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ABSTRACT

Efficient and sustainable energy conversion depends on the rational design of single-atom catalysts. The control of the active sites at the atomic level is vital for
electrocatalytic materials in alkaline and acidic electrolytes. Moreover, fabrication of effective catalysts with a well-defined surface structure results in an in-depth
understanding of the catalytic mechanism. Herein, a single atom ruthenium dispersed in nickel-cobalt layered hydroxide (Ru-NiCo LDH) is reported. Through the
precise controlling of the atomic dispersion and local coordination environment, Ru-NiCo LDH//Ru-NiCo LDH provides an ultra-low overpotential of 1.45 mV at 10
mA cm 2 for the overall water splitting, which surpasses that of the state-of-the-art Pt/G/RuO, redox couple. Density functional theory calculations show that Ru-
NiCo LDH optimizes hydrogen evolution intermediate adsorption energies and promotes O-O coupling at a Ru-O active site for oxygen evolution, while Ni serves as
the water dissociation site for effective water splitting. As a potential model, Ru-NiCo LDH shows enhanced water splitting performance with potential for the

development of promising water-alkaline catalysts.

1. Introduction

To mitigate environmental problems caused by greenhouse gases,
hydrogen is a sustainable energy alternative to traditional fossil fuel [1,
2]. The most environmentally friendly and sustainable method of pro-
ducing hydrogen today is electrochemical water splitting [3,4]. Water
splitting generally involves two half-reactions, hydrogen evolution
(HER) and oxygen evolution (OER) [4,5] with significant overpotential,
and efficient catalysts are required to reduce the excess potential and
accelerate the catalytic response. For hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER), Pt- and Ir/Ru-oxide-based
catalysts are currently the benchmark materials [6-8]. However, their
high cost and poor stability limit their use on a large scale. Meanwhile,
the complexity of water electrolysis equipment would inevitably in-
crease if single-function catalysts for HER or OER were used. Therefore,
a potential avenue for water electrolysis has been created with
dual-function catalysts with high activity for both HER and OER [9,10].
However, the anodic OER process usually suffers from sluggish kinetics
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and rapid deactivation of catalysts in acidic conditions when compared
to the highly efficient HER process at higher proton concentrations. As a
result, most reported electrochemical water splitting catalysis has been
performed under alkaline conditions, which require relatively high
overpotentials to simultaneously drive HER and OER reactions for
practical applications [11]. Therefore, the key to efficient hydrogen
production from water electrolysis is the research and development of
dual-function catalysts with high activity for both HER and OER in both
acidic and alkaline media.

Among various electrocatalysts, 3D transition metal based layered
double hydroxides (LDH) with different metal components (such as
cobalt, nickel, and iron) possess promising electrocatalytic potentials
due to their unique lamellar structure and abundant active sites
[12-14]. Many and varied strategies, such as the regulation of
morphology, defect formation, charge transfer, etc., have been reported
[15-18] with the aim to optimizing the catalytic activity in LDH for
enhanced performance. Single-atom catalysts (SACs) have emerged as a
promising frontier for the optimization of catalytic activity and are of
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great interest due to the suitable coordination environment, intimate
interactions of single atoms with suitable supports, and exhibit quantum
size effects [19-22].

The easy aggregation of individual metal atoms in SACs poses huge
challenges in preparation. Interestingly, due to their 2D flat facet, ul-
trathin thickness, and high surface area, two-dimensional (2D) LDHs
provide a favorable platform for the stabilization of SACs [20,22]. In this
respect, single atom-confined 2D LDHs are an ideal model toward
maximizing OER activity while reducing the number of single atoms on
the support.

