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a b s t r a c t
Bulk g-C3N4 (CNI) was prepared via direct pyrolysis of urea at 550°C. Two porous g-C3N4 materi-
als (CNII and CNIII) were synthesized using silica nanoparticles template obtained via two dif-
ferent routes with keeping the mass ratio of urea to silica constant at (1:1). CNIII sample was load 
with different amounts of CuO to prepare Cu2O@CNIII photocatalysts. The synthesized materials 
were characterized by X-ray diffraction, scanning electron microscopy, Fourier-transform infrared 
spectroscopy, N2 adsorption–desorption measurements, ultraviolet-visible spectroscopy (UV-Vis), 
and X-ray photoelectron spectroscopy. N2 adsorption–desorption measurements showed that the 
porous structure of CNII and CNIII has a huge surface area (50.4–85.2 m2/g) than that of bulk g-C3N4 
(CNI). The surface area of CNIII samples decreased with the increase of Cu2O content in Cu2O@
CNIII materials. The data obtained from the photocatalytic degradation of Rhodamine B (RhB) dye 
reveal that the addition of Cu2O to CNIII increased the photocatalytic activity when compared to 
CNI, CNII and metal free-CNIII photocatalysts. The high activity of CNII and CNIII samples was 
attributed to the texture properties while that for Cu2O@CNIII samples was related to the syn-
ergetic effect of both surface area and the presence of Cu2O nanoparticles. The experimental data 
was explained in terms of pseudo-first-order kinetics model. The recyclability study reveals that 
the investigated photocatalysts were highly stable and can be reused for up to four successful runs 
without a major loss in their activity. From free radical trapping studies, the major reactive species 
photoinduced holes and super oxide radicals play an important role in the degradation of RhB.

Keywords: �Photocatalytic degradation; Rhodamine B; Porous carbon nitride; Cu2O@porous carbon 
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1. Introduction

Numerous industrial processes such as clothing, leather 
tanning, food, hair coloring and paper industries represent 
the main sources of dyes in wastewater. About 15% of the 
dyes used in these processes are non-biodegradable and 
discharged into water bodies and natural streams [1–3]. 
Majority of these dyes are poisonous and carcinogenic thus 
causing impair the environment and human health [4], there-
fore the disposal of effluents containing these pollutants 

needs a previous suitable treatment technique to reduce 
their potential magnified impacts on environment. Many 
technologies have been used to treat textile industry efflu-
ents such as adsorption [5,6], photodegradation [7–9], bio-
logical process [10,11], electrochemical [12,13] and advanced 
oxidation process (AOPs) [14,15]. Among the processes 
which have been used to minimize dyes concentrations in 
surface and wastewater to acceptable levels, photocatal-
ysis degradation process represents an efficient and eco-
nomical tool. It employs light radiation in the presence of a 
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photocatalyst to accelerate the degradation of dye molecules 
to some nontoxic stable products such as CO2 and H2O 
[16–18]. This tool has many advantages, for instance, sim-
ple operation conditions, stability, low costs and toxicity, 
hydrophilicity, and availability [19–21].

Several attempts have been made in the last decade to 
identify visible-light driven photocatalysts for the degra-
dation of organic contaminants. Carbon nitride (g-C3N4) 
has received a lot of interest in this area. A large variety of 
abundant nitrogen rich precursors such as urea, thiourea, 
melamine, cyanamide, and dicyanamide are used to syn-
thesized g-C3N4 [22,23]. However bulk g-C3N4 synthesized 
from these materials showed low visible-light absorp-
tion capacity [24] and insufficient surface-active sites [25] 
which leads to the rapid recombination of photoinduced 
electron–hole pairs [26]. Therefore, numerous attempts 
have been made to modify the chemical structure and the 
surface properties of g-C3N4 including surface active sites 
and their porous structure. Among the various structural 
modification techniques, doping of bulk g-C3N4 with met-
als or non-metals materials creating different g-C3N4 nano-
structures with varying morphologies and porosity which 
leads to increase their surface area, enlarging visible-light 
harvesting ability, and reduced photogenerated electron–
hole pair recombination [27,28]. Immobilization of noble 
metals such as Pd, Au, and Pt into g-C3N4 [29–31] has been 
employed in this regard to increase charge separation by 
trapping photogenerated electrons and inhibiting their 
interaction with holes. In recent years, great interest has 
focused on combining g-C3N4 with the oxides of non-noble 
metals such as ZnO [32], NiO [33], CuO [34,35], and WO3 
[36] to produce low-cost hybrid materials to decompose 
a wide range of organic pollutants, such as dyes.

