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ABSTRACT

Direct electrosynthesis of hydrogen peroxide (H,0,) from seawater holds promising prospects for advancing the marine industries.
However, the catalysts face severe challenges arising from sluggish oxygen reduction reaction (ORR) kinetics and poor stability
under neutral and corrosive chloride ion (Cl1™) conditions of seawater. Herein, we introduce a curvature and microenvironment
co-engineering strategy by constructing a pentagon-defect-enriched and interconnected spherical-architecture carbon (PD/IS-C).
The pentagon defects induce geometric curvature and electronic rearrangement, thus enhancing ORR kinetics, while the inter-
connected nanospherical channels facilitate mass transfer to create a local alkaline microenvironment that repels Cl~, improving
stability. Benefiting from this dual regulation, the PD/IS-C catalyst achieves outstanding 2e~ ORR performance in seawater,
delivering an ultrahigh H,0, yield rate of 67.1 mol gcat_l h™, ~90% Faraday efficiency, and more than 300 h of operational
stability. Moreover, the PD/IS-C electrode achieves the coupling of seawater H,O, electrosynthesis with real aquaculture practice
for the first time, significantly improving the survival rate of fish. This work demonstrates curvature-microenvironment
co-engineering as a powerful design paradigm for robust seawater electrosynthesis and applications.

1 | Introduction equipment and involves a complex technological procedure
[4-10]. Moreover, owing to the inherent instability of H,0,,
highly concentrated products (70 wt%) pose significant safety
risks during transportation and storage from factories to coastal
areas [11-15]. Therefore, the development of energy-efficient
and environmentally friendly decentralized H,O, production
technology is highly promising.

Hydrogen peroxide (H,0,) is a versatile, environmentally
benign oxidant that plays crucial roles in various seawater-
related applications such as marine aquaculture, organic waste
degradation, microorganism disinfection, and biofilm treatment
[1-3]. Currently, the industrial synthesis of H,O, lies in the
anthraquinone (AQ) process, which requires large-scale
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The recently emerging electrosynthesis strategy based on a two-
electron oxygen reduction reaction (2e~ ORR) provides an
attractive alternative, as it enables continuous decentralized
production of H,O0, using only electricity, oxygen (from air),
and electrolytes, while eliminating the need for conventional
processes of concentration, storage, transportation, and dilution
[16-25]. When it comes to marine applications, a simple elec-
trolyser can utilize the abundant resources (renewable energy,
air, seawater) at the coastal region for the electrosynthesis of
H,0,, as shown in Figure 1A. Consequently, the electrosynth-
esis of H,0, from seawater (ES) approach achieves a much
lower production cost ($0.48 kg™") compared to the traditional
AQ process ($1.5 kg™!) [26], as shown in Figure 1B and detailed
in Supporting Information. Further analysis in Figure 1C
demonstrates that electricity accounts for the largest proportion
of ES costs (77.1%), and it is expected to be reduced through
technological revolution and scale expansion. Therefore, the
development of efficient electrosynthesis systems for H,O0,
production directly from seawater and their integration into
practical applications holds great promise for the green
upgrading of ocean-based industries.

Despite its promise, seawater H,0, electrosynthesis faces several
fundamental barriers that are far more complex than those in
conventional systems. This is primarily attributed to the
distinctive neutral environment and high chloride ion (CI7)
concentration of seawater, which subjects the catalyst to multiple
challenges, including sluggish reaction kinetics, suppressed

selectivity, limited mass transfer, as well as high susceptibility to
corrosion. Although metal-based catalysts (e.g., Pt-Hg, Co-N-C)
have shown excellent ORR activity and 2e™ selectivity, their lim-
ited reserves and high cost have constrained large-scale practical
application [27-31]. In contrast, carbon materials feature rich re-
serves and low cost, tailorable physicochemical properties, ex-
cellent electrical conductivity, and outstanding structural stability,
thus showing great promise for H,O, electrosynthesis [1, 12-14,
32-39]. However, the intrinsic reactivity of pristine carbon mate-
rials is relatively low [32-39]. Currently, research on enhancing
the catalytic performance of carbon materials mainly focuses on
heteroatom doping and defect engineering, which can effectively
induce charge rearrangement and optimize the adsorption of in-
termediates [1, 12-14, 32]. However, these approaches fail to en-
sure long-term resistance against corrosion triggered by Cl™ in
seawater. Regulating the microenvironment of the reaction inter-
face is an efficient way to alter the ion distribution and interaction
[40-42]. The curvature in the carbon skeleton can accelerate the
catalytic reaction kinetics [32, 34]. Nevertheless, to the best of our
knowledge, little work has focused on the curved structure with
local microenvironmental conditions in regulating the carbon
catalyst for seawater H,O, electrosynthesis. Additionally, the
overall electrocatalytic performance is also dependent on mass
transfer efficiency.

Herein, we introduce a curvature and microenvironment co-
engineering strategy. Unlike conventional defect-engineered
catalysts (e.g., heteroatom-doped or random-defect carbon
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materials) that primarily optimize active sites for ORR activity,
the pentagon defect located at the curved surface of PD/IS-C
induces geometric curvature and electronic rearrangement.
This enhances *OOH intermediate adsorption/activation and
precisely tunes 2e” pathway selectivity. More importantly, its
interconnected spherical architecture accelerates mass transfer,
enriches O,, and in-situ forms a local alkaline micro-
environment to repel corrosive Cl~ ions. This dual-regulation
enables the as-prepared pentagon-defect-enriched and inter-
connected spherical-architecture carbon (PD/IS-C) catalyst with
an ultrahigh H,0, yield rate (up to 67.1 mol gcafl h™Y), ex-
ceptional selectivity (~90%), and unprecedented long-term sta-
bility (> 300h) in real seawater, representing one of the best
performances reported in neutral electrolytes. Beyond per-
formance metrics, the catalyst further enables in situ seawater
pollutant degradation, microorganism inactivation, and direct
conversion of H,O, into solid percarbonate for safe storage and
transport. This study provides valuable insights into driving the
green transformation of the marine industry by means of elec-
trochemical approaches.

