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Abstract
Porous g-C3N4 composed of nanosheets (p-gCN-NS) was synthesized through firstly 
grinding the hydrochloric acid-treated melamine with ammonium chloride (NH4Cl) 
and then calcining the mixture at 550° C for 2 h. The photocatalytic properties were 
determined by degrading Rhodamine B (RhB) and tetracycline (TC) aqueous solu-
tion (10 mg/L, 100 mL). Results show that the crystallinity, size and thickness of 
g-C3N4 in p-gCN-NS reduced dramatically compared with those in g-C3N4 sample 
synthesized without the addition of NH4Cl (gCN). Specific surface area of p-gCN-
NS was 63.65 m2·g−1, which was 6.7 times that of gCN. After photocatalysis for 
50  min, the degradation rate of RhB achieved 99.32% by p-gCN-NS (100  mg), 
whose reaction rate constant (k = 0.09317 min−1) was 10.6 times higher than that of 
gCN. p-gCN-NS also exhibited excellent photocatalytic activity for degrading color-
less tetracycline aqueous solution. The significant improvement of photocatalytic 
performance can be credited to the reduced sized and thickness of g-C3N4, higher 
specific surface area and pore structure, as well as the weakened recombination rate 
of photogenerated electron–hole pairs in p-gCN-NS. This work provides a feasible 
and facile method for synthesis porous g-C3N4 composed of nanosheets with excel-
lent photocatalytic performance.
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Introduction

Modernization of industry and human activities have caused some energy and 
environmental problems, including the dye pollution problem, which threats the 
health of human beings and water living organisms [1, 2]. Many efforts have 
been tried to deal with this problem, including physical and biological technol-
ogy [3], etc. As a green technology, photocatalytic technique is helpful to settle 
many energy and environmental problems, especially in the field of treating dye 
wastewater due to its low cost, low energy consumption, no by-products and mild 
reaction [4]. The types of photocatalyst materials are numerous, such as titanium 
dioxide (TiO2), zinc oxide (ZnO) and cadmium sulfide (CdS). TiO2 is the most 
commonly used commercial photocatalyst up to now [5]. However, due to its 
large band gap (3.2 eV), TiO2 only responds to ultraviolet light, which impedes 
its widespread applications [6, 7]. Hence, many scientists are dedicated to synthe-
sizing the high-efficient photocatalysts response to visible light.

In recent years, graphitic carbon nitride (g-C3N4), a metal-free polymeric sem-
iconductor with a suitable band gap (2.7  eV) [8], has attracted much attention 
among researchers by virtue of its chemical and thermal stability, visible light 
response, non-toxicity, tunable electronic structure and powerful antioxidant. 
g-C3N4 photocatalyst has a wide range of applications, including water splitting 
[9], CO2 reduction [10, 11], electrocatalyst [12], selective oxidation of alcohols 
[13] and organic pollutants degradation [14]. However, the photocatalytic perfor-
mance of bulk g-C3N4 is poor, which is ascribed to the slow transfer rate of the 
charge carriers, high recombination rate of photogenerated electron–hole pairs, 
insufficient visible light absorption and low specific surface area (SSA) [15]. In 
order to solve these problems, many strategies have been carried out, including 
morphology design [16], chemical element doping [17, 18], construction of heter-
ojunction structure [19], band gap engineering [20, 21], defect modification [22] 
and deposition of noble metal nanoparticles [23] or carbon materials [24].

Morphology control is an efficient method of improving the photocatalytic per-
formance of g-C3N4, including g-C3N4 of nanosheets [23, 25], nanotubes [26, 27] 
and nanorods [28]. Till now, plenty of efforts have been put in the fabrication 
of g-C3N4 nanosheets, mainly including NH3 etching [29], liquid exfoliation [12, 
30], hydrothermal treatment [31], thermal etching [32, 33] and calcination mela-
mine with ammonium chloride [34–36].g-C3N4 nanosheet presents an enhanced 
photocatalytic property, owing to a larger special specific surface and more sur-
face reactive sites offered by nanosheet structure of g-C3N4, which reduces the 
charge transfer distance and suppress the recombination of photogenerated charge 
carriers. In addition, porous g-C3N4 exhibits outstanding photocatalytic activ-
ity due to its large specific surface area and porous structure. Hence, it may be 
conducive to the improvement of photocatalytic performance by constructing a 
porous structure.

