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% Check for updates Solar-driven H,0, production provides an eco-friendly and scalable alternative

to conventional anthraquinone processes. However, its efficiency has been
limited by the inefficient charge separation and poor selectivity for the two-
electron oxygen reduction reaction (2e° ORR). Here we report a Z-scheme
heterojunction photocatalyst constructed by in-situ growth of sulfur-deficient
ZnIn,S, nanosheets onto UiO-66-NH, (a zirconium-based metal-organic fra-
mework). This heterojunction promotes efficient charge separation while
retaining strong redox capability, and sulfur vacancies regulate O, adsorption
into a configuration that suppresses O-O bond cleavage and favors 2e ORR. As a
result, the composite achieves a high H,0, production rate of 3200 pmol g* h*!
with 94.3% selectivity in pure water under ambient air and visible light. A
continuous-flow prototype exhibits stable performance for over 200 h, and the
generated H,0, solution enables direct bacteria disinfection. Spectroscopic
and theoretical analyses reveal the critical role of sulfur vacancies in optimizing
0, activation. Our findings highlight a synergistic strategy of tuning charge
dynamics and O, adsorption configurations for designing next-generation
systems for sustainable H,O, production and water disinfection.

H,0; is a crucial green oxidant, widely used in chemical synthesis,
wastewater treatment, and disinfection'”. However, conventional
anthraquinone-based production method suffers from high energy
consumption, environmental pollution, and safety concerns®>. To
circumvent these issues, solar-driven photocatalytic H,O, synthesis
from O, and H,O offers a more energy-efficient, greener, and safer
alternative®®,

Photocatalytic H,O, synthesis occurs via O, reduction reaction
(ORR) and/or water oxidation reaction (WOR) by photogenerated
electrons (e) and holes (h*), respectively. The 2e" ORR (O, +2e" + 2H" >
H,0,, 0.68 V vs reversible hydrogen electrode, RHE) is more favorable
both thermodynamically and kinetically than WOR (2H,O+2h" >
H,0, +2H', 1.76 V vs RHE)’. While hole scavengers are often used to
bypass the rate-limiting WOR and enhance charge separation’’, they
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introduces additional costs, secondary pollution, and difficult post-
purification?. Thus, achieving H,0, photosynthesis in pure water
without sacrificial agents is highly desirable®.

Z-scheme photocatalysts, which are known for their efficient
charge separation and strong redox capabilities, enable both ORR and
WOR in pure water without adding hole scavengers™*™". ZnIn,S, (ZIS) is
a competent reductive semiconductor of the Z-scheme heterojunction
due to its negative conduction band (CB) edge and strong ORR
activity'®. However, ZIS suffers from photo-corrosion due to oxidation
by accumulated photogenerated h* and rapid charge carrier recom-
bination. Metal-organic frameworks (MOFs), a class of crystalline
coordination materials, have gained attention as promising photo-
catalysts for H,0, production'?°. Their porous structure and abun-
dant channels provide large surface areas and facilitate efficient mass
transfer of reactants and products, enhancing H,0, photosynthesis.
Among MOFs, UiO-66-NH, (U6N) stands out for its visible-light
absorption?, high structural stability?’, and favorable band positions
for forming Z-scheme heterojunctions with ZIS (Fig. 1a). The con-
struction of Z-scheme heterojunction can spatially separate e and h*
on ZIS and U6N, respectively, largely suppressing charge recombina-
tion and photo-corrosion. However, studies on U6N-based photo-
catalytic H,0, synthesis remain scarce.

Although Z-scheme heterojunctions improve charge separation and
redox capability, the competition between 2e” and 4e ORR (O, +4H" +
4¢ > 2H,0) is crucial and often overlooked®. The 4e ORR produces H,O
instead of H,0,, so achieving high 2e” ORR selectivity is critical**, which
highly depends on O, adsorption configurations®?. Yeager-type (side-
on) and Pauling-type (end-on) are two main O, adsorption configura-
tions (Fig. 1b)” . For Yeager-type adsorption, two active sites transfer
electrons to oxygen’s p orbitals, fully occupying its T antibonding
orbitals to form peroxide («O,?) intermediate and destabilize O-O bonds
(Fig. 1b, ¢). This configuration thus favors O-O bond cleavage into *OH
radicals, hindering H,0, synthesis due to the high energy barrier for <OH
coupling®. In contrast, Pauling-type adsorption favors superoxide (<O,)
formation by partially filling the T* antibonding orbitals, preserving O-O
bond. The protonation of <O, forms «OOH, a major 2 ORR inter-
mediate, facilitating H,O, production®. Therefore, tuning the O,
adsorption to Pauling-type is key to enhancing the selectivity and effi-
ciency of H,0, photosynthesis®®,

@ Z-scheme charge transfer

Unfortunately, each O atom in O, donates two electrons for
bonding, leaving two unpaired electrons that favor Yeager-type
adsorption on two adjacent Zn atoms in ZIS. Heteroatom doping or
defect engineering can disrupt the charge balance of neighboring
active sites, enhancing electron delocalization and tuning O, adsorp-
tion configuration toward the Pauling-type. Recent studies have
demonstrated the achievement of Pauling-type O, adsorption for H,0,
photosynthesis in carbon nitride***, covalent organic
frameworks**°, and chalcogenides*"** via heteroatom doping, single-
atom and functional-group modifications. For example, Liu and Yu et
al. introduced highly dispersed single-atom Ni sites to ZnS to realize
the Pauling-type O, adsorption, which showed enhanced H,0, pho-
tosynthesis under UV-visible light*’. We thus hypothesize that intro-
ducing S vacancies in ZIS can increase the electron density of one
proximate Zn while leaving the other one unaffected. This electronic
imbalance allows dual Zn sites to transfer different numbers of elec-
trons to the two O atoms, shifting the O, adsorption from Yeager-type
to the desired Pauling-type configuration.

