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ABSTRACT: Electrocatalytic water splitting for hydrogen production is an important pathway for achieving sustainable green
hydrogen production. However, the shortage of freshwater resources limits its large-scale application, making it urgent to develop
efficient and stable catalysts suitable for complex water sources such as seawater and wastewater. In this study, a FeRu
bimetallic nanocatalyst (FeRu-ERBC) was constructed through biomass-derived two-dimensional porous carbon supports. It
demonstrated excellent hydrogen evolution performance in alkaline, seawater, and chemical wastewater environments: with an
overpotential of only 22.7 mV (10 mA cm) in 1.0 M KOH and over 120 hours of operational stability. Structural characterization
and mechanistic studies, complemented by density functional theory (DFT) calculations, revealed that the support not only
provides a high specific surface area and mass transport channels but also promotes atomic-level replacement of Fe by Ru,
forming a tightly coupled Fe-Ru interface. X-ray photoelectron spectroscopy and in situ spectroscopy confirmed the electronic
transfer from Fe to Ru at the interface, forming a “Fe®*-Ru®” synergistic active center. This structure induced the regulation of the
surface interfacial water network, thereby enhancing the overall reaction kinetics. This work provides a new strategy for the
design of Ru-based catalysts with interface electronic regulation for real-world water environments and highlights the crucial role

of biomass carbon supports in advancing green hydrogen technology.

KEYWORDS: hydrogen evolution reaction, biomass-derived carbon, FeRu bimetallic, interfacial electronic engineering

1 Introduction

The continuous growth of global energy demand and the
urgent need to address climate change have made hydrogen
a key clean energy carrier for achieving a sustainable future.
The production of green hydrogen through electrochemical
water splitting driven by renewable energy offers a
promising pathway [1-3]. However, the issue of the large
amounts of freshwater required for large-scale electrolysis
has become a major sustainability challenge due to the
scarcity of clean water resources worldwide [4,5]. Utilizing
abundant alternative water sources, such as seawater or
industrial wastewater, provides a viable solution [6-8].
However, this shift presents severe challenges for electro-
catalysts, as impurities in complex electrolytes (such as
chloride ions, organic compounds, and metal ions) can
poison active sites, accelerate corrosion, and lead to
structural degradation [9,10]. Therefore, developing
hydrogen evolution reaction (HER) electrocatalysts with
high activity and excellent durability is crucial for advancing
a practical hydrogen economy [11-14].

Ru has become the most ideal substitute for platinum due
to its superior hydrogen binding energy and lower cost
[15,16]. Particularly in alkaline media compatible with
mature anion exchange membrane technology, Ru exhibits a

lower hydrolysis potential, which aids the initial Volmer step
[17]. However, Ru-based catalysts often face a trade-off
between activity and stability, failing to meet the demands of
practical applications [18]. The strong interaction of Ru with
hydrogen often results in slow hydrogen desorption kinetics.
Additionally, in alkaline conditions, the strong chemical
adsorption of hydroxyl species permanently poisons active
sites [19]. Furthermore, Ru itself has a strong Ru-0O covalent
bond and lattice oxygen participation, leading to excessive
oxidation and irreversible structural collapse during
operation [20]. Despite efforts to adjust the electronic
structure of Ru through strategies such as heteroatom
doping, strain engineering, and constructing strong metal-
support interactions (SMSI), numerous challenges remain
[21-25]. These factors include complex synthesis processes,
insufficient  interface  coupling, and nanoparticle
aggregation/separation phenomena, especially in corrosive
environments [26,27]. Therefore, constructing a synergistic
electronic environment is crucial.

The choice of support material plays a decisive role in
determining the dispersion of metals, interface structure,
and the final catalytic performance [28]. Traditional carbon
supports, such as carbon black, typically come from the
petrochemical industry and often have limited tunability. In
contrast, biomass-derived carbon materials provide a
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sustainable and structurally adjustable platform [29]. Their
inherent heteroatom doping and complex texture can be
used to design ordered SMSI. Their natural hierarchical
structure and self-templating properties enable the
synthesis of high surface area, defect-rich, and inherently N-
doped two-dimensional porous carbon matrices (ERBC) [30-
32]. This customized structure is considered an ideal
substrate for stabilizing ultra-small bimetallic nanoparticles
and contributes to effective interface electronic regulation.

In this work, we designed and synthesized a hybrid
catalyst anchored by Fe-Ru composite nanoparticles onto
engineered biomass-derived carbon (FeRu-ERBC). The ERBC
support not only ensures the high dispersion of the metals,
but also facilitates the near-complete substitution of Fe by
Ru, forming a tight Fe-Ru interface. The electron
redistribution from Fe to Ru generates Fe®" (electron-
deficient) and Ru® (electron-rich) sites. The “Fe®-Ru®”
synergistic effect effectively regulates the hydrogen bond
network at the interface, influencing the distribution of
water at the interface and thus accelerating reaction kinetics.
We systematically evaluated the hydrogen evolution
reaction performance of FeRu-ERBC in alkaline media,
alkaline seawater, and alkaline chemical wastewater,
demonstrating its outstanding activity and durability.
Through spectroscopic analysis and in situ testing, we
elucidated the critical role of biomass carbon in driving the
formation of the synergistic interface and regulating
interfacial water behavior. This study provides a reliable
approach for designing adaptive electrocatalysts suitable for
practical hydrogen production and highlights the application
potential of biomass-derived carbon in advanced energy
conversion technologies.