For the constructing of porous structure, the conventional template method 
possesses many shortcomings, such as cumbersome steps of removing silica 
nanoparticles template and more cost on preparation [37, 38]. On the contrary, 
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inorganic ammonium salt like ammonium chloride (NH4Cl) can turn into gas dur-
ing the calcination process. Therefore, NH4Cl can be used as a gas bubble tem-
plate agent, which is helpful to produce porous g-C3N4. In addition, the specific 
surface area and photocatalytic activity of g-C3N4 could be dramatically improved 
through pre-treating melamine with hydrochloride acid [39]. Consequently, the 
above two methods had been employed simultaneously to prepare porous g-C3N4 
composed of nanosheets in this work, aiming to further improve the photocata-
lytic performance of g-C3N4.

Experimental section

Materials

Melamine (99%) and ammonium chloride (NH4Cl, 99.5%) were acquired from Sin-
opharm Chemical Reagent Co., Ltd. Concentrated hydrochloric acid (HCl, 37%) was 
purchased from Luoyang Haohua Chemical Reagent Co., Ltd. Rhodamine B (RhB) 
and tetracycline hydrochloride (96%) were commercially available from Tianjin 
Kemiou Chemical Reagent Co., Ltd. and Shanghai Aladdin Bio-Chem Technology 
Co., Ltd., respectively. Deionized water was utilized in the study.

Preparation of porous g‑C3N4 nanosheets and g‑C3N4 particles

Porous g-C3N4 composed of nanosheets (p-gCN-NS) was prepared from melamine 
which was pre-treated by HCl aqueous solution and then calcined with NH4Cl. In 
detail, a certain amount of melamine particles and 200 mL of HCl aqueous solution 
(4 mol/L) were mixed and magnetically stirred at 25 °C for 2 h, then centrifugally 
separated at 7000 r/min and dried at 60  °C, by which the acid-treated melamine 
was obtained. Then, 2 g of acid-treated melamine and 5 g of NH4Cl were ground 
together for 30 min to mix them uniformly. Subsequently, the mixture was put into 
an alumina crucible, sealed with tin foil and placed into a tube furnace. It was heated 
up to 550 °C with a heating rate of 5 °C·min−1 and then kept for 2 h in air. After 
cooling to ambient temperature, the obtained yellow solid substance was ground 
into powder in an agate mortar, washed with distilled water and dried at 60 °C for 
12 h, which was denoted as p-gCN-NS.

Similarly, g-C3N4 particles (gCN) were prepared without the addition of NH4Cl.

Characterization

The phase composition and crystal structure of samples were characterized by a Smart 
Lab X-ray diffractometer (XRD, Rigaku Corp., Japan) under the testing conditions 
of Cu Kα radiation (λ = 0.15406 nm) and the scanning rate of 4° ⋅min−1. The micro-
structure of samples were observed by a JSM 6701F field emission scanning electron 
microscope (SEM, JOEL, Tokyo, Japan) and a FEI Talos F200s transmission electron 
microscopy (TEM, FEI, Hillsboro, USA). Atomic force microscope (AFM) images 



