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W) Cheok for updates Ruthenium nanoparticles decorated with surface
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s s seawater splitting via increased hydrophilicity+
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The use of seawater electrolysis for hydrogen production faces several serious challenges, including the
rapid deactivation of electrocatalysts through chloride anion (Cl7) induced corrosion. We have
demonstrated that Ru nanoparticles possessing an abundance of surface hydroxyl groups along with
borate species (Ru-BO,—OH) exhibit high activity and stability as electrocatalysts for seawater splitting.
The optimal electrocatalyst (Ru-BO,—OH-300) uncovered in this study displays an extremely high cata-
lytic performance for both the hydrogen (HER) and oxygen (OER) evolution reactions in alkaline seawater
(HER, 22 mV and OER, 235 mV at 10 mA cm™), as well as a low cell voltage (1.47 V) and ultra-long-
term stability (1000 hours at 10, 50 and 100 mA cm™2) for overall seawater splitting. Furthermore, the
Ru-BO,—OH-300-based anion-exchange membrane seawater electrolyzer requires only 1.73 or 1.95 V

to reach a current density of 500 or 1000 mA cm™2, respectively, and exhibits excellent stability for

Received 29th February 2024, 400 hours without obvious decay. The results of the experiments and theoretical calculations reveal that
Accepted 29th April 2024 the high water affinity of Ru-BO,—OH-300 caused by the presence of hydroxyl and borate species on
DOI: 10.1039/d4ee00950a the metallic Ru surface is responsible for the superb electrocatalytic performance and that the borate

species are the source of Cl™ corrosion resistance. These findings provide new perspectives for the
rsc.li/ees design of high-performance electrocatalysts for seawater splitting.

Broader context

To achieve the practical usage of renewable ocean energy, electrolysis of seawater, one of the most important issues, should be fulfilled by developing efficient
and stable electrocatalysts. Unfortunately, the presence of chloride (Cl7) in seawater will rapidly inactivate the electrocatalysts, and it is necessary to develop
effective catalysts that can resist seawater corrosion. Ruthenium (Ru)-based electrocatalysts exhibit favorable performances in the electrochemical hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER). However, the performance degradation of Ru caused by the formation of water-soluble Ru oxides
during the OER is a bottleneck. To resolve these issues, introducing surface reactive species is an effective strategy because they can regulate the electrons
around Ru and alleviate further oxidation of Ru during the OER. However, the introduction of surface-reactive species on Ru-based electrocatalysts by a simple
and effective method has hardly been developed. Herein, we demonstrate that surface hydroxyl and borate species on metallic Ru nanoparticles significantly
promote the activity and stability for overall seawater splitting. The mild synthesis method for Ru-based electrocatalysts described in this work would be greatly
useful for the development of active and stable catalysts as well as for avoiding Cl~ corrosion.
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Introduction

Continuity and stability are major bottlenecks hindering
the development of renewable ocean energy approaches.’?
Seawater electrolysis technology is considered promising for
utilizing this renewable resource for the continuous generation
of energy in the form of storable and transportable hydrogen
(H,). Indirect seawater electrolysis (ISE, e.g., seawater reverse
osmosis with a pure water electrolyzer system) has been found
to be more effective in terms of cost and hydrogen production
than direct seawater electrolysis (DSE) due to the mature
desalination and electrolysis technologies.* However, with the
rapid development of electrocatalysts, electrolyzer design and
electrolysis technology, as well as the low electricity cost from
coastal solar and offshore wind energy, the cost of DSE will be
significantly reduced.>® It has been estimated that the cost
proportion of the desalination process will reach >7% for an
alkaline electrolyzer system, which cannot be ignored in the ISE.”
Moreover, reverse osmosis seawater desalination is aimed at living
needs in some arid areas, as ISE with reverse osmosis is not
suitable for sustainable development in these areas.®® As a result,
it is necessary to develop DSE for large-scale hydrogen production.

The major challenge of DSE is the rapid deactivation of
electrocatalysts caused by chloride (Cl )-induced corrosion at
the anode.'”"" Ruthenium (Ru) is an ideal electrocatalyst for the
hydrogen (HER) and oxygen (OER) evolution reactions because
of its attractive electrocatalytic performance and remarkable
stability in seawater under low applied potentials (<0.4 V, vs.
RHE).">"* However, Ru electrocatalysts are readily overoxidized
to form water-soluble Ru oxides at OER operating potentials
(>1.4V,vs. RHE), and Cl™ coordination accelerates the leaching
process of Ru."*"® Therefore, great interest exists in developing
approaches to improve the electrocatalytic activity and stability
of Ru-based electrocatalysts for seawater splitting.'”"®

