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ABSTRACT: The precise tuning of components, spatial orientations or connection modes for redox units is vital for gaining 
deep insight into efficient artificial photosynthetic overall reaction, yet it is still hard to be achieved for heterojunction 
photocatalysts. Here, we have developed a series of redox molecular junction covalent-organic-frameworks (COFs) (M-
TTCOF-Zn, M = Bi, Tri and Tetra) for artificial photosynthetic overall reaction. The covalent connection between TAPP-
Zn and multi-dentate TTF endows various connection-modes between water photo-oxidation (multi-dentate TTF) and CO2 
photo-reduction (TAPP-Zn) centers that can serve as desired platforms to study the possible interactions between redox 
centers. Notably, Bi-TTCOF-Zn exhibits a high CO production-rate of 11.56 μmol g-1 h-1 (selectivity, ~100%), which is more 
than 2 and 6 times higher than that of Tri-TTCOF-Zn and Tetra-TTCOF-Zn, respectively. As revealed by theoretical 
calculations, Bi-TTCOF-Zn facilitates more uniform distribution of energy-level orbitals, faster charge-transfer and 
stronger *OH adsorption/stabilization ability than that of Tri-TTCOF-Zn and Tetra-TTCOF-Zn. 

INTRODUCTION 

Over the past decades, the over-exploitation of fossil 
fuels has led to excessive CO2 emission, causing for 
advanced technologies that can converse CO2 into valuable 
products to realize the “loop closing” of CO2 utilization.1-4 
Artificial photosynthetic overall reaction that mimics 
plants has attracted unprecedented interest due to its 
possibility in the conversion of CO2 into value-added 
products like CO, HCOOH, CH4 or methanol with the 
assistance of light energy and water.5-7 In general, the 
artificial photosynthetic overall reaction contains 
simultaneously occurred CO2 photo-reduction and water 
photo-oxidation, in which these two varied half reactions 
are coupled to achieve the overall reaction efficiency.8 In 
this regard, it is essential yet still challenging to design 
efficient photocatalysts that endow these two half-
reactions to be accomplished effectively due to the multi-
requirements of photocatalysts (e.g., light-absorption, 
charge separation/transfer, active sites for both CO2 photo-
reduction and water photo-oxidation, etc.)9-11 that would 
need specific design of structure and functionality. In 

addition, the water photo-oxidation process, a vital half 
reaction to be balanced with CO2 photo-reduction, has 
been generally neglected and received less attention.12-14 
Thus, the exploration of novel photocatalysts that can 
meet the multi-requirements of artificial photosynthetic 
overall reaction to provide deep insight into the possible 
interaction between the redox half reactions is of 
paramount importance. 

In general, heterojunction photocatalysts with the 
characteristics of electron-hole separation efficiency and 
redox capability have been commonly investigated in 
artificial photosynthesis (Scheme 1a).15-18 However, they are 
still difficult in precise tuning the components, spatial 
orientations or connection modes of redox units owing to 
their shortage in well-defined crystalline structures. 
Covalent organic frameworks (COFs), composed of 
lightweight elements (e.g., carbon, nitrogen, oxygen, 
borane, etc.) via covalent bonds, are a promising class of 
porous crystalline materials with ordered pore structure 
and large surface area.19-22 Attributed to the advantages, 
they hold much promise in potential applications of light 
energy triggered conversion reactions23-25 and are 
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considered as desired alternatives for artificial 
photosynthetic overall reaction owing to the following 
reasons: i) the specially designed photo-sensitive organic 
struts can impart COFs with light absorption ability; ii) 
COFs with diverse functions can be easily modulated 
through in-situ design or post modification that might 
meet the multi-requirements of artificial photosynthetic 
overall reaction and iii) the well-defined pore structure of 
COFs can provide pre-organized pathways for efficient 
charge separation and transfer.8, 26-28 To date, although a 
series of COFs have been applied in artificial 
photosynthetic overall reaction, most of them are based on 
the usage of sacrificial agents (e.g., triethanolamine 
(TEOA), triisopropanolamine (TIPA)) or photosensitizers 
and only a few cases (e.g., ACOF-1, N3-COF, TTCOF-Zn or 
sp2c-COFdpy-Co, etc.)29, 30 have been applied for artificial 
photosynthetic overall reaction using water as the electron 
donor. Nevertheless, their applications are still at the early 
stage31-33 and generally suffer from the following 
bottlenecks: i) relatively low CO2 catalytic conversion or 
product generation efficiency; ii) short in the charge 
transfer study that is much beneficial for improving the 
kinetic of artificial photosynthetic overall reaction; iii) lack 
in the modulation of components, spatial orientations or 
connection modes of redox units. Thus, it would be much 
interesting to design molecular junction COFs based 
platforms to conquer these bottlenecks and study the 
possible interactions between CO2 photo-reduction and 
water photo-oxidation centers for artificial photosynthetic 
overall reaction. In particular, redox molecular junction 
COFs systems can inhibit the photogenerated charge 
recombination more effectively and enhance the 
photocatalytic performance largely when compared with 
the traditional heterojunction models.34, 35 With these 