2 | Results and Discussions
2.1 | Material Preparation and Characterization

Figure 2A presents the schematic preparation process of the
pentagon-defect-enriched and interconnected spherical-
architecture carbon (PD/IS-C) catalyst. Briefly, fullerene (Cgp)
solution was incorporated into a resorcinol-formaldehyde sys-
tem preassembled on SiO, nanospheres, followed by KOH-
induced polymerization, high-temperature activation, and
template etching removal to obtain the PD/IS-C. Where the Cg,
served as a unique carbon precursor to introduce abundant
topological fragments with pentagon motifs, facilitating curva-
ture and structure disorder in the carbon framework. SiO, na-
nospheres were employed as hard templates to direct the
formation of an interconnected spherical-architecture. Res-
orcinol and formaldehyde underwent polycondensation to form
a phenolic resin matrix that uniformly coated the SiO, nano-
spheres and assisted in anchoring C¢, molecules. KOH func-
tioned dually as a polymerization initiator and a chemical
activator, which triggers the polycondensation at room tem-
perature and reacts violently with carbon resources at high
temperature. During the activation process, metallic K and a
large amount of gas (H,, H,O, CO, CO,, etc.) were generated,
which strips and expands the carbon layers, creating plenty of
pores and defects, resulting in a thin-layered porous structure
with abundant curved surfaces [11, 12, 36, 43, 44]. For com-
parison, the pentagon-defect-enriched carbon (PD/C) and in-
terconnected spherical architecture carbon (IS-C) catalysts were
also prepared under the same conditions of PD/IS-C, except
without using SiO, templates and without using Cg, resources,
respectively. Additional details can be found in the materials
preparation section in the Supporting Information.

For the investigation of the morphology of PD/IS-C, scanning
electron microscope (SEM) and transmission electron micro-
scope (TEM) were performed. As shown in the SEM image of
Figure S1, the SiO, templates possess a uniform and
well-defined spherical morphology. As a result, the PD/IS-C
product presents a distinctive interconnected spherical channel

architecture (Figures 2B and S2). Moreover, mesopores are dis-
tributed between neighboring spheres, forming a continuous
channel. In addition, bubble-shaped pores ranging from several
to tens of nanometers were observed on PD/IS-C (Figures 2C and
S3), which can be attributed to the gas release during the KOH
activation process. The aberration-corrected TEM (AC-TEM)
image in Figure 2D of PD/IS-C exhibits many irregular folds and
curved lattices, suggesting the existence of curvatures and dis-
tortions in the carbon matrix. Notably, the curvatures and dis-
tortions in the carbon matrix are known to symbolize the
presence of pentagons. The fitting image in Figure 2E presents
the pentagon defect in PD/IS-C. The above results indicate that the
desired nanocarbon with interconnected spherical channels and
pentagon defects has been successfully constructed. The inter-
connected spherical structure provides a larger specific surface
area with more active sites and enhances mass transport, while
pentagon defects and curvatures induce electronic and geometric
changes in the carbon matrix, thereby boosting electrocatalytic
performance [37, 38, 45-48]. In contrast, the PD/C sample exhibits
a block morphology (Figure S4), whereas IS-C possesses a similar
interconnected spherical morphology as PD/IS-C (Figure S5).