Surface hydroxyl species (-OH) have high water affinities,
which enhance the efficiency of electrocatalytic water splitting.'™!
For example, transition-metal hydroxides and reconstructed
hydroxides formed by many metals/oxides are considered to
be the actual electrocatalytic sites for water splitting.>*>* More-
over, owing to their negative charge and water affinity, hydroxyl
species can prevent Cl~ adsorption and consequent electroca-
talyst corrosion.”>” Unfortunately, the observation that Ru-
OH formation occurs only on the surfaces of Ru oxides suggests
that the introduction of stable hydroxyl on the metal Ru cannot be
performed by using well-known methods such as steam-thermal
treatment and alkaline hydro-/solvo-thermal synthesis.”**® From
another perspective, it is known that boron (B) can be easily
incorporated into metals, and that metal boron doping is an
effective method to enhance chemical and structural stability.>*>"
Also, B can couple with hydroxyl groups on metal surfaces to form
surface-boronated hydroxyl around the metal nanostructures.*>**
However, it should be noted that conventional boriding protocols
involve the use of high temperatures (> 800 °C) at which hydroxyl
groups are readily lost.>**"

In the effort described below, we devised a room-temperature
reduction and low-temperature calcination (300 °C) approach to
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prepare Ru nanoparticles, denoted as Ru-BO,-OH-300, which
contain enriched hydroxyl and borate species on the surface. The
formation of surface hydroxyls in this process and their effects
on water affinity have been verified experimentally. Benefiting
from the high hydrophilicity of the surface hydroxyl groups,
Ru-BO,-OH-300 serves as an excellent electrocatalyst for alkaline
seawater splitting. Experimental and density functional theory
(DFT) results indicate that the surface hydroxyl and borate
species regulate the Ru catalytic sites in Ru-BO,~OH-300, which
promotes H,O dissociation and thereby reduces the activation
energy for the electrolytic splitting of water to form O, and H,.
Moreover, the borate species increase the resistance of the
electrocatalyst to C1™ adsorption and hence improve its stability
in seawater.

Results and discussion
Materials synthesis and characterization

A schematic representation of the method used to construct
Ru-BO,-OH-300 nanoparticles is shown in Fig. 1a. In this route,
the precursor to the catalyst was generated by the reduction of
RuCl; using an alkaline NaBH, solution®® and then subjected to
calcination under an argon atmosphere®” (see the ESI{ with
Experimental procedures for details). The formed electrocata-
lysts are designated as Ru-BO,~OH-T, where T is the calcination
temperature. We also showed that the B content of the surface of
the electrocatalysts could be regulated by controlling the pH of
the NaBH, solution and the calcination temperature (see Fig. S1
and S2, Table S1, and a detailed description, ESIt).>” The results
of XPS (Fig. S2, ESIf) and ICP-AES (Table S1, ESIt) analysis
indicate that the B content of the surface is increased upon
calcination, owing to migration of relatively light B atoms from
the bulk to the surface during annealing.*®

A plot of the thermogravimetric analysis with differential
scanning calorimetry (TG-DSC) data for the as-prepared Ru-
BO,-OH precursor contains two exothermic peaks at ca. 230
and ca. 330 °C (Fig. S3, ESIt). The analysis of the X-ray
diffraction (XRD) patterns (Fig. 1b) of the as-prepared Ru-
BO,-OH and composites generated by annealing at tempera-
tures between 200-350 °C shows that the intensities of the
signals for hexagonal closest-packed (hcp) metallic Ru increase
as the temperature increases between 200-300 °C, and that the
rutile ruthenium oxide (RuO,) phase forms at temperatures ca.
350 °C. In detail, the peaks corresponding to Ru-BO,-OH-200
and Ru-BO,-OH-300 at 38° for the Ru (100) plane and 44° for
the Ru (101) plane (ICDD no. 06-0663) are present in the
diffraction profiles and their intensities are greater than that
of the single broad diffraction peak at 42° for Ru-BO,-OH.
The calcination-promoted shift of the broad peak in the pattern
of Ru-BO,~OH-T from 42° to 44° suggests that a reduction of
interplanar spacing takes place, which is likely caused by
crystal reorganization bringing B to the surface. This sugges-
tion is in good agreement with the increase of the surface B
content, as indicated by the XPS and ICP-AES results (Fig. S2
and Table S1, ESIt). After annealing at higher temperatures

Energy Environ. Sci., 2024, 17, 3888-3897 | 3889


https://doi.org/10.1039/d4ee00950a

Published on 30 April 2024. Downloaded by Fail Open on 7/23/2025 9:07:08 AM.

Energy & Environmental Science

..

