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ABSTRACT: Efficient and stable electrocatalysts are critically needed
for the development of practical overall seawater splitting. The
nanocomposite of RuCoBO has been rationally engineered to be an
electrocatalyst that fits these criteria. The study has shown that a
calcinated RuCoBO-based nanocomposite (Ru2Co1BO-350) exhibits an
extremely high catalytic activity for H2 and O2 production in alkaline
seawater (overpotentials of 14 mV for H2 evolution and 219 mV for O2
evolution) as well as a record low cell voltage (1.466 V@10 mA cm−2)
and long-term stability (230 h @50 mA cm−2 and @100 mA cm−2) for
seawater splitting. The results show that surface reconstruction of
Ru2Co1BO-350 occurs during hydrogen evolution reaction and oxygen
evolution reaction, which leads to the high activity and stability of the
catalyst. The reconstructed surface is highly resistant to Cl− corrosion.
The investigation suggests that a new strategy exists for the design of high-performance Ru-based electrocatalysts that resist anodic
corrosion during seawater splitting.
KEYWORDS: Ru-based electrocatalysts, multifunctional sites, surface reconstruction, directed transformation,
electrocatalytic seawater splitting

Electrolysis of seawater for hydrogen (H2) and oxygen (O2)
generation can be of great significance in the context of

storing green electrical energy as green chemical energy.1,2

However, many issues need to be addressed in making this
process applicable to large-scale employment, needed for an
impact on the global energy supply and consumption. Such
issues include corrosion of electrocatalysts and complicated
side reactions that occur in seawater owing to its high salinity
and complex composition.3,4 Ruthenium (Ru) has been shown
to display remarkable resistance to seawater-induced corrosion
and high electrocatalytic activity for the hydrogen and oxygen
evolution reactions (HER and OER).5,6 Importantly, high
potentials that exist during practical electrocatalytic processes
often result in overoxidation of Ru to form water-soluble Ru
oxides (e.g., RuO4).

7,8 Moreover, the instability of Ru under
high potentials is heightened by its coordination with chloride
ion (Cl−), which is present in high concentrations in seawater.
Thus, this ion accelerates structural destruction and anodic
corrosion of Ru.9,10

According to the Pourbaix diagram of Ru- and Ru-based
oxide species in aqueous solution,11,12 applied potentials that
are compatible with stable oxidation states of Ru oxides are
under ∼1.4 V in acidic (pH = 0) or ∼0.5 V in alkaline (pH =
14) electrolyte, respectively, and the thermodynamic potential
of OER is 1.23 V. Thus, the Ru oxides are more likely to be

overoxidized to unstable RuO4 during OER, if the OER
overpotentials are much higher than ∼170 mV. Moreover, the
oxidation potentials for Ru metal are even lower (∼0.5 V at pH
= 0 or ca. −0.4 V at pH = 14). Unfortunately, to the best of
our knowledge, Ru-based materials with overpotentials less
than 170 mV for OER have not been reported even though
many strategies have been explored to decrease the over-
potential of Ru-based materials, such as heteroatom
doping,13,14 alloying engineering,15−17 interface engineer-
ing,18,19 and confinement.20,21 Therefore, it is of great scientific
interest and technological importance to develop approaches
to decrease the overpotential as much as possible and enhance
the stability of Ru-based materials at the same time.

Nano ruthenium−cobalt (RuCo) alloying has been widely
used to create electrocatalysts; however, this process does not
prevent overoxidation of Ru and anode corrosion during OER,
especially in seawater splitting.22,23 Boronization is an efficient
method to regulate the performance of alloys, and transition-
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metal borides/borates are efficient and stable for water
splitting.24,25 But it needs to be pointed out that the
boronization process requires high-temperature annealing
(often >800 °C), which can lead to nanostructure aggregation
and block formation, both of which cause decreases in
electrocatalytic activity.26,27

Herein, we developed a low-temperature (<400 °C)
calcination method to fabricate RuCoBO nanocomposites,
denoted as RuxCoyBO-T, where T is the calcination temper-
ature. In this effort, we observed that nanocomposites
(Ru2Co1BO-200−400) generated by calcination at temper-
atures of 200−400 °C have outstanding electrocatalytic
activities and durabilities in overall seawater splitting. Among
these, in alkaline seawater (1.0 M KOH + 3.5% wt. NaCl),
Ru2Co1BO-350 displays the best performance (HER, 14 mV
and OER, 219 mV). An electrolyzer comprised of this catalyst
has a record low cell voltage of 1.466 V at 10 mA cm−2 and
long-term stability up to 230 h at 50 and 100 mA cm−2.
Furthermore, a sun light-driven electrocatalytic system with
Ru2Co1BO-350 as the electrode promotes seawater splitting
with a Faraday efficiency of ∼98.6%.

