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Photocatalysis provides a sustainable and environment-friendly strategy to
produce H,0,, yet the catalytic efficiency of H,O, overall photosynthesis

(0, +2H,0 > 2H,0,) needs to be further improved, especially in the absence of
additional cocatalysts, photosensitizers and sacrificial agents. Here we find
that hydrogen-bonded organic frameworks can serve as photocatalysts for
H,0, overall photosynthesis under the above-mentioned conditions. Specifi-
cally, we constructed a donor-acceptor hydrogen-bonded organic framework
that exhibits a high photocatalytic activity for H,0, overall photosynthesis,
with a production rate of 681.2 umol g* h™. The control experiments and
theoretical calculation revealed that the hydrogen-bonded organic frame-
works with donor-acceptor structures can not only accelerate the charge
separation and transfer but also optimize the reaction pathways, which sig-
nificantly boosts the photocatalytic efficiency in H,O, overall photosynthesis.
This work provides insights into the design and development of efficient
photocatalysts for overall H,0, photosynthesis.

Hydrogen peroxide (H,0,) is a crucial chemical with broad applica-
tions spanning various industrial processes, including bleaching,
pulping, disinfection, environmental remediation'®. To date, the
typical technology for industrial HO, production is the anthraquinone
method, which utilizes Pd-catalyzed cyclic hydrogenation and oxida-
tion of alkyl-anthraquinones in organic solvents’™’. This method comes
with energy and environmental issues owing to substantial energy
consumption and the formation of hazardous organic wastes'*".
Therefore, it is essential to develop alternative, economical and
environmentally sustainable approaches to H,0, synthesis.
Photocatalysis, utilizing visible light as an energy source, is regar-
ded as a sustainable and environment-friendly strategy to replace the
conventional route for H,0, production*?7, Many photocatalysts, such
as graphitic carbon nitride (g-C5N,), metal-organic frameworks (MOFs),
covalent-organic frameworks (COFs), and organic polymers, have been
used in H,0, photosynthesis”?. However, the photocatalytic efficiency
for H,0, production needs to be further improved. Although using

sacrificial agents could effectively improve the photocatalytic efficiency,
it would render the catalytic systems less economical. The development
of advanced photocatalytic systems without additional sacrificial agents,
that is, overall photosynthesis of H,0, (O, + 2H,0 - 2H,0,) from both
0, reduction and H,O oxidation, is urgently needed. Theoretically, the
half-reaction of O, reduction could be readily achieved, as the LUMO
positions of most photocatalysts are more negative than the theoretical
oxygen reduction potential (H,0,/0,, 0.28V versus NHE, pH=7)%. In
contrast, it is more challenging to achieve the half-reaction of H,O
oxidation, as the H,O oxidation could undergo either a two-electron
transfer process to produce H,0, (1.38 V versus NHE, pH =7) or a four-
electron transfer process to produce O, (0.82V versus NHE, pH =7), and
the latter is thermodynamically favorable in spite of a higher kinetic
energy barrier because of more electrons and protons transfer involved.
It is therefore unsurprising that only a few photocatalysts have achieved
the overall photosynthesis of H,0, via 2e” O, reduction and 2e~ H,O
oxidation processes simultaneously>**.
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Hydrogen-bonded organic frameworks (HOFs) are a type of
emerging porous crystalline materials assembled by organic molecules
linked through hydrogen bonds and other intermolecular
interactions® 2, Assembled by weak intermolecular interactions, most
HOFs show lower stabilities than MOFs and COFs, in which the struc-
tural units are connected by coordination/covalent bonds. However,
besides hydrogen bonds, the -1t stacking interactions, electrostatic
interactions, and framework interpenetration can synergistically
strengthen the stability of HOFs***°. Moreover, HOFs offer notable
advantages, including low toxicity, mild synthesis, solution processa-
bility, and facile regeneration or healing by simple recrystallization.
These features enable HOFs to show extensive applications in gas
storage and separation, proton conduction, heterogeneous catalysis,
biotechnology, medicine, and so on**>*°***_ In particular, recent stu-
dies have revealed that the -1 stacking interactions can serve as
channels to accelerate the electron transfer***’, which further extends
the potential applications of HOFs in photocatalysis, encompassing
hydrogen evolution, CO, reduction, and organic pollutant
degradation®*=°, However, HOFs as photocatalysts for H,0, synth-
esis have not been reported thus far.

