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Abstract: 2D covalent organic frameworks (COFs) could have well-
defined arrangements of photo- and electro-active units that serve as 
electron or hole transport channels for solar energy harvesting and 
conversion, but their insufficient charge transfer and rapid charge 
recombination impede the sunlight-driven photocatalytic performance. 
We report a new donor-acceptor (D-A) system, PyTz-COF that was 
constructed from the electron-rich pyrene (Py) and electron-deficient 
thiazolo[5,4-d]thiazole (Tz). With its bicontinuous heterojunction, 
PyTz-COF demonstrated exceptional optoelectronic properties, 
photocatalytic ability in superoxide anion radical-mediated coupling of 
(arylmethyl)amines and photoelectrochemical activity in sunlight-
driven hydrogen evolution. Remarkably, PyTz-COF exhibited a 
photocurrent up to 100 µA cm-2 at 0.2 V vs. RHE and could reach a 
hydrogen evolution rate of 2072.4 µmol g-1 h-1. This work is paving the 
way for reticular design of highly efficient and highly active D-A 
systems for solar energy harvesting and conversion. 

Introduction 

Since the introduction of the first useful water photolysis to 
generate hydrogen,[1] sunlight-driven photocatalytic hydrogen 
production has been considered as one of the most important 
renewable energy sources. Efforts have been made from the 
perspective of band-engineering,[2] surface morphology tuning[3] 
and defect modulation[4] to facilitate kinetics of photogenerated 
carriers. Reticular chemistry has offered a handle for systematic 
modulation of light absorption, band position, and photogenerated 
carriers at the molecular level.[5] Covalent organic frameworks 
(COFs) are materials by using reticular chemistry - linking organic 
building units through strong covalent bonds into extended 2D 
and 3D networks,[6] owing to their excellent thermal/chemical 
stabilities, permanent porosity, and electrochemical activity, 

COFs have demonstrated great application potential in gas 
storage, 
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Scheme 1. Synthetic route of PyTz-COF under solvothermal conditions. 
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Figure 1. (a) FT-IR spectra of PyTz-COF, TzDA and PyTA. (b) Solid-state 13C CP-MAS NMR spectrum of PyTz-COF (spinning sidebands denoted by asterisks). 
(c) SEM image of PyTz-COF. (d) TEM image of PyTz-COF showing the lattice fringe perpendicular to the 1D channels (distance 2.6 nm). (e) PXRD patterns: 
experimental (red), simulated with eclipsed AA stacking mode (blue), difference (green) and the observed reflection (violet). (f) N2 sorption isotherms of activated 
PyTz-COF at 77 K and the derived pore size distribution. 

adsorptive separation, flexible display, chemical sensing, energy 
conversion and storage, and chemical catalysis.[7] In particular, 
interconnection of electron-deficient and electron-rich building 
units in 2D donor-acceptor (D-A) COFs opened a new way for 
highly effective charge separation and charge transport.[8] 

As an electron-deficient π building unit, thiazolo[5,4-d]thiazole 
(Tz) represents co-facial geometry and strong intermolecular π–π 
stacking have been widely studied in dye molecules and 
conjugated polymers for photovoltaic, two- photon adsorption, 
non-linear optics, and photocatalytic applications.[9] Recently, 
Lotsch and co-workers have reported a Tz-based COF catalyst 
(TpTz COF) that exhibited excellent photo-absorbing ability in 
hydrogen evolution via solar water-splitting.[10] We conjectured 
that TpTz’s photo-absorbing ability could be boosted if its 2,4,6-
trivinylcyclo hexane-1,3,5-trione (Tp) subunits were replaced by 
more electron-rich polycyclic π systems. 1,3,6,8-
tetraphenylpyrene (Py) serves as a good chromophore as it 
extends the light absorption range compared to triazine unit 
adopted in covalent triazine frameworks (CTF).[11] Owing to its 
molecular size, strong electron donating property, and the 
interlayer ordered stacking,[12] the overlapping of π-orbitals of Py 
and Tz subunits with enhanced electron push-pull interaction 
would render a more efficient charge separation in formed 2D 
COF. Here, we report the design of a photoactive 2D COF from 
donor Py and acceptor Tz building units, which has shown 
remarkable photocatalytic activities[13] in superoxide anion-

mediated coupling of arylmethyl amines and Pt co-catalyzed 
sustained H2 evolution.[14] 