2 Experimental
2.1 Pretreatment

Spread the Equisetum ramosissimum Desf evenly on
aluminum foil, rinse thoroughly with distilled water, and dry
in an oven at 60°C to remove moisture. Place the dried
Equisetum ramosissimum Desf in a ceramic boat and calcine
it in a tube furnace (under argon atmosphere, heating rate:
5°C/min, target temperature: 300°C, hold for 1 h). After
calcination, take out the material and grind it into powder to
obtain the pretreated Equisetum ramosissimum Desf
material.

2.2 Preparation of Fe-ERBC precursor

Take 0.3000 g of pretreated Equisetum ramosissimum
Desf material, 0.3000 g of zinc chloride powder, and 0.9000
g of FeCls, place them in a ceramic boat, and grind until a
paste-like consistency is achieved. Transfer the ceramic boat
into a tube furnace and calcine (under N, atmosphere,
heating rate: 5 °C/min, target temperature: 800 °C, hold for 2
h). After calcination, remove the product, grind it into

powder, and add 10% nitric acid while stirring for 2 minutes.

Then, wash the material by suction filtration with distilled
water until neutral pH is reached. Dry the washed material
in a vacuum oven for 2 days to obtain the Equisetum
ramosissimum Desf precursor material.

2.3 Preparation of FeRu-ERBC

Take 0.0250 g of Equisetum ramosissimum Desf precursor
material and 0.0150 g of RuCls, place them in a ceramic boat,
and mix thoroughly by grinding. Transfer the mixture into a
tube furnace and calcine (under Ar atmosphere, heating rate:
2 °C/min, target temperature: 450 °C, hold for 1 h). After
cooling, collect the final product to obtain the Ru-modified
Equisetum ramosissimum Desf sample.

3 Results and discussion

The synthetic schematic shown in Figure 1a illustrates the
carrier-guided precise interface construction strategy. In
contrast to traditional co-impregnation methods, this work
employs a step-by-step synthesis approach: first, an Fe-
ERBC precursor with highly dispersed Fe species is
constructed (Figures S1 and S2), followed by the formation
of the Fe-Ru interface at predefined positions through a
substitution reaction with Ru3*. In order to clarify the unique
role of biomass-derived carbon supports, we simultaneously
prepared the control sample FeRu-AC using commercial
activated carbon (AC) as the support. The Transmission
electron microscopy (TEM) image of FeRu-ERBC in Figure 1b
shows that the ultrafine nanoparticles are highly uniformly
dispersed on the two-dimensional porous carbon support,
with no apparent aggregation. The particle size distribution
statistics based on measurements of more than 60 particles
indicate an average size of 2.22+0.5 nm (Figure S3). This
high dispersion is directly attributed to the strong anchoring
effect of the surface defects and functional groups of the
biomass carbon support on the metal precursor. The control
sample FeRu-AC prepared simultaneously also shows
nanoparticle dispersion on commercial AC (Figure S4). The
X-ray diffraction (XRD) patterns (Figures 1c and S5)
comparison reveals a fundamental transformation in the
catalyst’'s crystal structure [33]. The diffraction peaks
associated with Fe species in Fe-ERBC almost completely
disappear in FeRu-ERBC, leaving only the characteristic peak
of (101) crystal plane to metal Ru. To quantitatively analyze
this transformation, Rietveld refinement was performed on
the XRD data (Figure S6), confirming that the Fe-related
phases fall below the detection limit (<1 wt%), while the
metallic hcp Ru (P63/mmc) constitutes the predominant
crystalline component. Combined with the decrease in Fe
content measured by ICP-OES (Table S1), it is confirmed that
on the biomass carbon support, the initial Fe species have
been almost entirely atomically substituted and integrated
by Ru, rather than forming a physically mixed heterogeneous
structure. The FeRu-AC retains a prominent Fe30, diffraction
peak (Figure S7) [34], and ICP-OES shows that its Fe residue
is significantly higher proving that the substitution reaction
on commercial activated carbon is incomplete, and a similar
Ru phase structure has not been formed. The atomic-level
structure was further clarified through high-angle annular
dark-field scanning TEM (HAADF-STEM). The fast Fourier
transform (FFT) spectrum obtained from the region marked
in Figure 1d confirmed the good crystallinity of the
supported nanoparticles, consistent with the hexagonal Ru
phase identified by XRD [35]. Additionally, high-resolution
TEM (HRTEM) images (Figures le and S8) clearly display
lattice fringes with a measured spacing corresponding to the
(101) plane of metallic Ru [36]. The energy-dispersive X-ray
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spectroscopy (EDS) elemental mapping in Figure 1f visually
confirms the uniform composite and close coexistence of Fe
and Ru at the nanoscale in space. The strong overlap of the
signals from C, O, Fe and Ru, especially the high consistency
in the distribution of Fe and Ru, confirms the successful
construction of bimetallic composite nanoparticles.

