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Engineering Covalent Organic Frameworks for Decoupled 
Photocatalytic and Dark Photocatalytic Synthesis of H2O2

Tian Wang[a], Du-Yong Chen[a], Xin-Feng Li[a], Hao Wang[a], Jing Li[a], Lu-Lu Hao[a], Yan Fang[a], Yu 

Shan[a], Liang Zhao[a], Shu-Xin Chen[d], Yingying Ning[d], Yin-Shan Meng*[a, c], Jiyun Hu*[b], and Tao 

Liu*[a, c]

Mimicking both the photo reaction and dark reaction units in the natural photosynthetic system offers a sustainable 
approach for the efficient capture and storage of solar energy. Here we demonstrate that an engineered quinoline-linked 
covalent organic framework (Py-1Q) can integrate electron transport and storage within a single material. Under visible light 
illumination, Py-1Q exhibits a H2O2 production rate of 1535 μmol g–1 h–1, 8.5 times higher than that of its imine counterpart. 
Moreover, part of the photo energy was stored in Py-1Q as free electrons during irradiation, which can be gradually released 
in the dark to further produce 95 μmol g–1 h–1 of H2O2. DFT calculations reveal that the enhanced delocalization of the lowest 
unoccupied molecular orbital of Py-1Q is critical for its charge storage property. This study expands the applications of 
functional COFs and offers new insights into the design of solar-energy storage materials.

Introduction
Artificial photosynthesis represents a sustainable solution to 

the energy and environment crisis our society is facing, yet 
poses great challenges to our current solar utilization 
technologies. The high efficiency of the natural photosynthetic 
system hinges on the cooperation of multiple cofactors, 
including the crucial light-dependent reactions (photosystem II 
and I, namely PSII and PSI) and the light-independent dark 
reactions (Calvin cycle).1 PSII and PSI absorb photon energy to 
form charge separation states, which drive water oxidation to 
release oxygen, electrons, and protons.2,3 Then the 
proton/electron separated energy is stored in nicotinamide 
adenine dinucleotide phosphate (NADPH) and adenosine 
triphosphate (ATP), which are used to fix atmospheric CO2 into 
carbohydrates in the Calvin cycle.4,5 Inspired by the natural 
process, artificial photosynthesis has particularly advanced in 

the design of light reaction systems in recent years, achieving 
diverse photocatalytic transformations in a plug-and-play 
fashion.6-8 However, mimicking the dark reaction system that is 
capable of storing photogenerated charges and releasing them 
on demand, i.e., the dark photocatalysis process, remains far 
more challenging.9

In fact, a database of dark photocatalytically active materials 
recently curated by Savateev et al. has no more than 100 
entries.10 The prevailing charge storage mechanism relies on a 
one-electron reduction of redox-active metals, such as Ti,11 
Cu,12 and W oxides13, 14, in the presence of a hole scavenger. 
However, the poor light-harvesting properties of inorganic 
oxides lead to low photoenergy utilization efficiency. In this 
regard, organic or inorganic-organic hybrids become promising 
alternative candidates. A few examples of isolated metal 
centers in metal-organic frameworks (MOFs) showed similar 
electron storage ability via metal fragment reduction.15-18 
Besides, 2D polymeric ionic carbon nitrides were found to trap 
electrons at the C- or N-centered radicals, offering a new way to 
store photo-generated electrons.19-22 Despite of the alleviated 
light absorption issue, these materials still suffer three main 
drawbacks: 1) an organic sacrificial electron donor (SED) as hole 
scavenger is needed to accumulate electrons in organic 
solutions; 2) the photo-charged state is extremely sensitive to 
oxygen with a short lifetime under ambient environment 
conditions; and 3) most of dark photocatalytic reaction is 
initiated only upon the introduction of an external metal 
catalyst, for example Pt for hydrogen evolution reaction (HER), 
thus ending the materials’ charge storage ability simultaneously. 
Therefore, developing a single-component multifunctional 
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material that could fully mimic the natural photosynthesis 
process, i.e., operating in an aqueous atmospheric condition, is 
to be discovered.