Results and Discussion 

Synthesis and Characterization. PyTz-COF was synthesized 
via an imine condensation of 4,4',4'',4'''-(pyrene-1,3,6,8-
tetrayl)tetraaniline (PyTA) and 4,4'-(thiazolo[5,4-d]thiazole-2,5-
diyl)dibenzaldehyde (TzDA) in the presence of acetic acid in a 
mixed solvent of n-butyl alcohol (n-BuOH) and o-dichlorobenzene 
(o-DCB) (Scheme 1, Figure S1-S5, Supporting Information).The 
as-synthesized PyTz-COF was analyzed by Fourier-transform 
infrared (FT-IR) spectroscopy (Figure 1a), showing characteristic 
signal of -C=N- stretching at ~1620 cm-1, along with the 
disappearance of aniline N-H stretching bands between 3200 and 
3400 cm-1. The signal at ~1696 cm-1 (C=O) could be attributed to 
terminal residual group of PyTz-COF. In solid-state 13C cross-
polarization with magic-angle spinning (CP-MAS) NMR spectrum 
(Figure 1b), the signals located at 168 and 155 ppm could be 
attributed to carbon atoms of the Tz ring, and the ones from 120 
to 150 ppm should belong to the Py carbons. All these data 
support the conversion of starting materials into an imine-linked 
structure. 

The scanning electron microscopy (SEM) image revealed a 
petal-like morphology of PyTz-COF (Figure 1c). The transmission  
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Figure 2. (a) UV/vis diffuse reflectance spectra of PyTz-COF and PyBp-COF. Inset: Band gaps determined by the Kubelka-Munk-transformed reflectance spectra 
(b) High-resolution valence band ultraviolet photoelectron spectra (UPS) of PyTz-COF. (c) Band structures of PyTz-COF and PyBp-COF and their thermodynamic 
equilibrium redox potentials for O2 and proton reduction in vacuum scale. (d) Photoluminescence spectra of PyTz-COF and PyBp-COF (excitation at 320 nm). (e) 
Time-resolved photoluminescence spectra of PyTz-COF and PyBp-COF (excitation at 320 nm). (f) Transient absorption spectrum of PyTz-COF’s hole polarons (at 
700 nm). 

electron microscopy (TEM) image further brought to light 2D 
ordered arrays (Figure 1d). The high crystallinity of as-
synthesized PyTz-COF was further confirmed by powder X-ray 
diffraction (PXRD) analysis, which showed the intense peaks of 
110, 200, 220, 400, and 440 reflections. The experimental PXRD 
pattern was in good agreement with a sliding model that was 
derived from the eclipsed (AA) stacking mode. Pawley refinement 
provided lattice parameters with the space group of C2/m (a = 
51.098 Å, b = 47.875 Å and c = 4.416 Å, α = γ =90°, β = 58.294°). 

The permanent porosity of PyTz-COF was assessed by 
nitrogen adsorption isotherm measured at 77 K. The adsorption 
curves bear characteristic features of type IV isotherms (Figure 
1f) with the Brunauer−Emmett−Teller (BET) surface area of 1175 
m2 g-1. Non-local density functional theory (NL-DFT) calculation 
discovered the pore size distribution centered at ~3.2 nm, 
matching the predicted values (3.5 nm) of AA eclipsed framework 
geometry. The total pore volume of PyTz-COF at P/P0 = 0.99 was 
calculated to be 0.77 cm3 g-1. These data provided enough 
evidence of the formation of mesoporous 2D COFs. 
Thermal and Chemical Stabilities. In thermogravimetric 
analysis (TGA), PyTz-COF was found to be thermally stable up to 
400 °C, and more than 60% of its initial weight remained until 
750 °C (Figure S6, Supporting Information). The chemical stability 
of PyTz-COF was evaluated by soaking the COF sample in both 
protic and aprotic solvents [methanol (MeOH), tetrahydrofuran 
(THF), dimethyl sulfoxide (DMSO), and N,N-dimethylformamide 
(DMF)]. Neglectable changes in the intensities of characteristic 
peaks in PXRD patterns (Figure S7, Supporting Information) 
before and after 3-day soaking suggested PyTz-COF is 