Further investigation into the surface structure and
electronic state of the catalyst was conducted. Figure 2a
compares the Raman spectra of Fe-ERBC and FeRu-ERBC.
FeRu-ERBC exhibits a higher Ip/Ic ratio (1.00), indicating
that the introduction of Ru increases the defect density in
the carbon framework, which is a key characteristic of the
ERBC support and is beneficial for enhanced charge transfer
and catalytic activity [37]. N2 adsorption-desorption tests
were used to analyze the pore structure of the materials. As
shown in Figure 2b, both Fe-ERBC and FeRu-ERBC display a

Annealing

Fe-ERBC

mixed isotherm of type I and type IV, with rapid adsorption
in the low-pressure region and a distinct H4-type hysteresis
loop, confirming the presence of micropores and mesopores.
The corresponding pore size distribution curve (Figure 2c)
further demonstrates their well-developed porous
characteristics. The high specific surface area of FeRu-ERBC
(993.47 m? g1) is substantially higher than that of commer-
cial activated carbon (425.43 m? g, Figure S9), and its
developed pore structure together facilitate mass transfer
and exposure of active sites during the reaction process. In
contrast, the pore structure of FeRu-AC is mainly

microporous, with insufficient mesopore development and
fewer surface oxygen-containing functional groups. This
limits the mass transfer efficiency and the full exposure of
active sites during the reaction process [38].
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Figure 1 (a) Schematic illustration of the synthesis process of FeRu-ERBC. (b) TEM image of FeRu-ERBC. The inset shows a
magnified view of the selected area. (c) XRD patterns of Fe-ERBC and FeRu-ERBC. (d) HADDF-STEM image and (e) HRTEM
image of FeRu-ERBC. The inset in (d) displays the corresponding FFT pattern. (f) EDS elemental mapping of FeRu-ERBC.

X-ray photoelectron spectroscopy (XPS) was used to
deeply analyze the surface elemental chemical states and
electronic transfer (Figure S10). The high-resolution Fe 2p
spectrum (Figure 2d) shows that, compared to Fe-ERBC, the
Fe 2p binding energy in FeRu-ERBC undergoes a positive
shift of about 0.68 eV, indicating a reduction in electron
density around Fe [39]. Meanwhile, the Ru 3p spectrum
(Figure 2e) can be divided into two components, Ru’ and

Ru™, indicating the coexistence of Ru in both metallic and
oxidized states [40]. To more accurately verify the charge
redistribution process, high-resolution Ru 3d spectra were
collected and deconvoluted (Figure S11). The Ru 3ds/2 peak
is located at 280.2 eV, which is slightly positively shifted
relative to the standard binding energy of metallic Ru®
(280.0 eV), indicating the presence of a minor oxidized state
(Ru™) on the Ru surface, consistent with the Ru 3p results.
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The O 1s spectrum (Figure 2f) shows that in FeRu-ERBC,
compared to Fe-ERBC, the peak corresponding to the metal-
oxygen bond (M-0, approximately 530.1 eV) shifts positively
by about 0.58 eV.

The systematic binding energy shift analysis in Figure 2g
quantitatively presents this charge redistribution process.
The positive shift in Fe 2p binding energy (AB.E. ~ +0.68 eV)
and the shift in the O 1s (M-0) peak (AB.E. ~ +0.58 eV)
corroborate each other, providing evidence for the flow of
electrons from the Fe-0 region, which drives the formation
of the “Fe®*-Ru’®” local electronic structure. It is worth
noting that a positive shift in the Fe 2p binding energy was
also observed in FeRu-AC (Figure S12). However, combining
XRD phase analysis suggests that in commercial AC, the
introduction of Ru did not effectively promote the

occurrence of substitution reactions. On the contrary, it may
have facilitated the conversion of elemental Fe to Fe3Os
during subsequent processing.

Additionally, the peak area ratio analysis in Figure 2h
provides quantitative information about the surface
chemical states. The Fe 2p spectrum was fitted to yield a
Fe?*/Fe3* peak area ratio of 0.82:1 in FeRu-ERBC, indicating a
predominance of Fe3*, consistent with electron transfer from
Fe to Ru leading to an increased oxidation state of Fe. The Ru
3p spectrum was deconvoluted into two components, Ru®
and Ru™*, with an area ratio of approximately 1.2:1,
confirming the coexistence of metallic and oxidized Ru
species; the latter is attributed to slight surface oxidation or
strong metal-support interaction. The O 1s spectrum reveals
a positive shift of 0.58 eV for the M-0 bond (530.1 eV) in
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Figure 2 (a) Comparison of Raman spectra for Fe-ERBC and FeRu-ERBC. (b) N; adsorption-desorption isotherms of Fe-ERBC
and FeRu-ERBC. (c) Corresponding pore size distribution curves of Fe-ERBC and FeRu-ERBC. (d) High-resolution Fe 2p XPS
spectra of Fe-ERBC and FeRu-ERBC. (e) High-resolution Ru 3p XPS spectrum of FeRu-ERBC. (f) High-resolution O 1s XPS
spectrum of FeRu-ERBC. (g) Binding energy shift analysis derived from the Fe 2p and O 1s XPS spectra. (h) Peak area ratio
analysis of different chemical states in FeRu-ERBC. (i) Schematic illustration of the proposed electron transfer process

