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l acid-like microenvironment with
the synergism of nanoscale and atomically local
electric fields for enhanced hydrogen spillover in
alkaline seawater electrolysis†

Lei Jin, Zhiyuan Wang, Hui Xu, * Kun Wang, Xingyue Qian, Haiqun Chen *
and Guangyu He*

Creating an environment with a high concentration of acidic protons in the absence of a Lewis acid layer is

challenging for alkaline seawater hydrogen spillover (HSo). Herein, we introduce a synergistic strategy by

creating both nanoscale and atomically local electric fields to generate a local high-concentration acid-

like environment. This is demonstrated by incorporating multiple atomically dispersed Ru nanoparticles

(Ru NPs) on the surface of CoxPv@C. Finite element method (FEM) simulations and advanced

characterizations illustrate that the nanoscale and atomically local electric fields promote the formation

of a significant number of H3O
+, creating a local acid-like environment around the surface of multiple

Ru NPs. The small work function difference (DF) of 0.05 eV between Ru and CoxP@C is found to be

favorable for interfacial HSo. In situ Raman spectroscopy confirms that the formed P–H bond acts as

a proton “sponge”, storing H+ and quickly transferring them to the Ru NPs surface, where they combine

with adjacent H2O molecules to form H3O
+, thus promoting HSo. Additionally, the carbon layer and the

inherent corrosion resistance of CoxPv@C can effectively protect the Ru NPs from the toxicity and

corrosion caused by Cl−. Consequently, the Ru-CoxPv@C catalyst exhibits long-term stability for 200 h

at 10 mA cm2 in alkaline seawater electrolyte.
1. Introduction

Hydrogen (H2) is a crucial energy carrier and a key raw material
for producing important chemicals such as ethanol and
ammonia.1,2 However, its production process still largely
depends on energy-intensive fossil fuels, a method referred to
as grey/blue H2 production.3,4 Electrolyzing seawater for large-
scale production of H2 is expected to reduce the utilization of
fresh water.5–7 However, H2 production from direct seawater
splitting is technically challenging because the high levels of
dissolved ions (Ca2+, Mg2+, K+, Cl−, Br−, SO4

2−, etc.) in seawater
can trigger deactivation of catalysts and damage equipment
(electrodes, cells, membranes, etc.).8–10 Moreover, compared
with hydrogen production in acidic environments, the
hydrogen evolution reaction (HER) kinetics in alkaline envi-
ronments are at least two orders of magnitude slower, primarily
due to the slower rate of water dissociation.11–14 Furthermore,
alkaline seawater typically demands more energy for the
ials and Technology, Advanced Catalysis
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dissociation of H2O to generate H+ due to the inherently proton-
decient environment.15,16 Therefore, these complex environ-
ments may degrade the HER performance.

To eliminate these practical challenges, in addition to
eliminating the attack by Cl− in alkaline seawater, it is essential
to overcome the limitations associated with proton formation
and evolution during the alkaline HER. To date, however, most
reported investigations have focused on repelling the Cl− by in
situ self-transformation into anion layers or adding additional
anions to the catalyst's surface to form passivating layers.17–20

These strategies are likely to be unsustainable during adsorp-
tion of passivating anion layers and effective repulsion of the
Cl− on active sites. Therefore, it is necessary to leverage the
inherent properties of catalysts to enhance their resistance to
corrosion and impurities. Moreover, such an alkaline environ-
ment lacks a proton supply environment, which is an obstacle
to the cathodic HER.21–23 It was reported that adjusting the local
environment at the catalyst surface allows alkaline seawater
electrolysis. Based on this, it is hypothesized that the creation of
a local acid-like environment on a catalyst surface can promote
hydrogen species accumulation and migration to achieve acid-
like HER performance. So far, this local environment has
mainly been achieved by introducing a Lewis acid layer (for
instance, MgO, V2O3, Cr2O3, WO2 and MnO2) on a catalyst
Chem. Sci., 2025, 16, 13855–13863 | 13855
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View Article Online
surface to dynamically split water molecules and capture
hydroxyl anions.24–29 However, this single approach is insuffi-
cient for creating an environment with a high concentration of
local acidic protons, and generating this high-concentration
local environment in the absence of a Lewis acid layer in alka-
line seawater conduction is extremely challenging.

