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 11 

Abstract 12 

Photocatalytic H2 evolution technology has sparked intense attention as a potential solution to the 13 

energy problem and environmental pollution. Cu2O has emerged as a promising photocatalyst for H2 14 

production due to its narrow bandgap, suitable conduction band (CB) position, and easy synthesis. 15 

However, overcoming the disadvantage of photocorrosion, which limits the use of Cu2O in hydrogen 16 

production, remains a problem. In this work, g-C3N4 nanosheets were introduced as a support and hole 17 

acceptor for Cu2O. Experimental results and density functional theory calculation confirmed the 18 

creation of heterojunctions at the interface between Cu2O and g-C3N4 nanosheets, which allows the 19 

transfer and separation of photogenerated carriers, resulting in an increased photocatalytic H2 20 

production rate (1796.8 μmol/g/h) and outstanding stability. In addition, the composite photocatalyst 21 

exhibits an enhanced tetracycline hydrochloride (TC) degradation activity. A “Z-scheme” 22 



photocatalysis mechanism involved in the improvement of the composite photocatalyst’s capacity was 23 

clearly illustrated. This study reveals that two-dimensional materials with rich functional groups can 24 

modify Cu2O for effective photocorrosion inhibition and enhanced photocatalytic activities. 25 

 26 
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1 Introduction 29 

In recent years, the energy crises and environmental pollution have become a development 30 

burden[1-5]. The development and use of hydrogen energy are seen as one of the most promising paths 31 

to resolve the energy crisis[6,7]. Photocatalytic water splitting, which can generate hydrogen using 32 

renewable solar power, offers a wide range of applications[8-11]. The property of photocatalysts, which 33 

are held by semiconductors, plays a crucial role in the process. Transition metal oxides are often used 34 

to construct photocatalysts due to their easy preparation and morphology control. Cu2O, as one of the 35 

transition metal oxides, is found to be an ideal candidate for the photocatalytic H2 evolution due to its 36 

cheap, non-toxic, visible light response and negative CB position [12-14]. Unfortunately, single Cu2O 37 

has the disadvantages of instability and low photocatalytic activity, for the Cu (I) of Cu2O suffers 38 

readily from oxidation under light irradiation due to the photogenerated holes not compensated by 39 

electrons[15,16], leading to a so called photocorrosion. Interestingly, coupling Cu2O with another 40 

material, and constructing binary materials with heterostructure can effectively separate electron-hole 41 

pairs, resulting in high photocatalytic efficiency[17]. To date, various Cu2O based photocatalysts have 42 

been constructed to improve its H2 evolution activity, such as TiO2/Cu2O[18], Zn-MOF/Cu2O[19], 43 

CdS/Cu2O[20], Au@Cu2O/Ta3N5[21], In(OH)3-In2S3-Cu2O[22], WO3/Cu2O[23], g-C3N4/Cu2O[24-26] 44 



etc. Therein, g-C3N4 is a polymeric organic semiconductor with narrow band gap (~2.6 eV). It is not 45 

only inexpensive, but also stable in chemical property[27-30]. Specifically, the band gap energy level 46 

of g-C3N4 matches well with that of Cu2O[31]. Among the g-C3N4/Cu2O composites, by designing a 47 

Z-scheme heterojunction can fully utilize the reducibility of photoinduced electrons of PSⅠ (Cu2O). 48 

Meanwhile, the photogenerated holes can be neutralized by the photoelectrons from PS Ⅱ (g-C3N4), 49 

thus concomitantly restrain the photocorrosion of Cu2O[32]. Recent study has shown that the band gap 50 

energy levels of g-C3N4 and Cu2O make it possible to form Z-scheme heterojunction when they are 51 

composited[33]. 52 

There are many ways to form the g-C3N4/Cu2O composite. Zhang et al[34] prepared a series of 53 

ultrafine Cu2O on the LDH support, and found that reducing the particle size of Cu2O is beneficial for 54 

improving the charge separation efficiency. Therefore, choosing appropriate support that can 55 

compensate photogenerated holes from Cu2O is a promising strategy for avoiding photocorrosion. As 56 

we know, the charge separation efficiency of bulk g-C3N4 is relatively low for the inherent surface 57 

defects and weak van der Waals force between layers[35]. The work of Niu et al [36] has showed that 58 

g-C3N4 nanosheets possess a large surface area, improved electron transport ability along the in-plane 59 

direction and prolonged lifetime of charge carriers. More importantly, the interface inside the 60 

composite material is the key to electron transport process[37]. g-C3N4 nanosheets have abundant –NH2, 61 

which can coordinate with Cu2+ ions (in the preparation process) and enhance the stability of the 62 

composites[38].  63 

Herein, in order to construct Cu2O/g-C3N4 nanosheets with close interfacial connections, Cu2O 64 

nanocrystals have been grown on g-C3N4 nanosheets via a series in situ adsorption, reduction and 65 

deposition processes in the present work. The particle size of Cu2O was controlled nanometer with the 66 



action of surfactants. Subsequently, phase structure, morphology, band structure, and specific surface 67 

area of as-synthesized samples have been systematically characterized. The results of DFT calculations 68 

further identified the firmly combination between Cu2O and CN Ns. The content of Cu2O in the 69 

composite was optimized by photocatalytic H2 evolution test. Furthermore, the photooxidation property 70 

