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Abstract

Rationally designing and synthesizing efficient bifunctional electrocatalysts is crucial for overall water
splitting (OWS). Herein, a Ru/Ru0,-FeNiCo-LDH/NF electrocatalyst with an interconnected porous
network was fabricated on nickel foam (NF) via electrodeposition followed by precursor combustion. At
a current density of 10 mA cm™ 2, Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF requires overpotentials of 52 mV and
205 mVin 1 M KOH for the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER),
respectively. A two-electrode electrolyzer using Ru/RuO,-Fe-0.1-Co-0.1-LDH/NF as both electrodes

requires a cell voltage of 1.40 V to reach a current density of 10 mA cm™ 2. The interconnected porous
network, Ru/Ru0, active species, low charge-transfer resistance (R = 13.7 Q), and large

electrochemically active surface area (ECSA = 704.5 cm?) synergistically contribute to efficient OWS.
This work offers new insights into developing efficient bifunctional electrocatalysts for OWS.

1. Introduction

The combustion of fossil fuels has given rise to growing environmental crises, and the exploration of
clean energy underpins the sustainable development of humanity [1-3]. As a green energy carrier,
hydrogen offers advantages including high energy density, abundant reserves, and zero environmental
pollution, making it promising for the clean energy transition [4, 5]. Water electrolysis driven by
renewable electricity represents an efficient and eco-friendly strategy for hydrogen generation. Currently,
mainstream commercial electrocatalysts are noble-metal-based, and different catalysts are typically
used for the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER), such as Pt for HER
[6] and RuO, and IrO, for OER [7-9]. The limited availability and high cost of noble metals hinder their
large-scale industrial application. HER and OER electrocatalysts differ in optimal reaction conditions and
may induce cross-contamination, increasing the complexity and operational costs of overall water
splitting (OWS) [10]. Therefore, it is important to develop low-cost electrocatalysts with high HER and
OER activities under the same reaction conditions.

Transition-metal layered double hydroxides (TM-LDHSs) are considered promising OER electrocatalysts
due to their abundant intrinsic active sites and high specific surface areas, which promote effective
charge and mass transfer during the oxygen evolution process [11-14]. Su et al. [14] prepared 3D flower-
like Fe-doped NiCo-LDH (NCF-LDH) via a hydrothermal process followed by etching with a ferric chloride
hexahydrate solution. In alkaline media, the NCF-LDH electrode exhibits an overpotential of 263 mV at 50
mA cm™2, a low Tafel slope of 71.9 mV dec” 1 and good operational stability. Liu et al. [13] fabricated a
high-efficiency NiFe-LDH@CS heterostructure via two-step hydrothermal synthesis. Under optimized
preparation conditions, the NiFe-LDH@CS heterostructure exhibits high OER activity, with overpotentials
of 292 mV at 50 mA cm™? and 372 mV at 100 mA cm™ 2. Accordingly, improving the HER performance of
TM-LDH catalysts with high OER activity is important for achieving bifunctional electrocatalysis [15, 16].
Multiple modification strategies including heteroatom doping, interface modulation and electronic
structure regulation have been developed to boost electrical conductivity, expose abundant active sites
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and accelerate water dissociation kinetics for high-efficiency OWS [17-20]. Baig et al. [21] prepared
NiMn-LDH via a sonochemical route. The NiMn-LDH-4h electrode delivers a current density of 10 mA
cm” 2 at overpotentials of 120 mV and 296 mV in 1 M KOH for HER and OER, respectively. Furthermore,
the symmetric electrolyzer assembled with NiMn-LDH-4h as both the cathode and anode achieves a
current density of 10 mA cm™2 at 1.6 V for OWS. Yao et al. [22] coupled NiTe nanorods onto amorphous
CoFe-LDH by electrodeposition, constructing hierarchical NiTe@CoFe-LDH heterostructures. The
NiTe@CoFe-LDH electrocatalyst requires low overpotentials of 218 mV and 103 mV to reach 10 mA cm™
2 for the OER and HER, respectively, and maintains stable performance for 50 h. The symmetric
NiTe@CoFe-LDH electrolyzer requires only 1.56 V to reach a current density of 10 mA cm™ 2. These
results highlight the potential of this electrode for green hydrogen production. Gao et al. [23] engineered
NiFe-BLDH@Ru-Ni(OH),/NF via a simple two-step synthetic strategy. The distinctive 2D/2D hierarchical

heterostructure expedites interfacial charge migration and enriches accessible electroactive sites. The
embedded Ru nanoparticles serve as dual-active centers to accelerate both HER and OER kinetics,
resulting in outstanding bifunctional electrocatalytic performance. In 1.0 M KOH electrolyte, NiFe-
BLDH@Ru-Ni(OH),/NF requires overpotentials of 249 mV for OER and 138 mV for HER at 100 mA cm™ 2.
Given the outstanding intrinsic HER activity of noble metals (Pt, Ir, Ry, etc.) and their oxides, decorating
transition metal-based LDHs with trace amounts of noble metals can drastically boost HER activity and
thus endow the electrocatalysts with overall water-splitting performance[24, 25]. However, FeNiCo-LDH
catalysts incorporating low loadings of Ru/Ru0Q, for efficient OWS remain largely unexplored.

