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ABSTRACT: Producing hydrogen from the abundant seawater
is very attractive for the sustainable development of hydrogen
energy. Rational design and construction of efficient bifunctional
catalysts remain a huge challenge. Herein, we report a novel N-
doped carbon polyhedral (NCP) encapsulated Co3;0,-RuO,
heterostructure (Co3;0,-RuO,@NCP) synthesized through a
simple “template-assistance-self-assembly-pyrolysis” strategy
for both hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) in seawater. The C0;0,-RuO,@NCP
catalyst only needs 18 and 250 mV in 1 M KOH, 24 and 260 mV
in simulated seawater, 29 and 290 mV in natural seawater to
arrive the current density of 10 mA-cm™ for HER and OER,
respectively. Meanwhile, only 1.53 and 1.60 V are required to
drive 10 mA-cm2 for overall water splitting in 1 M KOH and
natural seawater splitting with good stability and high Faraday
efficiency. The combined spectroscopy analysis suggested Ru

plays a crucial role in this electrolysis process. During the alkaline HER process, Ru* is partially reduced to Ru(O) and the
in-situ formed Ru-Co3;0, serves as the active center to promote H, evolution. While in the alkaline OER process, partial
oxidation of Ru occurs, which enhances the electronic coupling with oxygen-containing species and facilitates the OER
process. Density functional theory (DFT) calculations also suggested these structural properties optimized the adsorption
and activation process of key active species in the electrolysis process, and the electronic interaction between NC and
Co030,4-Ru0O, enhanced the activity and selectivity in seawater electrolysis under alkaline conditions. This work developed a

promising bifunctional electrocatalyst for natural seawater splitting.

KEYWORDS: metal-organic frameworks, heterostructure, electrocatalysis, natural seawater splitting

1 Introduction

Electrolyzed seawater which accounts for 97% of the total water
reserves of our planet for hydrogen production through hydrogen
evolution reaction (HER) is extremely attractive. While natural
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seawater contains electrochemically active ions which would
interfere and compete with the water electrocatalysis, one of the
challenges is chlorine evolution reaction (CER), which reduced
electrolysis efficiency and damaged the long-term stability of the
system. Alkaline electrolyte facilitates the selective splitting of
seawater [1]. While due to the lack of H*, HER in alkaline media
starts from dissociating H,O molecules to provide protons, so the
adsorption and activation of H,O molecules is critical for alkaline
seawater electrolysis [2]. What is more, the entire water electrolysis
reaction includes two half reactions: HER at the cathode and
oxygen evolution reaction (OER) at the anode, given the cost
reduction and device simplification, integrating the active
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components of HER and OER into a single nanostructure
simultaneously is highly desired.

Researches suggested the oxygen-containing species such as H,O
molecules or OH™ may interact strongly with the oxide surfaces,
while these oxygen-containing species are not only key active
species for HER but also for OER, which may grant metal oxides
(TMOs) the ability to integrate the excellent HER and OER
activities simultaneously in alkali [3]. Metal-organic frameworks
(MOFs) or their derivatives materials, with their precisely designed
structure, high specific surface area, and excellent catalytic
performance, provide a promising path for achieving efficient
electrocatalytic performance [4, 5]. And MOFs are good precursor
to construct TMOs due to the low pyrolysis temperature.
Meanwhile, the organic ligands in MOFs can generate conductive
carbon layers in the pyrolysis process, which encapsulated oxide
particles and improved the conductivity of TMOs. Among them,
zeolitic-imidazolate framework (ZIF), such as the low-cost and
easily obtainable ZIF-67 containing Co as the metal center is widely
applied [6].

