#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View Issue

Phosphorus—tungsten dual-doping boosts acidic
overall seawater splitting performance over RuO,
nanocrystalsy

i '.) Check for updates ‘

Cite this: J. Mater. Chem. A, 2024, 12,
28023

Junyang Ding,1?® Zimo Peng,i® Zhiwei Wan%c Chunhui Zeng,*® Yanhong Feng,€
Miaosen Yang,*® Guagnzhi Hu, ©9 Jun Luo @ ¢ and Xijun Liu ® *¢

Although it is more cost-effective, producing hydrogen through acidic seawater splitting systems is still
difficult, especially when it comes to creating highly effective, highly resistant chlorine corrosion
bifunctional catalysts for both the oxygen evolution reaction (OER) and hydrogen evolution reaction
(HER). Herein, under the addition of phosphotungstic acid and the etching effect of oxalic acid, we
develop bifunctional P/W dual-doped RuO, nanocrystals for acidic overall seawater splitting, showing
overpotentials of 45 and 158 mV for the HER and OER at 10 mA cm™2, respectively, and accompanied by
a strong corrosion resistance towards seawater. Accordingly, the two-electrode system requires only
1.47 V to reach a current density of 10 mA cm™2 and maintains a high stability over 50 h. The P/W dual
doping modulates the electrical environment of Ru sites, and the addition of oxalic acid encourages the

exposure of more active sites, both of which contribute to the enhancement of seawater electrolysis.
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Accepted 25th August 2024 Theoretical calculations further manifest that the energy barriers of the HER and OER can be lowered by
the dual-doping. Moreover, we found a positive influence of Cl™ on the catalytic activity of acidic
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1 Introduction

Hydrogen (H,), due to its plentiful supply, powerful energy
density, and zero emissions of greenhouse gases, is viewed as
the most suitable renewable carrier and feedstock for
substituting exhausted fossil fuels and addressing environ-
mental concerns.”* However, grey hydrogen, which accounts for
more than 96% of total hydrogen production, is still largely
dependent on steam-methane reforming for commercial
production.’ Meanwhile, given the notion of “carbon neutrality”
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Ru-based catalysts for the generation of green hydrogen from acidic seawater in a sustainable manner.

that has been put forth in many nations worldwide as well as the
disadvantages of hydrogen in storage and transportation, the
convenient and efficient production of green hydrogen through
electrochemical water splitting is an ideal strategy to achieve
sustainable development.*® The total efficiency of water split-
ting depends heavily on two significant half-reactions: the
oxygen evolution reaction (OER) and the hydrogen evolution
reaction (HER).” Large overpotentials and sluggish reaction
kinetics at both electrodes are typically improved, especially for
the OER with four-electron transfer, via the addition of alkali or
acids to the electrolyte, e.g., 1 M KOH and 0.5 M H,SO,, to
increase ionic conductivity.**

On the other hand, using high-activity electrocatalysts is also
indispensable to further address these problems. It has been
found that in alkaline environments, earth-abundant transition
metal-based catalysts, including alloys, oxides, phosphides,
hydroxides, chalcogenides, phosphides, nitrides and carbides,
can catalyze the HER and OER effectively and steadily.”*™* In
contrast, in acidic environments, they are typically unstable and
are deactivated for corrosion. Nevertheless, compared to alka-
line water electrolysis (AWE), acidic proton exchange
membrane water electrolysis (PEMWE) has drawn attention
because of its distinct benefits such as strong proton conduc-
tivity, large current density, quick reaction time, compact
equipment footprint, and high hydrogen purity.’**®* The most
advanced PEMWE electrocatalysts available nowadays are

J. Mater. Chem. A, 2024, 12, 28023-28031 | 28023


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ta05277c&domain=pdf&date_stamp=2024-10-19
http://orcid.org/0000-0003-0324-2788
http://orcid.org/0000-0001-5084-2087
http://orcid.org/0000-0002-2624-6901
https://doi.org/10.1039/d4ta05277c
https://doi.org/10.1039/d4ta05277c
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA012041

Published on 28 augusta 2024. Downloaded on 9.5.2025 18:15:48.