chemically stable in these solvents. Notably, PyTz-COF was 
stable even in harsh basic and acidic environments (in 3.0 M 
aqueous KOH and HCl solutions, respectively) for 3 days at least 
(Figure S7, Supporting Information). The decent chemical 
tolerance of PyTz-COF could be attributed to the planarity of the 
Tz and Py units and the overlapping of their π orbitals, which 
would allow strong π–π interactions between the layers. 
Photoelectric Properties. For comparison of photoelectronic 
properties of donor-acceptor (D-A) and a non-D-A system, PyBp-
COF[11a] constructed from PyTA and [1,1'-biphenyl]-4,4'-
dicarbaldehyde (BpDA) was prepared (Supporting Information) 
and characterized (Figure S8−S11, Supporting Information). Both 
PyTz-COF (D-A) and PyBp-COF (non-DA) were studied using 
ultraviolet/visible diffuse reflectance spectroscopy (UV/vis DRS), 
ultraviolet photoelectron spectroscopy (UPS), 
photoluminescence (PL) spectroscopy and transient absorption 
spectroscopy (TAS). 

In UV/vis DRS analysis (Figure 2a), while PyBp-COF showed 
the strongest absorption band at 480 nm, PyTz-COF exhibited an 
obvious red-shift with the strongest absorption band at 540 nm. 
Their optical band gaps were calculated as 2.49 eV and 2.20 eV 
for PyBp-COF and PyTz-COF, respectively (Figure 2a). Faster 
intramolecular charge transfer from the donor to acceptor and 
more extended π-electron delocalization in PyTz-COF enables 
wider range of light to be absorbed.[8a,15] On the basis of their UPS 
spectra (Figure 2b and Figure S12, Supporting Information), the 
relative valence band maximum (VBM) of PyBp-COF and PyTz-
COF were calculated to be –6.3 eV and –5.6 eV, respectively. 
Thereby, the energies of conduction band minimum (CBM) of 
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PyBp-COF and PyTz-COF were determined to be –3.81 eV and 
–3.40 eV, respectively. Since the ECB of PyTz-COF is greater than 
the potential of O2/O2

•− (–4.16 eV) or H+/H2 (-4.50 eV) (Figure 2c), 
PyTz-COF is anticipated to be able to reduce O2 to O2

•− or H+ to 
H2 upon photoexcitation.[16] 

Photoluminescence (PL) spectroscopy was used to assess the 
ability of charge transfer and separation in the two COFs. At the 
same emission maxima of 425 nm, PyTz-COF exhibited a much 
weaker photoluminescence than that of PyBp-COF (Figure 2d), 
indicating that the radiative recombination of photogenerated 
excitons in PyTz-COF was greatly suppressed due to its 
bicontinuous heterojunction.[17] Time-resolved 
photoluminescence (TRPL) spectroscopy revealed the PL decay 
kinetics (Figure 2e) as the average lifetimes excited at 320 nm 
were estimated to be 2.3 and 4.4 ns for PyBp- and PyTz-COFs, 
respectively. The extended electron delocalization on Tz-based 
acceptor subunits have guaranteed its elongated lifetime. 
Contributions were also found from crystallinity of COF because 
the amorphous PyTz polymer (PyTz-amp, see in Supporting 
Information) displayed shorter lifetime of 3.2 ns. The ordered Py 
and Tz array in crystalline PyTz-COF benefitted charge 
separation and transportation (Figure S13, Supporting 
Information).[18] 

In the nanosecond transient time profile of hole-polarons 
(Figure 2f), a much stronger transient-absorption signal observed 
for PyTz-COF over PyBp-COF (Figure S14, Supporting 
Information) is also indicative of the superior charge separation 
ability of PyTz-COF. The fitting plot in Figure 2f revealed that the 
lifetime of the charge-separated state of PyTz-COF was as long 
as 6.93 ns. 