considerations in mind, we propose to select 
metalloporphyrin and multi-dentate tetrathiofulvalenyl 
(TTF) ligands to construct target COFs platforms, in which 
metalloporphyrin ligands are known to possess good 
visible-light absorption and CO2 photo-activation ability,36 
while TTF has shown superior role in water photo-
oxidation (Scheme 1b).37, 38 If multi-dentate (i.e. 2, 3, or 4-
dentate) TTF can be connected with metalloporphyrin 
units, it would provide a series of desired structure 
platforms with different connection modes to gain deep 
insight into artificial photosynthetic overall reaction, yet 
such powerful systems are still challenging and rare as far 
as we know. 

As a proof-of-concept, a series of multi-dentate TTF 
based COFs (i.e., Bi-TTCOF-Zn, Tri-TTCOF-Zn and 
Tetra-TTCOF-Zn) have been prepared as desired 
platforms to investigate the artificial photosynthetic 
overall reaction (Scheme 1). The covalent connection 
between TAPP-Zn and multi-dentate TTF promotes the 
electron transfer from multi-dentate TTF to TAPP-Zn, 
thus-obtained photo-excited electrons (on TAPP-Zn) and 
holes (on TTF) can be utilized for CO2 photo-reduction and 
water photo-oxidation, respectively. Notably, best of them, 
Bi-TTCOF-Zn exhibits a superior CO production rate of 
11.56 μmol g-1 h-1 (selectivity, ~100%), which is more than 2 
and 6 times higher than that of Tri-TTCOF-Zn and Tetra-
TTCOF-Zn, respectively. As revealed by theoretical 
calculations, Bi-TTCOF-Zn facilitates the more uniform 
distribution of HOMO and LUMO orbitals, faster charge 
transfer and stronger *OH adsorption/stabilization ability 
than that of Tri-TTCOF-Zn and Tetra-TTCOF-Zn. This 
work might promote the deep understanding the artificial 
photosynthetic overall reaction.
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Scheme 1. Schematic representation of the possible connection modes of redox molecular junction COFs for artificial photosynthetic overall 
reaction. (a) The photosynthesis inspired artificial photosynthesis by heterojunction photocatalysts and redox molecular junction COFs. (b) Redox 
molecular junction COFs with possible connection modes.  

RESULTS AND DISCUSSION 

Synthesis and structure of M-TTCOF-Zn. M-TTCOF-
Zn (M = Bi, Tri or Tetra) were synthesized by Schiff-base 
condensation between Zn-coordinated 5,10,15,20-
tetrakis(4-aminophenyl)porphyrin (TAPP-Zn) and 2, 6-bi 
(4-formylphenyl) tetrathiafulvalene (Bi-TTF), 2, 3, 6-tri (4-
formylphenyl) tetrathiafulvalene (Tri-TTF) and 2, 3, 6, 7-
tetra (4-formylphenyl) tetrathiafulvalene (Tetra-TTF) by 
solvothermal methods (details see Methods). The 
crystalline structures of M-TTCOF-Zn (M = Bi, Tri or 
Tetra) have been confirmed by the powder X-ray 
diffraction (PXRD) analyses combined with the theoretical 
simulated calculations using Materials Studio software 
package (Figure 1).39 On the basis of theoretical structural 
simulation and Pawley refinements, the Bi-TTCOF-Zn can 
be fitted into the AB stacking model with the 
corresponding unit cell parameters of a = b = 35.8149 Å , c = 
6.4938 Å, and α= β = γ = 90° in the I4 space group (Table 
S1). As revealed by the differential plot, the refinement of 
PXRD pattern is well agreement with the experimental one 
(unweighted-profile R factor (Rp), 3.02% and weighted 
profile R factor (Rwp), 4.40%), suggesting the validity of the 
computational model (Figure 1b). Bi-TTCOF-Zn displays 
intense PXRD peaks at 5.04, 7.09, 10.09 and 13.96, which 
can be assigned to the (200), (220), (400) and (101) facets, 
respectively (Figure 1b and Table S1). The simulated crystal 
structure of Bi-TTCOF-Zn shows an 1D channel along the 