Here, we introduce a coupling strategy to create nanoscale
and atomically local electric elds by incorporating atomically
dispersed high-curvature Ru nanoparticles (Ru NPs) on the
surface of CoxPv@C. This approach focuses on enriching the
proton concentration of the local acid-like environment and
simultaneously accelerating H* desorption. Finite element
method (FEM) simulations and related characterizations illus-
trate that the nanoscale and atomically local electric elds
promote the formation of a signicant number of H3O

+,
creating a local acid-like environment around the surface of
multiple Ru NPs. The small work function difference (DF) of
0.05 eV between Ru and CoxP is found to be favorable for
interfacial hydrogen spillover (HSo). In situ Raman spectroscopy
demonstrates that the formed P–H acts as a proton “sponge”,
stores H+, then quickly transfers the H+ to the surface of the Ru
NPs, which subsequently combines with adjacent H2O mole-
cules to form H3O

+ and promotes HSo. Moreover, the carbon
layer and the inherent corrosion resistance of CoxPv@C effec-
tively protect the Ru NPs from the toxicity and corrosion caused
by Cl−. Consequently, the Ru-CoxPv@C catalyst exhibits long-
term stability for 200 h at 10 mA cm2 in alkaline seawater
electrolyte.
2. Experimental section
2.1 Synthesis of Ru-Co(OH)2

First, 0.291 g of Co(NO3)2$6H2O, a certain amount of RuCl3$H2O
and 0.567 g of hexamethylenetetramine were weighed and
completely dissolved in a Teon autoclave with 50 mL of
ethanol, then stirred for 2 h. Aer reaction for 10 h at 120 °C, the
brown Ru-Co(OH)2 precipitate was collected via centrifugation
with ethanol and dried at 60 °C overnight.
Fig. 1 (a) Schematic illustration of the formation of Ru-CoxPv@C and
the functionalization process. (b) SEM image of Ru-CoxPv@C. (c and d)
2.2 Synthesis of Ru-CoxPv@C

The as-prepared Ru-Co(OH)2 precursor and 0.5 g of NaH2PO2-
$H2O were placed in two separate positions in a ceramic boat
inside a tube furnace, with NaH2PO2$H2O positioned upstream
of the gas ow and Ru-Co(OH)2 placed downstream. The
temperature was then gradually increased to 350 °C, where it
was maintained for 2 h. Aer cooling to room temperature,
a round nanoparticle-aggregated nano-microsphere
morphology of Ru was obtained on the surface of CoxPv@C.
Simulated electron distribution and electric field intensity around the
surface of the high-curvature nanoparticles. (e) Schematic illustration
showing the influence of the high-curvature nanotip electric field on
cation aggregation. (f) TEM image (pink marks represent Ru NPs) and
(g) high-resolution TEM image of Ru-CoxPv@C. (h) SAED pattern for
Ru-CoxPv@C. (i) Mapping images of Ru-CoxPv@C (white marks
represent Ru element distribution).
2.3 Material characterization and electrochemical methods

The material characterization and electrochemical methods are
documented in the ESI† in detail.
13856 | Chem. Sci., 2025, 16, 13855–13863
3. Results and discussion
3.1 Material synthesis and characterization