of the optimal sample was evaluated by photodegradation of tetracycline hydrochloride (TC). The 71 

experimental results show that Cu2O/g-C3N4 nanosheets composite presents excellent photocatalytic 72 

performance and meanwhile high stability. Furthermore, the separation and transfer process of 73 

photo-induced carriers was detailedly investigated to account for the photocatalysis mechanism. The 74 

photocorrosion of Cu2O is restrained due to the formation of Z-scheme heterojunction, which was 75 

especially confirmed by using KPFM technology. 76 

2 Experimental 77 

2.1 Preparation of photocatalysts  78 

2.1.1 Preparation of g-C3N4 nanosheets 79 

A simple two-step calcination procedure was used to create the g-C3N4 nanosheets. First, 5 g of 80 

melamine was put into a crucible, which was then placed in a muffle furnace and heated at a rate of 81 

2.5 ℃/min to 550 ℃ (in the air) and held there for 4 h. Pure g-C3N4 was achieved after cooling 82 

spontaneously to room temperature. The above g-C3N4 (0.4 g) powder was then cleaned in the air at 83 

500 ℃ for 2 h (at a heating rate of 2 ℃/min) to produce g-C3N4 nanosheets. The g-C3N4 nanosheets 84 

were labeled as CN Ns. 85 

2.1.2 Preparation of Cu2O/g-C3N4 nanosheets 86 

To achieve a homogenous mixture, a given amount of as-prepared CN Ns was dispersed in 50 mL of 87 

deionized water and stirred for 30 min. The aforementioned combination was then dissolved with 60 88 



mg of Cu(AC)2•H2O, 0.1 g CTAB and 0.1 g EDTA, respectively. The mixture was then mixed with 20 89 

mL of ascorbic acid (0.3 mol/L) and 20 ml of NaOH (0.45 mol/L). After stirring for 30 min, the 90 

precipitate was separated by centrifugation and washed multiple times with deionized water and 91 

ethanol. The product was dried for 10 h in a vacuum at 60 °C to obtain the Cu2O/g-C3N4 nanosheets. 92 

The mass ratios of Cu2O in the Cu2O/g-C3N4 nanosheets were 10%, 20%, and 30%, respectively, and 93 

the corresponding samples were labeled as CCN-x (x is the weight ratio of Cu2O in the composite). In 94 

the same circumstance, pure Cu2O was prepared without the addition of CN Ns. 95 

2.2 Characterization of photocatalysts 96 

X-ray diffraction (XRD, Cu-Kα radiation source, 40 kV × 140 mA, Ultimalv type, Bruker, Germany) 97 

was used to examine the phase structure of the as-prepared samples. The contents of C, N elements in 98 

g-C3N4 and CN Ns samples were determined using elemental analysis (Flash EA 1112, Thermo 99 

Finnigan). The FT-IR spectra of the samples were recorded on a Nicolet 6700 infrared spectrometer 100 

(Thermo scientific, USA) using KBr pellet. The sample morphologies were examined using a scanning 101 

electron microscope (SEM, Hitachi S-4800, Japan) and a transmission electron microscope (TEM, 102 

Tecnai G2 F20, USA). Atomic force microcopy (AFM) images were recorded by scanning probe 103 

microscope (NT-MDT NTEGRA, Russia). The surface elemental compositions of samples were 104 

analyzed by X-ray photoelectron spectroscopy (XPS, K-alpha, Thermo, Germany). UV-vis diffuse 105 

reflectance spectra of samples were determined using a UV-vis spectrophotometer (T10, Beijing 106 

General Instrument Co., Ltd., China). The wavelength ranged from 200 to 800 nm. An N2 107 

adsorption/desorption equipment apparatus was used to measure the specific surface area and total pore 108 

volume of samples (BET, Kubo X1000, China). A fluorescence spectrometer (Horiba, Fluorolog-3, 109 

USA) was used to acquire photoluminescence (PL) spectra of samples. The in situ electron spin 110 



resonance (ESR) measurements were carried out on an ESR spectrometer (100 kHz, 1.0 mV, 111 

JES-FA200, JEOL, Japan), with DMPO in water solution, and a 500 W high-pressure mercury lamp 112 

equipped with a cutoff filter (λ ≥ 420 nm) was used as illumination source. Liquid 113 

chromatography-mass spectrometry (LC-MS, Thermofisher U3000-Q Exactive Focus, USA) was 114 

used to analyze the possible intermediates produced during TC degradation. Surface potential 115 

distribution of CCN-20 under dark and λ > 400 nm conditions were measured by the Kelvin probe 116 

force microscopy (KPFM) at scanning probe microscope (SPM) system (Bruker Dimension icon, 117 

Germany). 118 

2.3 Photocatalytic evaluation 119 

The photocatalytic hydrogen evolution rate of the samples was investigated in a close gas circulation 120 

system. A 300 W Xenon lamp (λ ≥ 420 nm, HSX-F300, Beijing NBet Technology Co., Ltd.) was 121 

employed as light source. The intensity of light was 100 mW/cm2. Firstly, 100 mg photocatalyst was 122 

dispersed in 100 ml deionized water, followed by 10 ml triethanolamine (sacrificial reagent) and 133 123 