To this end, we find that covalent organic frameworks (COFs) 
hold great potential to solve the aforementioned problems in 
dark photocatalysis.23-26 COFs are crystalline conjugated 
polymers that have many merits for tailored applications.27-32 
Firstly, the framework designability at the molecular level 
allows one to fine-tune the band gap to match the oxidation 
potential of water when it is used as the hole scavenger. 
Secondly, the conjugated structure of COFs brings good visible 
light absorbing properties, and more importantly, potential 
electron storage capability.33-38 On the other hand, finding a 
suitable reaction to store the chemical energy of photo-
generated electrons in ambient conditions is equally important. 
The air sensitivity of the reported charged states suggests 
feasible electron transfer to O2, yielding superoxide anion 
radical (O2–), which is an important intermediate in 
photocatalytic hydrogen peroxide (H2O2) synthesis. 39, 40 
Combining the generated protons during photo-charging, the 
activation and conversion of O2 to H₂O₂ as an energy carrier 
seems to be the ideal reaction. COFs as metal-free H2O2 
synthesis photocatalysts have made great progress over the 
past years.41 A key challenge is to rationally design a single-
component system that can simultaneously facilitate spatial 
separation of photogenerated electron-hole pairs and stabilize 
the electrons after hole consumption. 

In this work, we introduced a quinoline unit to engineer the 
frontier orbitals of a pyrene-based COF, leading to the desired 
functions for decoupled photo-dark catalysis. The quinoline COF 
Py-1Q demonstrated a moderate H2O2 production rate of 1535 

μmol g–1 h–1 under visible light42, 43 and more importantly a 
sustained rate of 95 μmol g–1 h–1 after light source removal. The 
slowly released electrons stored in Py-1Q continued to drive the 
production of H2O2 in the dark. The charge storage capacity was 
estimated to be 277 C g–1, surpassing reported MOF systems. 
This study demonstrates that COFs can serve as efficient single-
component charge storage media for light–dark decoupled 
catalysis, offering a novel design paradigm for sustainable 
energy storage and programmable chemical synthesis.

Results And Discussion
Synthesis and characterizations

Pyrene, a prominent electron-rich component with large π-
conjugation and broad light absorption, has been widely used 
to construct photoactive COFs.44, 45 We used Py-1P COF as a 
starting point, and a post-synthetic modification step was 
applied to transform the imine to quinoline linkage (Figure 1a, 
see supporting information for details).46-48 In the presence of 
Cu(OTf)2 catalyst, the imine linkage of Py-1P reacts with styrene 
oxide to form a quinoline linkage. This transformation increases 
the conjugation of the whole framework, laying the foundation 
for stabilizing photo-generated electrons. Multiple 
spectroscopic techniques verified the successful linkage 
transformation. In the FT-IR spectra of Py-1Q COF, three new 
absorption bands at 1662, 1517, and 1250 cm–1 were observed, 
which are attributed to the quinoline ring stretching vibrations 
(Figure 1b). Additionally, the C=N stretching signal of the imine 
group in Py-1P COF (originally at ~1620 cm–1) exhibited a 
significant intensity reduction. In the solid-state 13C NMR 
spectra, the characteristic carbon peak of C=N at 157 ppm in Py-

Figure 1. (a) Synthetic route of Py-1Q COF. (b) FT-IR spectra, (c) Solid-state 13C NMR spectra (the peaks at 180-210 and 50-80 ppm are spinning sidebands), 
(d) PXRD patterns, and (e) N2 sorption isotherms of Py-1P and Py-1Q.
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1P COF shifted to 156 ppm in Py-1Q COF and a new peak at 147 
ppm assigned to C4 of quinoline was observed (Figure 1c). X-ray 
photoelectron spectroscopy (XPS) measurements were also 
carried out to verify the chemical states of linked N atoms in 
these COFs. As shown in Figure S1, the peak of N 1s in Py-1P COF 
at 398.4 eV was slightly shifted to 398.3 eV in Py-1Q. These 
results collectively confirm the successful formation of the 
quinoline group in Py-1Q COF. Additionally, the Cu residue in Py-
Q1 was determined to be 0.12 wt.% by inductively coupled 
plasma mass spectrometry (ICP-MS).

