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A B S T R A C T

Covalent organic frameworks (COFs) have emerged as photocatalytic materials with bandgaps in the visible 
region. Imine-based COFs, which have been extensively explored, often suffer from limited stability and poor 
conjugation, hindering their photocatalytic activities. The chemical and hydrolytic stability and the photo
catalytic performance of COFs is drastically enhanced by constructing 2D COFs that are fully conjugated in the x, 
y plane, that have alternating donor–acceptor (D-A) units for better charge separation and that have enhanced 
conjugation in the z-axis by p-orbital overlap by using highly planar building blocks. In this study, we introduce 
three highly crystalline sp2 COFs that are able to photocatalyticlly reduce highly toxic Cr (VI) species to much 
less toxic and easily removable Cr (III) residues, while simultaneously oxidizing water borne organic pollutants. 
One of them, the TEB-COF, with the integration of the acetylene group, exhibited excellent photocatalytic ac
tivity due to its superior planarity and extended conjugation. TEB-COF is able to completely remove the model 
dye Rhodamine B and Cr (VI) (10 mg/L) in less than 30 min. This research provides valuable insights into the 
development of recyclable metal-free photocatalysts for wastewater treatment.

1. Introduction

Water pollution is a critical global problem. In many cases the pol
lutants are diverse and include both toxic metals and organic com
pounds. Adsorption or precipitation/flocculation are the most common 
techniques to remove such pollutants [1–4]. Degradation or function
alization into non-toxic (or less toxic) molecules is an elegant alternative 
that also neutralizes the sorbed components. Photo-degradation is an 
interesting technique that is both low-cost and environmentally friendly.

Hexavalent chromium (Cr (VI)) is a common and highly toxic 
contaminant due to its widespread use in industries such as electro
plating, leather tanning, printing, and pigment production [5]. The 
limitation for total chromium in drinking water is 0.05 mg/L according 
to the World Health Organization (WHO) [6]. This limit includes the 
sum of all Cr-species, typically trivalent chromium (Cr (III)) and hex
avalent chromium (Cr (VI)). However, Cr (VI) is over 500 times more 

toxic than Cr (III) [7]. Reduction of Cr (VI) to Cr (III) has another 
important advantage, since Cr (III) is readily removed, for instance by 
precipitation as carbonate, sulfide or sulfate. Compared to the more 
traditional techniques to remove Cr (VI), like membrane separation, 
chemical reduction, electrolysis, and ion adsorption [5–7], the photo
catalytic reduction of Cr (VI) has gained more and more attention 
[8–10]. Various photocatalysts have been developed for water treat
ment, including inorganic semiconductors, graphene oxide, and metal
–organic frameworks [11–15]. However, many of these photocatalysts 
have limitations such as poor light-harvesting capabilities, low Cr(VI) 
reduction efficiency, slow kinetics, or low water stability [16]. Addi
tionally, some metal-based photocatalysts may lead to secondary 
contamination by leaching heavy metals. Therefore, the development of 
efficient metal-free photocatalysts is a logical next step.

Covalent organic frameworks (COFs) are excellent porous photo
catalysts due to their large surface area, structural regularity, tailorable 
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functionalities, and strong light-harvesting properties [17,18]. Howev
er, most studied COFs in the photocatalytic reduction of Cr (VI) are 
connected by dynamic bonds. Examples are imine bonds and arylhy
drazone bonds, which generally exhibit limited π-electron delocalization 
and have insufficient chemical stability [19–21]. More stable COFs are 
vinylene-linked COFs with C––C linkages. They offer important other 
benefits, such as an excellent in-plane π-electron delocalization 
throughout the framework, high efficiency in exciton separation, 
excellent thermal and chemical stability, and a good photocatalytic ac
tivity [22]. It is widely recognized that incorporating coplanar 

backbones and constructing electron donor–acceptor (D-A) structures 
can improve photocatalytic activity by further extending the π-conju
gation, creating local polarization, reducing the exciton binding energy 
and facilitating electron–hole mobility [23–28]. Thus, the integration of 
these two strategies should greatly enhance the photocatalytic 
performance.

So we chose the triazine moiety as the electron accepting building 
unit because of its planarity, high electron affinity, and conjugated na
ture [20]. The electron donating building group is the coplanar electron- 
rich acetylene group [29,30]. In this study, we designed and synthesized 

Fig. 1. Synthesis scheme for TPB-COF, TEB-COF, and TFB-COF.
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three fully conjugated triazine-based 2D COFs, designated as TPB-COF, 
TEB-COF, and TFB-COF by linking 2,4,6-trimethyl-1,3,5-triazine (TMT) 
with 5′-(4-Formylphenyl)-[1,1′:3′,1″-terphenyl]-4,4″-dicarbaldehyde 
(TFPB), 4,4′,4″-(Benzene-1,3,5-triyltris(ethyne-2,1-diyl))-tribenzalde
hyde (TAEB), and [1,1:4,1:3,1:4,1-Quinquephenyl]-4,4- 
dicarboxaldehyde, 5-(4-formyl[1,1-biphenyl]-4-yl)- (DAFB), respec
tively (Fig. 1). The structure and photochemical properties of the three 
COFs were comprehensively characterized. The COFs were tested for the 
photocatalytic reduction of Cr (VI) and simultaneous one pot degrada
tion of dyes under the irradiation of visible light. The D-A structure in 
TEB-COF proved favorable for the photocatalytic reduction of Cr (VI) 
and degradation of dyes. Photoelectronic experiments further confirmed 
the enhanced mobility of charge carriers in TEB-COF.

