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Abstract 24 

A highly active photocatalyst is unveiled for the Fenton-like reactions in visible light. A metal free 25 

covalent organic framework (COF) was highly active via a novel mechanical pulverization process. 26 

Under visible light, the activity of pulverized COF reached the apparent quantum yield up to 41% 27 

for Fenton-like degradation. The exceptional performance is due to the induced high excited 28 

electron density at conduction band. The outstanding performance does not require to adjust pH 29 

by external means unlike the metal based photocatalysts. The pulverized COF can be recycled up 30 

to five times. The photocatalyst outperformed in continuous flow channel for industrial scale 31 

implementation. The photocatalytic space time yield (PSTY) was highly improved by twenty-eight 32 

times than the conventional batch photocatalysis. A very low amount of photocatalyst requires 33 

very low alone is sufficient for bring successful chemical reactions. Additionally, a very high 34 

photoreduction rate was also observed for hexavalent chromium which was significantly better 35 

than the parent COF. 36 

Keywords: Mechanical grinding, Photo Fenton-like reaction, chromium reduction, Covalent 37 

organic Framework, Photocatalysis. 38 

Introduction 39 

Anthropogenic pollutants are being utilized in many different sectors, such as the textile, paper, 40 

plastics, and leather industries. Their toxicity and mutagenetic effects on living beings are very 41 

severe. Of this kind pollutants, biodegradation or natural remediation is incredibly slow and has 42 

little to no effect on their longevity. As one of the most promising advanced oxidation processes, 43 

Fenton reactions are instead frequently used in the control of industrial effluent and pollutants 44 



(AOPs). Fenton like reactions produce highly reactive species, (⋅OH, SO4
⋅−, O2

⋅− or 1O2) via 45 

activation of several radical initiators as hydrogen peroxide (H2O2), peroxymonosulfate (PMS) and 46 

peroxydisulfate (PDS). A broad range of metallic or semiconducting materials or the composite 47 

nanomaterials are employed for the efficient removal of organic pollutants using Fenton-like 48 

reaction. The use of metal-based photocatalysts is restricted due to the metal leaching. Because of 49 

their expensive nature and negative effects, using them can occasionally be harmful to human 50 

health.1 Metal-free catalytic systems are greatly desired for wastewater treatment due to their 51 

simplicity, low environmental effect, and practicability. Fenton-like reactions with metal-free 52 

photocatalysts have recently been discovered to be a viable method for cleaning up organic 53 

contaminants. Unlike the metal-based approaches, metal free system operates in broad range of 54 

pH scale and avoids the risk of metal leaching.2 Additionally, heterogeneous metal-free catalysts 55 

are easily isolated from the reaction mixtures and readily employed for numerous cycles, saving 56 

energy, time, and labor while preparing the photocatalysis in contrast to homogenous. Only a 57 

limited photocatalyst are reported for Fenton-like reactions that produce reactive radicals under 58 

visible light. For instance, multiwalled carbon nanotubes (MWCNT),3 reduced graphene oxide,4 59 

graphitic carbon nitride,5 and photoelectron-Fenton like cell,6 and COF-THTBD.7 Among them, 60 

triazine linked Tp-Mela COF is reported as highly active photo Fenton-like activities over several 61 

colored and colorless pollutants. The efficiency of the Tp-Mela COF photocatalyst is much higher 62 

even than several metal-based photo Fenton-like systems.2 63 

Covalent organic frameworks (COF) are a class of surprisingly unique class of materials which 64 

are environmentally friendly carbonaceous materials. Owing to the ordered porosity and extremely 65 

high porosity, COFs are recently gained much attention over a wide range of applications such as 66 

adsorption, separation/purification, and catalysis (electro, photo-,8 and electrochemical). 67 

Additionally, the visible light absorbing semiconducting properties in COF materials additionally 68 

blown up the interests in several optoelectronic applications especially in metal photocatalysis. 69 

However, the inherent properties of such a wonder material are still unexplored specially for the 70 

of COF materials. However, the notion of extended conjugation, decreased electron-hole 71 

recombination, and suppressed photo-corrosion are the only known strategies for improving the 72 

photocatalytic activities of novel COF-based materials. This includes functional group or side 73 

chain modulation,9 elemental doping of non-metals10 and metals11 incorporation of light 74 

sensitizing co-catalyst12, nanoconfining,13 construction of hybrid structures are believed to provide 75 

versatile strategies for improved photocatalysis.14 Through effective charge carrier separation and 76 

hence mobility, COF materials can be carefully designed to easily improve photocatalytic 77 

performance. 78 

Mechanical stimuli are alternative techniques that often-reported changes optical properties of 79 

semiconducting materials. The molecular packing of materials is easily altered under application 80 

of mechanical stimuli and thus optical band positions of materials.15  Application of an external 81 

stimuli includes shearing, grinding16 or rubbing, results reversibly or irreversibly undergo 82 

planarization of twisted conformation as a result in changed absorbance or emission properties.17 83 



As a proof of concept, we prepared anthraquinone incorporated COF which was mechanically 84 

pulverized and showed highly efficient photocatalytic activities for decontamination 85 

environmental pollutants. The photophysical properties of the pulverized COF showed the highly 86 

efficient electron and hole separation and transfer abilities as compared to the pristine COF. 87 

Accordingly, we observed highly appealing results in photo Fenton-like degradation for 88 

decontamination of organic pollutants as well as photoreduction of carcinogenic strong inorganic 89 

oxidants (here, hexavalent chromium). The activity of the pulverized COF reaches the apparent 90 

quantum yield up to 41% for Fenton-like degradation even at very low concentrations. As per the 91 

author knowledge, the photo Fenton-like activities of pulverized COF is highest amongst the 92 

reported literatus so far. The outstanding performance of the metal free photocatalyst does not 93 

require to adjust pH by external means unlike the metal based photocatalysts. The superior 94 

activities with several times of recyclability additionally demonstrated an indispensable 95 

photocatalysts could be obtained via the pulverization technique. Furthermore, the photocatalyst 96 

outperformed in a continuous flow reactor, demonstrated the photocatalyst could be a viable 97 

candidate for long-term industrial scale implementation. Additionally, a very high photoreduction 98 

rate was also observed for hexavalent chromium which was significantly better than the parent 99 

COF without application of external sacrificial agents. 100 

Materials and reagents 101 

2,6-Diaminoanthraquinone (97.0%, DAAQ), rhodamine B (>98.0 %(T), RB) and crystal violet 102 

hydrate dyes were purchased from Tokyo Chemical Industry (TCI Chemicals). 103 

Hexamethylenetetramine (>99 %, HMTA) was procured from Alfa Aesar and phloroglucinol 104 

(98 %) was purchased from Avra. Methylene blue was purchased from Rankem, methyl orange 105 

(>98.0 %, MO) from Merck Life Science Private Limited India. 1,5-Diphenylcarbazide, sodium 106 

azide (NaN3), coumarin (≥99%, HPLC), ethylenediaminetetraacetic acid disodium salt (EDTA-107 

2Na), potassium dichromate (K2Cr2O7), sodium hydroxide (ACS reagent, ≥97.0 %, NaOH pellets), 108 

and reagent grade p-Benzoquinone (≥98% purity, p-BQ) were purchased from Sigma-Aldrich. 109 

Trifluoroacetic acid (>99.0%, TFA), dichloromethane (>99.5 %, DCM), tert-butyl alcohol (TBA) 110 

and N, N-dimethylformamide (99.5%, DMF) were purchased from SRL Chemicals. Acetone and 111 

isopropyl alcohol (IPA) were purchased from SD Fine Chemical Ltd. Glacial acetic acid (Reagent 112 

Plus® ≥ 99 %) from CDH fine chemical, India pvt. Ltd, sulfuric acid (H2SO4), hydrochloric acid 113 

(HCl, 35-38%) and hydrogen peroxide (30%, H2O2) were from SD Fine Chem Ltd (SDFCL). 114 

Absolute grade ethanol was purchased from CDS Analytical. Ultrapure water (Millipore System, 115 

18.2 MΩ cm) was used until and unless specified otherwise. The connections in flow channels 116 

were established using silicon-based tubing (0.8 mm ID), which was purchased from Polymax 117 

