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Efficiently converting solar energy into chemical energy remains a formidable
challenge in artificial photosynthetic systems. To date, rarely has an artificial
photosynthetic system operating in the open air surpassed the highest solar-
to-biomass conversion efficiency (1%) observed in plants. In this study, we
present a three-dimension polymeric photocatalyst achieving a solar-to-H,0,
conversion efficiency of 3.6% under ambient conditions, including real water,
open air, and room temperature. The impressive performance is attributed to
the efficient storage of electrons inside materials via expeditious intramole-
cular charge transfer, and the fast extraction of the stored electrons by O, that

can diffuse into the internal pores of the self-supporting three-dimensional
material. This construction strategy suppresses the interlayer transfer of
excitons, polarizers and carriers, effectively increases the utilization of internal
excitons to 82%. This breakthrough provides a perspective to substantially
enhance photocatalytic performance and bear substantial implications for
sustainable energy generation and environmental remediation.

Solar-to-chemical conversion (SCC) provides a promising avenue for
resolving the energy and environmental crises that afflict con-
temporary society by harnessing the largest renewable energy sources
on Earth'®. Among the diverse artificial photocatalytic systems cur-
rently available, the photosynthesis of hydrogen peroxide (H,0,)
offers a compelling strategy, enabling cost-effective synthesis in an
open system and maximizing photon efficiency through simultaneous
utilization of oxidation and reduction reactions.

Photocatalytic processes generally involve several steps. Firstly,
the catalyst can be excited to a depth of up to 100 nanometers by
photons to generate excitons, which then transform into loosely
bound polarons. Typically, the internal excitons and polarons need to
migrate to the surface and further separate into free charges to react
with the substrates’. Whereas, the transfer distance of excitons or

polarons in organic photocatalysts is usually no more than 20 nan-
ometers, and a massive amount of them recombine before reaching
the surface'*", Despite the successful separation of polarons into free
charges before recombination, the internal free charges still require to
traverse the interlayer to reach the surface, which recombine inevi-
tably when the electrons and holes from different layers get close
under the Coulomb attraction force. It has been reported that >90% of
excitons recombine rapidly within sub-microsecond (sub-ps), leading
to unpromising photocatalytic efficiency of H,O, which is far from the
requirements of practical applications'.

To overcome the recombination of excitons, polarons or charge
carriers during the migration, one of the most studied methods is to
reduce the transfer distance by constructing ultrathin two-dimensional
(2D) semiconductors (Fig. 1)°. However, these low-dimensional
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Fig. 1| Schematic illustration comparing previous works and this work. In this
work, we propose a strategy to enhance the utilization of internal excitons by

suppressing the recombination of metastable excitons, polarons, and photo-
generated charge carriers during interlayer transfer.
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materials are always severely stacked owing to their high surface ener-
gies, resulting in bulk recombination of free charges during transpor-
tation. Another plausible solution to this challenge is to construct
electron donor-acceptor (D-A) polymeric photocatalysts possessing
ordered donor-on-donor (for hole transport) and acceptor-on-acceptor
(for electron transport) bi-continuous m-columnar structures were
proposed™™®, Unfortunately, it is challenging to precisely construct
such kind of highly ordered microstructures, and donor-on-acceptor
alternative stacking is more likely to form owing to favorable electro-
static interactions, which tends to induce the recombination of elec-
trons and holes”. Additionally, the severely stacked structures also
embed the dominant active sites inside the photocatalysts and only
leave small portions of the active sites on the outer surfaces. Thus, the
optimized utilization of internal excitons and active sites is a feasible
means to develop high-performance photocatalysts.

Herein, we propose a strategy to enhance the utilization of
internal excitons by suppressing the recombination of metastable
excitons, polarons, and photogenerated charge carriers during inter-
layer transfer (Fig. 1). This is achieved by inhibiting their interlayer
transfer through rapid dissociation of polarons into free charges via
expeditious intramolecular electron transfer, followed by their storage
within the catalyst. Furthermore, by exposing storage sites through the
three-dimensional architecture of the photocatalyst, reactants can
effectively access and extract free or stored charge carriers from deep
within the material, preventing recombination during interlayer
transfer. This approach yields a break-through photocatalytic rate of
H,0, ranging from 9257 to 9991 pmol-g™h™, accompanied by a solar-
to-chemical conversion efficiency reaching 3.6% under ambient con-
ditions, i.e. real water, open air and room temperature. To our best
knowledge, this is an impressive SCC achieved among the photo-
synthetic systems of H,0,, and is among the rare instances where SCC
in ambient conditions has surpassed the highest solar-to-biomass
conversion (SBC) rate of typical plants. Importantly, this study intro-
duces an approach for attributing peaks in femtosecond transient
absorption spectroscopy, which is challenging and prone to confusion.
By utilizing sacrificial agents and small molecule monomers, we

differentiate and identify various photoinduced transient species
(excitons, polarons, electrons). Based on this approach, the mechan-
ism of accelerated electron extraction from the three-dimensional
catalysts on photophysical processes was further explored by switch-
ing atmospheres in situ. These techniques enable the clarification of
the transfer pathways (interlayer or intramolecular) and provide
insights into the corresponding proportions of each transfer method.
Specifically, most of the free electrons (82.2% in air and 89.2% in O,)
were utilized through intramolecular transfer, while the long-distance
interlayer electron transport was substantially suppressed, thus cir-
cumvented the recombination during interlayer transport. This study
offers a perspective to substantially enhance photocatalysis perfor-
mance by improving photon utilization and bears substantial impli-
cations for sustainable energy generation and environmental
remediation.

Results

Synthesis and characterization of catalysts

The self-supporting three-dimensional (3D) amorphous photocatalyst
was synthesized with triptycenes (TPC) as the self-supporting electron
donors, the built-in redox anthraquinone (AQ) moieties as the electron
acceptors, and alkynyl as connectors (Fig. 2a). This photocatalyst was
named as TPC-3D. The three-dimensional structure of triptycenes units
exposes more active sites and allows O, to diffuse into the interior of
the material. Alkynyl bridges have superior electron transfer proper-
ties due to the linear conjugated structure. Furthermore, AQ moieties
possess a strong electron withdrawal capacity, which promotes the
separation of photo-induced carriers. Critically, AQ has a two-electron
storage capacity which effectively inhibits the recombination of charge
carriers’. This 3D photocatalyst can rapidly store electrons on AQ by
intramolecular transfer and allow O, diffuse into the catalyst interior to
extract electrons, which suppressing the interlayer transport of pho-
togenerated excitons, polarons, and charge carriers. For comparison,
another two two-dimensional (2D) structural analogs were synthesized
by using pyrene (PYR) and triphenylene (TPL) as the planar electron
donors, which were termed PYR-2D and TPL-2D, respectively (Fig. 2a).
The method for introducing the alkyne group was shown in Supple-
mentary Fig. 1, and the three conjugated polymers (CPs) were con-
ventionally synthesized through a one-step Sonogashira reaction. The
determination of electron donor and acceptor relies on the distribu-
tion positions of their Highest Occupied Molecular Orbital (HOMO)
and Lowest Unoccupied Molecular Orbital (LUMO) in their optimized
structures. As depicted in Supplementary Fig. 2, HOMO is pre-
dominantly located in TPC, while LUMO is primarily distributed in the
AQ moieties.

The characteristic signals of alkynyl groups were observed in
solid-state cross-polarization/magic-angel-spinning (CP/MAS) *C NMR
spectra (Supplementary Fig. 3), Raman spectra (Supplementary Fig. 4),
and in FT-IR spectra (Supplementary Fig. 5). Besides, the FT-IR spectra
showed the stretching bands of C=0 at -1673 cm™ (Supplementary
Fig. 5), combined with the characteristic benzoquinone groups
(-181 ppm) in BC NMR spectra (Supplementary Fig. 3) and X-ray pho-
toelectron spectroscopy (XPS) measurements (Supplementary
Figs. 6 and 7), manifesting the retaining of AQ in CPs*°. More details are
reported in the supplementary information to demonstrate the suc-
cessful polymerization for all the CPs through the Sonogashira reac-
tion (Supplementary Figs. 2-7)*.. The powder X-ray diffraction (PXRD)
profiles revealed that all the CPs exhibited the features of amorphous
carbon? (Supplementary Fig. 8). Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) showed that the CPs
possessed rough surfaces and uniform structures (Supplementary
Figs. 9 and 10). Also, as shown in Fig. 2b, all the CPs exhibited strong
absorption throughout the visible light region and even in the near-
infrared region, which demonstrated that the CPs possessed large
conjugation structures. In TPC-3D, the three phenylene rings of the
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Fig. 2 | Structural characteristics of catalysts. a Chemical components of cata-
lysts: D, electron donors; A, electron acceptors; T, conjugated bridge. b UV-visible
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(AQY) at specified wavelengths. The CPs demonstrated strong absorption in the
visible and even near-infrared regions, indicating their large conjugation structures.
¢ Schematic illustration of the electronic band structures of the catalysts.

triptycene influence each other electronically through space (which is
often called homoconjugation), which also extends its conjugation
structure”. In addition, all CPs exhibited satisfactory thermal stability
(Supplementary Fig. 11).

