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Artificial photosynthesis of H20 from inexhaustible seawater is a desirable energy production strategy, but
substantial challenge. Herein, we present the Nb,C quantum dots anchored on pyrene-based covalent organic
framework (Nb2C QDs@PY-DHBD-COF, NQPD-x) heterostructures for efficient non-sacrificial HoO2 photosyn-
thesis directly from air and seawater. The optimal NQPD-3 catalyst achieves an impressive HoO5 production rate
of 3560 pmol g! h™!, and apparent quantum yield of 12.8 % at 400 nm together with solar-to-chemical con-
version efficiency of 0.27 %, surpassing most previously reported photocatalysts. Expanding further, the utili-
zation of NQPD-3 polypropylene nonwoven fabric membranes for fabricating photocatalytic device show
promising potential in practical large-scale application. Combining advanced characterizations with theoretical
calculations verify that the excellent photocatalytic performance is ascribed to the robust built-in electric field
modulated by NboC QDs, and the synergistic effect of heterostructures, inducing photo-generated carriers
transfer and optimizing O, adsorption. This work provides a perspective for highly efficient and practical pho-

tocatalysts for HoO2 production from earth-abundant seawater in a sustainable way.

1. Introduction

Hydrogen peroxide (H30,) is a critical chemical, with global annual
production reaching 48 million metric tons, which serves as a versatile
and eco-friendly oxidant with broad applications in chemical synthesis,
wastewater treatment and clean fuels [1-3]. The conventional route for
industrial HoO4 production is through multistep anthraquinone oxida-
tion process, which suffers from intensive energy consumption, complex
processes, and toxic by-products [4-8]. Alternatively, the artificial
photosynthesis of HyO, via employing HyO and O, without sacrificial
agents is a prospective strategy to replace the traditional routes [9-12].
Given the abundance of seawater, utilizing seawater for HoOy photo-
synthesis can not only mitigates the shortage of fresh water resource but
also meets sustainable development [13,14]. Nonetheless, the direct
H0; photosynthesis from inexhaustible seawater remains limited and
still in its infancy, while the photocatalytic efficiency is still unsatis-
factory for the large-scale industrial production [15]. It is imperative to
exploit low-cost and efficient photocatalysts for tackling the challenges
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of practical HoO5 production from natural seawater.

Covalent organic frameworks (COFs) featured by customizable op-
toelectronic properties and active site architectures, have emerged as
promising candidate for photocatalytic HyO, production [16-21].
Among these, the pyrene-based COFs exhibit considerable potential in
photocatalytic ~ reactions, but typically suffer from low
charge-generation and -transfer efficiencies as well as rapid charge
recombination, which restricts the application for photocatalytic HoO»
production [22,23]. Therefore, the interfacial modulating strategies
such as introducing suitable sites and constructing heterojunction are
beneficial to promote the photoexcitation and charge separation/-
transfer for COFs-based photocatalysts, facilitating HyO» photoproduc-
tion [24,25]. In recent years, the emerging two-dimensional transition
metal carbides, nitrides and carbonitrides (MXenes) have attracted
extensive concern in photocatalysis field attributed to the tunable
elemental composition and excellent photoelectric properties [26-28].
The zero-dimensional quantum dots (MQDs) derived from MXenes not
only inherit the superiority of MXenes but also show better
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dispersibility, light absorption ability, excellent electron transport
property, high stability and easier functionalization ascribed to the
quantum confinement effect [29,30]. Therefore, the rational design of
abundant MQDs active sites incorporated into COFs for direct HyOq
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photosynthesis from inexhaustible seawater is unprecedented and
challenging.