..Ru“. g 0fo00 0&#‘0
° .. e o L4 ()

300 °C/Ar

Ru-BO,-OH Ru-BO,-OH-300

® Ru ® OH @ -BO,

(b) 2 — (C) Ru-BO,-OH-350  Ru*ZA Ru3p
A Ru-BO,-OH-350 Q B é!
: .
+RuO, R

‘ 2 |Ru-BO,-OH-300
c : g
2 : & |Ru-BO,-0H-200
2 A Ru-BO,-0H-200| 2
] ; 7]
= £ |Ru-BO,-OH
A T -, .
——Ru ‘
20 30 40 50 60 70 80 490 480 470 460 450

2 theta (degree) Binding Energy (eV)

e

B1s (e) Ru-BO,-OH-350 O1s

9”% Ru-BO,-OH-350 Surface O
= hipsass” BRIRIBERI, _
2 2
s Ru-BO,-OH-300| 5 [RU-BO-OH-300
o o
8 i caian I
Ru-BO,-OH-200
H MW Ru-BO,-OH-200| 2 x
7] (4] -
S Mg s -
g g hydroxy :
- ﬁRu-BO,‘-OH = |Ru-BO-OH ; lattice O
Ru-0-B ;
. &S e H,0 _
O adiiis i

196 194 152 1&')0 188 186 184 536 534 532 530 528
Binding Energy (eV) Binding Energy (eV)

Fig. 1 (a) Schematic of the formation of Ru-BO,—OH-300 nanoparticles.
(b) XRD patterns of Ru-BO,—OH, Ru-BO,-OH-200, Ru-BO,-OH-300
and Ru-BO,—OH-350; (c) Ru 3p, (d) B 1s and (e) O 1s XPS spectra of Ru—
BO,-OH, Ru-BO,-0OH-200, Ru-BO,~0OH-300 and Ru-BO,~0OH-350.

(=350 °C), the peaks of RuO, (ICDD no. 43-1027) are present in
the diffraction profile. The formed RuO, originates from the
amorphous oxidized species generated during the preparation
process.?® In summary, the combined observations show that a
crystalline transformation to metallic Ru takes place during
calcination at ca. 230 °C and that an oxidative phase transfor-
mation to RuO, occurs at ca. 330 °C.

X-ray photoelectron spectroscopy (XPS) was performed to
determine the surface chemical states of Ru-BO,-OH-T. The
deconvoluted Ru 3p spectra (Fig. 1c) contain Ru 3ps,, peaks at
ca. 461.9 eV, which are ascribed to metallic Ru’, along with
peaks at higher binding energies (ca. 463.6 eV) attributed to
Ru*".*® The Ru’: Ru** ratios are 2.3 for Ru-BO,-OH, 1.7 for Ru-
BO,~OH-200, 0.9 for Ru-BO,~OH-300 and 0.7 for Ru-BO,-OH-
350. This trend reflects the increase in the degree of surface
ruthenium oxidation that occurs at increasing calcination
temperatures, which is consistent with the XRD results. The B
1s spectrum (Fig. 1d) of Ru-BO,-OH contains two distinct
peaks at 188.2 and 191.2 eV. The former is assigned to B bound
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to Ru and the latter to the Ru-O-B bond in metal borates or
B-O bound in B,0;.*"** Upon annealing, the peak at ca. 188.2
eV disappears, leaving behind only the signals attributed to
Ru-O-B or B-O bonds. The O 1s spectra (Fig. 1e) peaks at ca.
530.9 eV are associated with the surface hydroxyls in Ru-BO,~
OH arising in the alkaline reaction medium and the intensities
of these peaks decrease with increasing annealing temperature.
The peak ascribed to the lattice oxygen at ca. 529.6 eV enhances
with the increasing annealing temperature, which is due to the
formation of RuO, at higher temperatures.*

The presence of hydroxyl groups in the Ru-based materials
can be further characterized using Fourier transform infrared
(FT-IR) and Raman spectroscopy after vacuum drying. For this
purpose, metallic Ru nanoparticles Ru-O, and Ru-0,-300
(see ESIt with Experimental Procedures for details, Fig. S4)
that do not contain B serve as a control. Inspection of the FT-IR
and Raman spectra confirms that the incorporation of borate
species benefits the formation of hydroxyl species on the Ru
nanoparticle surfaces and that, compared to those in Ru-O,-
300, the hydroxyl species in Ru-BO,-~OH-300 are stable during
annealing (see Fig. S5 and S6 and a detailed description,
ESI{).**** The rich and stable hydroxyl species cause Ru-
BO,-OH-300 to have higher hydrophilicity than Ru-0,-300
(Fig. S7, ESIT), which should promote a better electrocatalytic
performance and the avoidance of Cl -promoted corrosion
during seawater electrolysis.*”®

