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3. The weight ratios 1:2 and 1:8 of CuPc / ZIF-8 showed the high dye absorption activity 

4. The weight ratio 1:4 demonstrated the high photocatalytic activity 

5. The C-H activation of formamides within 30 min under the solar-simulated light, in the 

presence 0.02 mol% of Cu. 

 

 

Abstract 

A novel nitrogen doped carbon photocatalyst was successfully prepared from the carbonization of 

copper phthalocyanine (CuPc) on/in zeolitic imidazolate framework-8 (ZIF-8) hybrid. Carbonized 

catalysts derived from either ZIF-8 or CuPc exhibit poor activity towards the degradation of dyes 

(such as methyl orange (MO) and Rhodamine B (Rh B)), whereas carbonized CuPc complex 

supported on ZIF-8 exhibits extremely high performance. The weight ratios 1:2 and 1:8 of 

CuPc/ZIF-8 showed the high dye absorption activity, while the weight ratio 1:4 demonstrated the 

high photocatalytic activity in the presence of H2O2 as an oxidant. For the first time, the 

photocatalyst (Cu/N-PC) was used in C-H activation of formamides in the presence of tert-butyl 

hydroperoxide (TBHP) as an oxidant. The reaction proceeded within 30 min, in the presence 0.02 

mol% of Cu. 

Keywords: Heterogeneous catalysis; Photocatalysis; Degradation; C-H bond activation; 

Nanostructure. 

1. Introduction 

Porous carbon, a class of non-oxide porous materials, provide unique characteristics such 

as chemical inertness, easy availability, excellent mechanical and thermal stability, high 

specific surface area, low density, large pore volumes, and surface hydrophobicity [1-3]. 
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Porous carbon exhibit broad application including batteries [4], catalyst supports [5], 

chromatography columns [6], gas separation [7], fuel cells [8], and water purification [9]. 

It has been proved that heteroatom doping (e.g., boron, nitrogen, phosphorus, sulfur, etc.) 

inside the frame of porous carbons is robust access to tuning electronic properties or/and 

electrical conductivity, as well as electron-donor tendency of the porous carbons [10-13]. 

Metal–organic frameworks (MOFs) are a class of porous crystalline materials that 

consist of coordination bonds between transition-metal cations (nodes) and multitopic 

organic ligands (linkers). In the last decade, MOFs have attracted worldwide attention due 

to their topology, high surface area, high porosity, and low density. These materials have 

potential applications in catalysis, sensing, clean energy, chemical separations, gas storage, 

drug delivery, biomedical imaging, electron, ion, proton conduction and so on [14-16]. 

Recently, MOFs have been shown as new templates and reactive precursors to make porous 

carbons by direct calcination in an inert atmosphere [17]. Zeolitic imidazolate frameworks 

(ZIFs), a subclass of MOFs, are constructed from tetrahedral units, in which each metal 

atom like Zn2+ or Co2+ connects four imidazolates (im−) ligands [18]. Different from their 

MOF analogs with carboxyl-ligands, ZIFs not only exhibit exceptional thermal and 

chemical stability but also contain a rich nitrogen source in the imidazolate ligands. All 

these properties make ZIFs an excellent candidate for the construction of N-doped porous 

carbons with superior performances [19,20]. 

Metal Phthalocyanines (MPcs) as important industrial pigments have been attracted 

considerably remarkable due to excellent catalytic capability, low cost, negligible toxicity, 

high chemical, photo and thermal stability, facile preparation on a large scale, 

semiconducting properties, and most importantly intensive absorption in the red/near-
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infrared region [21,22]. MPc as an organometallic semiconductor is the widely used 

photosensitizer for the generation of singlet oxygen (1O2) because they can collect up to 

50% of the energy available in the solar spectrum [23]. The catalytic performance of MPc 

catalyst is limited by the aggregation tendency from large intrinsic π-conjugation, which 

would self-association or negatively produce inactive dimers. Additionally, the catalyst 

may also be deactivated via self-photodecomposition of MPc during the catalytic oxidation 

[24]. To solve these issues, supports like the carbon nanotube, chitosan, graphene and 

fibrous materials, including cellulose and silk have been used to immobilize MPc [25]. 

Herein, we report the novel protocol for the photocatalytic degradation of dyes and 

the C-H activation of formamides by Cu/N-PC composite under the solar-simulated light. 

The synthetic procedure of Cu/N-PC composite is illustrated in Scheme 1. Initially, the 

CuPc@ZIF-8 composite was synthesized through a solvent-impregnation together with 

milling. The CuPc was dispersed over the surface or/and filled the micropores of ZIF-8. 

Finally, the CuPc@ZIF-8 was vacuum dried and carbonized at 900ºC under the inert 

atmosphere. The weight ratio of CuPc/ZIF-8 may be one of the key parameters affecting 

the impregnated/covered of copper species in/on the ZIF-8 as well as the catalytic activity. 