Donor-acceptor structures, comprising electron-rich donor units
and electron-deficient acceptor units, have been reported to facilitate
the charge transfer from the donor to the acceptor. The electronic
pull-push effect between the donor and acceptor units can greatly
promote the separation and transfer of photogenerated electrons and
holes™*, With the above consideration in mind, we have been devoted
to developing donor-acceptor HOFs to boost the overall photo-
synthesis of H,0,. Herein, we report that the construction of
donor-acceptor HOF could greatly increase the catalytic efficiency of
H,0, overall photosynthesis from H,O and O, (Fig. 1a). Specifically, we
selected tetrathiafulvalene tetracarboxylic acid (TTF) as the electron-
donating unit and 4,4’-bipydine (Bpy) as the electron-accepting unit.
Using the hydrogen bonds between them, a donor-acceptor HOF
(denoted as TTF-Bpy-HOF) was constructed. For comparison, a HOF
(TTF-HOF) based on the hydrogen bonds between TTF molecules was
also constructed. We found that the TTF-HOF can simultaneously
catalyze H,0, synthesis via O, reduction and H,0 oxidation, with a rate
of 74.4 pmol g™ h™ in the absence of any additional cocatalysts, pho-
tosensitizers, and sacrificial agents. More impressively, after the
introduction of the acceptor moiety Bpy, the TTF-Bpy-HOF exhibits a
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Fig. 1| Schematic illustration. a Schematically showing the structures of general
HOF (TTF-HOF) and donor-acceptor HOF (TTF-Bpy-HOF); crystal structures of
b TTF-HOF stabilized by dimeric O-H...O hydrogen bonds with the O...0 distance

v Broad light absorption  Efficient charge separation

remarkably enhanced H,0, generation rate of 681.2 pmol g h™, over 9
times higher than that of TTF-HOF. The photocatalytic and electron
paramagnetic resonance (EPR) trapping experiments revealed that the
Bpy units optimized the reaction paths for O, reduction. Moreover, the
donor-acceptor structure can promote charge separation and trans-
fer, thus greatly boosting the catalytic activity of H,O, overall photo-
synthesis. This work provides insights for the design and development
of efficient photocatalysts for overall photosynthesis of H,O, from
H,0 and O..

Results

Preparation and structure determination

The TTF-HOF and TTF-Bpy-HOF catalysts were synthesized according
to the methods previously reported (Fig. 1a and Supplementary
Table 1)°>°°. The crystal structure of TTF-HOF shows that each TTF
molecule is connected to four equivalent molecules through dimeric
O-H---O hydrogen bonds (Do_o=2.64A) between the carboxylic
groups of adjacent TTF molecules, resulting in a two-dimensional (2D)
layer with rhombus pores (Fig. 1b). The adjacent 2D layers further stack
together through AA mode, forming a 3D porous supramolecular
structure with rhombus channels. The channel size is measured to be
9.3 x 7.2 A2 (Supplementary Fig. 1). Upon the introduction of Bpy, the
dimeric O-H..-O hydrogen bonds are disrupted®’. Instead, two types of
hydrogen bonds contributing to the formation of TTF-Bpy-HOF are
present (Fig. 1c). One is the O-H---N hydrogen bond between the
carboxylic group and pyridyl moiety (Do_n=2.63 A), and the other is
the O-H---O hydrogen bond (Do o=2.56 A) between the carboxylic
groups. Through these hydrogen bond interactions, TTF and Bpy are
linked, forming a 2D supramolecular layer with two types of pores
(Fig. 1c). Each 2D supramolecular layer further stacks with adjacent
layers through m-m stacking interactions, generating a 3D porous
supramolecular framework with 1D channels of 8.0 x 4.3 A2 (Supple-
mentary Fig. 2). The morphology and compositions of TTF-HOF and
TTF-Bpy-HOF were characterized by scanning electron microscopy
(SEM), Fourier transform infrared (FTIR) spectroscopy and X-ray
photoelectron spectroscopy (XPS) (Supplementary Figs. 3-12). SEM
images show that TTF-HOF and TTF-Bpy-HOF have a similar cuboid
morphology (Supplementary Fig. 4). The powder X-ray diffraction
patterns for TTF-HOF and TTF-Bpy-HOF agree well with the simulated
ones from their single crystal data (Supplementary Figs. 5 and 6)*°°.
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Fig. 2 | Photocatalytic H,0, production activity. a Time-dependent H,0O, pho-
togeneration by TTF-HOF and TTF-Bpy-HOF, respectively, in O,-saturated aqueous
solution; b photocatalytic activity of TTF-Bpy-HOF, TTF-HOF, TTF&Bpy and TTF for
H,0, photosynthesis; ¢ time-dependent H,0, photogeneration by TTF-Bpy-HOF in
0, and air-saturated aqueous solution, respectively (The error bars in a-c were

calculated from the results of three parallel experiments); d H,O, (100 pM)
degradation study by TTF-Bpy-HOF upon illumination; e cycle experiments of TTF-
Bpy-HOF for H,0, photosynthesis (reaction time of 30 min for each cycle); f control
experiments of TTF-Bpy-HOF for H,0, photosynthesis.