Scanning electron microscopy (SEM) images show that Ru-
BO,-OH-T consist of interconnected nanoparticles with sizes of
10-40 nm (Fig. S8, ESIt). Owing to its optimized HER and OER
performance (see below), Ru-BO,-OH-300 was subjected to
detailed transmission electron microscopy (TEM) studies
(see Fig. S9 and a detailed description, ESIt). TEM images of
this substance indicate that the individual nanoparticles are
composed of much smaller particles with an average size of ca.
5 + 1 nm (Fig. 2a and Fig. S10, ESIt), and a specific surface area
of 60 m* g~ ' (Fig. S11, ESIY). The inspection of the selected area
(Fig. 2a) electron diffraction (SAED) patterns displayed in
Fig. 2b indicates that diffraction rings indexed to the (002),
(101), (102), (110) and (112) planes of the hcp Ru metal are
present. The high-resolution TEM (HRTEM) image in Fig. 2c
suggests that the particles have lattice spacings of 0.20 nm and
0.21 nm, which match the respective (101) and (002) planes of
the Ru metal. The diffraction pattern (Fig. 2d), derived from the
fast Fourier transformation (FFT) of the region I in Fig. 2c,
contains signals indexed to the (101) and (002) planes of the Ru
metal. The crystal lattice fusion of the Ru nanoparticles in Ru-
BO,—OH-300 can be ascertained by inspecting the inverse FFT
image (Fig. 2e) of the diffraction pattern in Fig. 2d. Finally,
energy-dispersive X-ray (EDX) spectroscopy analysis indicates
that Ru, B and O are uniformly distributed in Ru-BO,-OH-300
nanoparticles (Fig. 2f).

Electrocatalytic performance of the HER and OER

The electrocatalytic HER and OER performance of Ru-BO,-OH-
300, along with that of non-boron-containing Ru-0,-300
and other materials, were evaluated using a standard three-

This journal is © The Royal Society of Chemistry 2024
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Fig.2 (a) TEM image of Ru-BO,—OH-300. (b) Corresponding SAED
pattern in Fig. 2a. (c) HRTEM image of Ru-BO,—OH-300. (d) Inverse FFT
image of the diffraction pattern of the region | in Fig. 2c. (e) Diffraction
pattern in Fig. 2d from FFT. (f) HAADF-STEM image of Ru-BO,—OH-300
and EDX mapping images of Ru, B and O.

electrode system. The results show that Ru-BO,~OH-300 has excel-
lent HER and OER performance and durability in 0.5 mol L ™"
H,SO4 and 1.0 mol L' KOH (see Fig. S12 and a detailed
description, ESIT). These electrocatalysts were further evaluated
in alkaline seawater (1.0 mol L' KOH + 3.5% wt. NaCl). The
plots in Fig. 3a and b demonstrate that Ru-BO,-OH-300 has an
HER activity of 22 mV at a current density of 10 mA cm >
(denoted as n,,), which is superior to those of commercial Pt/C
(110 = 32 mV) and Ru-0,-300 (1219 = 68 mV). It is noteworthy that
the HER activity of Ru-BO,-OH-300 is comparable to that of
recently described Ru-based electrocatalysts (Table S2, ESIT).
Moreover, the Tafel slope of Ru-BO,~OH-300 (16.9 mV dec™ %)
arising from the plot shown in Fig. 3c is smaller than that of
Ru-0,-300 (53.8 mV dec '), suggesting an improved HER
kinetics of Ru-BO,~-OH-300 (Fig. 3c). Also, the electrochemical
double-layer capacitance (Cq;) of Ru-BO,~OH-300 (32.2 mF cm ?)
is greater than that of Ru-O,-300 (9.0 mF ¢cm™?), indicating the
increased number of surface catalytic sites of Ru-BO,~OH-300
(Fig. S13, ESIt). Nyquist plots show that Ru-BO,~OH-300 has
a smaller HER resistance than Ru-O,-300 (Fig. S14, ESIf).
These results indicate that the introduction of hydroxyl and
borate species significantly improves the HER performance of
Ru nanoparticles.