The energy band structures of the CPs were subsequently deter-
mined (Fig. 2¢). The conduction band (CB) minima of TPC-3D, PYR-2D,
and TPL-2D were determined to be -0.43 eV, —0.47 eV, and —0.48 eV
versus the normal hydrogen electrode (NHE) via the Mott-Schottky
tests (Supplementary Fig. 12)**2¢, Subsequently, the valence band (VB)
maxima was determined using the valence band-XPS (VB-XPS) to
measure the energy difference of the VB to Fermi level (Eyg.xps)
(Supplementary Fig. 13). Then, Kelvin Probe Force Microscopy (KPFM)
was used to measure the work function (¢) of the material, repre-
senting the potential difference from the Fermi level to the vacuum
level (Supplementary Fig. 14)”. The VB maxima referenced to the
normal hydrogen electrode (Eyye) could be obtained as 2.47eV,
2.07eV, and 2.39eV for TPC-3D, PYR-2D, and TPL-2D (Fig. 2¢ and
Supplementary Note 1). Thus, it could be concluded that all CPs were
capable for the 2 e oxygen reduction reaction (ORR) and the 2e™ or
4 e water oxidation reaction (WOR)%.

Photocatalytic performance

The photosynthesis of H,0, by the CPs was evaluated under simulated
sunlight (xenon-lamp light, >400 nm, 100 mW-cm™2). Pure water and
air atmosphere were adopted with no sacrificial agents or continuous
0, supplied. TPC-3D exhibited the highest H,O, production rate

among the CPs, i.e. 5940 pmol-g™h™, which was 2.4 and 1.8 times that
of PYR-2D and TPL-2D (Fig. 3a). Moreover, in real water including lake
water, river water, and seawater, the photosynthetic rates of TPC-3D
were even further improved to break-through values as high as
9991 pmol-g™h™, 9615 pmol-g™h™, and 9257 pmol-g™h™, respectively
(Fig. 3a). These efficiencies were much higher than most reported for
reactions conducted in air, pure O,, or even with the use of hole
sacrificial agents (Fig. 3b and Supplementary Table 1)>*?°?%3% In
addition, TPC-3D essentially maintained its high efficiency, morphol-
ogy, and component for 5 cycles (Supplementary Figs. 15-18 and
Supplementary Note 2). To assess the potential for practical applica-
tion, TPC-3D was coated onto a glass slide and immersed it in real
water for photocatalytic reactions (Fig. 3c). Remarkably, the catalyst
was without appreciable loss in performance even after 15 cycles
(Fig. 3d), and relevant structural characterizations have provided
(Supplementary Fig. 19 and Supplementary Note 2).

Besides, the apparent quantum yield (AQY) of TPC-3D reached up
to 30.9%, 20.8%, and 10.6% at 420, 470, and 620 nm in pure water,
respectively, and even as high as 44.8% at 420 nm and 11.9% at 620 nm
in lake water (Fig. 2b). The AQYs at all the wavelengths are among the
leading values reported for the photosynthesis of H,O, (Supplemen-
tary Table 2). Significantly, the solar-to-chemical energy conversion
(SCC) process achieved successful implementation under low con-
centration of photocatalyst usage (0.4 g-L™) and in open air conditions
(Supplementary Fig. 20, Supplementary Movies 1 and 2), with an
impressive efficiency of 2.4% in pure water and 3.6% in lake water
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Fig. 3 | Photocatalytic performance. a Photocatalytic production of H,0, by CPs
in open air under different water conditions. Experimental conditions: A >400 nm
(xenon lamp, light intensity: 100 mW-cm), photocatalyst (1 mg), water samples

(50 mL). b Comparison of the photocatalytic performance for H,0, between TPC-
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photograph of photocatalytic reaction of TPC-3D in real water. Photocatalytic
reaction setup with: a glass slide (20 mm x 20 mm) loaded with 2 mg of TPC-3D
powders (top left), placed in 400 mL of lake water (bottom left), and exposed to a
xenon lamp (A > 400 nm, light intensity: 100 mW-cm™). d The stable H,0, pro-
duction activity of TPC-3D under the condition described in Fig. 3c.

(Fig. 3a). These SCC efficiencies were superior to most of those
reported for photosynthetic systems of H,0, (Supplementary Table 3)
and were even higher than the highest solar-to-biomass conversion
efficiency of typical plants (1%)**%. It is notable that other artificial
photocatalytic reactions, such as water splitting and carbon dioxide
reduction, cannot be performed in the open air. The current photo-
catalytic system provides a more feasible way for SCC.

In addition, it was not foreseen that the photosynthetic rate of
H,0, by TPC-3D was increased by >55% in real water. Generally, the
photocatalytic rate would be decreased in real water due to the intri-
cate interferential components, i.e. inorganic ions, and organic
matters?®**™*. It was also observed that the increasing rate was posi-
tively correlated with the content of dissolved organic matters (DOMs)
in real water and unrelated to the concentration of inorganic carbon,
inorganic salts, and pH (Supplementary Table 4). It was inferred that
the DOMs served as electron donors for the photosynthesis of H,0,,
since the photocatalytic performance of TPC-3D was similarly
increased after adding isopropanol, sodium oxalate, or edetate dis-
odium (EDTA-2Na) as electron donors (Supplementary Fig. 21). Fur-
thermore, it has been reported that DOMs in real water can provide
protons®® or act as electron donors****, thereby promoting photo-
catalytic performance. Thus, we adopted theoretical calculations to
elucidate the sources of protons and electrons in this system. The
composition of DOMs was complex, and to simplify the model, phenol
was used as an example. As illustrated in Supplementary Fig. 22a, upon
light excitation, the electron donor generated an electron and trans-
ferred to AQ, where it reacted with the C=0 double bond in AQ to form
AQH. At this point, an additional electron and a proton were required
to form anthrahydroquinone (AQH,)®. In the presence of phenol,
there were four possibilities for proton and electron sources in this
step: H,0O provided protons and electrons, phenol provided protons
and electrons, water provided protons while phenol provided elec-
trons, and phenol provided protons while H,O provided electrons. The
reaction energies (AE) of these four pathways were obtained by

theoretical calculation as 2.30eV, 0.89eV, 3.55eV and 5.58eV
respectively (Supplementary Fig. 22b), indicating that AQH preferred
proton-coupled electron transfer through phenol rather than H,O to
form AQH,. Furthermore, phenol was added into pure water for pho-
tocatalytic experiments and the photocatalytic performance was
improved significantly (Supplementary Fig. 23). Thus, these results
substantiate that organic pollutants can supply electrons and protons,
facilitating the photocatalytic production of hydrogen peroxide.
Moreover, TPC-3D demonstrated exceptional resistance to ionic
interference (Supplementary Fig. 23 and Supplementary Note 3). The
even higher photosynthetic performance of TPC-3D in real water can
open up an application of TPC-3D in real water remediation via in situ
photosynthesis of H,0,.