The N, adsorption-desorption isotherms measurement was
carried out to further clarify the pore structure of the PD/C,
PD/IS-C, and IS-C. As shown in Figure 2F, PD/IS-C has a high
Brunauer-Emmett-Teller (BET) specific surface area (Sggr) of
1057 m*g™', which is slightly lower than that of PD/C
(1125 m?> g™") but much higher than IS-C (633 m®g™"). This can
be attributed to the structural evolution during material syn-
thesis. The cavity architecture of Cg, serves as a robust struc-
tural motif that facilitates the formation of abundant
micropores during pyrolysis [14]. This micropore enrichment is
a dominant factor driving the elevation of the BET surface area
[46, 47]. In contrast, the introduction of the SiO, template
imposes compressive stress on the carbon matrix during the
preparation process, which induces the collapse of partial mi-
cropores. This structural distinction is well-correlated with the
N, adsorption—-desorption isotherms in Figure 2F. The steeper
adsorption behavior of PD/C and PD/IS-C at low relative
pressures (P/P, < 0.2) is characteristic of micropore-dominated
adsorption, whereas the relatively subdued adsorption curve of
IS-C in this region directly reflects the reduction in micropore
content [46-48]. The pore size distribution curves in Figure 2G
indicate that the PD/IS-C is more advantageous in the pores
with a diameter >10nm, PD/C has a more developed pore
structure between 1 and 10 nm, while IS-C shows the least
developed pore structure. Further details in Table S1 reveal
that, excluding the least developed pore structure of IS-C, the
PD/IS-C features a slightly smaller t-plot micropore area
(648 m* g™") compared to PD/C (725 m*g™") but higher Barrett-
Joyner-Halenda (BJH) adsorption/desorption cumulative area
of pores between 1.70 and 300.00nm (227/240m*g™" for
PD/IS-C vs. 173/196 m*g™" for PD/C) with much higher aver-
age diameter (14.3/15.9nm for PD/IS-C vs. 7.4/7.8nm for
PD/C). These results collectively demonstrate that the presence
of Cg facilitates the formation of a porous structure, while the
SiO, causes the collapse of some micropores. The micropores
were reported to enhance the electrochemical reactivity of
carbon materials, while mesopores are reported to promote
H,0, diffusion from the catalyst surface to the solution, which
is conducive to 2e~ ORR [46-48].
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FIGURE 2 | Structural characterization. (A) Schematic preparation diagram, the ¢ represents stripping force, (B) SEM, (C) TEM, (D) AC-TEM,
and the corresponding (E) fitting images of PD/IS-C in the red dashed box. (F) N, adsorption-desorption isotherms curves, (G) pore size distribution
curves, (H) XRD patterns, (I) UPS spectra, (J) FTIR spectra, (K) C K-edge NEXAFS spectra of IS-C, PD/IS-C, and PD/C.
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The structural information of the prepared catalysts was inves-
tigated via X-ray diffraction (XRD) and Raman spectroscopy. The
XRD patterns in Figure 2H reveal that all the catalysts possess
two broad peaks around 22° and 43°, corresponding to the (002)
and (100) crystallographic planes of carbon [49]. Notably, the
(002) peak of IS-C (20.3°) and PD/IS-C (21.9°) shifts to a lower
angle compared to PD/C (23.3°), suggesting the expansion of the
space between layers. The Raman spectra in Figure S6 show two
bands around 1350 cm™' and 1590 cm™?, corresponding to the
defective (D band) and graphitic (G band) of carbon, respectively
[50]. The high-intensity ratio of the D band to the G band (Ip/Ig)
suggests a higher defect degree of PD/IS-C (1.01) compared to
PD/C (0.94) and IS-C (0.99). Moreover, the main bands were
further deconvoluted into D1 band (polyenes) at 1200 cm ™, D4
band (graphene edges) at 1350cm™', D3 band (topological
defects) at 1500 cm™, G band (graphitic lattice) at 1580 cm™,
and D2 band (graphene layers) at 1620cm™" [51]. The fitting
results in Figure S7 and Table S2 reveal that PD/IS-C possesses a
higher D3/G ratio (1.40) than that of PD/C (0.94) and IS-C (0.70),
suggesting a higher content of topological pentagon defects. This
can be attributed to the difference in defect types caused by their
distinct precursors. The Cgqo primarily introduces intrinsic pen-
tagon defects into the carbon framework, a feature derived from
its inherent cage structure (composed of pentagon-hexagon
units) that retains partial pentagon configurations during pyrol-
ysis. In contrast, the SiO, template mainly induces extrinsic
structural defects (e.g., curved lattice and disordered structures),
as its presence exerts compressive stress on the carbon layer
during synthesis.

Ultraviolet photoemission spectroscopy (UPS), X-ray photo-
electron spectroscopy (XPS), Fourier transform infrared spec-
troscopy (FTIR), and near-edge X-ray absorption fine structure
(NEXAFS) were performed to investigate the surface state of the
catalysts. As shown in Figure 2I, the UPS spectra reveal that the
cutoff energy (Ecuwfr) of PD/IS-C (16.81 €V) is higher than that
of PD/C (16.75eV) and IS-C (16.63eV). According to the
equation of eg =21.22eV — E s, the work functions (eg) of
PD/IS-C, PD/C, and IS-C were calculated to be 4.41 eV, 4.47 eV,
and 4.59 eV, indicating that PD/IS-C possesses superior electron
donation ability to oxygen species [52]. In addition, the valence
band maximum of PD/IS-C (2.57 eV) shifts to the Fermi level
compared to PD/C (4.14eV) and IS-C (3.62eV), suggesting
regulated adsorption and dissociation for intermediates [53].
The survey XPS spectra in Figure S8 and Table S3 reveal that all
catalysts are composed of C and O elements. The C 1s spectra
were deconvoluted into C—C (carbon in graphite) at 284.7 eV,
defects (carbon in irregular lattice) at 285.2 eV, C—O (carbon
bonded singly to oxygen) at 286.4 eV, and C=0 (carbon bonded
doubly to oxygen) at 289.5eV [12, 17, 54]. The fitting results in
Figure S9 and Table S4 reveal that PD/IS-C (26.1%) possesses a
higher content of defect peaks than that of PD/C (25.8%) and
IS-C (24.6%), indicating a higher defect degree. This can be
attributed to the fact that PD/IS-C and PD/C, with Cg, pre-
cursor, possess more pentagon topological defects that signifi-
cantly induce charge rearrangement of the carbon substrate. To
further disclose the type of oxygen species on the catalyst sur-
face, the O 1s spectra were deconvoluted into C=0 (quinonyl)
at 531.8 eV, C—0O—C (ether) at 533 eV, and C—O(H) (hydroxyl)
at 534 eV [18, 55]. The fitting results in Figure S10 and Table S5
disclose that all the catalysts exhibit a dominant C—O—C con-