The Ru-CoxPv@C was prepared through a two-step process
involving a solvothermal reaction followed by phosphorization
treatment. As illustrated in Fig. 1a, the Ru nanoparticles
anchored on the CoxPv@C surface create a local acid-like
environment, while the carbon layer and the inherent corro-
sion resistance of CoxPv@C effectively protect the Ru region
from Cl−-induced toxicity and corrosion, thereby achieving
excellent HER performance. The morphology was characterized
using scanning electron microscopy (SEM) to provide detailed
structural information. The Ru-Co(OH)2 shows a rough
nanoparticle-aggregated-like morphology. Aer phosphoriza-
tion treatment, the Ru nanoparticle-aggregated nano-
microspheres can be clearly observed anchored on the Cox-
Pv@C surface (Fig. 1b and S1†). This high-curvature
morphology, resembling a nanopyramid, facilitates electron
accumulation at the tip region, generating a strong local electric
eld at the nanoscale. The concentration of electrons subse-
quently activates a locally acidic proton-rich environment,
promoting the alkaline HSo effect.30 To validate this hypothesis,
we employed the FEM to investigate the potential of tip-
enhanced nanoscale eld amplication (Fig. 1c and d). It was
observed that the electron density at the sharpest point of the
high-curvature structure increases signicantly, resulting in the
formation of a strong local nanoscale electric eld. This
phenomenon can be attributed to the electric eld between
charges, where free electrons migrate to the sharpest Ru
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD pattern for Ru-CoxPv@C. (b) FT-IR spectra for Ru-
Co(OH)2 and Ru-CoxPv@C. (c) EPR spectra for Ru-Co(OH)2 and Ru-
CoxPv@C. (d) High-resolution Co 2p spectra for Ru-Co(OH)2, CoxP
and Ru-CoxPv@C, (e) Ru 3p XPS spectra for Ru-Co(OH)2 and Ru-
CoxPv@C and (f) P 2p XPS spectra for Ru-CoxPv@C. (g) UPS spectra for
Co(OH)2, CoxPv and Ru. (h) Energy-band alignment diagram of
Co(OH)2 and CoxPv with respect to Ru. (i) Interfacial electronic
configurations for HSo during the HER.
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View Article Online
nanoparticle regions during the electrochemical reaction,
which promotes the production of abundant H3O

+ around the
Ru tip region and forms a local micro-acidic environment for
hydrogen overow under alkaline conditions (Fig. 1e). Trans-
mission electron microscopy (TEM) was applied to gain more
detailed insights into the structural characteristics of the Ru-
CoxPv@C. The round Ru nanoparticles exhibit an average
length of 150 nm (Fig. 1f). As illustrated in the high-resolution
TEM (HRTEM) image (Fig. 1g), the lattice fringes with approx-
imate spacing of 0.23 and 0.2 nm are assigned to the (100) and
(101) crystal planes of Ru nanoparticles, while the lattice fringes
with approximate spacing of 0.19 and 0.22 nm are assigned to
the (211) and (121) crystal planes of CoP and Co2P in the Ru-
CoxPv@C sample, respectively. In the selected area electron
diffraction pattern (SAED, Fig. 1h), the CoP (211) plane, Co2P
(121) plane and Ru (101) plane are clearly distinguishable in the
Ru-CoxPv@C structure. Elemental mapping further corrobo-
rates the successful incorporation of Ru NPs, where the distri-
butions of Ru, Co, P and C elements are relatively uniform,
verifying the successful preparation of the Ru-CoxPv@C struc-
ture (Fig. 1i). The ICP test conrmed the content of Ru element
is 3.8 wt% (38 g kg−1) in the Ru-CoxPv@C structure, which is
close to that of 2.18 wt% obtained in the STEM-EDS mapping
test (Fig. S2†). Notably, the Ru element is mainly distributed in
the tip region (white dotted oval frame).

X-ray diffraction (XRD) analysis was initially performed to
assess whether the incorporation of Ru atoms inuences the
crystal phase of the catalyst. As depicted in Fig. S3,† four
distinct peaks are observed at around 19.1°, 32.5°, 37.9° and
51.6° attributed to the (001), (100), (101) and (102) crystal planes
of Co(OH)2 (JCPDS No. 30-0443), repsectively.31 Notably, the
broadening and shiing of the peaks is ascribed to the incor-
poration of Ru atoms. For the Ru-CoxPv@C structure (Fig. 2a),
the peaks located at 31.6°, 36.3°, 48.1°, and 56.8° belong to the
(011), (111), (211), and (301) crystal planes of CoP (JCPDS No. 29-
0497), respectively, whereas the peaks at 40.8°, 41.0° and 43.3°
are correlated to the (121), (201), and (211) crystal planes of
Co2P (JCPDS No. 32-0306), respectively, and the characteristic
peak of Ru is scarcely detectable, likely due to the low concen-
tration of Ru atoms embedded within the CoxPv structure.32,33