c axis with a theoretical pore size of 1.16 nm and the 
adjacent stacking distance is detected to be 3.29 Å  (Figure 
1a). Furthermore, the structures of Tri-TTCOF-Zn and 
Tetra-TTCOF-Zn have also been analyzed through the 
similar procedures (Figure 1c and 1d). The results show that 
Tri-TTCOF-Zn is fitted into PM space group with unit cell 
parameters of a = 20.6675 Å , b = 3.5430 Å , and c = 26.4910 
Å, α= β = γ = 90° (Rp, 1.20%; Rwp, 1.63%) (Table S2). For 
Tetra-TTCOF-Zn, it can be classified into P222 space 
group with unit cell parameters of a = 29.0104 Å , b = 19.7675 
Å , and c = 3.6830 Å, α= β = γ = 90° (Rp, 3.81; Rwp, 3.95), which 
is similar to that of reported works (Figure 1c, d and Table 
S3).37 Thus, we have successfully prepared three kinds of 
M-TTCOF-Zn (M = Bi, Tri or Tetra) for further 
characterizations. 
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Figure 1. The structure and characterization of M-TTCOF-Zn (M = Bi, 
Tri or Tetra). (a) The structures of M-TTCOF-Zn (M = Bi, Tri or 
Tetra). (b), (c) and (d) Experimental (red dot) and simulated (blue 
line) PXRD patterns of Bi-TTCOF-Zn (b), Tri-TTCOF-Zn (c) and 
Tetra-TTCOF-Zn (d). 

In addition, the Fourier transform infrared (FT-IR) 
spectroscopy have been applied to study the chemical 
compositions of M-TTCOF-Zn (M = Bi, Tri or Tetra). 
Taking Bi-TTCOF-Zn for instance, the C=N stretching 
vibration band at 1621 cm-1 appears in the FT-IR 
measurements, suggesting the successful formation of C=N 
bonds (Figure 2a). Meanwhile, this result can be further 
certified by the obviously decreased -CHO stretching 
vibration band (1699 cm-1) and -NH2 vibration band (3205 
and 3500 cm-1) for the reactant monomers.40 Similar results 
have also been detected for Tri-TTCOF-Zn and Tetra-
TTCOF-Zn (Figure S1). Besides, the characteristic peak at 
160.1 ppm (i.e., g) in 13C solid-state NMR spectroscopy (13C 
ssNMR) is fitted into the carbon atom of the C=N bond for 
Bi-TTCOF-Zn, proving the existence of convent bonding. 
Meanwhile, other detected peaks can be assigned to the 
related carbon atoms for porphyrin (i.e., a, b and c), phenyl 
(i.e., d, e, f and h) and Bi-TTF (i.e., i) units (Figure 2b).34, 37, 

41, 42 In addition, X-ray photoelectron spectroscopy (XPS) 
analysis has been carried out to investigate the divalent 
state of Zn in M-TTCOF-Zn (M = Bi, Tri or Tetra) (Figures 
S2-S5).40, 43, 44 For the XPS spectra of Bi-TTCOF-Zn, four 
main peaks with binding energy of 1021.70, 164.10, 284.80 
and 399.68 eV are ascribed to Zn 2p, S 2p, C 1s and N 1s, 
respectively (Figure S3). In the S 2p region, two kinds of 
peaks with binding energy of 163.90 eV (S 2p3/2) and 165.29 
eV (S 2p1/2) can be attributed to the characteristic peaks of 
C-S bond in Bi-TTF unit (Figure S3). Moreover, the 
observed binding energy values of 1021.70 eV and 1044.70 
eV belong to the Zn 2p3/2 and Zn 2p1/2 for Bi-TTCOF-Zn, 
respectively (Figure S3). Similar results have also been 
detected for Tri-TTCOF-Zn and Tetra-TTCOF-Zn 
(Figures S4 and S5). Specifically, the Zn content in Bi-
TTCOF-Zn, Tri-TTCOF-Zn and Tetra-TTCOF-Zn are 