2. Experiment section

2.1. Materials and characterization

The chemicals were purchased from TCI Europe or Sigma-Aldrich 
and used without further purification. X-ray diffraction was carried 
out on a Bruker D8 Advance diffractometer equipped with a Cu-Kα 
source (40 kV, 30 mA, λ = 1.5406 Å). Diffuse Reflectance Infrared 
Fourier Transform Spectroscopy (DRIFTS) measurements were recorded 
on a Thermo Nicolet 6700 FTIR spectrometer. Nitrogen adsorption ex
periments were performed on a 3P instrument micropore analyzer. 
Before the analysis, the samples were degassed at 120 ◦C for 24 h. The 
solid UV–vis absorption curve was obtained from the diffuse reflectance 
spectra (DRS) measured on a Shimadzu UV-3101PC spectrophotometer. 
BaSO4 was used as the reflectance standard. Luminescence excitation 
and emission spectra were collected using an Edinburgh Instruments 
FLSP920 UV–vis-NIR spectrometer setup.The thermogravimetric ana
lyses (TGA) were carried out on a Netzsch STA 449 F3 Jupiter instru
ment using a heating rate of 10 ◦C/min in an N2 atmosphere. The 
isoelectric point was determined using a Malvern Panalytical Zetasizer 
Ultra, which was equipped for zeta potential measurements. The 
detection of oxygen was analyzed using a micro-GC (Agilent 990 Micro 
Gas Chromatograph Micro Gasifier) with Ar (99.99 %) as the carrier gas.

2.2. Synthesis of TPB-COF

TPB-COF was synthesized according to reported literature. In detail, 
TMT (12.3 mg, 0.1 mmol), TFPB (39.04 mg, 0.1 mmol), nBuOH (1.4 
mL), o-DCB (0.6 mL), and KOH (16.8 mg) were placed in an ampoule. 
The mixture was sonicated for 15 min and then degassed via a freeze
–pump–thaw procedure for 3 cycles. The ampoule was flame-sealed and 
heated at 120 ◦C for 72 h. The resulting precipitate was collected by 
filtration, washed with acetone, methanol three times, subjected to 
Soxhlet extraction with methanol and tetrahydrofuran for 24 h for each 
solvent, and then dried at 100 ◦C under vacuum to produce the TPB-COF 
in 83 % isolated yield.

2.3. Synthesis of TEB-COF

TEB-COF was synthesized according to reported literature. In detail, 
TMT (12.3 mg, 0.1 mmol), TAEB (46.2 mg, 0.1 mmol), mesitylene (0.9 
mL), 1,4 − dioxane (0.9 mL), and acetonitrile (0.1 mL) were placed in an 
ampoule. The mixture was subjected to sonication for 15 min, and then 
TFAA (0.4 mL) was added. Subsequently, the ampoule was subjected to 
a freeze–pump–thaw procedure for 3 cycles to remove oxygen. The 
sealed ampoule was heated at 150 ◦C for 72 h. The resulting precipitate 
was collected by filtration, followed by Soxhlet extraction with meth
anol and tetrahydrofuran for 24 h for each solvent, and then dried at 
100 ◦C under vacuum to produce the TEB-COF in 79 % isolated yield.

2.4. Synthesis of TFB-COF

TFB-COF was synthesized according to reported literature. In detail, 
TMT (12.3 mg, 0.1 mmol), DAFB (61.8 mg, 0.1 mmol), mesitylene (0.9 
mL), 1,4 − dioxane (0.9 mL), and acetonitrile (0.1 mL) were placed in an 
ampoule. The mixture was subjected to sonication for 15 min, and then 
TFAA (0.4 mL) was added. Subsequently, the ampoule was subjected to 
a freeze–pump–thaw procedure for 3 cycles to remove oxygen. The 
sealed ampoule was heated at 150 ◦C for 72 h. The resulting precipitate 
was collected by filtration, followed by Soxhlet extraction with meth
anol and tetrahydrofuran for 24 h for each solvent, and then dried at 
100 ◦C under vacuum to produce the TFB-COF in 81 % isolated yield.