tent, suggesting a higher concentration of ether groups. The
FTIR spectra in Figure 2J reveal that all the catalysts exhibit
the major peaks corresponding to the stretching vibration of
the C—O—C bond at 950-1300cm ', C=C bond around at
1600cm™!, C—H bond at 2800-3000cm~', O—H bond at
3200-3700 cm ™, and the flexural vibration of O—H bond at
1380cm™ [55]. Notably, the C=C bond in PD/IS-C
(1624cm™") and IS-C (1633 cm™") shifts to a higher wave-
number compared to PD/C (1581cm™'), suggesting bond
contraction. This observation can be caused by the curvature
in the carbon framework. As a classic example, in curved Cgq
as compared to planar graphene with a C=C bond length of
0.142 nm, the C—C bond shared by the pentagon and hexagon
elongates to approximately 0.145nm due to ring strain,
whereas the C=C bond between two hexagon rings relieves
strain through contraction to around 0.139 nm. Therefore, the
blue shift of the C=C bond in PD/IS-C and IS-C can be at-
tributed to the presence of curvature to relieve repulsive forces
between adjacent atoms. The NEXAFS spectra in Figure 2K
show that the C K-edge spectra of the catalysts consist of
unoccupied 7* and excited o* states. Where the peak near
286 eV is assigned to 7* (C=C), the peak near 288.5eV cor-
responds to 77* (C=0), and the peak near 292.5 eV is attributed
to o* (C—C) [56]. The 7* (C=C) intensity of PD/IS-C and IS-C
is significantly lower than that of PD/C, indicating a decline in
structural orderliness [57]. This can be attributed to the lattice
distortion resulting from the curvature imposed by the SiO,
template. On the contrary, the 7* (C=0) intensity of PD/IS-C
and IS-C is obviously higher than that of PD/C, suggesting a
higher content of C=0 related groups, which is in great
agreement with the above XPS results.

2.2 | Electrochemical Performance

The electrocatalytic performance of the as-prepared samples
was measured via a rotating ring-disk electrode with a three-
electrode system in simulated seawater. All potentials were
corrected to a reversible hydrogen electrode. The ORR polar-
ization curves in Figure 3A reveal that the PD/IS-C achieves the
highest both disk and ring current from 0V to 0.6 V, suggesting
enhanced oxygen reduction and H,0, generation capacity. As
shown in Figure 3B, the onset potential (E,) of PD/IS-C reaches
0.572V (defined as —0.1 mA cm™> after subtracting the N,
current density from the O, current density), which is higher
than PD/C (0.526 V) and IS-C (0.514 V), suggesting the highest
ORR activity. Moreover, the calculated H,O, selectivity results
disclose that PD/IS-C possesses high selectivity ranging from
80% to 99% and electron transfer number (n) values approach-
ing 2, as shown in Figures 3C and S12, indicating the excellent
selectivity for H,0O, production. Notably, PD/IS-C exhibits lower
H,0, selectivity than IS-C at low potentials. This can be at-
tributed to the enhanced ORR kinetics of PD/IS-C, which ac-
celerates O, consumption on the electrode surface, causing
H,0, accumulation near active sites and subsequent reduction
of H,0, to H,0. As far as we know, the 2e™ ORR performance
of PD/IS-C surpasses the majority of reported electrocatalysts,
including metal-free and metal-based materials in neutral
electrolytes, as shown in Table S6. In addition, as shown in
Figure S13, PD/IS-C exhibits enhanced H,0, selectivity
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FIGURE 3 | Electrocatalytic performance. (A) ORR polarization curves, (B) E,, and (C) calculated H,O, selectivity of PD/C, PD/IS-C, and IS-C.

(D) Schematic diagram of the flow cell based on PD/IS-C. (E) H,O, yield rate and Faraday efficiency of the PD/IS-C electrode at varying potentials.

(F) Comparative analysis of H,O, electrosynthesis performance of PD/IS-C and various reported catalysts under neutral electrolyte conditions.

(G) Chronoamperometric curves of the PD/IS-C electrode at 200 mA cm ™2 under air-fed conditions.

compared to the typically commercial noble-metal-based
carbon-supported platinum (Pt/C) catalyst and transition-
metal-based cobalt-nitrogen-carbon (Co-N-C) catalysts. More-
over, PD/IS-C shows superior 2e~ ORR performance that sur-
passes a series of typical commercial nanocarbon materials,
indicating  its  extraordinary electrocatalytic  reactivity
(Figure S14).

To investigate the origin of superior 2e” ORR performance of
PD/IS-C over PD/C and IS-C, serial physicochemical measure-
ments were carried out. As shown in Figure S15, the PD/IS-C
has a higher electrical double-layer capacitor value as compared
with PD/C and IS-C, suggesting the highest electrochemical
surface area (ECSA). Considering that the Sggr of PD/IS-C is
close to PD/C, the higher ECSA may be attributed to its superior
pore structure or a greater number of surface-active sites.
Figure S16 reveals that PD/IS-C possesses a lower Tafel slope
value compared to PD/C and IS-C, indicating faster reaction
kinetics. Given that the O, adsorption is the initial step of the
ORR, which tends to adsorb on the Lewis basic sites [58]. We
thus utilized the CO, to probe the active sites of the catalysts.
The CO, temperature programmed desorption pattern in
Figure S17 shows that PD/IS-C exhibits a shoulder peak at

lower temperatures (below 200°C) as compared with PD/C and
IS-C, indicating more Lewis basic sites. These results reveal that
the PD/IS-C possesses more active sites for O, adsorption, thus
facilitating 2e” ORR. Combined with the above characteristics
analysis, we suppose that the superior 2e~ ORR performance of
PD/IS-C comes from the unique precursor of Cg, as a structural
seed and SiO, as a template. C4o not only introduces intrinsic
carbon pentagon defects to enhance the reactivity of active sites
but also acts as a structural motif to induce micropore formation,
thereby increasing the specific surface area and exposing the
active sites of the material, while SiO, templates construct in-
terconnected porous structures that facilitate mass transfer and
promote O, transportation and consumption. Notably, C4y serves
only as a structural seed in this work, with its dosage accounting
for less than 30% of the precursor carbon source, and considering
the high cost of pure Cg, fullerene soot can be used as a low-cost
alternative for potential large-scale production.