Elastomers Pvt. Ltd. All the reagents are commercially available, analytically pure and used as 118 

received without further purification. 119 

Characterization 120 



The materials were carefully characterized using a variety of sophisticated techniques. Rigaku 121 

SmartLab 9 kW rotating anode set with Bragg-Brentano configuration was used to acquire the 122 

powder X-ray diffraction (pXRD) data. The setup used a Cu-sealed tube (Cu K X-rays of 0.1542 123 

nm) that worked at 100 mA and 45 kV. The scattering range for the samples was 3 to 50° while 124 

the scan rate was 2° per minute (step size: 0.02°). The Fourier transform infrared spectra (FT-IR) 125 

were recorded using Perkin Elmer spectrum Two attached with LaTiO3 MIR detector. Spectra 126 

were acquired in the range of 4000-400 cm-1. The NMR spectrum in the solid state (SS-NMR) was 127 

recorded using Bruker AVANCE HD 500MHz FT-NMR spectrometer, equipped with 4 mm 128 

broadband CP-MAS solid probe. The samples were loaded into the instrument inside of a zirconia 129 

rotor (4 mm). During the analysis, a magnetic field of 11.7 T was externally applied. By using 130 

linearly ramped cross-polarization with Magic-angle spinning (CP-MAS) at 125.79 MHz, 13C 131 

NMR spectra was evaluated. The CP contact time, flip angle, and pulse width were all set at 2 ms, 132 

90°, and 3.84 s, respectively. The material was assessed using 2048 scans with a 3 s recycle delay. 133 

Thermogravimetric analysis (TGA) was performed using Perkin Elmer Pyris 1 instrument in the 134 

temperature range of 25-600 °C. The samples were loaded on a Pt crucible and heated at the rate 135 

of 5 °C min-1 while being subjected to N2 gas at the flow rate of 20 mL min-1. The nitrogen gas 136 

adsorption-desorption isotherms at 77 K were recorded in a Quanta chrome Autosorb-iQ-MP/XR 137 

system to assess the Brunauer-Emmett-Teller (BET) surface area. Particle morphology of the 138 

samples were imaged using high-resolution transmission electron microscopy (HRTEM, FEI 139 

Tecnai G2 20 S-twin electron microscope, operated at 200 kV) and field emission scanning 140 

electron microscopy (FESEM, FEI Nova Nano SEM-450 coupled with Ametek make EDS). 141 

Thermo Scientific Nexsa surface analyzer, which was equipped with an Al-k source (with a 142 

wavelength of 0.83 nm), was used to obtain X-ray photoelectron spectra (XPS). The filament 143 

current and anode voltage were set at 6.03 mA and 1200 V, respectively. All the spectra were 144 

acquired with a pass energy of 50 eV and step size 0.1 eV. The narrow scan spectra of all the 145 

components were deconvoluted using Avantage 5.9908 curve fitting software. A modified Shirley 146 

background that applies additional limitations to maintain background intensity lower than the 147 

actual data at any point in the region was used for deconvolution. Adventitious carbon (284.8 148 

eV) was used as a reference point. Ultraviolet photoelectron spectra (UPS) were acquired using 149 

He I excitation (21.2 eV) produces ultraviolet photons (gas discharge lamp). The UV-Vis 150 

absorbance spectra were acquired using Simadzu UV-2450 spectrophotometer. Steady state 151 

photoluminescence (PL) emission spectra were recorded on a Horiba flourolog-3 using a quartz 152 

cell (1 cm) with 5/5 slit widths. The time resolved fluorescence lifetime was measured using a 153 

Pulsed LED source-equipped with Delta Flex system from Horiba Scientific. To obtain lifetime, 154 

the photon decays in various channels were fitted using bi-exponential equation with a chi-squared 155 

value ~1.2. The photocatalytic activities were examined under visible lights using a custom-built 156 

photoreactor made of 100W RGB Hi-Bay LED lights from Oreva. The intensities of LEDs were 157 

measured by using a OAI solar meter with illumination area of 4 cm2 (2 × 2 cm). The reaction 158 

temperature in the photoreactor was carefully measured using a non-contact digital laser infrared 159 

thermometer (HOLDPEAK 320 temperature gun, -30-320°C). The inductively coupled plasma-160 



mass spectroscopy (ICP-MS) measurements were conducted with Agilent 7900 instrument for 161 

quantification of Cr-content. 1H and 13C1H NMR spectra were recorded using a Jeol JNM ECX 162 

500 MHz spectrometer. HR-MS spectra were recorded on a Bruker Maxis Impact HD instrument. 163 

A programmable syringe pump (NE-300-ES, InfusionONE) from Darwin Microfluidics was used. 164 

Synthesis of DAAQ-TFP COF: 165 

DAAQ-TFP COF was synthesized via polycondensation between 2,6-diaminoanthraquinone 166 

(DAAQ) and 1,3,5-Triformylphloroglucinol (TFP).18 In brief, DAAQ (68 mg, 0.284 mmol) and 167 

TFP (40 mg, 0.192 mmol) were taken in a Pyrex sealed tube (25 mL, 2 × 12.5 cm). The powders 168 

were properly mixed via a mechanical vortex shaker under dried condition for 5 min. To ensure 169 

an even dispersion of the reactants during the ongoing shaking process, N, N-dimethylacetamide 170 

(DMA, 1 mL) was added very quickly, followed by the addition of acetic acid (0.1 mL, 6 M). The 171 

reaction mixture was sealed with an airtight cap and heated at 120 ℃ for 2 days. After completion 172 

of the reaction, the dark brown colored precipitate was filtered off from the supernatant and washed 173 

several times using N, N-dimethylformamide (DMF). Finally, the precipitate was frozen at -80 °C 174 

and dried for two days by the lyophilization process. 175 

Synthesis of deformed DAAQ-TFP (dDAAQ-TFP): 176 

Distortion in DAAQ-TFP was induced using a solvent assisted mechanical grinding process. 177 

Typically, the DAAQ-TFP COF (0.5 g) was taken in a clean agate mortar (8 cm × 6.5 cm × 1.8 178 

cm). The material was consistently pulverized in a circular direction using a pestle. IPA (500 μL) 179 

was added to the material during the pulverization process over 90 min to prevent total drying. 180 

Lastly, the material was dried at 50 ℃ in a hot air oven. It was used directly for characterization 181 

and photocatalytic applications without any purification. The pulverized material will be labelled 182 

as dDAAQ-TFP in the article. 183 

Photoelectrochemical Measurements 184 

Transient photocurrent and electrochemical impedance spectroscopy (EIS) were measured using 185 

an Autolab electrochemical analyzer equipped with a standard three-electrode setup. Pt wire was 186 

used as the counter electrode and an Ag/AgCl (saturating KCl) electrode as the reference electrode. 187 

A 100 W visible light emitting LED was used as a source of illumination that was kept at a distance 188 

of 10 cm from the working electrode. The synthesised materials (5 mg) were thoroughly mixed 189 

with Nafion solution (5 wt%, 20 μL) and IPA-distilled water (480 μL) to create the ink. An F-190 

doped SnO2-coated glass (FTO glass) electrode (1.5 × 2.5 cm) with an active area of approximately 191 

1.5 cm2 was used to drop-cast the prepared ink. The transient photocurrent measurement was 192 

performed under an applied bias of 0.5 V. The EIS measurements were performed with an AC 193 

amplitude of 10 mV and a frequency range of 100 kHz to 0.1 Hz at a polarisation potential of 0.5 194 

V. The electrolyte used in both studies was an aqueous solution of Na2SO4 (0.1 M). 195 

Results and discussion 196 



The DAAQ-TFP was synthesized via irreversible polycondensation reaction between TFP and 197 

DAAQ according to the literature with some modifications.18 Chemical structure of the COF is 198 

depicted in Scheme 1. Deliberate mechanical pulverization was employed to tune the optical 199 

property of the pristine COF. Extensive characterization of the dDAAQ-TFP was performed to 200 

understand the change in physico-chemical properties of the material, as a consequence of the 201 

mechanical grinding. A brick red colored DAAQ-TFP turned to dark red by extensive grinding of 202 

90 min.  203 

 
Scheme 1: (a) Schematic representation of DAAQ-TFP synthesis and (b) preparation of dDAAQ-TFP 

via post mechanical deformation of DAAQ-TFP. 