As shown in Fig. 3d, the n,, values of Ru-BO,-OH-300, Ru-
0,-300 and Pt/C increase by 10, 22 and 192 mV, respectively,
after 20 hours in a chronoamperometric test, and the negligible
activity decay of Ru-BO,~OH-300 at 100 mA cm > within
25 hours is detected (Fig. S15, ESIt), which indicates that Ru-
BO,-OH-300 has excellent stability for the HER. Additionally,
the results of inductively coupled plasma-atomic emission
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spectroscopy (ICP-AES) show that the amount of dissolved Ru
after 20 hours of the HER is low for Ru-BO,-OH-300 (3%) and
Ru-0,-300 (4%), indicating that both electrocatalysts have high
stability (Fig. 3e and Table S3 and S4, ESIf). SEM and TEM
images after the HER stability test for 20 hours confirm that
the morphology and structure of the Ru-BO,—~OH-300 nano-
particles are fully retained (Fig. S16 and S17, ESIf). Also, the
XRD pattern of Ru-BO,-OH-300 after 20 hours of the HER
(Fig. S18, ESIf) still contains diffraction peaks ascribed to hcp
metallic Ru. In addition, the XPS spectra of Ru-BO,-OH-300
after the HER stability test suggest that peaks associated with
Ru** (463.6 €V), Ru® (462.0 eV), borate species (191.4 eV) and
surface hydroxyl groups (530.9 eV) are still present (Fig. S19,
ESIT). Raman spectroscopy further verifies that the surface
hydroxyl groups of Ru-BO,-OH-300 are retained after the
HER stability test (Fig. S20, ESIT). The above results indicate
that the Ru-BO,—OH-300 catalyst after HER evaluation consists
of mainly Ru nanoparticles with surface structures of some Ru
oxide, borate species, and hydroxyl groups, and it shows out-
standing HER activity as well as superior stability.

The OER performances of these materials in alkaline sea-
water were also assessed. As shown in Fig. 3f and g, the OER
activity of Ru-BO,-OH-300 (110 = 235 mV) is much higher than
that of Ru-0,-300 (15 = 349 mV) and RuO, (1,0 = 371 mV), as
well as that of recently reported Ru-based OER catalysts (Table
S5, ESIY). The Tafel slope of Ru-BO,~OH-300 (48.1 mV dec™*,
Fig. 3h) is lower than that of Ru-0,-300 (52.7 mV dec™ ') and
RuO, (55.8 mV dec™'). Analysis of C4 plots (Fig. S21, ESIY)
indicates that Ru-BO,~OH-300 (22.7 mF cm ™ ?) possesses more
exposed active sites than Ru-0,-300 (8.7 mF cm™?) and RuO,
(4.2 mF cm™?). Moreover, the reaction resistance of Ru-BO,-
OH-300 obtained from Nyquist plots is smaller than that of Ru-
0,-300, indicating that the hydroxyl and borate species enhance
electron transport in the OER (Fig. S22, ESIt). Importantly, after
20 hours of chronopotentiometry measurements (Fig. 3i), the
1y, value of Ru-BO,-~OH-300 increases by only 36 mV, while the
activities of Ru-0,-300 and RuO, are lost after 13 and 6.5 hours,
respectively. Moreover, no dramatic increase of the OER over-
potential was observed for Ru-BO,~OH-300 at 100 mA cm >
during 25 hours (Fig. S23, ESIt). These findings indicate that
the OER stability of Ru nanocomposites is improved by the
presence of the hydroxyl and borate species. The ICP-AES
results show that (Fig. 3j, Table S3 and S6, ESIt) although 9%
of Ru from Ru-BO,~OH-300 becomes dissolved in alkaline
seawater after a 20 hour OER test, the dissolution rate reduces
to a value lower than 0.1 mg L™ " h™" after 10 hours, while 42%
of Ru was dissolved for Ru-O,-300 after 12 hours and the
dissolution rate was high (0.6 mg L™" h™ ). The results show
that Ru-BO,—OH-300 is highly resistant to anodic corrosion
during the OER. The faradaic efficiency of the OER promoted
by Ru-BO,-OH-300 is ca. 98.1%, indicating that O, is almost
the sole product generated at the anode (see Fig. S24, Table S7
and a detailed description, ESIY).

SEM images confirm that the morphology of Ru-BO,-OH-
300 is retained after OER testing while the Ru-0,-300 nano-
particles agglomerated during this process (Fig. S25, ESIf).
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Fig. 3 HER and OER performance of Ru-BO,—OH-300, Ru-0,-300, Pt/C, Ru/C and RuO; in alkaline seawater. (a) Polarization curves for the HER. (b)

Comparison of HER overpotentials at 10 mA cm ™2

. (c) Tafel plots for the HER. (d) Chronoamperometric tests at a current density of 10 mA cm™2. (e) ICP

analysis of the Ru concentration and dissolution rate of Ru in an electrolyte for Ru-BO,-OH-300 and Ru-0O,-300 during 20 hours of the HER

chronoamperometric test at 10 mA cm™2. () Polarization curves for OER. (g)

Comparison of the OER overpotential at 10 mA cm™2. (h) Tafel plots for the

OER. (i) Chronoamperometric test at a current density of 10 mA cm™2. (j) ICP analysis of the Ru concentration and dissolution rate of Ru in the electrolyte
for Ru=BO,—0OH-300 and Ru-0O,-300 during 20 hours of the OER chronoamperometric test at 10 mA cm=2.