Journal of Materials Chemistry A

centered on commercially accessible noble metals, such as Pt/C
for the cathodic HER as well as IrO,/RuO, for the anodic OER,
for which considerable effort has been made into developing
highly active rare-metal-based electrocatalysts for acidic water
electrolysis.” For instance, Ir single atoms were incorporated
into the lattice of Irg ¢gC0,.9,04 NW oxides, where the lattice
oxygens supplied lone-pair electrons and charge equilibrium to
stabilize the neighboring Ir atoms, leading to increased OER
activity and durability.”® Advanced physical characterization of
the alloyed RuMo composites with air or Ar treatment confirms
that Ru oxides contained in MoO; with Ru in an oxidized state
make up the OER-activity, whereas Ru active sites surrounded
by Mo,C in a reduced state make up the HER-activity.”* The
Ir@SrIrO; heterojunctions can control interfacial electron
redistribution and, in the end, generate low-energy barriers for
the OER and HER, according to theoretical simulations.?” It was
discovered that the dopant in FeCoNiCrTi-RuO, materials
might modify the electronic structure in such a way that elec-
trons could be grouped around the unsaturated Ru sites,
therefore reducing Ru solvation and markedly enhancing cata-
lytic stability/activity.**** Among them, two of these elements,
phosphorus and tungsten, are frequently used to enhance the
HER/OER activity of catalysts.>*® For phosphides, their special
metal/phosphorus coordination structure and ordered surface
reconstruction can change the electronic properties of the
catalyst surface, enhance electron transfer, and increase the
reaction rate.” For example, in the prepared NiCoP,@NF, P,
lowers the surface electro-oxidative reconstruction energy
barrier, which makes it easier to promote the local conversion of
crystals to reactive oxy(hydroxide) in the OER, and the Ni site of
NiCoP, is the active site of the HER process.?® As for tungsten, its
introduction could enhance the electrocatalytic activity of the
material vig altering its crystal structure, surface morphology,
and surface electronic state of the substrate, e.g., tungsten in H-
FeCoNiMnW forms a surface protective oxide layer during water
splitting, which results in excellent catalytic durability and
corrosion resistance in acidic media.*>** Moreover, just a few of
the recently reported ultrafine defective RuO,,** nanostructured
Pt@RuO,,* “5%Pt-containing” Ru oxide nanosheets,* highly
crystalline Ir-Ni nanocages,* ultrafine Ru-Ir-Te nanotubes,*
etc. have also demonstrated excellent activity for acidic HER/
OER; nevertheless there are still limited amounts of relevant
research.

Furthermore, challenges such as global freshwater scarcity
resulting from commercial water decomposition technologies
based on electrolysis, mainly PEMWE and AWE that use high-
purity water as a reactant, should not be disregarded, while
seawater, which makes up 96.5% of the Earth's surface, can be
considered a useful resource option.***” The precipitation of
Mg>*/Ca®" cations at the cathode makes it difficult to maintain
high current densities due to the poor electrical conductivity.
The chlorine oxidation reaction (CIOR) and the generation of
chlorine or hypochlorous acid (Cl1O™) at the anode are just a few
of the difficulties presented by the complex seawater environ-
ment.*® Pourbaix plots from 0.5 M NaCl aqueous solutions show
that the presence of a wider window of overpotentials in acidic
media favors the OER over the CIOR, which also has a positive
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effect on increasing conductivity and avoiding cation precipi-
tation.*® Thus, the development of effective and structurally
stable electrocatalysts in acidic seawater settings is imperative,
as is the understanding of the mechanism that underlies them.