between Fe and Ru based on spectroscopic analysis.
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FeRu-ERBC compared to Fe-ERBC, while the peak area ratio
remains close to 1, suggesting a reduction in Fe-O bonds
accompanied by the formation of new Ru-O bonds,
indicative of strong metal-support interaction [41]. Based
on the above analysis, Figure 2i provides a clear schematic of
electron transfer and synergistic effects. On the biomass
carbon support, the more electronegative Ru atoms form
atomically level interfaces with Fe atoms via substitution
reactions, leading to the transfer of electrons from Fe to Ru.
This process results in the formation of Fe?* sites with
electron deficiency and Ru® sites with electron enrichment,
which in turn triggers a series of functionalized interface
reconstructions.

The HER performance of FeRu-ERBC was evaluated in N»-
saturated 1.0 M KOH electrolyte. For comparison, FeRu-AC
and commercial Pt/C catalysts were also tested under the
same conditions. All key electrochemical measurements
were repeated at least three times, and standard deviation
error bars were added to ensure statistical significance. As
shown in Figure 3a and Table S2, FeRu-ERBC requires only a
22.7 mV overpotential to reach a current density of 10 mA
cm?, which is significantly lower than the commercial Pt/C
(31.3 mV) and FeRu-AC (65.9 mV). Figures 3b and S13
further summarizes and compares the key HER performance
parameters of the two catalysts: FeRu-ERBC exhibits the
lowest Tafel slope (29.0 mV dec), close to the theoretical
value for the Volmer-Heyrovsky mechanism (~30 mV dec?),
indicating optimal HER reaction kinetics. At an overpotential
of 50 mV, FeRu-ERBC achieves a mass activity of 224.2 A
mg!, far exceeding that of FeRu-AC (3.4 A mgl),
demonstrating its superior current generation capability per
unit mass, which is beneficial for reducing catalyst usage and
cost. Additionally, its turnover frequency at the same
overpotential reaches 0.75 s, significantly surpassing FeRu-
AC (0.01 s'1), confirming the higher intrinsic activity of FeRu-
ERBC. These results collectively indicate that FeRu-ERBC
with a high specific surface area exhibits superior intrinsic
catalytic activity in the HER.

As depicted in Figure 3c and Table S3, FeRu-ERBC
outperforms various recently reported noble metal-based
catalysts in HER activity. In addition to high activity, this
catalyst also exhibits remarkable electrochemical stability.
After 15,000 cycles of cyclic voltammetry, the overpotential
required to reach 10 mA cm? increases by only 4.3 mV
(Figure 3d). Chronopotentiometry tests further demonstrate
that FeRu-ERBC shows no noticeable decay after 120 hours
of continuous operation at a constant current density of 10
mA cm? (Figure 3e). TEM image after stability (Figure S14)
proved that the strong anchoring effect prevents the
aggregation and detachment of Ru nanoparticles during
long-term operation. Electrochemical impedance
spectroscopy results (Figure 3f) indicate that FeRu-ERBC
presents the smallest semicircle diameter in the Nyquist plot
at 100 mV overpotential, suggesting the lowest charge
transfer resistance. Moreover, double-layer capacitance tests
estimate the electrochemical active surface area, indicating
that FeRu-ERBC has a larger exposed active site area
(Figures 3g and S15), further supporting its superior
catalytic performance. To evaluate its industrial applicability,
an electrolyzer was assembled using FeRu-ERBC as the

cathode catalyst. As shown in Figure S16, its performance
was comparable to that of commercial Pt/C, albeit slightly
inferior; nevertheless, it maintained stable operation at a
current density of 1 A cm™ for over 80 hours.

The growing conflict between the dependence on
freshwater resources for large-scale hydrogen production
and the scarcity of freshwater resources highlights the
potential of directly utilizing seawater or chemical
wastewater for hydrogen electrolysis as promising
alternatives. To assess the catalyst’s applicability in actual
complex water sources, this study systematically tested the
HER performance of FeRu-ERBC in chemical alkaline
seawater and alkaline chemical wastewater environments.
As shown in Figure 3h, in seawater prepared with 1.0 M KOH
and in 200-fold diluted chemical wastewater, FeRu-ERBC
exhibits overpotentials of 35.3 mV and 37.2 mV at a current
density of 10 mA cm?, respectively, demonstrating excellent
electrochemical activity. The durability of FeRu-ERBC in
complex electrolytes was further tested using cyclic
voltammetry and chronopotentiometry (Figures 3i and S17).
FeRu-ERBC maintains a stable current density with only a
1.8 mV positive shift in 1o after 15,000 sweeping cycles in
seawater and a 10.1 mV positive shift after 1,000 sweeping
cycles in chemical wastewater. Chronopotentiometry tests
indicate that the catalyst exhibits negligible activity decay
after 70 hours of continuous operation in alkaline seawater
at 10 mA cm?, while noticeable decay occurs after 10 hours
in chemical wastewater. Overall, the stability of the catalyst
in wastewater is lower than in seawater, primarily due to the
presence of impurities in the chemical wastewater, such as
organic compounds and heavy metals, which are adsorbed
onto the catalyst surface. This adsorption blocks the active
sites, reducing catalytic activity, thereby increasing the
electron transfer resistance and lowering the overall
efficiency of the electrolysis process.