Powder X-ray diffraction (PXRD) analyses were employed to 
elucidate the crystalline structure of the synthesized COFs. Py-
1Q COF showed a similar PXRD pattern to that of Py-1P COF 
(Figure 1d), implying preserved crystalline structure. The peaks 
at 3.76, 7.53, and 11.29° were assigned to (110), (220), and 
(330) facets, respectively, according to the simulated structure 
(Figure S2). The porosity of the COFs was studied using N2 
sorption at 77 K. Both COFs exhibited a type I isotherm (Figure 
1e). The Brunauer–Emmett–Teller (BET) specific surface areas 
of Py-1P and Py-1Q were determined to be 1309 and 1003 m2 
g–1, respectively. Pore sizes derived from non-local density 
function theory were 1.7 and 1.4 nm for Py-1P and Py-1Q, 
respectively, matching the simulated structures (Figure S3). The 
decrease in surface area and pore size corroborates the 
increased framework mass and reduced pore channel 
dimensions. Scanning electron microscopy (SEM) showed 
similar cubic aggregate morphology of Py-1P and Py-1Q. (Figure 
S4). To evaluate the chemical stability, Py-1P and Py-1Q were 
treated with 6 M HCl and 6 M NaOH at room temperature for 7 
days. Under these harsh conditions, the imine-linked Py-1P COF 
was almost completely hydrolysed, with only 2 wt% solid 
residues recovered. In contrast, over 95 wt% of Py-1Q was 
retained. FT-IR spectroscopy confirmed the robustness of the 
quinoline linkage, and PXRD analysis showed only a slight peak 
intensity decrease, demonstrating the exceptional chemical 
stability of Py-1Q (Figure S5). The thermogravimetric analysis 
(TGA) also revealed that these COFs are thermally stable up to 
350 ℃ under a nitrogen atmosphere (Figure S6). 
Photophysical and electrochemical properties

To evaluate the light-harvesting capabilities of the COFs, the 
photophysical properties and electronic band structures of Py-
1P and Py-1Q COFs were studied by UV-Vis diffuse reflectance 
spectroscopy (DRS) and Mott-Schottky measurements. As 
shown in Figure 2a, Py-1Q COF exhibited significantly broader 
absorption across the visible light spectrum compared to Py-1P 
COF, which is attributed to the enhanced π-conjugated 

structure. The optical band gaps of Py-1P and Py-1Q calculated 
from Tauc plots were determined to be 2.22 and 2.15 eV, 
respectively (Figure S7). Mott-Schottky measurements were 
performed to estimate the flat band potentials, with all COFs 
displaying characteristic n-type semiconductor behaviour. The 
flat band potentials versus Ag/AgCl (pH = 7) were determined 
as –0.82 and −0.89 V for Py-1P and Py-1Q, respectively (Figure 
2b). The corresponding valence band edges were calculated to 
be 1.60 and 1.46 eV (vs. NHE), respectively. Furthermore, 
valence band maxima derived from valence band X-ray 
photoelectron spectroscopy are approximately 1.76 eV for Py-
1P and 1.52 eV for Py-1Q (vs. NHE), in good agreement with the 
electrochemical results (Fig. S8). The increased conjugation of 
Py-1Q lowered both the conduction band and valence band 
positions compared to that of Py-1P. The band alignments of Py-
1P and Py-1Q indicate that both COFs are thermodynamically 
feasible to drive oxygen reduction reaction (ORR) and water 
oxidation reaction (WOR, Figure 2c). A highly π-conjugated 
structure could facilitate charge separation and enhance the 
charge carrier lifetime. The photogenerated carrier migration 
efficiency of materials was evaluated through electrochemical, 
photoluminescence (PL) spectroscopy, and electron 
paramagnetic resonance (EPR) characterizations. The 
electrochemical impedance spectra (EIS, Figure S9) revealed 
that the quinoline-functionalized Py-1Q exhibited smaller 
semicircular Nyquist arc radii than Py-1P did, suggesting 
reduced charge transfer resistance. Upon light illumination, Py-
1Q generated larger photocurrents than Py-1P, indicating 
promoted charge carriers (Figure 2d). The PL intensity of Py-1Q 
COF exhibited 91% decrease compared to that of Py-1P, 
indicating effectively suppressed electron-hole recombination 
(Figure 2e).49, 50 This was also supported by the prolonged 
fluorescence lifetime of Py-1Q COF (0.37 ns) compared to that 
of Py-1P (0.22 ns, Figure 2f). To investigate the photoinduced 
free electron generation in COFs, we conducted electron 
paramagnetic resonance (EPR) measurements. Before light 
irradiation, both COFs displayed a single peak at g = 2.0023, 
mainly attributed to delocalized π-electrons within the 
framework (Figure S10).51, 52 Py-1Q showed significantly 
stronger EPR signal intensity than Py-1P, highlighting the critical 
role of quinoline in enhancing π-electrons delocalization. 
Following 15 minutes of light exposure, Py-1Q showed a 3.3-fold 
enhancement of EPR signal intensity while Py-1P exhibited 
minimal EPR signal change. These observations demonstrate 
that Py-1Q is more efficient in promoting charge carrier 
generation and migration.
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Figure 2. (a) UV-Vis diffuse reflectance spectra, (b) Mott-Schottky plots, (c) Energy level diagrams, (d) Transient photocurrent 
response measurements, (e) Steady-state photoluminescence spectra, and (f) Fluorescence decay profiles of Py-1P and Py-1Q.