Ruthenium (Ru)-based TMOs were recently reported as most
promising bifunctional electrocatalyst due to the remarkable
catalytic activity and the cheapest price among the Pt-group metal
family [7, 8]. And ZIF-67 was good candidate to work as the matrix
and stable skeleton to anchored and stabilized Ru species,
simultaneously providing the second active metal Co. Herein, a N-
doped  carbon  polyhedral  encapsulated  Co;0,-RuO,
heterostructure (Co;0,-RuO,@NCP) is synthesized through a
simple “template-assistance-self-assembly-pyrolysis” strategy [9, 10].
The Co0;0,-RuO,@NCP with 0.9 at% of Ru shows the best
performance. It displayed bifunctional electrochemical activity on
HER and OER in 1 M KOH electrolyte, it only needs 18 and
250 mV vs. RHE to arrive the current density of 10 mA-cm™ for
HER and OER, more importantly, bifunctional electrochemical
activity also can be kept in alkaline simulated seawater (1 M KOH +
0.5 M NaCl) and alkaline natural seawater (1 KOH + natural
seawater from the Yellow Sea), Co;0,-RuO,@NCP needs 24 and
29 mV vs. RHE to drive the current density to 10 mA-cm™ for
HER, and only 260 and 290 mV vs. RHE were needed to arrive
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10 mA-cm™ for OER in alkaline simulated seawater and alkaline
natural seawater, exceeding many reported catalysts. Finally, the
electrocatalytic performance on full water electrolysis was
performed in a two-electrode cell with Co;0,-RuO,@NCP as both
cathode and anode, 1.82 and 1.93 V were needed to drive the
current density to 100 mA-cm™ in alkali and alkaline natural
seawater electrolyte for Co;0,-Ru0,@NCP||Co;0,-Ru0,@NCP
electrode couple, with high Faraday efficiencies, demonstrating high
selectivity for water electrolysis even in seawater. X-ray
photoelectron spectroscopy (XPS) and valence band (VB) spectra
proved the crucial roles of Ru in this electrolysis process. Density
functional theory (DFT) calculations revealed the reconstruction of
the active sites during electrocatalysis optimized the adsorption and
activation process of key active species, and the electronic
interaction between N-doped carbon (NC) and Co;0,-RuO,
heterostructure enhanced the electrocatalytic performance for both
HER and OER reaction in seawater under alkaline conditions.

2 Results and discussion

2.1 Structure and characterization of Co;0,-RuO,@NCP
catalyst

The Co0;0,-RuO,@NCP catalyst was synthesized by a novel
“template-assistance-self-assembly-pyrolysis” strategy. ZIF-67 and
the graphitic carbon nitride (g-C;N,) were used to anchor and
disperse the Ru metal. The XRD patterns of the samples (Fig. S1 in
the Electronic Supplementary Material (ESM)) suggested with the
increasing of the Ru amount, the crystal phase transformed from
pure phase Co;0, to Co;O4-RuO, mixed phase. The diffraction
peaks at 19.0°, 31.3°, 36.8°, 44.8°, 59.3° and 65.2° correspond to the
(111), (220), (311), (400), (511), and (440) crystal planes of Co;O,
(PDF #43-1003), respectively. The diffraction peaks located at 28.0°,
40.6°, and 45.0°, corresponding to the (110), (111), and (210) crystal
planes of RuO, (PDF #40-1290), respectively (Fig. 1(a)). In addition,
all samples have a diffraction peak near 22.0° corresponding to the
graphitized carbon (002) crystal plane. Co;0-RuO, (synthesized
with mole ratio of Ru:Co = 1:1 but no g-C;N,), the Co;0,@NC

RuO,(1 0 1)
0.256 nm

-

5 nm RuO,(1 11

0.222 nm

Figure1 (a) XRD patterns, (b) TEM image, (c) HRTEM image, and (d) HAADF-STEM elemental mapping images of Co;0,-RuO,@NCP.
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(synthesized with g-C;N, but no Ru), and the Co;0, (no g-C;N,
and Ru) were also constructed for comparison.

