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a b s t r a c t

Covalent organic frameworks (COFs) are promising crystalline materials for the light-driven hydrogen

evolution reaction (HER) due to their tunable chemical structures and energy band gaps. However,

deeply understanding corresponding mechanism is still challenging due to the multiple components and

complicated electron transfer and reduction paths involved in photocatalytic HER. Here, the photocat-

alytic HER investigation has been reported based on three COFs catalysts, 1–3, which are prepared by

benzo[1,2-b:3,4-b’:5,6-b’]trithiophene-2,5,8-trialdehyde to react with C3 symmetric triamines including

tris(4-aminophenyl)amine, 1,3,5-tris(4-aminophenyl)benzene, and (1,3,5-tris-(4-aminophenyl)triazine, re-

spectively. As the isostructural hexagonal honeycomb-type COF of 2 and 3 reported previously, the crystal

structure of 1 has been carefully correlated through the powder X-ray diffraction study with the help of

theoretical simulations. 1 shows highly porous framework with Brunauer-Emmett-Teller surface area of

1249 m2/g. Moreover, the introduction of ascorbic acid into the photocatalytic system of COFs achieves

the hydrogen evolution rate of 3.75, 12.16 and 20.2mmol g–1 h–1 for 1–3, respectively. The important

role of ascorbic acid in photocatalysis of HER is disclosed to protonate the imine linkages of these COFs,

leading to the obvious absorbance red-shift and the improved charge separation efficiency together with

reduced resistance in contrast to pristine materials according to the spectroscopic and electronic charac-

terizations. These innovations of chemical and physical properties for these COFs are responsible for their

excellent photocatalytic performance. These results elucidate that tiny modifications of COFs structures is

able to greatly tune their band structures as well as catalytic properties, therefore providing an available

approach for optimizing COFs functionalities.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Covalent organic frameworks (COFs) are those crystalline or-

ganic materials prepared by covalent-bonded discrete building

blocks [1–3]. The highly porous and functional COFs enable the di-

verse functionalities including as gas separation and storage [4–8],

electronics [9–11] and catalysis [12–15]. COFs further extend the

organic materials scopes into a new class of crystalline two- and

three-dimensional (2D, 3D) well-defined porous frameworks [16–

20]. In particular, those 2D COFs are able to exhibit unique pho-

tonic and electronic properties relative to discrete molecular mod-

ules and amorphous polymers [21–25]. The integration of various

∗ Corresponding authors.

E-mail addresses: hlwang@ustb.edu.cn (H. Wang), vic_cw@126.com (W. Cao),

jianzhuang@ustb.edu.cn (J. Jiang).
1 These authors contributed equally to this work.

aromatic building blocks into polymeric π-conjugated backbones

is regarded to generate a new kind of semiconductors with ad-

justable electronic structures. The unique semiconductive proper-

ties of COFs make them as interesting materials for photocataly-

sis of hydrogen evolution and carbon dioxide reduction reactions

[13,22,23].

Solar-driven hydrogen evolution from water is a promising ap-

proach to provide clean energy for the replacement of fossil en-

ergy [26,27]. In this direction, efficient photocatalysts are highly

desired to have comprehensive characteristics covering light cap-

ture, exciton transport, charge separation, and surface redox reac-

tion [28,29]. A large number of active photocatalysts such as oxide

semiconductors [30–32], metal-organic frameworks [33–37] and

COFs [38–41] have been demonstrated to generate hydrogen under

visible light irradiation. Various COFs systems made up of diverse

https://doi.org/10.1016/j.cclet.2023.108148
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chromophores such as pyrene (Py) [42], thiazolo-[5,4-d]thiazole

(TTz) [43], triazine (Tz) [44,45] and dibenzo[b,d]thiophene sulfone

(DBTP) units [46] have been demonstrated to exhibit excellent

photocatalytic activity towards hydrogen evolution reaction (HER)

with the help of Pt cocatalyst in presence of sacrificial reagents

[27,47]. The post-modification of COFs enables the adjustment of

their electronic structures for efficient photocatalysis of HER. How-

ever, deeply understanding corresponding mechanism is still nec-

essary yet challenging due to the multiple components and com-

plicated electron transfer and reduction path involved in photo-

catalysis.