Therefore, intense signals and long lifetime discovered under 
steady state and transient state have demonstrated that the 
ordered D-A heterojunction lead to an efficient charge separation 
and transportation.[19,20] 
Photocatalytic Activities. Encouraged by PyTz-COF’s 
photoelectronic properties, we thus evaluated its photocatalytic 
activity using visible-light-driven coupling reaction of primary 
amines. Photocatalytic aerobic oxidation of primary amines to 
imine is an environmentally benign alternative for traditional 
oxidative coupling as it proceeds under mild condition. 
Benzylamine was used as substrate to optimize visible-light-
driven coupling using PyTz-COF as the photocatalyst (Table 1). 
The reaction did not occur in the absence of either a catalyst or 
light, as expected for a photocatalytic reaction. Neither PyBp-COF 
nor PyTz-amp showed the catalytic efficiency comparable to that 
of PyTz-COF. Notably, sustained photocatalytic activity and 
crystallinity of PyTz-COF was evidenced after at least 5 runs of 
catalytic reaction. (Figure S15 and S16, Supporting Information). 
Moreover, various arylmethanamines were tested to evaluate the 
substrate scope (Table 2). It was found that arylmethanamines 
with larger substituents tended to have poorer conversions, which 
could be explained by hindered access to the pores of COF 
photocatalyst. 

Electron paramagnetic resonance (EPR) spectroscopy was 
further exploited for elucidating reaction mechanism. After 
illuminating the reaction system for 1 min, the signal for an adduct 
of superoxide radical anion with 5,5-dimethyl-1-pyrroline N-oxide 

(DMPO) aroused in an air saturated CH3CN solution containing 
PyTz-COF and DMPO (Figure S17 and S18 in Supporting 
Information). With AgNO3 as an electron scavenger, coupling of 
benzylamine did not occur, which indicated that the 
phnotogenerated e- in PyTz-COF reduced absorbed oxygen 
molecules to superoxide radical anions for the subsequent 
oxidation of the substrates to products. 

Table 1. Optimization of oxidative coupling of benzylamine.[a] 

NH2 N
2

20 W white LED

-NH3
 

Entry 20 W white 
LED 

Photocatalyst air Conversion 
[%][b] 

1 on PyTz-COF + 90 

2 off PyTz-COF + none 

3 on none + none 

4 on PyTz-COF  - none 

5 on PyTz-amp + 26 

6 on PyBp-COF + 34 

7[c] on PyTz-COF - none 

[a]Conditions: Benzylamine (0.6 mmol) and catalyst (0.01 mmol) in CH3CN (2 
mL) and H2O (1 mL) for 2 h. [b] Determined by 1H NMR of the crude mixture. 
cAdding AgNO3 (200 mg). 

Table 2. Photocatalytic Aerobic Oxidation of Arylmethanamines. [a] 

Ar N Ar2
20 W white LED, air, r.t.

-NH3
Ar NH2

 

Entry Ar- Time [h] Conversion 
[%][b] 

Selectivity 
[%][c] 

1 C6H5 2 90 97 

2 4-F-C6H4 4 71 100 

3 4-Me-C6H4 9 67 100 

4 4-OMe-C6H4 9 68 100 

5 4-t-Bu-C6H4 18 50 100 

6 
S

 
5 100 96 

7 

 
12 77 96 

[a] Conditions: Amine (0.5 mmol) and PyTz-COF (0.01 mmol) in CH3CN (2 mL) 
and H2O (1 mL). [b] Determined by 1H NMR of the crude mixture.  
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Figure 3. (a) LSV of PyTz-COF (red) and PyBp-COF (blue) in the dark (dashed line) and under AM1.5 light irradiation (solid line) in phosphate buffer solution. (b) 
Amperometric i-t curve of PyTz-COF under chopped light irradiation at 0.4 V vs. RHE. (c) Mott-Schottky plots of PyTz-COF at 500, 1000, and 1500 Hz. The 
interception at potential axis shows the flat-band potential of -0.81 V vs. RHE. (d) Time-dependent photocatalytic hydrogen production (amount and rate) of PyTz-
COF under AM1.5 light irradiation (468 mW cm-2) for 5 h.