2.5. Photocatalytic experiment

In the photocatalytic experiments of Cr (VI) reduction and degra
dation of organic pollutes, a 300 W Xe lamp with a 420–700 nm 
wavelength was employed as visible light source. 10 mg of catalyst was 
dispersed into 30 mL of the reaction aqueous solution under ceaselessly 
stirring. Prior to light illumination, the reaction suspension was initially 
stirred under Ar condition for 45 min to reach an adsorption–desorption 
equilibrium. After a certain time of illumination, the solution was 
extracted with a 0.22 μm syringe. The absorbance of RhB was detected at 
554 nm. The concentration of Cr (VI) was determined by 1,5-diphenyl
carbazide method. In 1 mL of the supernatant, 9 mL of sulfuric acid 
solution (0.2 M) and 0.2 mL of 1,5-diphenylcarbonohydrazide (DPC, 2.5 
mg mL− 1) were added in turn. A purple complex is formed between Cr 
(VI) and DPC. This reaction has high selectivity for Cr (VI) versus Cr (III). 
After allowing to stand for 10 min, the absorbance of the Cr (VI)-DPC 
complex at 540 nm was detected immediately using an UV 
spectrophotometer.

3. Results and discussion

3.1. Structural characterization

The three vinylene-linked COFs (TPB-COF, TEB-COF, and TFB-COF) 
were prepared by linking the aldehyde monomers (TFPB, TAEB, and 
DAFB) and electron-deficient TMT via the acid-catalyzed solvothermal 
method (Fig. 1, see Supporting Information for more details). To vali
date the crystalline structures of the synthesized COFs, powder X-ray 
diffraction (PXRD) analysis was conducted, and the results are shown in 
Fig. 2a-c. The TPB-COF showed a sharp peak at 2θ = 5.8◦, which is 
assigned to the (1 0 0) plane, and other peaks at 10.4◦, 11.8◦, 15.7◦, and 
25.4◦ are attributed to the (110), (200), (210), and (001) facets, 
respectively. TEB-COF exhibited five prominent diffraction peaks, with 
the most intensive one at 4.5◦ and the four other peaks at 7.9◦, 9.3◦, 
12.4◦, and 25.8◦, corresponding to the reflections from the planes (1 
0 0), (1 1 0), (2 0 0), (210), and (0 0 1), respectively. Similar PXRD 
pattern could be found for TFB-COF except the peak corresponding to 
the (100) plane was located at 2θ = 4.0◦, The shift of the main peak to a 
lower angle can be attributed to the insertion of the long-chain linker 
DAFB. Pawley refinements of the simulated AA-eclipsed model against 
the experimental PXRD pattern of the three COFs were performed using 
Material Studio. Refined parameters for the unit cell were revealed as a 
= b = 17.92 Å, c = 3.52 Å, and α = β = 90◦, γ = 120◦ for TPB-COF; a = b 
= 22.12 Å, c = 3.63 Å, α = β = 90◦, γ = 120◦ for TEB-COF; and a = b =
25.51 Å, c = 3.55 Å, α = β = 90◦, and γ = 120◦ for TFB-COF. High 
correlation and negligible differences were found between the experi
mental data and the simulated AA-eclipsed structure (Rwp = 4.25 % and 
Rp = 3.96 % for TPB-COF; Rwp = 2.62 % and Rp = 2.25 % for TEB-COF; 
and Rwp = 4.32 % and Rp = 2.59 % for TFB-COF).

In order to confirm the chemical structure of the synthesized COFs, 
Fourier-transform infrared (FT-IR) analysis was conducted. FT-IR 
spectra of TPB-COF, TEB-COF, and TFB-COF as well as their corre
sponding building blocks are shown in Figure S1. A new vibration peak 
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at 1628 cm− 1 that belongs to the C––C stretching was observed in the FT- 
IR spectra of the three COFs while lacking in the FT-IR spectra of the 
monomers, confirming the formation of the vinylene linkages in the 
three COFs. At the same time, the characteristic absorbance at 1695 
cm− 1 of C––O stretching disappeared in the three COFs, which indicated 
their high polymerization degree.

The three COFs were further subjected to X-ray photoelectron spec
troscopy (XPS) analysis. The XPS survey spectra reveal the presence of C 
and N elements in all three COFs (Figure S2). The high-resolution C 1s 
XPS spectrum of TEB-COF (Figure S3a) could be resolved into four peaks 
with binding energies at 284.5, 285.2, 286.7, and 288.9 eV, which 
corresponded to C––C (sp2), C≡C (sp), N-C––N in the triazine ring, and 
π-π*, respectively [31]. The very broad and weak π-π* feature is un
specific and is often associated with shake-up processes, which occur 
when an electron is ejected from a core level and simultaneously excites 
another electron to a higher energy state.35 The high-resolution C 1s XPS 
spectrum of TFB-COF and TPB-COF (Figure S3b-c) can be deconvoluted 
into three peaks centering at 284.6, 286.5, and 288.9 eV, which origi
nates from the C––C (sp2), N-C––N in the triazine ring, and π-π*, 
respectively. TEB-COF, TFB-COF, and TPB-COF (Figure S3d-f) exhibit 

similar N 1s spectra with a distinct peak around 399.4 eV, assigned to 
the nitrogen atom in the triazine moiety.