μL chloroplatinic acid (H2PtCl6, 0.5 wt% Pt, cocatalyst) added under magnetic stirring to the aforesaid 124 

suspension. After the loading of the cocatalyst and vacuuming, H2 evolution over the sample was 125 

carried out. The produced H2 was analyzed by gas chromatography (GC-2014, Shimadzu, Japan). 126 

The apparent quantum yield (AQY) was measured and calculated according to AQY (%) = [2 × 127 

N(H2) / N(photon)] × 100%, where N(H2) and N(photon) represent the evolved amount of H2 and the 128 

number of incident photons, respectively. 129 

In addition, photodegradation of TC was carried out to evaluate the photooxidation properties of the 130 

CCN-20 sample. In each test, 50 mL of TC aqueous solution (20 mg/L) was placed in a quartz bottle, 131 

and 20 mg of catalyst was dispersed in the solution. Then, the mixture was kept in dark under 132 



continuous stirring for 0.5 h until it got to adsorption-desorption equilibrium. After that, a 300 W 133 

Xenon lamp (HSX-F300, NBet, China) equipped with a cutoff filter (λ ≥ 420 nm) was adopted as the 134 

illumination source for photocatalytic experiments. The light intensity was 100 mW/cm2. The 135 

concentration variation of TC solution was determined using a UV–vis spectrophotometer (T10 type, 136 

General analysis, China). The scavenging experiments in the photodegration process were carried out 137 

by the addition of isopropanol (IPA, ·OH scavenger, 2 mL), benzoquinone (pBQ, ·O2
- scavenger, 1.25 138 

mg), or EDTA-2Na (hole scavenger, 1.25 mg), respectively. 139 

2.4 Photoelectrochemical measurements 140 

An electrochemical system (CHI 660, Chenhua, Shanghai, China) was used to conduct a 141 

photoelectrochemical (PEC) experiment. The electrochemical system was outfitted with a 142 

three-electrode configuration electrode (the sample was deposited on an FTO as a photoanode; a Pt 143 

wire was utilized as a counter electrode, and a saturated calomel electrode was employed as a reference 144 

electrode). A 0.1 M Na2SO4 solution was used as the supporting electrolyte. A 300 W Xenon lamp (λ ≥ 145 

420 nm, HSX-F300, Beijing NBet Technology Co., Ltd.) was used as a light source. In the 146 

electrochemical impedance spectroscopy (EIS) measurement, the frequency of alternating current (AC) 147 

was 100 kHz–0.1 Hz. Before starting the photoelectrochemical process, the reaction system was purged 148 

with high-purity N2 for 30 min to dissolve oxygen. 149 

2.5 Calculation details 150 

All calculations were carried out with Vienna Ab-initio Simulation Package(VASP)[39] with the 151 

projector augmented wave (PAW) method[40]. The exchange-functional was treated using the 152 

Perdew-Burke-Ernzerhof (PBE)[41] functional in combination with the DFT-D3 correction[42], to 153 

describe the weak interactions between atoms. The cut-off energy of the plane-wave basis was set at 154 



450 eV in structural optimization. For the optimization of both geometry and lattice size, the Brillouin 155 

zone integration was performed with a Monkhorst-Pack k-point mesh of 0.03 Å-1. Partial occupancies 156 

of the Kohn−Sham orbitals were allowed using the Gaussian smearing method and a width of 0.05 eV. 157 

A geometry optimization was considered convergent when the energy change was smaller than 0.02 eV 158 

Å−1. The vacuum spacing in a direction perpendicular to the plane of the structure is 15 Å. Spin 159 

polarization was included for the correct description of magnetic properties. To consider the strong 160 

correlation effects of transition metal in structure, both structural optimizations and electronic structure 161 

calculations were carried out by using the spin-dependent GGA plus Hubbard correction U method, and 162 

the effective Ueff parameter is 4.0 eV for Cu atom. 163 

3 Results and discussion 164 

 165 

Scheme 1. Schematic diagram of the preparation process for CCN-x. 166 

As depicted in Scheme 1, CN Ns was easily obtained by etching bulk g-C3N4 using thermal 167 

oxidation. Due to the damage of weak van der Waals interactions between CN layers, CN Ns have 168 

improved physicochemical properties as compared to bulk g-C3N4. One of the most important features 169 

is that more amino (–NH2) and hydroxyl (–OH) groups can be exposed in the structure of CN Ns. The 170 

existence of lone pair electrons in –NH2 and hydroxyl –OH can form an electron-rich 171 



microenvironment[43], which is beneficial to coordinate with Cu2+ ions and form CN Ns@Cu2+. Under 172 

the influence of ascorbic acid reduction, accompanied by the introduction of NaOH, CN Ns@Cu2+ 173 

gradually transforms into CN Ns/Cu2O[44]. In addition, the particle size of Cu2O was controlled 174 

nanometer with the action of surfactants(see in the morphology analysis section). 175 

  

Fig. 1 XRD patterns of as-prepared samples. 176 

X-ray diffraction (XRD) was used to characterize the phase structure of the as-prepared samples. As 177 

shown in Fig. 1a, the XRD pattern of bulk g-C3N4 shows two diffraction peaks. The low-angle 178 

reflection peak at 13.1° corresponds to the lattice planes parallel to the c-axis, whereas the major peak 179 

at 27.3° results from the interplanar stacking of aromatic systems[45]. The diffraction peaks of CN Ns 180 

are consistent with bulk g-C3N4, indicating that the major crystal structure of g-C3N4 is maintained in 181 

the nanosheets. A closer look reveals that the peak at 27.3° in the CN Ns shifts toward the high angle 182 

while the intensity of diffraction peaks weakens, suggesting a decrease in the distance between layers. 183 