The RuxCoyBO precursors were prepared by an efficient and
one-step reduction method, followed by heating in an argon
(Ar) atmosphere at different temperatures (200−500 °C) to
fabricate RuxCoyBO-T nanocomposites (see Experimental
Section for details). Electrocatalytic performances of
RuxCoyBO precursors with different Ru/Co atomic ratios
have been tested first, and the Ru2Co1BO precursor that
exhibits the best activity was used for further study (Table S1,
Figure S1 and detailed description). A plot of the
thermogravimetric analysis with differential scanning calorim-
etry (TG-DSC) data for Ru2Co1BO (Figure 1a) shows two
exothermic peaks at 230 and 340 °C. From the data and X-ray
diffraction (XRD) patterns (Figure 1b) of as-prepared
Ru2Co1BO and those of composites generated by calcination

at temperatures between 200 and 500 °C, we deduce a possible
crystalline transformation of Ru−Co alloy at 230 °C and an
oxidation phase transformation at 340 °C. For example, at
calcination temperatures greater than 200 °C, the broad peak
at 42.8° (Ru2Co1BO and Ru2Co1BO-200) shifts to 44.5°,
which is located between standard diffraction peaks of Ru
(101) (44.0°; JCPDS No. 06-0663) and Co (101) (47.3°;
JCPDS No. 05-0727).22,28 The peaks of Ru2Co1BO-300 and
Ru2Co1BO-350 at 38.8° for the Ru−Co (100) planes and
44.5° for the Ru−Co (101) planes appeared and enhanced
compared to those of Ru2Co1BO and Ru2Co1BO-200,
indicating the crystallization enhancement of Ru−Co alloy
after calcination. In addition, the peaks of RuxCoyBO-350
showed a small shift to higher angles compared with those of
RuBO-350 (Figure S2), which agreed with the characteristics
of alloys in XRD peaks.29,30 The XRD patterns of composites
generated using calcination temperatures greater than 350 °C
contain peaks associated with RuO2 (JCPDS No. 43-1027),31

which could be attributed to the crystallization of amorphous
metal oxides (e.g., RuO2) formed in the synthesis of
RuxCoyBO precursors.25

Because the Ru2Co1BO-350 nanocomposite has higher HER
and OER performances than those of related catalysts (Figures
S3 & S4, Table S2, and detailed description), it was used in
further studies. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) display that
Ru2Co1BO-350 is comprised of interconnected nanoparticles
with sizes of ∼20 nm (Figures S5 and S6), which themselves
are composed of much smaller particles with an average size of
3.9 nm (Figures 1c,d and S7). Owing to this secondary
structural feature, Ru2Co1BO-350 has a specific surface area of
38 m2 g−1 (Figure S8). The high-resolution TEM image
(Figure 1d) shows that the particles have a lattice spacing of
0.20 and 0.21 nm, which matches those for the (101) and
(002) planes of Ru−Co alloy and are consistent with the