Photocatalytic and dark photocatalytic synthesis of H2O2

As discussed before, the reduction of O2 to H2O2 could serve 
as a model reaction for mimicking photocatalysis and dark 
photocatalysis. Both COFs were tested as heterogeneous 
catalysts for the synthesis of H2O2 under an air atmosphere. 
After 9 hours of light irradiation, the yield of H2O2 achieved 
13816 μmol g–1 for Py-1Q, significantly higher than that of Py-
1P (1621 μmol g–1) by 8.5-fold (Figure 3a and S11). The 
enhanced photocatalytic performance of Py-1Q COF stems from 
the extended π-conjugated of the framework that promotes 
efficient charge separation. Interestingly, Py-1Q exhibited a 
gradual color change from orange to green during the reaction, 
indicating a charge storage process (Figure 3c).49, 50 Py-1P 
maintained its orange color throughout the illumination period 
(Figure S12-13). Ex-situ UV-vis DRS measurements disclosed a 
distinct absorption band at 600-750 nm for Py-1Q after 9 h of 
illumination (Figure S14). The color of Py-1Q after light exposure 
could be partially recovered after 15 h in the dark, implying the 
release of the stored charge (Figure 3c). The corresponding UV-

vis spectra showed the disappearance of the absorption band 
at 600-750 nm accordingly (Figure 3b). This reversible color 
change of Py-1Q from light irradiation and dark treatment is 
similar to that observed for those reported dark photocatalyst 
materials, suggesting electron storage during photo charging. 15, 

17, 53 Indeed, methyl viologen, an electron acceptor, could 
reverse the color of photo charged Py-1Q from green to orange, 
supporting the electron storage proposal (Figure S15).17 
Monitoring the H2O2 concentration after removing the light 
source revealed an additional 1435 μmol g–1 production of H2O2 

in 15 h, proving the dark photocatalytic capability of Py-1Q. The 
charge storage capacity was calculated to be 277 C g–1, which 
exceeds reported MOF systems (Table S2). In contrast, Py-1P 
exhibited negligible H2O2 production under dark conditions 
(Figure 3a). However, the cycling performance is a bottleneck of 
Py-1Q. Significant performance decay in both photocatalysis 
and dark photocatalysis was observed. In the third cycle, the 
H2O2 yield under light and dark conditions dropped to ca. 25% 
and 20% of those in the first cycle, respectively (Figure S16). 
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Figure 3. (a) Catalytic H2O2 production by Py-1P and Py-1Q with 300W Xe lamp irradiation (The data from three independent runs of catalysis and average 
yields of H2O2). (b) The DRS UV-Vis spectra of Py-1Q. (c) The color change of Py-1Q during the reaction (0-9 h, light; 10-24 h, dark).

The photocatalysis and dark photocatalysis mechanisms 
were investigated in more detail. First of all, the influence of Cu 
residue on the catalytic performance was studied. The 
introduction of additional Cu(OTf)2 significantly reduced the 
yield of H2O2 in the photocatalysis period but did not affect the 
yield in the dark photocatalysis period (Figure S17). Assuming a 
Cu+/Cu2+ electron storage mechanism, the Cu residue in Py-1Q 
accounts for a capacity of 1.8 C g–1, much lower than the 
observed value. These results suggest that Cu is not involved in 
the charge storage process. A series of control and quenching 
experiments was then conducted to probe the reaction 
pathway. Under an argon atmosphere, the yield of H2O2 
production dropped by 76% for Py-1Q, suggesting ORR as the 
major pathway (Figure 4a). The H2O2 production yield exhibited 
a marked 60% decrease upon the introduction of silver nitrate 
as an electron scavenger, implying the importance of photo-
generated electrons in producing H2O2. A slight yield increase 
(11%) was observed when methanol was employed as a hole 
scavenger. Similar results were observed for Py-1P, suggesting 
the ORR as the main reaction pathway for H2O2 production 
(Figure 4a). Identification of the involvement of superoxide 
radicals (O2–) proved problematic using p-benzoquinone, which 
led to a dark substance that interferes with the quantification 
of H2O2 (Figure S18).