There exists morphology difference in the transmission electron
microscope (TEM) images. Co;0,-RuO, shows compact irregular
accumulation of particles (Fig. S2(a) in the ESM). Co,;0,-
RuO,@NCP exhibits a hollow polyhedral structure (Fig. 1(b) and
Fig. S2(b) in the ESM), indicating that the dodecahedral structure of
ZIF-67 was retained during the pyrolysis process, and the hollow
morphology can be attributed to g-C;N,, which increases the active
surface area befitting the electrocatalytic process [11]. High
resolution TEM (HRTEM) of Co;0,-RuO,@NCP (Fig. 1(c))
displayed the distinct lattice spacing of 0.467, 0.256 and 0.222 nm
assigned to the (111) crystal plane of Co;0,, (101) and (111) crystal
planes of RuO,, the distinct heterointerface can be observed. The
high-angle annular dark-field scanning transmission electron
microscope (HAADF-STEM) and energy dispersive X-ray
spectroscopy (EDX) elemental mapping images (Fig. 1(d)) proved
the coexistence of C, N, O, Co and Ru, the dispersion of metal
atoms was improved attribute to ZIF-67 framework, and the atomic
fraction (at.%) for Ru is 0.9% (Fig. S3 and Table S1 in the ESM).
The N, adsorption-desorption tests of Co;0,-RuO,@NCP and
Co0;0,-Ru0O, were used to obtain the Brunauer-Emmett-Teller
(BET) specific surface area and pore size distributions (Fig. S4 in the
ESM). It can be observed that all the isotherms showed type IV
[12-15]. The BET specific surface areas for Co;0,-RuO,@NCP and
Co0;0,-Ru0, are 35.5 and 40.81 m>g", and the average pore sizes
were 24.11 and 17.27 nm, with almost identical pore volumes of
0.23 and 0.22 cm’g?, suggesting the limited impact of g-C;N, on
the specific surface area and pore structure.

2.2 Bifunctional electrocatalytic performance in 1 M KOH

electrolyte

The electrocatalytic performance of the samples with different
amount of Ru was first performed, linear scanning voltammetry
(LSV) curves (Fig. S5 in the ESM) for HER and OER in 1 M KOH

demonstrated introducing Ru can improve the electrocatalytic
activity and Co;0,-RuO,@NCP was most efficient due to the
smallest overpotential, thus Co;0,-RuO,@NCP was selected as the
target research sample. LSV curves for HER in Fig. 2(a) show that
the HER catalytic performance of pure Co;O, and Co;0,@NC is
poor in 1 M KOH, they need 308 and 288 mV vs. RHE to arrive
10 mA-cm?, respectively. Introducing Ru can significantly improve
the HER performance, even without of the assistance of g-C;N,
(Co304-Ru0, as referred), 54 mV vs. RHE was needed to arrive 10
mA-cm™. The Co;0,-RuO,@NCP only needed 18 mV vs. RHE to
reach the current density of 10 mA-cm? and it exhibited the
smallest Tafel slopes (Fig. 2(b)) in 1 M KOH solution (57.6 mV-dec™),
suggesting the electrocatalytic reaction rate on Co;0,-RuO,@NCP
surface is highly sensitive to the potential change, corresponding to
a faster kinetic process, and the reaction mechanism followed the
Volmer-Heyrovsky process (Volmer step: H,O + ¢ = H,q, + OH,
Heyrovsky step: H,O + e + Hy = H, + OH) [16]. All the
electrochemical impedance spectroscopy (EIS) curves (Fig. S6(a) in
the ESM) displayed semicircle, but Co;0,-RuO,@NCP showed the
smallest diameter, suggesting the smallest charge transfer resistance
(Ry), corresponding to the accelerated charge transfer process.
Capacitance of the double electric layer (Cy) can be used to estimate
the electrochemically active surface area (ECSA) of the catalyst, and
the Cy value can be obtained from the cyclic voltammetry curves in
non-Faraday potential window (Figs. S7(a)-S7(e) in the ESM), Cy
value for Co;0,-RuO,@NCP was 3822 mF-cm? which was
significantly higher than that of Co;0,-Ru0O, (30.3 mF-cm?),
Co0;0,@NC (19.6 mF-cm™) and Co;0, (11.5 mF-cm™), suggesting
the higher ECSA of Co;0,-RuO,@NCP.

LSV curve (Fig. 2(c)) for OER showed that the overpotential of
C030,-Ru0,@NCP at 10 mA-cm™ was 250 mV vs. RHE, which
was lower than that of Co;0,-RuO, (268 mV vs. RHE), Co;0,@NC
(3288 mV vs. RHE) and Co;0, (3742 mV vs. RHE), further
confirmed that Co;0,-RuO,@NCP also was efficient for
electrocatalytic OER. Tafel curves (Fig. 2(d)) showed that the Tafel
slope for Co;0,-RuO,@NCP (71.6 mV-dec’) was significantly
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Figure2 (a) LSV curves and (b) Tafel plots for HER, (c) LSV curves and (d) Tafel plots for OER in 1 M KOH, (e) performance comparison with reported catalyst

[17-28], and (f) stability curves.
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lower than that of Co;O4RuO, (93.8 mV-dec'), Co;0,@NC
(106.3 mV-dec™) and Co;0, (114.7 mV-dec™), indicating a superior
dynamic process on Co;0,-RuO,@NCP. EIS curves (Fig. S6(b) in
the ESM) displayed Co;0,-RuO,@NCP had the smallest diameter
of a semicircle, suggesting the superior charge transfer capability. As
a bifunctional electrocatalyst, the electrocatalytic activity of Co,0,-
RuO,@NCP exceeds many reported Ru, Co based catalysts [17-28]
(Fig. 2(e)).