2830	 T. Hao et al.

1 3

were obtained in tapping mode on a Bruker Multi Mode 8 AFM (Bruker, USA). The 
functional groups of samples were studied by a Nicolet iS10 Fourier transform infra-
red spectrometer (FT-IR, Thermo Fisher Scientific Corp., Massachusetts, USA). The 
UV–Vis adsorption spectra was detected by an UV-1800PC UV–visible spectrometer 
(Shanghai United States spectrum of Instrument Co., Ltd, China). SSA and the nitro-
gen adsorption and desorption isotherm of the samples were tested at 77 K using a 
Micromeritics ASAP 2460 apparatus (Micromeritics Instrument Corp., Atlanta, USA). 
The UV–Vis diffuse reflectance absorption spectra of the samples were measured using 
a Shimadzu UV-3600 spectrophotometer (Shimadzu Corp., Japan) stocked with a dif-
fuse reflectance accessory, and BaSO4 was used as the reference. X-ray photoelectron 
spectroscopy (XPS) was collected using an ESCALAB 250 spectrometer (Thermo Sci-
entific Ltd., England) with focused monochromatized Al Kα radiation. The photolumi-
nescence (PL) spectra of the samples were measured by a Hitachi F-7000 fluorescence 
spectrometer (Tokyo, Japan) under the excitation of incident light of 365 nm at ambient 
temperature.

Evaluation of photocatalytic activity

The photocatalytic degradation of the RhB aqueous solution was performed at room 
temperature using a 300 W Xe Lamp with a 400 nm cutoff filter. First, 100 mg gCN 
or p-gCN-NS samples were put into the RhB solution (10 mg/L, 100 ml). Then, the 
suspension was stirred for 1 h in dark to reach an adsorption–desorption equilibrium. 
Then, the suspension was irradiated by the Xe Lamp under magnetic stirring and 4 mL 
of the suspension were sampled at a given time interval. Next, the photocatalyst par-
ticles were separated by centrifugation of the liquid samples at the speed of 10,000 r/
min for 10 min. The RhB concentration of supernatant was analyzed by measuring the 
absorption intensity at 554 nm at the UV–Vis absorption spectra. According to the pri-
mary absorbance of RhB solution as well as the remnant absorbance of RhB solution 
after photocatalysis for different time, the photodegradation of RhB by photocatalyst 
could be calculated according to formula (1) [40]:

Here, R is the photodegradation rate, and C0 and C represent the initial RhB concen-
tration and the residual RhB concentration after reaction time t, respectively.

The photocatalytic activity of the as-prepared photocatalyst samples toward degrad-
ing the colorless tetracycline aqueous solution was carried out utilizing the similar 
method stated above.

Results and discussion

XRD and IR analysis

XRD patterns of gCN and p-gCN-NS are shown in Fig.  1. The pattern of gCN 
presented (100) and (002) diffraction peaks of g-C3N4 at 2θ of 13.1 and 27.4°, 

(1)R =
(

1 − C∕C
0

)

× 100%
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respectively. The former is attributed to the inter-planar structural packing motif, 
and the latter can be ascribed to the inter-layer accumulation of the aromatic seg-
ments [41–44].

The XRD pattern of p-gCN-NS is similar to that of gCN, implying that they 
have the same crystal structure as g-C3N4. Nevertheless, compared with gCN, the 
intensity of (002) diffraction peak of p-gCN-NS was obviously reduced and the 
full width of half peak was widened. Moreover, the d002 value of g-C3N4, which 
were calculated by Bragg equation, changes from 0.326 nm for gCN to 0.328 nm 
for p-gCN-NS. The results show that the crystallinity and thickness of g-C3N4 in 
p-gCN-NS sample had a reduction, and its grain size decreased. This variation could 
be ascribed to the gas bubble, act as a gas template, produced by the thermal decom-
position of NH4Cl during the calcination of p-gCN-NS sample. In the light of the 
references [35, 45, 46], it can be inferred that the g-C3N4 nanosheets may be suc-
cessfully prepared. Furthermore, the intensity of (100) diffraction of p-gCN-NS had 
a significant decrease and the peak shape become wider, which may be due to the 
destruction of inter-layer structural packing motif during the preparation process.