 204 

Comparison of the FTIR spectra (Figure 1a) of the reactants and the COF revealed the formation 205 

of the β‑ketoenamine-linked DAAQ-TFP. This is evident from the appearance of the stretching 206 

peaks at 1266 cm-1 (C-N) and ~3400 cm-1 (N-H).19 DAAQ shows two characteristic stretching 207 



peaks for primary amines (-NH2) at 3500 and 3400 cm-1. These peaks disappeared on COF 208 

formation. Peak corresponding to CH=O stretching (2889 cm-1) of the TFP also disappeared. The 209 

mechanical pulverzation did not alter the chemical integrity of the COF as the FTIR spectrum of 210 

dDAAQ-TFP was similar to the parent COF.17 211 

 
Figure 1: Chemical structure analysis before and after mechanical grinding: (a) FTIR analysis, (b) β-

ketoenamine linkage of dDAAQ-TFP confirmed via 13C CP-MAS solid-state NMR spectrum, (c) XPS 

survey spectra and the narrow scan spectra of (d) O1s and (e) N1s. 

 212 

Solid state 13C CP-MAS NMR spectroscopy of dDAAQ-TFP was performed (Figure 1b). The 213 

characteristic signals at 118 ppm (=CNH, α-enamine), 144 ppm (C*=CNH, β -enamine) and 181 214 

ppm (C=O, carbonyl group) can be assigned to the presence of β-ketoenamine-linkage. 215 

Additionally, we observed a characteristic resonance peak for C=O (180 ppm). This reveals that 216 

the dDAAQ-TFP is constituted with anthraquinone-based building blocks in the framework. 217 

Besides this, the NMR spectrum showed three minor signals at 102, 147 and 175 ppm because of 218 

the coexistence of both enolic and ketonic forms of dDAAQ-TFP.19,20  219 

 220 

XPS survey spectra of the pristine and grounded COF revealed the presence C1s, Ns and O1s as 221 

shown in Figure 1c. Further, narrow scan spectra of O1s and N1s are shown in Figure 1d and 1e 222 

respectively. N1s spectra showed two peaks at 400.2 eV (C-N-H) and 399.7 eV (C=N) respectively 223 

corresponding to the keto and enol forms of DAAQ-TFP. Similarly, the O1s spectrum which 224 

showed the corresponding peaks at 531.2 (C=O) and 533 eV (C-OH) respectively for keto and 225 

enol forms.19, 21 The functional groups remained the same after extensive grinding of DAAQ-TFP. 226 

However, the keto form (C=O, 531.2 eV) in O1s and enol form (C=N, 399.7 eV) in N1s were 227 



shifted to lower binding energies in DDAAQ-TFP. This may be due to the extension of bond 228 

lengths specifically after post-grinding process (Figure 1d, Figure 1e and Table S1). 229 

Solid state characteristics of the COF was assesses using pXRD pattern as shown in the Figure 2a. 230 

Both the materials showed identical diffraction patterns. The peak at 2θ ≈ 3.4 corresponding to the 231 

(100) planes was observed as reported.19 Additionally, a broad diffraction peak was observed in 232 

the range of 5-15˚. The relative intensities and positions matched well with the staggered AB 233 

stacking of the simulated pattern. The presence of a broad peak at 2θ ≈ 27.5˚ further indicates the 234 

layered structure of the COFs, which is due to the interlayer π-π stacking of the (001) planes. 235 

Distance between the layers was calculated to be ~3.2 Å in DAAQ-TFP. However, the intensity 236 

was moderately reduced and the peak shifted to 2θ ≈ 26.6 after extensive grinding (see inset Figure 237 

2a). Thus, grinding increases the inter-layer distance to ~3.4 Å. Moreover, changes in structural 238 

aggregation and dislocation of layered structures are also expected due to the applied shearing 239 

force.22 240 

Both the DAAQ-TFP and dDAAQ-TFP showed type I reversible isotherms as shown in Figure 241 

2b, attributed to their microporous frameworks. The correlation coefficients of each material 242 

validate our experimental analysis (Figure S2a and Figure S2b). DAAQ-TFP and dDAAQ-TFP 243 

COFs have BET surface areas of 552 and 265 m2/g respectively. Both the microporous and external 244 

areas (Table S2) as well as microporous volumes decreased due to grinding. As evident from the 245 

pore size distribution plots (Figure 2c and Figure 2d) both the as synthesized and ground COF 246 

have pore diameters mostly located between 1 and 1.6 nm respectively (see Figure S3). The 247 

observed reduction in surface area as well as alteration of pore volumes could be ascribed to 248 

shearing dislocations, folding, and deformations of 2D-layered structures as speculated in the 249 

literature.22 250 

 251 



 
Figure 2: Comparison of (a) pXRD patterns and (b) adsorption-desorption isotherm of DAAQ-TFP and 

dDAAQ-TFP COFs via BET surface area analysis, BJH and NLDFT methods for pore size distribution 

of (c) DAAQ-TFP and (d) dDAAQ-TFP. 

 252 

DAAQ-TFP COF particles possess nanofibrous morphology as shown in the Figure 3, which is 253 

similar to the previous report.19 Average diameter of the 1-D structures was found to be ∼72 ± 32 254 

nm (Figure S4). However, the mechanical grinding led to the formation of 2D-flakes due to the 255 

lateral fusion of fibres.23 The fused aggregated structure of the nanofibers could be clearly 256 

visualized using high resolution TEM (Figure 3b and Figure 3e). 257 

Further, thermal stability of the DAAQ-TFP COF was slightly decreased on grinding. This was 258 

evident from the early onset and completion of mass loss for DDAAQ-TFP than the pristine COF 259 

(Figure S5). This could be the reduced interlayer interactions in dDAAQ-TFP than the rigid 260 

DAAQ-TFP. 261 

 262 



 

Figure 3: Particle morphology of DAAQ-TFP before and after PMD process: FESEM images of: (a) 

DAAQ-TFP & (b) dDAAQ-TFP, TEM images of (b) DAAQ-TFP & (e) dDAAQ-TFP and EDS-elemental 

mapping of: (c) DAAQ-TFP and (f) dDDAQ-TFP.  

 263 

The pristine as well as grounded COF showed broad optical absorption ranging from UV to NIR 264 

as shown in Figure 4a due to the extended π-conjugation. However, the λmax of DAAQ-TFP at 265 

⁓505 nm shifted to ⁓480 nm on grinding. This could be due to the H-type aggregation of fibrous 266 

structures that might have developed after mechanical grinding.17 Alternatively, the formation of 267 

2D structures due to grinding also can lead to hypochromic shift (25 nm) due to quantum 268 

confinement. Similar findings were reported for g-C3N4.
24 The quantum confinement was also 269 

evident from the reduced absorbance in the NIR region (645 - 1100 nm). Ultraviolet photoelectron 270 

spectroscopy (UPS) survey spectra comparing the valence band maxima (VB) of the COFs are 271 

shown in Figure 4b. Remarkably, the mechanical grinding induced dramatic change in VB 272 

positions. DAAQ-TFP shows VB at +1.1 eV (vs Ef) that was significantly reduced to +0.8 eV (vs 273 

Ef) for the identical kinetic energy cut off value of 16.4 eV (right inset Figure 4b). 274 



 
Figure 4: Energy diagram for DAAQ-TFP and dDAAQ-TFP: (a) UPS spectra, (b) REEL spectra and (c) 

schematic representation of energy level diagram comparing the effect of PMD process obtained from 

UPS and REELs measurements. 