Furthermore, we prepared the reduced PD/IS-C sample
(denoted as R-PD/IS-C) to clarify the role of oxygen heteroa-
toms. As shown in Figure S18, the (002) peak position of R-PD/
IS-C shifts to a higher angle as compared to PD/IS-C, indicating
the contraction of the interlayer spacing. This can be attributed
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to the release of oxygen atoms with a larger atomic radius from
the carbon lattice. The Raman spectra (Figure S19) indicate that
R-PD/IS-C possesses a comparable Ip/Ig (1.02) ratio as com-
pared to PD/IS-C (1.01), suggesting a similar defect degree. The
deconvoluted Raman spectra results of Figure S20 and Table S2
further confirm the similar defective structure of R-PD/IS-C and
PD/IS-C. The FTIR spectra of Figure S21 show that the R-PD/
IS-C has a much lower intensity of the stretching vibration of
the C—0O—C bond characteristic peaks than that of PD/IS-C,
indicating the removal of oxygen-containing groups. The XPS
survey spectra in Figure S22 reveal that the oxygen content of
R-PD/IS-C (4.7at.%) is much less than that of PD/IS-C
(11.4 at.%), further confirming the removal of oxygen heteroa-
toms. The deconvoluted C 1s spectra (Figure S23), O 1s spectra
(Figure S24), and their fitting results (Tables S4 and S5) reveal
that the C—O—C related groups decreased significantly after the
reduction treatment. As a result (Figure S25), the R-PD/IS-C
shows comparable E, but much lower peak current density as
compared to PD/IS-C. Notably, the selectivity of R-PD/IS-C
decreased significantly compared to that of PD/IS-C. The above
results collectively reveal that the content of C—O—C related
heteroatoms exhibits a strong correlation with H,O, selectivity
of the catalysts.

A series of samples (PD/IS-C-X, X =700, 800, 900, and 1000)
was prepared at varying activation temperatures to systemati-
cally investigate the influence of thermal treatment on the
structural and electrocatalytic properties of PD/IS-C. The XRD
patterns in Figure S26 show that the position of the (002) peak
of PD/IS-C-X increases with the increased activation tempera-
ture, indicating that a moderate activation temperature of PD/
IS-C strengthens its compressive stress between layers. The
Raman spectra in Figure S27 reveal that the Ip/I; ratio of PD/
IS-C-X increases first and then decreases with rising tempera-
ture, indicating that moderate thermal activation promotes
defect formation, whereas excessively high temperature leads to
graphitization. The deconvoluted Raman spectra in Figure S28
and Table S2 illustrate that the D3/G ratio of PD/IS-C-X
increases with the increased activation temperature, suggesting
that higher activation temperature facilitates the introduction of
pentagon defects. The FTIR spectra in Figure S29 show no
significant differences in the positions and intensities of the
characteristic peaks among PD/IS-C-X, indicating that the types
of surface functional groups and their chemical environments
remain largely unaffected by temperature variations. The XPS
spectra in Figure S30 demonstrate that the O content of PD/IS-
C-X initially decreases and then increases with the rising tem-
perature, indicating that moderate thermal activation facilitates
the removal of oxygen functional groups, while higher activa-
tion temperature leads to their reintroduction. The C 1s fitting
results in Figure S31 and Table S4 exhibit that the defect con-
tent of PD/IS-C-X increases with the increased activation tem-
perature, which is greatly consistent with the deconvoluted
Raman results. The O 1s fitting results in Figure S32 and
Table S5 show that the C—O—C content of PD/IS-C-X increases
first and then decreases with the rising temperature, with
PD/IS-C-900 exhibiting the highest content. Electrocatalytic
results in Figure S33 reveal that the ORR activity increases as
the activation temperature increases, while the H,0, selectivity
increases and then decreases, with the PD/IS-C-900 possessing
the optimal 2e™ ORR performance. These results highlight the

crucial role of pentagon defects in enhancing the ORR activity
of the catalysts.