In this work, atomically dispersed ruthenium catalysts confined in
porous NiCo LDH are prepared through a facile hydrothermal technique,
followed by electrochemical deposition (Fig. 1a). Electrodeposition is
much more convenient and much less expensive than other traditionally
used methods, such as physical or chemical vapor deposition and co-
precipitation, in the preparation of nanocatalysts. The presence of Ru
single atoms and detailed local atomic structures of Ni, Fe, and Ru sites
are revealed by a combined analysis of spherical aberration-corrected
transmission electron microscopy and X-ray absorption fine structure
(XAFS) spectroscopy. Though Ru and NiFe LDH have been considered
active OER catalysts [20,22], our assemble two-electrode Ru-NiCo LDH
achieves a higher current density of 10 mA cm 2 at a very low over-
potential of 1.45 V, which is superior to the Pt/C//Ru02 redox cell for
overall water splitting in alkaline media. Density functional theory
(DFT) calculations and structure-activity experiment suggest that while
the Co site of the Ru-NiCo LDH optimizes the favorable regulation of H
adsorption energies for HER, the Ru site promotes O-O coupling due to
the presence of Ru-O moieties and the Ni site act as water dissociation
site (Fig. 1b). In addition, the intrinsic HER and OER activities are
enhanced by the abundant number of active sites, which accelerates the
water splitting kinetics. This study also provides a promising synergistic
advanced electrode platform for fundamental future work on the role of
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isolated Ru single atoms on NiCo LDH nanosheets in the promotion of
electrocatalytic water splitting.

2. Result and discussion

The single atom Ru-based catalyst was synthesized by electro-
depositing Ru onto the surface of NiCo LDH nanosheet arrays grown on
carbon cloth via hydrothermal technique (Fig. 1a).

To shed light on the crystalline structure of NiCo LDH and Ru-NiCo
LDH, the X-ray diffraction (XRD) patterns are shown in Fig. S1. The
observed crystal peaks at 20 = 11.3°, 22.7°, 33.5°, 34.4°, 38.8°, 46.0°,
60.0°, and 61.3° can be unambiguously assigned to (003), (006), (101),
(012), (015), (018), (110) and (113) planes of hexagonal NiCo LDH (PDF
No. 38-0715). When one and 2 M concentrations of RuClz precursor
were used, the XRD pattern showed no significant change following the
incorporation of Ru atoms into NiCo LDH, suggesting that Ru is atomi-
cally dispersed within NiCo LDH (Fig. S1, Top). Increasing the molar
concentration to 4-fold results in emergency of new peaks at 20 = 43.8
and 58.2 (Fig. S1, bottom), which can be assigned to hexagonal phase
ruthenium nanoparticle [23]. This indicates that higher concentration of
the Ru lead to lack of complete atomic dispersion but formation of
clustered nanoparticle. A nanoflake array with an average length of 2.5
pm and an average thickness of 36 nm was observed in the scanning
electron microscope image of NiCo LDH (Fig. 1¢) and the corresponding
Ru-deposited derivative (Fig. 1e). Elemental mapping of Ru-NiCo LDH
using energy dispersive X-ray spectroscopy (EDS) reveals a uniform
distribution of Ni, Co, O, and Ru (Fig. 1d). The observed lattice distance
of 0.163 nm in the high-resolution transmission electron microscopic
(HRTEM) images (Fig. 1f) is assigned to the (110) crystal plane of the
hexagonal Ni-Co LDH [24]. The amount of loaded Ru single atoms ob-
tained from ICP-OES was 0.3 wt% when 1 mmol L™! of.

RuCl; was used in the electrodeposition. The increasing of Ru

<+
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Fig. 1. Synthetic scheme and microscopic characterization (a) schematic illustration of the synthetic route for the as prepared catalyst, (b, ¢) SEM images of NiCo
LDH and Ru-NiCo LDH, (d) EDS elemental mapping of Ru-NiCo LDH, (e) HRTEM and (f) HAADF-STEM images of Ru-NiCo LDH.
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precursor concentration to 2-fold and 4-fold during the electrochemical
deposition did not change the morphology of the nanoarray (Fig. S2a),
and the obtained loading amount was found to be 0.52 and 1.12 wt%.
The aberration corrected HAADF-STEM image (Fig. 1g) when 2 mmol of
RuCl; was used clearly show isolated Ru single atom bright spots uni-
formly distributed on the Ru-NiCo LDH nanosheet, indicating optimal
atomic dispersion of Ru single atom electrocatalyst. The HAADF-STEM
image when 1 mmol RuCls was used did not show a very clear single
Ru atom while 4 mmol results in clustered particles with few single
atoms (Fig. S2b), which agreed with the observed crystal structure in the
XRD.