Considering the advantages of acidic electrolytic water
devices, the shortage of freshwater resources, the abundance of
seawater reserves, and the unsatisfactory stability and resis-
tance to Cl~ corrosion facing current electrocatalysts in the OER
process, using wet chemistry and annealing treatment, phos-
photungstic acid (PW) as the W and P source, chitosan as the C
source, and oxalic acid (OA) which was also added during the
synthesis process PW-OA-RuO,@C catalysts were created.
RuO, was changed by dual-doping phosphorus and tungsten (P/
W) components in response to the experimental findings, which
improved its catalytic performance and stability. Furthermore,
the increased surface's extra active sites were caused by the OA's
etching effect. The P/W dual-doping and OA's etching effect
work together to improve PW-OA-RuO,@C's intrinsic HER/
OER activities. In acidic seawater electrolytes containing 0.5 M
H,S0O,, the overpotentials of the HER and OER at 45 and
158 mV, respectively, resulted in current densities up to 10 mA
cm 2. In addition, an interesting phenomenon was found that
the Ru-based catalysts showed higher OER activity and water
splitting performance in acidic seawater than in 0.5 M H,SO,
aqueous solution alone, which could be attributed to the pres-
ence of large amounts of CI~ in seawater. Through a series of
experimental results and theoretical calculations, the roles of P/
W and OA in RuO, were elucidated, laying the foundation for
the development of new acidic seawater electrocatalysts with
higher activity and stability.

2 Experimental Section
2.1 Chemicals

Ruthenium(iv) oxide (99.9%), chitosan (deacetylation degree
=95%, viscosity 100-200 mpa s), oxalic acid (99.9%, OA),
phosphotungstic acid hydrate (H;0,0PW;,-xH,0, AR), sodium
borohydride (NaBH,, 98%), and ethanol (=99.5%) were
purchased from Aladdin. Reference samples of 20 wt% Pt/C and
RuO, were obtained from Hesen (Shanghai) Electric Co. and
Meryer (Shanghai) Biochemical Technology Co., Ltd, respec-
tively. Without additional purification, any of the aforemen-
tioned chemicals can be directly utilized in this work. Through
purification equipment (Aqua Solutions), distilled water (18 Q)
was prepared.

2.2 Synthesis of PW-OA-RuO,@C, PW-RuO,@C, and OA-
RuO,@C

Using the wet chemistry method and subsequent annealing
treatment, the PW-OA-RuO,@C and comparison samples, ie.,
PW-RuO,@C without OA and OA-RuO,@C without PW, were
prepared. 100 mg of chitosan and 3 mL RuCl; solution (10 mg
mL ") were dissolved in 20 mL of deionized water. Then 10 mL
of NaBH, solution (2 mg mL ') was added and stirred with
a magnetic agitator at room temperature. While stirring, 10 mL
solution containing 7.5 mg PW and 7.5 mg OA was continued to
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be injected and stopped after 0.5 h. A 0.1 M NaOH solution was
used to bring the composition's pH down to an alkaline level,
and then stirring was carried out for 1.0 h at 60 °C. Following
centrifugation, the solid product from the solution was
collected and vacuum-dried for 12 h at 70 °C. After being dried,
the powder is placed in a muffle furnace and heated at a rate of 5
°C per minute for 2 h at 350 °C. At the end of the heat treatment,
the PW-OA-RuO,@C catalyst was obtained. As comparative
samples, PW-RuO,@C and OA-RuO,@C catalysts were
synthesized by adding just PW and OA, respectively, to the
construction route utilizing the same preparation method as
that of the above-mentioned PW-OA-RuO,@C.

3 Results and discussion
3.1 Synthesis and characterization

There are two main components to the preparation route for the
PW-0A-RuO,@C hybrid: basic wet chemical treatments and
follow-up thermo-chemical treatments. The scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
images (Fig. 1a and b) of PW-OA-RuO,@C showed that this
sample consists of aggregated nanoparticles with an average
diameter of about 2.5 nm. The high-resolution TEM (HRTEM)
image further exhibits obvious lattice fringes with an interlayer
spacing of 0.32 nm, which can be indexed to the (110) plane in
bulk RuO,. The elemental mapping, as displayed in Fig. 1d-i,
shows that C, N, O, Ru, P, and W are uniformly distributed
across the sample region. This suggests that the PW-OA-
RuO,@C samples were created effectively and that the nano-
scale particles help fully expose the marginal active sites.