Herein, we fabricated a novel Ru/RuO,-FeNiCo-LDH/NF electrocatalyst featuring an interconnected
porous network structure via electrodeposition followed by precursor combustion. Owing to the
synergistic effects between the Ru/RuO, and FeNiCo-LDH components, the resulting catalyst exhibits
low overpotentials of 205 mV and 52 mV for OER and HER, respectively. Benefiting from its excellent
bifunctional activity, the symmetric electrolyzer assembled with Ru/RuO,-Fe-0.1-Co-0.1-LDH/NF enables

OWS at a low operating voltage of 1.40 V at 10 mA cm™ 2 and maintains stable operation for 100 h.

2. Experimental
2.1. Preparation of NiCo-LDH/NF and FeNiCo-LDH/NF

NiCo-LDH/NF and FeNiCo-LDH/NF were prepared by cathodic electrodeposition on nickel foam (NF)
using a three-electrode system in chronoamperometric (i-t) mode. Cobalt nitrate was dissolved in 50 mL
of deionized water, and the solution was magnetically stirred for 30 min to obtain a homogeneous
solution. The deposition potential was set at-2.5 V vs. Ag/AgCl, and the deposition time was 600 s.
Samples synthesized with 0.05, 0.10, and 0.25 mol L™ ! cobalt nitrate in the electrolyte were denoted as
Co-0.05-LDH/NF, Co-0.1-LDH/NF and Co-0.25-LDH/NF, respectively. Fe-0.1-Co-0.1-LDH/NF was
electrodeposited in an aqueous electrolyte containing equimolar cobalt nitrate and ferric nitrate. After
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electrodeposition, the samples were rinsed repeatedly with ethanol and deionized water to remove
surface residues and then dried in air at 60°C.

2.2. Preparation of Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF

Ru/Ru0O,-Fe-0.1-Co-0.1-LDH/NF was synthesized via a one-step precursor combustion strategy, following

the procedure reported in the literature [26]. Briefly, a 0.05 mol L™ solution of ruthenium trichloride in
ethanol was prepared. Then, the obtained Fe-0.1-Co-0.1-LDH/NF was immersed in the resulting solution
for 1 min. The Fe-0.1-Co-0.1-LDH/NF precursor was removed from the solution and ignited in ambient air
until the flame extinguished, yielding the final Ru/Ru0O,-Fe-0.1-Co-0.1-LDH/NF product. The synthetic
procedure of Ru/Ru0O,-Fe-0.1-Co-0.1-LDH/NF is illustrated in Fig. 1.

2.3. Characterization and Electrochemical Measurements

The detailed procedures are provided in the Supplementary Information.