determined to be 3.77 wt%, 4.62 wt% and 4.15 wt% by 
inductively coupled plasma (ICP) optical emission 
spectrometry (Table S4). Additionally, metal-free Bi-
TTCOF-2H has also been prepared and characterized with 
PXRD and XPS tests that can serve as a contrast sample to 
M-TTCOF-Zn (M = Bi, Tri or Tetra) (Figures S6 and S7). 

 
Figure 2. Characterizations of Bi-TTCOF-Zn. (a) FT-IR spectra of Bi-
TTCOF-Zn. (b) 13C ssNMR spectrum of Bi-TTCOF-Zn. (c) N2 sorption 
curves of Bi-TTCOF-Zn at 77 K. (d) SEM image of Bi-TTCOF-Zn. (e) 
TEM image of Bi-TTCOF-Zn (inset is the Fourier transform image of 
the HRTEM for the circled place). (f) EDS elemental mapping images 
of Bi-TTCOF-Zn. 

The surface area and porosity of M-TTCOF-Zn (M = Bi, 
Tri or Tetra) have been evaluated by N2 sorption tests at 
77 K (Figure 2c and Figures S8 and S9). In detail, the 
Brunauer-Emmett-Teller surface area (SBET) of Bi-TTCOF-
Zn, Tri-TTCOF-Zn and Tetra-TTCOF-Zn are calculated 
to be 716 m2 g-1, 459 m2 g-1 and 587 m2 g-1, respectively. 
Taking Bi-TTCOF-Zn for example, its pore size 
distribution centers at ~1.1 nm, which basically complies 
with the theoretical value in the structure (Figure 2c).45 
The N2 sorption tests of Bi-TTCOF-2H has also been 
performed, showing a slightly lower SBET (271 m2 g-1) than 
that of Bi-TTCOF-Zn (Figure S10). Moreover, the chemical 
stability of Bi-TTCOF-Zn has been examined by 
immersing it into different solvents at room temperature. 
The almost identical PXRD patterns and FT-IR spectra 
when compared with the state before test prove its high 
structural stability (Figures S11 and S12). Additionally, the 
thermal stability of M-TTCOF-Zn (M = Bi, Tri or Tetra) 
has also been confirmed by the thermogravimetric analysis, 
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in which all of them can be stable up to ~300 °C (Figures 
S13-S15). 

Furthermore, the scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM) tests have 
been conducted to reveal the morphology of these 
samples.46 Bi-TTCOF-Zn displays a kind of nanosheet 
morphology (Figure 2d, e). Specifically, the oriented lattice 
fringes of Bi-TTCOF-Zn are clearly visible and the 
detected lattice spacing of 1.28 nm can be ascribed to the 
(2 2 0) plane in the high-resolution TEM (HR-TEM) image, 
proving the high crystallinity of Bi-TTCOF-Zn (inset 
image, Figure 2e). Additionally, energy-dispersive X-ray 
spectroscopy (EDS) elemental mapping images reveal that 
C, N, S, and Zn are uniformly distributed in Bi-TTCOF-Zn 
(Figure 2f). Besides, the morphology of Tri-TTCOF-Zn and 
Tetra-TTCOF-Zn has also been characterized by SEM and 
TEM tests (Figures S16 and S17). 

 
Figure 3. Characterizations of the optical properties for Bi-TTCOF-
Zn, Tri-TTCOF-Zn and Tetra-TTCOF-Zn. (a) UV/Vis absorption 
spectra. (b) Tauc plot for band gap calculation. (c) Transient 
photocurrent response. (d) PL spectra. (e) Band-structure diagrams of 
Bi-TTCOF-Zn (blue), Tri-TTCOF-Zn (red) and Tetra-TTCOF-Zn 
(black). (f) Nyquist plots. 