The resultant samples of PW-OA-RuO,@C, PW-RuO,@C,
and OA-RuO,@C were characterized utilizing the powder X-ray
diffraction (XRD) patterns and X-ray photoelectron spectros-
copy (XPS) seen in Fig. 2 in order to gain a deeper knowledge of
their crystal structures and chemical states. As shown in Fig. 2a,
after PW doping of RuO, or introduction of OA, no new
diffraction peaks appeared in the prepared PW-OA-RuO,@C,
indicating that the dominant phase is still RuO, (PDF#88-0286),
where these high-intensity peaks located at 28.0°, 35.1°, and
54.3° can be assigned to the (110), (101), and (211) crystalline
facets of RuO,, and this result is in accordance with the HRTEM
findings (Fig. 1c).

Fig. 2b presents the high-resolution XPS spectra for the Ru
3d; two main peaks attributed to Ru 3d;/, (284.6 eV) and Ru 3ds,
» (280.7 eV) were observed in PW-OA-RuO,@C, PW-RuO,@C,
and OA-RuO,@C. The two main peaks at 281.2 and 280.7 eV in
Ru 3ds;, of PW-OA-RuOx@C, which correspond to Ru® and
Ru”", respectively, are lower in Ru 3ds, than in standard RuO,
(280.9 eV), indicating that Ru species have a lower surface
valence state than 4+. This further suggests that P/W doping can
effectively inhibit Ru's overoxidation thus contributing to the
catalysts' improved stability.** Meanwhile, the P/W dopants
caused a slight shift of the signal peak of Ru 3ds, in the positive
direction, indicating that the presence of electron transfer from
Ru to other components leads to enhanced interaction.

In the case of the W 4f region (Fig. 2¢), a pair of 4f;, and 4f5,
peaks belonging to WO; were noticed at 36.5 and 34.5 eV, which
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might be the result of W being oxidized during the annealing
process.** Besides, the electron losses of WO; are reflected by
a small peak with a binding energy of 44.3 eV. The P 2p spectra
in Fig. 2d show that the P-O bond from air-oxidized phosphorus
species is responsible for the peak at around 133.4 eV, while P
2p1,2 and P 2p;,, binding energies are accountable for the other
two centered at 128.9 eV and 128.1 eV, respectively.”” In the
deconvoluted O 1s spectra (Fig. 2e), the four peaks at 529.3,
529.9, 530.7, and 532.1 eV correspond to lattice O, metal-oxygen
(M-0), —OH, and adsorbed H,0 molecules, in that order.***
The N 1s XPS spectra (Fig. 2f) give three peaks: a predominant
metal-N signal (396.4 eV), pyridinic N (398.2 eV), and oxidized N
(406.6 eV). As a consequence, it is evident from these XRD and
XPS data that P/W was effectively doped into the RuO, particles
to create PW-OA-RuO,@C.