Photochemical process

To reveal the underlying reasons for the enhanced performance of
TPC-3D, we first identified the generation pathway of H,0, in CPs and
its corresponding active sites involved in the photochemical process.
According to the energy band structures of CPs, it could be concluded
that all CPs were effective for the oxidation of water into H,O, or O, via
the two- or four-electron pathways (Fig. 2c)*. The products of the WOR
process were confirmed to be H,0, and O, by the Rotating Ring-Disk
Electrodes (RRDE) measurements (Supplementary Fig. 24). The time-
dependent density functional theory (TD-DFT) calculations indicated
that the active sites were mainly located on the TPC and alkynyl moi-
eties for WOR, as the holes were primarily occupied in these two sites
in the excites states (Fig. 4a and Supplementary Fig. 25). Specifically,
for TPC-3D, WOR occurred at carbon 3 (on triptycenes) and carbon 37
(on alkynyl group) (Fig. 4b). The calculation results showed that it was
much favored to adsorb OH* intermediates on alkynyl (Fig. 4c),
enabling H,0 to form the target product H,O, through a two-electron
WOR. The same phenomenon was observed in PYR-2D and TPL-3D
(Supplementary Figs. 26, 27). Additionally, the in situ diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS) under H,O
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Fig. 4 | Active sites and pathways for H,0, generation. a Distribution of holes
(blue) and electrons (green) in TPC-3D obtained through the time-dependent
density functional theory (TD-DFT) calculations (Isosurface value = 0.001). b The
contribution of non-hydrogen atoms to holes and electrons in excited state and the
corresponding atom labels. ¢ Calculated free energy diagrams of two-electron
water oxidation pathways toward H,O, production on acetylene and electron-
donor sites in TPC-3D. Inset: the adsorption configuration of OH* on different sites
of TPC-3D. d In-situ DRIFTS under H,O of TPC-3D. e Molecular model and

adsorption energy (E,qsor) for TPC-3D when oxygen is adsorbed at alkynyl moi-
eties. f In-situ DRIFTS of TPC-3D adsorbing O, in the dark and then irradiating.

g H,0, yields through ORR at AQ moieties. Inset: the mechanism underlying the
experimental processes. Photosynthesis was conducted in an argon atmosphere
for 1h, followed by immediate injection of pure O, into the photocatalytic system
after stopping the illumination. h In-situ DRIFTS of light in argon and dark in oxygen
process of TPC-3D. i Key steps of H,0, production by two-electron ORR

process on AQ.

conditions displayed relatively obvious infrared absorption peaks at
2219, 1573, and 1072 cm™, which were attributed to C=C, benzene ring,
and C-OH absorption, respectively* " (Fig. 4d). And new peaks
emerged around 1184-1203cm™, corresponding to the infrared
absorption of -OH from generated H,0,. These results confirmed the
active participation of alkynyl and triptycenes structures in the pro-
duction of H,0, through the WOR. Moreover, under bubbling argon to
remove O, from the air, and with the incorporation of electron sacri-
ficial agents (AgNOs) to inhibit the generation of H,0, from ORR, the
formation of H,0, could also be observed, demonstrating that H,O,
can be generated via WOR pathway (Supplementary Fig. 28). Isotope
experiments also provided strong evidence for WOR (Supplemen-
tary Fig. 29).

On the other hand, the synthesis of H,O, was significantly sup-
pressed under conditions of argon and the addition of AgNO; (Sup-
plementary Fig. 28), indicating that the photocatalytic generation of
H,0, primarily proceeds via ORR. For ORR, all CPs exhibited effective
two-electron oxygen reduction to produce H,O, (Supplementary
Fig. 30). DFT calculation revealed that O, could spontaneously adsorb

on the alkynyl moieties to form the endoperoxide species in TPC-3D
(Fig. 4e and Supplementary Fig. 31). To further explore the adsorption
behavior of O, on alkynyl moieties, in-situ DRIFTS was conducted. As
shown in Fig. 4f, the stretching vibration of the C=C bond (2219 cm™)
increased gradually with the injection of O, in the dark. The results
indicated that alkynyl groups served as the active site for O, adsorp-
tion as the adsorbed intermediate could result in increased force
constants due to symmetry breaking®. In contrast, under irradiation,
the signals of alkynyl moieties decreased, suggesting that alkynyl
participates in the photocatalytic ORR. This portion of O, adsorbed on
the alkynyl moieties was proven capable of directly reacting with e
and being conversed to H,0,, since H,0, could still be successfully
produced under the condition of in Ar atmosphere to exclude O, from
the air and adding hole sacrificial agents added to inhibit the genera-
tion of O, from water oxidation (Supplementary Fig. 32).

Meanwhile, another oxygen reduction pathway that reduced AQ
reacted with O, was also proposed. The TD-DFT calculations showed
that the active sites were mainly located on the carbonyl oxygen
(atoms 35 and 36 in Fig. 4b) and carbonyl carbon (atoms 27 and 28 in
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Fig. 4b) of AQ moieties for ORR. And the superior electrons accepting
ability of the AQ moieties was also verified from the LUMO diagrams as
well as from the electron paramagnetic resonance (EPR) spectra
(Supplementary Figs. 2 and 33). To further confirm the reaction
between reduced AQ and O,, the photosynthesis was conducted in an
argon atmosphere for one hour, and then pure O, was injected into the
photocatalytic system immediately after stopping the illumination. In
the absence of light, where electron-hole pairs cannot be generated,
the production of H,0, in a dark environment solely relies on stored
electron (Fig. 4g). Consequently, the generation of H,0, persisted for
duration of 20 min in dark. These phenomena indicated that the
electrons were stored in AQ to reduce O, to generate H,0, for 20
min®. In addition, significant color change during the photocatalytic
process can be regarded as another visual indicator of the accumula-
tion of electrons. Upon irradiation in an air atmosphere, the material
transitions from a brown to an orange-yellow shade, whereas in an
argon atmosphere, the material further shifts to a vivid yellow color,
which is attributed to the accumulation of electrons (Supplementary
Fig. 34). And in the UV/Vis spectra (Supplementary Fig. 34), the
increase of absorbance indicated the formation of the reduced
species*®. Moreover, in-situ DRIFTS provided a strong evidence for the
formation of reduced species. As shown in Fig. 4h, the peaks at 1358,
1482 and 1680 cm™ were assigned to the one-electron accumulation
state of AQ (AQH), two-electron accumulation state of AQ (AQH,) and
AQ, respectively”. With the progression of irradiation, the peak of AQ
diminished in argon, along with the emergence of peaks correspond-
ing to the reduced species AQH and AQH,. Subsequently, upon the
removal of the light source and the injection of oxygen, the peaks of
AQH and AQH, decreased while the peak of AQ increased, and the
infrared vibration peak assigned to the 1,4-endoperoxide intermediate
species at 910 cm™ were significantly enhanced, indicating that the
electron-storage reduced species reacted with O,. These phenomena
strongly corroborated the electron storage capability of AQ and the
occurrence of the ORR on AQ. Consequently, the ORR process on AQ
can be summarized as follows (Fig. 4i): under visible-light irradiation,
AQ sequentially formed the one-electron accumulation state of AQ
(AQH) and two-electron accumulation state of AQ (AQH,) via an
electron-coupled hydrogenation reaction?>*. Then, AQH, reacted with
0, to generate AQH,-1,4-endoperoxide, which subsequently coupled
with the adjacent hydrogen in the hydroxyl group to release H,0O, and
regenerated the AQ redox center®. Also, the in-situ EPR spectra had
revealed the electron signal on AQ during the reaction (Supplementary
Fig. 35 and Supplementary Note 4).

As summarized above, photo-induced electrons can be directly
captured by absorbed O, in TPC-3D or stored in AQ for subsequent
ORR. To elucidate the ORR pathway, EPR spectra were conducted to
detect -O,” which involved in 2e” ORR with 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) as the spin-trap agent. As depicted in Supplementary
Fig. 36a, TPC-3D containing both alkynyl and AQ exhibited the typical
six-line characteristic peaks of DMPO--O,, indicative of the presence
of superoxide. For comparison, we synthesized a polymer devoid of
alkynyl groups using triptycenes as the electron donor and anthra-
quinone as the electron acceptor, designated as TPC-AQ (Supple-
mentary Fig. 19a). It is noteworthy that TPC-AQ, which contains AQ but
not alkynyl, did not exhibit the peak of DMPO--O,” (Supplementary
Fig. 36b). The comparison suggested that ORR pathway occurred on
the alkynyl via a two-step 2e— process involving the formation of the
0,” intermediates, while the ORR pathway on AQ reduced O, to pro-
duce H,0, via a one-step 2e— process bypassing -O,". To investigate the
percentage of ORR occurring on different sites, we conducted a pho-
tocatalysis experiment with the addition of superoxide dismutase
(SOD), which acts as a scavenger of -O,". The presence of SOD did not
significantly affect the H,0, yield of TPC-AQ, while it reduced the yield
in TPC-3D by about 19% (Supplementary Fig. 36¢), indicating the per-
centage of ORR pathway on alkynyl involving -0, intermediates less