In this study, different weights of CuPc were added into a fixed amount of ZIF-8 to 

investigate CuPc/ZIF-8 weight ratio in the formation of CuPc@ZIF-8 and subsequently, 

final carbonized catalyst. 

 

2. 2.Experimental 

2.1. Synthesis of copper phthalocyanine 



 5 

The mixtures of phthalonitrile (10 mmol), ammonium heptamolybdate (0.01 mmol), 

anhydrous copper(I) chloride (2.6 mmol) and nitrobenzene (15 mL) in a Schlenk flask was 

degassed several times and refluxed under the nitrogen atmosphere (190 °C) for 4h. After 

cooling to room temperature, the resulting mixture was dispersed in 80 mL toluene and 

washed with 100 mL deionized water, 300 mL sodium hydroxide 5%, 300 mL hydrochloric 

acid 10%, 400 mL deionized water and 100 mL acetone, respectively. The greenish blue 

powder was dissolved in sulfuric acid 98% and precipitated in H2O. The resulting 

precipitate was dried at 70 ℃ [26]. 

2.2. Synthesis of ZIF-8  

2-Methylimidazole (2-MeIm) (56 mmol, 100 mL of methanol solution) was 

dropping added to zinc nitrate hexahydrate (7 mmol, 100 mL of methanol solution) and 

stirred for 5 minutes, then stand for 1h at room temperature. The resulting milky solution 

was centrifuged and washed with methanol for 3 times and dried under vacuum [27]. 

2.3. Synthesis of CuX/N-PC  

To prepare the CuX/N-PC in different mass ratio, ZIF-8 (100 mg) was added to X (= 

50, 25, and 12.5) mg of CuPc (in methanol (10 mL)) and homogenized by sonication for 1 

h, and then milled in a mortar for 1h. After drying under vacuum, the resulting composite 

(CuPcX@ZIF-8) was transferred into a quartz tube and carbonized at 900 ℃ for 3 h with a 

heating rate of 5 ℃ min-1 and kept at 900 ℃ for 2h under Ar flow (yield = ~20%). The 

carbonized composite was sonicated in H2SO4 (1M) for 2h and continuously stirred at room 

temperature for 20 h to remove unstable species (yield = ~ 90%). The resulting mixture was 

washed with deionized water and dried at 70 ℃. Finally, the sample was carbonized at the 
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same heating rate and kept at 900 ℃ for 0.5h under Ar flow (yield = ~ 40% and overall 

yield = ~ 7%).  

2.4. Dye photodegradation reaction 

The solution of dye (MO (64 mg/L, 18.5 mL) or Rh B (16 mg/L, 18.5 mL)) and 

composite (0.002 g) were added in a beaker under a constant stirring condition at 500 

rmp.min-1 at room temperature under dark conditions for 0.5 h to obtain a good adsorption–

desorption equilibrium between the dye molecules and the catalyst surface. After adding 

H2O2 (1.5 mL) and exposing to a Xe lamp, 4 mL of solution separated and the concentration 

of dye was determined and recorded with a UV-Vis spectrophotometer (at lMO = 465 nm 

or lRh B = 554 nm), every 5 minutes. 

2.5. Dye absorption test in the dark 

This experiment was performed to indicate that the dye was adsorbed in the dark 

even in the presence of the catalyst, also the light was essential for efficient degradation: 

the solution of dye (MO (64 mg/L, 18.5 mL) or Rh B (16 mg/L, 18.5 mL)) was added in a 

beaker contain composite (0.002 g) and magnetically stirred at 500 rmp.min-1 at room 

temperature in the dark, every 5 minutes 4 mL of solution separated and the concentration 

of dye was determined and recorded with a UV-Vis spectrophotometer(at lMO = 465 nm or 

lRh B = 554 nm). 

2.6. General Procedure for the synthesized of enol carbamates 

β-ketoester derivative (2 mmol), formamide (54 mmol), TBHP (12 mmol) and 

composite (0.02 mol% of Cu) were mixed in a round-bottom flask (10 mL). The resulting 

mixture stirred at 70 ℃, exposed a Xe lamp, and the reaction monitored by thin layer 

chromatography (TLC). After the compilation of reaction, the reaction mixture was cooled 
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to room temperature; the organic phase was dried over anhydrous Na2SO4 and filtered. The 

crude reaction was concentrated under vacuum. The residue was purified by silica-gel thin 

layer chromatography using n-hexane/ethyl acetate (10:1) as eluent to afford the pure 

product. 