Herein, we developed a Z-scheme heterojunction by in situ
growing S-deficient ZIS onto U6N (U6N@ZIS), boosting charge trans-
fer and retaining the strong redox capability for enhanced ORR per-
formance. Both experimental data and density functional theory (DFT)
calculations revealed that S vacancies in ZIS induced Pauling-type O,
adsorption, improving 2e" ORR selectivity. As a result, U6N@ZIS
exhibited a very high H,0, production rate (3200 umol g™ h™) in pure
water with ambient air exposure under visible light irradiation. More-
over, the developed continuous-flow prototype demonstrated long-
term stability (>200 h), and the generated solution was directly usable
for on-site water disinfection without the need for further purification.

Results

Synthesis and characterizations of UIN@ZIS

U6N was synthesized through a facile solvothermal method, followed
by the in-situ growth of ZIS nanosheets to obtain U6N@ZIS (Fig. 2a).
Scanning electron microscopy (SEM) images revealed the discernible
octahedral morphologies of U6N with sizes of 400-600 nm (Fig. 2b
and Supplementary Fig. 1). Lattice fringes with a spacing of 0.32nm
were clearly observed in the high-resolution transmission electron
microscopy (HRTEM) image (Fig. 2c), well indexed to the (102) planes
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Fig. 1| Design concept for enhanced H,0, photosynthesis. a Constructing Z-scheme heterojunction boosts charge transfer. b Introducing S vacancy favors Pauling-type
0, adsorption to improve 2e” ORR selectivity for efficient H,0, production. ¢ Molecular orbital energy levels of O,, *O5, and «O,* to show the filling status of T*,, orbitals.
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Fig. 2 | Synthesis and characterizations. a Schematic illustration of synthesizing
U6N@ZIS. “Three-neck flask and octahedron images” adapted from BioRender. Liu,
F. (2025). b SEM image of U6N. ¢ HRTEM and d EDS mappings of USBN@ZIS. e S 2p
and f Zr 3 d XPS spectra. g Zn K-edge XANES profiles and h Fourier transformation

of EXAFS for Zn foil, ZnO, ZIS, and U6N@ZIS. i EPR spectra of ZIS, UiO@ZIS, and
U6N@ZIS. Scale bars: b, d 200 nm, ¢ 10 nm. Source data for e, f and g-i are pro-
vided as a Source Data file.

of hexagonal ZIS*. SEM images of U6N@ZIS showed a nanosheet
structure at the periphery (Supplementary Fig. 3). High-angle annular
dark field scanning TEM (HAADF-STEM) and energy-dispersive X-ray
spectroscopy (EDS) mappings confirmed the core@shell structure of
U6N@ZIS. The Zr distribution was confined to a smaller area and
covered by uniformly distributed Zn, In, and S elements, indicating the
encapsulation of U6N by the in-situ grown ZIS (Fig. 2d and Supple-
mentary Fig. 5). UBN@ZIS showed a large specific surface area and
porosity based on the gas adsorption-desorption analysis (Supple-
mentary Fig. 6), favoring O, adsorption for efficient 2e" ORR. X-ray
diffraction (XRD) pattern of U6N@ZIS showed diffraction peaks
attributed to both U6N and hexagonal ZIS, confirming the successful
synthesis of U6N@ZIS (Supplementary Fig. 8). Fourier transform
infrared (FTIR) spectra of U6N and U6N@ZIS showed the character-
istic stretching and bending vibrations of -NH,, benzene ring, and Zr-O
bonds (Supplementary Fig. 9)***¢. X-ray photoelectron spectrometry
(XPS) analysis revealed a 0.1-0.2 eV shift of S 2p,;, and S 2p;,, peaks
towards higher binding energy in U6N@ZIS compared to ZIS. Con-
versely, Zr 3ds, and Zr 3ds;, peaks shifted to lower binding energy in
U6N@ZIS compared to U6N (Fig. 2e, f). These results suggested
electron transfer from ZIS to U6N upon contact, leading to Fermi level
equilibrium and the establishment of an interfacial electric field (IEF)
directed from ZIS to U6N". The formed IEF provides a driving force to
steer the photoexcited electron transfer from U6N to ZIS, following
the Z-scheme direction under illumination.

X-ray absorption near edge structure (XANES) analysis of the Zn
K-edge was performed to discern the nuanced electronic structure
differences between ZIS and U6N@ZIS. As shown in Fig. 2g, the Zn

K-edge in UGN@ZIS exhibited a negative shift of 0.29 eV relative to ZIS,
indicating the presence of S-vacancy in U6N@ZIS***°. Further insights
into the local coordination environment of U6N@ZIS were obtained
through the Fourier transform of extended X-ray absorption fine
structure (EXAFS) spectra (Supplementary Fig. 10 and Fig. 2h).
U6N@ZIS exhibited a decreased peak intensity at ~1.87 A compared to
pristine ZIS, suggesting a lower Zn-S coordination environment'**°.
Detailed EXAFS fitting further revealed a reduced Zn-S coordination
number in USN@ZIS (2.7) compared to ZIS (3.0), providing direct
evidence for the presence of S-vacancies in USN@ZIS (Supplementary
Table 2)*%2, Moreover, wavelet transform analysis of the EXAFS spectra
offered a clearer visualization of the Zn-S coordination structures in
ZIS and U6N@ZIS (Supplementary Fig. 11). Electron paramagnetic
resonance (EPR) analysis further corroborated the presence of S
vacancies in USN@ZIS, revealing a characteristic signal with a g-value
of 2.004 (Fig. 2i). Notably, S vacancies disrupt electron localization at
Zn sites, favoring Pauling-type O, adsorption and enhancing the 2e~
ORR selectivity.