To further clarify the interfacial dynamic behavior of
FeRu-ERBC under electrochemical conditions, electro-
chemical impedance spectroscopy (EIS) was used to
systematically analyze its charge transfer and interfacial
processes. Figure S18a shows the Nyquist plot at different
applied potentials under 1.0 M KOH. The intercept of the
high-frequency region with the real axis corresponds to the
solution resistance (R;), while the single flat semicircle in the
mid-frequency region is mainly attributed to the charge
transfer process at the electrode-electrolyte interface [42].
As the potential moves from the standard potential in the
negative direction, the diameter of the semicircle decreases
significantly, indicating that the charge transfer resistance
(Ret) decreases with the increase in overpotential, which is
characteristic of the activation-controlled step in electro-
catalytic reactions [43].

Using the Bode plot (Figure S18b) for further analysis, the
dynamic information in the frequency domain can be more
clearly explained. In the higher frequency range (> ~10% Hz),
the phase angle approaches zero degrees, and the impedance
magnitude is mainly controlled by Rs; in the mid-frequency
region (around 103 ~ 10° Hz), a distinct peak appears in the
phase angle, corresponding to the dominance of the charge
transfer process within this frequency range. The peak width
and height reflect the uniformity of the interface process and
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10 mA cm? between FeRu-ERBC and recently reported noble-metal-based HER catalysts. (d) HER polarization curves of FeRu-
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overpotential. (g) Comparison of double-layer capacitance (Cdl) derived from CV scans at different rates in the non-faradaic
region. (h) Comparison of HER polarization curves for FeRu-ERBC measured in alkaline pure water, alkaline seawater, and
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the corresponding chronopotentiometry test curve.

the distribution of time constants; in the low-frequency
region (<10° Hz), the phase angle decreases to zero degrees
again, and the impedance behavior is gradually influenced
by mass transfer or surface intermediate adsorption-
desorption processes. In the HER working potential range,
FeRu-ERBC exhibits a relatively broad mid-frequency phase
angle peak, extending towards the high-frequency direction,
indicating that the interfacial charge transfer dynamics are
fast, with a smaller distribution of time constants, which also
confirmed by the smaller R displayed in the Nyquist plot
[44, 45].

To investigate the effect of electrolyte complexity on
interfacial dynamics, comparative EIS experiments were
conducted in seawater and chemical wastewater (Figures
S19-S21). The R« and total polarization resistance (Rp)
extracted via equivalent circuit fitting (Figures 4a and 4b)
indicate that FeRu-ERBC exhibited the lowest and most
stable resistance values in all media. Notably, in alkaline
seawater and wastewater, there was no significant increase
in Re, suggesting that the interface maintained efficient and
stable charge transfer even in the presence of ClI" and organic
soil impurities. This outstanding impedance performance
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can be attributed to its “Fe%*-Ru®” synergistic interface,
which facilitating rapid charge transfer and preventing
interfacial passivation and resistance buildup, thereby

sustaining efficient kinetics over a wide frequency range [46,
47].
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Figure 4 (a) Comparison of the fitted RS values. (b) Comparison of the fitted Rct values. (c) Schematic of the experimental
setup for operando Raman spectroscopy measurements. Operando Raman spectra collected during the HER process for FeRu-
ERBC in (d) 1.0 M KOH, (e) alkaline seawater and (f) alkaline wastewater. (g) Bader charge analysis of the Fe?*~Ru? interface.
(h) Calculated AGy on different sites. (i) Calculated water dissociation barrier (Volmer step) on different models.

Based on the efficient and stable interfacial charge
transfer characteristics revealed by the previous impedance
analysis, the molecular structural origins of the interfacial
microenvironment were further investigated through
operando Raman spectroscopy (Figure 4c), with a focus on
the structural evolution of the interfacial water network.
Figures 4d-f show the Raman spectra of the O-H stretching
vibration region (~3000-3800 cm) and their deconvolution
fitting results during HER of FeRu-ERBC in different
electrolytes. In 1.0 M KOH, as the potential shifts negatively,
the intensity of the broad peak corresponding to strongly

hydrogen-bonded network water gradually decreases, while
the peak representing weak hydrogen bonds or “quasi-free”
OH groups relatively increase. To quantify the modulation of
the water network, peak deconvolution of the O-H
stretching region was performed to differentiate strongly
hydrogen-bonded water (~3200 cm') from weakly
hydrogen-bonded/free OH groups (~3500 cm™). The peak
area ratio Aweak/Astrong Was calculated as a function of applied
potential. For FeRu-ERBC in 1.0 M KOH, this ratio increases
linearly with negative potential, yielding a slope of 0.015
(Figure S22). This quantitative result demonstrates that the
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Fe¥*-Ru¥ interface effectively loosens the hydrogen-bond
network of interfacial water, creating a more dynamic water
environment conducive to proton transfer. This “loosened”
H20 network structure is in excellent agreement with the
low R observed in impedance analysis, as it reduces the
energy barrier for H30* or H,0 transport and activation at
the interface.