3. Results and discussion 

3.1. Characterization 

Raman spectroscopy is a powerful technique to investigate the local structure of 

carbonaceous materials [28]. The Raman spectra of N-PC, Cu0.125/N-PC, Cu0.25/N-PC, and 

Cu0.5/N-PC composites are shown in Fig. 1. All composites exhibited G and D bands in the 

Raman spectra. The G band at around 1570 cm-1 correspond to sp2-carbon in graphite 

structures and the graphitization. The D band at around 1340 cm-1 correspond to sp3-carbon 

in disordered carbon structures or doped heteroatoms [29]. The ID/IG ratio increases from 

1.13 to 1.19, 1.21, and 1.23 by increasing the weight ratio of CuPcX/ZIF-8 from X= 0, 

0.125, 0.25 to 0.5, which suggested a high concentration of defects, which possibly caused 

by the heteroatom copper [27]. Additionally, the D band enhancement indicates the 

interaction between the metal nanoparticles and graphite layer that occurs due to the 

preferential growth of nanoparticles at graphite layer vacancies [30].  

 

 

XRD measurement was done to study the crystal structure of the ZIF-8, (Fig. 2). The 

sample exhibited pure crystal with the cubic I43m group, which matched with the well-

known ZIF-8 crystal structure. After the carbonization of ZIF-8 at 900 °C, the broad 

diffraction peak centered at 2θ = 25° appeared and assigned to (0 0 2) lattice plane of the 
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graphitic carbon. Additionally, the absence of the diffraction peaks of Zn and ZnO 

impurities indicates that Zn species vaporized away along with the Ar flow during the 

thermal treatment process [31]. The XRD pattern of the carbonized CuPc (C Cu) includes 

two sets of peaks. The first one is constituted by three peaks, situated at 2θ = 43.22°, 50.37° 

and 73.99° can be assigned to the (1 1 1), (2 0 0) and (2 2 0) lattice planes of Cu (0). The 

second set of peaks located at 2θ = 36.16° and 42.14°, could be assigned to the (1 1 1) and 

(2 0 0) lattice planes of Cu2O. The appearance of the lattice planes of Cu (0) must arise 

from reduction to Cu (0) due to decomposition/deligandation during high-temperature 

treatment which was consistent with previous reports [32,33]. An apparent broad peak at 

2θ = 25° has been recorded, which assigned to the (0 0 2) facet of the graphitic carbon. The 

XRD patterns of Cu0.125/N-PC, Cu0.25/N-PC, and Cu0.5/N-PC composites showed a broad 

peak for graphitic carbon at 2θ = 25° and a set peaks for Cu2O at 2θ = 36.22°, 42.18, 

61.32, and 73.26, which could be assigned to the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) lattice 

planes of Cu2O. The absence of the diffraction peaks of metallic Cu showed that it was 

readily oxidized in air to form Cu2O. Notably, the set peaks for Cu2O in the XRD pattern 

of Cu0.25/N-PC was strong and sharp, while those in Cu0.125/N-PC and Cu0.5/N-PC appeared 

to be weak, which suggested Cu2O in Cu0.25/N-PC has a high crystalline degree. 

Additionally, the peaks at 2θ= 44° and 64° correspond to stainless steel sample holder of 

powder diffractometer. 

The isotherm of all composites exhibits a type-IV curve according to the IUPAC 

classification, which suggests the existence of mesopores (Fig. 3). After Cu doping in N-

PC, the type of hysteresis loop was changed from type-I to type-III that indicated altering 

the shape of the pores and increasing the non-uniformity size and shape the pores [34]. BET 
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surface area decreased dramatically from 1613.61 in N-PC to 868.89, 585.75 and 256.08 

m2g-1 in Cu0.125/N-PC, Cu0.25/N-PC, and Cu0.5/N-PC composites, respectively. Additionally, 

the pore volume dropped from 1.23 to 1.05, 0.58 and 0.33 m3g-1 in Cu0.125/N-PC, Cu0.25/N-

PC, and Cu0.5/N-PC composites, respectively (Table 1). These results indicate that the most 

pores of N-PC were impregnated with the Cu, or the Cu was well distributed on/in the N-

PC composite. 

 

The morphologies of all composites were characterized by the field emission 

scanning electron microscopy (FESEM). ZIF-8 owns a typical rhombic structure with an 

average size of 70 nm (Fig. 4a). After carbonization, the obtained N-PC retained the parent 

ZIF-8 morphology, but the some shrinking and deforming were observed as well (Fig. 4b). 

The impregnation/covering of Cu in/on the N-PC did not affect the morphology of 

Cu0.125/N-PC and Cu0.25/N-PC composites (Figs. 4c-d). The agglomeration in the 

morphology of carbonized catalyst was observed by the increasing of amount CuPc into 

the ZIF-8 (Cu0.5/N-PC) (Fig. 4e). 

 

The TEM images of N-PC and CuX/N-PC composites showed in Fig. 5 and Figs. S5 

and S7. The TEM image of N-PC revealed partially destroyed ZIF-8 morphologies, with 

distorted graphite structures and only a few oriented multilayer graphene domains were 

observed (Figs 5a-b), which was consistent with the previous reports [35]. CuX/N-PC 

composites exhibit a hollow bowl-like morphology (Fig. 5 c-j). 