The Brunauer-Emmett-Teller (BET) surface areas for TTF-HOF and TTF-
Bpy-HOF were determined to be 69.19 m*g™ and 52.71m?g™ by the
CO, sorption experiment at 196 K (Supplementary Fig. 7). Moreover,
compared with the FTIR spectrum of TTF-HOF, new absorption peaks
at -810cm™ were found for TTF-Bpy-HOF, corresponding to the
stretch/bending vibration of C-N-C bonds of Bpy (Supplementary
Fig. 8)°%. In addition, XPS analysis and energy-dispersive X-ray spec-
troscopy (EDS) mappings show the prominent dispersion of N element
in TTF-Bpy-HOF, whereas it is absent in TTF-HOF (Supplementary
Figs. 9-12). These results show the differences in the compositions of
TTF-HOF and TTF-Bpy-HOF, which is consistent with the crystal
structures.

The UV-visible diffuse reflection spectrum (UV-vis DRS) for TTF-
Bpy-HOF exhibits a strong absorption in the visible range (Supple-
mentary Fig. 13). Compared with TTF-HOF, a broadened light absorp-
tion is observed in TTF-Bpy-HOF, which is beneficial for enhancing
the solar-to-chemical energy conversion efficiency. The energy
gaps derived from the Tauc plots from UV-vis DRS are 1.75 and
1.67V for TTF-HOF and TTF-Bpy-HOF, respectively (Supplementary
Figs. 14 and 15). To determine the energy levels, electrochemical
Mott-Schottky (M-S) measurements were carried out (Supplementary
Figs. 16 and 17). On the basis of these results, the LUMO positions of
TTF-HOF and TTF-Bpy-HOF were calculated to be 0.06 and 0.13 V (us.
NHE, pH =7), respectively, and the HOMO positions of TTF-HOF and
TTF-Bpy-HOF were calculated to be 1.81 and 1.80V (vs. NHE, pH=7),
respectively. On the basis of these results, the energy levels of TTF-
HOF and TTF-Bpy-HOF can be deduced (Supplementary Fig. 18), whi-
ch indicates that it is thermodynamically feasible for both HOFs
to produce H,O, via O, reduction (E(0O,/H,0,)=+0.28V vs. NHE,
pH=7) and H,O oxidation (E(H,0,/H,0)=+138V vs. NHE, pH=7)
simultaneously”*°. To sum up, TTF-HOF and TTF-Bpy-HOF can theo-
retically serve as photocatalysts for overall photosynthesis of H,O, by
virtue of their suitable energy level structures.

Photocatalytic H,O, production

The experiments of visible-light-driven synthesis of H,0, were con-
ducted in pure water and O, atmosphere without any additional co-
catalysts, photosensitizers, and sacrificial agents. The H,0, generated
was determined by iodometry colorimetry (Supplementary Fig. 19). As
shown in Fig. 2a, the kinetic profiles show that the amount of H,0,
increases gradually with the illumination time prolonging. The TTF-
HOF exhibits a moderate H,0, production rate of 74.4 umolg'h™.
With the Bpy units introduced, the photocatalytic H,O, production
rate of TTF-Bpy-HOF was significantly improved to 681.2 pmol g h™,
over 9 times higher than that of TTF-HOF (Fig. 2b). Hence, the Bpy
units play a significant role in boosting the activity for H,O, photo-
synthesis. Even under the conditions of pure water and air atmosphere,
TTF-Bpy-HOF also shows excellent catalytic performance for H,0,
photosynthesis, with a production rate of 271.1 pmol g™ h™ (Fig. 2c and
Supplementary Fig. 20). The catalytic performance of TTF-Bpy-HOF is
higher than most reported photocatalysts based on MOFs, COFs,
graphitic carbon nitride and organic polymers under similar condi-
tions (Supplementary Table 2).

The apparent quantum yields (AQYs) of TTF-Bpy-HOF for photo-
catalytic H,O, production were further investigated at 450, 470, and
530 nm (Supplementary Fig. 21). It was found that the AQYs of TTF-
Bpy-HOF reach as high as 0.34%, 0.30%, and 0.28%, respectively. The
different doses of TTF-Bpy-HOF were used for the photosynthesis of
H,0,. It was found that the production of H,0, increased as the dose of
TTF-Bpy-HOF increased (Supplementary Fig. 22a), and the production
rate slightly decreased (Supplementary Fig. 22b), probably because the
higher catalyst concentration hinders the light absorption and
utilization®. In addition, the photocatalytic activity of TTF-Bpy-HOF in
catalytic systems with different pH values were investigated. The
results show that the photocatalytic activity of TTF-Bpy-HOF in acidic
solutions is better than in alkaline media (Supplementary Fig. 23),
which can be contributed to the -O,™ species being stabilized under low
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Fig. 3 | Photocatalytic H,0, production activity. a Photocatalytic H,O, genera-
tion by TTF-HOF and TTF-Bpy-HOF in KBrO,4 (0.5 mM, as the electron acceptor)
solution and in CH30H (4% v/v, as the hole acceptor) solution; b the Koutecky-
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with continuous O, purging; ¢ GC-MS of the decomposed products of H,O,
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generated from photosynthesis by TTF-Bpy-HOF in °O,-saturated H,'®0 solution;
d the contribution of different active species in H,0, photosynthesis by TTF-HOF
and TTF-Bpy-HOF (BQ: p-benzoquinone, TBA: tert-butanol); EPR spectra of DMPO-
‘0, of e TTF-HOF and f TTF-Bpy-HOF.