Herein, a facile and economical strategy is provided for the build of
Nb,C QDs active sites anchored on pyrene-based COF (NbyC QDs@PY-
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Fig. 1. (a) Schematic illustration of Nb,C QDs@PY-DHBD-COF synthesis. (b) TEM image of Nb,C QDs (inset: size distribution). (c) AFM image of Nb,C QDs. (d) TEM
image of NQPD-3. (e) AC-STEM image of NQPD-3. (f) AC-HAADF-STEM image of NQPD-3. (g) HAADF-STEM image of NQPD-3. (h) EDX elemental mappings of

NQPD-3.
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DHBD-COF, NQPD-x) heterostructures to boost the non-sacrificial H,O4
photosynthesis from air and natural seawater. The optimal NQPD-3
catalyst exhibits excellent HyO, generation rate of 3560 pmol g~ h™!
under visible-light irradiation, achieving an apparent quantum yield of
12.8 % at 400 nm together with solar-to-chemical conversion efficiency
of 0.27 %, which far surpasses the most reported photocatalysts.
Combining advanced characterizations with theoretical calculations, the
outstanding photocatalytic activity is ascribed to the robust built-in
electric field triggered by NbyC QDs, and the synergistic effect of het-
erostructures, inducing photo-generated carriers transfer and opti-
mizing Oy adsorption. This work offers a protocol for designing efficient
photocatalysts and achieving sustainable HyO5 production from air and
natural seawater.

2. Experimental section
2.1. Synthesis of NbaC QDs

The NbyAIC powder (1 g) was added slowly to HF solution (30 mL,
40 wt%) and stirred constantly. The mixture was reacted at 35 °C for
48 h, and washed with deionized water and centrifuged (3500 rpm,
5 min) several times until pH> 6, and obtained Nb,C MXene powder via
freeze drying. Then, the NbyC MXene powder (0.2 g) was dispersed into
deionized water (30 mL) and sonicated for 1 h in the presence of Ar-
protection gas. The above mixture was transferred into a Teflon-lined
autoclave, and added ammonium hydroxide (2 mL). The autoclave
was sealed off and kept at 120 °C for 6 h. Then, the mixture was filtered
with 0.22 pm polytetrafluoroethylene membrane, and the filtrate was
dialyzed in 500 Da dialysis bag for 24 h to obtain Nb,C QDs.

2.2. Synthesis of PY-DHBD-COF

The 1,4-dihydroxybenzidine (0.04 mmol, 8.6 mg) and 1,3,6,8-tetra
(4-formylphenyl)pyrene (0.02 mmol, 12.3 mg) were combined in a
mixture of n-butyl alcohol (n-BuOH), o-dichlorobenzene (0-DCB) and
6 M acetic acid (0.5, 0.5, 0.1 mL) in Pyrex tube, which was degassed by
three freeze-pump-thaw cycles. The tube was then sealed and heated at
120 °C for 72 h. The resulting precipitate was collected, washed with
THF and acetone, and dried at 120 °C under vacuum for 12 h to obtain
PY-DHBD-COF.

2.3. Synthesis of Nb,C QDs@PY-DHBD-COF

The NbyC QDs@PY-DHBD-COF heterostructures were synthesized by
using a self-assembly method. In brief, the PY-DHBD-COF (20 mg) was
dispersed in NbyC QDs aqueous solution (10 mL), and ultrasonication for
10 min to ensure homodisperse. Subsequently, the mixture was
continuously stirred for 2 h, and centrifuged to obtain product and
freeze-dried. According to the amount of NboC QDs added (0.1, 0.2, 0.4,
0.6, 0.8 mg), the samples are denoted as NQPD-x (x = 1, 2, 3, 4, 5).

3. Results and discussion

The Nb,C QDs were synthesized by employing as-prepared NbyC
MXene as precursors via hydrothermal process (Fig. 1a and S1). The PY-
DHBD-COF was served as pristine substrate for anchoring Nb2C QDs,
and synthesized from 1,4-dihydroxybenzidine with 1,3,6,8-tetra(4-for-
mylphenyl)pyrene through Schiff-base condensation. The incorpora-
tion of NbyC QDs into PY-DHBD-COF was achieved through a
straightforward self-assembly method, resulting in NboC QDs@PY-
DHBD-COF composites. The periodically dispersed anchoring sites for
Nb,C QDs are constructed by adjacent hydroxyl group and imine-N in
the region of the PY-DHBD-COF structural unit [31]. With the increase
of NboC QDs loading amount, the samples are denoted as NQPD-x (x =1,
2, 3,4,5).