In addition, the chrono-potential curves of Co;0,-RuO,@NCP
tested continuously for 72 h in 1 M KOH electrolyte were shown in
Fig. 2(f), which only showed a slight damage of the potential for
both HER and OER, indicating that the Co;0,-RuO,@NCP also
has good electrochemical stability.

2.3 Bifunctional electrocatalytic performance in seawater

Producing hydrogen from seawater restarts the legend of “blue
energy’, which is very attractive for the popularization and
sustainable development of hydrogen energy [29]. The HER
electrocatalytic performance of the Co;0,-RuO,@NCP was
investigated in the alkaline simulated seawater (1 KOH + 0.5 M
NaCl) and alkaline natural seawater (1 KOH + natural seawater
from the Yellow Sea) (Fig. 3(a)), and the LSV curves (Fig. 3(b))
suggested Co;0,-RuO,@NCP need 24, and 29 mV vs. RHE to drive
the current density to 10 mA-cm™ for HER in alkaline simulated
seawater and alkaline natural seawater, respectively, showing a
slight decrease compared with that in 1 KOH, demonstrating the
high catalytic activity can be maintained even in the presence of
chloride ions, which is usually challenging for most conventional
HER catalysts due to possible corrosion and catalyst poisoning
effect [30, 31]. Moreover, the LSV curves almost coincided at lower
current densities (< 50 mA-cm™), suggesting other impurities in
seawater almost has no influence on the HER electrocatalytic
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activity at low current densities. Co;0,-RuO,@NCP also shows
good OER electrocatalytic activity, 260 and 290 mV vs. RHE were
needed to arrive 10 mA-cm™ (Fig. 3(b)). To further assess the
practical feasibility of the catalyst in seawater electrolysis, chrono-
potential test was performed to assess stability for HER and OER in
alkaline natural seawater (Fig. 3(c)). The results showed that the
activity can be maintained for at least of 72 h. And inductively
coupled plasma atomic emission spectrometry (ICP-AES) was
performed to test the dissolved Ru and Co in the seawater
electrolyte (Fig. S8 in the ESM), the dissolved amounts of Ru and
Co after HER stability test were 4.033 and 5.567 pug-L™. After OER
stability test, the dissolved amount of Ru and Co increased to 76.08
and 18.868 pg-L™, which can be attributed to the high oxidation
potential of anode and the corrosion and coordination of chloride
ions, that is inevitable. And the acceptable loss rates demonstrated
the robustness of the Co;0,-RuO,@NCP structure.

Two-electrode system tests with Co;0,-RuO,@NCP as both
anode and cathode were conducted (Fig. 4(a)) in 1 M KOH and
alkaline natural seawater to investigate the performance towards
overall water splitting. It suggested Co;0,-RuO,@NCP||Co50,-
RuO,@NCP electrode pair needs 1.53 and 1.60 V to drive the
current density to 10 mA-cm™ in 1 M KOH and alkaline natural
seawater. Even in the high current density of 100 mA-cm?, the
voltages are 1.82 and 1.93 'V, respectively. The negligible increase of
the voltage in alkaline natural seawater demonstrated Co;O,-
RuO,@NCP||C0;0,-RuO,@NCP electrode pair is well able to
mitigate these adverse effects and maintain high activity even in
challenging natural seawater environments. Besides, chrono-
potential test at a constant current density of 10 mA-cm™ (Fig. 4(b))
suggest the activity can be maintained at least of 24 h, proving the
excellent stability.