The TEM images indicated that the crystallinity of Ru-BO,-OH-
300 is weakened, and RuO, species are detected in the sample
(Fig. S26, ESIT). Likewise, the analysis of XRD patterns shows
that the diffraction peaks characteristic of Ru metal for Ru-
BO,-OH-300 are weakened while they disappear completely
for Ru-0,-300. Rutile RuO, phases are formed for both Ru-
BO,-OH-300 and Ru-0,-300 after the OER stability tests
(Fig. S27, ESIT). XPS was conducted to further determine the
surface structure of the catalysts. In the XPS spectra (Fig. S28,
ESIt), the oxidation state of Ru for Ru-BO,~OH-300 increased
after the OER test, and the peaks of the borate species and surface
hydroxyl groups are still observed. In contrast, the Ru 3p XPS
signal for Ru-O,-300 is significantly decreased due to severe
anodic corrosion. Raman spectroscopy further confirmed that
the intensities of RuO, and Ru-OH for Ru-BO,~OH-300 are

3892 | Energy Environ. Sci., 2024, 17, 3888-3897

enhanced after OER measurements (Fig. S29, ESIt). The above
results indicate that RuO, mixed with borate and hydroxyl groups
is formed during the OER in the Ru-BO,~OH-300 nanoparticles,
while the borate species and hydroxyl groups can prevent the
excessive oxidation and dissolution of Ru nanoparticles, finally
enhancing both the catalytic activity and the stability of Ru-BO,~
OH-300 during the OER.

Effect of B sites and adsorbed hydroxyl formation

To further verify that the presence of B sites is responsible for
the catalytic activity enhancement, a poisoning experiment
using a low concentration of potassium thiocyanate (KSCN)
was carried out (see ESIf with Experimental Procedures for
details).*>™*® We expected that preferential binding of the Lewis
basic SCN™ to Lewis acid B sites would lead to poisoning and

This journal is © The Royal Society of Chemistry 2024
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reduced electrocatalytic performance.®” As shown in Fig. 4a, the
current density of the HER catalyzed by Ru-BO,-OH-300
remains nearly unchanged for 400 s in the absence of KSCN,
while it decreases significantly after the addition of KSCN
(by ca. 3.3 mA cm ? from 400 to 800 seconds and by ca.
2.3 mA cm > from 800 to 1200 seconds). Similarly, the
OER performance of Ru-BO,~OH-300 is also reduced by the
addition of KSCN (current density is decreased by ca. 3.1 and
ca. 3.6 mA cm > after the addition of KSCN) (Fig. 4b). In
contrast, the HER and OER activities of Ru-0,-300 are barely
affected by the addition of KSCN. Specifically, the current
density of the HER-catalyzed by Ru-O,-300 slightly decreases
by ca. 0.5 and ca. 0.4 mA cm 2 after the addition of KSCN
(Fig. 4c). For the OER promoted by Ru-O,-300 (Fig. 4d), the
current density decreases steadily, which is attributed to the
poor OER stability of the catalyst. To further verify the role of
borate species, the HER and OER performance of Ru-BO,-OH-
300 was evaluated at different concentrations of BO;*~
As shown in Fig. 4e and f, the HER and OER performance of
Ru-BO,-OH-300 was enhanced apparently in the electrolyte
with a high concentration of BO;*~ (>0.25 mmol L.
Considering that the pH of the electrolyte was controlled to be
the same (see ESIT with Experimental Procedures for details), the
HER and OER performance enhancement could be attributed to
the surface ruthenium and borate coordination.*>*° The results
indicate that the catalytic HER and OER performance of Ru-
BO,—OH-300 is significantly diminished by poisoning the B sites
and increased with the addition of BO;>~ ions, confirming the
proposal that borate species are responsible for the improved
electrocatalytic properties.

CO-stripping experiments were conducted to compare the
difficulty of forming adsorbed hydroxyl (OH*) on the surface of
Ru-based electrocatalysts, which is also the first step reaction in
the OER process.”” In this experiment, a monolayer of CO pre-

ions.
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adsorbed on the surface of the electrocatalyst is electrochemi-
cally oxidized (referred to as CO stripping). It is usually con-
sidered that OH* facilitates CO stripping and reduces the
oxidation potential of CO. Thus, the propensity for OH* for-
mation on the surface of the catalyst is reflected in a reduction
in the potential of the CO peak stripping.”>”*® The results
arising from these experiments show that the CO stripping
peak on Ru-BO,~OH-300 (0.59 V) is shifted to a lower potential
compared to those of Ru-BO,~OH (0.60 V) and Ru-0,-300
(0.70 V), indicating that OH* can be easily formed on the
surface of Ru-BO,~OH-300 (Fig. 4g).>>