To study the artificial photosynthetic overall reaction, 
CO2 adsorption ability is an important factor for the 
photocatalysts. Hence, the CO2 adsorption tests have been 
performed at 298 K and their adsorption capacity are 
calculated to be 62, 40, and 48 cm3 g-1 for Bi-TTCOF-Zn, 
Tri-TTCOF-Zn and Tetra-TTCOF-Zn, respectively, 
implying the high affinity to CO2 (Figures S18-S20). These 
results are also supported by the CO2 temperature 

programmed desorption (TPD) tests (Figures S21). 
Specifically, the adsorption capacity of Bi-TTCOF-Zn is 
two times higher than that of Bi-TTCOF-2H (28 cm3 g-1, 
Figure S22), indicating the strong interaction between 
TAPP-Zn unit and CO2 molecule. 

Photocatalytic performances of samples.  

In general, to accomplish the artificial photosynthetic 
overall reaction, the basic requirements of photocatalyst 
need a more negative conduction band minimum (CBM) 
potential than that of CO2 photo-reduction (CO/CO2, 
theoretically -0.53 V vs. NHE, pH 7 and -4.37 eV vs. Ev, 
vacuum level) and meanwhile a more positive valence 
band maximum (VBM) potential than that of water photo-
oxidation (O2/H2O, theoretically 0.82 V vs. NHE, pH 7 and 
-5.67 eV vs. Ev).47 In this regard, UV/Vis diffuse reflectance 
spectroscopy (DRS) and ultraviolet photoelectron 
spectroscopy (UPS) have performed to determine the 
optical properties of M-TTCOF-Zn (M = Bi, Tri or Tetra). 
Based on the test results, they all display wide absorption 
range and the related band gaps (Eg) are calculated to be 
1.45, 1.48, and 1.50 eV for Bi-TTCOF-Zn, Tri-TTCOF-Zn 
and Tetra-TTCOF-Zn by Tauc plots (Figure 3a, 3b and 
Figures S23-S25), respectively.34, 44, 48 In addition, the 
intensity of transient photocurrent response of Bi-TTCOF-
Zn is much higher than Tri-TTCOF-Zn and Tetra-
TTCOF-Zn, which implies that the covalent connection 
between Bi-TTF and TAPP-Zn can result in higher photo-
induced charge separation and transfer efficiency (Figure 
3c).Moreover, the VBM of Bi-TTCOF-Zn is determined to 
be -5.68 eV (vs. Ev) from the UPS spectrum (Figure S23) and 
the CBM is thus calculated to be -4.23 eV (vs. Ev), 
suggesting its ability to accomplish the artificial 
photosynthetic overall reaction. In addition to these, Mott-
Schottky measurements have also been carried out to 
investigate the band positions of M-TTCOF-Zn (M = Bi, 
Tri or Tetra) (Figure 3e and Figures S23-S25) and the 
results comply with the UPS tests. Furthermore, Bi-
TTCOF-2H has also been characterized by the similar 
methods (Figure S26) and its related energy-band results 
are showed in Figure S27. In addition, photoluminescence 
(PL) has been performed to study the charge separation 
behaviour. The PL intensity of Bi-TTCOF-Zn is 
significantly quenched when compared with that of Tri-
TTCOF-Zn and Tetra-TTCOF-Zn (Figure 3d).52 In 
addition, the surface photovoltage spectra (SPV) (Figure 
S28) and transient photovoltage (TPV) (Figure S29) tests 
reveal the better charge separation ability of Bi-TTCOF-Zn 
than that of Tri-TTCOF-Zn and Tetra-TTCOF-Zn.48, 49 
Moreover, the electrochemical impedance spectroscopy 
(EIS) has been tested to study the charge transfer 
resistance (Figure 3f). Notably, the Nyquist plots of Bi-
TTCOF-Zn present a much smaller charge transfer 
resistance than that of Tri-TTCOF-Zn and Tetra-TTCOF-
Zn, which can further prove its better charge transfer 
ability. 