To unveil the mechanism of S vacancy formation, we conducted In
K-edge EXAFS to examine the potential interaction between ZIS and
U6N. The fitting results revealed distinct In-N coordination in
U6N@ZIS (Supplementary Figs. 12, 13 and Supplementary Table 3).
Moreover, DFT calculations provided an optimized theoretical model
of the UGN@ZIS composite. Strong interactions between U6N and ZIS
were observed, with the formation of In-N bonds having a bond length
of 217 A (Supplementary Fig. 14), consistent with the results of EXAFS
analysis. We thus proposed that the formation of S vacancies arose
from the interactions between -NH, groups of NH,-UiO-66 and In*
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Fig. 3 | Photocatalytic H,0, production performance. a Photocatalytic H,O,
production by ZIS, U6N and U6N@ZIS. Reaction conditions: 1 mg photocatalyst,
10 mL H,0, A >400 nm. b k¢ and k4 of U6N, ZIS, and U6N@ZIS. ¢ AQY for H,0,
production of UGN@ZIS under monochromatic light irradiation of different
wavelengths (365, 420, 500, 560, and 660 nm). d Comparison for H,O, production
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with representative photocatalysts in recent works. e On-site inactivation of E. coli
using H,0, solution generated at different irradiation times. f, g Continuous-flow
reactor for H,0, production. h Long-term and continuous H,0, production. Source
data for a-c and e are provided as a Source Data file.

precursors during the in-situ growth of ZIS, influencing the nucleation
and growth processes. These interactions could lead to non-
stoichiometric growth, resulting in the formation of S vacancies in
the ZIS lattice. Additionally, the electron-donating nature of -NH,
groups can alter the local electronic environment, further promoting
the creation of S vacancies. To verify the role of -NH, group, we pre-
pared ZnIn,S, in the presence of Ui0-66 without -NH, (UiO@ZIS). No S
vacancy signal was detected by EPR analysis (Fig. 2i), further sub-
stantiating the proposed mechanism for S vacancy formation. It is
noted that the demonstration related to U6N-induced S vacancy for-
mation of ZnIn,S, has not been reported yet.

Photocatalytic H,0, production in pure water by U6N@ZIS

Photocatalytic H,O, production by the as-prepared samples was
undertaken under visible light irradiation in pure water (Fig. 3a).
U6N@ZIS achieved a significantly higher H,0, production of 0.32 mM
after 60 min, which was 12 and 8 times higher than that of pristine U6N
(0.02mM) and ZIS (0.04 mM), respectively. The enhanced perfor-
mance could be attributed to the heterojunction formation, which

facilitated the interfacial charge separation and transfer, suppressing
charge recombination.

The U6N loading content was optimized to 40 wt% (Supplemen-
tary Fig. 16), and pH 7 was the optimal condition for H,O, photo-
synthesis (Supplementary Fig. 17), which were therefore employed in
subsequent experiments. The final H,0, yield is governed by both
formation rate (k¢) and decomposition rate (kq), which were derived by
assuming zero-order and first-order kinetics, respectively. UbN@ZIS
showed the highest kr and lowest kg, indicating its high overall H,0,
yield (Fig. 3b and Supplementary Table 4). The apparent quantum yield
(AQY) of U6N@ZIS for H,0, photosynthesis was further measured
under different-wavelength monochromatic light irradiation. AQY
values of 13.9%, 12.0%, 5.8%, 3.5% and 2.0% were achieved at 365, 420,
500, 560, and 660 nm of irradiation, respectively. This trend closely
followed the absorption spectrum of UBN@ZIS, confirming that H,0,
production is a light-driven process (Fig. 3¢ and Supplementary
Table 5). Notably, the performance of UbBN@ZIS is competitive in this
research field (Fig. 3d and Supplementary Table 6). Cyclic experiments
were conducted to evaluate the stability of U6N@ZIS, exhibiting
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excellent durability with sustained and efficient H,O, production over
5 cycles of 5h (Supplementary Fig. 18). No obvious difference was
observed in the XRD patterns, FTIR and XPS spectra for USN@ZIS
before and after reaction (Supplementary Figs. 19 and 20), suggesting
no significant change for its structure and compositions.

Large-scale H,0, production in pure water and disinfection
application

To enable large-scale H,0, production, a time-sequential batch reactor
was developed using U6N@ZIS-loaded polytetrafluoroethylene (PTFE)
membranes. Pure water was pumped into the reactor, and after 1-h
reaction, the generated H,O, solution was extracted. This cycle was
repeated continuously, achieving sustained H,O, production for over
200 h under ambient air exposure (Fig. 3f-h). The generated H,0,
solution was directly applied for on-site disinfection of Escherichia coli
(E. coli). Different bathes of E. coli were incubated for 18 h in the pre-
sence of either pure water or H,O, solutions produced at different
irradiation durations. The viability of E. coli progressively declined with
the added H,0, concentration increasing (i.e., obtained at increased
irradiation time). After 60-min irradiation, the H,0, concentration
peaked, which was then added to the cultures and led to a significant
quantity reduction of viable bacteria colonies (Fig. 3e). These results
demonstrated the high disinfection efficacy of the H,O, production
system, achieving ~98% inactivation of E. coli (10° CFU/mL, a con-
centration 1000 times higher than that in natural water), highlighting
its strong potential for practical water disinfection.

Z-scheme charge transfer enhanced H,0, production

The significantly enhanced H,0, production of UbN@ZIS compared to
pristine U6N and ZIS could be attributed to the formed Z-scheme
heterojunction, facilitating charge transfer while preserving strong
redox capability, aligning with our initial hypothesis.

To unveil the charge transfer mechanism, we first investigated the
band structures using ultraviolet-visible diffuse reflectance spectro-
scopy (UV-vis DRS) and Mott-Schottky (M-S) measurements.
U6N@ZIS exhibited broad UV-vis absorption (Fig. 4a), with the band-
gap energies of U6N and ZIS estimated as 2.18 and 2.78 eV, respec-
tively, based on Tauc plots. The positive slopes of M-S plots showed
their n-type semiconductor nature (Supplementary Fig. 21). M-S mea-
surements at three different frequencies (500, 1000, and 1500 Hz)
determined the flat band potentials, which in n-type semiconductors
typically lie 0.1-0.2 eV below the CB edge. The CB positions of U6N and
ZIS were thus identified as —0.59 and -0.71eV vs RHE, respectively,
while their VB edges were estimated at 1.47 and 2.19 eV vs RHE by
combining the bandgap energies (Fig. 4b). These results revealed a
staggered band alignment, fulfilling the criteria for forming either
Type Il or Z-scheme heterojunction.