 275 

Figure 4c shows a typical reflected electron energy loss spectrum (REELS) of the materials to 276 

investigate the absolute surface band gaps of the materials.25 The dominant peaks due to elastically 277 

scattered electrons (Rayleigh line) and the inelastically scattered electrons appeared in the spectra. 278 

Onset value of the Rayleigh line determines the photoelectrical band gap. Thus, the band gap for 279 

DAAQ-TFP and dDAAQ-TFP was found to be 2.02 and 2.07 eV respectively. The band gap 280 

increment on mechanical grinding, through very minimal, signifies the hypochromic shift that was 281 

observed in the absorbance spectra. The conduction band (CB) minima for both the materials were 282 

calculated using the empirical formula: CB = VB - ∆E.21 The calculated CB for DAAQ-TFP and 283 

dDAAQ-TFP were found to be -0.62 and -0.97 (eV vs Ef) respectively. The band positions were 284 

also determined with respect to vacuum vs NHE (0 V vs NHE is equivalent to -4.5 eV vs 285 

vacuum).26 The band positions\ are summarized in the Table S3 and the Figure 4d. The results 286 

for DAAQ-TFP closely matched with the previous literature.19 287 



 
Figure 5: photo- and photoelectrochemical properties of DAAQ-TFP and dDAAQ-TFP: (a) PL spectra, 

(b) Lifetime measurement, (c) photocurrent measurement, (d) Nyquist plot for EIS spectra. 

 288 

Photoluminescence spectra: 289 

The ability to generate electrons and holes on exposure to light is the characteristic property of any 290 

photocatalyst. One of the key reasons for lowered efficiency of photocatalysts is the recombination 291 

of electrons and holes to excitons (bounded electron-hole). The recombination is associated with 292 

intense photoluminescence (PL). Therefore, steady state PL spectra were acquired to evaluate the 293 

stability of the photogenerated charges from the material and shown in Figure 5a. The DAAQ-294 

TFP showed broad and intense emission spectrum at ~530 nm. In contrast, the PL intensity is 295 

significantly reduced for dDAAQ -TFP. This implies that the dDAAQ-TFP produces stable 296 

electrons and holes than DAAQ-TFP.27 Furthermore, dDAAQ-TFP showed red shifted emission 297 

spectra by ∼102 nm which possibly is due to the molecular aggregation as evident from the 298 

electron micrographs (Figure 3b and Figure 3e). The blue shift in absorbance spectrum and 299 

corresponding red shift in the PL spectrum confirms the H-type aggregation of COF fibres on 300 

grinding.17 A relatively narrow peak was also observed at lower wavelength region (~478 nm) 301 



corresponding to the water Raman scattering due to the molecular valence vibration of -OH 302 

functional group.28 303 

To validate improved electron-hole separation efficiency, the relaxation pathways of the 304 

photoexcited electrons were probed using time resolved emission spectroscopy (TRES). The 305 

lifetime decay profiles were fitted with bi-exponential function for both materials indicating two 306 

types of relaxation process of the excited electrons (Figure 5b). Initially, the average lifetime of 307 

as prepared DAAQ-TFP was 0.152 ns which was increased to 0.210 ns after mechanical 308 

aggregation process. This undoubtedly indicates the ground COF provides enhanced electron-hole 309 

pair stability than DAAQ-TFP.29 310 

Further, a transient photocurrent response of the DAAQ-TFP and dDAAQ-TFP materials was 311 

measured over several on-off irradiation cycles to assess the effectiveness of electron-hole 312 

separation. It is evident from the Figure 5c that the current density of the ground material is 313 

significantly higher than the pristine COF. Evidently, the dDAAQ-TFP showed better photocurrent 314 

responses than the DAAQ-TFP implying the generation of more charges on exposure to light. 315 

The carrier charge dynamics of the materials were verified via the electrochemical impedance 316 

spectroscopy (EIS) in a three-electrode cell system. DAAQ-TFP and dDAAQ-TFP exhibited 317 

semicircular Nyquist plots as shown in the Figure 5d. dDAAQ-TFP exhibited an excellent reduced 318 

resistance than DAAQ-TFP irrespective of the dark or light conditions. This further clarifies a 319 

sluggish relaxation of charge carriers via self-recombination process in case of dDAAQ-TFP than 320 

DAAQ-TFP. 321 

Photocatalytic activities of COF materials: 322 

a) Photocatalytic reduction of hexavalent chromium: 323 

Chromium is a lustrous metal that resists chemicals from corrosion and thus provides a lifetime 324 

durability in a variety of daily used commodities (e.g., stainless steel, leather tanning, photographic, 325 

etc.). Due to their increased use, industrial discharge of hexavalent chromium (Cr6+) into the 326 

environment is a great concern. Cr6+ is toxic, mutagenic, and carcinogenic and it can easily enter 327 

the food chain.30 The recommended permissible limit for Cr6+
 in drinking water is 0.05 ppm.31 328 

Several strategies are being employed to eliminate Cr6+, including reduction to Cr3+, which is many 329 

folds lees toxic than Cr6+.32 Furthermore, Cr (OH)3 is a solid precipitate which can easily be 330 

removed from water.33 In fact, trace amounts of Cr3+ is an essential mineral for human diet.34 To 331 

validate our observations, the COF materials were applied for photocatalytic reduction toxic 332 

chromium (Cr6+) as anthropogenic pollutants. The removal of Cr6+ concentration was 333 

calorimetrically determined using 1,5-diphenyl carbazide (DPC) method. In acidic medium, Cr6+ 334 

oxidizes DPC to 1,5-diphenylcarbazone (DPCA) resulting a purple colored Cr3+-DPCA complex 335 

with maximum absorbance at λmax = 540 nm (Eq. 1).35 Thus, the decrement of the absorption peak 336 

over time was assessed for the evaluation of Cr6+ removal. 337 

𝐶𝑟6+ + 𝐶𝑜𝑙𝑜𝑟𝑙𝑒𝑠𝑠 𝐷𝑃𝐶 +  𝐴𝑐𝑖𝑑 → 𝑝𝑢𝑟𝑝𝑙𝑒 𝐶𝑟3+ − 𝐷𝑃𝐶𝐴 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 Eq. 1 
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Figure 6: (a) Photocatalytic reduction of Cr6+ using DAAQ-TFP and dDAAQ-TFP; (b) reduction in 

absence of photocatalyst and, (c) XPS analysis of Cr2O7
2- (before) and Cr3+ after photocatalytic reduction 

using dDAAQ-TFP (top) and DAAQ-TFP (middle) under white LED. Reaction condition: [Cr6+] = 30 

ppm, [dDAAQ-TFP] = 0.1667 mg mL-1, white light, pH = 3, and T = RT. 

 339 

Initially, COF materials in Cr6+ solution was stirred under in dark to achieve adsorption-desorption 340 

equilibrium (Figure 6a). Cr6+ is barely adsorbed by the COF materials under dark conditions. Even 341 

after 50 minutes, only ~3% of Cr6+ is adsorbed in case of DAAQ-TFP while dDAAQ-TFP did not 342 

show any noticeable sorption. DAAQ-TFP is constructed with ordered porosity assembled by π-343 

π* stacking of hexagonal layered structures. Therefore, a relatively higher adsorption was observed 344 

that could be due to the higher BET surface area as discussed earlier (Figure 2b-d). As evident 345 

from the XRD analysis, the PMD of DAAQ-TFP the porous cylindrical alignment of DAAQ-TFP 346 

affected sorption of Cr6+. After the saturated adsorption-desorption equilibrium, the reaction 347 



mixture was exposed to visible light. A comparative Cr6+ reduction efficiency was evaluated using 348 

the empirical relation below (Eq. 2):36 349 

𝑃ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑐𝑛𝑦 (%) = (
𝐶0 − 𝐶𝑡

𝐶0
) × 100% Eq. 2 

Remarkably, dDAAQ-TFP was able to reduce more than 96% of Cr6+ in 90 minutes. While DAAQ 350 

showed almost complete reduction in 210 minutes as shown in Figure 6a. Inset showing typical 351 

discoloration of the pink Cr3+-DPCA complex.  It is worthy to mention that no evidence of 352 

reduction was observed in absence of the photocatalysts (Figure 6b). This indicates the 353 

photoreduction is only induced in presence of photocatalysts. Nevertheless, dDAAQ-TFP gains an 354 

advantage over time in the reduction of Cr6+. This could be fact that the mechanical grinding of 355 

DAAQ-TFP also enhances photoreduction ability. It is evident that reducing Cr6+ produces lower 356 

oxidation states for Cr-species. The reduction of Cr6+ to Cr3+ requires a potential of 1.33 V vs 357 

NHE.32,37 After complete reduction, the catalysts were separated via centrifugation of reaction 358 

mixture from the reaction mixture. XPS analysis was performed immediately after completion of 359 

the reaction (Figure 6c. Typically, Cr6+ shows two characteristic signals at 579.8 and 589 eV 360 

which corresponds to spin-orbit coupling for 2p3/2 and 2p1/2 respectively. Interestingly upon 361 

photoreduction process, the signals were significantly shifted to lower binding energy positions 362 

(577.7 and 587.3 eV). This result implies the effective photoreduction Cr6+ under visible light 363 

irradiation.36 The Photocatalytic reduction of hexavalent chromium is compared with the literature 364 

which clarifies a comparable photocatalytic activity as shown in the Table 1. 365 

Table 1: Comparison for visible light active photocatalysts for reduction of hexavalent chromium. 