 

 

6 

Based on above mentioned results, we further set out to 
explore the performance of artificial photosynthetic overall 
reaction. The visible light-driven (420 - 800 nm) artificial 
photosynthetic overall reaction is performed under pure 
CO2 (1.0 atm, 298 K) atmosphere in CO2-saturated H2O 
solution without any additional photosensitizer or 
sacrificial agent (Figure S30). During the tests, each data 
point is calculated based on three separate trials under 
similar conditions to give the average one and apply error 
bar to reflect the standard deviation of the tests. For Bi-
TTCOF-Zn, its time-dependent CO output increases 
almost linearly with the irradiation time (Figure S31). Based 
on the basic evaluation of the performance, Bi-TTCOF-Zn 
shows a CO production rate of 11.56 μmol g-1 h-1 at 24 h, 
which is higher than that of Tri-TTCOF-Zn (4.28 μmol g-1 
h-1) and Tetra-TTCOF-Zn (1.75 μmol g-1 h-1) (Figure 4a). In 
contrast, TAPP-Zn monomer shows negligible reaction 
activity (0.094 μmol g-1 h-1) (Figure 4a). Besides, no activity 
has been detected for Bi-TTCOF-2H. At the same time, the 
CO and O2 production amounts are 32.9 ± 2.2 μmol and 
17.0 ± 1.3 μmol in a 24 h batch experiment, respectively. The 
CO/O2 yield ratio is calculated to be about 2:1 for Bi-
TTCOF-Zn, which basically complies with the reaction 
modes of the artificial photosynthetic overall reaction 
(Figure 4b). Similar results have also been detected for Tri-
TTCOF-Zn and Tetra-TTCOF-Zn, revealing their suitable 
band structures for artificial photosynthetic overall 
reaction (Figure 4b). 

 

Figure 4. Photocatalytic performances of samples. (a) Photocatalytic 
CO2-to-CO performance of Bi-TTF, TAPP-Zn and M-TTCOF-Zn (M = 
Bi, Tri or Tetra). (b) The evolution of CO and O2 detected on an 

online system after 24 h for M-TTCOF-Zn (M = Bi, Tri or Tetra). (c) 
DRIFTs spectrum of Bi-TTCOF-Zn in CO2-to-CO process (the dark 
line represents the baseline). (d) Cycling performance of Bi-TTCOF-
Zn. (e) MS of 13CO (m/z = 29) produced from the photocatalytic 
reduction of 13CO2. (f) 18O2 isotope experiment result to explore the 
source of O2. 

To study the possible intermediates generated during 
the photocatalytic process, in situ diffuse reflectance 
infrared Fourier transform spectroscopy (DRIFTs) has 
been performed and Bi-TTCOF-Zn with the optimal 
property is selected as the target sample. After adding Bi-
TTCOF-Zn into the reaction system for 30 min under dark 
condition, bicarbonate (HCO3

- at 1650 and 1455 cm-1) can 
be detected as a result of the CO2 adsorption (Figure 4c). 
Under visible-light illumination, the observed peaks at 
1560, 1526 and 1235 cm-1 are in accordance with the 
asymmetric stretching vibrations of *COOH. Besides, the 
band of 1260 cm-1 can be assigned to the adsorbed CO2

- 
(Figure 4c).50, 51 Additionally, the isotope labelling 
experiments have been carried out to investigate the 
carbon and oxygen sources of the products. 13CO2 has been 
initially applied as the substrate and 13CO (m/z = 29) is thus 
detected in the mass spectrometry (MS) of product, which 
verifies the source of CO (Figure 4e). Furthermore, 18O2 
(m/z = 36) and 18O16O (m/z = 34) can be monitored in the 
gas phase when H2

18O is used as the reaction solution 
(Figure 4f), certifying that the produced 18O2 indeed stems 
from the photo-oxidation of H2

18O. In general, the 
recycling stability is also a vital parameter to evaluate the 
durability of photocatalyst. Notably, the performance of 
Bi-TTCOF-Zn can remain almost intact for at least five 
cycles with unchanged component, crystallinity and 
structure during the recycling tests as verified by PXRD, 
FT-IR and XPS tests (Figure 4d and Figures S32-S34).52 