Given the outstanding electrochemical performance of PD/IS-C,
a flow cell was assembled to evaluate its practical H,O, pro-
ductivity under continuous operation conditions, as shown in
Figure 3D. Chronopotentiometry (Figure S34) measurements
reveal that the potential on PD/IS-C shifts negatively with
increasing current density. As shown in Figure 3E and Table S7,
the H,0, yield rate increases rapidly, eventually approaching
42.2mol g, h™ with over 90% Faraday efficiency across the
current density ranging from 100mAcm™2 to 500 mA cm 2
under air-fed conditions. This result highlights the excellent
H,0, electrosynthesis capability of PD/IS-C electrodes in sea-
water conditions. Besides, PD/IS-C outperforms both PD/C
(42.2mol g " h™' with 71.4% Faraday efficiency) and IS-C
(31.7 mol gcat_l h™! with 67.9% Faraday efficiency), as shown in
Figure S35. Notably, when applied in real seawater under
500 mA cm ™2, although the potential shifts slightly more nega-
tive (Figure S36), the PD/IS-C electrode maintain a high yield
rate of 35.9 mol gcafl h™' with 77% Faraday efficiency
(Table S7), suggesting its superior adaptability to complex ionic
compositions and potential for practical marine electrochemical
systems. When the current density is further increased to
800 mA cm ™2, both the H,0, yield rate and Faraday efficiency of
the PD/IS-C electrode exhibit a significant decline (Figure 3E
and Table S7), which can be attributed to the intensified com-
petitive side reactions induced by the negative shift of the
cathode potential [59]. Specifically, the cathode potential at
800 mA cm ™ shifts to approximately —1.5V, where the hydro-
gen evolution reaction (HER) competes strongly with the ORR.
Meanwhile, the rapid consumption of O, on the electrode sur-
face causes the accumulation of H,0,, which is more likely to
contact the active sites and be further reduced to H,O, thus
resulting in a sharp decrease in H,O, yield and Faraday effi-
ciency. Nonetheless, under O,-fed conditions, the potential
required to achieve 800mAcm > shifts more positive
(Figure S37), the PD/IS-C electrode demonstrated an ultrahigh
hydrogen peroxide yield rate of 67.1 mol g.,,* h™" and a Fara-
day efficiency approaching 90% (Table S7). This remarkable
performance of PD/IS-C represents one of the best-reported
catalysts in neutral electrolytes, as shown in Figure 3F.
Impressively, the device with PD/IS-C catalysts exhibited neg-
ligible decay over 300 h in seawater, indicating excellent stability
and tolerance to the corrosive Cl~ (Figure 3G). More impor-
tantly, the interconnected spherical channels of PD/IS-C showed
no significant changes (Figure S38) after the stability test
(denoted as PD/IS-C-sta), demonstrating its excellent structural
stability. The XRD patterns in Figure S39 indicate that the (002)
peak shape of the PD/IS-C-sta shifted to a sloping line, indi-
cating a degradation in its degree of graphitization. The Raman
spectra (Figure S40) show that the PD/IS-C-sta possesses a
slightly higher I/Ig value of 1.02 as compared to the PD/IS-C
(1.01), further confirming the degradation of graphitization
degree. The deconvoluted Raman spectra and fitting results in
Figure S41 and Table S2 reveal that the D3 content of PD/IS-C-
sta decreased while D1 content increased significantly as com-
pared to PD/IS-C, indicating that a structural evolution from
topological defects to graphene edge defects occurred during the
long-term testing. Moreover, the XPS survey spectra in
Figure S42 exhibit that the content of O 1s of PD/IS-C-sta
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(18.2at.%) is much higher than that of PD/IS-C (11.4at.%),
suggesting an increased oxygen species on the catalyst surface.
The deconvoluted C 1s spectra (Figure S43), O 1s spectra
(Figure S44), and their fitting results (Tables S4 and S5) reveal
that the C—O—C related groups increased significantly after the
stability test. Besides, the Cl 2p spectra results in Figure S45
show that no Cl element was detected after the long-term test,
suggesting the strong anti-poisoning of PD/IS-C. These results
collectively validate the PD/IS-C electrode as a promising can-
didate for scalable, sustainable, and stable H,0, production in
both simulated and real-world seawater, overcoming the chal-
lenges of neutral pH as well as Cl~ corrosion and ensuring
reliable performance under ambient air conditions.

2.3 | Mechanisms

To investigate the active sites of PD/IS-C, density functional
theory calculations were conducted using models containing a
pentagon defect, with or without an ether group, on a planar
or curved surface (Figure S46). The free energy for 2e™ ORR at
its equilibrium potential (E° = 0.7 V) in Figure 4A exhibits that
the C2 model, featuring pentagon defects and ether groups
located on the curved surface possesses the minimum over-
potential. Further analysis reveals that compared to the planar
sites (P1 and P3), the adsorption on the curved surface (C1) is
stronger, indicating that the curved surface enhances the
adsorption capability of the nanocarbon catalysts. Moreover,
the introduction of ether groups further activates the *OOH
and facilitates its protonation. As the composite, the C2 model
exhibits an optimal adsorption strength, indicating that the
synergistic effect of the curved surface with the pentagon and
ether groups enhances the 2e” ORR performance of nano-
carbon catalysts. The volcano plot of Figure 4B, displayed with
the limiting potential (Uy) as a function of *OOH adsorption
energy (AGsoon), clearly shows that the C2 model is posi-
tioned at nearly the top, representing the optimal *OOH
adsorption strength for 2e” ORR, which surpasses that of the
PtHg alloy.

Furthermore, the electronic charge density differences before
and after *OOH adsorption were carried out to elucidate the
effects of the pentagon defect and epoxy dopant on the curved
surface in modulating the electronic structure of the carbon
matrix. As shown in Figure 4C, the electrons around the
pentagon on the curved surface undergo significant
redistribution, which is more pronounced than the planar
sites, indicating enhanced electron transfer from the carbon
matrix to the adsorbed *OOH. The Bader charge analysis
supports this observation. As shown in the inset values in
Figure 4C, the curved surface model exhibits a higher charge
transfer from the active C to the adsorbed *OOH (0.37 lel)
compared to the planar model (0.31 lel), indicating a stronger
interaction. These results suggest that the curved surface
facilitates charge rearrangement, promotes charge transfer,
and enhances *OOH adsorption, thereby improving the
2e” ORR performance of carbon catalysts.