Moreover, the Fourier transform infrared (FT-IR) spectra were
recorded to investigate the presence of different functional
groups. The absorption peak at 3465 cm−1 depicted in Fig. 2b is
ascribed to the O–H stretching vibration in Co(OH)2, while the
peaks in the lower wavelength range (500–1000 cm−1) are
attributed to Co–O and Co–O–Co lattice vibrations. In the case
of Ru-CoxPv@C, the peaks at approximately 918 and 1076 cm−1

are associated with the P–M and P–O stretching vibrations,
respectively.34,35 XRD and FT-IR analyses indicate the successful
synthesis of Ru–Co(OH)2 and Ru-CoxPv@C. To investigate the
impact of Co(OH)2 and CoxP on the modication of Ru's elec-
tronic structure, electron paramagnetic resonance (EPR) spectra
of Ru–Co(OH)2 and Ru-CoxPv@C were recorded. As illustrated
in Fig. 2c, compared to the case of Ru embedded in Co(OH)2
with oxygen vacancies, in Ru supported on phosphorus vacancy-
rich CoxPv, signicant electron transfer occurs from the phos-
phorus vacancies—populated with numerous unpaired
© 2025 The Author(s). Published by the Royal Society of Chemistry
electrons—to the Ru nanoparticles, resulting in the formation
of electron-enriched Ru regions (Rud−).25 Accordingly, X-ray
photoelectron spectroscopy (XPS) was subsequently utilized to
analyze the chemical composition and bonding conguration
of Ru-Co(OH)2 and Ru-CoxPv@C. In the high-resolution Co 2p
spectrum for Ru-CoxPv@C (Fig. 2d), two prominent peak
doublets observed at 780.9 and 797.1 eV and 782.4 and 797.9 eV
are attributed to the Co3+ and Co2+ components, respectively,
while the peaks at 786.2 eV and 802.7 eV are attributed to the
shake-up satellite peaks. Compared with CoxPv@C and Ru-
Co(OH)2, the Co 2p peak displays a slight positive shi of about
0.2 and 0.5 eV, demonstrating the reduction in charge density
around the Co atom. The two pairs of peaks attributed to Ru0

species (464.0 and 485.5 eV) and Rud+ (461.6 and 483.8 eV) are
also shown in the high-resolution Ru 3p spectra. In contrast, the
binding energy of Ru 3p exhibits a negative shi (∼1.4 eV)
compared to that of Ru-Co(OH)2, illustrating an increase in the
charge density of the Ru atoms (Fig. 2e).36,37 Meanwhile, for P 2p
orbitals, the peaks located at 128.8, 129.7 and 133.4 eV are
attributed to the P 2p3/2, P 2p1/2 and P–O bonding state in
Fig. 2f.38 These shis conrm the electron transfers from the
CoxPv interface to the Ru atom to generate the atomically local
electric eld. Owing to the electrostatic attraction between the
negatively charged Ru atoms and the positively charged H3O

+

species, the Ru nanoparticle region can create a local micro-acid
environment for alkaline HSo.39 Generally, suppressing inter-
facial charge transfer and minimizing the accumulation of
charge at the interface are anticipated to signicantly reduce
the energy barrier for HSo, thereby theoretically enhancing the
catalytic HER performance. This hypothesis is supported by
Chem. Sci., 2025, 16, 13855–13863 | 13857
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a comprehensive evaluation and qualitative analysis of the
Fermi level (Ef) based on the F of the catalysts.40,41 Ultraviolet
photoelectron spectroscopy (UPS) characterization was
employed to analyze the F values of Co(OH)2 and CoxP@C, as
depicted in Fig. 2g and Table S1.† The measured F values for
Co(OH)2 and CoxPv@C are 6.17 and 5.95 eV, and the F value for
Ru (6.0 eV) is referenced from Wang's work (Fig. 2h).42

Compared to the relatively larger DF of 0.17 eV between Ru and
Co(OH), the Ru-CoxPv@C interface exhibits a relatively smaller
DF of 0.05 eV. DF plays a crucial role in governing the HSo
transfer kinetics at the interface. Minimizing DF is theoretically
expected to lower the HSo barrier, leading to effective HER
performance.43 In addition, the relative F level implies electron
overow from CoxPv@C to Ru, forming an atomically local
electric eld, which promotes the production of abundant H3O

+

around the Ru nanoparticles, thus forming a local micro-acid
environment for hydrogen overow under alkaline conditions.
3.2 Electrocatalytic performance of the HER in alkaline
seawater

