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a b s t r a c t
A series of La-doped (0.001–1 g) graphitic carbon nitride (g-C3N4) samples was prepared through 
the air atmospheric pyrolysis of melamine. Different analytical techniques were employed to char-
acterize the structural, morphological, optical, and photocatalytic properties of both pure and 
doped g-C3N4 samples. The phase structures of pure and La-doped g-C3N4 samples were revealed 
by X-ray diffraction. The scanning electron microscopy analysis expressed that the well-defined 
particle shape became ambiguous, and the particle size gradually decreased with the increasing dop-
ing amount of La nitrate ions. Due to La doping on g-C3N4, the optical properties of the samples 
were improved. In comparison to pure g-C3N4, La-doped g-C3N4 manifested higher photocatalytic 
degradation efficiency toward methylene blue (MB) and phenol under visible light irradiation.

Keywords: �Graphitic carbon nitride; Photocatalytic efficiency; Pyrolysis; La nitrate ions; Phenol; 
Methylene blue

1. Introduction

Population growth and continuously rising living stan-
dards over the last decades have caused a dramatic increase 
in energy consumption all over the world [1]. Consequently, 
a rapid decrease in fossil fuel sources and an increase 
in pollution and the use of renewable energy sources 

have also noticed. Researchers have adopted different 
technologies to efficiently use clean and limitless solar energy. 
Photocatalysts harvest solar energy to improve the efficiency 
of solar cells [2]. As a light-emitting diode, a fuel cell elec-
trode, and a photocatalyst, non-oxide lightweight carbon 
nitride (C3N4) is a promising material for different appli-
cations, and numerous preparation and characterization 
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methods of C3N4 have been proposed in recent years [3–5]. 
The quest for suitable new energy resources and pollution-
degradation strategies has become an important research 
topic to solve the current energy crisis and environmental 
problems. As a pollution-free and inexhaustible resource, 
solar energy is considered as the most ideal candidate to 
solve the energy crisis. However, the low energy conversion 
efficiency is the main drawback of solar cells. Therefore, 
carbon nitrides, an analog of graphite with special elec-
tronic properties, have attracted significant attention as 
promising photocatalysts [6].

The hardness of β-C3N4 is similar to that of a diamond 
[7–9]. C3N4 requires cheap raw materials and has excellent 
chemical stability [10–13]. According to Liu and Cohen [8], 
the compressibility of C3N4 is similar to that of a diamond. 
According to Xu and Gao [14], pseudocubic-C3N4 is a direct 
band semiconductor, whereas its other three dense forms 
(α-, β-, and cubic phases) are indirect bandgap semicon-
ductors. They used an approximation method to determine 
the band gaps of different C3N4 phases. As the band gaps of 
α-, β-, and cubic phases are too large, they are not suitable 
for visible light absorption. Multifarious attempts, such as 
the construction of sundry nano-architectures [15], surface 
modification [16], heterojunction manufacturing [17], and 
chemical doping [18,19], have been made to improve the 
optical properties of C3N4.

The optical properties of pure graphitic-C3N4 can be 
improved through the doping of different transition met-
als (Cu2+, Fe3+, Co3+, and Ni2+) because this phenomenon 
allows them to be located in the cavities between adja-
cent tri-s-triazine units on the same π-conjugated planes 
[20,21]. Wan et al. [22] studied the photocatalytic deg-
radation performance of La-intercalated g-C3N4 toward 
Rhodamine B. However, the structure of La-doped C3N4 
was not clear, and the photocatalysis mechanism was not 
properly understood. Methylene blue (MB) is a safe drug 
and causes no toxicity when its therapeutic dose limit is 
<2 mg/kg. A female patient with breast cancer experienced 
sentinel lymph node biopsy localization during MB peri-
tumor injection and, consequently, skin, and fat necroses 
were developed, followed by dry skin gangrene [23]. MB 
also causes a hemolytic anemia with severe renal insuffi-
ciency and deficiency of glucose-6-phosphate dehydroge-
nase (G6PD). MB also interferes with the light emission 
of a pulse oximeter, resulting in a false depression in the 
oxygen saturation reading [24]. Rare-earth materials are a 
smart class of dopants because they can easily give trivalent 
cations, thus altering the structures, and characteristics 
of nanoparticles and creating multifunctional materials 
due to their f-electronic configurations. Lanthanum (La) 
is widely used in aircraft as an activator of the propel-
lant burning rate and also as a laser material in screens, 
phosphorus, and ceramics intensifying X-ray imaging. 
Lanthanum orthoferrite (LaFeO3) with a perovskite struc-
ture exhibits p-type conductivity at high partial oxygen 
pressure (PO2 > 10−4 atm) [25]. LaFeO3 is a charge-transfer-
type insulator and displays a bandgap of 2.1–2.0 eV [26,27]. 
Industrial wastewater pollution has become a considerably 
complex problem due to the growing diversity of products 
and precursor chemicals disposed of in water resources 
[28]. Photocatalytic oxidation can directly use solar energy 