To provide theoretical validation for the proposed
synergistic mechanism, density functional theory (DFT)
calculations were performed. The atomic models were
constructed based on the experimentally identified
structural features, as illustrated in Figure S23. Bader charge
analysis on the FeRu/defective C model (Figure 4g) reveals
that the Fe atom at the interface loses approximately 0.31 |e|,
while the adjacent Ru atom gains about 0.28 |e|, resulting in
a net electron transfer of approximately 0.30 |e| from Fe to
Ru. This quantitative result is in excellent agreement with
the experimentally observed positive shift of the Fe 2p
binding energy (+0.68 eV) in XPS, providing direct
theoretical evidence for the formation of the Fe¥-Ru®
configuration. The calculated hydrogen adsorption free
energy (AGy) values on different models are shown in Figure
4h: on the Ru site in Ru/ideal C (Model 1), AGx =-0.33 eV; on
the Ru site in FeRu/ideal C (Model 2), AGy = -0.16 €V; and on
the Ru® site in FeRu/defective C (Model 3), AGu = -0.08 eV,
which is close to the optimal value (0 eV). These results
demonstrate that the Ru® site offers a nearly ideal H
adsorption strength. Additionally, the calculated water
dissociation barriers (Volmer step: H.0 —» H" + OH-) show a
progressive decrease (0.71 eV on Ru/ideal C, 0.52 eV on
FeRu/ideal C, and 0.38 eV on FeRu/defective C) in Figure 4i,
confirming the synergistic mechanism in which Fe¥
promotes O-H bond cleavage and Ru® stabilizes the
adsorbed H intermediate.

In the complex environment of alkaline seawater and
wastewater (Figures 4h, i), this spectral evolution trend
remains consistent. Despite the presence of Cl- and organic
impurities in the electrolyte, the FeRu-ERBC interface can
still induce similar dynamic restructuring of the water
network, without the appearance of new peaks that would
indicate specific adsorption of pollutants or interfacial water
structure. This explains at the molecular scale why its
impedance behavior remains stable in complex media. The
“Fe®*-Ru®” synergistic interface not only optimizes the
adsorption of reaction intermediates at the metal sites, but
also maintains a stable and highly active interfacial water
layer through its unique surface electric field, serving as a
“high-speed channel” for proton transfer, ensuring that the
Volmer step (H20 + e — H"+ OH’) remains efficient [48, 49].

4 Conclusions

This work successfully developed an efficient and stable
HER electrocatalyst, FeRu-ERBC, by anchoring FeRu
bimetallic nanoparticles onto a two-dimensional porous
carbon support derived from Equisetum ramosissimum Desf.
It achieves a current density of 10 mA cm? with an
overpotential of only 22.7 mV in 1.0 M KOH and excellent
long-term stability (>120 hours), outperforming commercial
Pt/C, in both alkaline seawater and chemical wastewater.
Systematic characterization and mechanistic studies reveal
that its outstanding performance originates from a unique

“Fe%*-Ru®” synergistic catalytic interface directed by the
biomass-derived carbon support. This support not only
provides a high specific surface area and hierarchical pores
to facilitate mass transport but also more critically drives the
near-complete substitution of Fe by Ru, resulting in an
atomically intimate Fe-Ru interface. The interfacial
electronic structure, comprising electron-deficient Fe®* sites
and electron-enriched Ru? sites, cooperatively optimizes the
adsorption behavior of key reaction intermediates and
activates the interfacial water network, thereby sustaining
rapid reaction kinetics. This designed interface ultimately
endows the Ru-based catalyst with high activity in complex
environments.

Electronic Supplementary Material: Supplementary
material (please provide the brief detail of the ESM) is
available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908737.
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1 Characterization instruments

Materials were characterized using the following techniques and instruments. X-ray diffraction (XRD) patterns were
recorded on a Bruker D8 Advance diffractometer with Cu Ka radiation (A = 1.5406 A) in the 26 range of 5-90°. Raman spectra
were acquired on a Renishaw inVia spectrometer using a 532 nm laser. Nitrogen adsorption- desorption isotherms were
measured at 77 K using a Micromeritics ASAP 2460 analyzer; samples were degassed at 150 °C for 6 h prior to measurement.
The specific surface area was calculated using the Brunauer-Emmett-Teller (BET) method, and pore size distribution was
derived from the adsorption branch using the Barrett-Joyner-Halenda (BJH) model. Transmission electron microscopy (TEM),
high-resolution TEM (HRTEM), and energy-dispersive X-ray spectroscopy (EDS) mapping were performed on a JEOL
JEM-F200 microscope operating at 200 kV. X-ray photoelectron spectroscopy (XPS) was conducted on a Thermo Scientific
K- Alpha+ spectrometer with Al Ka radiation (1486.6 eV); all spectra were calibrated using the C 1s peak at 284.8 eV and
analyzed using Avantage software.