Sl. 

No. 

Photocatalysts [Cr6+] 

(mg L-1) 

[Catalyst] 

(mg mL-1) 

Source Time 

(min) 

Efficiency 

(%) 

Year 

1. TPB-BT-COF* 10 1 
Xe lamp (> 

400 nm) 
75 99 201932 

2. TAPT-BT-COF* 10 1 
Xe lamp (> 

400 nm) 
105 80 201932 

3. P-FL-BT-3* 25  1.2 W/cm2 120 100 201538 

4. g-C3N4
# 10  - 180 50 201739 

5. Py-SO1
# 10 0.1 

300 W(> 420 

nm) 
90 93 202240 

6. 
Poly (Triazine 

Imide) 
10 0.2 

Xe lamp (>400 

nm) 300 W  
120 44 201941 

7. NC350# 50      

8. 
(SCN)n polymer 

(2.0)# 
10 2 

LED (300 W, 

420 nm) 
120 ~98 202042 

9. RP-AP-0.5# 60 1 
 350 W, >420 

nm 
120 >98 202143 

10. 
BUC‐21/g‐C3N4 

(B100G100)# 
10 0.25 

Xe lamp (500 

W, >420 nm) 
120 100 201844 



11. BUC‐21 10 0.25 
Xe lamp (500 

W, >420 nm) 
120 13 201844 

12. Siloxene sheets 10 0.1 - 60 >99 202145 

13. dDAAQ-TFP#   
LED (100 

W, >400 nm) 
  

This 

work 
*Inert atmosphere. 
#Acidic pH. 
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b) Photo-Fenton like reactions: 367 

Industrialization led to production of the various complex pollutant day by days. It needs cutting-368 

edge technologies to protect the drinkable water from these types of pollution. Fenton-reactions 369 

are traditionally used as advanced oxidation process for decontamination of pollutants. Owing to 370 

the exceptional aqueous stability, semiconductivity, heterogeneity, and high reactivity, we 371 

carefully examined for Fenton-like degradation of organic pollutants. Accordingly, the materials 372 

were further employed for photo Fenton-like activities under visible light. The photoactivation of 373 

peroxide was evaluated by considering methyl orange (MO) as a model organic pollutant. To 374 

determine the adsorption capacities of COF materials, equilibrium adsorption-desorption 375 

experiments were conducted in dark. After 60 minutes of stirring, equilibrium was reached. 376 

Despite of exceptionally high surface area, the materials are mediocre for the MO adsorption (only 377 

<2%). The inferior sorption of the materials can be ascribed to the identical surface charges of the 378 

materials as of MO (an anionic organic pollutant) as evident from the zeta potential experiment. 379 

Further, the porosity of the sorbent materials affects the sorption behaviour as well as the size of 380 

the molecules adsorbed. Based on the BET pore diameter analysis, COF materials have narrower 381 

pores that cannot accommodate larger MO molecules (ca. 1.31 × 0.55 × 0.18 nm).46 After 382 

adsorption saturation, the reaction was continuously stirred under a source of visible light 383 

illumination. Decrement of MO concentration is alternatively representing the generation of highly 384 

reactive oxygen species (ROS). After 240 minutes of irradiation, the removal efficiency of the 385 

DAAQ-TFP was only ~24% while ~84% for dDAAQ-TFP (Figure S7). The photocatalytic 386 

degradation results were well fitted with pseudo first-order kinetics (Figure S8). DAAQ-TFP 387 

showed an apparent rate constant value (k) of 8.20 × 10-4 min-1 which is significantly improved to 388 

7.85 × 10-3 min-1 upon mechanically grinding process. The degradation ability of dDAAQ-TFP is 389 

~9.5 times higher than the DAAQ-TFP. For an ideal Fenton or Fenton-like reactions, the ability 390 

of degradation of analysts is much improved when H2O2 like agent are added to the reaction system. 391 

In fact, such catalysts produce highly reactive oxygen species (ROS) via activating less/non-392 

reactive species (here, H2O2). Therefore, to examine the ability to activate H2O2, the degradation 393 

was further evaluated by varying the H2O2 concentrations from 0.15 to 0.9 M at the identical 394 

parameters. As expected, the removal efficiencies were significantly accelerated after addition of 395 

H2O2. It is evident from the Figure S9 that the removal efficiencies were boosted to ~42% and 396 

~70% respectively for DAAQ-TFP and dDAAQ-TFP only in 30 minutes. Further increasing the 397 

concentration of H2O2 is also greatly enhanced the removal efficiencies. In particular, DAAQ-TFP 398 



and dDAAQ-TFP showed a maximum of ~85% and ~95.4% of removal efficiencies respectively 399 

at the higher H2O2 concentration (0.9 M). It could be observed that the dDAAQ-TFP outperformed 400 

higher removal efficiency than DAAQ-TFP even at lower concentrations of H2O2. The slow 401 

increment of removal efficiency at the expense of higher H2O2 amount is probably due to the self-402 

scavenging of •OH radicals as expressed by the equations (Eq. 3 and Eq. 4).5,6 The evidence of 403 

•OH production is discussed further in the later section. 404 

H2O2 +  ̇OH →   ̇OOH + H2O Eq. 3 

̇OOH +   ̇OH →  H2O + O2 Eq. 4 

H2O2 slowly undergoes photolysis when exposed to light especially lower wavelengths (λ < 400 405 

nm).37 To validate the photocatalytic activities that outstripped by the photocatalysts, we 406 

performed the reactions in the absence of photocatalysts. Remarkably, only 3.5% efficiency was 407 

observed in dark which was accelerated to 17% after light illumination for 30 minutes (Figure 408 

S10). The results undeniably confirm the Fenton-like reactions predominantly due to the 409 

photocatalysts. 410 

 



Figure 7: Photocatalytic Fenton-like reaction for various organic pollutants. (a) RhB, (b) CV, (c) MB 

and (d) activities of DAAQ-TFP and dDAAQ-TFP for various organic pollutants. Reaction conditions: 

[Pollutant] = 98.2 ppm, [H2O2] = 0.15 M, photocatalyst = 0.1 g L-1, white LED and T = RT. 