This could be due to two reasons: first, the CN layers were planarized in the bulk g-C3N4 heating 184 

process, shortening the interplanar gap of the laminar g-C3N4. Second, as can be seen from the 185 

elemental analysis results (Table S1), some carbon atoms were lost in the bulk g-C3N4 heating process, 186 

thus decreased the distance between CN layers[46]. As shown in Fig. 1b, all the diffraction peaks of 187 

Cu2O at 29.4°, 36.5°, 42.2°, 61.2°, and 73.5° correspond to the diffraction of the (110), (111), (200), 188 



(220), and (311) planes of cubic Cu2O (JCPDS NO. 05-0667) [47]. All the characteristic diffraction 189 

peaks of g-C3N4 and Cu2O may be seen in CCN-x composite sample. There are no apparent differences 190 

in the location of diffraction peaks when compared to pure CN Ns, showing that the addition of Cu2O 191 

has not affected the crystal structure of CN Ns. It can be observed that the strength of diffraction peaks 192 

corresponding to CN Ns in CCN-x composite samples progressively diminishes as the Cu2O 193 

concentration increases, which resulted from the coverage of Cu2O on the surface of CN Ns. 194 

 195 

Fig. 2 FT-IR spectra of CN Ns, Cu2O and CCN-20 samples. 196 

The chemical structures of the as prepared samples were further characterized by FT-IR. As shown in 197 

Fig. 2, CN Ns presents a peak at 808 cm-1 of the out of plane bending mode of heptazine rings. The 198 

peaks between 1244 and 1641 cm-1 were ascribed to the stretching modes of aromatic C-N 199 

heterocycles[48]. For pure Cu2O, the absorption peaks at 515 cm-1 and 629 cm-1 are derived from the 200 

Cu-O vibration [49]. Both the characteristic peaks of CN Ns and the vibration peak of Cu2O are all 201 

observed in CCN-20 sample, confirming that Cu2O was successfully combined with CN Ns, being 202 

consistent with the XRD result mentioned above. It is worth noting that the intensity of the absorption 203 

peaks corresponding to aromatic C-N heterocycles was obviously decreased compared to those in CN 204 

Ns. According to previous reports[50], it can be deduced that N atoms were partially coordinated with 205 

Cu atoms, thus reduced the vibration of aromatic C-N heterocycles. 206 



  

  

Fig. 3 The XPS spectra of (a) C 1s, (b) N 1s, (c) Cu 2p, and (d) O 1s of the samples. 207 

The chemical state of the CN Ns, Cu2O and CCN-20 samples were determined using X-ray 208 

photoelectron spectroscopy (XPS) measurements. As shown in Fig. 3a, the C 1s spectra of CN Ns and 209 

CCN-20 with the two peaks at 284.7 eV and 288.1 eV are assigned to the surface adventitious carbon 210 

species and N-C=N groups, respectively[51]. The N 1s spectra of CN Ns and CCN-20 (Fig. 3b) can be 211 

fitted into four peaks at binding energies of ~398, ~399, ~401 and ~404 eV, corresponding to triazine 212 

ring sp2 hybridization C=N-C, N-C3, C-N-H and π excitations, respectively[52]. As to Cu2O and 213 

CCN-20 samples, the two peaks of Cu 2p spectra (Fig. 3c) located at ~932 eV and ~951 eV can be 214 

ascribed to the characteristic Cu 2p3/2 and Cu 2p1/2 peaks of Cu+, respectively[17]. The additional peaks 215 

at ~933, ~940, and ~943 eV were assigned to the higher valence state of Cu, indicating that a small 216 

amount of Cu+ can be oxidized under natural light irradiation[53] (the state of Cu will be discussed 217 

below). It was notable that compared with those in CN Ns, the binding energies of N 1s spectra in 218 

CCN-20 shifted lower to some extent (0.3~ 0.1eV), implying an increase in electron density. Whereas 219 



the peak positions of Cu 2p3/2 and Cu 2p1/2 in CCN-20 shift ~0.5 eV to the direction of higher binding 220 

energy, confirming a reduction in electron density[54]. According to these phenomena and previous 221 

reports[55,56], it can be deduced that strong interaction existing between Cu and N atoms in the 222 

CCN-20 composite. This is in accordance with the above FT-IR results. Moreover, these observations 223 

would clarify some electron migrations from Cu2O to CN Ns under darkness. Since the Fermi level of 224 

electrons in Cu2O is higher than that in CN Ns, when these two semiconductors come into contact in 225 

dark, meeting the thermodynamic requirement of Fermi level equilibrium makes electrons transfer 226 

from Cu2O to CN Ns[57]. The peaks at 530.5 eV in the O 1s spectra (Fig. 3d) are attributed to the 227 

lattice oxygen in Cu2O and CCN-20 [47]. Since the XPS results can be influenced by the chosen test 228 

area, the peak intensities corresponding to Cu and O are relatively weak. 229 

 230 

Fig. 4 SEM images of (a) CN Ns, (b) CCN-20. (c), (d) TEM images of CCN-20. (e) AFM image of 231 