The photoelectrochemical properties and the electronic band structure of all 

composites were further investigated through diffuse reflectance spectroscopy (DRS) (Fig. 
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6a). The distinct absorption ability was observed in the visible light region. All CuX/N-PC 

composites showed the enhanced visible light absorption in contrast to the N-PC and C Cu. 

The Cu0.5/N-PC composite exhibit the strongest visible light absorption among all samples. 

The band gap energy (Eg) was estimated from the intercept of the tangents to the plots of 

(ahv)2 vs. photon energy (Fig. 6b), and the calculated Eg value of C Cu, N-PC, Cu0.125/N-

PC, Cu0.25/N-PC, and Cu0.5/N-PC composites are around 2.91, 2.83, 2.79, 2.58, and 2.49, 

respectively. 

 

3.1. The photocatalytic activity of CuX/N-PC composites on the degradation of 

MO and Rh B 

The photocatalytic activity of the composites on the degradation of MO dye under 

the solar-simulated light was investigated (Fig. 7). First, the reaction mixture was stirred in 

the dark for 30 min to complete the adsorption/desorption equilibration of the organic dye 

by the composites. The C Cu, N-PC, Cu0.125/N-PC, Cu0.25/N-PC, and Cu0.5/N-PC composites 

absorbed around 3.65%, 88.25%, 72.98%, 3.14%, and 65.72% of MO, respectively, in 30 

min dark. The N-PC, Cu0.125/N-PC, and Cu0.5/N-PC composites showed the strong dark 

absorption. Finally, after 30 min by switching on the lamp, about 75.44% in 50 mintotal(= 30 

min dark+ under solar-simulated light), 70.99% in 50 mintotal, and 72.35% in 45 mintotal of MO removed 

on C Cu, Cu0.25/N-PC, and Cu0.5/N-PC composites, respectively. Removing MO from C 

Cu, Cu0.25/N-PC and Cu0.5/N-PC mainly attributed to the photocatalytic activity. For 

determining photo-degradation rate, the absorption of MO in the dark over the composites 

was tested (Fig. 7b). The first-order kinetic photocatalytic reaction rate constants of C Cu, 

Cu0.25/N-PC, and Cu0.5/N-PC were calculated as 0.0496, 0.0627, and 0.0551 min-1, 
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respectively (Table 2). These results indicated that the order of the rate of the photocatalytic 

activity was Cu0.25/N-PC  Cu0.5/N-PC  C Cu. 

Some controlled experiments were designed to clarify the nature of photocatalytic 

reaction over the Cu0.25/N-PC. The rate of the removal of MO was alerted to 0.0020, 0.0006, 

and 0.0186 min-1 in the absence of light (Cu0.25/N-PC and H2O2), oxidant (Cu0.25/N-PC and 

hv), and photocatalyst (H2O2 and hv), respectively (Fig. 7a). The rate of the removal of the 

MO in the absence of light was very low. Accordingly, the Cu0.25/N-PC could not catalytic 

decompose H2O2 and produced OH radicals. The removal of the MO in the absence of 

photocatalyst condition (0.0186 min-1) indicates the direct photolysis of H2O2. By adding 

Cu0.25/N-PC composite into the reaction medium, the rate increased around three times 

(0.0628 min-1) rather than the reaction without the catalyst. This result indicated that H2O2 

promotes the photocatalysis process by generating OH radicals via the capturing of the 

photoinduced electrons in the excited Cu0.25/N-PC [36].  

The rate of MO removal decreased to 0.0223 min-1 when the amount of H2O2 was 

reduced to 0.5 mL (Fig. 7c). An excess amount of H2O2 (1.5 mL) retards the rate to 0.0536 

min-1. In higher concentration, H2O2 acts as the scavenger of OH radicals to generated 

perhyroxy radicals (OOH) with lower oxidation potential [37]. 

 

The photocatalytic activity of the composites on the degradation of Rh B dye was 

investigated as well (Fig. 8). The C Cu, N-PC, Cu0.125/N-PC, Cu0.25/N-PC, and Cu0.5/N-PC 

composites absorbed around 2.40%, 91.22%, 75.64%, 1.20%, and 39.00% of Rh B, 

respectively, in 30 min dark. The N-PC and Cu0.125/N-PC composites showed the strong 

dark absorption. After 30 min by switching on the lamp, about 99.04% in 70 mintotal, 
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93.95% in 50 mintotal, 94.73% in 55 mintotal, and 95.04% in 60 mintotal of Rh B removed on 