FT-IR spectra of gCN and p-gCN-NS are presented in Fig. 2. In the gCN spec-
trum, the bands at 3000–3500  cm−1 can be attributed to the stretching vibrations 
of –NH2, = NH groups and O–H bond [47]. The bands with wave numbers between 
1200 and 1700 cm−1 are assigned to the stretching vibrations of conjugated hetero-
cyclic CN rings. The vibration of aromatic C = N occurred at 1563 and 1417 cm−1, 
and the band at 1645 cm−1 was ascribed to the vibration of C = O bond. The band 
at the wave number of 810  cm−1 derived from the breathing vibration of triazine 
ring [41, 48]. p-gCN-NS possessed the same functional groups as gCN did, which 
is due to the similar IR spectra. Compared with gCN, the transmittance of the 
810 cm−1 band of p-gCN-NS was significantly lower, but the bands in the range of 

Fig. 1   XRD patterns of gCN and p-gCN-NS samples
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1200–1700 cm−1 of p-gCN-NS become stronger, stemming from the more ordered 
packing of tri-s-triazine motifs in the nanosheet layer [41, 47, 49]. Additionally, the 
bands at 2919, 2847 cm−1 can be assigned to the alkyl C–H stretching [48].

Microstructure analysis

Figure 3 provides the SEM and TEM images of gCN and p-gCN-NS, The size of 
the g-C3N4 particles in gCN sample were about 9 µm (Fig. 3a). Nevertheless, there 
were many g-C3N4 aggregates with the size of 200–300 nm, which were made up of 
irregular nanosheets and pores (Fig. 3b). Obviously, the microstructure of p-gCN-
NS was significantly different from that of gCN. TEM photographs prove that irreg-
ular thick particle presented in gCN sample (Fig. 3c), but graphene-like morphology 
was observed in p-gCN-NS sample (Fig. 3d). This result indicates that the obtained 
g-C3N4 nanosheets in p-gCN-NS sample were ultrathin. In addition, EDS analysis 
shows that the main elements in p-gCN-NS sample were C and N, which distrib-
uted homogeneously in p-gCN-NS (Fig. S1). Cl, as well as other elements, could be 
negligible in the p-gCN-NS sample, as the peak intensity of Cl was very weak in the 
EDS (Fig. S1e).

AFM measurement (Fig. 4) shows that the transverse size of g-C3N4 nanosheets 
in p-gCN-NS was 20–500 nm, the thickness was 2.7–8.7 nm, and the average thick-
ness was about 6  nm, which were consistent with the results of SEM and TEM. 
Through XRD analysis and all the above morphologic characterization, it is con-
cluded that preparation of g-C3N4 nanosheets by this method was feasible.

Formation mechanism for the special microstructure of p-gCN-NS, g-C3N4 
composed of nanosheets and pores is shown in Fig. 5. The pristine melamine par-
ticles were sphere-like with smooth surface (Fig. 5a). After acid treatment, many 

Fig. 2   Infrared spectra of gCN and p-gCN-NS samples
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fissures appeared on the surface of melamine particles (Fig. 5b) due to the reac-
tion between the amino groups in melamine and the hydrochloric acid molecules. 
Therefore, when NH4Cl particles were mixed and ground with the acid-treated 
melamine particles, they were easily embedded into these fissures (Fig. 5c). Obvi-
ously, the obtained mixture of melamine and NH4Cl in this work was more homo-
geneous than that reported in literatures [50, 51]. When the mixture was heated at 
550 °C, a large amount of gas bubbles were generated due to the decomposition 

Fig. 3   SEM images of gCN (a) and p-gCN-NS (b), TEM images of gCN (c) and p-gCN-NS (d)

Fig. 4   AFM images of p-gCN-NS sample
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of NH4Cl. As NH4Cl particles were in a semi-closed or fully closed state in the 
fissures of melamine, porous nanosheet g-C3N4 were prepared in this study.