to efficiently remove organic contaminants [29]. Phenol is 
one of the most widely used toxic recalcitrant organic com-
pounds in petrochemical, pharmaceutical, and chemical 
industries [30]. Dyes are highly toxic and extremely poison-
ous, even at small concentrations [31]. However, pigments 
and dyes are widely used in manufacturing textiles, paper, 
plastics, leather, foods, and cosmetic goods, although the 
release of their wastes into water leads to major dangers to 
the aquatic environment [32].

In the present study, pure g-C3N4, and different con-
centrations of La-doped C3N4 were synthesized by a facile 
combustion method. The physicochemical characteristics 
of the as-prepared samples were investigated by X-ray 
diffraction, scanning electron microscopy (SEM), UV-vis 
spectrometry. The visible-photocatalytic degradation activ-
ities of pure g-C3N4 and La-doped g-C3N4 toward MB and 
phenol were analyzed.

2. Experimental and characterization methods

2.1. Reagents

Analytical grade melamine, lanthanum nitrate (La(NO3)3· 
6H2O), and other chemicals were purchased from Sigma-
Aldrich, (Hamburg, Germany) and were used without fur-
ther purification. In order to avoid contamination, deionized 
water was used for the preparation and washing of materials 
at a resistivity of ~18 MΩ cm.

2.2. Preparation of pure porous graphitic-C3N4 and La-doped C3N4

Pure graphitic-C3N4 was prepared through the air atmo-
spheric pyrolysis of melamine. Urea (8 g) was ground in a 
crucible, heated to 550°C at a rate of 5°C/min, finally, tem-
pered in the flowing air at 550°C for 2  h. The sample was 
then allowed to cool down to room temperature. The result-
ing powder was then ground with a mortar pestle. Residues 
absorbed on the porous g-C3N4 surface were removed by 
deionized water. In order to synthesize the doped sample, 
La(NO3)3·6H2O was added to melamine in the first stage, 
and the other procedures for pure C3N4 were then repeated.

2.3. Characterizations

The structural analysis of pure C3N4 and La-doped C3N4 
was performed by XRD. The XRD analysis was carried out 
by an X-ray diffractometer (Shimadzu LabXRD-6000, Tokyo, 
Japan) under Cu-Kα radiation (λ = 1.5406 Å) at 30 kV and 30 mA.

The morphologies of the samples were observed by 
SEM (Model: JSM-6360) at an operating voltage of 20 kV.

The optical diffused reflectance spectra of the samples 
were detected by a UV-vis-NIR spectrophotometer (JASCO 
UV-vis-NIR-V-57, Easton, USA) in the wavelength range of 
200−800 nm.

The samples were irradiated under visible light to 
observe their photocatalytic degradation activities toward 
phenol and MB aqueous solutions in a handmade pho-
to-reactor. This photo-reactor was composed of two parts: 
the outer part was a wooden box of 100  cm height and 
65 cm width, whereas the inner part contained eight visi-
ble lamps, each one of 18 W, 60 cm length, emitting light at 
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425–600 nm. The samples were put in a beaker with 50 mL 
of MB (20  mg/L) and were exposed to darkness to study 
the chemisorption for 30  min. Phenol (100  mL, 300  ppm) 
was exposed to light in the presence of the samples. The 
samples were then irradiated under visible light, and their 
activities were noted for every 15  min. The samples were 
finally analyzed by a 160 A UV-vis-spectrophotometer.

