ray photoelectron spectroscopy
(XPS, Thermo Scientific K-Alpha) with an Al Ke excitation source
(hv = 1486.8 V) was employed to analyze the chemical states of the
catalyst. Raman spectroscopy (Renishaw inVia Reflex) was used to
determine the chemical and molecular structures of the samples.
Inductively coupled plasma mass spectrometry (ICP-MS, Agilent
7800) was employed to analyze the concentrations of metallic
elements in the solution. A high-speed camera (X-Motion, AOS
technologies) was used for droplet contact angle photography.

3 Results and discussion

3.1 Characterization of the hierarchical NiFe LDH/N-
doped Co/NF

A facile three-step process was employed to synthesize the
hierarchical NiFe LDH/N-doped Co/NF, as shown in Fig. 1(a).

Iectrodeposntlo

4"" f" i

' " NiFe LDH/N-df)ped CoINF

q v
5

N doped Co/NF

Figure1 (a) Schematic illustration for the preparation of the hierarchical NiFe LDH/N-doped Co/NF electrode. (b) and (c) SEM images, (d) TEM image, (e) HRTEM
image, and (f) HAADF-STEM elemental mapping images of the NiFe LDH/N-doped Co/NF electrode.
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First, Co(OH), NW arrays were grown on NF using a
hydrothermal method. Next, the Co(OH), precursor was reduced
and nitrided through a gas-phase thermal treatment using urea as
the nitrogen source and converted into N-doped Co NWs. In the
process, urea upstream underwent the pyrolysis process to produce
NH; at 450 °C. The reductive NH; reduced the Co(OH), to Co.
NH,; also served as the N source in the synthesis, and it reacted with
a portion of Co to form N-doped Co. The NW structure was
retained in the nitridation. Finally, the NiFe LDH nanosheets were
grown on the N-doped Co/NF via an electrodeposition method,
forming the hierarchical NiFe LDH/ N-doped Co/NF. Figures S1(a)
and S1(b) in the Electronic Supplementary Material (ESM) show
the corresponding SEM images, displaying that Co(OH), NWs
grew on the NF surface uniformly. After nitridation treatment, the
NWs morphology was retained (Figs. S1(c) and S1(d) in the ESM)
with the increase in surface roughness. At last, NiFe LDH was
deposited onto the N-doped Co NWs by electrodeposition. As
shown in Figs. 1(b) and 1(c), NiFe LDH nanosheets were uniformly
deposited onto the NWs array. Additionally, in the absence of
nitridation treatment, similar NiFe LDH nanosheets with a larger
size were formed on the Co(OH), NWs (Fig. S2 in the ESM). When
the NiFe LDH was directly electrodeposited onto the relatively
smooth NF substrate, the size became even larger (Fig. S3 in the
ESM). It was deduced that the improved electrical conductivity of N-
doped Co provided more sites for the metal ions deposition during
the electrodeposition and thus resulted in small-sized and uniform
NiFe LDH nanosheets. Hence, the increased surface roughness and
the improved conductivity by the N-doped Co NW contributed to
the formation of small-sized and uniform NiFe LDH CLs.

The N-doped Co NWs and the corresponding Co(OH),
precursor were exfoliated from the NF substrates using the N-
doped Co/NF and Co(OH),/NF samples, respectively, and were
subsequently characterized by XRD and TEM (Figs. S4 and S5 in
the ESM). The XRD results suggested the interlayer converted from
cobalt carbonate hydroxide to metallic status during the gas-phase
nitridation treatment. Reductive NH; generated from urea triggered
the reduction of the Co-based precursor. Figure S5 in the ESM
shows the TEM image of the N-doped Co NWs, and the NWs with
a width of 50 nm. The crystal structure of N-doped Co NWs was
revealed by high-resolution TEM (HRTEM) images (Fig. S5(b) in
the ESM), showing that the lattice fringe spacings of 0.177 and
0.205 nm were correlated to the (200) and (111) crystal planes of
cubic Co, respectively. The selected area electron diffraction
(SAED) pattern in Fig. S5(c) in the ESM also confirmed that the
NW crystal structure was assigned to Co, consistent with the XRD
results. Additionally, the elemental mapping profiles (Figs. S5(d)
and S5(e) in the ESM) suggested the doping of nitrogen with an
atomic Co:N ratio of 95.4:4.6, thereby validating the formation of N-
doped Co.