Chemical states and elemental composition analysis

Figure 6 and Table 1 exhibit the elemental composition and chemical states of gCN 
and p-gCN-NS measured by XPS. gCN and p-gCN-NS mainly contained C and N 

Fig. 5   SEM images of pristine melamine (a), melamine acid-treated for 2 h (b) and the schematic dia-
gram of ammonium chloride particles embedded in fissures of acid-treated melamine after grinding 
together (c)

Fig. 6   XPS spectra (a) and high-resolution C 1 s (b), N 1 s (c) and O 1 s (d) spectra of p-gCN-NS and 
gCN
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elements, and a small amount of O (Fig. 6a). No Cl-related signals were found in 
XPS spectrum of p-gCN-NS, suggesting that Cl was not introduced into the struc-
ture of g-C3N4.

The high-resolution C1s, N1s and O1s spectra of gCN and p-gCN-NS were 
studied in detail by XPS peak-differentiation-imitating analysis. For C1s spectrum 
(Fig.  6b), the peaks at 284.7, 286.6 and 288.1  eV were the results of the carbon 
atoms in C–C bond or impurity, in C–N bond of the aromatic ring and in N–C = N 
bond of the sp2-hybridized carbon, respectively [44]. The peak intensity of p-gCN-
NS at 288.1 eV is stronger than that of gCN, suggesting that N atoms were intro-
duced into the molecular structure of p-gCN-NS [37]. The N1s spectrum (Fig. 6c) 
was fitted into peaks at about 398.7, 399.5 and 401.0 eV, corresponding to the N 
atoms in C–N = C bonds of the tri-s-triazine units, N–(C)3 groups and C–N–H 
groups, respectively. The electron density of N atoms in p-gCN-NS decreased with 
the peak position of the N–(C)3 group moving toward higher energy. This phenome-
non implies the existence of sheet structure in p-gCN-NS [52]. The H–N–(C)2 group 
occurred at 401.3  eV in the XPS spectrum of p-gCN-NS (Fig.  6c) manifests that 
the triazine rings were mainly connected by two-coordinated bridging nitrogen [53]. 
Compared to that in gCN, the peak intensity of N-(C)3 group in p-gCN-NS was sig-
nificantly decreased. Besides, the N content in p-gCN-NS decreased, and therefore, 
the C/N mass ratio increased from 0.66 in gCN to 0.80 in p-gCN-NS (Table 1). As 
a result, nitrogen vacancies may appear in p-gCN-NS. The O1s spectra of gCN and 
p-gCN-NS (Fig. 6d) were fitted to two peaks at 531.9 and 532.6 eV, corresponding 
to the C = O bond and the H2O molecule adsorbed on the sample surface, respec-
tively. The O1s peak intensity of p-gCN-NS is stronger than that of gCN, which 
was derived from the increased amount of absorbed oxygen molecules due to the 
enhanced specific surface area of p-gCN-NS.

Specific surface area and pore structure analysis

On the basis of IUPAC classification, gCN and p-gCN-NS display adsorption–des-
orption isotherms of type IV and exhibit H3 hysteresis loops (Fig. 7). The BJH pore 
size distribution curves (embedded in Fig.  7) illustrate that the pore size of gCN 
and p-gCN-NS sample was between 1 and 200 nm. However, the pore volume of 
p-gCN-NS was much higher than that of gCN, and there were a few micropores in 
p-gCN-NS.

The SSA of p-gCN-NS was 63.65 m2·g−1, which is 6.7 times as much as that 
of gCN (9.54 m2·g−1). This result was primarily ascribed to the emergence of 
nanosheets and porous structure in p-gCN-NS. Acid pre-treating of melamine and 
the addition of NH4Cl led to the emergence of g-C3N4 nanosheets, and the later 

Table 1   Elemental analysis of 
gCN and p-gCN-NS

Sample C (%) N (%) O (%) C/N

gCN 37.94 57.42 4.64 0.66
gCN-NS 41.84 51.79 6.40 0.80



2836	 T. Hao et al.

1 3

mainly accounted for the appearance of pores owing to the decomposition of NH4Cl 
into gas during the calcination process of p-gCN-NS.