C Cu, Cu0.125/N-PC, Cu0.25/N-PC, and Cu0.5/N-PC composites, respectively. The removal 

of Rh B in C Cu, Cu0.25/N-PC and Cu0.5/N-PC mainly attributed to the photocatalytic 

activity. For determining photo-degradation rate, the absorption of Rh B in the dark over 

composites was investigated (Fig. 8b). The first-order kinetic photocatalytic reaction rate 

constants of C Cu, Cu0.25/N-PC, and Cu0.5/N-PC were calculated to 0.1243, 0.1308, and 

0.0723 min-1, respectively (Table 3). The rate of the removal of Rh B was alerted in 

different reaction conditions from 0.0012, 0.0008, and 0.0354 min-1 in the absence of light 

(Cu0.25/N-PC and H2O2), oxidant (Cu0.25/N-PC and hv), and photocatalyst (H2O2 and hv), 

respectively (Fig. 8a). The rate decreased to 0.062 and 0.1155 min-1 in 0.5 and 1.5 mL of 

H2O2 (Fig. 8c).  

The best photocatalytic activity of Cu0.25/N-PC could be attributed to the following 

reasons: (i) Cu2O in Cu0.25/N-PC was well-crystallized, (ii) BET surface area was higher 

than Cu0.5/N-PC, (iii) the absence of the agglomeration in Cu0.25/N-PC toward Cu0.5/N-PC 

(iv) the possible synergetic effects between hollow carbon (from ZIF-8) and Cu2O (from 

CuPc) which could be enhanced the intrinsic properties of each component. 

The effect of radical scavenger was studied in the degradation of MO dye (Fig. 9a). 

Hydroxyl radicals play a significant role in the degradation of dye. To investigate the role 

of hydroxyl radicals, the degradation process was carried out in the presence of hydroxyl 

radical scavenger like methanol (MeOH) [38]. The photocatalytic activity greatly decreased 

by adding MeOH (0.01 Maq). The rate constant decreases more than three times from 

0.0628 min−1 to 0.0200 min−1.The result showed that the •OH radicals played a significant 

role in the MO degradation. Iodide ion (I-) was reported to be a scavenger of positive holes 
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(h+). The photocatalytic effect slightly increased (rate constant = 0.0700 min-1) by adding 

KI (0.01 Maq). Thereby, photo-excited holes acted slightly on dye degradation [39]. 

Dissolved oxygen can act as a photo-generated electron scavenger to give O2
− and OH 

active species [40]; the latter has been proven to be the major oxidation species in this 

process. To examine the role of O2
−, benzoquinone (BQ) (0.01 Maq) was used as an O2

− 

quencher. Adding BQ could decrease the photocatalytic efficiency of composite (rate 

constant = 0.0416 min-1), which showed that the MO photo-degradation is caused by O2
− 

to a low degree. The same results were observed in quenching experiments for Rh B. The 

addition of radical scavenger leads to the change of rate constant from 0.1313 min-1 to 

0.1418, 0.0399, and 0.0653 min-1 for KI, MeOH, and BQ (as radical scavengers), 

respectively (Fig. 9b). In conclusion, the dye degradation on Cu0.25/N-PC was attributed to 

hydroxyl and superoxide radicals. 

Based on the above experiments, a possible photocatalytic mechanism for dye degradation was 

proposed in Fig. 10. In principle, the electrons may transit from valance band (vb) to conduction 

band (cb) in Cu2O semiconductor under simulated light irradiation, leading to the generation of 

e-/h+ pairs, which will be separated rapidly and transferred to the surface of Cu2O (Fig. 10). The 

electrons reduced O2 to O2
•- and H2O2 to •OH. The experimental results above illustrate that 

Cu0.25/N-PC composite exhibits the higher photocatalytic activity than C Cu. The hollow carbon 

structure can strongly enhance the adsorption capacity of Cu0.25/N-PC composite. The adsorbed 

dye molecules are aggregated on the surface of hollow carbon structure. Due to the small size of 

the dye molecule, it is easy to penetrate the carbon layer [41] and be captured by the reactive 

species O2
•- and •OH radicals, which has a strong oxidizability and can completely degrade dye 

molecules in the desired efficiency.  
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The Photoluminescence (PL) emission spectra have been widely used to investigate 

the efficiency of charge carrier trapping, immigration and transfer, and to understand the 

fate of e-/h+ pairs in semiconductor particles [42]. Furthermore, the better separation of 

photogenerated e-/h+ pairs in the CuX/N-PC composite was confirmed by PL emission 

spectra of C Cu and CuX/N-PC composites. In Fig. 11, it was indicated that the CuX/N-PC 

composite exhibited much lower emission intensity than C Cu, indicating that the 

recombination of the photogenerated charge carrier was inhibited greatly in the Cu/N-PC 

composite. The efficient charge separation could increase the lifetime of the charge carriers 

and enhance the efficiency of the interfacial charge transfer to adsorbed substrates, and then 

account for the higher activity of the Cu/N-PC composite photocatalyst. This result similar 

to other reports in carbon doped or composites semiconductor metal oxide photocatalyst 

(such as TiO2 and ZnO) [41-45]. 