The XRD spectra of NiFe LDH/N-doped Co/NF, NiFe
LDH/Co(OH),/NF, NiFe LDH/NF, and their precursors N-doped
Co/NF and Co(OH),/NF are shown in Figs. S6 and S7 in the ESM.
The XRD patterns only showed intensive diffraction peaks of NF
without the detectable signals from the NiFe LDH catalysts due to
the low loading of the electrocatalysts on the NF. As shown in Fig
S7 in the ESM, the spacing observed in HRTEM image suggests
that the absence of signals from NiFe LDH-related physical phase
peaks in XRD is due to low surface loading. As shown in Figs. 1(d)
and 1(e), the lattice fringe spacing of 0.27 nm was assigned to the
(101) crystal plane of NiFe LDH (JCPDS #40-0215) [41]. Figure S8
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in the ESM shows the morphological characteristics of the NiFe
LDH surface. The fast Fourier transform pattern and the short-
range ordered lattice fringes suggested the polycrystalline surface
structure. The spacing also matched the NiFe LDH characteristics.
Abundant defective nanomesh structures in low contrast
distributed across the surface of NiFe LDH at a scale of 3-4 nm
uniformly. This was attributed to the short electrodeposition
process, which created a substantial number of coordinatively
unsaturated sites during the growth of NiFe LDH. The bright
field/high-angle annular dark-field scanning TEM (HAADEF-
STEM) elemental mapping (energy dispersive X-ray spectroscopy
(EDS)) profiles (Fig. 1(f)) show the uniform distribution of Ni, Fe,
Co, N, and O elements.

To further investigate the chemical valence, XPS was also
performed on the NiFe LDH/N-doped Co/NF and the other two
references (i.e., NiFe LDH/NF and N-doped Co/NF). Figure S9 in
the ESM shows the XPS survey spectra. The presence of Ni, Fe, Co,
and O elements was consistent with the EDS result. However, the
composition of N from XPS was lower than that from EDS, which
was probably because XPS is surface-sensitive and the surface of N-
doped Co NWs was covered by the NiFe LDH. The Ni 2p high-
resolution XPS spectra are shown in Fig. 2(a). Two distinct peaks at
855.76 and 873.37 eV in NiFe LDH/N-doped Co/NF were
attributed to the Ni* 2p,, and 2p,,, peaks, respectively, while the
two peaks located at 861.50 and 879.22 eV were the satellite peaks.
The NiFe LDH/N-doped Co/NF showed a negative shift of 0.2 eV
as compared to the NiFe LDH/NF. The high-resolution XPS
spectra of Fe 2p are shown in Fig. 2(b). The peaks at 710.98 and
724.18 eV were corresponding to Fe* 2ps, and 2p,,, while the
peaks at 713.78 and 729.98 eV were assigned to Fe’* 2p;;, and 2p,,,
respectively. The negative shift of the binding energies of Ni 2p and
Fe 2p in NiFe LDH/N-doped Co/NF compared to NiFe LDH/NF
implied that the N-doped Co NWs played the role of electron
donor in the composite electrodes. The high-resolution XPS spectra
of Co 2p are shown in Fig. 2(c). The peaks at 780.98 and 796.78 eV
corresponded to the Co* 2p;, and 2p,,, respectively. The N-doped
Co NWs exhibited a Co® peak at 777.48 eV, but it disappeared after
the loading of the NiFe LDH CL. It might be attributed to the
charge transfer between the NiFe LDH and the N-doped Co NWs,
leading to the oxidation of metallic Co. Additionally, a positive shift
of 0.6 eV was observed when compared to N-doped Co/NF,
suggesting the probable charge transfer from Co to NiFe LHD. The
high-resolution XPS spectra of O 1s for NiFe LDH/N-doped
Co/NF are shown in Fig. 2(d). The peaks at 529.58, 531.18, and
532.88 eV corresponded to metal-O bonds (M-O), metal-OH
(M-OH), and adsorbed oxygen species (O,q,), respectively. The O
Is binding energy of the NiFe LDH/N-doped Co/NF shifted to a
lower position compared to that of NiFe LDH/NF. It was also
suggested the probable charge transfer from the N-doped Co NWs
to the NiFe LDH. The high-resolution XPS spectrum of N 1s is
shown in Fig. S10 in the ESM. The main peak located at 397.68 eV
corresponded to the metal-N bond, verifying the doping of N into
Co, while the small peak located at 399.68 eV was attributed to the
N-H bond.