In this study, a new two-dimensional COF, named 1, has been

prepared based on the imine-bonded polymerization of benzo[1,2-

b:3,4-b’:5,6-b”]trithiophene-2,5,8-tricarbaldehyd (BTT) with tris(4-

aminophenyl)amine (TAPA). The photocatalytic performance of 1

has been investigated towards HER, in comparison with COFs ana-

logues 2 and 3 prepared by BTT condensing with 1,3,5-tris-(4-

aminophenyl)triazine (TAPT) and 1,3,5-tris(4-aminophenyl)benzene

(TAPB), respectively. It is worth noting that BTT derivatives have

drawn considerable attention owing to its adjustable energy lev-

els, optical band gaps, and relatively high hole mobility, which

is widely used in the fields of solar cells and organic cataly-

sis [15,48,49]. Certainly, corresponding semiconductor properties

could be tuned via the polymerization with different C3 symmet-

rical building blocks to generate COFs. The protonation effect of

imine COFs in the presence of ascorbic acid (Aa) on photocataly-

sis of HER has been disclosed. The electronic structures and charge

separation efficiency of COFs have been tuned, leading to the dif-

ferent photocatalytic behaviors, in terms of hydrogen evolution

rate. In particular, 3 has the rapid hydrogen production speed,

namely 20.2mmol g–1 h–1. These results disclose that the elec-

tronic structures and properties of active COFs are different from

pristine species during photocatalysis, giving a hint to employ the

interesting dynamic characteristics of these active catalysts for di-

verse applications.

In the present case, 1 with designed hexagonal framework

was fabricated through the polymerization of TAPA and BTT un-

der solvothermal condition (Fig. 1a). Its isostructral COFs, 2 and 3,

have also been prepared using the reported methods [48,49]. The

integration of BTT and complementary monomers with both big

conjugation systems into COFs may effectively tune the band gaps

of these polymeric materials towards efficient visible light-driven

photocatalysis of HER. The excellent crystallinity of the newly pre-

pared COF (1) together with its porous architecture, was disclosed

through a series characterization methods including powder X-

ray diffraction (PXRD), gas sorption, and transmission electron mi-

croscopy (TEM). PXRD data for 1 had the sharp diffraction signals

at 5.38°, 9.34°, 14.23°, 19.30° and 25.83° (Fig. 1b), which come

from the reflections of (100), (210), (230), (340) and (001) planes,

respectively, in the hexagonal lattice. Referring to the hexagonal

architectures of 2 and 3 prepared by two C3 symmetric building

blocks [48,49], 1 should be their isostructural analogue. As a re-

sult, a structural model with hexagonal system and space group

of P6 was proposed for 1, showing an AA stacking according to

the density functional tight binding (DFTB) method (Fig. 1e). The

PXRD data and structural model of 1 were further checked using

the Pawley refinement. The small fitting values of Rwp =4.20% and

Rp =3.02% directly reflected the good crystallinity and the right

structural model for 1. For 2 and 3, their purities were also de-

termined by the PXRD and Pawley refinements (Figs. 1c–g).

The nitrogen (N2) sorption measurements at 77K were done

over 1–3 activated under the highly degassing conditions at 120 °C.
The adsorption curves of these three COFs follow the good type-I

configuration (Fig. 2a), revealing their micropores nature enclosed

by two kinds of molecular modules. As shown in Fig. 2b, a narrow

pore size distribution of 1–3 was found at 1.10, 1.27 and 1.27nm,

respectively. These experimental pore sizes of 1–3 is well matching

with corresponding data determined from the structural models.