The chemical and valence states of NiCo LDH and Ru-NiCo LDH were
examined by X-ray photoelectron spectroscopy (XPS). The XPS survey
spectra (Fig. S3) shows the peaks of Ni, Co, Ru, O, and C at their
respective binding energies, indicating the purity of the materials. The
Ru 3d

peaks were deconvolved by fitting the data with Ru 3ds,2 and Ru
3ds/ at 279.8 eV and 284.3 eV, respectively (Fig. S4), which reflects the
presence of Ru® [25]. For the Ru-NiCo LDH, the spin orbit doublet peaks
of Ni 2p are located at 856.2 and 874.0 eV while that of Co 2p centered
at 780.4 and 795.5 eV with each showing two shakeup satellites in the
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deconvoluted XPS spectra (Figs. S5 and S6), indicating a variable
oxidation state of +2 and + 3 [26,27]. Compared to the NiCo LDH, the
Ni and Co XPS of Ru-NiCo LDH positively shifted by 0.2 and 0.3 eV,
which suggests a higher valence state of Ni and Co or surface local
electron density perturbation after Ru incorporation [28,29]. Previous
reports have shown that high-valence Ni/Co not only favors the active
phase formation of metal oxyhydroxides, but also optimizes the oxy-
hydroxide electronic structure to facilitate water oxidation kinetics [30].
The core-level of O 1s spectra can be deconvoluted into three spin-orbit
peaks (Fig. S7). The O 1s peak signals located at 529.3, 531.4, and 532.6
eV can be respectively assigned to oxygen bonded to metal (M-0), low
coordinated oxygen, and adsorbed hydroxy, or HoO [31]. The O 1s in
NiCo LDH positively shifted to higher binding energy compared to the O
1s XPS of Ru-NiCo LDH, indicating intimate coordination between Ru
single atoms and O atoms in the NiCo LDH support. The valence and
electronic local coordination of Ru-NiCo LDH and NiCo LDH were
investigated using X-ray absorption near-edge structure (XANES) spec-
troscopy and extended X-ray absorption fine structure (EXAFS) spec-
troscopy. The Ru K-edge XANES spectra lies between those of Ru Foil
and RuOs (Fig. 2a), indicating a positively charged metal environment.
In the Fourier Transformed EXAFS (FT-EXAFS) spectra (Fig. 2b), the
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Fig. 2. X-ray absorption spectroscopy characterizations. (a, c, €) XANES spectra at Ru, Ni and Co K-edge of R-NiCo LDH along with reference standards, (b, d, f)

corresponding Fourier-transform EXAFS spectra from a, d, and e.
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strong Ru-O peak of the first shell was observed at an R-space of 1.28 A
and very weak Ru-O-M (M = Ni or Co) in the higher shells. The absence
of characteristic peaks of Ru-Ru scattering in the R-NiCo LDH compared
to Ru foil and RuOs indicates that the Ru is atomically dispersed on the
NiCo LDH nanosheet [20,32], which is consistent with the analysis of
the aberration-corrected TEM image.