Optical properties

The UV–Vis diffuse reflectance spectra reflect the optical properties of gCN and 
p-gCN-NS samples (Fig. 8a). Although the absorption edges of gCN and p-gCN-
NS were approximately 450 nm, the absorption intensity of p-gCN-NS was stronger 
than that of gCN in most visible wavelength range. This phenomenon demonstrates 
that the visible light-harvesting ability of p-gCN-NS was stronger than that of gCN, 
which may be attributed to the larger SSA and porous structure of p-gCN-NS and 
the multiple reflection effects. Furthermore, the absorption edge of p-gCN-NS dis-
plays a slight blueshift to short wavelength compared to that of gCN. The band gap 
energy of p-gCN-NS was higher than that of gCN (Fig. 8b), in agreement with the 
slight blueshift of p-gCN-NS, similar to the previous studies [35].

Fig. 7   Nitrogen adsorption–desorption isotherm, BJH pore size distribution curve (embedded graph) and 
BET surface area of gCN (a) and p-gCN-NS (b)

Fig. 8   UV–Vis diffuse reflectance spectra (a) and band gaps (b) of gCN and p-gCN-NS
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PL analysis

Charge separation efficiency of the photocatalyst can be obtained from PL spec-
troscopy since the recombination of photogenerated electrons and holes could give 
out light. Figure 9a presents the PL spectra of gCN and p-gCN-NS. Evidently, the 
PL emission intensity of p-gCN-NS was much lower than that of gCN, indicating 
that the recombination rate of photogenerated electron–hole pairs in p-gCN-NS 
was significantly lower than that in gCN [54, 55]. This phenomenon may be due 
to that the reduced g-C3N4 thickness in p-gCN-NS shortened the migration path of 
photogenerated electron–holes; in other words, the photogenerated electron–holes 
could quickly migrate to the surface of g-C3N4. As a result, their recombination rate 
decreased and resulted in the low PL intensity.

In addition, the emission peak of p-gCN-NS shifted to lower wave number com-
pared with that of gCN. The emission peak of p-gCN-NS was deconvoluted and 
obtained a sharp emission peak at about 450 nm and a broad emission peak at about 
500 nm, which were related to the pathway of π*–π, π*–one pair transitions, respec-
tively [56].

Photocatalytic degradation performances of gCN and p‑gCN‑NS

The photocatalytic activity of gCN and p-gCN-NS were evaluated by photocata-
lytic degrading the RhB aqueous solution (10 mg/L) under visible light irradia-
tion. Figure 10a shows that RhB was gradually degraded by p-gCN-NS with the 
extension of photocatalytic time. The degradation curves of RhB by gCN and 
p-gCN-NS are depicted in Fig. 10b. After the dark reaction for 1 h and achieving 
the adsorption–desorption equilibrium, the removal rate of RhB was 3.31% for 
gCN but increased to 28.20% for p-gCN-NS, indicating that the adsorption per-
formance of p-gCN-NS was much better than that of gCN. This result was mainly 
associated with the higher SSA and the pore structure of p-gCN-NS. Moreover, 
p-gCN-NS presented much better photocatalytic performance than gCN did. 

Fig. 9   PL spectra of gCN and p-gCN-NS (a); PL spectra of p-gCN-NS by fitting with deconvoluted inte-
gral peak (b)
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After photocatalysis for 50 min, the degradation rate of RhB achieved 99.32% by 
p-gCN-NS, but only got 26.78% by gCN.