than one-fifth. And this differential response to SOD treatment con-
firms our hypothesis regarding the distinct ORR pathways on the
alkynyl and AQ moieties. These two pathways coexist, and which
pathway occurs depends on whether oxygen is pre-adsorbed or not
(See Supplementary Note 5 for details).The investigation revealed that
the production pathways of H,0, by 2D CPs were analogous (Sup-
plementary Figs. 30, 33, 37, 38). In 2D CPs, it also included the pathway
that the AQ stored the photo-generated electron to reduce the charge
carrier recombination through back electron transfer effectively®.
However, the recombination caused by interlayer electron transfer
remained unavoidable. The electrons may become trapped inside the
catalyst through AQ, preventing them from coming into contact with
the oxygen on the surface of catalyst. Alternatively, the electrons may
still need to migrate a long distance from the interior of the catalyst to
the interface. Both of these processes resulted in a decrease in the
electron utilization efficiency. This limitation was successfully
addressed in TPC-3D, which boasts a 3D structure that facilitates O,
diffusion into the pores and exposes a multitude of active sites, pro-
moting efficient electron utilization. As shown in Supplementary
Fig. 39, TPC-3D possessed a specific surface area 40%-50% larger than
that of PYR-2D and TPL-2D due to its 3D structure, allowing better
exposure of the active sites. Besides, as seen from the O, physical
adsorption experiments (Supplementary Fig. 40a), O, temperature
programmed desorption (O,-TPD) experiments (Supplementary
Fig. 40b), EPR measurements (Supplementary Fig. 33) and H,O
adsorption experiments (Supplementary Fig. 41), TPC-3D possessed
more active sites for O, adsorption, electron storage and WOR than
PYR-2D and TPL-2D (see Supplementary Note 6 for details). Interest-
ingly, although the 2D catalysts owned higher ratios of O, adsorption
sites, specifically alkynyl moieties (electron donors:alkynyl =1:3 in TPC-
3D, while it was 1:4 in PYR-2D and 1:6 in TPL-2D), their overall oxygen
adsorption capacity was lower. This was owing to the stacking struc-
tures of PYR-2D and TPL-2D embedded substantial portions of active
sites inside the 2D CPs. In addition, a significant delay in O, desorption
for TPC-3D also indicated that O, was likely to be adsorbed inside TPC-
3D (Supplementary Fig. 40b). The more accessible active sites in TPC-
3D were convinced to circumvent the long-distance electron transfer
to the surface of 2D materials. Moreover, the photocurrent densities in
pure O, were significantly decreased to only half of that in air in TPC-
3D (Fig. 5). It was inferred that the photoinduced electrons were
effectively captured by the internal O, rather than transported to the
electrode. On the contrary, the trends of photocurrent densities for
PYR-2D and TPL-2D were 3- and 10-fold higher in O, than that in air.
These results demonstrated the photoinduced electrons in the 2D CPs
preferred to transport to the electrode. The electrochemical impe-
dance spectra (EIS) also showed that the electrical resistance of TPC-
3D was significantly higher than PYR-2D and TPL-2D, indicating that the
charges transportation in the two-dimensional catalysts were more
fluent (Supplementary Fig. 42).

Electron utilization
After identifying the photochemical pathways, it is known that there
are three pathways for photoinduced electrons to be utilized (Fig. 6).
In order to further investigate the underlying mechanism of affecting
the three pathways resulting from the increased accessibility of oxygen
inside the catalyst due to the 3D structure, we characterized the rates
and proportions of electron transfer in air and O, atmosphere using
transient absorption (TA) spectroscopy (Fig. 7 and Supplementary
Figs. 43-45)°>"", A 400 nm laser was selected to excite the electron
donors and the broad absorption ranging from 800 nm to 1200 nm
were observed in the TA spectroscopy of CPs. This broad adsorption
was assigned to electronic absorption because they decreased in the
presence of AgNO; as electron scavengers®.

To clarify the reaction times corresponding to these three path-
ways for photoinduced electrons to be utilized, the TA decay kinetics
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bling. b Photocurrent measurement curves in 0.1 M Na,SO, solution under O, gas
bubbling. c Illustration of the electron transfer mechanism in PYR-2D and TPL-2D
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electron transfer mechanism in TPC-3D with the self-supporting three-dimensional
structure under O, atmosphere.

under O, and air conditions were fitted by the tri-exponential function,
resulting in 1y, T, T3 and their corresponding ratios. In O,, the 1, com-
ponent was accelerated and the proportion was increased, indicating 1,
could be attributed to the direct reaction between electrons and oxygen
(Fig. 6 Pathway I). In comparison, the proportion of T, component was
nearly the same in O, and air conditions, which was likely to be affiliated
to the storage of electrons in reduced AQ (Fig. 6 Pathway II). In addition,
the t; component was much longer than the other two, which was
assigned to electrons transferring across stacked layers to the surfaces
and reacting with O, (Fig. 6 Pathway III). Notably, the contribution of the
T3 component was found to decrease significantly from 17.8% in the
presence of air to 10.8% in the presence of O, for TPC-3D (Fig. 7d). In
contrast, no significant changes were observed in the t; components for
PYR-2D and TPL-2D when exposed to O, or air. This can be attributed to
the fact that, in TPC-3D, O, can penetrate into the interior of the catalyst
and reduce the interlayer electron transfer, which ultimately decreases
the lifetime of the electrons. Conversely, in two-dimensional materials,
O, cannot penetrate the material’s interior, and thus, it does not affect
the electron transfer pathway within the catalyst, resulting in no
decrease in electron lifetime.

In addition, considering the catalytic reaction occurred under air
conditions in an open system, the differences in the electron transfer

pathways of the three CPs in air condition may warrant further
exploration. As shown in Fig. 7d, 15 of TPC-3D was 55% and 40% shorter
than those of PYR-2D and TPL-2D in air, respectively. These results
verified that electrons in the bulk of 2D CPs inevitably required long-
length transport to the surface for being utilized, whereas free elec-
trons in TPC-3D, they could be rapidly extracted by O, even in the air
condition, thanks to its 3D structure. Thus most of the free electrons of
TPC-3D (82.2% in air and 89.2% in O,) were utilized through intramo-
lecular transfer (Pathway I and Pathway II). Remarkably, compared to
interlayer transfer (Pathway I, t3), intramolecular transfer (Pathway I,
11 and Pathway I, 1,) has a rate that is more than one order of mag-
nitude faster. The estimated lifetimes of the electrons in TPC-3D were
0.90 ps for 14, 15.92 ps for 1, and 206.60 for 13, respectively. Due to the
high proportion and faster rate of intramolecular electron transfer in
TPC-3D, its estimated electron lifetime was 191.61 ps, which was 50%
and 40% lower than PYR-2D and TPL-2D, respectively. Based on the
above research, it has been demonstrated that increasing the pro-
portions of intramolecular electron transfer can significantly enhance
the total electron transfer rate. Moving forward, the expeditious
electron transfer rate effectively improved the electron utilization
efficiency. The photocurrent densities in the presence of O, strongly
support the high-efficiency utilization of electrons in TPC-3D, as they
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were significantly lower than those observed under argon conditions
(Fig. 5). This finding demonstrated that the photoinduced electrons
were more likely to be extracted by the O, within the catalyst, rather
than being transported to the surface. The improved performance of
photocatalytic H,O, synthesis in the presence of O,, compared to air,
indicated that increasing the accessibility could improve the utilization
efficiency of electrons (Supplementary Fig. 46).

In summary, TPC-3D achieved expeditious intramolecular transfer
to store electrons in the catalyst and exposed the storage sites through
the 3D structure, allowing electrons deep within the material to be
efficiently extracted by O,, preventing recombination during inter-
layer transfer. More importantly, the intramolecular electron transfer
ratio increased in TPC-3D, leading to an accelerated total electron
transfer rate and improved electronic utilization efficiency (Fig. 8).
This provides a promising approach for enhancing the efficiency of
photocatalytic systems.