3.2. The photocatalytic activity of CuX/N-PC composites on the C-H activation 

of formamides 

The catalytic activity of CuX/N-PC composites was examined in the synthesis of 

carbamates by C-H activation of formamides. Carbamates have frequently been found in 

many biologically active products, pharmaceutical drugs, agricultural chemicals as well as 

foams. They also play a unique role in organic chemistry as valuable intermediates and 

protecting groups [46]. Traditional methods for the synthesis of these compounds include 

the reaction of amines with phosgene and its derivatives or the reaction of alcohols with 

isocyanates. Two main drawbacks of these procedures are toxic and harmful reagents and 

the generation of by-products. Recently, Kumar et al. reported that the CuBr2 catalyzed the 
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oxidative C-O coupling by C-H activation of formamides to give enol carbamates [47]. The 

main problem of this reaction is the inability to recycling all catalyst at the end of the 

reaction. Therefore, we used Cu/N-PC composite as a reusable photocatalyst in the 

synthesis of carbamates by C-H activation of formamides. 

We initialized the optimization process using ethyl acetoacetate 1a (1.0 eq.) and N, N-

dimethylformamide (DMF) 2a (27.0 eq.) as coupling partner, and the reaction was 

performed with Cu0.25/N-PC composite (0.02 mol% of Cu) and tert-butyl hydroperoxide 

(TBHP) as oxidant (6 eq.) under the solar-simulated light (Table 4, entry 1). Low yield 

(15%) was obtained after 4h. The yield increased to 97% by increasing the reaction 

temperature to 70 °C (Table 4, entry 2). To examine the photocatalyst activity of Cu0.25/N-

PC, the reaction designed without solar-simulated light and under the thermal condition. 

The yield decreased to 59% (Table 4, entry 3). Different types of oxidants such as meta-

chloroperoxybenzoic acid (m-CPBA), hydrogen peroxide (H2O2), urea hydrogen peroxide 

(UHP), and cerium ammonium nitrate (CAN) were tested. The results show that none of 

them have any obvious influence to improve the reaction (Table 4, entries 4-7). Decreasing 

the amount of the catalyst (0.01 mol% of Cu) leads to the lower yield (Table 4, entry 8). 

We also used N-PC, Cu0.125/N-PC, and Cu0.5/N-PC composites, in the model reaction. The 

observed yields of enol carbamate in all cases were surprisingly inferior (Table 4, entries 

9-11). 

After obtaining the optimum reaction conditions, we evaluated the generality and 

the scope of substrates for the C-H activation of formamides (Table 5). Various β-ketoesters 

were used as substrates for the formation of enol carbamates. The nature of the β-ketoesters 

and formamides did not have any profound influence on the reactivity. 
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The developed protocol was also applicable to forming different carbamates from 2-

carbonyl-substituted phenol (similar to the enol tautomer of β-diketo moiety) (Table 5, 

entries 16-18). Several formamides reacted smoothly with ortho-hydroxyacetophenone in 

good yields. 

 

Based on the above studies, a plausible mechanism was proved is proposed for the 

synthesis of enol carbamates using formamide and β-ketoester outlined in Fig. 12. The 

Cu0.25/N-PC composite was subjected to light irradiation, and Cu2O can be excited and 

produce photogenerated electron-hole pairs. Then, t-BuOOH reduced to t-BuO• and OH- 

by the photogenerated electron in CB. The β-ketoester (1) deprotonated by hydroxyl anion 

and generated copper complex (i) with Cu0.25/N-PC composite. The t-BuO• radical can 

abstracted hydrogen from the reacting formamide (2) and generated the corresponding 

radical (ii). The radical (ii) reacted with the copper complex (i) and afforded the desired 

enol carbamate (3). 

 

Reusability is an important characteristic of the heterogeneous catalysis which 

should be examined in the catalytic reaction. Therefore, we performed a reusability test for 

the Cu0.25/N-PC composite in the C-H activation of DMF and ethyl acetoacetate under the 

optimized conditions. After the reaction completion, the catalyst was collected by 

centrifuge. By adding a new batch of ethyl acetoacetate and DMF, the recovered composite 

can be used directly for the next run. This recycling protocol enabled the Cu0.25/N-PC to be 

used for seven runs, furnishing quantitative conversion of substrates without loss of activity 

and selectivity. Fig. 13a depicted the recovery and reusability of Cu0.25/N-PC composite. 
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Furthermore, no significant change was observed in the morphology of Cu0.25/N-PC after 

the seven runs, which was concluded by the TEM image given in Fig. 13b. 