Electrocatalytic overall seawater splitting

Overall, seawater splitting determinations were made on the
Ru-based nanocomposites used as both anodic and cathodic
electrocatalysts. As shown in Fig. 5a and b, the Ru-BO,-OH-
300|Ru-BO,-OH-300 based device has excellent activity with a
voltage of 1.47 V, delivering a current density of 10 mA cm 2.
This value is significantly lower than those of devices comprised
of Ru-0,-300|Ru-0,-300 (1.57 V) and Pt/C||RuO, (1.52 V). To
ascertain whether the chlorine evolution reaction (CER) at the
anode occurred, gases collected at the anode (at 100 mA cm™?)
were subjected to mass spectrometry (MS) and electrolytes were
subjected to an o-tolidine indicator test because Cl, can react
with OH™ in alkaline electrolyte and the produced CIO™ can be
detected by the o-tolidine indicator test.>* As shown in Fig. 5c,
only O, and no Cl, is produced at the anode. No characteristic
absorption peak was observed in the UV-vis spectra of the
electrolytes from the Ru-BO,-OH-300||Ru-BO,~OH-300 system
after 200 hours of operation. In contrast, electrolytes remaining
in the Ru-0,-300||Ru-0,-300 and Pt/C||RuO, systems are yellow
and their absorption spectra contain peaks at ca. 437 nm
(Fig. S30 and the detailed description, ESIf). These results
indicate that electrolytic seawater splitting promoted by the
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Ru-BO,—OH-300 electrode does not lead to Cl, or CIO™ for-
mation. Furthermore, Ru-BO,~OH-300|Ru-BO,~OH-300 exhi-
bits high electrocatalytic activity for at least 1000 hours at
current densities of 10, 50 and 100 mA cm 2 (Fig. 5d), which
was superior to those of Ru-0,-300| Ru-0,-300 (inactivated after
ca. 52 hours) and Pt/C|RuO, (inactivated after ca. 27 hours). The
Ru-BO,-OH-300| Ru-BO,~OH-300 based device also shows
excellent overall water splitting performance and durability in
0.5 mol L™ H,SO, and 1.0 mol L' KOH (see Fig. S31 and a
detailed description, ESIt). The remarkable performance and
stability of Ru-BO,-OH-300 in the two-electrode system are
comparable to those of other prominent electrocatalysts
described recently (Fig. 5e, Table S8, ESIf). The Ru-BO,~OH-

3894 | Energy Environ. Sci., 2024, 17, 3888-3897

300||Ru-BO,~OH-300 seawater splitting device was then paired
with a commercial Si solar cell to assess faradaic efficiency (Fig.
S32, ESIt). The evolution of H, and O, bubbles takes place
simultaneously upon exposure to simulated solar irradiation.
The faradaic efficiency was calculated to be ca. 97.6% (see Fig. 5f,
S33, Table S9 and a detailed description, ESIT).

Finally, anion-exchange membrane water electrolyzers
(AEMWESs) were assembled using Ru-BO,-OH-300|Ru-BO,~
OH-300 and Pt/C|RuO, to further evaluate the practical appli-
cation potential of the Ru-BO,-~OH-300 electrocatalyst in sea-
water electrolysis (Fig. S34, ESIf). The Ru-BO,-OH-300|Ru-
BO,-OH-300 electrolyzer exhibits improved seawater electroly-
sis performance compared with the Pt/C|[RuO, electrolyzer; to
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be specific, the Ru-BO,~OH-300-based electrolyzer (at 25 °C)
requires only 1.73 or 1.95 V to reach a current density of 500 or
1000 mA cm 2, respectively (Fig. 5g). More importantly, the
Ru-BO,-OH-300||Ru-BO,~OH-300 electrolyzer exhibits excel-
lent stability for 400 hours at current densities of 500 and
1000 mA cm~> without obvious decay (Fig. 5h). The results
suggest that the Ru-BO,-OH-300 electrocatalyst is a highly
promising option for practical use in overall seawater splitting.