CCN-20, and (f) the corresponding height profile of CCN-20. (g) elemental distribution of CCN-20 232 

sample. 233 



To elucidate the morphology of the produced samples, g-C3N4, CN Ns, Cu2O, and CCN-20 were 234 

measured by SEM. As shown in Fig. S1a, pristine g-C3N4 has a block shape with varying sizes. The 235 

morphology of CN Ns is a thin flake form with uneven length and width of a nanoscale thickness (Fig. 236 

4a). The Cu2O sample has a considerable number of particles, the size of which is around 50–60 nm, as 237 

illustrated in Fig. S1b. It can be seen from Fig. 4b that a large number of Cu2O nanoparticles are 238 

deposited on the surface of the CN Ns. In order to get the data concerning the specific surface area of 239 

bulk g-C3N4, CN Ns and CCN-20 samples, their N2 adsorption–desorption isotherms were measured, 240 

and the results are shown in Fig. S2. It can be seen that the N2 adsorption–desorption isotherms of the 241 

samples present type IV with hysteresis loop, confirming the existence of mesopores, which was 242 

formed between primary crystallites[58]. Based on the results, the specific surface areas of bulk g-C3N4, 243 

CN Ns, and CCN-20 were estimated to be 17.83 m2/g, 66.5 m2/g, and 29.4 m2/g, respectively. This 244 

change is due to the morphology of the samples. Compared with bulk g-C3N4, CN Ns show a much 245 

larger surface area, which is due to the damage to the layered structure. This result also supports our 246 

previous assertion. Furthermore, the surface area of CN Ns was reduced with the introduction of Cu2O, 247 

indicating that the surface of CN Ns was partially occupied by Cu2O nanoparticles. TEM was 248 

conducted to get more information about the interior structure of CCN-20 sample. Fig. 4c reveals the 249 

farctate structure inside the composite material. The appearance of CN Ns in the CCN-20 sample is 250 

quite similar to that of graphene[59]. In the case of high resolution, the crystal face of Cu2O 251 

nanoparticles in the CCN-20 composite could clearly be observed (Fig. 4d). Those major crystal faces 252 

with a spacing of 0.24 nm correspond to the (111) plane of cubic Cu2O[26]. This is in accordance with 253 

the XRD results. Furthermore, the interface between CN Ns and Cu2O is naturally connected, which is 254 

beneficial to the charge transfer between the two semiconductors. Atomic force microscopy (AFM) 255 



(Fig. 4e-f) reveals that some of the Cu2O nanoparticles on the surface of CN Ns were agglomerated, 256 

and the thickness of Cu2O is about 34 nm. The EDS mapping images from TEM (Fig. 4g) indicates the 257 

elemental distribution of CCN-20 with C, N, Cu and O, confirming that Cu2O was homogeneously 258 

deposited on CN Ns. 259 

 

 

Fig. 5 (a) The UV-vis absorption spectra of the as-prepared samples. (b) The schematic illustration of 260 

the band structure of CN Ns and Cu2O. 261 

The photocatalyst’s optical absorption property is critical to its activity. So, the solid UV-visible 262 

diffuse reflection absorption spectra of the prepared samples were recorded to examine their 263 

photoabsorption property. As presented in Fig. 5a, the absorption edge of pure CN Ns is around 450 nm, 264 

which resulted from the charge transfer from HOMO created by N 2p orbit to LUMO formed by C 2p 265 

orbit[60]. While the optical absorption property of Cu2O is strong in both UV and visible light regions, 266 

and its absorption peak is at about 475 nm. This can be ascribed to the small particle size of Cu2O. The 267 

absorption margin of CCN-x samples lies between CN Ns and Cu2O, both the extent of the absorption 268 

edge red shift and the visible light absorption intensity increase with increasing the Cu2O content are 269 

observed indeed, suggesting that the CCN-x composites can absorb more visible light than the pure CN 270 

Ns, which is crucial for enhancement of the photocatalytic reaction rate. The findings are related to the 271 

synergy of optical response of CN Ns and Cu2O. Moreover, based on the above results and the Tauc 272 



equation, the calculated bandgap energies of CN Ns and Cu2O are 2.6 eV and 1.55 eV, respectively 273 

(shown in Fig. S3). 274 

XPS valance band spectra were used to determine the top position of VB in the potential 275 

coordinate system (vs.NHE) for the CN Ns and Cu2O samples. As shown in Fig. S4, the top potential 276 

of VB corresponding to CN Ns and Cu2O is estimated to be 2.2 and 0.3 V, respectively, in terms of 277 

intercepts. Hence, based on the VB potential and Eg values of the samples, the CB bottom potentials for 278 

CN Ns and Cu2O can be predicted to be −0.4 V and −1.25 V, respectively. According to the above 279 

results, a schematic illustration of the band structures of the synthesized CN Ns and Cu2O can be drawn 280 

(as shown in Fig. 5b). It can be seen that the CB edge of CN Ns lies between the CB and VB potentials 281 

of Cu2O. This implies that a “Z-scheme” electron transfer from the CB of CN Ns to the VB of Cu2O 282 

will take place when the composite is irradiated by visible light, which is important for facilitating the 283 

separation of photo-generated carriers and improving the redox capacity of photocatalyst (the 284 

mechanism will be discussed below). 285 

  