To further elucidate the charge transfer pathways, DFT calcula-
tions were performed to determine the work functions of U6N and ZIS.
U6N exhibited a larger work function (5.07 eV) compared to ZIS
(4.22 eV) (Fig. 4¢, d), suggesting that charge migration from ZIS to U6N
occurs spontaneously upon contact in the dark to reach Fermi level
equilibrium. This charge redistribution induced an interfacial electric
field directed from ZIS to U6N, consistent with XPS analysis. Under
light irradiation, this electric field drives the photoexcited electrons in
the CB of U6N toward the VB of ZIS, where they recombine with holes,
following the Z-scheme charge transfer pathway. As a result, photo-
generated electrons and holes were spatially separated, accumulating
in the CB of ZIS and the VB of U6N, respectively, thereby retaining
strong redox potential for efficient H,O, photosynthesis.

To further reveal the charge separation and transfer dynamics in
U6N@ZIS, a series of steady-state and transient spectroscopic analyses
were conducted. Steady-state surface photovoltage (SPV) analysis was
performed to study charge separation behavior. As shown in Fig. 4e,
upon light irradiation, photogenerated electrons in ZIS migrated from

the bulk to the surface, where they were collected by the amplifier,
generating a negative signal. When a U6N layer was introduced
beneath the ZIS layer to simulate the composite structure, a more
pronounced negative signal was observed compared to pristine ZIS,
indicating enhanced electron accumulation on ZIS. This result further
confirmed the formation of Z-scheme heterojunctions. Transient sur-
face photovoltage (TPV) measurements were conducted to reveal
charge transport dynamics (Fig. 4f). UBN@ZIS exhibited a faster
charge extraction rate than ZIS alone (t; < t,), demonstrating that the
heterojunction effectively facilitated charge transfer. Moreover, upon
completion of the charge extraction process, the formed heterojunc-
tion slowed the charge decay, thereby prolonging the lifetime of
photogenerated charge carriers.

To gain deeper insight into the Z-scheme charge transfer
dynamics, femtosecond-transient absorption (fs-TA) measurements
were conducted using a femtosecond UV pump/white-light continuum
probe setup (see Supporting Information for details). This technique
allowed us to investigate the electron transfer dynamics between U6N
and ZIS (Fig. 4g-1 and Supplementary Fig. 22). The pump wavelength
was set at 320 nm to effectively excite electrons from the VB to the CB
of U6N. Pristine U6N exhibited positive TA signals spanning the
475-750 nm range (Fig. 4g, h). These signals were consistent with
photoinduced absorption (PA) of electrons, as previously reported in
ultrafast TA studies on U6N*. Given the wavelength-independent TA
kinetics within this spectral range, representative data at 677 nm are
presented in Fig. 4i. The TA decay profile followed a double-
exponential model. The fast decay component (r; =222 +117 ps) was
attributed to electron trapping by surface defects, while the slower
decay (1,=3086 +1129 ps) corresponded to charge recombination
processes in U6N*",

In contrast, the UGN@ZIS heterojunction exhibited distinct TA
spectral and dynamic features. UBN@ZIS displayed both a photo-
induced bleach (PB) signal (475-600 nm) and a PA signal centered at
660 nm (Fig. 4j, k). Notably, the PA signal at 660 nm was consistent
with that observed in U6N (Fig. 4g, h), allowing us to focus on the
spectral evolution in the 600-750 nm range to elucidate the electron
transfer process from U6N to ZIS. The TA dynamic at 677 nm for
U6N@ZIS (Fig. 41) revealed a pronounced signal growth with a much
longer timescale (7;=9 + 2 ps) than the instrument response function
(-100 fs). Furthermore, within the 50 ps to 7 ns timescale, a positive-to-
negative crossover occurred within 2 ns, indicating the effective sup-
pression of electron trapping at U6N CB surface states. If such a
trapping process persisted, the characteristic PA signals of U6N would
have dominated. Instead, the transition from PA to PB signal suggested
efficient electron transfer from the CB of U6N to the VB of ZIS, probed
via the PB signals corresponding to ZIS excited states. The observed
~9 ps rise time thus represented the interfacial electron transfer char-
acteristic of a Z-scheme charge transfer pathway>, further confirming
the formation of Z-scheme heterojunctions between U6N and ZIS.
These findings collectively highlighted the crucial role of the Z-scheme
heterojunction in promoting charge separation and prolonged carrier
lifetimes, ultimately enhancing photocatalytic H,0, production.

Mechanistic Insights into H0, Formation via ORR

To elucidate the formation pathway of H,0,, photosynthesis experi-
ments were conducted under different atmospheric conditions,
including Oy, air, and N, (Fig. 5a and Supplementary Fig. 23). The H,0,
yield was highest in O, (3800 pmol g™ h™) and slightly decreased in air
(3200 pmol g™ h™). However, H,0, production was almost negligible
in N,, suggesting that ORR played a pivotal role in H,0, photosynthesis
within the UBN@ZIS system.