In the present work, bulk g-C3N4 (CNI) was obtained 
by pyrolyzing urea directly at 550°C. Two porous g-C3N4 
materials have been prepared by using urea and SiO2 as tem-
plate through two different routes with keeping the mass 
ratio of urea to silica content at 1:1. One route (A) to obtain 
porous g-C3N4 (CNII) used synthesized colloidal silica with 
average pore diameter 50  nm as prepared and reported 
by Moller et al. [3]. In another route (B) the silica template 
was produced in a one-pot sol-gel process by mixing urea 
and the required amount of tetraethyl orthosilicate followed 
by thermal condensation of the product [38] the sample 
was denoted as CNIII. To prepare Cu2O@CNIII photocat-
alysts, CNIII material was loaded with different amounts 
of Cu2O. The photocatalysts were characterized by several 
techniques and their photocatalytic activities toward the 
degradation of Rhodamine B (RhB) under solar light irra-
diation were investigated.

2. Experimental

2.1. Chemicals used

Urea, tetraethyl orthosilicate (TEOS), cetyltrimethyl 
ammonium bromide (CTAB), triethanolamine (TEA), eth-
anol (C2H5OH), copper(II) nitrate hemi-pentahydrate 
(Cu(NO3)2·2.5H2O) and sodium borohydride (NaBH4) were 
supplied from Sigma-Aldrich and employed as received 
without further treatment. Deionized water (DI H2O) was 
used throughout the experiments.

2.2. Synthesis of bulk g-C3N4 (CNI sample)

Bulk graphitic carbon nitride, g-C3N4 (CNI sample) was 
obtained via direct pyrolysis of urea. Typically, 5 g of urea 
was dissolved in 10 mL of DI H2O and then dried over water 
bath at 75°C for 12 h. The dried material was put in a cov-
ered crucible and placed in a muffle furnace and heated 
at 550°C for 4  h with the ramping rate of 5°C/min. The 
pale-yellow product was ground and kept for further use.

2.3. Route A: synthesis of CNII sample

Firstly colloidal silica was obtained according proce-
dure B reported by Moeller et al. [37], typically 18.5 mL of 
TEOS and 98.6 mmol of TEA were mixed in a beaker and 
heated at 85°C for 30  min without stirring. This mixture 
was added dropwise to a solution containing 1.34 mole DI 
H2O and 2.17  mmol CTAB preheated to 65°C. The whole 
solution was stirred for 2 h and leave to cool to room tem-
perature. A white solution was obtained, and the pH of the 
solution was found to be 9.3. Finally, CTAB was extracted 
by using 2  wt.% NH4NO3/ethyl alcohol solution. The col-
loidal silica obtained was used as a hard template to pre-
pare CNII sample as follows: 10  g of urea was dissolved 
in 15  mL of DI water and then this solution was added 
slowly to the colloidal silica solution and the mixture was 
kept overnight on a water bath until drying. The remain-
ing precipitable was transferred to a crucible and heated 
at 550°C for 4  h with a ramping rate 5°C/min. To remove 
the silica template from the resulting yellow solid, the 
product was treated with 2N HF solution for 24 h at room 
temperature. The solid obtained was washed several times 
by DI H2O then with ethanol and dried at 70°C for 4 h.

2.4. Route B: synthesis of CNIII sample

An alternative porous g-C3N4 (CNIII sample) was syn-
thesized by using sol-gel/thermal/condensation technique 
[38]. Briefly 5 g of urea was dissolved 20 mL of DI H2O and 
30  mL of ethanol and the pH of the solution is adjusted 
to 1.8 by the addition of 0.5 N HCl. To the above solution 
18.5 mL of TEOS was added drop-wise under stirring, the 
mixture was further stirred for 30 min at room temperature. 
After removing the solvents by heating the mixture at 75°C 
for 12 h, the solid was heated to 550°C with a ramping rate 
5°C/min and kept at this temperature for 4 h. The solid is 
treated with 2  N HF solution for 24  h to remove SiO2 and 
subsequent washed with DI H2O and then with ethanol 
and finally dried at 70°C for 4 h.