The produced H, and O, at the Co;0,-RuO,@NCP surface were
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Figure3 (a) Yellow Sea seawater sampling point, (b) LSV curves for HER and OER, and (c) stability curves.
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Figure4 (a) Two-electrode tests for overall water splitting and (b) stability curves. Comparison chart of theoretical and experimental gas production in (¢) 1 M KOH and
(d) alkaline natural seawater. (e) and (g) Drainage device for H, and ((f) and (h)) O, collection with different reaction time in alkaline seawater and 1 M KOH.

collected to investigate the Faraday efficiency by draining through
an H-type electrolyzer with Nafion membrane as the separator [32].
The comparison chart of theoretical and experimental gas volume
was plotted in Figs. 4(c) and 4(d), and the photos in Figs. 4(e)-4(h)
show the gas volume at different times. The total amount of H, and
O, released from the device displayed the ratio of H,:O, = 2:1, and
the experimentally measured gas amount equals well to the
theoretically calculated amount, suggesting high Faradic efficiencies.
The amounts of H, and O, released from the device after 2 h were
40/20.2 mL and 39.8/20 mL in 1 M KOH and alkaline natural
seawater, and the Faraday efficiencies were calculated to be 97%
and 95%, respectively, suggesting this bifunctional Co,0,-
RuO,@NCP catalyst has very high selectivity for catalyzing water
electrolysis even in seawater.

24 Mechanism study

XPS was performed to investigate the surface chemical composition
and bonding states of Co;0,-RuO,@NCP (Fig. 5 and Fig. S9 in the
ESM). Figure 5(a) presents the Ru 3p spectra for Co;O,-
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RuO,@NCP before and after the HER stability test, fresh Co,0,-
RuO,@NCP shows characteristic peaks at 4629 and 4854 eV,
corresponding to the Ru 3p;, and Ru 3p, binding energies,
respectively. Additional peaks at 466.3 and 488.6 €V are identified
as satellite peaks [33]. Post-HER stability testing, a negative shift of
0.4 eV in the Ru 3p binding energy suggests partial reduction of
Ru* to Ru’ at negative potential on the catalyst surface, because the
reduction of RuO, is thermodynamically preferable compared to
HER, and the in-situ generated Ru-Co;O, was the active center
[34]. Under alkaline conditions, Co;O, first promotes H,O
dissociation into OH™ and H* due to the strengthening adsorption
of OH" on Co;0, [35], and then the produced H* moved to the Ru
sites to form H, molecule, thus the HER process in alkali was
enhanced significantly [34]. While after OER stability test, the
binding energy of Ru 3p spectrum showed a positive shift of 0.3 eV,
which is due to the strong interaction between OH" or other oxygen-
containing substances in alkali with Ru species, thereby changing
the electronic structure and coordination environment of Ru. This
interaction may enhance the electronic coupling between the RuO,
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Figure 5 XPS spectra of (a) Ru 3p and (b) Co 2p, and (c) VB spectra of Co;O,-RuO,@NCP.

active site and OH", promoting the OER process [36]. The Co 2p
spectra (Fig. 5(b)) depict characteristic peaks before and after HER
and OER stability test, with peaks at 796.5 and 794.8 €V were
ascribed to Co** and Co™ in Co 2p,,, and those at 781.3 and 779.8
eV were ascribed to Co* and Co™ in Co 2ps,, respectively. Satellite
peaks at 789.1 and 805.2 eV further validate the multivalent state of
Co [37]. As for the Co 2p spectrum after HER, the XPS peaks at
low binding energies (777.1 and 793.0 eV) can be assigned to Co(0),
and the peak area ratio of Co*/Co* decreased compared with the
fresh one and the sample after OER test, owning to the reducing
environment of the HER.

The VB spectra of Co;0,-RuO,@NCP in Fig. 5(c) illustrate
changes in the electronic structure induced by HER and OER
processes. Post-HER and OER stability test, a decrease in low-
binding-energy VB signal intensity implies potential surface
reconfiguration or active phase transitions during the
electrocatalytic process, rearranging the valence band structure,
potentially forming new peaks or altering peak intensities [38]. Both
HER and OER stability tests resulted in intensified peaks around
17 eV in the VB spectrum, likely due to enhanced electronic
coupling between Co;O, and RuO, during catalysis. This is
consistent with observations in polymetallic oxides, where redox-
induced electronic coupling produced mixed valence states, the
localized electronic density and charge redistribution were
enhanced, thereby causing electron density peaks in high-binding-
energy regions [39]. Moreover, surface-adsorbed H, 4, and O,4, may
further modulate the electronic structure of the catalyst,
significantly altering relevant valence band states. Notably, post-
HER and OER samples exhibited positive shifts in the valence band
maximum (VBM) compared to the fresh one. This shift suggests
that Ru site electron modulation reduces H,4, adsorption affinity
while enhancing O,y adsorption, favoring H,O dissociation
process. These findings highlights an effective electron regulation
mechanism in Co;0,-RuO,@NCP, underscoring its potential for
efficient electrocatalysis in alkaline media [40].