Photoelectrochemical Properties. The exceptional 
photoelectronic properties of the crystalline PyTz-COF prompted 
us for further evaluation of its electrochemical properties. Under 
AM 1.5 light illumination, cathodic photocurrent of PyTz-COF 
exhibited a current up to 100 µA cm-2 at 0.2 V vs. RHE according 
to its linear sweep voltammograms (LSV) in a phosphate buffered 
electrolyte (pH 7.0) (Figure 3a). This value ranks the highest 
among all the reported COF photocathodes including imine-linked 
COF (BDT-ETTA)14c (~2.5 µA cm-2) and g-C18N3-COF[20] (~45 µA 
cm-2). At 0.4 V vs. RHE, photocurrent response of PyTz-COF 
(~17.5 µA cm-2) (Figure 3b) was nearly 3-fold higher than that of 
PyBp-COF (~5.7 µA cm-2) estimated from Figure 3a. The 
semicircle with much smaller diameter in the Nyquist plot of PyTz-
COF further revealed its faster interfacial charge transfer (Figure 
S19, Supporting Information).[21] Additionally, the positive slopes 
of the Mott-Schottky plots in Figure 3c suggested that PyTz-COF 
is an n-type semiconductor.[22] With the calculated flat-band 
potential of –0.81 V vs. RHE, PyTz-COF is expected to be able to 
drive proton reduction as its CBM potential is more negative than 
water reduction potential (0 V vs. RHE).[23] 

We then evaluated the photocatalytic hydrogen evolution 
performance of PyTz-COF under simulated sunlight (AM 1.5). In 
a typical process, PyTz-COF powder (35 mg) was added to 
aqueous ascorbic acid (0.1 M) solution containing 27 µL 
hexachloroplatinic acid solution (8 wt%, ~3 wt% Pt basis) where 
ascorbic acid was used as sacrificial electron donor. The amount 
of hydrogen evolved from the system increased rapidly during the 
first hour and then moderately in the second hour (Figure 3d). In 
the fourth hour, the hydrogen evolution rate (HER) could reach its 
peak value of 2072.4 µmol g-1 h-1 which exceeds the values of 
many previously reported COFs, such as COF TpTz-COF[11c] (941 
µmol g-1 h-1), g-C18N3-COF[22] (292 µmol g-1 h-1), BtCOF-150[24] 
(750 µmol g-1 h-1), N2-COF with molecular cobalt complexes[25] 

(782 µmol g-1 h-1), and NTU-BDA-THTA[26] (1172 µmol g-1 h-1). 
Comprehensive comparisons of HER performance among the 
reported COFs can be found in Table S2 in Supporting 
Information. Photocatalytic experiments under identical condition 
using monomer TzDA or PyTA as photocatalysts displayed far 
lower or trace amount of hydrogen generation (Figure S20, 
Supporting Information), highlighting the role of reticular 
chemistry in the construction of photocatalytically active materials. 
Notably, it was found that Pt loading weight was actually crucial 
to the hydrogen production rate: Higher production rate with lower 
Pt content (Figure S21, Supporting Information). The cyclic 
catalytic performance for water splitting was examined by running 
the experiment for consecutive five cycles (4 h for each cycle) 
(Figure S22, Supporting Information). Actually, the amount of 
hydrogen has been increasing in the first three cycles, and then 
started to decrease in the fourth cycle. It still maintained at a 
production rate over 1000 µmol g-1 h-1 even in the last two cycles. 
The crystallinity of PyTz-COF after the fifth cycle is moderately 
decreased as revealed by PXRD analysis (Figure S23, 
Supporting Information). 

Conclusion 

In summary, we have constructed PyTz-COF that bears finely 
organized D-A heterojunction formed from columnar stacking of 
Py and Tz building blocks, which enabled effective 
photogenerated charge separation and efficient charge migration. 
It displayed visible light-driven photocatalytic activity in oxygen 
reduction to superoxide radical and subsequent coupling of 
(arylmethyl)amines. PyTz-COF’s photocurrent response could 
reach as high as 100 µA cm-2, and the sunlight-driven hydrogen 
production water splitting photoelectrochemically catalyzed by 

10.1002/anie.202014408

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



RESEARCH ARTICLE    

6 
 

PyTz-COF could be reached at a rate up to 2072.4 µmol g-1 h-1. 
The described work would inspire future development of sunlight-
driven photocatalysts. 
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Covalent organic frameworks constructed from electron-rich pyrene and electron deficient thiazolo[5,4-d]thiazole bears donor-
acceptor features. It creates efficient carrier pathways for efficient separation of photogenerated holes and electrons. The COF thus 
demonstrated high photocatalytic activity for amine-coupling reactions and hydrogen production for water splitting. 
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