The Brunauer-Emmett-Teller (BET) surface area of 1–3 were calcu-

lated to be 1249, 1433 and 1387 m2/g, respectively. In comparison

with 2 and 3, the smaller BET surface area of 1 is due to the short

TAPA building block used.

The conversion of reactive amine and aldehyde groups to imine

linkage together with chemical structure integrity of framework

for 1–3 were qualitatively examined by Fourier transform infrared

spectra (FTIR) and solid-state 13C cross-polarization magic angle

spinning nuclear magnetic resonance (13C NMR) spectroscopy. The

FTIR spectra of 1 and its monomers showed nearly disappearance

for C=O stretching signal at 1661 cm−1. It is also true for the

amino group signal at 3200–3400 cm−1 for amine and aldehyde

compounds (Fig. 2c). The new observation of a band at 1611 cm−1

was assigned to C=N stretching band. These data revealed the con-

version of monomers to form imine connection [50]. The formation

of imine linkages in 1 was further proven by the appearance of

156ppm in its 13C NMR spectrum (Fig. S1 in Supporting informa-

tion). This point was also supported by the signals of imine car-

bon atoms of 2 and 3 in the 13C NMR spectra (Figs. S2 and S3

in Supporting information). The FTIR and 13C NMR spectra of 2

and 3 are consistent with those characteristic signals previously

reported (Figs. S4 and S5 in Supporting information) [48,49]. The

morphology of 1 exhibited the layered structure according to SEM

and TEM photos (Figs. 2d and e). The high resolution transmission

electron microscopy (HRTEM) picture of 1 was determined (Fig. 2f).

The lattice fringes of 1 with the distance of 0.36nm were clearly

observed, consistent with the interlayered separation, namely the

(001) plane, in the distance of 0.35nm. Energy-dispersive spec-

troscopy (EDS) photos revealed the carbon, nitrogen, and sulfur el-

ements in 1 (Fig. S8 in Supporting information). Those are also true

for 2 and 3 (Figs. S6, S7, S9 and S10 in Supporting information).

Thermogravimetric (TG) analysis was performed in nitrogen atmo-

sphere. The TG curves determined the decomposed temperature of

1–3 in the range of 513–550 °C (Fig. S11 in Supporting informa-

tion), indicating the good thermal stability for these COFs.

The UV–vis diffuse reflectance spectra (DRS) of 1–3 displayed

a broad harvesting scope with maximum peaks at 540, 468 and

462nm respectively, in the visible region (Fig. 3a). The optical band

gaps (Eg) values of 1–3 were inferred to 1.92, 2.18 and 2.18 eV, re-

spectively. This clearly discloses the semiconductor characteristic of

those COFs, also illustrating the narrower band gap for 1 relative to

those of 2 and 3 (Fig. 3b). This is supported by the observation of

carmine power of 1 sample, orange and bronze power for 2 and

3, respectively. To deeply disclose the electronic structures of the

three COFs, Mott-Schottky curves of three COFs were collected un-

der three different frequencies to determine their conduction band

(CB) potentials. The positive Mott-Schottky fitting plots for all 1–3

showed the positive slopes values, indicating the n-type semicon-

ductor attribution for these three compounds. The CB potential of

1 was estimated to be −1.22V vs. NHE. Instead of C3 building block

TAPA in 1, the introduction of TAPT and TAPB into 2 and 3 rose the

COFs CB potentials to −1.29 and −1.27V (Fig. 3c, Figs. S12 and S13

in Supporting information), respectively. Furthermore, on the basis

of equation ECB = EVB - Eg, the valence band (VB) potentials of 1–3

was determined to be 0.70, 0.89 and 0.90V vs. NHE (Fig. 3d), Ob-

viously, those COFs should have much more negative CB potentials

than the water reduction potential (0V vs. NHE), thermodynami-

cally enabling the proton reduction from water [51].