In order to explicitly probe the involved intermediates 
during H2O2 formation, we monitored the reaction using in-situ 
diffuse reflectance infrared Fourier transform (DRIFT) 
spectroscopy. The characteristic bands at 860 cm-1 (O-O 
stretching), 1180 cm-1 (O2–), and 2837 cm-1 (HOOH) steadily 
increase in intensity with the irradiation time, suggesting the 

two-step one-electron ORR pathway for both COFs (Figure 4b, 
4c).54, 55 Notably, under dark conditions, the peak intensities of 
the intermediates and H₂O₂ continued to increase for Py-1Q, 
while they remained nearly constant for Py-1P, demonstrating 
Py-1Q's dark photocatalysis ability.

Next, we used EPR spectroscopy to investigate the reaction 
mechanism. The aqueous suspension of Py-1P and Py-1Q under 
air conditions revealed distinct characteristics. Py-1P showed a 
negligible free radical signal at g of 2.0026 before light 
exposure, which could be slightly enhanced after 15 min of light 
exposure and degraded completely in 5 min in the dark 
afterwards (Figure 4d). On the other hand, Py-1Q showed a 
much stronger free radical signal at g of 2.0027 before light 
exposure, which was significantly enhanced after light exposure 
for 15 min. This free radical species exhibited slower 
degradation kinetics, which disappeared after 30 min in the 
dark (Figure 4g). This behavior proves that Py-1Q is more 
efficient than Py-1P in promoting photoelectron generation and 
preventing electron-hole recombination, consistent with its 
higher catalytic activity. The presence of photo-generated 
electrons was confirmed by trapping experiments with TEMPO. 
During 10 minutes of light irradiation, the EPR signal intensity of 
TEMPO decreased continuously in the presence of both COFs, 
demonstrating the accumulation of electrons (Figure 4e, h). To 
elucidate the fate of the photogenerated electrons and possible 
intermediates involved in the photocatalytic H2O2 synthesis, 
5,5-dimethyl-1-pyrroline N-oxide (DMPO) was used as an O2– 
trapping agent. As shown in Figures 4f and 4i, the characteristic 
signals for DMPO-O2– were clearly detected in the presence of 
Py-1Q with significantly enhanced signal intensity compared to 
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that of Py-1P. More importantly, the DMPO-O2– signal intensity 
for Py-1Q continued to increase even after the light illumination 
ceased and reached a plateau in 10 min (Figure 4i). This strongly 
indicates that electrons are stored in Py-1Q during irradiation, 
which can be released in dark conditions, consistent with its 

dark photocatalytic behavior in H2O2 synthesis. In contrast, the 
signal intensity for Py-1P decreased immediately after light was 
turned off (Figure 4f). These results are consistent with those 
obtained from in situ DRIFT studies.

Figure 4. (a) The H2O2 production yields in the presence of different quenching agents relative to the corresponding standard conditions. In-situ DRIFTS 
spectra of Py-1P (b) and Py-1Q (c) during catalytic H2O2 production. EPR spectra of Py-1P (top panel) and Py-1Q (bottom panel) in H2O (d, g), 1 mM TEMPO 
aqueous solution (e, h), and 100 mM DMPO methanol solution (f, i) under light and dark conditions, respectively.