2.5. Synthesis of Cu2O@CNIII samples

Firstly, CuO sample was obtained by annealing 
Cu(NO3)2·2.5H2O at 400°C for 6  h. CuO@CNIII samples 
were synthesized by a simple impregnation method. 
Typically, 10  mL of DI H2O containing the appropriate 
amount of copper nitrate was taken in a 25 mL beaker and 
then a fixed amount of CNIII was dispersed using a soni-
cator. The above mixture was maintained at 70°C for 8 h to 
ensure the evaporation of the solvent. Four different CuO@
CNIII photocatalysts containing 1, 2, 5 and 7  wt.% CuO 
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were obtained and labeled as 1CNIII, 2CNIII, 5CNIII and 
7CNIII, respectively. The samples were calcined at 350°C 
for 6 h. Each of the above solids was dispersed in 40 mL DI 
H2O followed by the slowly addition of 100  mg of NaBH4 
which acts as reducing agent. Each mixture was stirred at 
room temperature for 4  h. and the solid sample was sep-
arated by centrifugation and washed several times by 
DI H2O then by ethanol and finally dried at 70°C overnight.

2.6. Samples characterization

X-ray diffraction (XRD) patterns of some selected sam-
ples were obtained on Shimadzu XRD 6000 diffractome-
ter equipped with nickel filtered Cu Kα source operated 
at 40 KV, 30 mA and the patterns were recorded in the 2θ 
range of 10°–80°. Surface morphology of the photocatalysts 
was studied, by the help of scanning electron microscopy 
(SEM) on JEOL, JSM-6510 LV. The functional groups char-
acterized the surface of the tested samples were exam-
ined by recording their Fourier-transform infrared (FT-IR) 
spectra on a JASCO infrared spectrometer (Model 4100). 
Textural properties (surface area and pore size) were esti-
mated from nitrogen adsorption–desorption isotherms 
measured at 77 K using Quanta-chrome Nova, model 3200. 
The surface area was calculated by using BET equation 
[39] while the pore size distribution was obtained from 
BJH method [40]. The UV-visible diffuse reflectance spec-
tra (UV-Vis DRS) in the range 260–800  nm were recorded 
using Lambda AAS 800 spectrophotometer (Perkin-Elmer, 
USA). The chemical state of different elements of each 
photocatalyst was analyzed using X-ray photoelectron 
spectrometer (XPS) (Thermo Fisher Scientific, USA).

2.7. Photocatalytic process

All experiments have been carried out in a mechan-
ically stirred jacketed Pyrex beaker of volume 500  mL 
at room temperature. Initially, 300  mg of the photocata-
lysts was added to 100  mL of RhB dye at a concentration 
of 15  mg/L. To achieve the sorption balance between RhB 
solution and the photocatalyst, the photocatalyst solution 
was kept in the dark for 60 min. After that the mixture was 
subjected to sunlight, under similar conditions between 
10 AM to 1.0 PM. The intensity of sunlight during this time 
period was nearly constant as measured by oxalic acid/
uranyl sulfate method. At different interval times, 2 mL of 
the suspension was taken and then centrifuged to remove 
photocatalyst particles and the remaining concentration 
of RhB in the supernatant was measured at λmax =  545 nm 
using UV-Vis spectrophotometer. The photocatalytic deg-
radation of RhB over the tested samples is expressed by 
[RhB]t/[RhB]0 where [RhB]t is the remaining concentration 
of RhB at time t and [RhB]0 is the primary concentration of 
RhB dye. To estimate the active species during the photo-
catalytic degradation of RhB a series of scavengers were 
added to the reaction medium. Benzoquinone (BQ) and 
iso-propanol (IPA) were used to scavenge O2

•– and OH• 
radicals while potassium iodide (KI) and silver nitrate 
was added to scavenge holes and electrons, respectively.