3.2 Electrochemical performance of NiFe LDH/N-doped
Co/NF

The OER electrochemical performance of the NiFe LDH/N-doped
Co/NF electrode was evaluated in the 1 M KOH electrolyte. As
shown in Fig. 3(a), a distinct oxidation peak was observed for NiFe
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curves for OER process. (b) Overpotential histograms at 50 and 100 mA-cm™ (c) Tafel slopes of the electrocatalysts. (d) Nyquist plots of the electrocatalysts. (e) Cg. (f)
Chronopotentiometric curves at 100 mA-cm™

LDH/N-doped Co/NF near the potential of 1.35 V (vs. RHE), 100 mA-cm™ of current densities were denoted as 750 and 7100,
which was attributed to the oxidation of Ni** to Ni*. Figure 3(b) respectively. The NiFe LDH/N-doped Co/NF showed the lowest #so
shows the overpotentials at different current densities for the and 7100 values amongst the tested catalysts, requiring only 252 and
catalysts. The overpotentials of these samples at 50 and 262 mV to achieve the current densities of 50 and 100 mA-cm?
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respectively. The low overpotential of NiFe LDH/N-doped Co/NF
demonstrated high activity, which was comparable to most of the
NiFe-based electrocatalysts for OER (Table S1 in the ESM) [41-50].
The NiFe LDH/Co(OH),/NF (150 = 273 mV and #100 = 283 mV)
and NiFe LDH/NF (#so = 263 mV and #1090 = 276 mV) exhibited
the inferior OER activity than the NiFe LDH/N-doped Co/NF but
surpassed the commercial RuO, on the NF (s, = 325 mV and
Mo = 363 mV) significantly. The OER activity of the NiFe
LDH/Co(OH),/NF was slightly lower than that of the NiFe
LDH/NF, while the OER activity of the NiFe LDH/N-doped Co/NF
was much higher than that of the NiFe LDH/NF. It suggested the
significance of the nitridation step by improving the electrical
conductivity from Co(OH), to N-doped Co. Hence, the electrical-
conductive N-doped Co interlayer enabled the high utilization of
the surface NiFe LDH sites and contributed to the superior OER
activity. As shown in Fig. S11 in the ESM, the OER performance of
N-doped Co/NF was also evaluated. The overpotential of N-doped
Co/NF was much larger than that of NiFe LDH/N-doped Co/NF,
suggesting that the superior OER activity resulted from the
synergistic effect between the NiFe LDH catalyst and the N-doped
Co NW interlayer. Figure 3(c) shows the corresponding Tafel plots.
The Tafel slope of NiFe LDH/N-doped Co/NF was 31.4 mV-dec™,
which was comparable to those of NiFe LDH/Co(OH),/NF
(35.6 mV-dec') and NiFe LDH/NF (41.6 mV-dec”). The Tafel
slopes of N-doped Co/NF and Co(OH),/NF precursors without
NiFe LDH were 60.0 and 69.5 mV-dec™, respectively (Fig. S11(c) in
the ESM). The Tafel slopes were consistent with the OER activity
sequence from the overpotentials, confirming the synergistic effect
between the NiFe LDH and N-doped Co to the OER activity.
Charge transfer ability was also assessed using EIS. The equivalent
circuit diagram of the sample above was fitted based on its Nyquist
curve (inset of Fig. 3(d)). This diagram consists of a solution
resistance (R), a charge-transfer resistance (R,), and a constant-
phase-angle element (CPE). The R, of NiFe LDH/N-doped Co/NF,
NiFe LDH/Co(OH),/NF, and NiFe LDH/NF at an overpotential of
0.6 V (vs. Hg/HgO) was 0.408, 0.546, and 0.554 (), respectively,
suggesting that the N-doped Co NWs increased the electron
transfer rate for OER effectively. Therefore, the EIS fitting results
demonstrated that the Co-based interlayer enhanced the OER
activity, confirming the superior OER activity of the NiFe LDH/N-
doped Co/NF.