The removal rate [Rev (%)] of photodegrading MB 
in the aqueous solution was calculated by the following 
formula:

Rev % %( ) = −








×1 100

0

C
C

	 (1)

where C0 and C (mg/L) are the initial and final concentrations 
of photodegrading MB. The obtained photodegradation 
data from different catalysts obeyed the first-order kinetics, 
ln(C/C0) = kt, where k is the first-order rate constant.

3. Results and discussion

3.1. XRD analysis of pure g-C3N4 and La-doped g-C3N4

The XRD spectra of the pure and doped samples with 
different La3+ concentrations (0.001, 0.01, 0.1, 0.5, and 1.0 g) 
are displayed in Fig. 1. For the pure g-C3N4 sample, both the 
(100) peak at 2θ = 13.10°and the (002) peak at 2θ = 27.50° were 
less intense [33,34], and it can be attributed to the interlayer 
stacking reflection of the conjugated aromatic system and the 
interplanar structural packing. The (002) peak indicates the 
denser packing of C3N4 molecules. The diffraction peak at 
2θ  =  13.1° disappeared with the increasing doping content 
of La ions, and the main peak of g-C3N4 at 2θ = 27.845° over-
lapped with the (012) plane at 2θ = 27.58°. Moreover, a new 

peak at 2θ = 47.15° appeared from the plane (111) when the 
La doping content was 1.0 g, and this result confirms that La3+ 
ions were successfully incorporated on the surface of g-C3N4. 
The (100) peak gradually disappeared with the increase of 
the doping concentration. It indicates that La was homoge-
neously doped into the g-C3N4 lattice although most of La 
was confined on the surface of C3N4.

3.2. SEM analysis of pure C3N4 and La-doped C3N4

The surface morphologies of pure g-C3N4 and La-doped 
g-C3N4 are exhibited in Fig. 2. The pure g-C3N4 sample pos-
sessed some granular aggregates. The surface of pure g-C3N4 
appeared to be very rough, and no ordered structure was 
observed in it (Fig. 2a). Fig. 2b displays single crystals with 
a distinct hexagonal morphology. It is noticeable from Fig. 2f 
that the 1.0 g La-doped g-C3N4 sample had disordered sheets. 
The diameter of La-doped g-C3N4 ranged between 6.11 and 
16.08  µm. With the increasing La3+ doping concentration, 
the well-defined particle shape became ambiguous, and the 
particle size gradually decreased.

3.3. UV-vis diffused reflectance measurements of pure C3N4 and 
La-doped C3N4

The bandgaps of the pure and doped samples were 
determined by UV-vis diffused reflectance spectroscopy, 
and their reflection spectra (R(λ)) were detected. The 
intensities of optical reflection spectra increased with the 
increasing wavelength and decreased with the increas-
ing La concentration. The absorption edge of La-doped 
g-C3N4 had a slight redshift in comparison to pure g-C3N4 
(Fig. 3). Fig. 4 presents the energy bandgaps of the as-pre-
pared materials estimated from the plot of (αhυ)1/2 vs. the 
incident photon energy (hυ) based on Tauc’s formula [35]. 
The Kubelka–Munk function and its related absorption 
coefficient (α) were used to determine the bandgap [36,37].

α υ
υ

υh
h

h( ) = ( )( )
= −( )F R

d
A Eg

n
	 (2)

where A is a pre-factor, Eg is the energy bandgap, and n 
provides information about the type of transition (n = 2 for 
the indirect bandgap and n  =  1/2 for the direct bandgap). 
The plots of (αhυ)2 vs. hυ for the pure and La-doped g-C3N4 
samples are displayed in Fig. 5. The linear portions of the 
plots were extrapolated to measure the bandgap. The esti-
mated band gaps of the pure and La-doped g-C3N4 samples 
are summarized in Table 1. The direct bandgap decreased 
from 2.714 for pure g-C3N4 to 2.638 for 1.0  g La-doped 
g-C3N4; however, the indirect bandgap decreased from 2.891 
to 2.872 with the same ratio of La. The photocatalytic activ-
ity of La-doped g-C3N4 was enhanced because La nitrate 
ions contributed to the narrowing of the bandgap energy.