 

 

The table 6 provides a comparison of the present method with other reported copper 

catalytic systems in the C-H bond activation of DMF and ethyl acetoacetate. Clearly, the present 

catalyst exhibited a simple, high effective, and less time-consuming method for the C-H bond 

activation. 

 

 

4. Conclusions 

In conclusion, we have successfully demonstrated that the CuX/N-PC composite is a novel, 

simple, effective and reusable heterogeneous photocatalyst for the degradation of dyes (MO 

and Rh B) and the C-H activation of formamides. To study the effect of the weight ratio, 

the array of carbon composites was prepared. We also used C Cu, N-PC, Cu0.125/N-PC, 

Cu0.25/N-PC, and Cu0.5/N-PC in the photocatalytic degradation of dyes such as MO and Rh 

B. While the N-PC, Cu0.125/N-PC, and Cu0.5/N-PC composites exhibited high to medium 

the absorption activity of dyes, the Cu0.25/N-PC composite revealed the high photocatalytic 

activity in the presence of H2O2 as the oxidant. The best photocatalytic activity of Cu0.25/N-

PC could be attributed to the high crystallinity of Cu2O, high BET surface area, the absence 

agglomeration, and possible synergetic effects between hollow carbon and Cu2O. The 

catalyst showed the high reusability, and can be recycled for several times without 

considerable loss of activity. 
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Scheme 1. Schematic diagram illustrating the synthesis of Cu/N-PC composite 
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Fig. 1 Raman spectra of N-PC, Cu0.125/N-PC, Cu0.25/N-PC and Cu0.5/N-PC 

composites 
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Fig. 2 XRD patterns of ZIF-8, N-PC, C Cu, Cu0.125/N-PC, Cu0.25/N-PC and Cu0.5/N-PC 

composites. 
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Fig. 3 Nitrogen adsorption–desorption isotherms of N-PC, Cu0.125/N-PC, Cu0.25/N-PC and 

Cu0.5/N-PC composites. 
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Fig. 4 FESEM images of a) ZIF-8 (scale bar = 100 nm), b) N-PC(scale bar = 200 nm), c) 

Cu0.125/N-PC (scale bar = 200 nm), d) Cu0.25/N-PC(scale bar = 200 nm), and e) Cu0.5/N-PC 

(scale bar = 200 nm) composites. 
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Fig. 5 TEM and HR-TEM images of a-b) N-PC (scale bar = 100 nm), c-d) Cu0.125/N-PC 

(scale bar = 100 nm), e-h) Cu0.25/N-PC (scale bar e= 50 nm, f= 20 nm, g = 10 nm, and h = 

5 nm,), and i-j) Cu0.5/N-PC composites (scale bar i= 150 nm and j= 80 nm) 

 

Fig. 6 a) DRS spectra of N-PC, C Cu, Cu0.125/N-PC, Cu0.25/N-PC and Cu0.5/N-PC 

composites, b) Plots of (ahv)2 vs photon energy of N-PC, C Cu, Cu0.125/N-PC, Cu0.25/N-PC 

and Cu0.5/N-PC composites. 
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Fig. 7 Plot of ln(Ct/C0) against the reaction time a) the removal of MO over of N-PC, C Cu, 

Cu0.125/N-PC, Cu0.25/N-PC and Cu0.5/N-PC composites and control experiments: absence 
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light (Cu0.25/N-PC and H2O2), without oxidant (Cu0.25/N-PC and hv), and without 

photocatalyst (H2O2 and hv), b) the absorption of MO over of N-PC, C Cu, Cu0.125/N-PC, 

Cu0.25/N-PC and Cu0.5/N-PC composites, and c) the effect of the concentration of H2O2 over 

of Cu0.25/N-PC composite. 
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Fig. 8 Plot of ln(Ct/C0) against the reaction time a) the removal of Rh B over of N-PC, C 

Cu, Cu0.125/N-PC, Cu0.25/N-PC and Cu0.5/N-PC composites and control experiments: 
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absence light (Cu0.25/N-PC and H2O2), without oxidant (Cu0.25/N-PC and hv), and without 

photocatalyst (H2O2 and hv), b) the absorption of RhB over of N-PC, C Cu, Cu0.125/N-PC, 

Cu0.25/N-PC and Cu0.5/N-PC composites, and c) the effect of the concentration of H2O2 over 

of Cu0.25/N-PC composite. 
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Fig. 9 The quenching tests with the addition of MeOH, KI, and BQ for a) MO and b) Rh 

B. 

 

Fig. 10 Schematic mechanism for the degradation of dyes on Cu0.25/N-PC composite in the 

presence of H2O2 under simulated light irradiation. 
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Fig. 11 PL emission spectra of C Cu, Cu0.5/N-PC, Cu0.25/N-PC, and Cu0.125/N-PC 

composites 

 

Fig. 12 Mechanism for the coupling of formamide with β-ketoester in the presence of 

Cu0.25/N-PC composite under simulated light irradiation. 
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Fig. 13 a) Recycling of the Cu0.25/N-PC composite in the C-H activation of DMF and ethyl 

acetoacetate; b) TEM image of the composite after 7 runs (scale bar = 150 nm). 