ECSA plays a key role in electrocatalytic performance and the
ECSA-normalized specific activity is a valuable metric for
evaluating the intrinsic activity of catalytic sites. The Cy was used to
estimate the ECSAs of the tested catalysts. Figures S12 and S13 in
the ESM present the CV curves measured at various scan rates in
the non-Faraday potential region. As shown in Fig. 3(e), the Cy of
NiFe-LDH/N-doped Co/NF was 7.4 mF-cm? which was higher
than those of the NiFe LDH/Co(OH),/NF (1.3 mF-cm™) and the
NiFe LDH/NF (3.6 mF.cm™), suggesting that the ECSA
significantly increased after the nitridation treatment of the
interlayers. The sequence of the Cy values matched the OER activity
sequence for the three tested samples, suggesting that the ECSA was
positively correlated to the OER activity. Table S2 in the ESM
shows the ECSA-normalized OER specific activity at the
overpotential of 270 mV for the catalysts. The close specific activity
values suggested that the NiFe LDH was the primary active center
for OER and the intrinsic activity was not significantly affected by
the substrates. Hence, the results demonstrated that ECSA was the
dominant factor that affected the overall OER activity for the NiFe
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LDH-loaded catalysts and the superior activity for the NiFe LDH/N-
doped Co/NF was primarily attributed to the high ECSA of the
hierarchical structure.

Furthermore, the possible OER active sites of the NiFe LDH/N-
doped Co/NF were validated by Raman spectroscopy (Fig. S14 in
the ESM). The peaks at 467 and 677 cm™ in the spectra of NiFe
LDH/N-doped Co/NF corresponded to the stretching vibrations of
M-O, where M represented the metal cations, while the peak at
580 cm™ was attributed to the M—OH vibrations [51]. The two
peaks at 215 and 276 cm™ were attributed to the M-O vibrations in
LDH [47]. Raman spectroscopy analysis shows that the N-doped
Co NW interlayer is well bonded to the surface NiFe LDH.

The NiFe LDH/N-doped Co/NF also exhibited superior OER
activity at high current densities, which was important for the
industrial water electrolysis, suggesting the facilitated mass transfer,
ie, the accelerated generated oxygen bubble detachment. We
performed the contact angle tests on the electrodes. Figure S15 in
the ESM shows that the N-doped Co NWs increased the
hydrophilicity of the NF substrate, which facilitated bubble
detachment and increased the overall efficiency. This
superhydrophilic property remained after loading the NiFe LDH
catalysts. Thus, the N-doped Co NW interlayer endowed the
electrode with hydrophilicity and increased the OER activity,
especially at high current densities.

3.3 OER durability

Stability is another crucial criterion for electrocatalysts. As shown in
Fig. 3(f), the 7100 of the NiFe LDH/N-doped Co/NF only increased
by 7 mV after 100 h of operation at 100 mA-cm™ To exclude the
possible influence of the accumulated bubbles, a subsequent LSV
test (Fig. S16 in the ESM) revealed that the #100 increased by only
3 mV, verifying the high stability for the NiFe LDH/N-doped
Co/NF. Without the N-doped Co NW interlayer, the NiFe
LDH/NF experienced a decay of 20 mV over 100 h (Fig. 3(f)),
which was unstable as compared with the NiFe LDH/N-doped
Co/NF.