2 Electrochemical Tests

Electrochemical measurements were carried out using a standard three-electrode configuration on a CHI 760E
electrochemical workstation at room temperature (25 * 1 °C). The working electrode was prepared by drop-casting a
homogeneous catalyst ink (5 mg catalyst in 950 uL ethanol and 50 pL 5 wt% Nafion) onto a polished glassy carbon electrode (5
mm diameter). A graphite rod and a saturated calomel electrode (SCE) were used as the counter and reference electrodes,
respectively. All potentials reported are referenced to the reversible hydrogen electrode (RHE) after calibration. Before testing,
the electrolyte was purged with high-purity N, for at least 30 minutes and maintained under a N, atmosphere. Linear sweep
voltammetry (LSV) was performed at a scan rate of 5 mV s! with iR compensation. Electrochemical impedance spectroscopy
(EIS) was measured from 100 kHz to 0.1 Hz with a 5 mV amplitude at a fixed overpotential. Cyclic voltammetry (CV) at various
scan rates (20-200 mV s!) in the non-faradaic region was used to estimate the electrochemical active surface area (ECSA) via
double-layer capacitance (Cdl). Long-term stability was assessed by chronopotentiometry (CP) at a constant current density
and by continuous CV cycling.

The turnover frequency (TOF) was calculated according to the following equation (assuming that every metal atom is
involved in the catalysis) [1:

TOF=jxS/(2xFxn)

where j (mA cm) is the measured current density at 1 =50 mV, S is the surface area of the electrode, the number 2 means 2
electrons mol? of H; evolution, F is the Faraday constant (96485.3 C mol!), and n is the mole of metal atoms coated on the
electrode.

MA (Mass Activity)!:

MA=j/m

where j (mA cm?) is the measured current density at 1 =50 mV, m (mg cm?) = (0.004 mLx5 mg mL1)/(mx0.15%), a rotating
disc electrode with a radius of 1.5 mm, the concentration of the prepared sample was 5 mg mL?, 4 uL (0.004 mL) is the amount
to add to a prepared sample.

In-situ Raman spectroscopy was conducted using a confocal Raman spectrometer equipped with a 532 nm laser light source,



combined with a custom in-situ electrochemical cell, allowing for the synchronous collection of both spectral signals and
electrochemical responses during the electrochemical process. The catalyst ink was evenly drop-coated onto the surface of the
glassy carbon working electrode, forming a three-electrode system with a platinum wire counter electrode and a Hg/HgO
reference electrode. The electrolytes used were 1.0 M KOH solution, alkaline seawater, and alkaline wastewater.
Electrochemical testing was performed with a CHI 760E workstation, with high-purity nitrogen gas continuously bubbled into
the electrolyte for 30 minutes prior to testing to thoroughly remove dissolved oxygen. During the test, the working electrode
potential was controlled by a potentiostatic program, and once the system current stabilized, Raman spectral data was
synchronously collected.

3 DFT details

All density functional theory (DFT) calculations were performed using the Vienna Ab initio Simulation Package (VASP) with
the projector augmented wave (PAW) method. The generalized gradient approximation (GGA) in the form of the Perdew-
Burke-Ernzerhof (PBE) functional was employed to describe the exchange-correlation interaction. Van der Waals corrections
were included using the DFT-D3 method of Grimme to account for non-local dispersion interactions. A plane-wave cutoff
energy of 450 eV was used throughout all calculations. The Brillouin zone was sampled using a I'-centered k-point mesh with a
density of 2m x 0.03 A for structural relaxations and 2m x 0.02 A for electronic property calculations. The convergence
criteria for electronic self-consistency and ionic relaxation were set to 1 x 10”5 eV and 0.02 eV A7, respectively.

To simulate the FeRu-ERBC catalyst, three representative structural models were constructed: (1) Ru/ideal C, representing
Ru clusters supported on an ideal graphene sheet; (2) FeRu/ideal C, representing Fes04 and Ru clusters on an ideal graphene
support; and (3) FeRu/defective C, representing Fe single atom and Ru clusters on a defective carbon support containing
oxygen, which mimics the actual ERBC surface. All models were built using a 4 x 4 graphene supercell with a vacuum layer of
15 A along the z-direction to avoid periodic interactions. The FeRu clusters were constructed based on the experimentally
determined Fe/Ru atomic ratio and the observed substitutional structure.

Address correspondence to Changyun Chen,; Guangxiang Liu,



Figure S1 (a, b) TEM images of Fe-ERBC.



Figure S2 (a, b) TEM images of Fe-AC.
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Figure S3 (a) TEM images of FeRu-ERBC. (b) Particle size distribution (measurements of more than 60 particles).
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Figure S4 (a, b) TEM images of FeRu-AC. (c) Particle size distribution.
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Figure S5 XRD patterns of Fe-ERBC.
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Figure S6 Rietveld refinement pattern of FeRu-ERBC.
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Figure S7 XRD patterns of Fe-AC, FeRu-AC.