Nitrogen adsorption experiments at 77 K were performed to evaluate 
the permanent porosity and surface area of these vinylene-linked COFs. 
As shown in Fig. 2d-f, all three COFs displayed a type-I isotherm indi
cated by the sharp rise in the low-pressure region (P/P0 < 0.05), sug
gesting the presence of micropores in the COFs. The surface areas of 
TPB-COF, TEB-COF, and TFB-COF were calculated to be 265 m2 g− 1, 
1150 m2 g− 1, and 1085 m2 g− 1 respectively, by employing the Brunauer- 
Emmett-Teller (BET) model. The lower surface area of the TPB-COF is 
mainly due to a lesser crystallinity compared to the two other COFs, 
which is also apparent from the smaller signal-to-noise ration and the 
higher Rp value in the XRD patterns. Fitting the N2 adsorption branch 
data with a quenched solid density functional theory (QSDFT)[32,33]
cylindrical pore model resulted in a pore size distribution with promi
nent distribution peaks at 1.28 nm, 1.45 nm, and 1.72 nm for TPB-COF, 
TEB-COF, and TFB-COF, respectively, which matched well with the 
theoretical values (1.1 nm, 1.5 nm, and 1.8 nm) shown in Fig. 2g-i. The 
total pore volume (at P/P0 = 0.99) of TPB-COF, TEB-COF, and TFB-COF 
is 0.35 cm3 g− 1, 0.62 cm3 g− 1, and 0.53 cm3 g− 1, respectively.

Fig. 2. The PXRD patterns and Pawley refinements of (a) TPB-COF, (b) TEB-COF, and (c) TFB-COF in AA stacking modes. N2 sorption isotherms and pore size 
distributions (inset) of (d) TPB-COF, (e) TFB-COF, and (f) TEB-COF. Images of the crystal structures of the hexagonal structure (g) TPB-COF, (h) TFB-COF, and (i) 
TEB-COF.
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The thermogravimetric analysis (TGA) was performed to evaluate 
the thermal stability of the prepared COFs. As illustrated in Figure S4, 
TEB-COF and TFB-COF showed less than 5 % weight loss up to 400 ◦C 
under a nitrogen atmosphere, indicating a good thermal stability. The 
morphologies of TEB-COF, TFB-COF, and TPB-COF were then examined 
by scanning electron microscopy (SEM). As shown in Figure S5a-c, TEB- 
COF and TFB-COF are spherical, whereas the TPB-COF is more fibrous. 
The chemical stability of the synthesized COFs was assessed by 
immersing them into common organic solvents (N,N-dimethylforma
mide, tetrahydrofuran, methanol,) HCl (12 M in water) and NaOH (12 M 
in water) for three days. There was no significant change in the PXRD 
pattern (except for TPB-COF that loses some crystallinity in 12 M HCl) 
after the treatment by different solvents (Figure S6), which indicated 
their excellent chemical stability.

3.2. Optical properties

The optical properties of the as-prepared photocatalysts were 
investigated by ultraviolet–visible diffuse reflectance spectroscopy 
(UV–vis DRS). As shown in Fig. 3a, the absorption edges of TPB-COF, 
TEB-COF, and TFB-COF were observed at 470 nm, 585 nm, and 592 
nm, respectively, indicating a strong absorption in both the ultraviolet 
and visible region. Subsequently, the optical bandgaps calculated from 
the respective Tauc plots are 2.65 eV, 2.40 eV, and 2.43 eV for TPB-COF, 
TEB-COF, and TFB-COF, respectively (Fig. 3b). The band structures of 
the photocatalysts were validated by Mott–Schottky measurements at 
their corresponding isoelectric points (Figure S7). The flat-band poten
tials (EFB) of TPB-COF, TEB-COF, and TFB-COF are estimated to be 
–1.10, –0.64, and –0.62 V (vs. Ag/AgCl) at pH = 7, respectively, which 
convert to standard hydrogen electrode potentials of –0.90, –0.44, and 
–0.42 V (vs. NHE) at pH = 7. Furthermore, we have indicated the con
duction band minimum (CBM) as being the flat band potential –0.1 V, 
according to Choong and Jang at al.,[34] although opinions on this 
differ and many papers also use the flat band as the CBM.[35,36] The 
CBM potential was calculated to be –1.0, –0.54, and –0.52 for TPB-COF, 
TEB-COF, and TFB-COF, respectively. (Figure S8-10). All three CBMs are 
more negative than Cr (VI)/Cr (III) (+0.95 V vs. NHE) at pH = 7, 

indicating that all of them have the potential to facilitate Cr (VI) 
reduction. Based on the optical bandgaps, the valence bands maximum 
(VBM) of TPB-COF, TEB-COF, and TFB-COF were calculated to be 1.65, 
1.86, and 1.91 V (vs. NHE) at pH = 7, as illustrated in the band-structure 
diagrams in Fig. 3c.