From polarons dissociation to electron generation

After confirming the faster and more efficient utilization of electrons in
TPC-3D, we proceeded to further investigate the impact of this accel-
erated electron utilization on the polarons dissociation. Firstly, it was
necessary to identify the peaks of excitons and polarons in the TA

spectra initially and subsequently measured their respective lifetimes.
All the electron donor and CPs exhibited positive peaks immediately
and decay rapidly, which were attributed to the absorption of the
excitons (Supplementary Figs. 47a, 48a and 49a). The decay of the
peaks was attributed to the transformation of the excitons to polarons,
pairs of more loosely bound charges by Coulomb attraction forces***,
Subsequently, signals formed after the dissociation of the excitons
appeared as the highest positive photoinduced absorption (PIA) peaks
at 645 nm in TPC-3D, 720 nm in PYR-2D, and 580 nm in TPL-2D (Sup-
plementary Figs. 47b, 48b, 49b). These signals were drastically reduced
regardless of the addition of hole sacrificial agents (sodium oxalate) or
electron sacrificial agents (AgNOs;) (Fig. 9a and Supplementary
Figs. 50-52). Considering that polarons involve a bound state of
electrons and holes, it can be inferred that the acceleration of electron
or hole extraction through the use of sacrificial agents may potentially
expedite the separation of polarons. Thus, these signals could be
attributed to polarons. The time delay between the appearance of
excitons and polarons signals was the time at which the excitons
started to dissociate into polarons, i.e. 630 fs for TPC-3D, 1820 fs for
PYR-2D, and 755 fs for TPL-2D (Fig. 9c and Supplementary Figs. 48c,
49c). Owing to the high dissociation efficiencies of the excitons in all
the CPs (discussed in detail below), the decay of the PIA peaks was
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assigned to the transformation of polarons into free charges, other
than the geminate recombination. The average lifetimes of polarons
for TPC-3D, PYR-2D, and TPL-2D were 389.20 ps, 729.54ps, and
550.26 ps, respectively (Fig. 9d and Supplementary Figs. Sle, 52e). It
was notable that the dissociation speed of the polarons for TPC-3D was
accelerated by 47% and 29% compared to PYR-2D and TPL-2D.

To further explore the mechanism leading to the accelerated
dissociation of the polarons in TPC-3D, the dissociation kinetics
of the polarons were fitted with the tri-exponential decay func-
tion as shown in Fig. 9b, d, e. The fast components t; and 1, were
assigned to the dissociation of the polarons formed at the intra-
molecular D-A interfaces®**. The long-lived component 13 was
commonly assigned to the dissociation of polarons after

interlayer diffusion (Fig. 6 Pathway 2). As shown in Fig. 9e, the
ratios of each lifetime component were nearly the same in all the
CPs in pure O, compared to those in air, which indicated the
decay pathways of polarons were not affected by a higher con-
centration of O,. However, the average lifetimes (t..,g) and the
lifetimes of 1y, T, T3 in O, were reduced by 40%, 81%, 46%, and
41% in TPC-3D, respectively, compared with those in air. These
results demonstrated that pure O, could accelerate the dissocia-
tion of polarons. In comparison, each component was changed by
<20% for PYR-2D and TPL-2D and all the dissociation pathways of
polarons in TPC-3D were faster than that in the 2D CPs (Fig. 9e).

Based on the discussions above, the 3D structure did not alter the
pathways of polaron transfer. However, it significantly accelerated
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Fig. 9 | Femtosecond time-resolved transient absorption (TA) measurements of
TPC-3D in the visible region. a-b, Femtosecond TA spectra in 450-780 nm range
of TPC-3D under (a) air and (b) O, atmosphere. ¢ TA kinetic profiles of TPC-3D at
515 nm and 645 nm. TPC-3D exhibited a positive peak consistent with its electron

donor monomers (TPC) at ~515 nm, defined as the signal of excitons (Supplemen-
tary Fig. 47a). For TPC-3D, the excitons peak at ~515 nm was followed by a positive

peak at 645 nm (Supplementary Fig. 47b), attributed to polarons, and the time
delay between them was the time for excitons to transfer to polarons, i.e. 630 fs.
d Comparsion of TA kinetic profiles at 645 nm under air and O, condition,
respectively. e Decay lifetimes under O, and air conditions fitted by the tri-
exponential function from corresponding TA kinetic traces at 645 nm.

polaron dissociation in a revers manner, due to the enhance utilization of
electrons (Fig. 8). This phenomenon was not observer in 2D structures.

From excitons dissociation to polarons generation

Building upon the accelerated electron utilization and polaron dis-
sociation discussed above, it was worth exploring whether this pre-
cursor effect also contributed to an expedited dissociation of excitons.
Additionally, it was important to consider other factors that may
influence the rate of excitons dissociation.

As investigated above, both TPC-3D and TPL-2D exhibited sig-
nificant enhancement in polarons generation rate (630 fs for TPC-3D,
1820 fs for PYR-2D, and 755 fs for TPL-2D) under investigation compared
to other reported photocatalysts (Fig. 9c and Supplementary Figs. 48c,
49¢)*. To elucidate the underlying reasons for this observation, we

initially investigated whether the rapid exciton dissociation was due to
an acceleration of polarons separation. By comparing the dissociation
rates of excitons in air and oxygen, we verified that the dissociation rates
of excitons did not increase in the presence of oxygen, thereby elim-
inating the possibility of accelerated polarons separation contributing
to the acceleration of excitons dissociation (Supplementary Figs. 53, 54).

In order to substantiate the efficient dissociation of excitons,
steady-state photoluminescence (PL) emission spectra were recorded,
and the photoluminescence quenching yields (PLQYs) were deter-
mined to evaluate the overall excitonic recombination efficiencies”.
The photoluminescence of TPC-3D seemed weaker than that of PYR-
2D and TPL-2D (Supplementary Fig. 55). The PLQYs of PYR-2D was
0.11%, and the PLQYs of TPC-3D and TPL-2D were even below the
detectable limit (Supplementary Fig. 56), which indicated that the
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separation of excitons was spontaneous in TPD-3D and TPL-2D at room tempera-
ture. e Calculation of the ionization potential (IP), electron affinity (EA), and Mul-
liken electronegativity of TPC, PYR, TPL and AQ monomers. Mulliken
electronegativity = (IP + EA)/2. The smaller the Mulliken electronegativity, the
stronger the electron-giving ability. TPC monomer is more capable of giving elec-
trons than PYR and TPL monomers, while AQ monomer tends to gain electrons.
f Electrostatic potential (ESP) of TPC-3D. The uneven charge distribution of the
system is a reflection of the molecular polarity, and the more uneven the dis-
tribution results in more positive or negative areas of the electrostatic potential on
the surface of the molecule (See Supplementary Fig. 60 for more detailed
information).

radiative recombination of excitons was almost completely sup-
pressed in the CPs. In other words, the CPs exhibits ultra-high dis-
sociation efficiency.

In order to further evaluate the mechanism behind the lower
PLQYs of TPC-3D and TPL-2D, the activation energy of exciton
dissociation (E;) or activation energy of charge recombination
(Ea;) was determined through the temperature-dependent pho-
toluminescence (TD-PL) spectra (Fig. 10a-d and Supplementary
Fig. 57)°%°. Notably, the TD-PL intensity increased with elevating
temperature for TPC-3D and TPL-2D, indicating that E, was
smaller than E,,. Thus, the excitons in TPC-3D and TPL-2D could
be spontaneously dissociated. The E,, for TPC-3D and TPL-2D
could be estimated to be 23 meV and 47 meV, respectively. In
contrast, the E, for PYR-2D was 120 meV. Moreover, the much
more production of '0, in PYR-2D also confirmed that TPC-3D
and TPL-2D exhibited higher excitonic dissociation efficiency
(Supplementary Fig. 58a, b). This is because when the excitons
could not dissociate efficiently, they would go through spin-flip
and transform to triplet excitons, which would react with O, to
generate 'O, through energy transfer (Supplementary Fig. 58¢)*.
On the other hand, when the excitons dissociated into electrons,
0, tended to generate O, through electron transfer (Supple-
mentary Fig. 58d).

To further investigate the embedded mechanism behind the
spontaneously exciton dissociation, exciton binding energy (Ey)

calculations calculation was adopted. E;,, has been regarded as a crucial
parameter for mediating charge separation in polymeric
photocatalysts®®. The adequate dissociation of exciton in TPC-3D was
caused by the remarkable low excitonic binding energies (E,), which
indicated that upon photoexcitation, excitons were spontaneously
separated into free hole and electron charge carriers after overcoming
the Coulomb force (Supplementary Fig. 59)°. Moreover, TD-DFT cal-
culation confirmed that exciton dissociation in TPC-3D was more
adequate than PYR-2D and TPL-2D, resulting in the sufficient charge
aggregation (Supplementary Table 5)°>%, In general, D index is used to
measure the distance between the hole center and electron center, and
tindex is used to measure the separation degree between the hole and
the electron from the perspective of charge-separation. Both D index
and ¢ index showed that TPC-3D possessed wider distribution and
higher separation degree than that of the excited PYR-2D and TPL-2D,
which indicated the better charge-separation ability.