For the investigation of the effect of the atomically dispersed Ru
atoms on the NiCo LDH nanosheet, the XAFS analysis of the Ni and Co K
edge and corresponding FT-EXAFS were performed (Fig. 2¢c—f). The Ni K-
edge spectra of Ru-NiCo LDH and NiO showed a similar pre-edge peak
around 8332.7 eV (Fig. 2¢), suggesting that Ni could be in a +2-oxida-
tion state. The prominent coordination peaks located at R-space of 1.48
and 2.72 A (Fig. 2d) (phase uncorrected distance) can be assigned to Ni-
O and Ni-Co/Ni. Similarly, the Co K-edge in the Ru-NiCo LDH observed
at R-space of 7115.3 eV is identical to that of Coy0g, indicating the
existence of Co with an oxidation state of +3. A distorted octahedral
coordination geometry of the Co®" sites in Ru-NiCo LDH is probably
indicated by a slightly higher pre-edge intensity of Co203 (Fig. 2e). A
strong Co-O peak of the first shell was observed at R-space of 1.35 A
while Co-O-M coordination weakens at higher shell (Fig. 2f). Comparing
the Ni and Co K-edge XANES spectra of the Ru-NiCo LDH and NiCo LDH
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(Fig. S8), the absorption edge of Ni and Co in Ru-NiCo LDH show a
positive shift relative to that in NiCo LDH, suggesting a higher valence
state of Ni and Co [33], which agrees with the XPS results. Additionally,
the EXAFS of Ru-NiCo LDH display two prominent peaks located around
1.58 and 2.83 A (Fig. S8 c), which correspond to the nearest-neighbor
Ni-O and Ni-Ni/Co coordination [34]. The Co R-space EXAFS spectra
do not show any significant change for Co-O in Ru-NiCo LDH and NiCo
LDH. Based on the above observations, the X-ray absorption spectros-
copy analysis indicates that the introduced Ru is in the form of a single
atom can increase the oxidation state of both Ni and Co elements, which
is favorable for enhancing intrinsic activity toward water oxidation
[35].

3. Electrochemical performance

The Ru-NiCo LDH catalyst was evaluated for electrochemical HER
and OER performance using No-saturated 0.5M aq. H,SO4 and 1 M KOH
as electrolytes. The different Ru loading was tested for HER to obtain the
optimal amount required. Ru-NiCo LDH with 0.3 wt% loading requires
an overpotential of 150 mV vs. RHE to deliver 10 mA (Fig. S9) while
0.52 wt% loading showed enhanced HER and requires only 20 mV vs.
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RHE to deliver 10 mA current. A further increase in loading of 1.12 wt%
results in reduced performance. A long-standing scientific challenge,
especially for industrial applications, is the high loading of non-noble
metal catalysts without losing active sites [36,37]. High loading af-
fects both electron transport in the electrode active material and ion
transport in the electrolyte, resulting in a deviation of apparent catalytic
activity from actual intrinsic catalytic performance [37]. It is anticipated
that higher Ru loading results in the blockage of the ion penetration and
electron transport pathways. Thus, only Ru-NiCo LDH with 0.52 wt%
loading was used for further studies. The commercial Pt/C and RuO; as
well as bare carbon cloth (CC) were tested as reference along with the
Ru-NiCo LDH and NiCo LDH under the same conditions. As shown in
Fig. 3a and b, the CC did not display any catalytic activity for HER or
OER within the applied potential window. Contrarily, both Pt/C, RuOs,
Ru-NiCo LDH, and NiCo LDH show excellent activity toward the HER
and OER reactions under acidic conditions (Fig. 3a and b). For HER, the
Ru-NiCo LDH shows superior electrocatalytic activity with small over-
potentials of 28.3, 210.4, and 250 mV at 10, 50, and 100 mA cm ?
(Fig. 3¢), respectively, compared to NiCo LDH (overpotentials of 150.2,
460, and 540 mA em ) and Pt/C (84.8,28.3and 150.2 mV at 10, 50 and
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100 mA cm ). As factor that influences effective water splitting, it has
been shown that the influence of mass transfer dominates at high current
densities while the Tafel slope is the main indicator at the low current
densities [38]. In acidic medium, it is probable that Ru-NiCo LDH ex-
hibits faster charge/electron transfer at low current density due to
strong dissociative hydrogen adsorption to the Co-site [39]. As the
current density increases, the mass transfer in the Pt/C increases and
surpasses that of Ru-NiCo, which results in lower overpotential for the
former than the later. The Ru-NiCo LDH also exhibits a smaller Tafel
slope of 47.7 mA dec 2, which is very close to that of Pt/C, indicating
that the rate determining step is the chemisorption of hydrogen,
following the Volmer-Tafel mechanism [40,41]. Similarly, the OER
maintains the same trend, with Ru-NiCo LDH showing superior perfor-
mance than NiCo LDH and benchmark RuO5 (Fig. 3e-f).