3.2 Hydrogen evolution performance

Using a conventional three-electrode configuration, the HER/
OER catalytic capabilities of PW-OA-RuO,@C were investi-
gated in acidic seawater and 0.5 M H,SO, electrolytes. Also, PW-
RuO,@C without OA, OA-RuO,@C without PW, and bench-
mark Pt/C with the same mass loading were evaluated for their
comparative purposes. As seen in the linear sweep voltammetry
(LSV) curves in Fig. 3a, PW-OA-RuO,@C shows favorable
hydrogen evolution performance compared to others in acidic
seawater. With an overpotential of 48 mV at 10 mA cm ™2, it even
demonstrates a level superior to Pt/C (51 mV@10 mA cm ™ 2),
whereas two comparison samples, including PW-RuO,@C and
OA-RuO,@C, showed higher overpotentials of 77 and 91 mV,
which were obtained at the same current density, respectively.
Meanwhile, the dominant position of PW-OA-RuO,@C was not
affected by the electrolyte types, as confirmed through the
comparative results of these catalysts in 0.5 M H,SO, (Fig. 3b),
with PW-OA-RuO,@C (39 mV@10 mA cm?) close to Pt/C (23
mvV@10 mA cm ?), lower than PW-RuO,@C (50 mV@10 mA
cm %) as well as OA-RuO,@C (87 mV@10 mA cm ™ 2), suggesting
that co-modulation of the catalyst via introducing PW and OA
during the preparation of Ru-based catalysts is beneficial for the
improvement of HER performance. In the meantime, PW-OA-
RuO,@C exhibits catalytic activity that is on par with or even
higher than that of other proven effective acidic HER electro-
catalysts (Table S1t). Furthermore, the corresponding Tafel
slopes of the as-prepared Ru-based catalysts in various electro-
Iytes were examined in order to analyze the differences in
reaction kinetics between them.

As shown in Fig. 3d and e, the Tafel slope values of PW-OA-
RuO,@C are 45.6 mV dec ' in acidic seawater and 57.2 mV
dec™ in 0.5 M H,SO,, which are much lower than those of PW-
RuO,@C (113.2 mV dec™’; 59.5 mV dec™ ') and OA-RuO,@C
(128.1 mV dec™'; 118.6 mV dec™ '), indicating that PW-OA-
RuO,@C has the most favorable hydrogen evolution kinetics,
which also explains, in one aspect, its origin of high catalytic
activity in both electrolytes. Relevant research has demon-
strated that W and Ru experience a non-negligible electron
donation effect® and that P may regulate the charge distribu-
tion surrounding Ru atoms to co-activate Ru atoms,***” thus
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Fig. 1 (a) SEM image, (b) TEM image, (c) HRTEM image, and (d—i) corresponding elemental mapping of C, N, O, Ru, P and W for PW-OA-

RuO,@C.

increasing Ru's reactivity with the HER. A successful acidic
water electrolysis catalyst should, in general, have both excel-
lent corrosion resistance and high catalytic activity. In order to
prove this concept, a V-t test of PW-OA-RuO,@C was con-
ducted (Fig. 3c and f). The findings demonstrated that the
catalyst worked stably at 10 mA cm ™ for 50 h in acidic seawater
and 0.5 M H,SO,, and there was only a very slight variation
between the LSV curves before and after the tests (8 mV and
12 mV, respectively), which suggests that this catalyst can
successfully sustain the HER catalytic activity for a long term.

3.3 Oxygen evolution performance

To determine whether PW-OA-RuO,@C is a bifunctional cata-
lyst, its OER performance was evaluated via using the same
configuration as that used for the HER. Fig. 4a and b show the
OER LSV curves for each sample with a scan rate of 5.0 mv s~ .
To deliver a current density of 10 mA cm ™2, PW-OA-RuO,@C