To experimentally investigate the effect of the modulation of the
F on the electrocatalytic HSo behavior of the electrodes, linear
sweep voltammetry (LSV) was performed using a standard
three-electrode system in an alkaline seawater solution. As
anticipated, Ru-CoxPv@C sample exhibits superior electro-
catalytic HER performance compared to Ru-Co(OH)2 and CoxP,
Co(OH)2, and it is also better than Pt/C at a large current
density. Concretely, small overpotentials of 94 and 240 mV are
required to attain h10 and h50 for HER (Fig. 3a and b),
surpassing the performance of Ru-Co(OH)2 (249 and 336 mV)
and CoxP (256 and 382 mV), and the HER activity of Co(OH)2 is
almost negligible. The Ru-CoxPv@C sample also exhibits
Fig. 3 (a) LSV curves and (b) h10 and h50 values for Ru-CoxPv@C and
reference samples. (c) Corresponding Tafel plots for Ru-CoxPv@C and
reference samples. (d) Cdl values for different catalysts (e) TOF values.
(f) LSV for Ru-CoxPv@C in various solutions. (g) Polarization curves for
the HER after 1000 cycles. (h) Chronopotentiometric curves and
multi-step chronopotentiometry test results for Ru-CoxPv@C.

13858 | Chem. Sci., 2025, 16, 13855–13863
a lower Tafel slope (137.8 mV dec−1) compared to the referenced
samples, indicating its rapid reaction kinetics during the HER
(Fig. 3c). Moreover, the electrochemically active surface area
(ECSA) was evaluated by determining the double-layer capaci-
tance (Cdl) calculated from cyclic voltammetry (CV), providing
insight into the surface properties of the samples. Fig. 3d and
S4† exhibit that the Cdl for Ru-CoxPv@C is calculated to be 4.7
mF cm−2, larger than that of Ru-Co(OH)2 (4.5 mF cm−2), CoxP
(0.8 mF cm−2) and Co(OH)2 (0.82 mF cm−2), and the estimated
ECSA values of Ru-CoxPv@C, Ru-Co(OH)2, CoxPv@C, and
Co(OH)2 were ∼23.1, ∼22.1,∼4.0 and ∼3.9 cm−2, respectively,
indicating a larger ECSA. To compare the intrinsic activity of the
different catalysts more accurately, the ECSA-normalized LSV
curves were plotted (Fig. S5†), and the results show that the
intrinsic catalytic activity obeys the following trend: Ru-Cox-
Pv@C > Ru-Co(OH)2 > Co(OH)2. To further assess the intrinsic
HER activity, Fig. 3e, S6 and S7† present the turnover frequency
(TOF) values for Ru-CoxPv@C and the referenced samples. Ru-
CoxPv@C shows a higher TOF value of 4.5 s−1 at an over-
potential of 300 mV, which is approximately 1.63 times higher
than that of CoxP (2.77 s−1) and about 1.52 times higher than
that of Ru-Co(OH)2 (2.95 s−1) at the same overpotential.
Subsequently, the HER performances of Ru-CoxPv@C and Ru-
Co(OH)2were measured in different electrolyte; compared with
HER activity discrepancy of Ru-Co(OH)2, it was seen that the
HER activity of Ru-CoxPv@C displays hardly any change in
tendency with and without Cl−, indicating that the carbon layer
and the inherent corrosion resistance of CoxP@C effectively
protect the Ru region from the toxicity and corrosion of Cl−

(Fig. 3f and S8†).44,45 Furthermore, the electrochemical stability
of Ru-CoxPv@C was evaluated via cyclic voltammetry (CV)
testing, and the LSV curve of Ru-CoxPv@C aer 1000 CV cycles
closely matches the initial curve, demonstrating its exceptional
cyclability (Fig. 3g). Long-term stability was assessed through
chronoamperometric measurements, where the electro-
chemical performance of Ru-CoxPv@C remained stable over
200/95 h at 10/200 mA cm−2 with minimal change. Additionally,
the multi-current test, where the current density was varied
between 10 and 50 mA cm−2 every 1000 s, further conrms the
catalyst's high mass transport capability and stability, as evi-
denced by the immediate potential response at each step,
indicating exceptional durability and anti-chloride performance
in the Ru-CoxPv@C sample (Fig. 3h and S9†). SEM and XRD
analyses were performed to investigate the structural trans-
formation of Ru-CoxPv@C aer prolonged electrolysis. Aer the
HER test, there was negligible change in the SEM image and
XRD pattern for Ru-CoxPv@C, except that the peak intensity was
weaker than that before the test, indicating that the electrode
exhibits excellent structural stability (Fig. S10†).
3.3 Acidic HER performance and alkaline overall seawater