The morphology and microstructure of NbyC QDs, PY-DHBD-COF
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and NbyC QDs@PY-DHBD-COF composite were characterized by
transmission electron microscopy (TEM), and aberration-corrected high-
angle annular dark-field scanning transmission electron microscopy
(AC-HAADF-STEM). As described in Fig. 1b, the TEM image of Nb,C QDs
reveal the monodispersed morphology with an average size of 1.8 nm.
Further, the atomic force microscopy (AFM) results manifest the average
thickness of NbyC QDs is ~1.2 nm, which corresponds to around one
layer of NboC MXene (Fig. 1c) [32]. TEM images of the NQPD-3 (as a
typical composite for further characterizations) demonstrate the suc-
cessful anchoring of NboC QDs on PY-DHBD-COF compared to the pure
substrate (Fig. 1d and S2). In addition, scanning electron microscopy
(SEM) images for PY-DHBD-COF and the NQPD-3 show similar hollow
bar morphology (Fig. S3). The AC-STEM of NQPD-3 composite further
indicates the lattice spacing of loaded Nb,C QDs is 0.270 nm, corre-
sponding to the (100) crystal plane (Fig. 1e) [33]. The AC-HAADF-STEM
image further reveals the atomic structure arrangement of NbyC QDs in
NQPD-3 composite (Fig. 1f). The bright dots within yellow circles
accurately confirm the uniform dispersion of NboC QDs on
PY-DHBD-COF substrate (Fig. 1g). Furthermore, the energy-dispersive
X-ray spectroscopy (EDX) elemental mappings indicate the homoge-
neous dispersion of atomic C, N, O, and Nb over the NQPD-3 (Fig. 1h).
The above results demonstrate the successful assembly of NbyC QDs on
PY-DHBD-COF.

The crystalline structure of PY-DHBD-COF and NQPD-x composites
were characterized by powder X-ray diffraction (PXRD), in which
distinct diffraction peaks at 3.2°, 4.6°, 6.4°, 9.6°, 12.5° and 23.4°, were
corresponded to the (110), (020), (220), (330), (440) and (001) facets
for PY-DHBD-COF, respectively [31]. The PXRD pattern of NQPD-x
composites indicates that the introduction of NboC QDs will not
change the crystal structure of PY-DHBD-COF, which is attributed to the
small size and low content of NbyC QDs (Fig. S4). Fourier transform
infrared (FTIR) spectroscopy was further performed to investigate the
chemical functional group structures of PY-DHBD-COF, and displayed
characteristic vibration bands at 1628 cm ™! (C=N), confirming the
formation of imine-linked PY-DHBD-COF (Fig. S5). Simultaneously, the
NQPD-x nanohybrids exhibit distinct stretching bands originating from
PY-DHBD-COF, further indicating the introduction of Nb,C QDs will not
alter the pristine structure of PY-DHBD-COF (Fig. S6).

To confirm the entrance of NbyC QDs into the pore channels and
framework of PY-DHBD-COF, the Brunauer-Emmett-Teller (BET) surface
area was evaluated by Ny adsorption-desorption experiments at 77 K,
revealing that the BET surface area of NQPD-3 composite was decreased
when compared with PY-DHBD-COF (Fig. S7), which might be caused by
the incorporation of Nbo,C QDs in PY-DHBD-COF pore channels (pore
size of 2.7 nm) [34,35]. Furthermore, the thermogravimetric analysis
shows the good thermal stability of PY-DHBD-COF and NQPD-3 hybrid
upon heating to 350 °C (Fig. S8). The bonding structures and electronic
states of PY-DHBD-COF and NQPD-3 were investigated by X-ray
photoelectron spectroscopy (XPS) (Figs. S9-11). The C1s and N 1s
spectra of PY-DHBD-COF and NQPD-3 exhibit similar characteristic
peaks, corresponding to the presence of units within the structure of
PY-DHBD-COF. In contrast, the O 1 s spectrum exhibits a substantial
difference after the introduction of NboC QDs. The peak of C-OH in
NQPD-3 hybrid exhibits a considerable shift to higher binding energy,
and the peaks of new Nb-O groups appear, indicating that the intro-
duction of Nb,C QDs maintains close interaction with PY-DHBD-COF
[36]. Furthermore, the high-resolution Nb 3d spectrum could be
assigned to Nb-C and Nb-O species. The above XPS results show the
strong interaction between C-OH and NbsC QDs sites in NQPD-3
heterostructure.