demonstrated optimal OER activity, ie., the lowest

28026 | J Mater. Chem. A, 2024, 12, 28023-28031

overpotentials of 158 and 241 mV in acidic seawater and 0.5 M
H,S0,, respectively, surpassing those of PW-RuO,@C (163 mV;
251 mV), OA-RuO,@C (170 mV; 244 mV), commercial RuO,
(187 mv; 256 mV) and most advanced acidic OER electro-
catalysts reported in recent years (Table S21), confirming the
superior OER performance of PW-OA-RuO,@C. Likewise, the
corresponding Tafel plots in Fig. 4d and e, which were created
using the polarization curves, show that PW-OA-RuO,@C
promotes the kinetics of the reaction with relatively smaller
Tafel slope values: 51.7 mV dec™ " in acidic seawater and 72.1
mV dec™' in 0.5 M H,SO,, lower than those of PW-RuO,@C
(53.8 and 75.6 mV dec '), OA-RuO,@C (55.9 and 73.5 mV
dec™), and standard RuO, (77.5 and 80.2 mV dec ). It is
noticed that the Tafel slope values of all four catalysts in acidic
seawater are less than 0.5 M H,SO,, suggesting that some
components of acidic seawater were able to enhance OER
performance due to accelerating the catalysts' inherent kinetics,
which might be attributed to the fact that appropriate P/W dual-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) HER LSV curves, (d) Tafel slopes, and (c) stability tests for PW—OA-RuO,@C at a constant current density of 10 mA cm™2 in acidic

seawater. (b) HER LSV curves, (e) Tafel slopes, and (f) stability tests for
H2SO0..

doping can optimize the free energy required for adsorbed key
OER intermediates.*® As displayed in Fig. 4c and f, the long-term
stability of PW-OA-RuO,@C was further evaluated; even after
a long period with a 50 h (acidic seawater) or 20 h (0.5 M H,SO,)
OER test, there is only slight degradation of both V-t curves and
LSV curves. It is well known that one of the drawbacks of
ruthenium-based catalysts is their tendency to dissolve during
the electrolysis process.*>** The above results show that PW-
OA-RuO,@C not only achieves high HER/OER catalytic activity

This journal is © The Royal Society of Chemistry 2024

PW-OA-RuO,@C at a constant current density of 10 mA ecm2in05M

but also maintains strong stability in two acidic media, indi-
cating that this material is a promising catalyst for water
splitting.

As exhibited in Fig. S2 and S3,7 electrochemical surface area
(ECSA) as well as electrochemical impedance spectroscopy (EIS)
tests were performed to investigate the origin of the high HER/
OER activity. The double-layer capacitance (Cq;) using cyclic
voltammetry curves with different rates in the non-faradic area
can be used to determine the ECSA.**>* PW-OA-RuO,@C
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(a) LSV curves of a two-electrode system and (c) long-term durability test of PW-OA-RuO,@C at a constant current density of 10 mA
cm™2 for the overall water splitting in acidic seawater. (b) LSV curves of a two-electrode system and (d) long-term durability test of PW—-OA—
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exhibits an extremely high Cq value (98.54 mF cm™2), which is
about three times that of Pt/C (32.66 mF cm™?), while the Cg
values of PW-RuO,@C and OA-RuO,@C control samples are
48.01 and 74.96 mF cm 2, respectively. It can be seen that the
OA-treated catalyst has a larger C4 compared to PW-RuO,@C
without OA, suggesting that the etching action of OA can expose
more active sites on the catalyst surface.> From the semicircle
that is attributed to the charge-transfer resistance (R.) in the
high-frequency range of the Nyquist diagram, the resistance of
PW-0A-RuO,@C (27.6 Q) is close to that of Pt/C (16.7 ©) and
only half of that of previously as-prepared pure RuO, NPs (57.9
Q).*> This result shows that the PW-OA-RuO,@C catalysts
exhibit rapid charge transfer, confirming the increase in
conductivity that can result from P/W doping and OA etching.