3. Results and discussion

3.1. Structural characterization

X-ray diffraction (XRD) patterns of Co-0.05-LDH/NF, Co-0.1-LDH/NF, Co-0.25-LDH/NF, Fe-0.1-Co-0.1-
LDH/NF and Ru/Ru0O,-Fe-0.1-Co-0.1-LDH/NF are shown in Fig. S1 and Fig. 2a. Three prominent
diffraction peaks at 26 = 44.5°, 51.8° and 76.4° in all samples are assigned to the (111), (200) and (220)
planes of cubic Ni, respectively (PDF 04-0850). For Co-0.05-LDH/NF, Co-0.1-LDH/NF and Co-0.25-
LDH/NF, two weak diffraction peaks at approximately 26 = 19.5° and 38.6° are assigned to the (006) and
(015) planes of NiCo-LDH, respectively. In addition to these two diffraction peaks, Fe-0.1-Co-0.1-LDH/NF
exhibits a peak at 26 = 33.3° that can be indexed to the (202) plane of Fe(OH); (PDF 46-1436). For
Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF, three diffraction peaks at 26 = 37.2°, 43.7° and 62.8° can be indexed to
the (111), (200) and (220) planes of cubic NiO, respectively (PDF 47-1049). Two diffraction peaks at 26 =
35.1 ° and 57.9 ° can be indexed to the (101) and (220) crystal planes of RuO, (PDF 43-1027). The
scanning electron microscopy (SEM) image of Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF (Fig. 2b) shows randomly
distributed two-dimensional thin nanosheets that interconnect to form a porous network. This network
can facilitate electrolyte penetration and mass transfer and improve active-site accessibility, thereby
contributing to the electrocatalytic performance. Transmission electron microscopy (TEM) observations
further corroborate the formation of the interconnected porous network, as shown in Fig. 2c. As shown
in the high-resolution TEM (HRTEM) images (Fig. 2d, e), the measured interplanar spacings of 0.225 nm
and 0.205 nm correspond to the (200) plane of rutile RuO, and the (101) plane of Ru, respectively. The
interplanar spacings of 0.153 nm and 0.241 nm correspond to the (110) plane of NiCo-LDH and the (111)
plane of NiO, respectively. As shown in Fig. 2f, elemental mapping confirms the coexistence of Fe, Co, Ni,
Ru and O, which are uniformly distributed throughout Ru/RuO,-Fe-0.1-Co-0.1-LDH/NF.
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To examine the surface composition and elemental oxidation states, X-ray photoelectron spectroscopy
(XPS) was performed on Fe-0.1-Co-0.1-LDH/NF and Ru/RuQ,-Fe-0.1-Co-0.1-LDH/NF. The XPS survey
spectrum of Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF confirms the coexistence of Fe, Co, Ni and Ru (Fig. 3a). In
the Fe 2p spectra presented in Fig. 3b, the peaks at approximately 710.5 eV and 723.5 eV are assigned
to the Fe 2p5/, and Fe 2p, , components of Fe?*, respectively, whereas those near 711.9 eV (2p5,,) and
725.3 eV (2p,,) originate from Fe3*. The shake-up satellite peaks located at 718.8 eV and 732.0 eV
further confirm the presence of Fe species [27, 28]. The Co 2p spectra (Fig. 3c) can be deconvoluted into
six distinct peaks. The characteristic peaks at 779.8 and 795.4 eV correspond to the Co 2p5,, and Co
2p4,, components of Co3*, respectively. The other two peaks at 781.1 and 797.1 eV are assigned to the
Co 2p5,, and Co 2p,,, components of Co?*, [29, 30]. In addition, two satellite peaks are observed at
binding energies of 785.1 and 802.9 eV [31]. The Ni 2p spectra (Fig. 3d) exhibit two distinct peaks at
855.1 eV and 872.9 eV, which are assigned to the Ni 2p5,, and Ni 2p;,, components of Ni%*, [29, 32]. The
signals at 856.6 eV and 874.4 eV are assigned to the Ni 2p5,, and Ni 2p,,, components of Ni2*, [33, 34],

while satellite peaks appear at 861.5 and 879.6 eV. The high-resolution O 1s spectra (Fig. 3e) can be
deconvoluted into three components at 529.6, 531.1, and 532.8 eV, assigned to metal-oxygen (M-0)
species, hydroxyl species (-OH), and adsorbed molecular water, respectively[27, 35]. Compared with Fe-
0.1-Co-0.1-LDH/NF, Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF exhibits a higher relative content of M-O species

associated with nickel and ruthenium oxides [31, 36]. This finding is consistent with the XRD
characterization results. The high-resolution Ru 3d spectrum of Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF partially

overlaps with the C 1s spectrum (Fig. 3f). The two characteristic peaks at 280.5 and 284.4 eV
correspond to the Ru 3ds,, and Ru 3d3,, components of Ru®, [37], and the peaks at 281.9 eV and 285.7
eV correspond to the Ru 3ds,, and Ru 3d;,, components of Ru**, [31]. Three additional peaks at 288.9,
286.5, and 284.8 eV are assigned to the C = O, C-O, and C-C groups, respectively[31, 38].

3.2. Electrocatalytic performance

The electrocatalytic performance of Co-0.05-LDH/NF, Co-0.1-LDH/NF, Co-0.25-LDH/NF, Fe-0.1-Co-0.1-
LDH/NF and Ru/RuO,-Fe-0.1-Co-0.1-LDH/NF was assessed in 1.0 M KOH electrolyte using a standard
three-electrode setup. The HER linear sweep voltammetry (LSV) curves are shown in Fig. 4a, and the
corresponding overpotentials for each electrode are summarized in Fig. 4b. Ru/Ru0O,-Fe-0.1-Co-0.1-

LDH/NF requires an overpotential of only 52 mV at 10 mA cm™ 2, lower than those of Co-0.05-LDH/NF
(N10 =184 mV), Co-0.1-LDH/NF (n+o =156 mV), Co-0.25-LDH/NF (n;o =171 mV), and Fe-0.1-Co-0.1-