The capability to effectively separate photoinduced electrons and 
holes is another crucial factor that influences the catalytic performance 
of photocatalysts. This capability is often positively correlated with the 
intensity of the transient photocurrent response (TPR). As depicted in 
Fig. 3d, the TEB-COF exhibited much higher photocurrent intensity 
compared to TPB-COF and TFB-COF, suggesting more efficient charge 
separation in TEB-COF. Moreover, electrochemical impedance spec
troscopy (EIS) revealed that TEB-COF possesses the smallest arc radius 
in the Nyquist plot (Fig. 3e), indicating the lowest interfacial charge 
transfer resistance. The charge transfer resistance (RCT) values after 
fitting to the Randel circuit were calculated to be 2515 Ω, 816 Ω, and 
1733 Ω for TPB-COF, TEB-COF, and TFB-COF, respectively. This trend is 
in good agreement with the TPR results. Furthermore, photo
luminescence (PL) spectra were carried out to assess the efficiency of 
photoinduced charge separation. As shown in Fig. 3f, upon excitation at 
360 nm, the emission peaks of TPB-COF and TFB-COF were approxi
mately located at 570 nm. In contrast, the TEB-COF displayed a redshift 
of 30 nm, which is attributable to its larger π-extended structure, which 
lower the energy between the excited state to ground state, leading to 
longer wavelength. Additionally, the TEB-COF showed significantly 
lower intensity than TPB-COF and TFB-COF, indicating a reduction of 
undesired recombination of photo-generated charges, which is favorable 
to the photocatalytic activity.

3.3. DFT calculation

Density functional theory (DFT) calculations were further conducted 
to understand the effect of chemical structure on the optoelectronic 
properties of these COFs. All calculations were performed at the PBE-D3 
(BJ) level using the VASP package (more details are given in the SI). Our 
geometry optimization study suggests that the inclined AA-stacking 
configuration is energetically more favorable than the eclipsed AA- 

Fig. 3. (a) UV–vis DRS spectra of TPB-COF, TEB-COF, and TFB-COF, (b) Bandgaps determined from the Tauc plots, (c) Band-structure diagram, (d) Transient 
photocurrents under visible light irradiation, (e) electrochemical impedance, and (f) Photoluminescence emission spectra (λex = 360 nm).
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stacking configuration by 0.18 eV, 0.23 eV, and 0.36 eV for TPB-COF, 
TFB-COF, and TEB-COF, respectively. Therefore, we continue with the 
inclined AA-stacking for further investigation. The results also show that 
in TPB-COF and TFB-COF, the strong spatial interactions between 
hydrogen atoms on neighboring benzene rings induce a twisting of the 
backbone. This interaction leads to the formation of dihedral angles that 
reduce the overall planarity of the structure (Fig. 4a). For TPB-COF, the 
average dihedral angles between the benzene ring and the adjacent 
triazine ring and between the benzene rings are 10.67◦ and 17.49◦, 
respectively. In contrast, TFB-COF exhibits increased average dihedral 
angles of 31.40◦ and 30.01◦ between the benzene rings and decreases 
between the benzene ring and the adjacent triazine ring to 4.58◦. 
However, introducing acetylene building units in TEB-COF eliminates 
this steric effect, resulting in a highly coplanar structure with a negli
gible dihedral angle of 2.22◦. The highly planar backbone structure has 
been verified to enhance π-conjugation, thereby accelerating electron 
separation [26–28].

Fig. 4b shows that TEB-COF has the smallest band gap, aligning well 
with experimental values. This supports the structural analysis conclu
sion that TEB-COF’s coplanar structure enhances π-π interactions, 
reducing the band gap. The HOMO (the highest occupied molecular 
orbital) and LUMO (the lowest unoccupied molecular orbital) value of 

TFPB, DAFB, and TAEB monomer was calculated to estimate the donor 
strength of the three linkers. The electron donating ability of a donor 
monomer is usually related to its HOMO energy level. A high HOMO 
energy level means that the donor molecule can more easily transfer 
electrons to the acceptor molecule. As shown in Figure S11, the HOMO 
values of TFPB, DAFB, and TAEB are calculated to be –7.52, –7.22, and 
–7.29 eV respectively, indicating the stronger donor ability of TAEB and 
DAFB monomer. Furthermore, the primary contribution to the HOMO of 
all three COFs mainly originates from the benzene ring and alkynyl 
chain (Fig. 4c), whereas the LUMO of TEB-COF and TFB-COF primarily 
concentrated on the electron-accepting triazine fragment. In contrast, 
for TPB-COF, it remains distributed over the entire backbone. The 
reduced overlap between the HOMO and LUMO orbitals in TEB-COF and 
TFB-COF demonstrates the effective construction of the D-A structure, 
thereby minimizing charge recombination.