In order to find out the reasons for the lower E,, and E;,, of TPC-3D,
the electron-giving ability of the three electron-giving unit monomers
in the three materials was compared (Fig. 10e), which found that the
electron donor of TPC-3D was significantly higher than that of the
other two materials, leading to a higher degree of delocalization in
TPC-3D. In summary, with the same monomers of the electron
acceptor, the stronger electron-giving ability of the electron donor is
beneficial to promote the delocalization of the material and the
effective separation of excitons, which can be proved by the
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electrostatic potential the dipole moment (Fig. 10f and Supplementary
Figs. 60, 61).

In conclusion, the sufficient excitonic dissociation in excited TPC-
3D was attributed to the stronger delocalization in material itself
causing by the stronger electron-giving capacity of TPC moieties as
electron donors. All the evidence above demonstrates that the stron-
ger delocalization of TPC-3D itself is the fundamental reason for the
expeditious generation of polarons but not the acceleration of polar-
ons separation (Fig. 8).

Discussion

Our study has established a highly efficient open system that converts
solar energy into in-demand chemicals, while elucidating the reg-
ulatory mechanisms on accelerated photophysical process through
photochemical process. Specifically, we present a self-supporting 3D
amorphous organic photocatalyst that achieves a breakthrough effi-
ciency in the photosynthesis of H,O, in real water, open air, and at
room temperature. The photocatalyst exhibits a remarkable produc-
tion rate of H,0, as high as 9257-9991 umol-g-h™, and a SCC effi-
ciency of 3.6%, surpassing the highest efficiency of typical plants (1%)
and representing the exceptional efficiency in artificial photosynthetic
systems in the open air.

This photocatalyst’s superior performance can be attributed
to the effective utilization of internal excitons through intramo-
lecular transfer instead of interlayer transfer. We achieved this by
storing electrons within the photocatalyst and exposing the
electron storage sites to O,, which facilitates O, diffusion into the
catalyst to extract electrons. As a result, 82.2% of electrons can be
utilized through intramolecular electron transfer, which is an
order of magnitude faster than interlayer transfer. This approach
effectively circumvents electron recombination during interlayer
transfer, thereby enabling faster and more efficient utilization of
the electrons.

Moreover, of paramount importance is our ability to attain high-
performance through deliberate design, coupled with a comprehen-
sive exploration of the kinetics of each step and the corresponding
regulatory mechanisms in the photophysical processes. Under ambi-
ent conditions, we observed the process from exciton dissociation to
polarons generation within 630fs. Then the polarons rapidly con-
verted to free electrons within 389 ps. The free electrons were ulti-
mately utilized within another 192ps. Furthermore, the rapid
utilization of electrons accelerated the dissociation of polarons with-
out expediting the dissociation of excitons. The expeditious dissocia-
tion of excitons in TPC-3D was attributed to the spontaneous
dissociation of excitons owning to the strong delocalization of the
material (Fig. 8).

Overall, our findings provide important insights into the
mechanisms underlying the superior performance of intramolecular
charge transfer-based photocatalysts. This study lays a foundation for
future construction of higher-performance solar-to-chemical conver-
sion systems and the development of efficient and sustainable energy
conversion technologies that utilize solar energy.

Methods
Photocatalytic experiments
Photocatalytic H,O, production: The suspension contained 1 mg cat-
alysts and 50 mL H,O was well dispersed by ultrasonication for 30 min.
Afterward, the catalyst was irradiated by using a Xe lamp (CEL-
HXF300) as the light source. A cutoff filter was used to achieve visible-
light irradiation (A>400nm, average intensity: 100 mW-cm™). The
experiment was conducted at room temperature. The sample was fil-
trated with a 0.22 pm filter to further remove the photocatalysts.
Determination of H,O, concentration: the TMB-H,0,-HRP enzy-
matic assay was used to quantify the concentration of H,0,, where the
reaction between H,0, and TMB could be instantaneously catalyzed

by HRP:
H,0, + TMB—"R" H,0 + oxTMB 4))

The 3,3’,5,5-tetramethylbenzidine (TMB) solution was prepared
as follows: 15 mg TMB solid was dissolved in 0.3 mL dimethyl sulfoxide
(DMSO), subsequently, 5mL glycerol solution and 45 mL deionized
water containing 20 mg ethylene diamine tetraacetic acid (EDTA) and
95 mg citric acid was added.

The horseradish peroxidase (HRP) solution was prepared as fol-
lows: dissolve 2mg peroxidase (from horseradish) in 10 mL
deionized water.

To obtain the calibration curve, a known concentration of H,O,
(as the hydrogen donor) was added to the TMB solution. It should be
noted that the concentration of HRP was maintained at 12.5 pg-mL™.
After 3 min, added 10 pL concentrated hydrochloric acid and mea-
sured by a UV-visible spectrophotometer at 450 nm to obtain a stan-
dard calibration curve. Then the H,0, concentration of the samples
could be quantified according to the linear relationship between signal
intensity and H,O, concentration.

SCC efficiency measurements

The solar-to-chemical energy conversion (SCC) efficiency was mea-
sured by photocatalytic experiments employing an AM 1.5G solar
simulator as the light source (100 mW-cm™). The concentration of
catalyst is 0.4 g-L". Calculated the SCC efficiency (n) via the following
equation:

AG(H,0,) xn(H,0,)

100% 2
i X S X ay *100% @

n%)=

In the equation, AG(H,0,) =117 kJ-mol’, is the free energy for
H,0, generation. n(H,0,) is the amount of H,0, generated during the
photocatalytic reaction. The irradiation time t; is 3600s, and the
irradiated sample area (S;,) is 1x10™* m% Iy, the total irradiation
intensity of the AM 1.5 global spectra (300 nm-2500nm), is
100 mW-cm™.

Transient absorption spectroscopy measurements
TA spectra of TPC-3D, PYR-2D, and TPL-2D w ere measured on a Helios
femtosecond transient absorption spectrometer (Helios Fire, Ultrafast
Systems, LLC). A 400 nm pump pulse was generated via an optical
parametric amplifier (OPerA Solo, Coherent). The 400 nm laser
intensity was 50 pW. The preparation of samples was as follows: 10 mg
of photocatalyst was dispersed in 50 mL deionized water. Then the
suspension was subjected to ultrasonication by an ultrasonic cell pul-
verizer (SCIENTZ-II D) for 48 h. Afterward, the suspension was left
overnight to allow the large particles to settle down while the fine
particles were stably suspended in water.

Measurements were performed using a cuvette with stopper. For
TA spectra in air atmosphere, the suspension was added directly to the
cuvette and tested under open conditions. For TA spectra in oxygen
atmosphere, oxygen was injected into the suspension and bubbled for
20 min to saturate it, and then the test was performed with the stopper
closed. When measuring TA spectra with the addition of sacrificial
agents, the concentration of sacrificial agents was maintained
at 10 mM.

Computational methods

The Density functional theory (DFT) calculation was conducted as
implemented in the Gaussian 09 D.01 program package®* and Grimme-
D3 dispersion correction was used®. GaussViewé was employed for
visualization. The geometry optimization and frequency analysis were
performed at the B3LYP/6-31G(g,d) level of theory®®. The atomic
coordinates of the optimized computational models were shown in
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Supplementary Table 6-8. The optimized structures were utilized to
calculate single-point energy with PBEO/ma-TZVP** %, The con-
vergence criteria for energy, maximum force, root mean square force,
maximum displacement, and root mean square displacement was 107
Hartree, 4.5x10™* Hartrees/Bohr-Radians, 3x10™* Hartrees/Bohr-
Radians, 1.8 x 107 Bohr-Radians, 1.2 x 10~ Bohr-Radians respectively.
Time-dependent density functional theory (TD-DFT) was carried out at
the PBEO/6-31 G(d,p) level of theory and applied to the investigation of
the transfer direction of electrons®”". Analysis and visualization of
hole and electron distribution were performed by Multiwfn®2. Exciton
binding energy was calculated by the def2-SVP basis set*®. The elec-
trostatic potential and Mulliken electronegativity involved in the ana-
lysis were evaluated by Multiwfn based on an efficient algorithm and
filled with colors using VMD1.9.3%8626372,

The adsorption energy (E,q4s0r,) of O> molecule on the surface is
calculated as follow:

Eadsorb = Erotal — Esurtace — Eo, 3)
where E, represents the energy of surface with adsorbed O, mole-
cule, Egyace and Eq, represent the energies of isolated surface and O,,
respectively.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.