  

  

Fig. 6 (a) Photocatalytic activities for H2 evolution of as-prepared samples under visible light 286 

irradiation. (b) Stability test of photocatalytic H2 production activity over the CCN-20. (c) Wavelength 287 

dependence of the AQY of CCN-20. (d) Stability test of photocatalytic H2 production activity over 288 

Cu2O. (e) Photocatalytic activity of TC in the presence of CN Ns, Cu2O, and CCN-20 under visible 289 

light irradiation. (f) Trapping tests of the photo-generated radicals in the photocatalytic degradation of 290 

TC. 291 

To validate the distinct of the CCN-x composite materials’ design strategy on photocatalytic H2 292 

evolution, the catalytic efficiency of pristine g-C3N4, CN Ns, Cu2O, and CCN-x were assessed. The 293 

main function of Pt cocatalysts is to conduct the electrons out to the surface, thus facilitates proton 294 

reduction reaction[61]. As shown in Fig. 6a, the production of H2 gradually increased as time went on. 295 

Pristine g-C3N4 presented little activity, while the CN Ns showed an enhanced H2 evolution rate (905.7 296 

μmol/g/h). The reason for this is that CN Ns have more active sites on the surface and higher charge 297 



transfer efficiency than pure g-C3N4. The H2 evolution rate of pure Cu2O (227.9 μmol/g/h) is also 298 

relatively low, which can be ascribed to the self-oxidization of Cu+ to Cu2+. CCN-20 exhibits the most 299 

prominent performance (1796.8 μmol/g/h) among these samples, which was found to be approximately 300 

twice higher than that of pure CN Ns (approximately eight times higher than that of pristine Cu2O). 301 

This is because composite of CN Ns with Cu2O leads to a suitable energy level matching between CN 302 

Ns and Cu2O, which is more favorable to the photoelectron-hole transfer and separation compared to 303 

the separate component, thus decreasing the recombination of electrons and holes. To compare the 304 

photocatalytic activity of CCN-20, the photocatalytic hydrogen evolution rate of g-C3N4 and Cu2O 305 

based photocatalysts in recent years was listed (Table S2). As the content of Cu2O is more or less than 306 

20%, the photocatalytic activity of CCN-x composite samples is decreased, demonstrating that 80% of 307 

CN Ns needs 20% of Cu2O to form the optimum matching in material structure. Insufficiency or excess 308 

of the Cu2O in content is all unfavorable to the photo-generated carriers’ transfer and separation. The 309 

stability of the CCN-20 sample was assessed by a recycling experiment of the H2 evolution process. 310 

Fig. 6b shows that the photocatalytic H2 production activity of CCN-20 shows no obvious attenuation 311 

after 5 cycles in 20 h. XRD, SEM and TEM of CCN-20 after the H2 evolution experiment were carried 312 

out to study the change in structure or morphology of this sample. As shown in Fig. S5, there are no 313 

obvious changes in the crystal structure and morphology of the CCN-20 sample. Additionally, it can be 314 

seen from Fig. S6a that the characteristic XPS peaks corresponding to Cu+ (2p3/2 at 932.5 eV and 2p1/2 315 

at 952.2 eV) have no evident change in the Cu 2p spectrum of CCN-20 after the photocatalytic reaction. 316 

These results indicate that CCN-20 sample is structurally robust and photocatalytically stable. The 317 

apparent quantum yield (AQY) of CCN-20 sample was measured and calculated in order to more 318 

accurately identify its photocatalytic H2 production activity. As shown in Fig. 6c, it has achieved an 319 



AQY of 5.4% at about 420 nm, and the variation tendency of AQY is generally correspond to its optical 320 

absorption spectrum. It also suggests that the H2 production is primarily driven by photoinduced 321 

electrons in the composite material.  322 

For comparison, the H2 production stability of pure Cu2O was also evaluated, and the results are 323 

shown in Fig. 6d. It can be seen that the H2 production activity of Cu2O decreased after 2 cycles. As 324 

shown in Fig. S6b, the positions of characteristic peaks of Cu+( 932.1 eV and 951.8 eV) shifted to the 325 

high binding energy sides after the photocatalytic reaction. Meanwhile, the peaks at 933.6 eV, 940.9 eV, 326 

943.4 eV and 953.7 eV were obviously increased. In order to study the role of the oxidized Cu+, the Cu 327 

2p XPS spectra of commercial CuO was measured, and the results are shown in Fig. S6c. From the 328 

comparison, it can be deduced that Cu+ were partially oxidized to Cu2+ after H2 evolution experiment. 329 

This result implies that pure Cu2O is not stable in the photocatalytic process, which is attributed to its 330 

low carrier separation efficiency. As a result Cu+ is readily oxidized by the photogenerated holes[62]. 331 

The above experimental results indicated that photocorrosion of Cu2O in CCN-20 can be effectively 332 

suppressed. In addition, it is necessary to investigate the effect of Cu2+ on the photocatalytic activity 333 

since the presence of Cu2+ in the sample before the photocatalytic reaction. Therefore, the 334 

photocatalytic H2 evolution performance of CuO was tested in the same condition. As shown in Fig. 335 

S6d, CuO showed little H2 production under visible light irradiation, indicating that tiny amount of 336 