To further probe the reaction intermediates, quenching experi-
ments were performed using AgNOs, isopropanol (IPA), and super-
oxide dismutase (SOD) as scavengers of electron, hole, and <Oy
radicals, respectively (Fig. 5b and Supplementary Fig. 24)*>%. Upon the
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addition of AgNO;, H,0, generation was dramatically suppressed,
confirming the essential role of electrons in H,O, photosynthesis®. In
contrast, when IPA was introduced, the H,0, yield slightly increased, as
holes preferentially reacted with IPA rather than recombining with
electrons. Moreover, the addition of SOD led to a substantial decline in
H,0, production, indicating that <O, served as a key intermediate in
the H,0, photosynthesis. The prominent DMPO--O, signal was
observed in EPR spectra (Fig. 5c), further confirming the generation of
0, during the photosynthesis of H,0,. Based on these findings, the
H,0, formation pathway should conform to the indirect 2e° ORR
process (0, + € > +0,; 0, + e + 2H" > H,0,).

To further verify this mechanism, isotopic labeling experiments
were conducted using ®0, (Fig. 5d). The generated H,0, was catalyzed
by MnO, to decompose into O,, which was then detected by gas

chromatography-mass spectrometry (GC-MS). A distinct peak at m/z
of 36.01 was observed, corresponding to ¥0, released from H,'®0,
decomposition (Supplementary Fig. 25). After 12-h light irradiation,
80, accounted for 89% of the total detected O, while the proportion
of %0, decreased from 100% to 11% (Fig. 5e). These results conclusively
demonstrated that H,O, photosynthesis in the UBN@ZIS system pre-
dominantly proceeded via the ORR rather than the WOR. Simulta-
neously, the photogenerated holes can react with H,O to produce O,
and H' via the 4¢ WOR pathway (2H,0+4 h* > O, +4H")**°¢2 The
dissolved O, and the produced O,, together with H*, further partici-
pate in the ORR process to produce H,0,. To validate the occurrence
of the 4 WOR, we monitored the dissolved O, concentration in the
reaction solution over irradiation time and also analyzed the gaseous
products using GC (Supplementary Fig. 26). The observed increase of
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Source Data file.

the dissolved O, concentration, along with the detected O, in the
produced gas, clearly verified the H,O oxidation to produce O,, which
is consistent with previously reported results***° 2,

Optimal O, adsorption configuration for high 2e ORR selectivity
ORR generally proceeds via 2e" (0O, +2H" + 2e* > H,0,) and/or 4e
pathways (O, + 4H" + 4e" > 2H,0). High selectivity toward the 2e" ORR is
essential for efficient photocatalytic H,0, production®, while the O,
adsorption configuration plays a key role in determining the reaction
pathway.

The Yeager-type configuration facilitates O-O bond breakage,
favoring the 4e° ORR, whereas the Pauling-type preserves the O-O
bond, promoting the 2e° ORR. These configurations induce the gen-
eration of distinct active intermediates, «O, for Pauling-type and «0,*

for Yeager-type. The «O,* is highly unstable and readily decomposes
into *OH and H,O. Thus, the O, adsorption configuration can be
identified by analyzing the active intermediates.

EPR spectra revealed a strong DMPO-+O, signal for USN@ZIS,
while a negligible DMPO-+OH signal was detected (Fig. 5¢). This result
indicated that O, predominantly adsorbed on U6N@ZIS in the Pauling-
type configuration, allowing the O-O bond to retain. In contrast, ZIS
exhibited a weaker DMPO-+O, signal but a stronger DMPO-+OH signal
compared to UGN@ZIS. Since the VB position of ZIS (1.47 V vs RHE) is
more negative than the H,O/-OH potential (2.73V vs RHE), direct
oxidation of H,O to *OH is thermodynamically unfavorable. The
detected *OH should thus originate from the decomposition of
unstable «0,?, which underwent O-O bond cleavage, forming «OH and
H,0. When O, was replaced with Ar, the DMPO-+OH disappeared in the
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ZIS system, further supporting that Yeager-type adsorption led to O,
conversion into +0,”, which subsequently decomposed into +OH
and H,O0.

To quantify the 2e" ORR and H,0, selectivity, rotating ring-disk
electrode (RRDE) measurements were performed to determine the
average electron transfer number (n) during the ORR process. (Fig. 5f).
The disk current corresponded to the reduction of O,, while the ring
current resulted from the oxidation of the produced H,0,. The mea-
sured n values for U6N, ZIS, and U6N@ZIS were 2.8, 2.3, and 2.1,
respectively, with corresponding H,0, selectivity of 58.9%, 80.4%, and
94.3% (Fig. 5g). These results confirmed that the 2e” process dominated
in the ORR by U6N@ZIS, consistent with the Pauling-type O, adsorp-
tion configuration on U6N@ZIS.

To gain deeper insight into the reaction pathway for H,O, pro-
duction, in situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) was employed to track the real-time intermediate
formation during H,0, photosynthesis (Fig. 5h, i). A peak at 903 cm™
was attributed to the 0-O stretching mode of adsorbed 0,°**. Peaks
between 950 and 1000 cm™ were ascribed to *O,, which increased
progressively under irradiation®. The appearance of bands between
1389 and 1460 cm™, assigned to *OOH formed via protonation of +O5,
provided direct evidence of the indirect two-step 2e° ORR pathway®’.
Moreover, peaks in 1120-1200 cm™ corresponded to the -OOH bend-
ing vibrations of free H,0, molecules®. These results demonstrated
that O, was primarily adsorbed in the Pauling-type configuration,
preventing O-O bond cleavage and favoring the 2e” ORR, thereby
achieving high selectivity for H,O, production.

To elucidate the correlation between catalyst structure and O,
adsorption configuration, theoretical calculations were conducted to
investigate O, adsorption and activation on different catalysts (Fig. 5j
and Supplementary Fig. 27). The raw data of the optimized computa-
tional models are provided in supplementary data 1. While the porous
structure of U6N enabled substantial O, enrichment, DFT calculations
indicated weak O, binding. UBN@ZIS exhibited a more favorable O,
adsorption energy (-5.918 eV) than U6N (-0.579 eV) and ZIS (—4.909 eV)
(Supplementary Fig. 28). Temperature-programmed desorption of O,
(O,-TPD) revealed that U6N@ZIS exhibited significantly stronger O,
adsorption (Supplementary Fig. 29), consistent with calculation results.