3. Results and discussion

3.1. Structure characterization

Fig. 1 illustrates the wide angle XRD patterns of bulk 
g-C3N4 (CNI) and two metal free-porous C3N4 samples 
synthesized via two different routes (CNII and CNIII). As 
indicated from Fig. 1 distinct diffraction lines are observed 
at 2θ  =  13.1° and 27.4° for all samples. The strong diffrac-
tion line located at 27.4° corresponding to the (002) plane 
which is a characteristic of inter-planer stacking diffraction 
line of conjugated aromatic system. The weak diffraction 
line located around 13.1° corresponding to the (100) plane 
which is a signed to an in-planer structural packing motif 
of tri-s-triazine units. In the case of bulk g-C3N4 obtained 
from direct pyrolysis of urea (CNI) both (100) and (002) dif-
fraction lines [41] are more intense than the other two sam-
ples (CNII and CNIII), indicating that the crystal growth of 
g-C3N4 is inhibited by utilization of SiO2 as a hard template.

Fig. 1 included also the XRD patterns of 5CNIII as a rep-
resentative sample. As observed from Fig. 1, the patterns of 
this sample did not exhibit any diffraction lines correspond-
ing to the presence of Cu2O phase. It seems that to identify 
a metal oxide component by XRD it should be exceed to a 
certain ratio of the total composition. The results also con-
firmed that with increasing Cu2O content the intensity of the 
diffraction lines located at 13.1o and 27.4o decreased indicat-
ing that the presence of Cu2O inhibited the crystallinity of 
CNIII sample.

The microstructure and the surface morphology of 
CNI, CNII, CNIII and the sample containing 5 wt.% Cu2O 
(5CNIII) were inspected through SEM as indicated in Fig. 2. 
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Fig. 1. Wide range XRD pattern for CNI, CNII, CNIII, and 5CNIII 
samples.
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The SEM images of CNI is shown in Fig. 2a which is com-
posed of large agglomerates with some tubular without 
porous structures. The SEM images of CNII sample (Fig. 2b) 
contains both irregularly spherical particles and nanosheet 
morphologies. The SEM images of CNIII sample (Fig. 2c) 
exhibit a typical porous morphology with tubular struc-
ture. The surface morphology of 5CNIII sample shows small 
spherical Cu2O particles dispersed homogeneously into the 
g-C3N4 nanosheets.

The chemical structures of CNI, CNII, and CNIII samples 
were examined by FT-IR technique (Fig. 3). As seen from this 
figure, the three samples display a broad band within the 
range 3,000–3,500 cm–1 which is assigned to the presence of 
N-H stretching vibration of uncondensed amine groups and/
or O–H stretching vibration of physically adsorbed water 
molecules [22,42]. In addition, several bands in the range 
from 1,250–1,640  cm–1 corresponding to the characteristic 
stretching modes of heterocycles were also observed in the 
spectra. The band located at around 810  cm–1 is attributed 
to the breathing mode of triazine units [42,43].

For subject of comparison, Fig. 3 also illustrates the FT-IR 
spectra of 5CNIII sample. As indicated from this figure, 

an additional band at 625  cm–1 was detected, this absorp-
tion band originates from the stretching vibration of Cu–O 
bond [44,45]. This result confirms that Cu2O particles suc-
cessfully dispersed through CNIII sample to form a binary 
nanocomposite.

The textural properties of the tested samples were esti-
mated from N2 adsorption–desorption measurements at 
77  K. Fig. 4 shows N2 adsorption–desorption isotherms 
and pore size distribution curves of some selected sam-
ples. As indicated from Fig. 4a, CNII and CNIII samples 
exhibit isotherms of type IV with hysteresis loops which 
are characterized for mesoporous materials, while that 
for bulk g-C3N4 (CNI) shows isotherm like type III. Fig. 
4b shows the pore size distribution curves of these sam-
ples which are characterized by the presence of one max-
imum located at 12.5, 17.2 and 13.5  nm for CNII, CNIII, 
and 5CNIII samples, respectively indicating the meso-
porous structure of the samples. The results presented in 
Table 1 reveal that the BET surface area and the porosity of 
the materials depends on the method of preparation. Bulk 
g-C3N4 (CNI) measured the lowest surface area (5.8  m2/g) 
with less porosity (0.012 cm3/g). When synthesized colloidal  
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Fig. 2. (a–d) SEM images of CNI, CNII, CNIII, and 5CNIII, respectively.
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silica was used as a template, CNII sample measured sur-
face area of 50.4  m2/g with a pore volume of 0.12  cm3/g, 
while CNIII sample synthesized via sol-gel/thermal con-
densation method measured the highest surface area and 
pore volume (85.2  and 0.16  cm3/g). Loading CNIII with 