To further uncover the crucial role of interconnected spherical
channels in boosting the performance of PD/IS-C for H,0,
electrosynthesis from seawater, a series of mechanistic investi-
gations and structural analyses were conducted. Based on the
above experimental findings, a mechanistic explanation is

proposed to clarify the structure-induced performance en-
hancement, as shown in Figure 4D. The interconnected
spherical channels exhibit alternating broad to narrow regions
that enhance mass transfer in the constricted junctions and
facilitate O, diffusion. Meanwhile, flow deceleration in the
wider cavities results in O, accumulation along the curved
surfaces. The local enrichment of O, promote chemical
adsorption of *O, electronation to form *O,~ (O, + * — *O,,
*0,+e — *0, ) as well as the further protonation to *OOH
(*O,~ + H,0 — *O0H + OH"™) [37]. As a result, OH™ accumu-
lates near the curved surface, forming a local alkaline micro-
environment. The Cl~ ions are excluded as a result of
electrostatic repulsion arising from the common-ion effect,
thereby preventing the catalytic surface from being covered and
poisoned. This mechanism is proven by the finite element
simulation results. Figure 4E reveals a notable enhanced dif-
fusion within the interconnected spherical channels
(1.384m s~ vs. the initial value of 0.235 ms™"), indicating their
effectiveness in facilitating O, transport and exhaustion. Addi-
tionally, the simulations confirm the accumulation of O, and
OH™ near the curved surface, as shown in Figure S47 and
Figure 4F, respectively. To further experimentally examine the
local alkaline microenvironment of PD/IS-C during the ORR
process, we conducted a phenolphthalein test and measured the
pH of the electrolyte. In the H-cell configuration, the electrolyte
remained static rather than flowing, and the protons generated
at the anode could not migrate across the proton exchange
membrane rapidly enough via diffusion to compensate for the
proton consumption at the cathode within the test duration.
This kinetic limitation of proton transport enabled the macro-
scopic observation of distinct alkalinity changes in the cathode
electrolyte. As shown in Figure 4G, the catholyte mixed with
phenolphthalein was observed to turn red near the PD/IS-C
electrode as early as 13s of electrolysis. After 30s, the entire
catholyte was completely red. When the PD/IS-C electrode was
taken out, the red liquid was visible on its surface, indicating
that alkalinity was generated on the electrode surface during
the electrolysis process. Figure 4H reveals that the pH of the
catholyte turns from 6.91 to 11.45 after 5min of electrolysis,
suggesting the rapid alkaline generation ability of PD/IS-C.
Besides, PD/C and IS-C exhibit a much stronger alkalinity-
generating capacity than the commercial carbon material Vul-
can XC-72, as shown in Figure S48. This can be attributed to the
fact that pentagon defects accelerate the kinetics of the 2e™
ORR, while the interconnected spherical-architecture facilitates
the accumulation of OH™ on the electrode surface. Thus, PD/
IS-C with both features demonstrates enhanced alkaline gen-
eration capability. The electrochemical in situ Raman and
attenuated total reflectance-FTIR (ATR-FTIR) spectra results
provide experimental evidence for the facilitated O, exhaustion
and CI™ repulsion in interconnected spherical channels. As
shown in Figure 4I, under seawater conditions, the gradual
emergence and intensification of *O,” and *OOH with the
negative shift of electrode potential are obviously exhibited,
indicating the formation of these intermediates on the PD/IS-C
surface during the ORR process. In contrast, in NaClO, elec-
trolyte, a significant ClO,~ peak is observed among all the po-
tentials, whereas none of the oxygen species adsorption peaks
are detected (Figure 47). These phenomena can be attributed to
the larger radius (~248 pm) of ClO, relative to C1~ (~181 pm),
resulting in a more delocalized negative charge and weaker
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FIGURE 4 | Mechanism investigations. (A) Standard free energy diagram and (B) volcano plot between Uy, (limiting potential, defined as the
lowest potential when all the reaction steps are downhill in free energy) and AG:oon (*OOH adsorption free energy) of the models. (C) Electronic
charge density differences before and after *OOH adsorption of C2 (left) and P1 (right) models. The blue and yellow represent negative and positive
charges, respectively. The isosurface is set to 0.0007 e per A. The inset values are Bader charge values, which are transferred from the active C atom to
the adsorbed *O-OH atom. (D) Theoretical prediction of interconnected nanospherical channels for boosting mass transport and repelling C1™. (E) 3D
color mapping of the spatial flow velocity distribution, where the slices are the mapping of flow rate, and (F) spatial distribution of OH™ concen-
tration in the interconnected spherical channels model. (G) Optical photograph of H cell based on PD/IS-C cathode in seawater with phenolphthalein
before and after a few seconds of electrolysis. (H) Optical photograph of H cell based on PD/IS-C cathode in seawater with pH meter before and after
5min of electrolysis. The value represents the pH of the cathode solution. Eletrochemical in situ (I and J) Raman and (K) ATR-FTIR spectra of
PD/IS-C in 0.5M NacCl and 0.5M NaClO,, respectively.