Cu2+ had no effect on photocatalytic H2 evolution activity. 337 

Photodegradation of TC was carried out to evaluate the photooxidation activity of CCN-20 sample, 338 

and the results are shown in Fig. 6e. It was indicated that CCN-20 also showed higher photocatalytic 339 

activity than those of pure CNNs and Cu2O. After 4 h of visible light irradiation, the TC degradation 340 

efficiency for CCN-20 reached 76%. Additionally, blank tests confirm the role of light and catalysts in 341 



TC degradation process. The in situ ESR measurements of CCN-20 were carried out in order to 342 

investigate the possible photooxidation mechanism. As shown in Fig. S7, signals corresponding to ·O2
- 343 

and ·OH radicals can all be detected after the CCN-20 had been irradiated for 10 min. Meanwhile, no 344 

signals were detected in dark. However, according to the band structures of CN Ns and Cu2O (Fig. 5b), 345 

the photoinduced holes of CNNs cannot oxidize surface hydroxyl species to form ·OH radicals 346 

(E0(·OH/OH-) = 2.4 V). On the other hand, the photoinduced electrons of Cu2O can easily combine 347 

with O2 to form ·O2
- (E0(·O2

-/O2) = -0.33 V) [63]. Hence, the formation process of ·OH can be deduced 348 

as follows: 349 

· O𝟐
− + 𝐞− + H+ →· OOH (1) 

· OOH + H+ → H2O2 (2) 

H2O2 + 𝐞− →· OH + OH− (3) 

This indicate that both ·O2
- and ·OH really worked in the photodegradation process of TC. In 350 

order to verify the above deduce, scavenging experiments were carried out. Upon addition of 351 

scavengers of ·O2
-, holes and ·OH radicals, respectively, such as pBQ, EDTA-2Na, and IPA into the 352 

reaction system, the rate of TC degradation slows down, especially in the case of adding pBQ and IPA 353 

(Fig. 6f). These results indicate again that the active species leading to TC degradation are mainly the 354 

·O2
- and ·OH radicals generated by the photocatalytic process, being in accordance with the results of 355 

ESR detection. 356 



 357 

Fig. 7 Schematic representation of the possible degradation pathways and products during 358 

photocatalytic degradation of TC. 359 

To get more information of the pathway for the TC degradation process by CCN-20, LC-MS was 360 

carried out to analyze the possible intermediates. The MS characteristic signal of the product is 361 

depicted in Fig. S8. It can be seen that TC molecules are progressively transformed into intermediates 362 

with smaller relative molecular weights. Based on the results, a possible reaction pathway of TC 363 

degradation can be deduced. As shown in Fig. 7, the intermediates undergo successive transformations 364 

ultimately resulting in some small molecular compounds, which can be mineralized. Therefore, it was 365 

implied that CCN-20 also has strong photooxidation ability. 366 



  

  

Fig. 8 (a) PL spectra of Cu2O, CN Ns, and CCN-20. (b) Time-resolved PL spectra of Cu2O, CN 367 

Ns, and CCN-20. (c) Transient photocurrent response of Cu2O, CN Ns, and CCN-20. (d) EIS analysis 368 

of Cu2O, CN Ns, and CCN-20. 369 

The steady state fluorescence spectra of the CN Ns, Cu2O and CCN-20 samples (excited by 330 370 

nm light) were recorded to investigate the separation behavior of photogenerated charge carriers. As 371 

shown in Fig. 8a, CN Ns exhibit an emission peak centered at about 456 nm. The emission peak is 372 

caused by n-π* electronic transitions in g-C3N4[64]. Cu2O presented the lowest intensity for the PL 373 

spectrum with an emission peak centered at about 505 nm, which can be ascribed to the emission of 374 

bandgap transition[57]. The introduction of Cu2O into CN Ns restrained the recombination of 375 

photogenerated electron-hole pairs in CN Ns, thus leading to a decrease in the PL emission intensity at 376 

456 nm of CCN-20. Time-resolved PL spectra were utilized to see the charge transfer kinetics of the 377 



materials. The results are shown in Fig. 8b, and the corresponding parameters are listed in Table S3(A 378 

is the pre-exponential factor)[57]. It can be seen that the PL average lifetime of CCN-20 (25.25 ns) was 379 

decreased in comparison with the CN Ns sample (29.21 ns), indicating the acceleration of charge 380 

transfer dynamics at the interfaces of the heterojunctions. The decrease of PL intensity and decay time 381 

of CCN-20 sample can be attributed to the well matched band structure of Cu2O and CN Ns, thus 382 

promotes the separation of photo-generated carriers. 383 

To get more information about the separation of photogenerated electrons and holes, the transient 384 

photocurrent responses of CN Ns, CCN-20, and Cu2O were measured. As shown in Fig.8c, CCN-20 385 

with higher photocatalytic activity demonstrated higher photocurrent intensity when compared to Cu2O 386 

and CN Ns. The charge carrier densities of, CN Ns, Cu2O and CCN-20 were estimated to be 4.9, 0.3 387 

and 12.5 μA/cm2. When Cu2O nanoparticles were deposited on the surface of CN Ns, the absorption 388 

capacity for visible light was increased (compared to CN Ns), and charge transport between the two 389 

semiconductors improved the separation efficiency of photogenerated charge carriers. Even so, the 390 

resistance of carrier migration also affects the separation efficiency of electron-hole pair. Thus, EIS 391 

measurements were performed to investigate the resistance of charge transfer in the materials, and the 392 

results are shown in Fig. 8d. It can be seen that CCN-20 has a smaller arc radius of EIS, indicating that 393 

the charge transfer resistance in the semiconductor-electrolyte interface was reduced in this sample. 394 