3.4. Photocatalytic activity analysis

Some contradictory opinions have been proposed con-
cerning the photocatalytic degradation of dyes and azo-
dyes [38,39]. According to Wang et al. [40], some dyes can 
absorb visible light during photodegradation.
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Fig. 1. XRD distributions of pure g-C3N4 and La nitrate ions 
doped g-C3N4 samples with various amounts of La (0.001, 0.01, 
0.1, 0.5, and 1.0 g La).
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Fig. 2. SEM micrographes of (a) pure g-C3N4, (b) 0.001 La-C3N4, (c) 0.01 La-C3N4, (d) 0.1 La-C3N4, (e) 0.5 La-C3N4, and (f) 1 La-C3N4.

 

200 250 300 350 400 450 500 550 600 650 700
0

20

40

60

80

100  pure C3 N4

 (0.001 g) La-doped C3 N4

 (0.01   g) La-doped C3 N4

 (0.1     g) La-doped C3 N4

 (0.5     g) La-doped C3 N4

 (1        g) La-doped C3 N4

R
, (

%
)

hυ, (eV)
 

Fig. 3. UV-vis diffused reflectance of pure g-C3N4 and La doped 
g-C3N4 samples with various La ion concentrations.
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Fig. 4. Plots of (αhυ)1/2 vs. the incident photon energy hυ for the 
investigated samples.
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The initial levels of MB and phenol concentrations 
remained almost the same in the dark for all samples, sug-
gesting that photocatalytic charge segregation played a 
major role in improving the photocatalytic effectiveness 
[41]. Under the same experimental conditions, the effec-
tiveness of photolysis without a photocatalyst was negli-
gible and phenol and MB were stable under visible light 
irradiation. The photocatalytic performances of the pure 
and La-doped g-C3N4 samples are presented in Fig. 6. It is 
discernible that the doped samples exhibited better pho-
todegradation efficiency for both MB and phenol. The 
obtained rate constant values are presented in Table 2 and 
Fig. 7. The rate constant for La-doped g-C3N4 was greater 
than that of pure g-C3N4, indicating that the g-C3N4 cata-
lyst maintained good catalytic stability in the photocat-
alytic reaction. It indicates that the photodegradation of 
MB and phenol decreased by the photocatalytic reaction. 
The obtained photodegradation data for different catalysts 
obeyed the first-order kinetics, ln(C/C0) = kt, where k is the 
first-order rate constant. It was observed that at t  =  0, the 
dye concentration was constant, indicating the absence of 
chemisorption. The rate constant increased from 0.00272 for 
pure g-C3N4 to 0.00763 for La-doped g-C3N4. Moreover, the 
photodegradation rate of phenol was higher than that of MB 
for both samples. The rate constant increased from 0.01406 
for pure g-C3N4 to 0.1025 for La-doped g-C3N4 [42]. In com-
parison to other photocatalysts [39,43,44], La-doped g-C3N4 
manifested an improved visible-light photocatalytic activity 

toward MB and phenol. In comparison to g-C3N4, La/g-C3N4 
had better visible-light absorption, absorptivity, and photo-
current response.

3.5. Photocatalytic mechanism

The photocatalytic mechanism depends on the wave-
length of the illuminated light, pollutant, and the photo-
catalyst. When the semiconductor absorbs the energy of 
light that was higher than the energy gap, the electron is 
pumped from the conduction band to the energy of the 
outer valence band, creating a hole. Electrons in the con-
duction band could reduce the dye or react with dissolved 
oxygen species to form superoxide ions (O2