pH conditions to accelerate the formation of H,0,°. It was found that
as the pH value decreased, the photocatalytic activity of TTF-Bpy-HOF
for H,O, production firstincreased (Supplementary Fig. 24), reaching a
maximum of 938 pmol g h™ at pH=5; however, when the pH value
further decreased to 3, the photocatalytic activity of TTF-Bpy-HOF
dropped sharply, which can be attributed to the instability of TTF-Bpy-
HOF under strong acidic conditions, as confirmed by the powder XRD
results (Supplementary Fig. 25).

To prove the contribution of hydrogen bonds in TTF-HOF and
TTF-Bpy-HOF for the photosynthesis of H,0,, we further evaluated the
performances of TTF and the physical mixture of TTF and Bpy
(TTF&Bpy) (Fig. 2b). The results show that under the same condition,
almost no H,0, was generated over TTF, and only a limited amount of
H,0, was detected when TTF&Bpy was used as the photocatalyst
(Fig. 2b and Supplementary Fig. 26). These results verify that the
hydrogen-bond-mediated ordered structures of TTF-HOF and TTF-
Bpy-HOF are important to their catalytic activity in H,O, photosynth-
esis. Their long-range ordered structures may provide special electron
transfer channels, which can accelerate the electron transfer rate and
boost the photocatalytic H,O, production. The possible decomposi-
tion of H,0, over TTF-HOF and TTF-Bpy-HOF under light irradiation
was investigated. As depicted in Fig. 2d and Supplementary Fig. 27, the
concentrations of H,0, barely changed under continuous irradiation
for 2 h, implying that the H,O, is stable in the presence of TTF-HOF/
TTF-Bpy-HOF and light irradiation. Besides, TTF-Bpy-HOF exhibits a
good stability during the process of H,0, photosynthesis. For 10 cat-
alytic cycles, the amounts of generated H,O, were almost identical
(Fig. 2e), indicating that TTF-Bpy-HOF can serve as a stable photo-
catalyst for H,O, photosynthesis. Besides, the structural integrity of
TTF-Bpy-HOF was also confirmed via XRD, FTIR, and SEM measure-
ments (Supplementary Figs. 28-30). The powder XRD data showed
that TTF-HOF can also keep stable after the photocatalytic reaction
(Supplementary Fig. 31).

To investigate the reaction process of H,0, generation in further
depth, a series of control experiments of H,O, photosynthesis over
TTF-Bpy-HOF were carried out. As illustrated in Fig. 2f, no H,O, was
generated in the absence of TTF-Bpy-HOF or illumination, suggesting
that both photocatalyst and light are indispensable. When O, was
replaced by Ar, H,0, could barely be detected, suggesting that the O,
reduction reaction was indeed involved in H,0, photosynthesis®>. To
further confirm the origin of H,0,, the photocatalytic O, reduction
over TTF-HOF and TTF-Bpy-HOF were performed in the presence of
methanol (as the sacrificial agent to replace H,0)'. As shown in Fig. 3a,
an appreciable amount of H,O, can be observed, which is attributed to
the O, reduction by photogenerated electrons. On the other hand, the
photocatalytic H,O oxidation over TTF-HOF and TTF-Bpy-HOF were
also carried out using KBrO; as an electron scavenger in an Ar-
saturated aqueous solution. A considerable amount of H,0, was
detected, indicating that the H,O was photocatalytically oxidized
to H,0,.

We further examined the process of H,O, photosynthesis by
rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE)
measurements. As shown in Fig. 3b, on the basis of linear sweep vol-
tammetry (LSV) curves obtained from RDE, the average electron
transfer numbers (n) of O, reduction, excavated from
Koutecky-Levich (K-L) plots, were 2.5 and 2.13 on TTF-HOF and TTF-
Bpy-HOF, respectively (Fig. 3b and Supplementary Fig. 32), which
confirms that 2e” O, reduction process has occurred. The n value for
TTF-Bpy-HOF is closer to 2 than that of TTF-HOF, demonstrating that
the selectivity for 2e™ O, reduction is improved after the introduction
of Bpy units®. On the other side, to elucidate the 2e” H,O oxidation
process, RRDE tests were conducted under Ar conditions. The poten-
tial of the rotating disk electrode was scanned from 0.2 to 2.5V (vs Ag/
AgCl) with a scan rate of 10 mV s™, while a constant potential of -0.23 V
was maintained on the Pt ring electrode®**, Herein, if 0, was produced
in the 4e” H,0 oxidation by rotating the disc electrode, it would quickly
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Fig. 4 | The pathways of H,0, photosynthesis. The pathways of H,0, photosynthesis via oxygen reduction reaction and water oxidation reaction.