It is essential to optimize the amount of photocatalysts used in a Fenton-like degradation process 411 

to ensure the process is economically viable. Accordingly, the Fenton-like reaction was performed 412 

at three different concentrations of dDAAQ-TFP i.e., 0, 0.1, 0.3 and 0.5 g L-1. The higher amount 413 

of dDAAQ-TFP exponentially increases the MO removal efficiencies. A photocatalyst 414 

concentration of 0.1 g L-1 is sufficient to degrade MO considerably in a very short period (Figure 415 

S10). A reduction of ~19% MO in 60 minutes was enriched to 79% with only 0.1 g L-1 dDAAQ-416 

TFP. This clearly indicates the photocatalyst plays an essential part of the Fenton-like reactions. 417 

Concentration of catalysts usually increases reaction rate due to the availability of active sites. 418 

Nevertheless, the higher concentration of a photocatalyst sometimes educes reaction rate due to 419 

the scattering dominant phenomenon rather than light absorption.47,48 As a result, we have observed 420 

saturated removal abilities at higher catalyst amounts (Figure S11). Alternatively, this validates 421 

the Fenton-like degradation is considerably economic at lower concentrations of the photocatalyst. 422 

To examine the broad range applicability, DAAQ-TFP and dDAAQ-TFP both were employed for 423 

removal of several other common cationic organic pollutants. This includes, rhodamine B (RhB), 424 

crystal violet (CV) and methylene blue (MB). As displayed in the Figure 7, the photocatalytic 425 

Fenton-like degradation showed highly appealing results for the cationic the organic pollutants. In 426 

fact, a small-scale amount of dDAAQ-TFP (0.1 gL-1). Additionally, only 0.15 M H2O2 were 427 

required to accomplish the nearly complete degradation of the pollutants. For instance, we could 428 

achieve 96%, 99% and 98% removal efficiencies for RhB, CV and MB respectively which is just 429 

in 20 minutes of visible light irradiation. In contrast, the resulting degradation completion for 430 

DAAQ-TFP were only 74%, 72% and 57% respectively. The rate for degradation of dDAAQ-TFP 431 

is much improved that could be seen from the Figure 7. Furthermore, the curves were fitted using 432 

pseudo-first-kinetic curve fitting model by plotting -ln(C/C0) vs. t and their corresponding fitted 433 

plots are shown in Figure S12, Figure S13 and Figure S14 respectively for RhB, CV and MB. 434 

The apparent rate constants (k) of DAAQ-TFP for the various pollutants were obtained which are 435 

6.41 × 10-2 min-1, 6.07 × 10-2 min-1 and 4.14 × 10-2 min-1. In case of dDAAQ-TFP, the k values are 436 

significantly boosted to 1.71 × 10-1 min-1, 2.05 × 10-1 min-1 and 1.75 × 10-1 min-1 respectively. The 437 

differences in k values could be easily assessed from the Figure 7d. On the other hand, the 438 

performances are considerably reduced for MO (Figure S15) under the similar reaction conditions. 439 

This may be due to identical molecular charge of MO as the COF materials as evident from the 440 

zeta potential of materials. Despite of being less removal efficiency towards MO, still dDAAQ-441 

TFP showed photocatalytic activity (k = 1.82 × 10-3 min-1) than the DAAQ-TFP under identical 442 

reaction conditions (Figure S16). The removal efficiency of dDAAQ-TFP for MO, RhB, CV and 443 

MB are 1.23, 2.67, 3.38 and 4.23 times improved as compared to DAAQ-TFP. The contributions 444 

of light over total degradation of the pollutants are also evaluated after 20 minutes of reaction by 445 

using Eq. 2. It is evident from the Figure S17 that the light contribution (%) are considerably 446 

higher in case of dDAAQ-TFP than DAAQ-TFP. This evidence is proving the improved 447 



photocatalytic ability after grinding process. The increasing order of visible light utilization for 448 

various pollutants is arranged as MO < MB < RhB < CV. 449 

Impact of light towards photocatalytic reactions: 450 

To ensure the influence of visible light, the photocatalytic reactions were evaluated via several 451 

experimental analysis. Firstly, the photo Fenton-like degradation of MB was evaluated via ‘on-off’ 452 

experiment. Typically, the visible light was switched intermittently after 5 min intervals during 453 

the reaction. It could be seen that the reaction rate is nearly unchanged when the light was turned 454 

off. Surprisingly, a dramatic increase in reaction rate was observed immediately under the light on 455 

conditions. This clearly indicates the photocatalytic activity of dDAAQ-TFP is significantly 456 

influenced by visible light. In addition, DAAQ-TFP is still able to remove MB despite that the 457 

shoddier removal efficiency than dDAAQ-TFP. Eventually by mechanically grinding COF, the 458 

photo Fenton-like reaction can be greatly enhanced. The experimental results are represented in 459 

the Figure 8a. 460 

For an ideal photocatalytic system, intensity of light is directly reliant to reaction rate. Thus, the 461 

relationship between the intensity of visible light and photocatalytic activity was further illustrated. 462 

The analysis was carried out using varied intensities of 0, 0.8, 2, 12, and 18.4 mW cm-2 while 463 

maintaining the other parameters constant. The removal efficiencies of MB exhibit a direct 464 

dependence on intensities, as seen in Figure 8b. After irradiation for 25 minutes, the measured 465 

efficiencies of were found to be 6.27, 22.4, 73, 93.5 and 98.65% for 0, 0.8, 2, 12, and 18.4 mW 466 

cm-2 respectively. This is primarily caused by the larger number of photons absorbed at increasing 467 

light intensities.47,49 Initially, the efficiency was rapidly enhanced up to 2 mW cm-2 whereas a 468 

slower reaction rate is evident as the intensity increased further. The steady increment in 469 

degradation efficiency may be caused by the formation of more •OH species by the dissociation of 470 

H2O2, which are likely self-scavengers at higher intensities as discussed earlier (Eq. 3 and Eq 4). 471 

In order to assess the effectiveness of the photocatalyst, apparent quantum yield (AQY) was 472 

evaluated. It measures the number of effective photons required for photocatalytic reaction. 473 

Therefore, AQYs were determined via exciting the photocatalyst at three different monochromatic 474 

lights. For instance, we considered 454 (blue), 515 (green) and 629 nm (red) for the photo Fenton-475 

like degradation of MB. Figure 8c shows a typical setup for a photocatalytic reaction equipped 476 

with monochromatic LED source. According to the mathematical relation (Eq. S3), the AQY 477 

values were calculated for the three wavelengths. We are highly amused to report that the dDAAQ-478 

TFP showed very high AQYs under identical reaction conditions. For λmax = 454 nm, a highest 479 

AQY of 41.01 ± 1.36% which indicates the photocatalyst is highly active for solar light utilization. 480 

Evidently, the lower wavelengths of incident light exhibited higher AQYs as shown in the Figure 481 

8c. The excitation of 515 and 629 nm, the AQYs are found to be 32.87 ± 0.52 and 8.80 ± 1.41 482 

respectively (Table S4). There is no uncertainty that the dDAAQ-TFP absorbs the most lights in 483 

the shorter wavelengths and thus a larger amount of charge carriers is produced for the faster 484 

reaction rate. Further, the action spectrum was plotted in order to draw a correlation wavelength 485 



dependent efficiency of the photocatalyst. The action spectrum can be obtained by one-to-one 486 

mapping of AQY over the absorbance spectrum of the photocatalyst.47 As shown in Figure 8c, the 487 

results show that the photocatalyst is truly dependent on visible light which are reasonably 488 

appealing. Additionally, we have calculated the photocatalytic space time yield (PSTY).50 To 489 

maintain the process's environmental impact to a minimal level, PSTY implies that the energy 490 

needed to light the lamp should be reduced (see Eq. S4 and Eq. S5). The PSTY values obtained 491 

at various stimulated wavelengths are well correlated with the AQY values as summarized in 492 

Table S4. 493 

A photocatalytic reaction rate is influenced by a variety of operational parameters. This includes 494 

concentrations of pollutant, photocatalyst, peroxide, lighting source power, and reaction duration 495 

over conversion efficiency. Exclusion of any of the parameters eventually a meaningless 496 

comparison amongst documented photocatalysts. In order to establish a real-time applicability, it 497 

is strongly advised to evaluate the activity a photocatalyst with the documented literature. To take 498 

these aspects into consideration, we generated a comparison factor (CF) to serve as an example of 499 

a comparative study.47,51 The CF values are based on the ability to transform a large amount of 500 

pollutants (in the numerator) while using a minimal amount of energy and raw materials (in the 501 

denominator), as evaluated by the Eq. 5. Accordingly, CF factors of various photocatalysts were 502 

compared with the reported literatures. The CF value of dDAAQ-TFP is 10.28, which is 26582, 503 

243, 10 and 10 times greater than the COF-HTBB,7 MWCNT,3 Tp-Mela,2 and CN600,
5 respectively. 504 

Most recently, Tp-Mela COF has been shown to be a highly effective metal-free carbonaceous 505 

photocatalyst for Fenton-like photodegradation. The results are superior to those of numerous 506 

metal-based catalysts, such as FeOOH, Fe3O4, α-Fe2O3, and FeS2. We are really delighted to know 507 

that, the activity of dDAAQ-TFP even outperformed the results as shown in the Figure 8d. 508 