different amounts of Cu2O led to appreciable changes in 
the textural properties thus a respective 17.37%, 45.8% 
and 64.5% decrease occurred, in the area of 2CNIII, 5CNIII 
and 7CNIII samples relative to the value measured for the 
metal free sample (CNIII), this decrease may be related 
to blocking or filling of some narrow pores present at the 
surface of CNIII sample by deposition of Cu2O species

For further evaluation, the optical absorption of some 
tested samples was examined in the visible region (Fig. 5). 
The absorption edge for CNI, CNII, and CNIII samples 
were found to be 443, 468 and 480 nm, respectively, while 
that for 5CNIII sample was located at 510  nm. The band 
gap energy (Eg) of the samples were estimated based on 
the spectra obtained with UV-Vis and using Tauc equation 
[46] (Fig. 5b). Eg values for CNI, CNII, CNIII and 5CNIII 
were found to be 2.83, 2.74, 2.68, 2.41 eV, respectively. The 
above results indicate that loading of Cu2O shifted the 
absorption edge of CNIII sample to a higher value thus 
decreasing it is band gap. The same behavior has been 
reported for many metal oxide/g-C3N4 composites and was 
related to the mixed effect of the quantum sized and the 
interface interactions between the two components in the 
composite [47,48].
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Table 1
Texture properties of tested samples

Sample SBET (m2/g) Vp (CC/g) Average crystal size (nm)

CNI 5.6 0.011 4.5
CNII 50.4 0.12 12.5
CNIII 85.2 0.16 17.2
1CNIII 81.4 0.146 16
2CNIII 70.4 0.139 14.5
5CNIII 46.2 0.0757 13.5
7CNIII 30.4 0.061 12.9
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XPS analysis was also used to determine the composi-
tion and chemical state of the elements exit in CNIII and 
5CNIII photocatalysts as representative samples. From the 
XPS survey spectrum of CNIII sample (Fig. 6a) two major 
signals corresponding to C and N with small one related 
to O can be easily observed. The C 1s spectra shown in 
Fig. 6b can be deconvoluted into three peaks at 288.27, 
287.04 and 284.71  eV. The major C 1s peak centered at 
288.27  eV is assigned to sp2-bonded carbon (N–C=N) and 
the weaker one at 284.71 eV is related to sp2 bonded carbon 
in C–C and usually observed on the XPS characterization for 
C3N4 materials [49,50].

The N 1s spectra Fig. 6c contains three peaks at 398.62, 
400.54 and 404.57 eV. The main one is located at 398.62 eV 
and is related to sp2 hybridized aromatic N in triazine rings 
[41] while the peak centered at 400.54  eV is attributed to 
tertiary nitrogen bonded to carbon atoms (N–(C)3 and/or 
H–N–(C)2) [45,51]. The minor peak at 404.57  eV is related 
to π excitations due to charging effects in heterocycles 
[51]. As mentioned before the XPS survey spectrum of 
CNIII sample contains a very weak signal corresponding 
to the presence of oxygen located at 532.19  eV, the pres-
ence of this signal with that measured for C 1s at 284.71 eV, 
may attributed the presence of C–O band, which could be 
formed as a result of adsorbed CO2 [49].