Figure 1. (a) TG-DSC analysis of as-prepared Ru2Co1BO, in argon. (b) XRD patterns of as-prepared Ru2Co1BO, Ru2Co1BO-200, Ru2Co1BO-300,
Ru2Co1BO-350, Ru2Co1BO-400, and Ru2Co1BO-500. (c) TEM image of Ru2Co1BO-350; the inset is the corresponding SAED pattern. (d)
HRTEM of Ru2Co1BO-350 nanoparticles. (e) HAADF-STEM image of Ru2Co1BO-350 and EDS mapping images of Ru, Co, and B. (f) Diffraction
pattern of region I in Figure 1d from FFT. (g) Inverse FFT image of diffraction pattern in Figure 1f, showing the crystal fusion region between the
Ru2Co1BO-350 nanoparticles. (h) Magnified image of region II in Figure 1g.
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results of selected area electron diffraction (SAED) (Figure 1c,
inset). The high-angle annular dark-field scanning transmission
electron microscope (HAADF-STEM) image and element
surface distribution of Ru2Co1BO-350 (Figures 1e and S9)
demonstrate that Ru, Co, B, and O atoms are distributed
throughout the nanoparticles. The diffraction pattern (Figure
1f) of region I in Figure 1d from fast Fourier transformation
(FFT) can be indexed to the (101) and (002) planes of a
hexagonal closest-packed (hcp)-type Ru−Co alloy.32 Crystal
lattice fusion of Ru−Co nanoparticles in Ru2Co1BO-350 is
observed in the inverse FFT image (Figure 1g) of the
diffraction pattern in Figure 1f. Figure 1h is a magnification of
region II in Figure 1g; the ordered lattice fringes are at the left
and right regions, and the lattice distortions are in the middle
region.

X-ray photoelectron spectroscopy (XPS) was performed to
identify the elements present on the surface of Ru2Co1BO-350.
The XPS spectra displayed in Figure 2a contain Ru 3d5/2 peaks
for RuBO (280.2 eV), Ru2Co1BO (280.1 eV), and Ru2Co1BO-
350 (280.2 eV), which all are ascribed to metallic Ru0.33 The
presence of metallic Co0 is confirmed by the presence of peaks
for Co 2p3/2 at 778.4 eV (Ru2Co1BO and Ru2Co1BO-350) and
778.0 eV (CoBO) (Figure 2b).34 The content ratios of Ru4+/
Ru0, Co2+/Co0 are 0.5, 17.4, and 0.7, 5.5 of Ru2Co1BO-350
and Ru2Co1BO, respectively, indicating that the oxidation
degree of cobalt increased on the surface of catalyst after
calcination. The spectra in Figure 2c contain B 1s derived
peaks for CoBO (187.9 eV), RuBO (188.5 eV), and
Ru2Co1BO (188.3 eV).25,35 However, after calcination, the
signal associated with Ru−B or Co−B is no longer present, and
only a peak at 191.9 eV corresponding to the binding energy of
Ru−O−B or Co−O−B and B−O bonds in B2O3 remains.35

The results demonstrate that more Ru/Co−O−B species

formed in the calcination process, probably by oxidation of as-
synthesized Ru2Co1BO.36

Interestingly, XPS data displays (Figures 2d and S10) that
the B/metal element ratio in Ru2Co1BO-500 (3.1) is higher
than those in Ru2Co1BO-350 (1.3) and as-synthesized
Ru2Co1BO (0.6), which means that the content of surface
B−O species increased relatively upon calcination and the
formed B-rich surface is due to different diffusion behaviors of
heavy elements of Co and Ru and light element of B at high
temperature.37 Furthermore, compared to the surface of a pure
alloy, the one in the calcinated nanocomposites with more
oxidized surface species should have favorable hydrophilicity
(Figures S11 and S12 and detailed description). High
hydrophilicity is a desirable property for seawater-splitting
catalysts, which leads to accelerated water-adsorption/dissoci-
ation that improves performance and ion shielding that
enhances stability.38,39

The HER and OER activities and stabilities of Ru2Co1BO-
350 under different pH conditions were determined using a
standard three-electrode system (Figures S13 & S14, Tables S3
& S4, and detailed description). In addition, the performance
of Ru2Co1BO-350 in alkaline seawater was evaluated and
compared with other catalysts including Ru2Co1 nanoalloy
(Ru2Co1), nanostructured Ru (nano Ru), and RuBO-350
composite (detailed synthesis methods and structure character-
ization are given in the Supporting Information, Figures S15
and S16). Ru2Co1BO-350 exhibits the highest HER activity
with overpotential of 14 mV at 10 mA cm−2 (denoted as η10 =
14 mV), which is superior to those of Ru2Co1 (η10 = 20 mV),
nano Ru (η10 = 33 mV), Pt/C (η10 = 29 mV), and RuBO-350
(η10 = 32 mV) (Figures 3a,b & S17, Table S5). The findings
indicate that introduction of B and alloying effects can
promote the HER performance effectively. The Tafel slope