Furthermore, the effective masses (m*) were calculated to evaluate 
the mobility rate of charge carriers, extrapolated from the calculated 
band structures (Table 1). The calculated effective electron mass (m*

e) of 
charge carriers in TEB-COF is significantly smaller than TFB-COF and 
TPB-COF, indicating faster charge carrier transfer in TEB-COF. 
Conversely, the effective hole mass (m*

h) of charge carriers is larger for 
TEB-COF than the other COFs, resulting in a larger difference between 

Fig. 4. Calculated structural and electronic properties TPB-COF, TFB-COF, and TEB-COF. (a) The top and side view of optimized structures with dihedral angles (◦) at 
the PBE-D3(BJ) level of theory. (b) Band structure and total density of states at HSE06 level of theory and (c) HOMO and LUMO. The valence band maximum (VBM) 
is shifted to zero and indicated by the grey dashed line, and the VBM and conduction band minimum (CBM) are indicated by red and green dots, respectively.
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the effective masses of holes and electrons. This leads to a larger relative 
effective mass ratio (m*

h/m*
e) of TEB-COF indicates its higher carrier 

separation efficiency.

3.4. Photocatalytic performance

The experiments of the photocatalytic reduction of Cr (VI) were 
carried out under the irradiation of a 300 W xenon lamp (with a 420 nm 
cut-off filter, to use only visible light). The concentration of Cr (VI) was 
determined by the 1,4-diphenylcarbazide (DPC) method (see details in 
supporting information). Prior to the photocatalytic tests, the suspen
sion was stirred for 45 min in dark to reach the adsorption–desorption 
equilibrium (Figure S12). In the acid condition (pH = 3), the adsorption 
capacity of TEB-COF for Cr (VI) increases compared to neutral 

conditions. The calculated equilibrium for adsorbed Cr (VI) is 8.95 mg/g 
in pH = 3. The results show that only a small fraction of Cr (VI) was 
adsorbed on the catalyst, confirming the dominant role of photocatalysis 
in Cr (VI) removal. The photocatalytic performance of the three COFs 
was assessed by measuring the reducing efficiency of Cr (VI) (10 mg/L) 
within the same period. As shown in Fig. 5a and Figure S13, after 40 min 
of irradiation, 99 %, 65 %, and 52 % of Cr (VI) was removed by TEB- 
COF, TFB-COF, and TPB-COF, respectively (Eq (S1)). TEB-COF ex
hibits excellent photocatalytic reduction capabilities for Cr (VI) 
compared to some previously reported porous materials (Table S1). The 
determination of the reaction rate constant (k) can be achieved by using 
Eq (S2), assuming that the photoreduction of Cr (VI) follows pseudo-first 
order kinetics.[37,38] As depicted in Figure S14, the k value for TEB- 
COF was calculated to be 0.092 min− 1, which is 5.4 times and 4.2 
times higher than that of TPB-COF (0.017 min− 1) and TFB-COF (0.022 
min− 1), respectively. This is a significant discrepancy in the photo
catalytic reaction rate between TEB-COF and TFB-COF even though they 
possess comparable bandgaps, suggesting that the bandgap may not be 
the primary driver impacting in photocatalytic reduction of Cr (VI). The 
superior performance of the TEB-COF is attributed to the fact that i) the 
establishment of a donor–acceptor architecture with the electron defi
cient triazine moieties and strong electron donating alkynyl building 
blocks and ii) as show earlier in the manuscript, the TEB-COF is the most 
coplanar system, with negligible dihedral distortion, as there has the 
best Z-axis conjugation as well. Both features facilitate the charge sep
aration and charge mobility towards the surface of the catalyst. The 
effect of initial pH on the photocatalytic reduction of Cr (VI) was 
investigated and the results are shown in Fig. 5b. When the pH is 

Table 1 
Calculated band gap (Eg), effective mass of the electron (m*

e ) and hole (m*
h) using 

HSE06 functional. The relative effective mass is defined as R = m*
h/m*

e . All 
values of masses are expressed in terms of the free-electron mass m0. The K- 
points ((Y-T), (Y-G), (U-R) etc.) denote the directions in which the electrons and 
holes move within the band structure.

COFs Eg(eV) m*
e m*

h R

TPB-COF 2.57 8.09 (Y-T)2.289  
(Y-G)

− 4.15 (Z-G) 
− 1.45 (Z-T)

0.51

TFB-COF 2.65 1.67 (U-R) − 2.48 (Z-G) 
− 2.13 (Z-T)

1.48

TEB-COF 2.49 0.77 (U-R) − 10.49 (R-V) 
− 8.226 (R-U)

13.62

Fig. 5. (a) Photocatalytic performance of TPB-COF, TEB-COF, and TFB-COF for the photocatalytic Cr (VI) reduction. The effects of the (b) initial pH, and (c) different 
water matrix on the photocatalytic Cr (VI) reduction performance of TEB-COF. (d) Recycling tests of TEB-COF in photocatalytic Cr (VI) reduction.
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decreases from 7 to 3, the photocatalytic reduction efficiency of Cr (VI) 
is significantly enhanced. We can explain this as follows: first, the 
photocatalyst has a positive charge under acidic conditions (Figure S7), 
which is favorable for the adsorption of the Cr2O7

2− , CrO4
2− , and HCrO4

−

anions. Secondly, as the pH decreases, there is a simultaneous increase 
in the concentration of H+, a crucial reactant in the Cr (VI) reduction 
reaction under acidic and neutral conditions (Cr2O7

2− + 14H+ + 6e− ⇌ 
2Cr3+ +7H2O).[39,40] On the other hand, under alkaline conditions, 
the photocatalytic efficiency of Cr (VI) reduction was severely inhibited, 
resulting in a removal rate of only 40 % after 60 min of irradiation. In 
alkaline conditions, the catalyst surface is charged negatively (as indi
cated in the zeta potential plots in Figure S3), resulting in the electro
static repulsion of the anionic Cr2O7

2− , CrO4
2− , and HCrO4

− . Moreover, the 
reduction of Cr (VI) proceeds as CrO4

2− + 4H2O + 3e− ⇌ Cr(OH)3↓ +
5OH− under alkaline conditions, The formation of Cr(OH)3 precipitates 
could obscure active sites on the TEB-COF, leading to the inhibition of 
the reaction.