–) or react with 
electron acceptors (O2) absorbed on the catalyst surface. 
Holes can oxidize water molecules into OH– radicals or react 
with OH–. Together with other high oxidant species (per-
oxide radicals), holes are responsible for the heterogeneous 
catalytic photodecomposition of organic substrates (dyes). 
The generation of OH. radicals were strongly affected by 
edge position of the valence band semiconductor that lead 
to oxidize Methylene Blue dye into mineral products [45]. 
Yang et al. [46] proposed a possible photocatalytic mecha-
nism over the Ti3C2/porous g-C3N4 Schottky junction and 
determined the work functions of Ti3C2 and porous g-C3N4 
as 3.31 and 2.53  eV, respectively. When Ti3C2 and porous 
g-C3N4 were in contact, visible-light-induced electrons on 
porous g-C3N4 flowed to Ti3C2 at the lower energy level 
to achieve an equilibrium state between the Fermi levels 
of Ti3C2 and porous g-C3N4. A space charge layer was gen-
erated on the side of porous g-C3N4, causing the upward 
bending of the energy band and the formation of a Schottky 
barrier. Electrons trapped by Ti3C2 could not flow back to 
the conduction band (CB) of porous g-C3N4, thus efficiently 
boosting the spatial charge separation. Therefore, Ti3C2 
nanosheets created a Schottky junction with the host porous 
g-C3N4 nanosheets to improve the photocatalytic activity.
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Fig. 5. Plots of (αhυ)1/2 vs. the incident photon energy hυ for the 
as-prepared samples.

Table 1
Direct and indirect band gap energy of the investigated samples

Samples Pure 
C3N4

0.001 g 
La-doped C3N4

0.01 g La-doped 
C3N4

0.1 g La-doped 
C3N4

0.5 g La-doped 
C3N4

1 g La-doped 
C3N4

Direct bandgap 2.714 2.709 2.707 2.686 2.683 2.638
Indirect bandgap 2.891 2.887 2.883 2.880 2.876 2.872

Table 2
Rate constant values for the pure g-C3N4 and La-doped g-C3N4 
with various mass of La-ions

Samples MB Phenol

Pure CN 0.00272 0.01406
0.001 % La-doped CN 0.00296 0.01868
0.01 % La-doped CN 0.00324 0.03222
0.1 % La-doped CN 0.00547 0.05103
0.5 % La-doped CN 0.00852 0.09557
1 % La-doped CN 0.00763 0.10258
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The photodegradation of phenol occurs in two primary 
phases [47]. In the first stage, phenol is degraded to com-
plicated hydroxylates (benzoquinone, catechol, and biphe-
nyl-4-ol) and short-chain compounds. These compounds 
become mineralized to CO2 and H2O during the mineral-
ization period [48]. This phase has a significant impact on 
the breakdown of easy hydrocarbons, such as glycerol, 
formic acid, oxalic acid, butanol, ethylene, and acetyl acid 
[49]. Huan Yia et al. [50] synthesized biomimetic hemin 
bismuth tungstate (HBWO) [2D] and found that the intro-
duction of hemin promoted the photocatalytic activity of 
2D BWO. HBWO became immobilized in monomer hemin 
on the surface of 2D BWO through a simple hydrothermal 
process. Tetracycline (TC) photodegradation has also been 
studied using HBWO composites. 2D nano-structured 
HBWO composites are considered as a promising photocat-
alytic substrate for environment-friendly photodegradation. 
Ali et al. [51] applied TiO2 nanotubes doped by bismuth in 
50 mg L−1 phenol visible-degradation to reach 17.5% phenol 
degradation.

4. Conclusion

Pure and La nitrate ions-doped g-C3N4 were synthe-
sized through the air atmospheric pyrolysis of melamine. 
The XRD analysis confirmed that loaded La nitrate ions 
were homogeneously incorporated and confined on the 
surface of g-C3N4. SEM images revealed that the well-de-
fined particle shape became ambiguous and the particle size 
gradually decreased with the increasing doping amount 
of La nitrate ions. All UV-vis reflectance spectra decreased 
with the increasing doping amount of La nitrate ions on 
g-C3N4. Under visible light irradiation, La-doped g-C3N4 
exhibited higher photodegradation efficiency toward MB in 
comparison to pure g-C3N4.
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