diffuse to the ring electrode and be reduced, yielding a discernible
detection signal®™. As shown in Supplementary Fig. 33, the disk currents
escalated with potentials higher than 1.5V (vs Ag/AgCl), indicating that
H,0 oxidation occurred at the rotating disk electrode for TTF-Bpy-
HOF. No reduction currents were observed at the Pt ring electrode for
TTF-Bpy-HOF, implying the inability to generate O, via H,O oxidation.
However, when the potential applied to the ring electrode was chan-
ged to +0.6 V (vs Ag/AgCl), oxidation current changes existed, which
can be attributed to the oxidation of H,0, on the Pt ring electrode. This
result revealed that the 2e” H,O oxidation route occurs over TTF-Bpy-
HOF for H,0, production®**, Similar results can be observed on TTF-
HOF as well (Supplementary Fig. 34).

The *®0 isotopic labeling experiments were further conducted to
confirm the origin of the generated H,0,. The produced H,0, was
detected by gas chromatography-mass spectrometry via converting it
to O, with the assistance of MnO,. The experiment of H,O0, photo-
synthesis over TTF-Bpy-HOF was investigated in °O,-saturated H,'®0
solution. The ratio of 0, and 0, derived from the decomposition of
photogenerated H,O, is close to 1:1 (Fig. 3c), which is consistent with
the theoretical value. The above results solidly evidence that the H,0,
photosynthesis over TTF-HOF and TTF-Bpy-HOF undergoes the dual
channels of 2e” O, reduction and 2e™ H,O oxidation.

Catalytic mechanism
It is well known that the routes of H,0, photosynthesis via O, reduc-
tion include a 2e” two-step process with -O,™ as the intermediate spe-
cies [Fig. 4, Egs. (1)-(2)], and a 2e” one-step process [Fig. 4, Eq. (3)1°.
The routes of H,0, photosynthesis via H,O oxidation include a 2e” two-
step process with ‘OH as the intermediate species [Fig. 4, Egs. (4)-(5)],
and a 2e” one-step process [Fig. 4, Eq. (6)1°°. To clarify the reaction
pathways of O, reduction and H,O oxidation for H,O, photosynthesis
over TTF-HOF and TTF-Bpy-HOF, the quenching tests of the active
species were performed, in which p-benzoquinone (BQ) and tert-
butanol (TBA) were employed as the scavengers for O,  and -OH
radicals, respectively®’. As shown in Fig. 3d, the photocatalytic H,0,
production over TTF-HOF and TTF-Bpy-HOF did not decline when TBA
was added to the reaction system, which indicates that for both TTF-
HOF and TTF-Bpy-HOF, the H,O oxidation goes through a 2e” one-step
process to synthesize H,0,. On the other hand, the photocatalytic
H,0, production over TTF-HOF was almost unaffected when BQ was
added, whereas TTF-Bpy-HOF was significantly inhibited after BQ
addition. These observations indicate that for TTF-HOF, the H,0,
photocatalysis via O, reduction undergoes a 2e” one-step process,
whereas for TTF-Bpy-HOF, it undergoes a 2e” two-step process, where
0, is the detected important intermediate.

The electron paramagnetic resonance (EPR) measurements were
further performed to detect the active oxygen species possibly gen-
erated during the H,0, photosynthesis; 5,5-diemthyl-1-pyrroline N-

oxide (DMPQ) was used as the spin-trap agent. The EPR spectra for
TTF-HOF and TTF-Bpy-HOF show that no signal of DMPO--OH was
detected during the photocatalytic processes (Supplementary Fig. 35).
Of note, no signal of DMPO--O," was detected for TTF-HOF, whereas a
typical six characteristic signals of DMPO--O," was clearly observed for
TTF-Bpy-HOF (Fig. 3e, f), which indicates the formation of -0, inter-
mediates. These observations further confirm that the H,O oxidation
over both TTF-HOF and TTF-Bpy-HOF undergoes 2e” one-step pro-
cesses, while the O, reduction over TTF-HOF and TTF-Bpy-HOF goes
through different reaction routes. The former is a 2e” one-step process,
whereas the latter is a 2e” two-step process. This result is consistent
with the results of the above quenching tests®®, Furthermore, the in situ
FTIR spectra for TTF-HOF and TTF-Bpy-HOF were recorded during the
processes of H,O, photosynthesis. As shown in Supplementary Fig. 36,
for TTF-HOF, the peak intensity at 1384 cm™ gradually increased with
the proceeding of the photocatalytic reaction, which can be assigned
to the surface-adsorbed hydroperoxide (HOOH*)®. Notably, com-
pared with TTF-HOF, two new vibration peaks located at 1200 and
1220 cm™ were observed for TTF-Bpy-HOF, which can be assigned to
‘O0H* and -0,*, respectively>*°.-0," is the single-electron reduction
product of O,, which indicates that the O, photoreduction over TTF-
Bpy-HOF undergoes the 2e™ two-steps process to produce H,0,.