The HER catalytic activity of Ru-Co(OH)2 and Ru-CoxPv@C were
also measured in 0.5 M H2SO4. Fig. 4a and b reveals a larger
HER performance discrepancy (75 mV at h10) for Ru-Co(OH)2
under alkaline and acidic conditions. Conversely, the h10 value
for Ru-CoxPv@C (84 mV) displays a slightly decreasing tendency
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) LSV curves for Ru-CoxPv@C and Ru-Co(OH)2 in alkaline and
acidic solution. (b) Comparison of the HER activity of Ru-CoxPv@C and
Ru-Co(OH)2 under acidic and alkaline conditions. (c) CP curves for Ru-
CoxPv@C in 0.5 M H2SO4. (d) The schematic diagram of overall water
splitting in the two-electrode configuration. (e) Polarization curves for
OWS in alkaline seawater solution. (f) Overpotential of the as-prepared
samples at 10 and 100 mA cm−2. (g) CP curve for Ru-CoxPv@C‖RuO2.
(h) Comparison of Ru-CoxPv@C‖RuO2 with reported overall water
splitting electrocatalysts at 10 mA cm−2.

Fig. 5 (a) EIS curves for Ru-CoxPv@C for the HER in alkaline seawater
solution. (b) Plots of C4 vs. overpotential for Ru-Co(OH)2 and Ru-
CoxPv@C during the HER. (c) EIS-derived Tafel plots for the Ru-
Co(OH)2 and Ru-CoxPv@C samples attained from the hydrogen
adsorption resistance, R2. Phase angles for (d) Ru-Co(OH)2 and (e) Ru-
CoxPv@C at different potentials. (f) CV curves for Ru-Co(OH)2 and Ru-
CoxPv@C with a scan rate of 50 mV s−1. (g and h) CV curves for Ru-
Co(OH)2 and Ru-CoxPv@C with different scan rate. (i) Plots of
hydrogen desorption peak position vs. scan rates for the Ru-Co(OH)2
and Ru-CoxPv@C samples.
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compared with in alkaline seawater solution, suggesting the
acid-like HER behavior of Ru-CoxPv@C in an alkaline medium,
and also conrming that a local micro-acid environment is
created around the Rud− nanoparticles in Ru-CoxPv@C in
alkaline solution. Moreover, Ru-CoxPv@C displays good
advantages in acidic HER stability (Fig. 4c). To further investi-
gate the hydrogen production capability in a two-electrode
system (Fig. 4d), we also evaluated the overall water splitting
performance in alkaline seawater solution by using Ru-Cox-
Pv@C as the cathode and a RuO2 electrode as the anode. For
comparison, the overall water splitting (OWS) performance of
Ru-Co(OH)2‖RuO2 and commercial Pt/C‖RuO2 were also
measured. The polarization curves in Fig. 4e and f indicate that
the required voltage is as low as 1.58 and 1.98 V to drive the h10
and h100, respectively, for Ru-CoxPv@C‖RuO2, superior to those
of Pt/C‖RuO2 (1.6 and 2.04 V) and Ru-Co(OH)2‖RuO2 (1.75 and
2.12 V). Remarkably, aer continuous operation for over 100 h
at h10, it remained stable without evidence of a decline in
activity (Fig. 4g). Fig. 4h and Table S2† clearly demonstrate the
potential of Ru-CoxPv@C to rival recent state-of-the-art catalysts
in OWS.