In alkaline media, the HER and OER of the catalysts were evaluated
in a solution of Np-saturated 1.0 M aq. KOH (Fig. 4). Compared with
NiCo LDH, the HER for Ru-NiCo LDH catalyst requires a smaller over-
potential of 142.8, 231.3, and 267.8 mV to deliver 10, 50, and 100 mA
cm~2 current (Fig. 4a—c) and maintain a smaller Tafel slope of 39.7 mV
dec’l, which is close to that of Pt/C (31.3 mV dec’l) (Fig. 4e),
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suggesting the ability for fast catalyzing of reaction. Similarly, for OER,
the overpotential of Ru-NiCo LDH exhibits superior catalytic behaviors
than benchmark RuO; (Fig. 4b—d). The OER catalytic kinetics was pro-
bed by the Tafel plots (Fig. 4f), in which Ru-NiCo LDH shows a smaller
Tafel slope (32.7 mV dec’l) than RuO (43.1 mV dec’l) and NiCo LDH
(56.3 mV dec™ H) catalysts. The electrochemical active surface area
(ECSA) which is directly related to double layer electrochemical
capacitance (Cdl), was determined by measuring the near non-faradaic
capacitive current associated with double layer charging using cyclic
voltammetry at different scan-rate. Plotting the capacitive current
against the scan rate (Fig. S11) gives a straight line with the average
slope of the anodic and cathodic current equal to Cdl. From the linear
slope of the Cdl values, the electrochemical active surface area (ECSA)
was estimated. The ECSA for Ru-NiCo LDH electrodes (21.33 m? g’l) is
much larger than that of NiCo LDH (9.58 m? g’l), which indicates
greater electroactive area in the former compared to the latter. The
superior catalytic performance of the Ru-NiCo LDH for water splitting
could be attributed to the Ru single atom tailoring effect. The Ru single
atom species could electronically modify the surrounding Ni-Co atoms,
reducing their hydrogen binding energy to the near-optimal HER ac-
tivity region and giving NiCo species greater stability against
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overoxidation under OER conditions.
4. Theoretical study

To identify the active site in the Ru-NiCo LDH, first principle DFT
calculations were performed, and the Gibbs free energy for each
elementary reaction step in HER and OER were investigated. A prereq-
uisite key descriptor for evaluating HER performance is the hydrogen
absorption energy (AGH*) [20,42]. The Ru-NiCo LDH exhibits a lower
(AGH*) of 0.19 eV compared with that of NiCo LDH (AGH* of 0.43 eV),
indicating a more favorable enthalpy of hydrogen adsorption for
Ru-NiCo LDH and a simultaneous decrease in the thermodynamic bar-
riers for hydrogen production. The HER in the Co site features lower
(AGH*) compared to the Ni and Ru sites (Fig. S13 a, b), suggesting that
Co is the active site of HER in the Ru-NiCo LDH. The relative electro-
negativity difference between Ni (1.91) and Co (1.88) as well as the
variable oxidation state of Co can regulate surface adsorption resulting
in modified electronic structure and d-band centers. This agreed well
with the recent report of Liu et al. in NiCo LDH [43].

The DFT modeling of the water oxidation mechanism, which in-
volves four concerted proton-electron transfer steps, has also been
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Fig. 5. DFT calculations. (a) HER free energy change for Ru-NiCo LDH and NiCo LDH, (b) Schematic illustration of the proposed OER mechanism and (c-e) Gibbs
free energy diagram for a Ru, Co and Ni sites on Ru-NiCo LDH. The solid arrow with the number label in (c—€) indicates the rate-determining step. (f, g) Crystal plane
structures of NiCo LDH and Ru-NiCo LDH with labeled Ni-O bond lengths (A). (h) Ni vacancy formation energy (Egyac)) of NiCo LDH and Ru-NiCo LDH.
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analyzed, and the Gibbs free energy for each elementary reaction is
shown in Fig. 6¢c—e. For NiCo LDH, the rate determining step for the Co
site and Ni site is the transition from O* to OOH* and the formation of
O* from OH* respectively (Fig. S13 c, d). The rate determining steps in
Co and Ni sites in NiCo LDH exhibit large Gibbs free energies, which lead
to low O rates; hence present sluggish OER kinetics.