DFT calculations

To gain further information about the nature of the improved
OER performance and Cl™ corrosion resistance caused by the
hydroxyl and borate species in Ru-BO,~OH-300, density func-
tional theory (DFT) calculations were conducted. The RuO,~
BO,-OH surface was utilized as a model of Ru-BO,-~OH-300,
and surfaces of the RuO,-BO, and RuO, were included to
understand the effects of the hydroxyl and borate species (see
Fig. S35 and a detailed description, ESI{). Considering that an
abundance of H,O molecules and OH ™ exist in the OER in an
alkaline electrolyte, DFT calculations were carried out on H,O
dissociation and the four-electron transfer pathway (Fig. S36,
ESI1).>® The energy barriers for H,O dissociation from Ru
centres in RuO,-BO,-OH, RuO,-BO, and RuO, were calculated
to be 0.58, 0.75 and 0.91 eV (Fig. 6a), respectively, suggesting
that the hydroxyl and borate species enhance H,O dissociation,
which contributes to OH* formation. The calculated Gibbs free
energies of the four-electron transfer steps in the OER are
shown in Fig. 6b. Notably, the OER performance is determined
by the rate-determining step (RDS) in the RuO,-BO,~OH and
RuO,-BO, conversions corresponding to the transformation
from O* to OOH* (1.47 eV and 1.61 eV, respectively), while
the RDS for the RuO, conversion is the transformation of OOH*
to O, (2.05 eV). This result indicates the high intrinsic OER
activity of RuO,-BO,—-OH caused by the presence of the borate
species that change the RDS of RuO,-BO,-OH in Ru sites and
hydroxyl species decrease the reaction energy barrier.
Considering that the chloride evolution reaction is the main
competing process taking place at the anode during seawater
splitting, the ClI™ adsorption behavior on the RuO,-BO,-OH,
RuO,-BO, and RuO, models was further assessed. Strong Cl™~
absorption leads to poisoning of the catalytically active Ru sites
and acceleration of the structural destruction of Ru in the
catalysts.”® Calculations on the RuO,~-BO,~OH and RuO,-BO,
models predict that they have higher CI™ adsorption energies
(—0.24 and —0.35 eV, respectively) than that of the RuO, model
(—1.44 eV) (Fig. 6¢). This finding suggests that RuO,-BO,~OH
has the weakest interaction with Cl~, which is beneficial for
avoiding CER and Cl= corrosion. Additionally, the partial
density of states (PDOS) of the Ru 4d orbital further indicates
that the d-band centers of RuO,-BO,~OH and RuO,-BO,
(—1.31 and —1.33 eV, respectively) are more negative with
respect to the Fermi level than that of RuO, (—1.13 eV),
suggesting weaker adsorption of ClI™ on the surfaces of
RuO,-BO,-OH and RuO,-BO, (Fig. 6d). Furthermore, the
charge density distribution of the adsorption of CI” on Ru sites
in RuO,-BO,-OH, RuO,-BO, and RuO, shows that the

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Dissociation of H,O on Ru-BO,—OH, RuO,-BO, and RuOs. (b)
Calculated free-energy diagrams for the 4e~ OER steps on Ru-BO,—OH,
RuO,—BO, and RuO,. (c) Calculated free-energy diagrams of Cl~ adsorp-
tion on Ru-BO,—OH, Ru-BO, and RuO,. (d) Calculated Ru d band in
RuO,—-BO,—OH, RuO,—BO, and RuO,.

introduction of borate species causes the surfaces to have
nonuniform charge distributions and electron redistribution
(Fig. S37, ESIY). Thus, the calculations suggest that the borate
species effectively optimize the electronic structure around the
Ru sites and avoid Cl™ adsorption. The DFT calculations agree
well with the experimental findings that hydroxyl and borate
species improve the electrocatalytic activity for the OER, and
borate species are responsible for weakening the adsorption of
Cl™ and inhibiting the CER.

The remarkable electrocatalytic performance and stability of
Ru-BO,-OH-300 can thus be attributed to (1) the mild synthesis
procedure to form the rich surface hydroxyl and borate species, (2)
the hydroxyl and borate species that can increase the hydrophilicity
and enhance the water adsorption to promote the water-involved
reactions, and (3) the hydroxyl and borate species that can optimize
the electronic structure of Ru for appropriate adsorption of inter-
mediates in the OER; besides, the borate species are beneficial for
weakening the adsorption of CI”™ and avoiding Cl™ corrosion.

Conclusions

In summary, we developed a facile wet chemical and low-
temperature heat treatment method for efficiently introducing
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hydroxyl and borate species to create a durable Ru-based catalyst
for alkaline seawater splitting. The hydroxyl and borate species
improve the electrocatalytic properties of the Ru-based material
by increasing hydrophilicity and regulating the electronic struc-
ture of the Ru sites. These alterations lead to an acceleration of
the water splitting process and prevention of Cl~ corrosion. The
newly prepared Ru-BO,-OH-300 electrocatalyst displays out-
standing bifunctional performance and durability for promoting
both the HER and OER in alkaline seawater. The results of this
study have a profound impact on understanding the inherent
mechanism of water splitting catalyzed by Ru-BO,~OH-T nano-
particles and provide a background for strategies to design new
catalysts whose activities and stabilities can be regulated by
introducing surface-reactive species.
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