Furthermore, the models of Co;0,-Ru, Co;0,-RuO, and Co;0,-
RuO,@NCP were constructed to verify the mechanism conclusion
by DFT calculation [41]. The HER and OER performances of
Co0;0,-Ru and Co;0,-RuO, under alkaline condition were acquired
to prove the reconstruction of the active sites during electrocatalysis
(Figs. S10 and S11 in the ESM). Compared to Co;0,-RuQ,, the Ru
species in Co;O4-Ru exhibited a greater ability to adsorb H,O
molecule (—0.54 to —0.18 eV) and dissociate H,O into H, and OH"
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(AG = 0.88 eV to AG = 1.17 eV) under alkaline conditions (Fig.
6(a)), that can be attributed to the stronger metallic properties and
higher density of active electrons on Co;O,-Ru surface [10],
therefore, a conclusion could be draw that the reconstruction of
Co;0,-Ru0, into a Co;0,-Ru structure facilitates the alkaline HER.
Compared with the HER, OER involves a more complex
transformation process (Figs. S12 and S13 in the ESM), which
entails more than simple electron transfer. On Co;0,-RuO, surface,
the rate-determining step (RDS) for alkaline OER is the conversion
of OOH* to O, (Fig. 6(b)). A significant reduction in the activation
barrier on Co;04-RuO, surface (1 = 0.50 V) was accompanied.

Additionally, the nitrogen doped carbon (NC) coated usually
leaded to a certain impact on the catalyst [42], and more in-depth
DFT calculations were investigated. Difference charge density plots
revealed the influence of NC on the electronic structure of the
Co;0,-Ru0, system. In contrast to the interactions between Co;0,
and RuO, within Co;0,-RuO, structure (Fig. 6(c)), the Co;0,
RuO,@NCP composite displayed additional electron transfer
pathways between NC and both Co;0, and RuO, components
(Fig. 6(d)). Further analysis of surface energy variations via the
density of states (DOS) (Fig. S14 in the ESM) revealed that Co;0,-
RuO, exhibited a significant density of states near the Fermi level
(Eg = 0 eV). Upon NC coated, the DOS profile undergoes marked
alterations due to the electronic structure disparity between NC and
the metal oxides. Nevertheless, considerable continuous states
persist near Ep, suggesting superior charge transfer properties at the
surface [43]. Moreover, qualitative analysis of Ru and Co projected
DOS (PDOS) elucidated the electronic modifications in Co;04-
RuO,@NCP. NC coating induced a shift in the Ru d-band center
from -1.692 eV in Co0;0,-Ru0, to -1593 eV in Co;0,
RuO,@NCP (Fig. 6(e)). The d-band center in Co;0,-RuO,@NCP
was closer to the Fermi level, that attributed to NC-RuO, interfacial
charge transfer, signified increased surface energy of Ru species
[44]. Similarly, the Co d-band center of Co;0,-RuO,@NCP
(~1.582 eV) was also closer to Fermi level than that of Co;0,-RuO,
(-1.676 eV) (Fig. 6(f)), demonstrating that NC similarly modulates
the Co surface electronic environment towards higher energy.
Furthermore, Bader charge analysis revealed the charge number
over Ru and Co species quantitatively (Table S2 in the ESM).
Consistent with the PDOS results, the electron transformation
between NC and RuO,, Co;0, effectively increased the electron
density of the Ru and Co atoms.