The electrodes after the prolonged stability tests were
characterized to demonstrate the origin of the superior stability for
the NiFe LDH/N-doped Co/NEF. Figures 4(a) and 4(b) show the
SEM images of NiFe LDH/N-doped Co/NF after the stability test,
demonstrating that the NWs arrays were well-preserved and the
NiFe LDH still firmly bonded on the NW arrays without significant
destruction. However, the SEM images of the NiFe LDH/NF show
that the surface flake morphology of NiFe LDH was almost
destroyed, indicating that the interlayer protected the NiFe LDH
from degradation effectively (Figs. 4(c) and 4(d)). The structural
characterization results demonstrated that the N-doped Co NWs
enhanced the structural stability of the NiFe LDH via the strong
chemical bond interaction, and the hierarchical array structure
would also create fast mass transfer pathways, preventing the
mechanical exfoliation of the CLs. XPS results of the samples after
the stability tests (Figs. 4(e)—4(h)) revealed that the binding energies
of Ni and Fe in NiFe LDH/N-doped Co/NF with N-doped Co
NWs negatively shifted as compared to those in NiFe LDH/NF
without an interlayer. It suggested that the N-doped Co NW served
as an electronic regulator, preventing the over-oxidation of Ni and
Fe during OER and thus enhancing stability. The NiFe LDH/N-
doped Co/NF was shifted to higher binding energies for both Ni
and Fe after the test compared to before the stability test, suggesting
that the attenuation was mainly due to the oxidation of the Ni and
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Figure4 (a) and (b) The SEM images of NiFe LDH/N-doped Co/NF after 100 h stability test. (c) and (d) The SEM images of NiFe LDH/NF after a 100 h stability test.
(e) and (f) High-resolution XPS spectra of Ni 2p before and after the stability tests of NiFe LDH/N-doped Co/NF and NiFe LDH/NF. (g) and (h) High-resolution XPS
spectra of Fe 2p before and after the stability tests of NiFe LDH/N-doped Co/NF and NiFe LDH/NF.

Fe elements. The Raman spectra of the samples after the stability
tests (Fig. S17 in the ESM) show the disappearance of peaks at 216
and 278 cm™. This was likely due to the conversion of M-O
to M-OH during the OER process, which occurred at high
potentials [47].

The electrolyte of the stability test was analyzed using ICP-MS to
detect dissolved metal ions during the tests (Fig. S18 in the ESM).
We found that the dissolution of Fe dominated the NiFe LDH
degeneration, and the Fe dissolution in NiFe LDH/N-doped Co/NF
was much lower than that in NiFe LDH/NF, suggesting that the N-
doped Co NWs effectively inhibited the dissolution of iron and
thereby enhanced the stability. Anchoring abundant sites to
stabilize the NiFe LDH on the N-doped Co NWs was one of the
possible reasons for the low Fe dissolution. Since frustrated mass
transfer would result in the decrease of local pH for OER, the
facilitated mass transfer by the hierarchical structure might retain
the alkaline local environment and thus prevent the catalysts from
dissolving. Additionally, the improved electrical conductivity also
decreased the overpotential at constant current densities and
hindered the anodic corrosion. Therefore, these ex-situ
characterization results manifested that the interlayer enhanced the
OER stability by donating electrons and reinforcing the
catalyst-support interaction.

34 AEMWE Performance

To demonstrate the application feasibility in AEMWE devices, we
set up the water electrolyzer using the NiFe LDH/N-doped Co/NF
as the anode, as illustrated in Fig. 5(a). As shown in Fig. S19 in the
ESM, we fed 1 M KOH to the cathode and anode runner plates and
discharged the KOH solution along with H, and O, from the other
side. The AEMWE device consisted of a metal bipolar plate, a 4 cm’
stainless steel runner plate, a CCS catalyst, a PTFE gasket, and an
anion-exchange membrane, in order from left to right. As shown in
Fig. 5(b), the control devices using RuO,/NF and NiFe foam anodes
reach 2.08 and 2.51 A-cm™ at 2.0 V, respectively. The device using
NiFe LDH/N-doped Co/NF achieved 1 A-cm™ at 1.63 V and
reached 4.84 A-cm™ at 2.0 V, surpassing the control devices at both
low and high current densities. Besides the OER activity, mass
transfer and ohmic resistance significantly affected the AEMWE

singhua University Press

94907190 (7 of 10)

performance at the high current densities. The hierarchical
structure endowed the NiFe LDH/N-doped Co/NF with the
superhydrophilic property, facilitating the mass transfer. The ohmic
impedance of the device, including the bipolar plate, runner plate,
and CCS with an anion exchange membrane, was measured by EIS.
As shown in Fig. 5(c), the ohmic impedance of the device using
NiFe LDH/N-doped Co/NF was 76 mQ-cm’, while the ohmic
impedances of the devices using NiFe foam and RuO,/NF were
91 and 107 mQ-cm’, respectively. The lowest ohmic impedance of
the device using NiFe LDH/N-doped Co/NF manifested the
improved conductivity by the N-doped Co NWs, and the device
also showed the lowest charge transfer resistance that matched the
aforementioned results from the three-electrode system. Therefore,
the NiFe LDH/N-doped Co/NF anode exhibited superior AEMWE
device performance by simultaneously improving the
electrocatalytic kinetics, mass transfer, and electrical conductivity.