The DFT results show that the rate-determining step for the Ru site
on Ru-NiCo LDH is the transition HO* to O%, with an overpotential of
0.365 eV (Fig. 6b and c), which is lower than those of Co-O and Ni-O
sites, hence expediting the OER kinetics. Interestingly, the Gibbs free
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energy of Ru sites is lower than those of Co and Ni sites both in NiCo LDH
and Ru-NiCo LDH, which suggests that Ru is the active site for electro-
catalytic OER performance. The Ru 3d peak in the DOS of Ru-NiCo LDH
shows significant enhancement near the Fermi level (Fig. S13 e), which
endows it with superior conductivity and charge transfer ability. Simi-
larly, the PDOS of Ru-NiCo LDH also shows an enhanced peak close to
the fermi energy level compared to NiCo LDH (Fig. S13 f), confirming
the superior performance. To investigate the stability strength and role
of the Ni site for Ru-NiCo LDH, the bond length in Ni-O and the for-
mation energy arising from Ni vacancies (Ey,.) were calculated by DFT
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Fig. 6. Electrochemical overall water splitting (a) The overall polarization curves of catalysts within OER and HER potential window. (b) The polarization curve of
Ru-NiCo//Ru-NiCo and Pt/C//RuO, in 1 M KOH with a scan rate of 5 mV s for overall water-splitting in a two-electrode configuration. (c) The stability curve of the
Ru-NiCo//Ru-NiCo at 10 and 100 mA em 2 in 1 M KOH. (d) LSV polarization profile of the Ru-NiCo//Ru-NiCo before and after 48 h stability test. (e) Comparison of
the cell voltages at the current density of 10 mA cm ™2 for overall water splitting in this work with other reported bifunctional electrocatalysts.
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(Fig. 5f). A shorter bond length was observed for the Ni-O in Ru-NiCo
LDH compared to NiCo LDH, indicating a stronger Ni-O bond strength
in the former, which is vital in creating a stable existence of Ni elements
in the Ru-NiCo LDH lattice [44]. Additionally, the calculated Ni vacancy
energy of formation (Ey,c) in Ru-NiCo LDH is 3.36 eV (Fig. 5h), which is
much higher than that of NiCo LDH (1.52 eV), also indicating that the Ru
single atom incorporation into NiCo LDH could inhibit the Ni-O bond
breaking and enhance the dissolution of Ni elements in the electrolyte,
thereby strengthening the structure stability of Ru-NiCo [45]. To
experimentally validate the theoretical calculation results, inductively
coupled plasma optical emission spectrometry (ICP-OES) was used to
measure the concentration of metallic ions in the electrolyte after
long-term stability test for OER, and the result is presented in Table S1.
The test showed that the concentration of Ni ions in the electrolyte after
the stability test of Ru-NiCo LDH (0.024 mg L.~!) was significantly lower
than that after the stability test of NiCo LDH (0.6126 mg L™1), con-
firming the theoretical result. Thus, both the theoretical calculation and
experimental results validate the fact that single atom Ru-induced Ni-O
bond strength enhances the long-term durability.

5. Electrocatalytic activity of Ru-NiCo LDH toward overall water
splitting

The excellent catalytic performance of Ru-NiCo LDH toward HER
and OER inspired us to investigate the overall water splitting properties
of the electrode material. A home-made two electrode configuration was
used, with Ru-NiCo LDH serving simultaneously as both anode and
cathode for water oxidation and reduction in 1.0 M KOH and 0.5 M
H,SO4 respectively. The overall water splitting polarization curves for
reversible HER and OER are shown in Fig. 6a. The change in potential
between OER and HER (AV = Eggr — Eggr) for Ru-NiCo LDH at 10 mA
em~2 is about 1.55 V, lower than the 1.62 V observed for NiCo LDH. The
overall water splitting performance in alkaline media (Fig. 6b) reveals
that Ru-NiCo/Ru-NiCo LDH pair required a low voltage of 1.45 V to
drive the current density to 10 mA cm ™2, which is even lower than 1.49
V for the state-of-the-art Pt/C//RuO». The energy efficiency arising from
the Ru-NiCo || Ru-NiCo couple cell can be calculated using equation (1):

Ep
r]electrolyser :7[ x 100 (1)
i

where Ey, = 1.23 V and V;j (1.55 V) is the input cell voltage at 10 mA cm
2. The calculated energy efficiency using the above equation is 79.35 %,
which is comparable to the values reported in literature [46,47].