References

1. Banerjee, T., Podjaski, F., Kroger, J., Biswal, B. P. & Lotsch, B. V.
Polymer photocatalysts for solar-to-chemical energy conversion.
Nat. Rev. Mater. 6, 168-190 (2021).

2. Shiraishi, Y. et al. Resorcinol-formaldehyde resins as metal-free
semiconductor photocatalysts for solar-to-hydrogen peroxide
energy conversion. Nat. Mater. 18, 985-993 (2019).

3. Zhao, D. et al. Boron-doped nitrogen-deficient carbon nitride-based
Z-scheme heterostructures for photocatalytic overall water split-
ting. Nat. Energy 6, 388-397 (2021).

4. Teng, Z. et al. Atomically dispersed antimony on carbon nitride for
the artificial photosynthesis of hydrogen peroxide. Nat. Catal. 4,
374-384 (2021).

5. Takata, T. et al. Photocatalytic water splitting with a quantum effi-
ciency of almost unity. Nature 581, 411-414 (2020).

6. Nishiyama, H. et al. Photocatalytic solar hydrogen production from
water on a 100 m? scale. Nature 598, 304-307 (2021).

7.  Yuan, Y. et al. Earth-abundant photocatalyst for H, generation from
NH3; with light-emitting diode illumination. Science 378,

889-893 (2022).

8. Liu, J. et al. Metal-free efficient photocatalyst for stable visible
water splitting via a two-electron pathway. Science 347, 970-974
(2015).

9. Gillett, A. J. et al. The role of charge recombination to triplet exci-
tons in organic solar cells. Nature 597, 666-671 (2021).

10. Zhu, Y. et al. Organic photovoltaic catalyst with extended exciton
diffusion for high-performance solar hydrogen evolution. J. Am.
Chem. Soc. 144, 12747-12755 (2022).

1. Li, X., Wang, C. & Tang, J. Methane transformation by photo-
catalysis. Nat. Rev. Mater. 7, 617-632 (2022).

12. Loeb, S. K. et al. The technology horizon for photocatalytic water
treatment: sunrise or sunset? Environ. Sci. Technol. 53,
2937-2947 (2019).

13. Fang, Y., Hou, Y., Fu, X. & Wang, X. Semiconducting polymers for
oxygen evolution reaction under light illumination. Chem. Rev. 122,
4204-4256 (2022).

14. Xu, J. et al. Efficient photocatalytic hydrogen and oxygen evolution
by side-group engineered benzodiimidazole oligomers with strong

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

built-in electric fields and short-range crystallinity. Angew. Chem.
Int. Ed. 61, 202212243 (2022).

Zhang, S. et al. Strong-base-assisted synthesis of a crystalline
covalent triazine framework with high hydrophilicity via benzyla-
mine monomer for photocatalytic water splitting. Angew. Chem.
Int. Ed. 59, 6007-6014 (2020).

Jin, S. et al. Charge dynamics in a donor-acceptor covalent organic
framework with periodically ordered bicontinuous heterojunctions.
Angew. Chem. Int. Ed. 52, 2017-2021 (2013).

Guo, Z. et al. Long-range hot-carrier transport in hybrid perovskites
visualized by ultrafast microscopy. Science 356, 59-62 (2017).
Jin, S. et al. Creation of superheterojunction polymers via direct
polycondensation: segregated and bicontinuous donor-
acceptor m-columnar arrays in covalent organic frameworks for
long-lived charge separation. J. Am. Chem. Soc. 137, 7817-7827
(2015).

Liu, R. et al. Covalent organic frameworks: an ideal platform for
designing ordered materials and advanced applications. Chem.
Soc. Rev. 50, 120-242 (2021).

Ye, Y.-X. et al. A solar-to-chemical conversion efficiency up to
0.26% achieved in ambient conditions. Proc. Natl Acad. Sci. USA
118, €2115666118 (2021).

Chen, L. et al. Acetylene and diacetylene functionalized covalent
triazine frameworks as metal-free photocatalysts for hydrogen
peroxide production: a new two-electron water oxidation pathway.
Adv. Mater. 32, 1904433 (2020).

Wang, S. et al. Intermolecular cascaded n-conjugation channels for
electron delivery powering CO, photoreduction. Nat. Commun. 11,
1149 (2020).

Baumgartner, K. et al. Homoconjugation and intramolecular charge
transfer in extended aromatic triptycenes with different m-planes. J.
Org. Chem. 85, 15256-15272 (2020).

Fang, Z.-B. et al. Boosting interfacial charge-transfer kinetics for
efficient overall CO, photoreduction via rational design of coordi-
nation spheres on metal-organic frameworks. J. Am. Chem. Soc.
142, 12515-12523 (2020).

Hou, H., Zeng, X. & Zhang, X. Production of hydrogen peroxide by
photocatalytic processes. Angew. Chem. Int. Ed. 59,

17356-17376 (2020).

Xia, P. et al. Designing defective crystalline carbon nitride to enable
selective CO, photoreduction in the gas phase. Adv. Funct. Mater.
29, 1900093 (2019).

Li, X. et al. Enhanced photocatalytic degradation and Hy/H,0,
production performance of S-pCN/WO, 7, S-scheme heterojunc-
tion with appropriate surface oxygen vacancies. Nano Energy 81,
105671 (2021).

Ye, Y.-X. et al. Highly efficient photosynthesis of hydrogen peroxide
in ambient conditions. Proc. Natl Acad. Sci. USA 118,

€2103964118 (2021).

Yan, H. et al. Spontaneous exciton dissociation in organic photo-
catalyst under ambient conditions for highly efficient synthesis of
hydrogen peroxide. Proc. Natl Acad. Sci. USA 119,

€2202913119 (2022).

Yan, H. et al. Regulation the reactive oxygen species on conjugated
polymers for highly efficient photocatalysis. Appl. Catal. B-Environ.
314, 121488 (2022).

Zhi, Q. et al. Piperazine-linked metalphthalocyanine frameworks for
highly efficient visible-light-driven H,O, photosynthesis. J. Am.
Chem. Soc. 144, 21328-21336 (2022).

Xu, X. et al. The construction of conjugated organic polymers
containing phenanthrenequinone redox centers for visible-light-
driven H,0O, production from H,O and O, without any additives.
Chem. Eng. J. 454, 139929 (2023).

Xu, X. et al. Conjugated organic polymers with anthraquinone redox
centers for efficient photocatalytic hydrogen peroxide production

Nature Communications | (2024)15:5406

13



Article

https://doi.org/10.1038/s41467-024-49373-z

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

from water and oxygen under visible light irradiation without any
additives. ACS Catal. 12, 12954-12963 (2022).

Wu, C. et al. Polarization engineering of covalent triazine frame-
works for highly efficient photosynthesis of hydrogen peroxide
from molecular oxygen and water. Adv. Mater. 34, 2110266 (2022).
Wu, Q. et al. A metal-free photocatalyst for highly efficient hydro-
gen peroxide photoproduction in real seawater. Nat. Commun. 12,
483 (2021).

Wang, A. et al. Facile synthesis of C3N4/Niln,S,4 heterostructure with
novel solar steam evaporation efficiency and photocatalytic H,O,
production performance. Appl. Catal. B-Environ. 310, 121336 (2022).
Du, R. et al. Controlled oxygen doping in highly dispersed Ni-loaded
g-CsN4 nanotubes for efficient photocatalytic H,O, production.
Chem. Eng. J. 441, 135999 (2022).

Gopakumar, A. et al. Lignin-supported heterogeneous photo-
catalyst for the direct generation of H,O, from seawater. J. Am.
Chem. Soc. 144, 2603-2613 (2022).

Liu, Y., Liao, Z., Ma, X. & Xiang, Z. Ultrastable and efficient visible-
light-driven hydrogen production based on donor-acceptor copo-
lymerized covalent organic polymer. ACS Appl. Mater. Interfaces
10, 30698-30705 (2018).

Zhu, C. et al. Construction of CDs/CdS photocatalysts for stable
and efficient hydrogen production in water and seawater. Appl.
Catal. B-Environ. 242, 178-185 (2019).

Yang, Y. et al. A low-cost and stable Fe,O3/C-TiO, system design for
highly efficient photocatalytic H, production from seawater. Catal.
Commun. 143, 106047 (2020).