The visible light-driven HER activities of three COFs were ex-

plored with the help of sacrificial reagent and Pt cocatalyst upon

λ ≥ 420nm light irradiation. Significantly, 1 was able to exhibit

the H2 evolution speed of 3.75mmol g–1 h–1 in the presence of

Aa during 4h photocatalysis. Under the same conditions, 2 and 3

showed the much higher HER rate of 12.16 and 22.02mmol g–1

2
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Fig. 1. (a) Synthesis of 1–3. (b-d) Experimental, Pawley refined, and simulated PXRD patterns as well as the difference plots for 1–3. (e-g) Top and side views of the simulated

packing structure of 1–3 (Hydrogen atoms are not shown in these structures).

Fig. 2. (a) N2 adsorption (solid) and desorption (hollow) curves of 1–3 at 77K. (b) Pore-size distributions of 1–3. (c) FTIR curves of BTT, TAPB and 1. (d-f) SEM, TEM, and

HRTEM image for 1.
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Fig. 3. (a) UV–vis diffuse reflectance spectra and (b) Tauc plots of 1–3. (c) Mott-Schottky plots of 3 in 0.1mol/L Na2SO4 aqueous solution at frequency of 1000, 1500 and

2000Hz. (d) Band structure diagram and (e) photocatalytic H2 evolution activities of 1–3. (f) Recyclability test of 3. Photocatalysis system: 5.0mg COF, H2PtCl6 (8.0 wt% Pt

based on COF mass), 0.1mol/L Aa, 20.0mL of H2O, light λ ≥ 420nm.

h–1 (Fig. 3e), respectively. Notably, the hydrogen evolution rate for

3 is comparable to those for excellent COF photocatalysts (Table

S1 in Supporting information) [22,30,46,52]. Subsequently, a long-

term photocatalytic activity of 3 for H2 production was studied us-

ing the above system. As displayed in Fig. 3f, a tiny attenuation

was observed in lasting six-time cycling photocatalytic H2 produc-

tion tests for 3. The recycled COF was subjected to the character-

izations again including FTIR spectra, TEM, and EDS mapping, Fig.

S14 and S15, illustrating there were none remarkable changes in

compositions and morphologies of COF sample before and after the

cycling photocatalysis. In contrast to Aa, the employment of tri-

ethanolamine and sodium ascorbate as sacrificial reagents only led

to the trace amount of hydrogen under the similar HER conditions,

indicating the important role of sacrificial reagents in the present

photocatalysis.

It is worth noting that the color of 1–3 samples are significantly

changed during photocatalytic process, implying the fact that the

active working COFs are different from the pristine species (Figs.

S16 and S17 in Supporting information). Comparative study in COFs

samples, 1-Aa, 2-Aa and 3- Aa, immersed in Aa aqueous solution

used in photocatalytic system and as-prepared samples were ex-

plored, and their remarkable activity for HER associated with the

introduction of Aa (Fig. S18 in Supporting information). 1-Aa, 2-

Aa and 3-Aa showed the changed color, supporting the hypothesis

about the protonation of imine units in these COFs. To provide a

clear insight to protonation effect on COFs, a series of measure-

ments were performed on 1-Aa, 2-Aa and 3-Aa in the comparison

with as-prepared COFs. UV–vis diffuse reflectance spectroscopic re-

sults of 1 and 1-Aa confirmed the broaden visible light absorp-

tion scope for the latter sample (Fig. S19a in Supporting informa-

tion). The similar phenomena were also observed in the study in

2 vs. 2-Aa and 3 vs. 3-Aa, Figs. S20a and S21a. These results, com-

pared with the electronic absorption of Aa in the UV region, fur-

ther indicated the change of above visible light absorption scopes

for COFs associated with the immersion in Aa (Fig. S22 in Support-

ing information) [53]. Furthermore, the band gaps of 1-Aa, 2-Aa

and 3-Aa derived from Tauc plots were 1.38, 2.01 and 1.86 eV (Fig.