𝐶𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (𝐶𝐹) =  
[𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡] × 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑐𝑛𝑐𝑦

[𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡] × [𝐻2𝑂2] × 𝑆𝑜𝑢𝑟𝑐𝑒 𝑝𝑜𝑤𝑒𝑟 × 𝑇𝑖𝑚𝑒
 Eq. 5 

Evaluation of reaction mechanism: 509 

To obtain further insight into the degradation mechanism, we have performed a series of 510 

scavenging tests. For instance, gaseous oxygen (O2), deprotonated disodium 511 

ethylenediaminetetraacetate dihydrate (EDTA-Na2), p-benzoquinone (p-BQ), sodium azide (NaN3) 512 

and tert-butyl alcohol (TBA) were employed as scavenging agents for trapping excited electrons 513 

(e-), holes (h+), superoxide radical anion (O2
•-), singlet oxygen (1O2) and hydroxyl radicals (•OH) 514 

respectively. 515 

Under the visible light, the semiconducting dDAAQ-TFP (Eg = 2.07 eV) is excited forming highly 516 

reactive electrons (e-) and holes (h+) in conduction (CB) and valance band (VB) respectively (Eq. 517 

6). 518 

𝑑𝐷𝐴𝐴𝑄 − 𝑇𝐹𝑃 + ℎ𝑣 → 𝐶𝐵 (𝑒−) + 𝑉𝐵 (ℎ+) Eq. 6 



H2O2 is a stronger one electron oxidant with the potential of E0 (H2O2/•OH) = +0.71 V vs NHE].52,53 519 

The dDAAQ-TFP possesses suitable CB potentials of -0.92 V vs NHE that is sufficient for 520 

activation of H2O2 via direct single electron reduction process (Eq. 7). 521 

𝐶𝐵 (𝑒−) +  𝐻2𝑂2  →   𝑂𝐻− +  ̇𝑂𝐻 Eq. 7 

Molecular oxygen is a moderate electron scavenging agent [E0 (O2/O2
•-) = -0.33 V vs NHE]. Thus, 522 

the contribution of excited electrons was confirmed via pursing molecular oxygen gas through the 523 

reaction mixture. The rate constant of MB degradation was significantly reduced to k = 1.08 × 10-524 
1 min-1 via the oxygen reduction reaction (ORR). ORR produces weaker oxidant O2

•- (see Eq. 8) 525 

than •OH radicals (E0 = +2.8 V vs NHE).54 Alternatively, molecular oxygen suppresses the 526 

generation of •OH radicals via inhibiting the Eq. 7 and thereby reduced MB degradation was 527 

observed. The role of the O2
•- radicals was also evident. Therefore, the reaction rate was 528 

decelerated in presence of p-BQ as shown in the Figure 9a and Eq. 8. 529 

O2 +  e− →  O2
•− Eq. 8 

Furthermore, the rate constant was reduced to k = 1.42 × 10-1 min-1 and k = 8.05 × 10-2 min-1 upon 530 

addition of TBA and EDTA-2Na respectively indicating •OH and hole mediated degradation as 531 

represented in the Eq. 9 and Eq. 11. Also, the latter case implies that H2O2 is directly activated by 532 

holes forming moderately oxidizing O2
•- anionic radical according to equation expressed (Eq. 10).2  533 



 
Figure 8: Influence of visible light in Fenton-like reactions for MB degradation: (a) transient on-off 

activities, (b) impact of visible light intensities, (c) action spectrum at various wavelengths, and  (d) 

comparison of CF values. Reaction conditions: [MB]* = 98.2 ppm, [H2O2] = 0.15 M, photocatalyst = 0.1 

g L-1, LED and T = RT. 

*With the exception of MB for MWCNT, RhB was utilized to analyze CF values for all photocatalysts. 

 534 

To investigate the role of holes, we performed the Fenton-like degradation both at lower (pH = 3) 535 

and higher pH (pH = 10) than the ideal condition. The evaluated rate constants per minutes are 536 

represented in increasing order as 8.49 × 10-2 (pH = 3) < 2.05 × 10-1 (pH = 7) < 3.07 × 10-1 (pH = 537 

10). It is evident from the Figure 9b and Figure S18 that the degradation of MB is significantly 538 

improved at higher pH. Thus, it can be explained as the oxidation of OH- by photoinduced holes 539 

generates •OH radical enhances the photocatalytic degradation reaction (Eq. 11).55 This is quiet 540 

clear enough to correlate the formation of •OH via hole mediated oxidation of OH- derived from 541 

the Eq. 7. The oxidation of OH- anion is represented by the Eq. 9. On contrary, direct oxidation of 542 

H2O is not possible as the dDAAQ-TFP possessed mismatched band of +1.1 (V vs NHE) that is 543 

impossible to generate •OH radicals [E0 (H2O/•OH) = +2.80V vs NHE].52 544 

 545 



 
Figure 9: Evaluation of mechanism for photocatalytic Fenton-like reaction using dDAAQ-TFP: (a) 

contribution of various ROS with scavenging test: [EDTA-2Na] = 5 mM, [p-BQ] = 20 mM, [Oxygen] > 

1 atm, [TBA] = 20 mM and [SA] = 20 mM; (b) pH dependent study for MB degradation. Reaction 

conditions: [MB] = 115 ppm, [catalyst] = 0.1 g L-1, [H2O2] = 0.15 M, T = RT, Detection of hydroxyl 

radical using coumarin probe: (c) and (d) activity under light off and on conditions linearly fitted plot. 

Reaction conditions: [coumarin] 5 × 10-4 M, [Catalyst] = 0.1 g L-1. 

 546 

𝑂𝐻− + 𝑉𝐵 (ℎ+) → ̇𝑂𝐻 Eq. 9 

𝐻2𝑂2 +  𝑉𝐵 (ℎ+) →  O2
•− + 𝐻+ Eq. 10 

𝑉𝐵 (ℎ+)  + 𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 → 𝐷𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 Eq. 11 

It is noteworthy to mention that the photo-Fenton reactions show the higher degradation capability 547 

usually at acidic pH unlike the known literatures.2,4 dDAAQ-TFP shows highly effective activity 548 

of the photocatalyst even with high pH tolerance. In addition, it is evident from the Figure 9a that 549 

the 1O2 does not contribute to the rate limiting step which was confirmed upon trapping experiment 550 

with SA. The degradation rate was remarkably enhanced as compared to the controlled reaction (k 551 

= 2.5 × 10-1 min-1). The acceleration of MB degradation could be generation of azide radicals (•N3). 552 

SA produces •N3 radicals, which could be is a secondary reactive species for MB degradation as 553 

reported.56 554 



 
Scheme 2: Plaussible mechanism for photocatalytic reduction and Fenton-like reactions. 

 555 

The evidence for generation of •OH and O2
•- generation was further clarified via a probe-radical 556 

integration experiment using fluorescence spectroscopy.57 Coumarin (CM) was used as a selective 557 

probe to examine their generation in photocatalytic system. In fact, these radicals react with less 558 

fluorescent coumarin molecules and produces highly fluorescent 7-hydroxycoumarin adduct (7-559 

HCM) that emits at ~λmax = 457 nm. Initially, 7-HCM adduct produced was insignificant under 560 

dark conditions as shown in the Figure 9c and Figure 9d. When the light was turned on, the 561 

fluorescence intensity was linearly (linear fit, R2 = 0.99782) increased. The higher the 562 

concentration of the radicals produced implies higher concentrations of the coumarin oxidation. 563 

Thus, the results clearly confirm the contribution •OH and O2
•- towards MB degradation via 564 

photocatalytic activation of H2O2. In summary, dDAAQ-TFP generates electron and holes when 565 

excited with the energy ≥2.07 eV, i.e., the band bap of dDAAQ-TFP. The excited electron and 566 

holes respectively produce •OH and O2
•- radical species via activation of H2O2. Eventually, the 567 

degradation of organic pollutants is caused by the generation of highly reactive oxygen species. 568 