3.4 Hydrogen spillover mechanisms

Operando electrochemical impedance spectroscopy (EIS) was
measured to probe the adsorption of active hydrogen species
(Fig. 5a, S11 and Table S3†). All Nyquist plots were tted using
a double-parallel equivalent circuit model, where Rs corre-
sponds to the uncompensated solution resistance, R1 denotes
the charge transfer resistance associated with H2O adsorption
and activation, and R2 represents the resistance related to
© 2025 The Author(s). Published by the Royal Society of Chemistry
hydrogen adsorption. At any overpotentials, the Ru-CoxPv@C
catalyst exhibits lower values for both R1 and R2 compared to
Ru-Co(OH)2, indicating more efficient charge transfer between
the catalyst surface and H2O molecules. The hydrogen adsorp-
tion charge (QH), obtained by integrating the adsorption pseu-
docapacitance (C4) as a function of overpotential (h), is
considered a reliable indicator of the quantity of hydrogen
adsorbed on the catalyst surface during the HER.46 The QH of
Ru-CoxPv@C (21.64 mC) is approximately 37 times greater than
that of Ru-Co(OH)2 (0.578 mC), demonstrating signicantly
enhanced interfacial HSo from Ru to CoxPv. This result high-
lights the role of CoxPv as an efficient mediator for hydrogen
adsorption, providing a straightforward pathway for optimizing
the hydrogen adsorption capability (Fig. 5b and Table S3†).
Furthermore, plotting log R2 against the overpotential corre-
sponding to the EIS-derived Tafel slopes enables the quanti-
cation of hydrogen adsorption kinetics for Ru-Co(OH)2 and Ru-
CoxPv@C. As illustrated in (Fig. 5c), the smaller slope of 9.0 mV
dec−1 for Ru-CoxPv@C indicates signicantly accelerated
hydrogen adsorption kinetics. The Bode phase plots in Fig. 5d
and e reveal that the phase angle decreases as the overpotential
shis from 0.02 to 0.18 V, suggesting that the HER primarily
occurs at the low-frequency (LF) interface. In contrast, for Ru-
Co(OH)2, the phase angle remains nearly unchanged in the
high-frequency (HF) region, indicating a stable electrolyte–
electrode interface. Conversely, for Ru-CoxPv@C, the phase
angle in the HF region increases with the applied potential,
implying that the electrolyte–electrode interface is dynamic.
This variation likely originates from HSo from CoxP to Ru,
Chem. Sci., 2025, 16, 13855–13863 | 13859
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facilitating the formation of Ru–H species.47 To investigate the
hydrogen desorption behavior, operando CV measurements
were performed on Ru-Co(OH)2 and Ru-CoxPv@C samples.48 As
shown in Fig. 5f, the oxidation peaks observed within the
potential range of 0.20–0.45 V vs. RHE are attributed to
hydrogen desorption rather than electrochemical surface
oxidation of the electrode. The relatively weak hydrogen
desorption peak intensity for Ru-Co(OH)2 suggests an absence
of signicantly enhanced desorbed hydrogen quantities, indi-
cating negligible HSo from Ru-Co(OH)2-to-Ru. Meanwhile, the
pronounced hydrogen desorption peak observed for Ru-Cox-
Pv@C unequivocally conrms the signicantly enhanced HSo,
which facilitates the accumulation of abundant active hydrogen
species at the Ru tip regions. The kinetics of hydrogen desorp-
tion was further quantied by plotting the hydrogen desorption
peak shi in the CV curves of Ru-Co(OH)2 and Ru-CoxPv@C as
a function of scan rate. Notably, the substantially lower tted
slope for Ru-CoxPv@C (9.67 × 10−5) compared to Ru-Co(OH)2
(1.15 × 10−5) suggests a markedly enhanced hydrogen desorp-
tion process (Fig. 5g–i).
3.5 Formation mechanism of local acidic environment

In situ Raman spectroscopy was performed to gain deeper
insight into the enhanced catalytic performance of Ru-Cox-
Pv@C, which is attributed to the formation of a localized acid-
like environment (Fig. 6a).49 For alkaline seawater HER, the
Fig. 6 (a) In situ Raman spectroscopy setup. (b and c) In situ Raman
spectra for Ru-Co(OH)2 and Ru-CoxPv@C with different operating
potentials (vs. RHE), and (d and e) 2D contour images of Ru-Co(OH)2
and Ru-CoxPv@C. (f) Normalized intensity of Ru–H signals for Ru-
Co(OH)2 and Ru-CoxPv@C under different HER potentials. (g) Sche-
matic diagram of the HSo mechanism for Ru-CoxPv@C. (h) Physico-
chemical insight into the electron state in the Ru-CoxPv@C structure.