4a, Figs. S19b and S20b in Supporting information), respectively,

smaller than those for 1–3. According to the above mentioned

methods, CB and VB values of 1-Aa, 2-Aa and 3-Aa were deter-

mined as −1.29&0.09, −1.34&0.67, and −1.38&0.48V vs. NHE (Fig.

S23 in Supporting information), respectively. It has been demon-

strated that the narrow band gap is beneficial for the broader ab-

sorption of in the solar spectrum as well as the decrease of the

electron-hole recombination rate [54,55], thus improving the cat-

alytic performance [56]. In addition, the most negative CB poten-

tial vs. NHE of 3-Aa among three catalysts should be favorable for

its highest H2 evolution activity [57].

Furthermore, the charge separation efficiency was investigated.

In contrast to 1, the protonated 1-Aa had a bigger photocur-

rent (Fig. S24 in Supporting information), indicating the enhanced

charge separation efficiency for the latter species. The similar phe-

nomena were also observed in the photocurrent response curves

for 2, 3, 2-Aa and 3-Aa (Fig. 4b and Fig. S25 in Supporting informa-

tion). In addition, the electrochemical impedance spectra (Fig. 4c,

Figs. S26 and S27 in Supporting information) show that 1-Aa, 2-

Fig. 4. (a) Tauc plots of 3 and 3-Aa. (b) I-t diagrams (λ ≥ 420nm) and (c) EIS of 3

and 3-Aa. (d) The PL spectra of 3 and 3-Aa in water.
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Aa and 3-Aa have smaller semicircle radius relative to correspond-

ing pristine COFs, proving their lower charge transfer resistance af-

ter protonation. The photocurrent diagram reveals the best charge

separation efficiency for 3-Aa at the first 5-circle test (Fig. S28

in Supporting information). In addition, 3-Aa shows the slightly

smaller resistance than the other species according to electrochem-

ical impedance results (Fig. S29 in Supporting information). These

results are responsible for the superior photocatalytic HER prop-

erty for 3 in the presence Aa. After protonation of 1–3, their emis-

sion was completely quenched for the formed 1-Aa, 2-Aa and 3-Aa

(Fig. 4d and Fig. S30 in Supporting information), also implying the

enhanced charge separation and transfer.

Density functional theory (DFT) calculations based on cluster

models have been conducted on 3 and 3-Aa with the most excel-

lent photocatalysis behaviours, in order to give an additional theo-

retical evidence. The corresponding models were denoted as 3(M)

and 3-Aa(M) (details in Figs. S31 and S32 in Supporting informa-

tion) [53]. Using PBE0 [58], protonated imine groups on the frame-

work of 3(M) to form 3-Aa(M) significantly decreases the HOMO-

LUMO gap from 3.68 eV to 0.55 eV. The transition energy levels and

probabilities were simulated by time-dependent DFT, to pursue the

rational explanation for changed UV–vis data. The smallest excita-

tion energy of 3(M) displayed the non-vanishing oscillator strength

of 3.02 eV, leading to the electronic absorption of 411nm. In con-

trast, the protonated 3-Aa(M) had a reduced lowest excitation en-

ergy of 2.14 eV (corresponding to 580nm) (Fig. S33 in Supporting

information). The well consistency between the theoretical and ob-

served red-shift conclusions further illustrate the protonation ef-

fect of imine COFs.

In summary, the photocatalytic activities of three COFs ana-

logues towards HER have been explored, exhibiting the excel-

lent hydrogen evolution rate. The imine units of these COFs are

able to accept protons to generate protonated species, tuning

the intrinsic electronic structures and charge separation efficiency.

This study not only provides the new HER photocatalysts, but

also elucidates the electronic structures change of working COFs

photocatalysts during the photocatalysis, different from pristine

materials. The related results are helpful for the field of COF

catalysis.
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