The survey spectrum of 5CNIII (Fig. 7a) indicate the pres-
ence of C, O, N and Cu in the sample. The position of the 
binding energy peaks of C, O and N elements get slightly 
shifted toward lower value as result of loading CNIII sam-
ple with 5  wt.% Cu2O. This indicates that the structure of 
CNIII is slightly altered by the addition of Cu2O. For the Cu 
2p spectrum (Fig. 7d), it displays six characteristics peaks. 
Cu 2p3/2 and Cu 2p1/2 of Cu0 and/or Cu1+ were found as two 
main peaks at binding energies of 932.62 and 952.62  eV, 

respectively. The tiny peaks at 935.23, 944.14 and 955.6  eV 
could be attributed to the presence of Cu2+ species in the 
composite, which could be produced by the oxidation of Cu0 
and/or Cu1+ due to air and/or humidity exposure [45,52].

3.2. Photocatalytic degradation activity

The photocatalytic activity of the samples for degra-
dation of RhB were carried out at 295 K and at natural PH 
values [7.0–6.8] under sunlight irradiation and illustrated 
in Fig. 8. A blank experiment in absence of photocata-
lyst showed that almost, no RhB photodegradation, indi-
cating that the self-photolysis of RhB is negligible when 
irradiated with sunlight for 240  min. However, all photo-
catalysts show a considerable degradation activity in the 
presence of irradiation. The results indicated that 18.6%, 
28.6%, 38.6% and 46.67% of RhB were photodegraded after 
100  min irradiation for Cu2O, CNI, CNII and CNIII sam-
ples. This data shows that the photodegradation activity of 
RhB without exception increased with increasing surface 
area and pore size of the photocatalyst. Materials with a 
high surface area and large pore size appear to have stron-
ger photocatalytic activity [53]. For comparison, the per-
formance of CNIII sample containing different amounts 
of Cu2O was also included in Fig. 8. As noted from Fig. 8, 
the photocatalytic activity of CNIII for degradation of RhB 
was increased with increasing the amount Cu2O loaded to 
reach 85.33% for 5CNIII. Upon further increasing of Cu2O 
content from 5 to 7  wt.% the photocatalytic degradation 
activity of 7CNIII sample (not included in Fig. 8) remains 
almost constant. This may be taken as evidence that Cu2O 
nanoparticles are photo-catalytically active sites and partic-
ipate in the degradation of RhB. The area occupied by Cu2O 
nanoparticles represent the active area for this process.
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Photocatalytic degradation of RhB over the photocat-
alysts was found to obey a pseudo-first-order equation 
at low concentration [54,55] according to the following  
equation:

ln lnRhB RhB�� �� � �� �� �
t

k t
0 1 	 (1)

where [RhB]0 and [RhB]t are concentrations of RhB dye 
at time of zero and t, respectively and k1 is the pseudo-
first-order kinetic constant. The kinetic results are given 
in Fig. 9, a good linearity of the data can be observed 
(R2  =  0.97–0.99). The values of rate constant (k1) as cal-
culated from the slopes of these lines for Cu2O, CNI, 
CNII and CNIII are 12.0 × 10–4, 31.4 × 10–4, 50.2 × 10–4 and 
60.0 × 10–4 min–1, respectively. By loading CNIII with Cu2O 
the degradation kinetic constant considerably increases. K 
values of RhB degradation over 1CNIII, 2CNIII, and 5CNIII 
and 7CNIII samples are 10.5 × 10–3, 14.6 × 10–3, 18.4 × 10–3 

and 18.0  ×  10–3  min–1, respectively. The sample contain-
ing 5  wt.% Cu2O (5CNIII) exhibits the enhanced kinetic 
constant which is three times more than that of CNIII. As 
well-known Cu2O photocatalyst can adsorb a light in the 
visible range which enhance the light absorption capacity 
of the samples. Furthermore, Cu2O has a strong tendency 
to adsorb molecular oxygen which facilitate the scavenging 
of photogenerated electrons and suppress the recombi-
nation of electron-hole pairs at the interface [44,55].

The stability and longevity of photocatalysts are well 
established to be essential variables in practical applica-
tions. For this reason, 5CNIII sample was reused four times 
under the same conditions. The sample was collected by 
centrifugation in each run, then rinsed with DI H2O, then 
ethanol and dried at 140°C for 1  h. No remarkable change 
in photocatalytic activity was observed. The photocatalytic 
activity measured for the first run was 81.33% while that 
for the fourth run was found to be 77.3%. As a result, the 
5CNIII photocatalyst showed good photostability and can 
be used for practical applications.