 

 

 

Table 1. Surface area analysis parameters of N-PC, Cu0.125/N-PC, Cu0.25/N-PC and Cu0.5/N-PC 

composites. 

 

 

 

 BET Surface Area 

(m²/g) 

Langmuir Surface 

Area (m²/g) 

Pore Volume 

(cm³/g) 

Micropore 

Volume (cm³/g) 

N-PC 1613.6090 3854.9964 1.229203  0.393464  

Cu0.125/N-

PC 

868.8935  3449.8342  1.048987  0.160608  

Cu0.25/N-PC 585.7566  1783.4158  0.586141  0.186520  

Cu0.5/N-PC 256.0843  990.2597  0.334947  0.048145  
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Table 2. The rate constant for absorption (dark), photo-degradation, and total (absorption+photo-

degradation) for the removal of the MO dye. 

 C Cu N-PC Cu0.125/N-PC Cu0.25/N-PC Cu0.5/N-

PC 

Absorption rate (min-1) 0.0003 0.0711 0.0436 0.0001 0.0148 

Photo-degradation rate (min-1) 0.0496 - - 0.0627 0.0551 

Total (min-1) 0.0499 0.0711 0.0436 0.0628 0.0699 

 

 

 

Table 3. The rate constant for absorption (dark), photo-degradation, and total (absorption+photo-

degradation) for the removal of the Rh B dye. 

 C Cu N-PC Cu0.125/N-PC Cu0.25/N-PC Cu0.5/N-PC 

Absorption rate (min-1) 0.0040 0.0365 0.0217 0.0005 0.0217 

Photo-degradation rate (min-1) 0.1243 0.0317 0.0783 0.1308 0.0723 

Total (min-1) 0.1283 0.0682 0.1000 0.1313 0.0940 

 

 

Table 4. Optimization of reaction conditions for the C-H activation of DMFa 

 

 

 

Entry Oxidant Catalyst (mol% of Cu) Temp. (°C) Yield (%)b 



 40 

1c TBHP 0.02 r. t. 15 

2 TBHP 0.02 70 98 

3d TBHP 0.02 70 59 

4 m-CPBA 0.02 70 16 

5 H2O2 0.02 70 n. r. 

6 UHP 0.02 70 n. r. 

7 CAN 0.02 70 n. r. 

8 TBHP 0.01 70 47 

9e TBHP - 70 0 

10f TBHP 0.02 70 10 

11g TBHP 0.02 70 53  

a ethyl acetoacetate 1a (1 mmol), DMF 2a (27 mmol), oxidant (6 mmol), 30 min, Cu0.25/N-

PC (x mol% of Cu), under the solar-simulated light. 
b Isolated yield. 
c 4h. 
d under the thermal condition. 
e N-PC. 
f Cu0.125/N-PC. 
g Cu0.5/N-PC. 

 

 

 

Table 5. Cu0.25/N-PC composite catalyzed C-H activation of formamidesa 

Entry 

β-ketoesters or ortho-

hydroxyacetophenone 

Formamide Product Yield (%)b 

1  
  

98 
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2  2a 

 

92 

3  2a 

 

95 

4 
 

2a 

 

83 

5 

 

2a 

 

90 

6  2a 

 

92 

7 
 

2a 

 

89 

8 1g 

 

 

85 

9 1e 2b 

 

83 
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10 1d 2b 

 

76 

11 
 

2a 

 

74 

12 

 

2a 

 

85 

13 1h 

  

61 

14 1g 2c 

 

88 

15 1a 2c 

 

84 

16 

 

2a 

 

98 

17 1j 2b 

 

95 
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18 1j 2c 

 

89 

a β-ketoester (2 mmol), formamide (54 mmol), TBHP (12 mmol), 30 min, 70 °C, under 

the solar-simulated light, Cu0.25/N-PC (0.02 mol% of Cu) 
b Isolated yield. 

 

 

Table 6. Comparison of efficiency of various copper catalysts in for the C-H bond activation of 

DMF and ethyl acetoacetate 

Catalyst Condition Yield (%) Time (h) Ref. 

Cu0.25/N-PC (0.02 mol%) 

TBHP (6 eq.), 70 oC, 

under the solar-

simulated light 

98 0.5 This work 

Cu/C (1.84 mol%) TBHP (1.5 eq.), 80 oC 82 5 48 

CuBr2 (5 mol%) TBHP (1.5 eq.), 80 oC 73 3 47 

CuCl (1 mol%) TBHP (6 eq.), 70 oC 99 0.5 49 

 

 

 