The photocatalytic activity of as-prepared catalysts was evaluated in
pure water and real seawater under light illumination without sacrificial
reagents (Fig. S12). As shown in Fig. 2a, the NQPD-x heterostructures
exhibit significantly enhanced HyO5 yield than PY-DHBD-COF in pure
water, indicating that the combination of Nb,C QDs with PY-DHBD-COF
contributes to the enhanced photocatalytic activity. By optimizing the
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Fig. 2. (a) Photocatalytic performance of PY-DHBD-COF and NQPD-x in pure water and real seawater. (b) Time-dependent H,O, photogeneration of NQPD-3. (c)
H,0, production rate in different salt solutions around the respective concentrations in seawater. (d) AQY of H,O, photosynthesis over NQPD-3. (e) Changes in the
amounts of HyO, generated and SCC efficiency on NQPD-3. (f) Comparison of previously reported photocatalysts for H,O, generation in seawater. (g) Dynamic H,O»
photoproduction in NQPD-3 loaded nonwoven fabric. (h) H;0, photoproduction under natural sunlight in Fudan University Jiangwan campus using NQPD-3 loaded
nonwoven fabric with the 0.3 m? reactor containing 1 L seawater. (i) Time-dependent H,O, production in (h).

loading of NbyC QDs in heterostructures, the NQPD-3 exhibited the
highest yield of Hy05 (3060 pmol g~* h™!) in pure water. Further, the
photocatalytic activity of NQPD-3 catalyst was investigated in real
seawater, manifesting a higher HoO2 amount was generated (3560 pmol
g ! h™1) than that in pure water. The durability experiments reveal that
NQPD-3 catalyst maintains continuous and stable production of HoOy
under photoirradiation for 5 h (Fig. 2b). The cycling experiments show
that the catalytic performance of the NQPD-3 will be reduced to some
extent, which is mainly caused by the pollution or carbon accumulation
on the catalyst surface, affecting light absorption and carrier transport
efficiency, thereby reducing catalytic performance (Fig. S13). In addi-
tion, the TEM, PXRD, FTIR, and XPS characterizations analysis showed
that the morphology and chemical composition of NQPD-3 catalyst
remained unchanged after long-term photocatalytic reaction and
exhibited remarkable stability (Figs. S14-17).

To further compare the effects of main components in seawater on
photocatalytic activity, the yield of HyO2 in separate ionic salts (KCI,
CaCly, MgCly, and NaCl) were confirmed in Fig. 2c. It is observed that
the presence of inorganic salts promotes HoO5 production in the range of
seawater concentration, which can be attributed to the electron sink of
oxygen-containing groups for the NQPD-3 heterostructure in presence of