We additionally assessed the photocatalytic Cr (VI) reduction effi
ciency of TEB-COF in seawater and lake water and the results are shown 
in Fig. 5c. Compared to milli-Q water, the photocatalytic efficiency of 
TEB in seawater and lake water exhibit negligible changes, which il
lustrates the feasibility of TEB-COF for practical applications.

The recovery and reuse of catalysts is very important for ecological 
and economic reasons. Therefore, the reusability of TEB-COF was 
evaluated by recycling experiments (Fig. 5d). After five consecutive 
runs, TEB-COF still performed very well with a removal efficiency of 
over 87 %, demonstrating the good stability of the photocatalyst. The 

slight decrease in removal efficiency can be mainly attributed to the 
inevitable weight loss of TEB-COF during the filtration and recycling 
process, as we work with low masses of photocatalysts.

We also checked the structural features of the spent catalysts after 
three runs. The crystalline structure of TEB-COF was conserved, as 
indicated by the PXRD pattern (Figure S16). Moreover, no evident 
changes were observed in the FT-IR spectrum nor the surface area of the 
recycled photocatalyst (Figure S17-S18), indicating the robust structural 
and chemical stability of TEB-COF. As shown in Fig. 6a, the XPS survey 
spectra of TEB-COF after the photocatalytic reaction (pH = 7) shows the 
presence of the element Cr, which was not present before the reaction. 
Additionally, the binding energies of C 1s and N 1s remain consistent 
with those before the reaction (Fig. 6b-c). The high-resolution Cr 2p 
spectra of TEB-COF after photocatalytic reaction was composed of two 
peaks located at 287.2 and 577.3 eV, which are attributed to Cr (III)2p1/ 
2 and 2p3/2, respectively (Fig. 6d) [41,42]. The results of the XPS 
spectra demonstrate that the Cr (VI) absorbed on the surface of the COF 
has been efficiently reduced to Cr (III).

3.5. Photocatalytic mechanism

In order to shed more light on the photocatalytic mechanism, we 
performed a series of control and trapping experiments were performed. 
As shown in Fig. 7a, in the absence of a photocatalyst or light, the 
concentration of Cr (VI) does not change. When the O2 was replaced 
with an Ar atmosphere, the efficiency of Cr (VI) reduction decreased 
very significantly. So oxygen plays a significant role in the reaction, 

Fig. 6. (a) Survey XPS spectrum of TEB-COF, high-resolution spectra of TEB-COF in the region of (b) C 1 s, and (c) N 1 s before and after the reaction. (d) High- 
resolution XPS spectrum of Cr element on the surface of TEB-COF after the reaction.
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although the Cr (VI) reduction also seems to proceed through oxygen- 
free pathways. We also conducted trapping experiments to determine 
active intermediate species. K2S2O8, butylated hydroxytoluene (BHT), 
sodium azide (NaN3), tert-butyl alcohol (TBA), and ethanol 
(CH3CH2OH) served as the scavenger of e− , •O2

− , O2
1, •OH, and h+, 

respectively. It can be seen from Fig. 7b that the introduction of K2S2O8, 
TBA, and BHT suppresses the photoreduction of Cr (VI), indicating the 
e− , •OH, and •O2

− serve as the dominant active species in the photo
catalytic reduction of Cr (VI). On the contrary, the capture of holes by 
CH3CH2OH impedes the recombination of photogenerated electron-hole 
pairs, consequently improving the reaction rate. These results indicate 
that the main reactive oxygen species (ROS) in the Cr reduction reaction 
are •O2

− and •OH. The •OH can be formed by reducing H2O2. We further 
conducted the H2O2 measurement to check the pathway of ROS for
mation. After the photocatalytic Cr (VI) reduction reaction in air con
dition, we transferred 1 mL of sample solution (after syringe filtration to 
remove photocatalysts) into a quartz tube and then mixed with 1 mL of 
Ti reagent solution. Then measure the absorbance of this solution by 
using UV spectrophotometer. There was an obvious peak at 409 nm, 
confirming the formation of H2O2 (see Figure S19). We could not detect 
H2O2 after adding the •O2

− scavenger, indicating that hydrogen peroxide 
is generated through an indirect two-electron(2e− ) ORR pathway.