LDH/NF (040 =96 mV). This result demonstrates its outstanding HER electrocatalytic activity. Figure 4c
shows the Tafel plots of all electrocatalysts. Ru/Ru0O,-Fe-0.1-Co-0.1-LDH/NF exhibits the lowest Tafel

slope, 66.4 mV dec™ ', indicating favorable HER kinetics. The OER polarization curves of these as-
prepared electrodes are presented in Fig. 4d. Figure 4e shows that Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF

requires the lowest OER overpotential, 205 mV at 10 mA cm™ 2, compared with Co-0.05-LDH/NF (1,4 =
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314 mV), Co-0.1-LDH/NF (n;¢ = 255 mV), Co-0.25-LDH/NF (047 =293 mV), and Fe-0.1-Co-0.1-LDH/NF
(N10 =221 mV). The Tafel slope of Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF is 31.9 mV dec™ ', lower than those of

C0-0.05-LDH/NF (53.4 mV dec™ ), Co-0.1-LDH/NF (45.2 mV dec™ '), Co-0.25-LDH/NF (76.5 mV dec™ ),
and Fe-0.1-Co-0.1-LDH/NF (33.1 mV dec™ ") (Fig. 4f), suggesting more favorable OER kinetics.
Electrochemical impedance spectroscopy (EIS) measurements were performed to investigate charge-
transfer kinetics, and the results are shown in Fig. 4g. Following Ru/Ru0O, deposition, the Nyquist plot of
the Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF electrode exhibits a smaller semicircle than those of the other

electrodes. The Nyquist plots were fitted using an equivalent circuit model to obtain the charge-transfer
resistance (R, of each electrode (Table S1). Among the tested electrodes, Ru/Ru0,-Fe-0.1-Co-0.1-

LDH/NF exhibits the lowest Ry, 13.7 Q. The ECSA of an electrocatalyst is directly proportional to its
double-layer capacitance (Cy) (Fig. 4h, Table S2). C4 was obtained from cyclic voltammetry (CV) curves
measured in the non-Faradaic region (Fig. S5-S9). The ECSA values of the electrocatalysts are listed in
Table S2. Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF exhibits the highest C4 among the tested electrodes, 28.18 mF
cm” 2. This result indicates that Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF has the largest estimated ECSA among
the tested electrodes. This large ECSA may be associated with the Ru/Ru0, modification and the
interconnected porous network, which facilitate active-site accessibility. Long-term chronoamperometric
measurements at 10 mA cm™ 2 demonstrate that the Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF electrode maintains
stable HER and OER performance during continuous operation for 48 h (Fig. 4i).

Given the high bifunctional activity of Ru/RuO,-Fe-0.1-Co-0.1-LDH/NF for HER and OER in 1.0 M KOH

electrolyte, an electrolyzer for OWS was assembled using this electrocatalyst as both the anode and
cathode. LSV curves of the electrolyzers assembled with Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF and the

commercial Pt/C//IrO,:RuQ, couple are shown in Fig. 5a. For OWS, the electrolyzer assembled with
Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF achieves a current density of 10 mA cm™2 at a cell voltage of 1.40 V,
lower than the 1.54 V required by Pt/C//IrO,:Ru0,. Comparisons with recently reported bifunctional
electrocatalysts are presented in Fig. 5b and Table S3. The electrolyzer also exhibits stable performance
during a 100 h chronoamperometric test (Fig. 5¢). In addition, the electrolyzer can also be driven by a
solar panel with an output voltage of approximately 1.54 V (Video S1). Steady bubble evolution can be
clearly observed on the surfaces of both electrodes. These results suggest the potential of Ru/RuO,-Fe-

0.1-Co-0.1-LDH/NF for solar-powered hydrogen production.

4. Conclusions

In summary, Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF was successfully fabricated via electrodeposition followed

by precursor combustion. The electrocatalyst exhibits an interconnected porous network formed by
interwoven two-dimensional ultrathin nanosheets. This structure can facilitate electrolyte penetration
and mass transfer and improve the accessibility of HER and OER active sites, thereby contributing to the

electrocatalytic performance. To reach a current density of 10 mA cm™ 2, Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF
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requires overpotentials of 52 mV and 205 mV for HER and OER, respectively. The electrolyzer assembled
with Ru/RuO,-Fe-0.1-Co-0.1-LDH/NF for OWS requires a cell voltage of only 1.40 V to achieve a current
density of 10 mA cm™ 2. The enhanced OWS performance may be attributed to the low charge-transfer
resistance (R = 13.7 Q), large ECSA (704.5 cm?), interconnected porous network, and Ru/Ru0, active

species. This work provides insights into the design and fabrication of advanced electrocatalysts for
energy conversion and storage.
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Synthetic procedure of Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF
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Figure 2

(a) XRD pattern, (b) SEM image, (c) TEM image, (d, ) HRTEM images, and (f) elemental mapping images
of Ru/Ru0,-Fe-0.1-Co-0.1-LDH/NF
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Figure 3

(a) XPS survey spectra and high-resolution spectra of (b) Fe 2p, (c) Co 2p, (d) Ni 2p, (e) O 1s, and (f) Ru
3d.
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