With two unpaired electrons in its molecular orbitals, O, generally
adsorbs at two adjacent Zn atoms in ZIS, where electron localization
favors a Yeager-type (side-on) configuration. In this case, each Zn atom
transfers electrons to p orbital of the O, to saturate its m* antibonding
orbitals, destabilizing the O-O bond to form +0,*. The unstable «0,*
intermediate is readily to decompose to «OH and H,0, limiting 2e” ORR
and H,0, production selectivity. The electron transfer from Zn to O
was confirmed by the calculated increased number of electrons
(Supplementary Table 7) for two O atoms of Yeager-type adsorbed O,
(6.53 and 6.61) compared to the isolated O, molecule (6.00 and 6.00).
Based on the DFT calculations, O, adsorption on USN@ZIS followed a
Pauling-type configuration, attributed to the S-vacancy induced elec-
tron delocalization. It prevents excessive electron transfer to fully fill
* antibonding orbitals, leading to O, formation and stabilizing the
0-0 bond. The protonation of <O, forms *OOH, enhancing 2e' ORR and
H,0, production. To further validate this conclusion, U6N/ZIS without
S-vacancies was prepared via electrostatic assembly (Supplementary
Fig. 30). The photocatalytic performance of U6N/ZIS and UiO@ZIS was
significantly lower than that of U6N@ZIS (Supplementary Fig. 31),
further confirming the crucial role of S-vacancy-induced electronic
structure modulation. The distinctly different number of electrons for
two O atoms (6.20 and 6.50) verified the partial and unbalanced
electron transfer from Zn sites to the Pauling-type adsorbed O, (Sup-
plementary Table 7).

To further assess the spontaneity of 2e ORR pathways on differ-
ent catalysts, Gibbs free energy calculations were conducted (Fig. 5k).

Although the free energy favors H,0, production thermodynamically
by U6N, the poor O, adsorption resulted in low efficiency. On ZIS, the
free energy increased upon O, conversion to *OOH, indicating low 2e’
ORR and H,0, formation selectivity due to the Yeager-type O,
adsorption configuration. By contrast, UbBN@ZIS favored Pauling-type
adsorption, facilitating *OOH formation and thereby enhancing H,O,
production efficiency. By contrast, USN@ZIS favored Pauling-type O,
adsorption, promoting <O, and OOH formation and thereby enhan-
cing H,0, production efficiency.

Discussion

In summary, we demonstrate the in-situ growth of ZIS nanosheets
with S vacancies onto U6N, forming a Z-scheme heterojunction that
enables highly selective photocatalytic H,O, production. UbBN@ZIS
achieved a competitive H,0, generation rate of 3200 pmol g™ h™!
with high 2e” ORR selectivity of 94.3% in pure water under ambient air
and visible light, surpassing most reported photocatalysts under
comparable conditions. A time-sequential batch reactor based on
U6N@ZIS was further developed, achieving large-scale and long-
term H,0, production over 200 h. The produced H,0, solution
showed effective disinfection of bacteria. The Z-scheme hetero-
junction largely facilitated charge separation and transfer, as evi-
denced by TPV, SPV, fs-TA, and DFT calculations, thereby enhancing
the photocatalytic performance of U6N@ZIS. EPR and XAS analyses
confirmed the presence of S vacancies, which modulated the O,
adsorption to follow the Pauling-type configuration, favoring the 2e’
ORR pathway for selective and efficient H,O, production. A combi-
nation of RRDE, isotope labeling, EPR, in-situ DRIFTS, and DFT cal-
culations further elucidated that the indirect 2e° ORR pathway
predominated in the UbBN@ZIS system for H,O, photosynthesis. This
work provides a viable strategy for optimizing charge dynamics and
0, activation, paving the way for efficient, cost-effective, and scalable
photocatalytic H,O, synthesis.

Methods

Chemicals and materials

N, N-dimethyl formamide (DMF, >99.5%), hydrochloric acid (HCI,
36.0-38.0%), isopropyl alcohol (IPA, 299.7%), silver nitrate (AgNO3,
>99.8%), zinc acetate dihydrate (Zn(AC),*2H,0, >98%), sulfuric acid
(H,S0y4, 95.0-98.0%), and ethanol (EtOH, >95%) were sourced from
Sinopharm Chemical Reagent Corporation (Shanghai, China). Zirco-
nium tetrachloride (ZrCl,, >98%), 2-amino-1,4-benzenedicarboxylic
acid (H,N-H,BDC, >98%), indium chloride tetrahydrate (InCl3*4H,0,
>98%), terephthalicacid (TA, 299%), and thioacetamide (TAA, C,HsNS,
>98%) were acquired from Aladdin Chemical Reagent Corporation
(Shanghai, China). Titanic sulfate (Ti(SO,),, 296%) was purchased from
Macklin Biochemical Technology Corporation (Shanghai, China).
Superoxide dismutase (SOD, 2500-7000 unit/mg) was purchased
from Shanghai Yuanye Bio-Technology Co., Ltd. Unless otherwise
specified, all chemicals were of analytical grade and used without
further purification.

Synthesis of catalysts

Synthesis of ZIS. Typically, 220 mg of Zn(AC),+2H,0, 586.5 mg of
InCl3+4H,0, and 401 mg of TAA were dissolved in 167 mL of deionized
water under stirring for 30 min. The mixture was heated in an oil bath
at 95°C for 6 h, then washed five times with deionized water and
subsequently freeze-dried.