To understand the greatly enhanced photocatalytic activity of
TTF-Bpy-HOF in H,0, photosynthesis, photoluminescence (PL) spec-
troscopy was performed. Clearly, the PL spectra for TTF-Bpy-HOF
show significantly damped emission compared with that for TTF-HOF,
suggesting the greatly suppressed recombination of the photo-
generated electrons and holes (Fig. 5a). Moreover, the time-resolved
photoluminescence (TRPL) spectra revealed a shortened average
exciton lifetime of 2.03 ns for TTF-HOF with respect to 0.82 ns for TTF-
Bpy-HOF, illustrating that the introduction of Bpy units significantly
accelerates the charge transfer (Fig. 5b). The photocurrent response
test showed that the TTF-Bpy-HOF has a higher photocurrent density
than TTF-HOF, indicating the better separation efficiency of photo-
induced electrons in TTF-Bpy-HOF than in TTF-HOF (Fig. 5¢). To gain
more insights into the charge transfer kinetics, the electrochemical
impedance spectroscopy (EIS) was further carried out on TTF-HOF and
TTF-Bpy-HOF. As shown in Fig. 5d, the semicircle arc radius of the
Nyquist plot for TTF-Bpy-HOF is significantly smaller than that of TTF-
HOF, which also indicates the faster charge transfer in TTF-Bpy-HOF,
facilitating the separation efficiency of photogenerated electrons and
holes. In addition, the superior performance of TTF-Bpy-HOF was
clarified using RDE and RRDE measurements in a 0.1M phosphate
buffer solution (PBS). The LSV curves obtained from RDE show that the
initial potential and half-wave potential for TTF-Bpy-HOF is more
positive than for TTF-HOF, which indicates the superior O, reduction
catalytic activity for TTF-Bpy-HOF over TTF-HOF (Fig. 5e). The ring
current for TTF-Bpy-HOF is much higher than for TTF-HOF,
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of TTF-HOF and TTF-Bpy-HOF (IRF instrument response function); e linear-sweep
RDE voltammograms and f RRDE polarization curve of TTF-HOF and TTF-Bpy-HOF
measured at 1600 rpm in 0.1 M phosphate buffer solution under O, atmosphere.

demonstrating that more H,0, was produced over TTF-Bpy-HOF
(Fig. 5f). Besides, a higher oxidation current for TTF-Bpy-HOF was
observed under Ar atmosphere from RRDE measurement, suggesting
the enhanced H,0 oxidation performance of TTF-Bpy-HOF over TTF-
HOF (Supplementary Fig. 37). Moreover, the hydrophilicity of TTF-
HOF and TTF-Bpy-HOF were studied by the water contact angle mea-
surements. TTF-Bpy-HOF was found to be more hydrophobic (with a
contact angle of 95°) than TTF-HOF (82°), which was conducive to
H,0, desorption, thus promoting the 2e” O, reduction reaction (ORR)
and 2e water oxidation reaction (WOR) (Supplementary Fig. 38)**%,
To sum up, the above experimental results solidly support the
better catalytic activity of TTF-Bpy-HOF than TTF-HOF in the overall
photosynthesis of H,0,. The introduction of Bpy, by constructing TTF-
Bpy donor-acceptor structural units in TTF-Bpy-HOF, well accelerates
the electron transfer and effectively inhibits the recombination of the
photogenerated electrons and holes, thus greatly boosting the cata-
lytic activity of H,O, overall photosynthesis. It should be noted that the
catalytic activities of TTF-Bpy-HOF and TTF-HOF are determined by
multiple factors. Despite the fact that the BET surface area of TTF-Bpy-
HOF is slightly lower than that of TTF-HOF (Supplementary Fig. 7), the
introduction of Bpy provides more active sites and electron transfer
channels, which endows TTF-Bpy-HOF with a higher catalytic activity.
The enhanced catalytic activity of TTF-Bpy-HOF in H,0, overall
photosynthesis was further elucidated theoretically. As shown in
Fig. 6a, the primary contribution to the HOMO and LUMO in TTF-HOF
predominantly arises from the TTF part. In contrast, in TTF-Bpy-HOF,
the HOMO and LUMO are primarily localized on the TTF and Bpy parts,
respectively, which indicates a pronounced spatial separation between
these orbitals. This pronounced spatial separation, similar to the
concept of reported “spatially separated redox centers”, helps to
suppress electron-hole recombination and enhance the photo-
catalytic efficiency for H,0, production’. Furthermore, the excited-
state electronic structures of TTF-HOF and TTF-Bpy-HOF were further
calculated using the time-dependent density functional theory (TD-
DFT) method. The results show that TTF-Bpy-HOF, featuring the