Zhang, J. et al. The critical role of furfural alcohol in photocatalytic
H,0O, production on TiO,. Appl. Catal. B-Environ. 269,

118770 (2020).

Gryszel, M., Rybakiewicz, R. & Gtowacki, E. D. Water-soluble organic
dyes as molecular photocatalysts for H,O, evolution. Adv. Sustain.
Syst. 3, 1900027 (2019).

Zhang, Y., Simon, K. A., Andrew, A. A., Del Vecchio, R. & Blough, N.
V. Enhanced photoproduction of hydrogen peroxide by humic
substances in the presence of phenol electron donors. Environ. Sci.
Technol. 48, 12679-12688 (2014).

Cheng, H. et al. Rational design of covalent heptazine frameworks
with spatially separated redox centers for high-efficiency photo-
catalytic hydrogen peroxide production. Adv. Mater. 34,

2107480 (2022).

Mou, Y. et al. Linkage microenvironment of azoles-related covalent
organic frameworks precisely regulates photocatalytic generation
of hydrogen peroxide. Angew. Chem. Int. Ed. 62,

202309480 (2023).

Zhao, C. et al. Molecular level modulation of anthraquinone-
containing resorcinol-formaldehyde resin photocatalysts for H,O,
production with exceeding 1.2% efficiency. Angew. Chem. Int. Ed.
62, 202218318 (2023).

Sun, J. & Wu, Y. Anthraquinone redox relay for dye-sensitized photo-
electrochemical H,O, production. Angew. Chem. Int. Ed. 59,
10904-10908 (2020).

Zhang, X. et al. Keto-anthraquinone covalent organic framework for
H,0O, photosynthesis with oxygen and alkaline water. Nat. Commun.
15, 2649 (2024).

Ma, J., Miao, T. J. & Tang, J. Charge carrier dynamics and reaction
intermediates in heterogeneous photocatalysis by time-resolved
spectroscopies. Chem. Soc. Rev. 51, 5777-5794 (2022).

Madhu, M., Ramakrishnan, R., Vijay, V. & Hariharan, M. Free charge
carriers in homo-sorted m-stacks of donor-acceptor conjugates.
Chem. Rev. 121, 8234-8284 (2021).

Vyas, V. S., Lindeman, S. V. & Rathore, R. Photophysical properties
of 1,3,6,8-tetraarylpyrenes and their cation radicals. J. Photochem.
Photobiol. A-Chem. 375, 209-218 (2019).

53. Flanders, N. C. et al. Large exciton diffusion coefficients in two-
dimensional covalent organic frameworks with different domain
sizes revealed by ultrafast exciton dynamics. J. Am. Chem. Soc. 142,
14957-14965 (2020).

54. Li, S. et al. Highly efficient fullerene-free organic solar cells operate
at near zero highest occupied molecular orbital offsets. J. Am.
Chem. Soc. 141, 3073-3082 (2019).

55. He, C. et al. Asymmetric electron acceptor enables highly lumi-
nescent organic solar cells with certified efficiency over 18%. Nat.
Commun. 13, 2598 (2022).

56. Zhang, Y. et al. H,O, generation from O, and H,O on a near-infrared
absorbing porphyrin supramolecular photocatalyst. Nat. Energy 8,
361-371 (2023).

57. Kosco, J. et al. Enhanced photocatalytic hydrogen evolution from
organic semiconductor heterojunction nanoparticles. Nat. Mater.
19, 559-565 (2020).

58. Zhu, L. et al. Small exciton binding energies enabling direct charge
photogeneration towards low-driving-force organic solar cells.
Angew. Chem. Int. Ed. 60, 15348-15353 (2021).

59. Li, X. et al. CsPbX3 quantum dots for lighting and displays: room-
temperature synthesis, photoluminescence superiorities, under-
lying origins and white light-emitting diodes. Adv. Funct. Mater. 26,
2435-2445 (2016).

60. Lan, Z.-A. et al. Reducing the exciton binding energy of donor-
acceptor-based conjugated polymers to promote charge-induced
reactions. Angew. Chem. Int. Ed. 58, 10236-10240 (2019).

61. Liu, Z., Lu, T. & Chen, Q. An sp-hybridized all-carboatomic ring,
cyclo[18]carbon: electronic structure, electronic spectrum, and
optical nonlinearity. Carbon 165, 461-467 (2020).

62. Lu, T. & Chen, F.-W. Multiwfn: a multifunctional wavefunction ana-
lyzer. J. Comput. Chem. 33, 580-592 (2012).

63. Lu, T. & Chen, F.-W. Comparison of computational methods for
atomic charges. Acta Phys. -Chim. Sin. 28, 1-18 (2012).

64. Frisch M. J. et al. Gaussian 09 (Gaussian, Inc, Wallingford, CT, 2009).

65. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132,
154104 (2010).

66. Adamo, C. & Barone, V. Toward reliable density functional methods
without adjustable parameters: the PBEO model. J. Chem. Phys. 110,
6158-6170 (1999).

67. Zheng, J., Xu, X. & Truhlar, D. G. Minimally augmented Karlsruhe
basis sets. Theor. Chem. Acc. 128, 295-305 (2011).

68. Papajak, E., Zheng, J., Xu, X., Leverentz, H. R. & Truhlar, D. G. Per-
spectives on basis sets beautiful: seasonal plantings of diffuse basis
functions. J. Chem. Theory Comput. 7, 3027-3034 (2011).

69. Yanai, T., Tew, D. P. & Handy, N. C. A new hybrid
exchange-correlation functional using the coulomb-attenuating
method (CAM-B3LYP). Chem. Phys. Lett. 393, 51-57 (2004).

70. Francl, M. M. et al. Self-consistent molecular orbital methods. XXIII
\a polarization-type basis set for second-row elements. J. Chem.
Phys. 77, 3654-3665 (1982).

71. Ditchfield, R., Hehre, W. J. & Pople, J. A. Self-consistent molecular-
orbital methods. IX an extended gaussian-type basis for molecular-
orbital studies of organic molecules. J. Chem. Phys. 54, 724-728 (1971).

72. Liu, Z., Lu, T. & Chen, Q. Intermolecular interaction characteristics
of the all-carboatomic ring, cyclo[18]carbon: focusing on molecular
adsorption and stacking. Carbon 171, 514-523 (2021).

Acknowledgements

This work was supported by the National Natural Science Foundation of
China 22206209 (Y.-X.Ye), 22336007 (G.F.0.Y.), the Natural Science
Foundation of Guangdong Province 2022A1515011953 (Y.-X.Ye), the
Guangdong Basic Research Center of Excellence for Functional

Nature Communications | (2024)15:5406

14



Article

https://doi.org/10.1038/s41467-024-49373-z

Molecular Engineering Project 31000-42080002 (G.F.Q.Y.), and
Southern Marine Science and Engineering Guangdong Laboratory
(Zhuhai) via project No. SML2023SP220 (Y.-X.Ye). The authors thank the
PL group of Instrumental Analysis & Research Center, Sun Yat-sen Uni-
versity for their contributions to temperature-dependent PL and PLQYs
measurements.

Author contributions

Y.Y.H., Y.-X.Ye and G.F.O.Y. co-proposed the idea and designed the
experiments. Y.Y.H. contributed to perform the experiments. Y.Y.H. and
M.H.S. performed the DFT calculations. Y.Y.H., Y.-X. Ye, M.H.S., H.J.Y.,
Y.G.H., J.Q.X., F.Z. and X.Y. contributed to performing and analyzing the
experiments. Y.Y.H., Y.-X.Ye and G.F.O.Y. participated in writing the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-49373-z.

Correspondence and requests for materials should be addressed to
Yu-Xin Ye or Gangfeng Ouyang.

Peer review information Nature Communications thanks Francesca
Arcudi and the other anonymous reviewer(s) for their contribution to the
peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:5406

15


https://doi.org/10.1038/s41467-024-49373-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Achieving a solar-to-chemical efficiency of 3.6% in ambient conditions by inhibiting interlayer charges transport
	Results
	Synthesis and characterization of catalysts
	Photocatalytic performance
	Photochemical process
	Electron utilization
	From polarons dissociation to electron generation
	From excitons dissociation to polarons generation

	Discussion
	Methods
	Photocatalytic experiments
	SCC efficiency measurements
	Transient absorption spectroscopy measurements
	Computational methods

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