metal cations that boosts photocatalytic activity by attracting electrons
[37,38]. In addition, the apparent quantum yield (AQY) of the NQPD-3
was evaluated under monochromatic light irradiation of 400, 420, 450,
500, 550 and 600 nm, respectively. As described in Fig. 2d, the AQY
values are consistent with the variation trends of light response ability
for the NQPD-3, and exhibits remarkable AQY of 12.8 % at 400 nm.
Significantly, the solar-to-chemical conversion (SCC) efficiency of
NQPD-3 heterostructure (0.27 %) under visible light irradiation is
significantly higher than solar-to-biomass efficiency by plants (~0.1 %)
(Fig. 2e) [39]. It is obvious that the photocatalytic H,O, generation of
NQPD-3 surpasses most of the previously reported photocatalysts in
seawater (Fig. 2f) [14,15,37-43]. Furthermore, a photocatalytic device
was elaborately fabricated by loading the NQPD-3 catalyst onto poly-
propylene nonwoven fabric, confirming the feasibility of practical
application potential. The continuous flow photocatalytic production of
H50, was evaluated using NQPD-3 loaded nonwoven fabric, exhibiting
excellent photocatalytic HoO2 production (Fig. 2g). The scalable test for
H50, photoproduction in outdoor environment was conducted under
natural sunlight (Fig. 2h). The NQPD-3 loaded nonwoven fabric pho-
tocatalyst effectively produced H202 up to 200 pmol, demonstrating the
practical value for large-scale Hs0Oy photoproduction (Fig. 2i).
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Additionally, a typical dye photodegradation test by using RhB as a
model on NQPD-3 loaded nonwoven fabric photocatalyst was conducted
under natural sunlight irradiation, indicating the excellent photo-
catalytic dye degradation performance under practical conditions
(Fig. S18).

Kelvin probe force microscopy (KPFM) was employed to explore the
incorporation of Nbo,C QDs induced built-in electric field in NQPD-3
heterostructure (Fig. 3a and b). The surficial electrostatic potential of
NQPD-3 (36 mV) is apparently higher than that of PY-DHBD-COF
(17 mV), which contributes to a stronger built-in electric field acceler-
ating charge transfer effectively [44-48]. In addition, the zeta potentials
of PY-DHBD-COF and NQPD-3 are —7.4 and —18.0 mV, respectively,
indicating the built-in electric field enhanced with the incorporation of
Nb,C QDs (Fig. 3c). The NbyC QDs in high-crystalline PY-DHBD-COF
triggered a robust built-in electric field, which enabled continuous
transportation of the photo-generated carriers to active sites. Further-
more, the photoluminescence (PL) and time-resolved photo-
luminescence (TRPL) spectra were conducted to further validate the
efficient transfer and separation of photoinduced carriers. As depicted in

Applied Catalysis B: Environment and Energy 371 (2025) 125262

Fig. 3d, the PL emission intensity of NQPD-3 hybrid is weaker than that
of pristine PY-DHBD-COF, manifesting the incorporation of Nb,C QDs in
PY-DHBD-COF can greatly enhance the charge separation, and offer
significant advantage in improving photocatalytic performance. The
TRPL spectra reveal the lifetime of NQPD-3 composite (0.75 ns) is
shorter than pristine PY-DHBD-COF (5.2 ns), indicating the incorpora-
tion of NbyC QDs with PY-DHBD-COF offers a new channel for photo-
generated electrons transfer to NbyC QDs, and achieves efficient
separation of photo-generated carriers.

Additionally, the transient photocurrent responses and electro-
chemical impedance spectra (EIS) further validate that enhanced built-
in electric field promotes the migration of photo-generated carriers
(Fig. 3e). The NQPD-3 exhibited the highest photocurrent density and
lowest charge transfer resistance, verifying stronger built-in electric
field suppressed the recombination of photo-generated carriers. The
charge transfer pathway is confirmed by in-situ irradiation XPS, indi-
cating the binding energy of N 1 s and O 1 s peak shifts positively by
0.2 eV, and the binding energy of Nb 3d peaks shift negatively by 0.3 eV
under light illumination, compared to that in the dark (Fig. 3f-i). This
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finding verifies the surface charge transfer between the NbyC QDs and
PY-DHBD-COF under in-situ light irradiation, and the photogenerated
electron transfer from PY-DHBD-COF to Nb,C QDs sites.

Femtosecond transient absorption spectroscopy (fs-TAS) was
employed for investigating photoinduced charge transport within NbyC
QDs@PY-DHBD-COF nanostructure. As depicted in Fig. 4a-d, the PY-
DHBD-COF and NQPD-3 composite show negative signals at
~600 nm, corresponding to the ground state bleach (GSB). The weak
absorption signal at ~750 nm belongs to the excited state absorption
(ESA). The signal in NQPD-3 is particularly pronounced, which is
attributed to the interaction between Nb,C QDs and PY-DHBD-COF.
Significantly, the lifetime of NQPD-3 composite is shorter than that of
pure PY-DHBD-COF (Fig. 4e and f), indicating that the coupling of Nb,C
QDs with PY-DHBD-COF results in fewer photoelectrons available for
diffusion and trapping processes, thereby shortening the corresponding
lifetime [35].