13860 | Chem. Sci., 2025, 16, 13855–13863
Raman spectra of Ru-Co(OH)2 and Ru-CoxPv@C were recorded
as the overpotential increased from 0.02 to 0.10 V. As demon-
strated in Fig. 6b–e, in addition to the prominent peaks at 1350
and 1593 cm−1, which correspond to the characteristic D and G
bands of carbon, two additional peaks at 1192 and 1543 cm−1

were observed in the Ru-CoxPv@C sample. These peaks are
attributed to the vibrational modes of dual Co–Co sites (dCo–OH–

Co) and Ru–Ru sites (dRu–OH–Ru) in the Ru-CoxPv@C sample,
respectively. Notably, their intensities progressively increase
with rising overpotential, indicating the dynamic evolution of
active sites during the HER process.50 However, Ru-Co(OH)2
exhibits only the dRu–OH–Ru peak during the HER test, suggesting
that Ru-CoxPv@C facilitates the desorption of more strongly
adsorbed OH* species. This enhancement is likely attributed to
the unique Co sites, which promote OH* desorption, thereby
improving the water dissociation kinetics. In contrast, the
desorption of Ru–OH remains hindered in the Ru-Co(OH)2
catalyst. Notably, as the overpotential gradually increases, three
new Raman peaks are detected at ∼2330, ∼1885 and
∼1750 cm−1, belonging to P–H, Ru–H, and H3O

+ intermediate
species in Ru-CoxPv@C, respectively, and a weaker peak in the
range of 750–900 cm−1 ascribed to Ru–H.25,50–53 The presence of
P–H suggests that phosphorus can act as a proton concentrator,
storing H+ and supplying it to the active sites of Ru during the
HER. Moreover, the negatively charged Ru atom can also
enhance the H+ adsorption process due to the creation of
nanoscale and atomically local electric elds, which subse-
quently combine with adjacent H2O molecules to form abun-
dant H3O

+, creating a local acid-like environment that promotes
HSo. Furthermore, in comparison to Ru-CoxPv@C, Ru-Co(OH)2
exhibits weaker Ru–H at larger applied potential, and hardly
shows the H3O

+ intermediate species peak, and thus has
unsatisfactory catalytic performance (Fig. 6f).

Based on the above experimental and theoretical results, we
propose a HER mechanism for the Rud− NPs in an alkaline
seawater solution (Fig. 6). As shown in Fig. 6g, the phosphorus
vacancy-rich CoxPv@C facilitates the water dissociation and
transfers abundant electrons to Ru NPs to form negatively
charged Ru atoms, thus creating an atomic electric eld. Then,
the electron-decient H+ species spontaneously transfer to Ru
and aggregate on the Ru surface, where they subsequently
combine with adjacent H2O molecules to form abundant H3O

+,
creating a local acid-like environment that promotes HSo.
Moreover, the carbon layer and the inherent corrosion resis-
tance of CoxPv@C effectively protect the Ru region from the
toxicity and corrosion caused by Cl− in the alkaline seawater
electrolyte, thus achieving excellent HER performance. In
addition, the high-curvature nanoparticle structure attracts
electrons to the Ru tip region to consolidate this electron-rich
state, which is benecial for proton enrichment at the tip.
Specically, as shown in Fig. 6h, this high-curvature Ru round
morphology, resembling a nanopyramid, effectively concen-
trates electrons at the tip region to induce a high local nano-
scale electric eld, which is benecial for the proton enriched
environment at the Ru NPs region, indicating that the Ru NPs
region with enriched electrons can promote a local acidic
proton-rich environment for HSo under alkaline conditions.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

We propose a cooperative strategy that establishes both nano-
scale and atomically local electric elds to generate a high-
concentration local acid-like environment for HSo. FEM simu-
lations and related characterizations illustrate that the these
local electric elds promote the formation of a signicant
amount of H3O

+, creating a local acid-like environment around
the surface of the Ru nanoparticles. The small DF of 0.05 eV
between Ru and CoxP is benecial to the interface HSo. In situ
Raman spectroscopy conrms that the formed P–H bond acts as
a proton “sponge”, storing H+ ions and quickly transferring
them to the Ru NPs surface, where they combine with adjacent
H2Omolecules to formH3O

+, thus promoting HSo. Importantly,
the carbon layer and the inherent corrosion resistance of Cox-
Pv@C effectively protect the Ru NPs from the toxicity and
corrosion caused by Cl−. Consequently, the Ru-CoxPv@C cata-
lyst exhibits a small overpotential of 94 mV to achieve h10 with
a long-term stability for 200 h at this current in alkaline
seawater electrolyte.
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