Radical trapping tests have been carried out to estimate 
the role of reactive species in the RhB dye degradation activ-
ity. Fig. 10 shows the degradation efficiency of CNIII in 
absence and the presence of P-benzoquinone (BQ) scavenger 
of O2

•–, isopropyl alcohol (IPA) scavenger of OH•, silver nitrate 
(AgNO3) scavenger of electrons, and potassium iodide (KI) 
scavenger of holes [17,18]. As can be noted from Fig. 10 that 
the degradation efficiency of CNIII photocatalyst in absence 
of any scavenger decreased from 81.33% to 44.2%, 34.7%, 
65%, and 78.5% in the presence of BQ, KI, 2-IPA, AgNO3, 
respectively. These results indicate that RhB degradation 
mainly is governed by superoxide radicals and photogene-
rated holes. Which means that two species play a significant 
role in the degradation of RhB over the tested photocatalysts.

Based on the above results the photocatalytic degradation 
of RhB over Cu2O@CNIII photocatalysts can be described 
by the following scheme:
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Fig. 6. (a) XPS survey spectral of CNIII sample and high-resolution XPS spectra of (b) C 1s peak, and (c) N 1s peak of CNIII sample.
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Fig. 7. (a) XPS survey spectral of 5CNIII sample and high-resolution XPS spectra of (b) C 1s peak, (c) N 1s peak, and (d) Cu 2p peak 
of 5CNIII sample.
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As mentioned before the calculated bandgaps of CNIII 
and Cu2O are 2.68 and 2.01  eV, respectively which means 
that both CNIII and Cu2O can absorb photons and gener-
ate e––h+ pairs under sunlight irradiation. So based on the 
energy band structure, both the conduction band (CB) and 
valence band (VB) of g-C3N4 are lower than those of Cu2O 
[56], the excited state electrons of Cu2O migrate directly to 
the CB of the g-C3N4 while the exited holes of g-C3N4 tend 
to transfer to the VB of Cu2O. Trapped electrons at CB of 
g-C3N4 reduced molecular oxygen dissolved in the solution 
to produce reactive •O2

– and then h+ and •O2
– are able directly 

to oxidize RhB dye due to their high oxidative capacity.

4. Conclusion

Rhodamine B dye (an organic pollutant) is efficiency 
degraded over metal free-porous g-C3N4 as well as on 
Cu2O@g-C3N4 nanocomposites aqueous dispersion under 
irradiation by solar light. The photocatalytic activity of the 
porous g-C3N4 prepared by the sol-gel approach (CNIII) is 
higher than those measured for bulk (CNI) and even porous 
g-C3N4 prepared using synthesized colloidal silica template 
(CNII). Cu2O@CNIII nanocomposites showed considerable 
enhancement in the photocatalytic degradation of RhB com-
pared to the other metal-free g-C3N4 photocatalysts. The 

 
0 20 40 60 80 100 120 140 160 180 200 220

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2

3.6

 CNI
 CNII
 CNIII
 1CNIII
 2CNIII
 5CNIII

Ln
C 0/C

t

Time (minutes)

Fig. 9. Pseudo-first-order kinetic plots of some selected samples (Experimental conditions: C0 = 15 ppm, Temp. = 25°C, dosage = 1.5 g/L, 
pH = 7).

Without P-benzoquinone KI iso-propanol silver nitrate
0

20

40

60

80

100

)
%( noitadargedotohP

Scavenger used

81.33%

44.2%

34.7%

78.5%

65%

Fig. 10. Photodegradation activity of RhB over CNIII photocata-
lyst in the presence of various scavengers.



R.M. Basal et al. / Desalination and Water Treatment 258 (2022) 179–189188

enhanced activity was attributed to the synergetic effect of 
both surface area and Cu2O nanoparticles which provides 
more active sites for the degradation of RhB. The degradation 
data follow pseudo-first-order kinetic model. Superoxide rad-
icals and photoinduced holes represent the main active spe-
cies as recognized from radical trapping experiments. Finally, 
the photocatalysts under investigation showed an excellent 
photostability and can be reused up to four consecutive runs.
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