The control experiments were conducted by employing different
scavengers to trap active species in HyOy photosynthesis process
including benzoquinone (BQ, -O3), tert-butyl alcohol (TBA, -OH),
ethylene diamine tetra-acetic acid disodium salt (EDTA-2Na, hM),
AgNOs as the electron scavengers [49-52]. As described in Fig. 5a, the
photocatalytic activity is severely hampered in the presence of BQ or
AgNOs, revealing the indispensable role of -O3 and e”. Meanwhile, the
introduction of TBA has negligible effect on HyO3 yield, manifesting that
-OH is not involved in the process of HyO, generation. Based on these
control experiments, the NQPD-3 follows the two-electron oxygen
reduction reaction (2e- ORR) mechanism via -O; intermediate for
photocatalytic HpOy generation. To further investigate the reaction
mechanism of HyOy photosynthesis over the NQPD-3, electron para-
magnetic resonance (EPR) spectroscopy was conducted by using 5,
5-dimethyl-1-pyrroline N-oxide (DMPO) as the spin-trap agent
(Fig. 5b). Under light irradiation, the signals of DMPO--O3 are distinctly
observed, confirming the -O3 is essential intermediate for HoO5 photo-
synthesis. Based on the above analysis, we conclude that the -O3 active
species participate in the generation of HyO, during photoreaction
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process.

To accurately identify the photocatalytic HyO2 generation process
over NQPD-3 hybrid, the in-situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) was performed to detect real-time
change in intermediates during 2e~ ORR process (Fig. 5¢). The NQPD-
3 displayed relatively obvious infrared absorption peaks at 818-850,
1150-1178, 1250-1290 and 1330-1388 cm !, which were attributed to
adsorbed Oj, -O3, surface-adsorbed OOH* and HOOH* , respectively
[53-55]. These in-situ experimental results indicate that -O3 is key in-
termediate in the process of HyOy photoproduction. The optical and
electronic properties for as-synthesized catalysts were comprehensively
investigated. UV-visible diffuse reflectance spectroscopy (UV-Vis DRS)
evaluated the optical capture capability and bandgap of PY-DHBD-COF
and the NQPD-x, both of them possessed a broad absorption peak in the
visible light region (Fig. S19). The UV-Vis DRS indicated the overall light
absorption of the NQPD-x heterostructures was enhanced as the loading
of NbyC QDs increased. Furthermore, the bandgap (Eg) values of
PY-DHBD-COF and the NQPD-3 were 2.21 and 2.17 eV through the Tauc
plots, which represented their semiconductor characteristics. In order to
determine the energy band positions of catalysts, the Mott-Schottky
(MS) electrochemical measurements were carried out, indicating that
the conduction band (CB) potential of PY-DHBD-COF and NQPD-3 were
located at —0.51 and —0.59 V vs NHE, respectively (Figs. S20 and 21).
The schematic diagram of energy band structures is showed in Fig. 5d,
exhibiting that both the CB and valence band (VB) position of the
NQPD-3 shifted to negative potential after introducing Nb,C QDs, and
the CB position was lower than standard 2e~ ORR potential, ensuring
sufficient reduction potential for HoO, generation [56-58].