To gain deep insight into the possible mechanism, 
density function theory calculations have been introduced 
to discuss the possible influence factors. The apparent 
performance can be composed by two factors, namely, the 
light absorption efficiency and the catalytic activity. We 
will discuss these issues respectively in the following. The 
first is the light absorption efficiency. For M-TTCOF-Zn 
(M = Bi, Tri or Tetra), it can be seen from Figure 5a that 
the simulated absorbance spectra of all the three samples 
possess the absorption peaks among the range from 350 to 
800 nm. Remarkably, the Bi-TTCOF-Zn has the strongest 
absorbance intensity and therefore the highest photon 
excitation efficiency, which is consistent to the above-
mentioned SPV results. Nevertheless, there exists minor 
inconsistency when compared the simulated absorbance 
spectra with DRS tests, which could stem from the 
depletion of photons in the region < 500 nm that in turn 
hinders the complete utilization of potential transition 
modes as predicted by time-dependent density functional 
theory (TDDFT) (Figures S35-S37). Thus, the strongest 
absorbance intensity might be one of the reasons that Bi-
TTCOF-Zn outperforms Tri-TTCOF-Zn and Tetra-
TTCOF-Zn. Then, for the highest occupied molecular 
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orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO) distributions, the HOMO and LUMO orbitals of 
the Bi-TTCOF-Zn are more uniformly distributed, both at 
the TAPP-Zn and Bi-TTF (Figure S38). For Tri-TTCOF-Zn 
and Tetra-TTCOF-Zn, the distribution is more localized, 
with HOMO mainly on the TAPP-Zn, and LUMO mainly 

on the Tri- or Tetra-TTF. Such a uniform distribution 
property makes the light absorbance intensity is stronger 
on Bi-TTCOF-Zn that would enhance the number of 
accessible sites. This is another reason to support the 
superior performance of Bi-TTCOF-Zn to Tri-TTCOF-Zn 
and Tetra-TTCOF-Zn (Figure S38). 

Figure 5. Theoretical calcualtions of M-TTCOF-Zn (M = Bi, Tri or Tetra) in artificial photosynthetic overall reaction. (a) The calculated 
absorption spectrums for M-TTCOF-Zn (M = Bi, Tri or Tetra). (b) Water photo-oxidation free energy diagram (the potential is taken as 1.5 V vs 
RHE; blue, Bi-TTCOF-Zn; red, Tri-TTCOF-Zn; dark, Tetra-TTCOF-Zn). (c) Comparison of the adsorption energy of *OH on M-TTCOF-Zn (M = 
Bi, Tri or Tetra) (the value is defined as the Gibbs energy of reaction H2O→*OH + H+ + e at 1.5 V vs RHE, the lower value indicates the stronger 

adsorption). (d) The charge density difference after the adsorption of *OH. (e) The variation of OH- concentration and diffusion direction on the 
M-TTCOF-Zn (M = Bi, Tri or Tetra) obtained by FEM simulation (the cOH is shown by colormap, and the diffusion direction is shown by 
streamlines, the dark colored circle represents the TAPP-Zn unit and the light-colored ellipse stands for TTF units) . 

Except for the light absorption efficiency, the catalytic 
activity is also an important factor to assess the related 
performance. To investigate it, the free energy diagrams 
(FED) of the associated reactions of water photo-oxidation 
(for HOMO) and CO2 photo-reduction (for LUMO) are 
calculated (via computational hydrogen electrode method) 
(Figure 5b and Figure S39).53 In general, the reaction 
centers are chosen by the sites with the largest occupations 
of HOMO/LUMO orbitals.54 We find that the HOMO 
reaction mainly takes place at TTF, while LUMO reaction 
mainly takes place at the TAPP-Zn (Figure S38). 
Specifically, the LUMO reaction (CO2 photo-reduction) 
shows a similar ΔGmax of 1.24 eV for M-TTCOF-Zn (M = Bi, 
Tri or Tetra) (Figure S39), possibly due to their similar 
TAPP-Zn units and minor effect of different multi-dentate 
TTF on the ΔG values for the CO2 photo-reduction process. 
Meanwhile, the HOMO reactions present ΔGmax of 0.885, 
1.528 and 1.581 eV for Bi-TTCOF-Zn, Tri-TTCOF-Zn and 
Tetra-TTCOF-Zn, respectively (Figure 5b and Figure S40). 
It is worth noting that although the HOMO reactions of 
M-TTCOF-Zn (M = Bi, Tri or Tetra) occur at multi-
dentate (i.e., 2, 3, or 4-dentate) TTF, the different 

connection modes of M-TTCOF-Zn (M = Bi, Tri or Tetra) 
lead to differences in their photocatalytic performances 
(Figure 5b).  