Figure 2. XPS spectra for CoBO, RuBO, Ru2Co1BO, and Ru2Co1BO-350 of (a) Ru 3d, (b) Co 2p, and (c) B 1s regions. (d) Surface atom content
of Ru, Co, and B from XPS results.
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of Ru2Co1BO-350 (25.0 mV dec−1) suggests that the rate of
the HER promoted by Ru2Co1BO-350 is larger than those of
Pt/C (43.3 mV dec−1), Ru2Co1 (46.7 mV dec−1), and RuBO-
350 (33.3 mV dec−1) (Figures 3c & S17, Table S5). Also,
Ru2Co1BO-350 displays the largest electrochemical double-
layer capacitance (Cdl) (43.3 mF cm−2), indicating that it
possesses a greatly enhanced number of surface active sites
(Figures 3d and S18). Nyquist plots demonstrate that
Ru2Co1BO-350 has the lowest reaction resistance (Figure
S19). Of equal importance is the observation that the
nanocomposite that forms by introducing B enhances greatly
the stability (Figure 3e), and Ru2Co1BO-350 shows much
higher performance-price ratio than commercial Pt/C (Table
S6 and detailed description).

In addition to high HER performance, Ru2Co1BO-350 also
has an OER activity (η10 = 219 mV) that is much higher than
those of Ru2Co1 (η10 = 341 mV), RuBO-350 (η10 = 282 mV),
RuO2 (η10 = 384 mV), and Co3O4 (η10 = 394 mV) in alkaline
seawater (Figures 3f,g & S20, Table S7). The lower Tafel

slope, larger Cdl value, and smaller RCT value of Ru2Co1BO-350
compared to those of Ru2Co1, RuBO-350, and RuO2 (Figures
3h,i & S18−S20, Table S7) clearly demonstrate the superiority
of the B-containing, alloyed electrocatalyst. Furthermore, the
results of a chronopotentiometric test of durability (Figure 3j)
indicate that Ru2Co1BO-350 has the greatest resistance to
corrosion.

The structure of Ru2Co1BO-350 was examined after it was
used to promote the HER and OER for 20 h. The SEM images
confirmed that the morphology of Ru2Co1BO-350 nano-
particles is retained (Figure S21). The XRD pattern (Figure
S22) of this material after an HER stability test contains
diffraction peaks for the Ru−Co alloy, while characteristic
peaks of the metal are not present in XRD patterns on material
subjected to an OER stability test. In addition, the XPS data
demonstrate that the relative intensities of peaks ascribed to
Ru4+ (463.3 eV, Figure 4a), Co2+ (781.4 eV, Figure 4b), and
hydroxyl (531.2 eV, Figure 4c) after HER increased relative to
those of original Ru2Co1BO-350 greatly, while signals

Figure 3. HER and OER performance of Ru2Co1BO-350, Ru2Co1, nano Ru, RuBO-350, Pt/C, RuO2, and Co3O4 in alkaline seawater. (a)
Polarization curves for HER. (b) Comparison of HER overpotential @10 mA cm−2. (c) HER Tafel plots. (d) Cdl by linear fitting of scan-rate-
dependent capacitance currents at 0.15 V (vs RHE). (e) Chronoamperometric test of Ru2Co1BO-350, Ru2Co1, RuBO-350, and Pt/C at the current
density of 10 mA cm−2. (f) Polarization curves for OER. (g) Comparison of OER overpotential @10 mA cm−2. (h) OER Tafel plots. (i) Cdl by
linear fitting of scan-rate-dependent capacitance currents at 1.25 V (vs RHE). (j) Chronoamperometric test of Ru2Co1BO-350, Ru2Co1, RuBO-350,
and RuO2 at the current density of 10 mA cm−2.
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associated with Co0 and B species (Figure 4d) are no longer
present after HER. These changes indicate that amorphous
hydroxides (e.g., Ru(OH)x and Co(OH)x) are formed on the
surface structure during HER, and this process is accompanied
by leaching of surface B species. Co(OH)x can promote
dissociation of H2O and formation of the hydrogen
intermediate (Had),

40 which is strongly absorbed on pure Ru
metal.13 The surface OH groups of Ru(OH)x can make Ru less
prone to bind Had, and the high conductivity of Ru metal can
accelerate the electron transfer. These factors contribute to the
excellent HER performance.