The 2e” ORR process was further confirmed by rotating ring disk
electrode (RRDE) experiment. The average electron transfer number (n)
and Hy0; selectivity calculated within the potential range of 0.3-0.6 V
vs RHE (Fig. 5e). The average electron transfer number of PY-DHBD-
COF and the NQPD-3 are 2.90 and 2.34, respectively. The electron-
transfer number of the NQPD-3 is closer to 2 than that of PY-DHBD-
COF, indicating the superiority of the NQPD-3 in HoO, photosynthesis
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indicated delay time. (e, f) Normalized decay kinetic curves for PY-DHBD-COF and NQPD-3.
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[59,60]. Additionally, the NQPD-3 exhibits a remarkable HyO, selec-
tivity of 82.9 %, suggesting the significant improvement compared to
PY-DHBD-COF, further confirming that the 2e” ORR dominates on the
NQPD-3 hybrid. Furthermore, the 180, isotope experiment show that Oy
participates in the photocatalytic HyO, formation of the NQPD-3 com-
posite (Fig. S22). These results convincingly demonstrate the remark-
able performance enhancement achieved by the integration of Nb,C QDs
into PY-DHBD-COF. Furthermore, the temperature-programmed
desorption of Oy (O2-TPD) demonstrates the enhanced Oy chemisorp-
tion ability for the NQPD-3 composite (Fig. 5f). The introduction of Nb,C
QDs significantly increases the number of active sites on the surface, and
enhances the Oy adsorption capacity. The O, desorption peak of the
NQPD-3 shifts to higher temperature in relation to the pristine
PY-DHBD-COF, indicating stronger interaction between Oy and the
NQPD-3 heterostructure.

To further achieve a more comprehensive understanding for the
fundamental processes of photocatalytic HyO» production on atomic
scale, the density functional theory (DFT) calculations were conducted
to analyze the Oy adsorption, revealing that the adsorption energy of Oy
on NQPD-3 (-0.29 eV) is more negative compared to that of PY-DHBD-
COF (0.32 eV), further confirming the higher stability of Oy molecules
adsorbed on the NQPD-3 composite (Fig. 6a) [61-63]. Therefore, the
NQPD-3 exhibits pronounced advantage for the first step (O adsorp-
tion) of the 2e” ORR process. The DFT calculation was also conducted to
simulate the differential charge density distribution at the interface of
NQPD-3 heterostructure (Fig. S23). The differential charge density dis-
tribution graph clearly manifests the aggregated electrons are focused
on the NbyC QDs (blue region), while the deficient electrons are
concentrated on the PY-DHBD-COF (yellow region). The
planar-averaged charge density difference along with Z direction ex-
hibits the change of charge density, indicating the electrons mainly
transfer from PY-DHBD-COF to Nb,C QDs. The DFT calculations further
elucidated reaction process at the interface of NQPD-3 heterostructure.
The optimized surface intermediates and corresponding free energy

changes for each step of HyO5 production is shown in Fig. 6b. The re-
action process of photocatalytic HoO5 production includes the following
steps: 1) adsorption of O, molecules on the active sites of the NQPD-3 to
form adsorbed *Os; 2) transfer of electrons to the adsorbed *O5 to reduce
it to *OOH that is the rate-determining step in the 2e™ ORR, and the free
energy is calculated to be 0.29 eV; 3) combination of H* with *OOH to
form *HOOH; and 4) hydrogenation of *HOOH to form Hy03 (Fig. 6¢)
[64-66]. Based on the abovementioned results, the introduction of Nb,C
QDs sites can achieve the high Oy adsorption and conducive to the
reduction of O,.

4. Conclusion

In summary, we have successfully synthesized NbyC QDs sites
immobilized on pyrene-based covalent organic framework (Nb,C
QDs@PY-DHBD-COF, NQPD-x) heterostructures for efficient non-
sacrificial HoOy photosynthesis from air and natural seawater. Impres-
sively, the optimal NQPD-3 catalyst achieved a record Hy0; yield of
3560 pmol g~* h™!, and AQY of 12.8 % at 400 nm together with SCC
efficiency of 0.27 %, superior to currently reported photocatalysts for
H20, photosynthesis from natural seawater. The combination of
experimental characterizations and DFT calculations collectively
confirm that the excellent photocatalytic performance is attributed to
the robust built-in electric field modulated by Nb2C QDs, and the syn-
ergistic effect of the heterostructures, which promotes photogenerated
carriers transfer and optimizes Oz adsorption. This work broadens the
scope for designing advanced photocatalysts for sustainable HyO2 pro-
duction from air and natural seawater.
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