Theoretical calculations

To understand the origin of the dark photocatalytic ability of 
Py-1Q, density functional theory (DFT) calculations were 
performed. The analysis of periodic electronic structure 
highlights the profound impact of quinoline incorporation on 
the frontier orbitals. In Py-1P, the HOMO is primarily localized 
on the pyrene core and the LUMO is confined to the adjacent 
imine linkages (Figure 5a). In Py-1Q, the HOMO is still mainly 
localized on the pyrene core, while the LUMO becomes 
extensively delocalized across the entire π-conjugated 
framework (Figure 5a). The delocalized LUMO could stabilize 
the photoinduced electrons and effectively suppresses 
electron–hole recombination, thereby enhancing both charge 
transport and storage.56 Charge-transfer analysis further 
supports this conclusion. The calculated excited state charge 
migration from the electron-rich pyrene moiety to the quinoline 
linkage corresponds to transferred charges of 0.19 e– for Py-1Q 

(Figure S20). In comparison, the number of transferred charges 
from pyrene to imine linkage for Py-1P is calculated to be 0.05 
e–. Moreover, band structure calculations confirm that Py-1Q 
possesses an indirect bandgap, which effectively suppresses 
radiative electron-hole recombination and prolongs charge 
carrier lifetimes (Figure S21).57 The projected density of states 
(PDOS) analyses show that Py-1Q exhibits a broader and more 
continuous conduction band, implying more efficient electron 
excitation and relaxation processes (Figure S21). We have also 
calculated the charge storage state of Py-1Q by adding one 
extra electron per unit cell. The relaxed structure shows that the 
spin density is distributed over the conjugated framework 
backbone, coinciding with the LUMO distribution (Figure 5b).

Subsequently, we investigated the catalytic sites in the ORR 
process for Py-1Q. The calculations reveal that O2 adsorption 
occurs preferentially at the quinoline nitrogen site with a 
binding energy of -1.24 eV over the pyrene ring site (-0.07 eV, 
Figure S22). This is consistent with the more pronounced 
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contribution of N into the valence band of Py-1Q (Figure S21). 
The next step of proton-coupled electron transfer is also 
favoured at the nitrogen sites (ΔG = –0.18 eV) over the pyrene 
site (ΔG = 0.21 eV, Figure 5c). This finding confirms that the 
quinoline N site provides stronger electronic coupling with 
adsorbed O2 molecules, thereby facilitating electron transfer 

and promoting H2O2 formation. Taken together, the calculation 
results disclose that the introduced quinoline-linkage not only 
serves as the catalytic site for H2O2 production, but also 
provides a delocalized LUMO for charge storage, accounting for 
the dark photocatalysis properties. These insights would be 
helpful for the design of other organic energy storage systems.

Figure 5. (a) calculated HOMO and LUMO orbital distributions of Py-1P (top) and Py-1Q (bottom). (b) Relaxed structure of Py-1Q with an additional electron 
per unit cell. (c) The free-energy diagrams for the two-step 1e- ORR to H2O2

 at different catalytic sites of Py-1Q.

Based on the above results, we propose a photocatalytic and 
dark photocatalytic H2O2 synthesis mechanism as illustrated in 
Figure 6. Upon illumination, COF undergoes photoinduced 
charge separation, generating electron-hole pairs (e–-h+). The 
holes are quenched by H2O, leaving H+ and free electrons 
stabilized by the framework. Then, part of the photogenerated 
electrons is consumed to facilitate ORR, sequentially converting 
O2 to O2–, and ultimately to H2O2. The rest of the stored 
electrons are released during the dark phase to continuously 
drive H2O2 production via ORR. In this process, electrons 
adjacent to the active quinoline-N site is preferentially 
consumed, followed by electron migration from the pyrene unit 
to the quinoline-N center, thereby sustaining the ORR process 
under dark conditions. 

Figure 6. Proposed mechanism of photocatalytic and dark photocatalytic 
synthesis of H2O2 mediated by Py-1Q.

Conclusion
We report here a covalent organic framework as a new subset 
of dark photocatalytically active materials that mimics the 
natural photosynthetic system. The capability of both 
photocatalytic and dark photocatalytic properties of Py-1Q COF 
was demonstrated on the model reaction of oxygen reduction 
to H2O2. A H2O2 production rate of 1535 and 95 μmol g–1 h–1 was 
achieved under light and dark conditions, respectively. An 
electron storage capacity of 277 C g–1 was recorded for Py-1Q. 
Mechanistic studies highlight the importance of the quinoline 
linkage of Py-1Q COF to optimize the charge separation, 
transfer, and subsequent storage channels for improved 
photocatalysis and dark photocatalysis. These findings provide 
critical insights for designing next-generation artificial 
photosynthesis systems.
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