. In acidic media, the Ru-NiCo || Ru-NiCo couple required a cell
voltage of 1.49 V to reach the current density of 10 mA cm 2, also lower
than the Pt/C//RuOy pair (Fig. S14). The slight enhanced performance
in alkaline media compared to acidic media can be attributed to
degradation of catalyst/electrode arising from acid corrosion [48].

Additionally, the symmetric two-electrode stability profile at 10 and
100 mA cm 2 revealed that the current density of the Ru-NiCo//Ru-
NiCo couple can respectively maintain 96.7 % and 92.3 % of its initial
value at a driving cell voltage of 1.55 V during the 48 h stability test
(Fig. 6¢), which indicates highly efficient and stable performance of the
Ru-NiCo//Ru-NiCo composite as the bifunctional-electrocatalyst for
overall water splitting. The Ru-NiCo//Ru-NiCo show lower stability in
acidic media with 89.92 % remaining after 48 h testing period
(Fig. S15), which can be attributed to the electrode corrosion. The
negligible difference in LSV curve before and after the long-term dura-
bility test (Fig. 6d) of the Ru-NiCo/Ru-NiCo electrocatalyst further
confirms the robust stability and long-term operational efficiency of the
material. At applied potential of 1.55 V, vigorously formed hydrogen
and oxygen bubbles could be visibly seen on the anode and cathode
(Fig. 6d, insert, Movie S1). The comparative analysis of the Ru-NiCo//
Ru-NiCo bifunctional catalysts with diverse non-noble metal bifunc-
tional catalysts [49-58] at a current density of 10 mA cm~? indicates
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superior catalytic performance for the Ru-NiCo//Ru-NiCo electrode
pair, hence possesses great potential for application in overall water
splitting.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.renene.2024.121307.

6. Conclusion

In summary, a simple and scalable synthetic approach for atomic
dispersion of large number of Ru single atoms on porous NiCo LDH is
described. The Ru-NiCo LDH exhibits superior HER and OER in both
acidic and alkaline media with low overpotential, high current density,
and long-term durability due to the precise regulation of local coordi-
nation environments. The well-defined structures of the catalysts also
make it possible to study the fundamental steps of the reaction in detail
and to investigate the kinetics of the HER and OER reactions. DFT cal-
culations show that Ru-NiCo LDH improves the favorable H adsorption
energies toward HER and facilitates the coupling of O-O for OER. Ru-
NiCo LDH//Ru-NiCo LDH provides an ultra-low overpotential of 1.45
mV at 10 mA cm ™2 for the overall water splitting, which surpasses that
of the state-of-the-art Pt/C/RuO; redox couple.

7. Experimental
7.1. Preparation of NiCo LDH and Ru-NiCo LDH

The synthesis of NiCo LDH (mass loading 9.62 mg cm 2) was
accomplished following reported method [59]. A three-electrode cell
configuration was used for the electrodeposition using NiCo LDH on
carbon cloth as the working electrode, a graphite rod as the counter
electrode, and a saturated Ag/AgCl (3 M) as the reference electrode. The
electrodeposition of atomically dispersed Ru was carried via cycling
NiCo LDH/CC (1 cm™2) substrate from —0.5 to 0.5 V vs. Ag/AgCl at the
sweep rate of 10 mV s~ in the electrolyte (15 mL) containing RuCls (1
mmol L™1) and H5S04 (0.1 mol L) for 30 cycles at 25 °C. The Ru-NiCo
LDH was removed after deposition and rinsed with deionized water
several times and dried by nitrogen flow. The concentration of Ru in the
electrolyte before and after deposition was quantitatively measured
using inductively coupled plasma mass spectrometry to ascertain the
loading for Ru on NiCo/CC. Detailed characterization, electrode fabri-
cation and DFT calculations can be found in supporting information.
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