3.4 Overall seawater splitting performance

Given that PW-OA-RuO,@C is a superb bifunctional material,
a two-electrode cell was established in order to electrolyze water.
The nanostructured PW-OA-RuO,@C powder catalyst loaded
on carbon paper was directly employed as an anode and
cathode. In acidic seawater and 0.5 M H,SO, solutions,
respectively, this handmade PW-OA-RuO,@C|PW-OA-
RuO,@C remarkably obtained a potential of 10 mA cm ™2 at only
1.47 V and 1.49 V, respectively (Fig. 5a and b). This is superior to
that of Pt/C||RuO, (1.52 V; 1.53 V) and most recently reported
electrocatalytic materials for acidic water splitting (Table S37).
Interestingly, we found that PW-OA-RuO,@C exhibited better
OER activity and water splitting performance in acidic seawater
compared to 0.5 M H,SO, (Fig. 4 and 5). Based on our previously
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reported work,** the enhanced catalytic activity of PW-OA-
RuO,@C in acidic seawater electrolyte is mainly attributed to
the effect of a large amount of Cl™ in seawater. The applied
voltage of commercial PtC|[RuO, was about 1.7 V after the
operating current density was set to 10 mA cm™ 2 for 24 h of
continuous operation (Fig. S47) in acidic seawater, whereas PW-
OA-RuO,@C||PW-0OA-RuO,@C did not have any significant
voltage drop in the two acidic electrolytes for 50 h in both acidic
electrolytes (~1.5 V in acidic seawater; ~1.7 V in 0.5 M H,SO,),
as shown in Fig. 5c and d, suggesting that P/W elemental
doping and interfacial modification play an important role in
the stability of nanostructured RuO, composites.**>*

3.5 Theoretical calculations

Using density functional theory (DFT) calculations, an under-
standing of the source of PW-OA-RuO,@C's intrinsic activity
toward the HER/OER in acids was obtained at the atomic level.
The Gibbs free energy of *H adsorption (AGsy) of P/W co-
modified Ru sites on PW-OA-RuO,@C and conventional Ru
sites on pure RuO, are displayed in Fig. 6a. Ru in PW-OA-
RuO,@C had the lowest AGx value (0.35 eV) close to 0 eV when
compared to pure RuO, (0.61 eV), suggesting that W/P tailoring
could optimize hydrogen adsorption strength and enhance HER
kinetics.*”*® The OER, including three key intermediates (*OH,
*O, and *OOH) on the catalyst surfaces, is a four-electron
process. For the pristine RuO, system, the production of
OOH* from O* is believed to be a rate-determining step (RDS)
with an energy barrier of 2.11 eV, while the RDS of PW-OA-
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Fig. 6 Gibbs free energy diagram of PW-OA-RuO,@C and RuO, for (a) HER and (b) OER. The projected DOS diagrams of (c) RuO, and (d) PW-

OA-RuO,@C.
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RuO,@C exhibits a low energy barrier of 1.97 eV, mirroring the
remarkably high active OER electrocatalyst (Fig. 6b).

Moreover, by analyzing the d-band center (¢4) in the d-band
from the projected density of states (DOS), the electronic
structures of RuO, and PW-OA-RuO,@C (Fig. 6¢ and d) were
further examined. The &g of PW-OA-RuO,@C (—1.328 €eV) are
closer to the Fermi energy level (E¢) than that of RuO, (—1.519
eV), which is advantageous for the electrocatalytic activity since
this suggests a larger electron density and easier electron
transfer (Fig. S5t).*°> Consequently, P/W dual-doping can
improve the electronic structure, reduce energy barriers, and
accelerate reaction kinetics for PW-OA-RuO,@C, hence raising
its HER/OER electrocatalytic activity.

4 Conclusion

In this work, a simple process (wet chemistry and subsequent
annealing) was used to introduce P/W components into RuO,
nanoparticles and simultaneously utilize the etching effect of
OA on them to enhance HER/OER activity. The resulting PW-
OA-RuO,@C catalyst delivered a current density of 10 mA cm >
at a lower overpotential of 158 mV for the OER, a HER over-
potential of 45 mV, along with 50 h of stable splitting at 1.47 V
and 10 mA cm™” in acidic seawater. Theoretical calculations
prove that this outperforming electrocatalytic performance
could be attributed to the improved electronic structure and
accelerated reaction kinetics by P/W dual-doping. In addition,
we found the promoting effect of Cl1™ on the catalytic activity of
acidic seawater splitting. These findings open new avenues for
the construction of highly efficient bifunctional catalysts for
acidic seawater-based electrolytes with high resistance to Cl~
corrosion.
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