Moreover, the formation of the Co;0,-RuO,@NCP imparts a
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significant influence on the surface catalytic properties. The work
function of Co;0,-Ru0O, (6.497 eV) (Fig. 6(g)) was substantially
higher than that of Co;O,-RuO,@NCP (5.927 eV) (Fig. 6(h)),
indicating that the electrons on the Co;0,-RuO,@NCP surface
were more readily mobilized to participate in catalytic reactions,
that could be attributable to the formation of the heterojunction
structure and the increased electron density on the Co;O, and
RuO, surfaces. Additionally, the elevated surface energy of Ru and
Co species correlated with enhanced alkaline HER performance in
Co0;0,-RuO,@NCP (Fig. S15 in the ESM). The HER energy barrier
decreases from AG = 1.17 eV (Co;0,-Ru0,) to AG = 1.09 eV
(Co;0,-RuO,@NCP), that remained higher than that of Co,O,-Ru.
It suggested that the HER activity on Co0;0,-RuO,@NCP also relies
on the reconstruction of active sites during the reaction process. In
contrast to the alkaline HER, the OER performance of Co;0,
RuO,@NCP closely mirrors that of Co;0,-RuQ,, due to structural
similarities (Fig. S16 in the ESM). Both Co;0,-RuO, and Co;0,
RuO,@NCP catalysts possessed identical RDS, the conversion of
OOH to O,, and the similar reaction energy barriers ( = 0.47 eV
and #=0.50 eV).

To decipher the mechanistic basis for performance enhancement
in seawater media, CI" adsorption energies were calculated for
specific sites on the catalyst surfaces (Fig. S17 in the ESM). Strong
chemisorption of ClI" occurs on Co;0,-RuQO, (Fig. 6(i)), with Ru
sites exhibiting higher CI binding affinity (—1.55 eV) than Co sites
(-1.07 eV), thereby impeding OH" adsorption (—0.44 eV) at
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catalytically critical Ru sites. Upon NC incorporation (Co;0,
RuO,@NCP), the increased Ru electron density weakens CI
adsorption on Ru sites, lowering its energy to —0.94 eV. Crucially,
the energy difference governing Cl" vs. OH adsorption preference
on Ru sites narrows dramatically from 1.11 eV (Co;0,-RuQO,) to
0.17 eV (Co;0,-RuO,@NCP). Consequently, the competitive
adsorption equilibrium is optimized, directly inhibited the CER,
accounting for the superior seawater OER activity.

3 Conclusions

In summary, a novel N-doped carbon polyhedral encapsulated
Co0;0,-Ru0, heterostructure with bifunctional catalytic activity was
synthesized through a “template-assistance-self-assembly-pyrolysis”
strategy, in which ZIF-67 and g-C;N, were used to anchor and
disperse the Ru metal. Electrochemical test results showed that
C0;0,-RuO,@NCP not only displayed good bifunctional
electrocatalytic performance in alkali, even in the alkaline simulated
seawater and alkaline natural seawater, there is also no significant
activity degradation. When assembled into a two-electrode system
for overall water splitting, Co;0,-RuO,@NCP couple can achieve
10 mA-cm™ at a low cell voltage of 1.60 V, 100 mA-cm™ at 1.93 V in
alkaline natural seawater, with good long-term durability as well as
high Faraday efficiency. Through investigating the XPS and VB
before and post the electrocatalytic process, partial reduction of Ru*
to Ru(0) in HER process, thus Ru-Co;O, was the active center,
while in the OER process, the valence state of Ru species was
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further increased, indicating the intense interaction between OH-,
which would benefit the OER process. VB also suggested the
localized electronic density and charge redistribution were
enhanced during the HER and OER process, and the Ru sites
played a key role in the H,q4, adsorption and O,y adsorption. DFT
calculations revealed the reconstruction of the active sites and the
electron interaction between NC and Co;0,-RuO, structure during
electrocatalysis optimized the adsorption and activation process of
key active species. Following the formation of the Co;O,-RuO,
heterojunction structure, the electron density on the Co;O,-RuO,
surface increases, rendering the electron more readily activated to
participate in reactions, that consequently enhances the catalytic
activity of Co;0,-RuO,@NCP towards both the alkaline HER and
OER. Furthermore, the modulation of the Co;0,-RuO, @NCP
surface electronic structure by NC improves the competitive
adsorption between Cl" and OH, thereby significantly enhancing
the catalytic selectivity of Co;O,-RuO, @NCP in seawater. The
research conclusion in this work suggested the Ru-Co based
polymetallic oxides had promising application potential for
electrochemical natural seawater splitting.

Electronic Supplementary Material: Supplementary material
(experimental methods, theoretical calculation methods,
supplementary data figures and tables, etc.) is available in the online
version of this article at https://doi.org/10.26599/NR.2026.
94908487.
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