Given the information from the aforementioned studies, the schematically depicted mechanism for 569 

both the reduction of Cr6+ (left) and Fenton-like reactions (right) as shown in the Scheme 2. 570 

Visible light irradiation often undergoes photobleaching of colored organic pollutants instead of 571 

complete degradation.58,59 For instance, when exposed to visible light, MB is converted to the 572 

colorless leuco-MB (LMB) form by transferring an excited electron. In contrast, the color could 573 

be regenerated under the exposure of air. This is possible via back electron transfer from LMB to 574 

the photocatalyst reversibly under the influence of oxygen. To examine the reversibility in the 575 

photo Fenton-like reaction, we employed the degradation and regeneration experiments initially 576 

in absence air and then switched to pursing O2 atmospheres subsequently. As anticipated, after 25 577 

minutes of irradiation, a sequential MB deterioration was observed (>99%) with absence of air. 578 

Conversely, despite constant oxygen infusion into the degraded solution, we did not observe 579 

color reappeared. This was further confirmed by using absorbance spectroscopy as displayed in 580 

the Figure S19. Therefore, dDAAQ-TFP induces photocatalysis rather than photobleaching under 581 

visible light. 582 

Recyclability and reusability test: 583 

One of the most crucial characteristics of catalytic materials is their ability to be recycled and 584 

reused. Therefore, it is strongly advised that catalytic materials can be recovered and afterwards 585 

reused after additional cycles in order to reduce preparation time and expenses. Several well-586 

known catalytic processes utilized in the chemical industry today use metals, notably precious 587 

metals, or metal oxides as catalysts. Unfortunately, the possibility of leaching limits the use of 588 

metal-based catalytic systems for practical applications. In this instance, there are several reports 589 

that refer to potential health hazards even in the presence of residual metal content.51 Additionally, 590 

these are quite expensive and often require post-application purification using cutting-edge 591 

technologies. In contrast, metal-free systems often outperform conventional ones without the 592 

assistance of metal constituents and thereby the obvious lower risks for health and environmental 593 

issues. As previously described by Banerjee et al., the β-ketoenamine-linkage in COF materials is 594 

highly chemically stable via the combination of reversible/irreversible pathways,.60 The findings 595 

shown that such connection in imine-based COF is sustainable up to 9N in both acidic and alkaline 596 

environments. As a result, our curiosity was extended to examine the photocatalytic activities after 597 

successive cycles. We speculated that the ground form of dDAAQ-TFP could work well as a 598 

photocatalyst, particularly for Fenton-like reactions. Therefore, the ground photocatalyst was 599 

employed for Cr6+ reduction and Fenton-like degradation of MB under visible light. The 600 

photocatalytic applications were conducted similarly as discussed earlier in the ESI. As expected, 601 

the removal efficiency of Cr6+ and MB were more than 96 and 99% respectively even after 5th 602 

cycles of usages. In contrast to the photo Fenton-like reaction, a negligible weight loss was found 603 

for the photoreduction of Cr6+. Nevertheless, as can be seen from Figure S20, the results are as 604 

similar as the initial cycles. Eventually, the ground COF is proven to be a reusable and effective 605 

photocatalyst for both applications. Once the reaction was finished, the photocatalyst was 606 

recovered by centrifugation, washed properly from the reaction, and dried for the subsequent run. 607 



Additionally, the crystallinity and chemical properties of recovered materials were examined after 608 

5th cycles of application. From the powder XRD pattern, the chemical crystallinity of the imine-609 

based COF is retained especially after the photocatalytic reduction of Cr3+
 while a relatively 610 

negligible changes was observed for photo Fenton-like degradation shown in the Figure S21. 611 

Furthermore, FT-IR analysis shows the primary peaks corresponding to the C-N and C=O of 612 

dDAAQ-TFP is preserved after Fenton-like degradation. A broad stretching band at 1060 cm-1 was 613 

also observed which probably indicates the remnant molecular fragments of sulfoxide (S=O) after 614 

MB degrdation.61 Besides, a strong O-H stretching peak is also observed in the range (3725-3000 615 

cm-1) which correspond to the remnant trapped moistures. In contrast, Cr-residual was found in 616 

the XPS spectrum following the first run of the photoreduction reaction (Figure S22). The narrow 617 

scan XPS spectrum reveals the residual as Cr3+ oxidation state (inset Figure S22). Furthermore, 618 

ICP-MS analysis of the material was performed to quantify the Cr-residuals present after first 619 

cycles. Only 0.0181 ppm of the Cr-residuals were obtained in dDAAQ-TFP. It is worth noting that 620 

the effect of its presence had no apparent effect on the reduction rate even after 5th cycle of usage 621 

(see Figure S20). 622 

Photo-Fenton like activities in continuous flow approach: 623 

With the advent of flow chemistry, new opportunities have arisen regarding the commercialization 624 

of batch-processed products. Owing to the advantageous features of high efficiency, easy 625 

scalability, simple operation and low-cost technology, continuous flow reactions has proven to be 626 

an alternative strategy to excel many applications including photocatalysis. Over the past decades, 627 

photocatalytic systems are implemented in continuous flow to elevate effectivity of conventional 628 

batch reactions.62–66 Accordingly, we have extended the photo-Fenton-like experiments in a glass 629 

capillary based continuous flow micreactor (Figure 10a and Figure S24). To evaluate the effect 630 

of flow rate on the photocatalytic activities, the polluted water was flown at various volumetric 631 

flow rates (10, 100, 300 and 500 μL min-1) using a programmable syringe pump. It could be 632 

observed that the MB (98.2 ppm) is completely removed at lower flow rates i.e., 10 and 100 μL 633 

min-1. In contrast, a subsequent decrement in the photocatalytic efficiency was appeared at higher 634 

flow rates i.e., 94% and 46% for 300 and 500 μL min-1 respectively (Figure 10b). It is probably 635 

due to the longer residence time of pollutants experiences higher contact time with visible light 636 

irradiation at slower flow rate of infusion. The calculated residence times corresponding to the 637 

various flow rate was represented in Table S5.67 638 

 



Figure 10: Photo Fenton-like reaction performed in continuous flow: (a) schematic representation of 

continuous flow system, and continuous degradation organic pollutants in glass flow reactor: (b) effect 

of flow rate in MB, and (c) removal efficiency for various pollutants. Reaction conditions: [Pollutant] = 

98.19 ppm, [H2O2] = 0.15 M, photocatalyst = 0.1 g L-1, white LED and T = RT. 

 639 

It is imperative to note that the PSTY was determined to be 93.35 at 100 L min-1, which is 28 times 640 

more effective than the traditional batch technique (PSTY = 3.33). The versatility of the continuous 641 

flow photo Fenton-like degradation was also implemented to other organic pollutants as shown in 642 

Figure 10c. Under the identical conditions, the photocatalytic activities for RhB and CV were 86% 643 

and 95% at 100 μL min-1. Thus, the results show a promising photocatalytic candidature of the 644 

dDAAQ-TFP for large scale applicability. 645 

Conclusions 646 

We have demonstrated that the mechanically pulverized covalent organic framework amplified 647 

photocatalytic activities in visible light. Pulverization induces aggregation of fibrous COF that 648 

increases excited electron density for easier charge carrier mobility. In visible light, the pulverized 649 

COF shown improved stability for electrons and holes, which efficiently produces highly reactive 650 

species (e-, h+, O2
•- and •OH) via effective activation of H2O2. Even at relatively low concentrations 651 

of H2O2, the photocatalyst outperformed for a noticeably high level of pollutant degradation. A 652 

startlingly high apparent quantum yield (~41%) was still attained even with a decreased 653 

concentration of the photocatalyst. The metal-free photocatalyst alone exhibited an extremely high 654 

activity unlike the metal-based photocatalysts that requires acidic pH. The reactivity of pulverized 655 

COF is improved for photoreduction of hexavalent chromium as well. The β-ketoenamine linked 656 

COF demonstrated chemical stability and long-term usability as a heterogeneous photocatalyst for 657 

photocatalytic reduction and Fenton-like reactions. The photocatalyst additionally outperformed 658 

the Fenton-like degradation in a continuous flow system, demonstrating its potential application 659 

for industrial scalability and sustainable economic growth. 660 
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