Additionally, we tested the AEMWE activity under pure water
feeding conditions (Fig. S20 in the ESM). It achieved 1.06 A-cm™ at
the voltage of 2.0 V, which was comparable with the reported data
(Table S3 in the ESM) [52-58], but much lower than that using
KOH feeding. The frustrated performance probably resulted from
the increased ohmic impedance (ca. 208 mQ-cm’) with pure water
feeding. Hence, the device performance evaluations demonstrated
the feasibility of the NiFe LDH/N-doped Co/NF anode in
AEMWEs and the superior energy conversion efficiency. We also
conducted the stability tests in the AEMWE device, as shown in
Fig. 5(d). The device using RuO,/NF deactivated quickly at the
initial 10 h, and the applied voltage increased from 1.86 to 2.03 V at
the current density of 1 A-cm™ suggesting the poor stability. The
device using NiFe LDH/N-doped Co/NF demonstrated good
stability with a constant output of 1 A-cm™ during over 90 h of
continuous operation, showing a voltage increase of 58 mV with a
degradation rate of 0.7 mV-h™ after the electrolyte refreshment. The
stability test in AEMWE devices also verified the feasibility of the
top-down construction method of the hierarchical structure for the
design of long-life non-precious metal anodes.

4 Conclusions

In summary, this work introduced a top-down construction
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Figure5 (a) Schematic illustration of AEMWE device. (b) Polarization curves of alkaline electrolyzers of NiFe LDH/N-doped Co/NF, NiFe foam, and RuO,/NF MEAs
at 60 °C in 1 M KOH solution. (c) Nyquist plots of NiFe LDH/N-doped Co/NF, NiFe foam, and RuO,/NF MEAs. (d) Chronopotentiometric curves of alkaline

electrolyzers of NiFe LDH/N-doped Co/NF MEA at a current density of 1 A-cm™.

strategy for enhancing electrode performance, culminating in the
development of a hierarchical NiFe LDH/N-doped Co/NF OER
electrocatalyst with exceptional activity and stability for AEMWESs.
The NiFe LDH/N-doped Co/NF electrode demonstrated high
electrochemical performance, achieving a current density of
100 mA-cm™ at a low overpotential of 262 mV. It also exhibited
excellent operational stability, with only a 7 mV increase in
overpotential after 100 h of operation at 100 mA-cm™ When
integrated into an AEMWE device, the electrode required merely
1.63 V to sustain a current density of 1 A-cm™ and maintained
stable performance over 90 h, underscoring its practical
applicability. Comprehensive characterization provided valuable
insights into the mechanisms underpinning the enhanced
performance of the NiFe LDH/N-doped Co/NF electrode. The
introduction of the N-doped Co nanowire interlayer significantly
enhanced the ECSA, thereby boosting OER activity. The
hierarchical array structure effectively facilitated the mass transfer of
oxygen bubbles and electrolytes, while the N-doped Co interlayer
improved the conductivity between the nickel foam PTL and the
NiFe LDH catalyst CL. Additionally, the interlayer strengthened the
stability of the catalyst layer by fostering robust catalyst-support
interactions, thereby mitigating Fe leaching and mechanical
exfoliation during extended operations. This work presents a
synergistic strategy for the design of cost-effective and durable
anodes, advancing the practical implementation of AEMWESs and
contributing to the development of sustainable hydrogen
production technologies.
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Electronic Supplementary Material: Supplementary material
(SEM, TEM, EDS mapping, XRD, XPS, -electrochemical
measurements, contact angle measurements, digital picture of
AEMWE, performance comparison, etc.) is available in the online
version of this article at https://doi.org/10.26599/NR.2025.
94907190.
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