solvation ability. Consequently, OH™ exhibits less repulsive intermediates emerge on the surface of the PD/IS-C electrode.
force toward ClO,~ compared to Cl™. The in situ ATR-FTIR In contrast, no such signals are detected in NaClO, electrolyte.
results in Figure 4K further reveal that in simulated seawater, As a result, PD/IS-C shows superior ORR activity and H,0,
as the potential shifts negatively, distinct signals of ORR  selectivity in NaCl than NaClO, electrolyte (Figure S49).
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2.4 | H,0, Production and Applications Tigecycline) in seawater. All experiments, including the degrada-
tion of pollutants, inactivation of Chlorella, and accumulation of
percarbonate, were conducted in a 0.5 M NaCl electrolyte under a
constant potential of 0V. Figure S50 exhibits that the H,0, con-
centration exhibits a linear increase with the extension of reaction
time, suggesting the stable and efficient H,O, production capa-
bility of the PD/IS-C catalyst under practical conditions. As shown
in Figures 5B-D and S51, the PD/IS-C electrode achieves complete

As a proof-of-concept, PD/IS-C can utilize coastal renewable
energy to drive H,O, production from seawater (Figure 5A).
The generated H,O, can then be converted into hydroxyl radicals
via a dual-cathode configuration, enabling effective in situ removal
of pollutants such as dyes (Neutral Red, Methylene Blue, Mala-
chite Green, and Rhodamine B) and antibiotics (Tetracycline and
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FIGURE 5 | Electrosynthesis of H,O, from seawater and its applications. (A) Schematic illustration of direct H,O, electrosynthesis from
seawater under air-fed conditions using renewable energy for pollutant degradation. The SSM denotes stainless steel mesh. UV-vis spectra intensity
of (B) Rhodamine B, (C) Tigecycline, and (D) Tetracycline at the electrolysis system based on PD/IS-C electrode over time. The inset structure and
images are the formula and optical photographs of the pollutant. (E) Schematic illustration of Chlorella inactivation based on the PD/IS-C electrode.
(F) UV-vis spectra intensity of Chlorella solution at the electrolysis system based on the PD/IS-C electrode over time. The inset images are the optical
photographs of the Chlorella solution over time. Optical photographs of Chlorella cells (G) before and (H) after disinfection by the PD/IS-C electrode.
(D) Schematic illustration of percarbonate generation based on PD/IS-C electrode under CO, bubble conditions. (J) XRD pattern with the inset optical
photograph image of the cathode products. (K) Optical photographs of malachite green before and after adding the extracted solid from the simulated
seawater system based on the PD/IS-C electrode. (L) Schematic illustration of seaculture based on PD/IS-C electrode. (M) Hatching behavior of
medaka fish in polluted water containing a mixture of 10 ppm triclosan (antiseptic), 10 ppm 17a-ethinylestradiol (estrogenic birth control medi-
cation), and 10 ppm cefazolin sodium (antibiotic), treated water, and blank control.
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degradation of pollutants within the first few minutes. These
results highlight the strong potential of PD/IS-C for wastewater
treatment applications. Besides, this configuration can also be
applied to the remediation of microorganisms such as Chlorella in
marine environments (Figure 5E). As shown in Figure 5F, the UV-
vis absorption intensity of the Chlorella solution decreased sharply
within 4 min, accompanied by a distinct color change from green
to colorless, which indicates a rapid reduction in Chlorella density.
Optical microscopy observations in Figure 5G,H show that the
originally green, alive Chlorella cells turned gray after the dis-
infection, indicating cellular inactivation. Moreover, leveraging the
strong local alkalinity at the PD/IS-C surface, the H,O, generated
in seawater can be extracted under CO, bubbling to form sodium
percarbonates as follows (Figure 51):

2Nat + C02 + 15H202 + 20H™ — N32CO3'1.5H202
+ H,0.

ey

The XRD and inset optical photograph in Figure 5] demonstrate
the successful extraction of H,O, from seawater. The extracted
solid can be directly used for the degradation of dyestuffs, as
shown in Figure 5K. This approach not only enables more
convenient and cost-effective storage and transport of H,O, but
also provides a new method for capturing CO,. From a practical
perspective, these dyestuffs, antibiotics, and microorganisms in
seawater can have a fatal impact on marine biology, while the
device based on PD/IS-C catalyst can eliminate this effect to
improve the quality of aquatic products (Figure 5L). As shown
in Figure 5M, the mortality rate of fish in polluted water is
extremely high, with noticeable deformities. In contrast, in
treated water, the survival rate significantly increased,
approaching that of the blank control group, and no deformities
were observed. These examples pave the way for the direct
electrosynthesis of H,O, in seawater applications.

3 | Conclusion

In this work, we have constructed a PD/IS-C nanocarbon
catalyst featuring rich pentagon defects and interconnected
spherical channels, which endow it with remarkable ORR
activity, stability, and 2e™ selectivity in seawater. When PD/
IS-C is utilized as the cathode catalyst, the device achieves an
ultrahigh H,0, yield rate approaching 67.1 mol g.,,~' h™",
nearly 90% Faraday efficiency, and exceptional stability for
over 300 h in seawater. Experimental and theoretical results
reveal that the pentagon defects located on the curved surface
induce structural aberration and electronic rearrangement,
thus enhancing ORR activity and selectivity. Meanwhile, the
interconnected spherical channels create a localized alkaline
microenvironment for repelling CI~, which improves stabil-
ity. Notably, the PD/IS-C-based system achieves H,0, elec-
trosynthesis coupled with CO, fixation to form percarbonate,
while simultaneously enabling efficient pollutant removal
from seawater and promoting higher survival rates in marine
aquaculture. This work provides insight into the mechanisms
of pentagon defects and interconnected spherical channels
structure in enhancing the 2e” ORR performance of nano-
carbon catalysts, while also presenting a prospect on
the electrochemical synthesis of H,0, in seawater for
mariculture.
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