Synthesis of U6N. U6N was first synthesized by dissolving 1.25g of
ZrCly and 1.36 g of H,N-H,BDC in 5 mL of HCI and 100 mL of DMF.
The solution was then heated in an oil bath at 120°C for 6 h. The
resulting suspension was washed three times with methanol and
acetone, followed by vacuum drying at 60 °C overnight.
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Synthesis of UBN@ZIS. U6N@ZIS was prepared using an in-situ
growth approach under solvothermal treatment. Typically,
Zn(Ac),*2H,0 (55mg), InCl3*4H,O (147 mg), and thioacetamide
(75 mg) were completely dissolved in 167-mL pure water. U6N (141 mg)
was then dispersed into the above solution under ultrasonication. The
resultant mixture underwent thermal treatment under 95 °C in oil bath
for 6 h. The final product was collected using centrifugation and
washed with pure water, and then dried at 60 °C in vacuum overnight.

Synthesis of UIO@ZIS. Firstly, 233 mg of ZrCl, and 166 mg of TA were
dissolved in 10 mL of DMF, 3.6 mL of acetic acid was added, and heated
at 120 °C for 24 h. After washing with methanol, UiO was obtained.
Except for replacing U6N with UiO, the other preparation conditions
and procedures were identical to those of UGN@ZIS.

Synthesis of U6N/ZIS. Specifically, 40 mg of U6N and 60 mg of ZIS
were dispersed in 100 mL of deionized water under continuous stirring
for 24 h to ensure thorough mixing and electrostatic assembly. The
resulting suspension was then collected by centrifugation, washed
several times with deionized water, and dried at 60 °C to obtain the
U6N/ZIS.

Characterizations

XRD analysis was carried out on a SmartLab SE with Cu Ka irradiation
(40 kV, 50 mA). The morphology of the materials was characterized by
SEM (Zeiss sigma500) and TEM (Thermo Scientific Talos F200X G2) at
an acceleration voltage of 20-120 kV. HRTEM (HITACHI HT7820) was
used to determine the lattice fringe spacing under the same voltage
range. FT-IR spectra were recorded on a Thermo Scientific Nicolet
IS50. SPV spectrum was collected on a SPV system, including a Xe light
source (CHF-XM500, Perfectlight Technology), a focusing mono-
chromator (Omni-A3007MC300), a lock-in amplifier (SR830, Stanford
Research Systems), and a chopper (SR542, Stanford Research Sys-
tems). TPV measurements were performed using an assembled system
comprising a nanosecond pulsed laser (Q-smart 450, Quantel), a 500-
MHz digital phosphor oscilloscope, and a preamplifier (5003, Brook-
deal Electronics). UV-vis DRS was obtained using a Shimadzu UV-3600i
Plus spectrophotometer with BaSO, as the reflectance standard. EPR
spectra were recorded on a Bruker A300 spectrometer. O,-TPD was
conducted on Micromeritics AutoChem II 2910.

Photocatalytic performance for H,0, production
Photocatalytic H,0, production. Typically, 1 mg of photocatalyst was
dispersed in 10 mL of pure water. The solution was stirred for 30 minin
the dark to establish adsorption-desorption equilibrium between
ambient air and water. Unless otherwise specified, all reactions in this
work were conducted under ambient air conditions. A 300 W Xe arc
lamp (PLS/XSE 300D/300DUV, Perfectlight) equipped with a cutoff
filter (\ =400 nm) served as the top irradiation. The reaction system
was maintained at 20 + 0.5 °C via circulating cooling water. At regular
intervals of 15 min, 2-mL aliquots were collected and filtered through a
0.22-um filter membrane for analysis.

Analysis of Hy0,. The produced H,0, concentration was determined
using a ultraviolet (UV)-visible spectrophotometer (UT-1810PC) via a
titanium sulfate colorimetry method. Specifically, 4.5g of Ti(SO4),
was dissolved in 250 mL of 0.40 M H,SO, to prepare the titanium
oxide sulfate (TiOSQO,) solution (denoted as Solution A). A 2 mL ali-
quot of the reaction solution was mixed with 2 mL of Solution A and
left to stand for 5min. Under acidic conditions, H,0, reacts with
TiOSO, to form a yellow titanium peroxide complex (H,TiO5(SO4),).
This complex exhibits a characteristic absorption peak near 410 nm,
which was thus used for the determination of generated H,O0,
concentration.

Formation and decomposition of H,0,. By assuming the zero-order
kinetic model, H,0, formation rate (k;, mM h™) was estimated by
fitting the data in Fig. 3a. The rate constants of H,O, decomposition
(kg, h™) were calculated by assuming a first-order kinetic model using
the Eq. (1):

H,0,= 'k‘—;(l —e @

Determination of AQY. The AQY measurement was performed in pure
water using a 100-W LED lamp (PerfectLight) with monochromatic
wavelengths of 365, 420, 500, 560, and 660 nm. Specifically, 50 mg of
as-prepared photocatalysts were dispersed in 100 mL of pure water.
The solution underwent 20-min irradiation, the concentration of H,O,
was then measured to calculate the AQY using the Eq. (2):

2xnxNyxhxc 100%

N
Opqy(%)= & X 100%= A2 @)
p

where N, is the number of electrons transferred in the reaction, N, is
the number of incident photons, n represents the amount of produced
H,0, molecules (mol), and N, is the Avogadro’s constant (6.02 x 10%). /
is the incident light intensity (100 mW cm™), S is the irradiation area
(1cm?), tis the irradiation time (1200 s), h is the Planck’s constant (6.62
x107%*] S), c is the speed of light (3 x 108 m s™), and A is the wavelength
of the monochromatic light (m).

Continuous-flow reactor for H,O, production. Continuous flow
reactor consists of two peristaltic pumps and a reaction cell. Firstly,
50 mg of U6N@ZIS were dissolved in 4 mL of ethanol, followed by the
addition of 200 pL of Nafion solution. After sonicating for 30 min, a
homogeneous solution was obtained, which was then evenly drop-
coated on the hydrophilic side of the polytetrafluoroethylene (PTFE)
film. After it was dried, the PTFE loaded with UBN@ZIS was fixed at the
bottom of the reaction cell. The pure water intake and hydrodynamic
residence time were controlled at 10 mL and 1h, respectively. The
reaction solution was automatically collected at an interval of 1h,
containing considerable concentration of H,0, for further bacteria
killing use.