Moreover, we also compare the adsorption energies for 
the formation of *OH (a vital rate determining step 
intermediate for water photo-oxidation process) on Bi-TTF, 
Tri-TTF and Tetra-TTF units for M-TTCOF-Zn (M = Bi, 
Tri or Tetra), respectively (Figure 5c). For these three 
different TTF units, they display varied numbers of 
unoccupied C sites by phenyl group in addition to the 
similar TTF host, in which there are two, one and none 
unoccupied C sites for Bi-TTF, Tri-TTF and Tetra-TTF 
units, respectively. According to the previous work from 
Markovic et al,55 the unoccupied C sites by phenyl group 
will indicate a benefit in proton donation, which then 
favours the performance improvement. Specifically, based 
on our calculation, the *OH adsorption energy on the 
unoccupied C site is much larger than that of S site in TTF 
(Figure S41), thus the number of unoccupied C sites would 
play a significant effect on the interaction with *OH. In this 
regard, Bi-TTCOF-Zn would exhibit the largest 
oxophilicity with *OH. As proved by the differential charge 
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densities, it can be seen that adsorption on C(H) for Bi-
TTCOF-Zn leads to a larger charge density rearrangement 
than that of Tri-TTCOF-Zn and Tetra-TTCOF-Zn (Figure 
5d). 

After understanding the characteristics of this reaction, 
we have further performed the finite elemental method 
simulations to modulate the properties of intermediate or 
product diffusion in the reaction (Figure 5e). Based on the 
reaction of photogenerated electrodes, we set *OH 
consumption at the photogenerated anode (TTF unit) and 
production at the photogenerated cathode (TAPP unit) 
and simulate its transport direction based on the finite 
elemental method simulations. The difference in the 
concentration gradient of OH- can be seen according to the 
degree of non-uniformity of the colormap in the cavity. 
Specifically, in M-TTCOF-Zn (M = Bi, Tri or Tetra), Bi-
TTCOF-Zn has the highest non-uniformity, indicating that 
the OH- concentration gradient in its cavity is the largest, 
i.e., the most OH- is produced. Besides, from the number 
of streamlines, the order of photocurrent magnitude is Bi-
TTCOF-Zn > Tri-TTCOF-Zn > Tetra-TTCOF-Zn, and 
correspondingly, the order of cOH concentration 
polarization in space is Bi-TTCOF-Zn > Tri-TTCOF-Zn > 
Tetra-TTCOF-Zn, and the same is true for the 
photocurrent (Figure S42 and Videos S1-S3). In addition, 
the transport direction of CO diffuses from the cavity to 
the direction outside the vertical paper surface (Figure S43). 
The concentration changes of cCO follow the similar order 
(Figure S43 and Videos S4-S6). In view of these, we can see 
that the potentials obtained for these three photocatalysts 
are different due to the different light absorption 
efficiencies, in which the order is Bi-TTCOF-Zn > Tri-
TTCOF-Zn > Tetra-TTCOF-Zn (Figure 5e). Finally, we 
made an animation of the changes of cOH and cCO in the 
whole process to show the photocatalytic process more 
graphically (Videos S1-S6). 

CONCLUSIONs 

In summary, we have synthesized a series of redox 
molecular junction COFs (M-TTCOF-Zn, M = Bi, Tri and 
Tetra) that can serve as desired platforms to study the 
interactions between water photo-oxidation and CO2 
photo-reduction centers in artificial photosynthetic overall 
reaction. Specifically, the covalent connection between 
TAPP-Zn and multi-dentate TTF within M-TTCOF-Zn (M 
= Bi, Tri or Tetra) endows various connection modes 
between water photo-oxidation (multi-dentate TTF) and 
CO2 photo-reduction (TAPP-Zn) centers. Best of them, Bi-
TTCOF-Zn exhibits a high CO production rate of 11.56 
μmol g-1 h-1 (selectivity, ~100%), which is more than 2 and 
6 times higher than that of Tri-TTCOF-Zn and Tetra-
TTCOF-Zn, respectively. Combined theoretical 
calculations with experiments, Bi-TTCOF-Zn facilitates 
the more uniform distribution HOMO and LUMO orbitals, 
faster charge transfer and stronger *OH 
adsorption/stabilization ability than that of Tri-TTCOF-
Zn and Tetra-TTCOF-Zn. This work might facilitate the 
development of redox crystalline photocatalysts for the 

understanding of structure-function relationship in 
artificial photosynthetic overall reaction. 
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