€Based on the band structure of TEB-COF and the radical trapping 
experiments, a plausible mechanism was proposed in Fig. 9 and 
Figure S20. Under visible light irradiation, electron-hole pairs (excitons) 
are generated, that separate into charges that further migrate to the 
surface of the photocatalyst. The photocatalytic reduction of Cr (VI) 
typically proceeds through the following three pathways: (i) the photo- 
excited electrons directly reduce Cr (VI) to Cr (III), (ii) oxygen in the air 
can also be trapped by electrons to produce superoxide radicals to 
reduce Cr (VI) indirectly,[43,44] and (iii) The H2O2 was generated by 
•O2

− through two-electron(2e− ) ORR pathway, the formed H2O2 further 
reduce to •OH, which participate in the Cr reduction reaction. This was 
confirmed by the corresponding radical quenching experiment results 
using K2S2O8, TBA, and BHT. For the oxidation reaction, the photoex
cited holes oxidize water to produce oxygen. To confirm the oxygen 
evolution at the VB, a control experiment was performed. AgNO3 was 
used as an electron scavenger, and the experiment took place in a ni
trogen atmosphere to inhibit the oxygen reduction reaction (ORR) while 
promoting the counter oxidation. Only O2 was observed after 6 h of 
irradiation, thereby providing evidence for the generation of O2 on the 
VB of TEB-COF (Figure S21). When ethanol or organic pollutants are 
present that oxidize more easily than water, the organics will be 
oxidized without oxygen generation, hereby facilitating the overall 
redox reaction.

3.6. Simultaneous photocatalytic degradation of organic pollutants and 
Cr (VI) reduction

We simulated the simultaneous photoreduction of Cr (VI) and the 
photooxidation of water borne organics, choosing Rhodamine B (RhB) 
as the model pollutant. We first studied the oxidation half reaction 
separately. The absorbance wavelength of pure RhB were at 554 nm. As 
illustrated in Figure S22, the removal efficiency of RhB reach 99 % after 
30 min under visible light irradiation. The degradation efficiency of 
TEB-COF towards RhB is exceptional compared to some previously 
published porous materials (Table S3).

Similarly, the radicals trapping tests were also conducted at pH = 7 
to further investigate the mechanism in photocatalytic RhB degradation 
(Fig. 8a). In the presence of EDTA-2Na (h+ scavenger) and BHT (•O2

−

scavenger), the degradation efficiency reduced significantly, indicating 
the dominant role of h+ and •O2

− in the degradation process. Conversely, 
the introduction of TBA (•OH scavenger) resulted in only a minor 
reduction in degradation efficiency, implying that •OH was not the key 
active species. The results of the trapping experiments revealed that the 
h+ and •O2

− were the primary active species responsible for the degra
dation of RhB.

We subsequently ran the tests of the full system, introducing both the 
Cr (VI) as the dyes, using the TEB-COF as the active photocatalyst 
(Fig. 8b). Nearly all RhB was removed within a 20-minute irradiation, at 
an even faster rate compared to the single half reaction. Similarly, 99 % 
reduction of Cr (VI) was achieved after 30 min of irradiation, again an 
improvement of the rate as 50 min were required in the isolated half 
reaction. This rate increase is due to the fact that the dyes (and most 
organics) will oxidize easier than water, improving the overall rate of 
the full redox system. Consequently, the recombination of photo
generated electrons and holes is effectively mitigated, resulting in an 
enhancement of photocatalytic efficiency.

The photocatalytic mechanism is proposed in Fig. 9, Cr (VI) is 
reduced to Cr (III) mainly by photo-excited electrons in the CB. On the 
one hand, electrons can also participate in the reduction of O2 to •O2

− and 
•O2

− → H2O2 → •OH, thereby further accelerating the photocatalytic 
reduction of Cr (VI). Organic pollutants (RhB) serve as sacrificial agent 
to consume the photogenerated holes left in the VB, thus effectively 
inhibiting photoelectron-hole recombination. Some of the generated •O2

−

is also beneficial for pollutants degradation confirmed by the radical 
capture experiments.

4. Conclusion

We prepared three fully conjugated 2D COFs to perform the 

Fig. 7. (a) Controlled experiments for the reduction of Cr (VI) under different conditions and (b) trapping experiments with different scavengers.
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photocatalytic reduction of Cr (VI) with simultaneous degradation of 
organic pollutes. The very coplanar TEB-COF, based on triazine 
(acceptor) and acetylene (donor) linkers shows the best performance, 
due to the fact that the acetylene groups is a strong donor and to the fact 
that this COFs showed the highest planarity in the z-axis (dihedral angle 
only 2◦), allowing good charge separation and good charge transfer 
mobility in all 3 dimensions. The oxidation of organics present in the 
water is not only an efficient pollutant removal strategy, but it also 
strongly enhances the rate of the Cr (III) reduction due to the favorable 
oxidation potentials of many organic species. The reduced Cr (III) is 
easily removed by precipitation techniques. This study exemplifies an 
effective strategy for the development of durable and metal-free pho
tocatalysts designed for the treatment of water pollutants.
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