Similar changes also occur during the OER stability test,
where Ru0 and Co0 in Ru2Co1BO-350 become oxidized to
form the respective higher valence states Ru4+ (463.3 eV,
Figure 4a), Co2+, and Co3+ (781.4 and 780.4 eV, Figure 4b).
Also, signals for lattice oxygen (529.9 eV) and hydroxyl groups
(531.2 eV) appear in the XPS data after an OER test (Figure
4c). The results of Raman spectroscopy verify that CoOOH is
generated (Figure S23). These results indicate that some
amorphous oxides and (oxy)hydroxides (e.g., RuOx and
CoOOH) are formed during OER.14 CoOOH is formed at a
lower potential from Ru2Co1BO-350 than Co(OH)2, which is
possibly a result of the defect structure caused by leaching B
species during OER (Figures 4d and S24). The lower
overpotential for OER of the catalyst can protect Ru from
being overoxidized, and the generated RuOx-CoOOH
becomes fixed to Ru on the surface creating high stability.41

In addition, the CoOOH can optimize the oxygen-binding
energy of Ru sites and improve the OER performance.42 Thus,
the surface reconstruction of Ru2Co1BO-350 during the HER
and OER can be schematically illustrated in Figure 4e.

Two-electrode water/seawater splitting devices were as-
sembled with Ru2Co1BO-350 as electrodes. The Ru2Co1BO-
350 || Ru2Co1BO-350-based device exhibits excellent activity
with a voltage of 1.466 V at 10 mA cm−2, and this voltage does
not decay over at least 110 h (Figures 5a,b & S25), which is far
superior to those of Ru2Co1 || Ru2Co1 (1.510 V) and Pt/C ||
RuO2 (1.544 V). Assessments of performances under high
current densities of 50 and 100 mA cm−2 show the high
stability of the catalyst over a 230 h period (Figure 5b), and
the interconnected nanoparticle structure of Ru2Co1BO-350
was retained (Figure S26). The surface reconstruction of
Ru2Co1BO-350 electrode was further confirmed after high
current densities tests, and no signal of Cl was detected, which
implies a high resistance to Cl− corrosion (Figure S27 and
detailed description). The Ru2Co1BO-350 || Ru2Co1BO-350
device also displays high performance and durability in overall
water splitting over a broad pH range (Figure S28 and detailed
description). The remarkable performance of this two-
electrode system is comparable to those of other prominent
electrocatalysts (Figure 5c, Tables S8 & S9).

The Ru2Co1BO-350-based two-electrode seawater splitting
device was then paired with a commercial Si solar cell to assess
its performance in sun light-driven seawater splitting (Figure
S29). By monitoring the volume of gas produced every 10 min,
the volume ratio of H2 to O2 generated was estimated to be
2.004:1, which is close to the theoretical value for seawater
electrolysis (Figure S30), and the calculated Faradaic efficiency
is ∼98.6% (Figures 5d & S31, Table S10, and detailed
description). The collected gas from the anode was analyzed
by mass spectrometry (MS); O2 was clearly identified, while no
signal of Cl2 was detected (Figure 5e). Furthermore, the
electrolytes were subjected to an o-tolidine indicator test after
we carried out an OER stability test for 20 h at 10 mA cm−2