Figure S8 HRTEM images of FeRu-ERBC. The illustration is an FFT image, with lattice fringes marked.
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Figure S9 (a) N2 adsorption isotherms for FeRu-AC and Fe-AC. (b) Corresponding pore size distribution.
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Figure S10 XPS spectra of FeRu-AC and FeRu-ERBC.
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Figure S11 High-resolution Ru 3d XPS spectrum of FeRu-ERBC.
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Figure S12 (a) Fe 2p XPS spectrum of FeRu-AC, Fe-AC. (b) Ru 3p XPS spectrum of FeRu-AC.

455



1.0
60 l
300
0.8
50
© 40 .
> 200- 06
5 ]
Z 301 ]
] 0.4
24 100 ]
] 0.2
10 1
0 0 - 0.0-
Ny N,  Tafel MA TOF@
(mV) (mV) (dec mv") (Amg™) 50 mV(s")

Figure S13 Comparison of key HER performance parameters of FeRu-ERBC with error bars derived from three independent
measurements.



Figure S14 TEM image of FeRu-ERBC after 120-hour stability test.
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Figure S15 Cyclic voltammograms (CV) curves of (a) FeRu-ERBC, (b) FeRu-AC, (c) Pt/C at different scan rates.
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Figure S16 (a) Polarization curves and (b) stability test of FeRu-ERBC and Pt/C as cathode catalysts in an alkaline electrolyzer.
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Figure S17 Cyclic voltammetry cycling stability test of FeRu- ERBC in alkaline chemical wastewater; the inset shows the
corresponding chronopotentiometry test curve.
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Figure S18 (a) Nyquist plots of FeRu-ERBC measured at different applied potentials in 1.0 M KOH. (b) Corresponding Bode
plots.
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Figure S19 (a) Nyquist plots of FeRu-ERBC measured at different applied potentials in alkaline seawater. (b) Corresponding
Bode plots.
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Figure S21 Comparison of Nyquist plots for FeRu-ERBC at 40 mV measured in different electrolytes.
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Table S1 ICP-OES analysis results of Fe-ERBC, FeRu-ERBC, Fe-AC and FeRu-AC.

Samples Elements wt%
Fe-ERBC Fe 48.80
Fe 2.27
FeRu-ERBC

Ru 10.03
Fe-AC Fe 40.60
Fe 24.80

FeRu-AC

Ru 13.24




Table S2 Comparison performances of FeRu-ERBC and FeRu-AC for HER in 1.0 M KOH.

FeRu-ERBC FeRu-AC
n 10 (mV) 22.7 65.93
150 (mV) 56.4 154.5
Tafel (mV dec?) 29.0 68.7
MA (A mg) 224.2 3.4

TOF (s) 0.75 0.01




Table S3 Performance comparison of FeRu-ERBC with the other reported HER catalysts.

Overpotential .
Catalysts (mV) MA TOF Stability Ref.
FeRu-ERBC 22.7 22417 Amg?at 50 mV 0.75s-1at 50 mV 120 h This work
Angew. Chem. Int.
NizN@W;5N4 60 100 h Ed. 2025, 64,
202414647
) Adv. Funct. Mater.
FeP@NiCoP/Mo4P3 72 100 h 2025, 35, 2507225
. Nano Energy 2024,
Mo02/NizSz/NF 74 24 h 122, 109299
) J. Am. Chem. Soc.
I-Ni@c 78 80h 2024, 146, 26844
. Chem. Eng.]. 2023,
Mn-doped Ni,P/Fe;P 90 200 h 454, 140061
. Adv. Funct. Mater.
Pt-NiCo LDO 92 2024, 34, 2405919
. . i Adv. Energy Mater.
_ 1
Vos-NiS/NiS; 94 0528s7atl6V  100h  5p,3"13%300978
. J. Colloid Interface
Ni/MoN/CC 95 Sci. 2025, 686, 68
. Chem. Eng.]. 2023,
_ 1
MoP-QDs@PC 98.8 091stat200 mV 50h 454, 140105
. Adv. Mater. 2024,
MCug.10-BNiMo 156 10h 36, 2313156
Adv. Funct. Mater.
PDTA:@CoLaME 162 20h 2024, 34, 2313233
. Adv. Funct. Mater.
B -1
Eu;03-NiCo 60 1.56stat150 mV 24 h 2024, 34, 2409324
3DOM-RuSA/NC 36 73.3 mAmg!at50 mV 15.97 s1at 100 mV 500 h Smaelllf)(gg, 22,
Appl. Catal. B
Ru/S-C0304 25 1.87 s1at 100 mV >100h  Environ.2026, 382,
126023
J. Colloid Interface
CosoNi-C/NF 30 0.2stat10 mV 72h Sci. 2026, 707,
139746
Adv. Mater. 2026
_ -1 -1 4
Ru/MoB-BV 40 1.59 Amg'tat 100 mV 0.84 st at 100 mV 12h 38, 23202
Angew. Chem. Int.
Pt/Ni (OH): 26 11.85 Amg?!at 70 mV 13.63 stat 70 mV 200 h Ed. 2025, 64,

€202509268
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