donor-acceptor structure, has a better charge separation efficiency
(Supplementary Fig. 39)”, which agrees well with the experiment
results. In addition, the charge transfer (Q (e)) for the hydrogen bonds
of O-H---O and O-H---N was calculated. As shown in Supplementary
Table 3, the O-H---N hydrogen bond exhibited more charge transfer
than O-H---O, indicative of more efficient electron transfer of O-H---N
than O-H---O, which could also contribute to the enhanced photo-
catalytic activity of TTF-Bpy-HOF’>”, On the basis of the above char-
acterizations and theoretical calculation results, a plausible
mechanism of TTF-Bpy-HOF for H,0, overall photosynthesis could be
proposed. As shown in Fig. 6b, under visible light illumination, the TTF
units in TTF-Bpy-HOF absorb photons and the electron-hole pair
separates. The photogenerated electron transfers to the Bpy moiety
and the photogenerated hole stays in the TTF moiety. Thereafter, the
ORR and WOR occur simultaneously on these two moieties. The water
oxidation reaction undergoes a direct 2e” one-step process to photo-
synthesize H,0, on the TTF unit of TTF-Bpy-HOF, while the O,
reduction reaction goes through a 2e” two-step process [Fig. 4, Eq. (6)],
that is, the N atom of Bpy accepts an electron from TTF upon illumi-
nation, and then the electron transfers to the O, adsorbed on the N
atom to form -O, intermediate [Fig. 4, Eq. (1)], then the -O, inter-
mediate further accepts one electron and two protons to generate
H,0; [Fig. 4, Eq. 2)].

Density functional theory (DFT) calculations were performed to
probe the catalytic mechanism of TTF-Bpy-HOF for H,0, photo-
synthesis in further depth (Supplementary Table 4 and Supplementary
Figs. 40-45). First, the O, adsorption sites in TTF-HOF and TTF-Bpy-
HOF were investigated. The results show that the phenyl groups of
TTF-HOF have higher adsorption energy (Supplementary Fig. 41),
which indicates that O, molecule is more easily adsorbed on the phenyl
rings in TTF-HOF. After the introduction of Bpy units, however, the O,
molecule is more likely to adsorb onto the pyridyl rings in the TTF-Bpy-
HOF and then O, reduction reaction ensues (Supplementary Fig. 42).
The reaction pathway and corresponding Gibbs free energy differ-
ences (AG) of O, reduction and H,O oxidation over TTF-HOF and TTF-
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Bpy-HOF were further studied by DFT calculations (Supplementary
Figs. 43-45). As shown in Fig. 6¢, the entire processes of O, reduction
to H,0, are spontaneous with the energy diagram going downhill for
both TTF-HOF and TTF-Bpy-HOF. Notably, the AG value for the for-
mation of *OOH was -1.415 eV for TTF-Bpy-HOF, which is lower than
that for TTF-HOF (-1.149 eV), suggesting that the adsorbed O, on the
TTF-Bpy-HOF could be more easily activated into *OOH, which then
undergoes further protonation to form *HOOH. Additionally, H,0,
easily desorbs from TTF-Bpy-HOF on account of its downhill energy
landscape, thereby leading to more efficient H,0, generation. For H,O
oxidation to generate H,0,, the formation processes of *OH inter-
mediates are non-spontaneous, and the step of two *OH intermediates
further combining to form H,0, is spontaneous (Fig. 6d). Thus, *OH
formation is the rate-determining step (RDS) here. Notably, the AG of
RDS for TTF-Bpy-HOF (0.997 eV) is much lower than for TTF-HOF
(1.278 eV), indicating that the activity of TTF-Bpy-HOF for H,0, pro-
duction is much better than that of TTF-HOF, which is in consistency
with the experimental observations.

Discussion

In summary, we have found that constructing donor-acceptor HOFs
can greatly enhance the photocatalytic activity for overall photo-
synthesis of H,0, from H,O and O,. In the absence of any additional co-
catalysts, photosensitizers, and sacrificial agents, the donor-acceptor
TTF-Bpy-HOF can couple the O, reduction reaction with water oxida-
tion reaction, simultaneously producing H,0, under visible light illu-
mination. The production rate reaches as high as 681.2 umolg™h’,
over 9 times higher than for TTF-HOF. The results of experiments and
DFT calculation reveal that the introduced Bpy units in TTF-Bpy-HOF
not only optimize the reaction paths but also promote the charge
separation and optimize electron transfer, thus greatly boosting the
catalytic performance for overall H,O, photosynthesis. This work
paves the way for the rational design of efficient HOFs-based catalysts
for artificial photosynthesis.