The equivalent circuit of the Nyquist diagram was fitted and the resistance values were derived. The 395 

resistance values of Cu2O, CN Ns, and CCN-20 are 846, 450 and 196 Ω, respectively. These results 396 

align with the PL data, indicating improved separation efficiency of carriers in the CCN-20 sample.  397 



 398 

 399 

Fig. 9 Surface photovoltage distribution of CCN-20 in the dark (a) and visible light irradiation (b). 400 

(c) Surface photovoltage of CCN-20 under dark and visible light irradiation. 401 

The surface potential of CCN-20 was measured by the KPFM measurements in the dark and λ > 402 

400 nm conditions to ascertain the migration direction of photogenerated carriers during the reaction. 403 

The microscopic morphology of CCN-20 in virtue of KPFM (Fig. S9) was clearly observed that CN Ns 404 

(denoted as locationB) was partially surrounded by the Cu2O (denoted as location A). Figs. 9a and 9b 405 

show the surface photovoltage distribution of CCN-20 under dark and visible light irradiation 406 

conditions. Fig. 9c shows the corresponding surface potential from locations A to B.  It can be seen 407 

that the surface potential decreased by approximately 7.8 mV at Cu2O and increased by approximately 408 

7 mV at CN Ns after illumination. For comparison, the surface potential of pure CN Ns was measured. 409 

As shown in Fig. S10, the surface potential of pure CN Ns reduced slightly under visible light 410 

irradiation. The above results indicating that the photogenerated electrons migrated from CN Ns to 411 



Cu2O under visible light irradiation. This means that an electric field (E) is established in the space 412 

charge region near the interface inside the composite material. 413 

 414 

Fig. 10 (a) The optimized structure and (b) the side view of charge density difference of CCN-x. 415 

heterostructure. (c) Proposed mechanism for enhanced photocatalytic activities of CCN-x samples. 416 

To further identify the interaction between Cu2O and CN Ns, the density functional theory (DFT) 417 

calculations were carried out. The optimized structure of CCN-x heterostructure is shown in Fig. 10a. 418 

The coordinative Cu atoms were from the (111) crystal plane of Cu2O. Fig. 10b shows the side view of 419 

charge density difference of the composite, in which the yellow and blue iso-surfaces denote the 420 

accumulation and depletion of electron density, respectively. It can be noted that the electron cloud 421 

density shows distinctly localized distribution between Cu and N atoms. This result suggests that there 422 

are intense bonding effects between the Cu atoms in Cu2O and the N atoms in CN Ns, which is in 423 

accordance with the above FT-IR and XPS results. 424 

Based on the energy band structures of CN Ns and Cu2O that have been evaluated above, the 425 



Fermi level of electrons in Cu2O is higher than that in CN Ns. When Cu2O nanoparticles were grown 426 

on the surface of CN Ns, heterojunctions would form at the interface. Electrons would transfer from the 427 

Fermi level of Cu2O to that of CN Ns under the influence of the Fermi level difference until 428 

equilibrium was reached. As a consequence of the electron transport process, an inner electric field (E) 429 

point out from Cu2O into CN Ns can be formed in the space charge region near the interface (as 430 

presented in Fig. 10c). 431 

When the CCN-x composite catalysts are irradiated by visible light, electrons can be excited from 432 

the VB to CB in both Cu2O and CN Ns. Driven by the electric field force, the electrons at the CB of 433 

CN Ns move to the interface and are trapped by the holes coming from the VB of Cu2O. The removal 434 

of holes would reduce the photocorrosion of Cu2O, increasing its stability. Meanwhile, photoinduced 435 

electrons at Cu2O CB migrate to the surface and participate in the H2 production process. As a result, 436 

the heterojunction effectively separates photoinduced carriers. Furthermore, the electrons at the CB of 437 

Cu2O that have better redox capacity can be effectively used in the photocatalytic process. Briefly, the 438 

construction of Cu2O/CN Ns “Z-scheme” heterojunction can effectively enhance the photocatalytic H2 439 

evolution efficiency. 440 

4 Conclusions 441 

In summary, Cu2O nanoparticles were grown on the surface of CN Ns to inhibit its photocorrosion. 442 

The experimental results confirmed that heterojunctions were produced in the CCN-x composite. The 443 

CCN-20 sample exhibited the maximum photocatalytic H2 production rate (1796.8 μmol/g/h), which 444 

was about two times greater than that of bare CN Ns (about eight times higher than that of pure Cu2O). 445 

Furthermore, the CCN-20 sample also exhibits an enhanced activity towards TC degradiation. The 446 

photoelectrochemical test confirmed the CCN-20 sample’s high charge transfer and separation 447 



efficiency, which is beneficial for increasing photocatalytic activity. At the same time, the “Z-scheme” 448 

photocatalysis mechanism is advantageous for increasing the redox capacity of the composite 449 

photocatalyst. This work provides a facile and feasible approach to construct new g-C3N4-based 450 

photocatalysts, which have great potential for application in the fields of new energy and 451 

environmental purification.  452 
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