Quenching experiments

Trapping experiments of reactive species were performed under the
same conditions with photocatalytic H,O, production. IPA (1mM),
AgNO3; (0.5mM), and SOD (200 Unit/mL) were added to capture
photogenerated h', e, and <O, radicals, respectively.

Disinfection performance

E. coli was cultured in LB both to the logarithmic phase, reaching -10°
colony forming unit per milliliter (CFU-mL™). The generated H,0, was
collected from the post-reaction slurry via filtration and used for
bacterial inactivation experiments. The initial £. coli suspension was
diluted to 10’ CFU mL™, and 1 mL of the bacterial solution was mixed
with 9 mL of the generated H,0, solution. After incubation at 37 °C for
3h, 100 L of the diluted samples were immediately spread onto
nutrient agar plates and incubated at 37 °C for 24 h to assess bacterial
viability.

Isotope labeling experiments

A total of 40 mg of U6N@ZIS was dispersed into 80 mL of H,"0. To
remove residue O, from the vessel and solution, N, was pumped into
the quartz glass reactor, followed by vacuum evacuation. This process
was repeated three times to ensure complete removal of °0,. %0, was
bubbled into the solution until absorption-desorption equilibrium
was reached. The mixture solution was then exposed to a 300-W Xe
lamp (A =400 nm) for 12 h. After the reaction, 20 mL of solution was
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collected and transferred into a brown vial containing a certain
amount of MnQO,. To prevent air contamination, the vial was pre-
purged with N, and securely sealed to avoid air leakage. After
decomposition, the resulting gas products were analyzed using gas
chromatograph-mass spectrometry (Thermo Scientific TSQ9000).

XAFS measurements

XAFS spectra were acquired at the BL11B beamline of the Shanghai
Synchrotron Radiation Facility (SSRF) utilizing a high-resolution Si
(111) double-crystal monochromator. The storage ring of SSRF
operates stably at an energy level of 3.5 GeV with a maximum injec-
tion current of 250 mA. All XAFS spectra were collected under
ambient conditions to ensure the accuracy of the chemical and
structural characterization.

In-situ DRIFTS measurements

The photocatalytic reaction was conducted using a Bruker INVENIO-S
FTIR spectrometer equipped with a Harrick diffuse reflectance acces-
sory. A 10 mg sample was uniformly distributed in the sample holder
and pressed to ensure a flat and consistent surface. Prior to the reac-
tion, the sample was purged with Ar (50 mL/min) at 20°C for
20 minutes to remove adsorbed gases, and a background spectrum
was recorded in the dark. Subsequently, O, (50 mL/min) was intro-
duced into the reaction chamber by bubbling through water until the
adsorption equilibrium was reached. A 300-W Xe lamp was then
switched on to initiate the photocatalytic reaction, and FTIR spectra
were collected in situ over 0-60 minutes at 10-minute intervals.

fs-TA measurements

f5-TA measurements were conducted using a regenerative amplified
Ti:sapphire laser system (Coherent; 800 nm, 100 fs, 7 mJ/pulse, and
1kHz repetition rate) as the laser source and a HELIOS spectrometer
(Ultrafast Systems LLC) for detection. The white-light continuum
(WLC) probe pulse (475-750 nm) was generated by focusing a small
portion of the 800-nm beam (split from regenerative amplifier with a
tiny portion) onto a sapphire crystal. A motorized optical delay line
varied the time delay between the pump and probe pulses from O to
8 ns. A mechanical chopper operating at 500 Hz was used to modulate
the pump pulses, enabling alternating recording of fs-TA spectra with
and without excitation. The samples were dispersed in dimethyl sulf-
oxide and placed in a 2-mm quartz cuvette under continuous magnetic
stirring to ensure a fresh photoexcited volume throughout the
measurements.

Electrochemical measurement of ORR

The electron transfer number (n) and H,O, selectivity of the catalysts
during the ORR were evaluated using an electrochemical workstation
(CHI760E) in a three-electrode cell. A rotating ring-disk electrode
(RRDE) served as the working electrode, with a graphite rod as the
counter electrode and an Ag/AgCl as the reference. The electrolyte was
O,-saturated Na,SO, solution (0.1 M). Measurements were performed
under visible light illumination (A > 400 nm). The RRDE rotation speed
was set to 1600 rpm, and scan rate was maintained at 10 mVs™. The
selectivity of H,0, (H,0,%) and the n value were calculated using the
Egs. (3) and (4):
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where /;and /, represent the disk and ring currents, respectively, and N
is the experimentally determined collection coefficient.

Computational methods

Density functional calculation is performed. All the calculations are
within the generalized gradient approximation (GGA) using the
Perdew-Burke-Ernzerhof (PBE) formulation. We have chosen the pro-
jected augmented wave (PAW) potentials to describe the ionic cores
and take valence electrons into account using a plane wave basis set
with a kinetic energy cutoff of 450 eV. Partial occupancies of the Kohn
—-Sham orbitals were allowed using the Gaussian smearing method and
a width of 0.01eV. The electronic energy was considered self-
consistent when the energy change was smaller than 107 eV. The
equilibrium lattice constants of the unit cell were optimized, when
using a 2 x 2 x 2 Monkhorst-Pack k-point grid for Brillouin zone sam-
pling During structural optimizations of the surface models,a2 x 2 x 2
gamma-point is used. The (001) facet of ZIS was selected for DFT
calculations. The adsorption energy for O, on the substrate was cal-
culated based on E,q=Eto-EsubEo,, Where E,q is the adsorption energy,
E.o¢ is the total energy of the system, Ey, is the energy of the substrate,
and E,, is the energy of the O, molecule.

Data availability

The data that support the findings of this study are available within the
paper and Supplementary Information files. Source data are provided
with this paper.
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