using Ru2Co1BO-350, Ru2Co1, and RuO2; the electrolyte of
Ru2Co1BO-350 || Ru2Co1BO-350 after seawater splitting tests
at 50 and 100 mA cm−2 was also tested.43 No characteristic
adsorption peaks were observed in the UV−vis spectrum of the
colorless electrolyte of Ru2Co1BO-350, while the color of the
electrolyte of Ru2Co1 and RuO2 are yellow in association with
absorption peaks in their UV−vis spectra around 437 nm
(Figure S32 and detailed description). These results indicate
that the Ru2Co1BO-350 can effectively avoid the generation of
Cl2 and ClO− during seawater electrolysis. Moreover, density
functional theory (DFT) calculations were conducted to gain
information about why the Ru2Co1BO-350 prevented the
chlorine evolution reaction (CER) in alkaline seawater.
Ru2Co1BO-350 (RuO2/CoOOH, Figure S33) and RuO2
(Figure S34) were utilized as models in the calculations. The
calculated charge density and differential charge density
distributions show that the electron densities at O sites in
RuO2/CoOOH are more polarized than those in RuO2
(Figures 5f,g and S35). The redistribution of charge on O
sites can influence adsorption of Cl−. In addition, the partial
density of states (PDOS) of O and Ru at the Fermi level in
RuO2/CoOOH are lower than those of RuO2 (Figure 5h,i),
implying that reduced electron mobility takes place during the
CER, which prevents a side reaction. As is shown in Figure 5j,
the Gibbs adsorption energy (ΔGads) of intermediate Cl* on
the RuO2/CoOOH of activated Ru2Co1BO-350 surface is 1.16

Figure 4. XPS spectra for Ru2Co1BO-350 and electrode of
Ru2Co1BO-350 after HER and OER tests of (a) Ru 3p, (b) Co 2p,
(c) O 1s, and (d) B 1s regions. (e) Schematic illustration of
Ru2Co1BO-350 surface reconstructed in HER and OER.
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eV, which is much larger than that of RuO2 (0.03 eV). It
further indicates that the Cl− is more difficult to be adsorbed
on the RuO2/CoOOH surface than that of RuO2. Therefore,
compared to a pure RuO2 surface, the reconstructed surface of
Ru2Co1BO-350 exhibits enhanced resistance to Cl− corrosion.
The results suggest that the Ru2Co1BO-350-based electrolysis
device has excellent stability for seawater splitting into H2 and
O2, and it highly resists Cl− corrosion.

The remarkable electrocatalytic activity and stability of
Ru2Co1BO-350 can thus be attributed to (1) the surface oxide
species on the catalyst, which improves surface hydrophilicity
for enhanced water adsorption to promote the water involved
reactions, (2) reconstruction of the active surfaces during the
electrocatalytic processes, which can not only promote
dissociation of H2O but also optimize the electronic structure
of Ru for an appropriate adsorption of intermediates in both
HER and OER, and (3) the low OER overpotential apparently
alleviates further oxidation of Ru4+, formed from Ru during the

OER, to generate unstable RuO4; instead, RuOx-CoOOH that
is generated helps to prevent Cl− corrosion and improve the
stability of Ru.

In summary, Ru2Co1BO-350 is an efficient and stable
electrocatalyst for seawater splitting, and it can be fabricated
using a facile method involving reduction and low-temperature
calcination. Surface reconstruction of Ru2Co1BO-350 during
HER and OER have been evidenced, and the generated active
surfaces, Ru/Ru(OH)x/Co(OH)x in HER and RuOx-CoOOH
in OER, are the critical factors for enhancement of the
electrocatalytic performance and the resistance to seawater-
induced corrosion. The results of this study have both
fundamental and practical importance in that they demonstrate
a facile strategy exists for improving the activities and stabilities
of Ru-based nanocomposites as both anodes and cathodes in a
seawater/water splitting device.

Figure 5. Overall alkaline seawater splitting of Ru2Co1BO-350 || Ru2Co1BO-350, Ru2Co1 || Ru2Co1, and Pt/C || RuO2. (a) Polarization curves. (b)
Long-term stability at the current density of 10, 50, and 100 mA cm−2. (c) Comparison of the voltage and stability between Ru2Co1BO-350 and
other reported catalysts for water splitting in alkaline media. (d) Comparison between the amount of collected gaseous products and theoretical
amount of gases. (e) The mass spectra of collected anode gas and carrier gas (He). Charge density distributions in models of (f) RuO2/CoOOH
and (g) RuO2. PDOS of (h) O 2p and (i) Ru d band in RuO2/CoOOH and RuO2. (j) The Gibbs free energy diagram of the indicated sample
(RuO2/CoOOH and RuO2) during the ClO− formation process.
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