Methods

Materials and characterization

Tetrahydrofuran (AR, Energy Chemicals), 4,4-Bipyridine (98%, Energy
Chemicals), Tetrathiafulvalene-3,4,5,6-tetrakis(4-benzoicacid)  (98%,
Adamas-beta), Potassium hydrogen phthalate (CgHsKO,, 99%, Aladdin),
potassium iodide (KI, 99%, Aladdin). All chemicals and materials were
commercially obtained and used without further purification. Solvents
were dried and distilled before being used for catalyst synthesis. The
purity of Ny, Ar and O, are 99.999%. Powder XRD patterns were col-
lected on a smart X-ray diffractometer (SmartLab 9 kW, Rigaku, Japan)
equipped with Cu Ka radiation (1=1.54178 A). FT-IR and in situ FT-IR
spectra were recorded on Nicolet iS50 IR spectrometers, and samples
were tableted with KBr as support. SEM images were acquired on a Zeiss
Supra 40 field emission scanning electron microanalyzer. UV-Vis
absorption spectra were recorded on a U-3900 UV/VIS spectro-
photometer (Hitachi). Steady-state photoluminescence (PL) spectra
were measured using a F-4600 Fluorescence spectrophotometer
(Hitachi). Time-resolved photoluminescence decays were detected with
a FLS-1000 steady state and transient state fluorescence spectrometer
(Edinburgh Instruments Ltd.). X-ray photoelectron spectroscopy (XPS)
measurements were carried out on an ESCALAB250Xi X-ray photo-
electron spectrometer with Al Ka as the excitation source (Thermo
Scientific). Electron paramagnetic resonance (EPR) spectra were mea-
sured on EMXplus-6/1 (Bruker, Germany). The isotope of 0 for O, was
analyzed using mass spectrometry (HPR-20 QIC).

Synthesis of TTF-HOF

TTF-HOF was synthesized according to the literature method®. Tet-
rathiafulvalene tetracarboxylic acid (TTF; 30 mg, 0.044 mmol) was
dissolved in 10 mL water and THF (v/v=1:1) solution, and the mixed
solution was transformed into a 20 mL vial. Then the vial was placed in
an oven at 60 °C for 72 h without screwing on the cap to allow the THF
to evaporate gradually. After cooling to room temperature, dark
brownish-red crystals were obtained (25.8 mg, 86% yield).
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Synthesis of TTF-Bpy-HOF

TTF-Bpy-HOF was synthesized according to the literature method*.
TTF (9.8mg, 0.015mmol) and 4,4"-bipyridine (Bpy; 4.7mg,
0.03 mmol) were dissolved in THF (10 ml), the mixture was stirred at
55°C for 2h, filtered and slowly evaporated, black crystals formed
from the solution (4.1 mg, 28% yield based on TTF).

Photocatalytic H,O, production

In a typical experiment, the photosynthesis of H,O, was carried outin a
18 mL glass tube containing 1 mg photocatalyst and 5 mL deionized
water at 25 °C under O, atmosphere. Then, the system was irradiated
by a 300 W Xe lamp (Microsolar300, Beijing Perfectlight) with a
420 nm cutoff filter.

Photoelectrochemical measurements

The photoelectrochemical properties of TTF-HOF and TTF-Bpy-HOF
were carried out on an electrochemical workstation (CHI760E) with a
standard three-electrode photoelectron chemical cell by a modified lit-
erature method. The prepared fluoride tin oxide (FTO) coated with
samples, platinum wire, and Ag/AgCl act as the working, auxiliary and
reference electrode, respectively’”®. The working electrode FTO coated
with HOF materials was prepared as follows. Firstly, the pristine FTO
electrode was cleaned by ultrasonication in distilled water, absolute
ethanol, acetone and absolute ethanol for 20 min sequentially, and dried
in vacuum. Then HOF materials (2 mg) dispersed in a mixed solution of
deionized water (990 pL) and Nafion (10 pL) was ultrasonicated for 2 h,
and ground to obtain slurry, which was uniformly coated onto the
1cm x 2 cm treated FTO electrode. The coated FTO electrode was dried
at room temperature over night to obtain the working electrode. The
photocurrent was measured at 0.2 V (vs. Ag/AgCl) with a 300 W Xe lamp
by intermittent irradiation. Mott-Schottky plots were obtained under
direct current potential polarization at different frequencies of 800,
1000, and 1200 Hz, respectively. The electrochemical impedance spec-
tra (EIS) were recorded at an applied potential of -0.4 V versus Ag/AgCl
over the frequency range of 1MHz to 0.1 Hz. All the photoelec-
trochemical measurements were performed in 0.5M Na,SO, (pH = 6.8)
electrolytes bubbled with N, for 30 min before test.

Computational details

Quantum chemical studies were performed using density functional
theory (DFT) implemented in the GAUSSIAN 16 package. Geometry
optimization and frequency analysis were calculated at B3LYP hybrid
functional with GD3B]J correction under the level of 6-311 G(D) basis
sets. The adsorption energy of the different molecular fragments
representing the HOFs is calculated as follows: Eads(A) = E(*A) — E(*) -
E(A). Gibbs free energies (G) of the molecules are also performed at the
level of B3LYP-D3BJ/6-311 G(D).

Statistics and reproducibility
The experiments were not randomized.

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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