The photodegradation of RhB follows the criterion of pseudo-first-order reac-
tion kinetics [45]. Accordingly, the resultant data were fitted on the basis of 
pseudo-first-order model, and the reaction rate constant (k) was calculated by for-
mula (2):

where C0 and C are the initial RhB concentration and the concentration of the RhB 
solution after reaction time t, respectively. Figure 10c shows the pseudo-first-order 
kinetic plots as well as the linear fitting for the degradation data, and Fig. 10d gives 
the k values. p-gCN-NS shows a larger rate constant value (k = 0.09317  min−1), 
which is 10.6 times higher than that of gCN (k = 0.00802  min−1). Of course, the 
photocatalytic degradation rates of RhB enhanced with the increasing of p-gCN-NS 
dosages, but all photocatalytic degradation reaction followed the pseudo-first-order 
kinetic model (Fig. S2). The improved photocatalytic performance can be credited 
to the reduced sized and thickness, higher SSA and pore structure, reduced recombi-
nation rate of photogenerated electron–hole pairs of p-gCN-NS.

(2)ln
(

C∕C
0

)

= −kt

Fig. 10   UV–Vis absorption spectra of the residual RhB solution degraded by p-gCN-NS (a) and the pho-
tocatalytic activity (b), first-order kinetic plots for degradation (c) and reaction rate constant (d) of gCN 
and p-gCN-NS
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The photocatalytic activity of g-C3N4 nanosheets prepared by different meth-
ods is compared in Table 2. Under the same experimental conditions, p-gCN-NS 
exhibited better photocatalytic degradation activity toward RhB than many other 
samples reported in literatures, as RhB was completely degraded within 50 min 
by p-gCN-NS in this work. This result indicates that the strategy in this work was 
feasible to the synthesis of high performances g-C3N4 photocatalyst.

Figure S3 exhibits the photocatalytic degradation curves of tetracycline aque-
ous solution (10  mg/L, 100  mL) by 100  mg gCN and p-gCN-NS under visible 
light irradiation. It can be seen that the removal rate of tetracycline by the adsorp-
tion of p-gCN-NS was much higher than that of gCN after reaching the adsorp-
tion–desorption equilibrium under dark reaction. This phenomenon revealed that 
the amount of adsorption sites in p-gCN-NS was much greater than that in gCN, 
coinciding with the much larger specific surface area of p-gCN-NS. After pho-
tocatalytic reaction for 120  min under visible light irradiation, the degradation 
rate of tetracycline by gCN was 58.07%, but that by p-gCN-NS achieved as high 
as 72.01%. This result was similar to the degradation of RhB, which indicates 
that the as-prepared p-gCN-NS exhibited higher photocatalytic activity not only 
to color pollutants but also to colorless pollutants.

Under the similar experiment conditions as those photocatalytic degrading 
RhB, cycle experiment and free radical trapping experiments were carried out 
by using p-gCN-NS as the photocatalyst. After five cycles of photocatalytic deg-
radation, the degradation rate of RhB by p-gCN-NS decreased from 99.32% to 
67.49% (Fig.  11a), which means its performance stability should be improved 
in the future. During the free radical trapping experiments, isopropanol (IPA), 
triethanolamine (TEOA) and benzoquinone (BQ) were used as active species 
scavenger for ·OH, h+ and ·O2−, respectively. The results (Fig. 11b) show that that 
the photocatalytic activity of p-gCN-NS was slightly affected after the addition of 
IPA, but significantly inhibited after the addition of TEOA and BQ. These phe-
nomena mean that h+ and ·O2− were the main active species for the photocatalytic 
degradation of RhB by p-gCN-NS.

Table 2   Comparison of photocatalytic degradation properties and SSA of g-C3N4 nanosheets prepared 
by different methods

Preparation method SSA (m2·g − 1) Photocata-
lyst dosage 
(mg)

RhB concentration 
(mg/L)/volume 
(mL)

Desired 
time 
(min)

Reference

Heating with NH4Cl No test 100 10/100 120 [42]
Ammonia solution treating 41.1 10 10/10 120 [49]
Facial supramolecular 

method
79.68 10 10/10 180 [57]

Direct condensation 109.9 50 10/100 60 [58]
Acid treating melamine and 

heating with NH4Cl
63.65 100 10/100 50 This work
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Conclusion

In summary, porous g-C3N4 composed of nanosheets with excellent photocata-
lytic performance was successfully prepared by firstly pre-treating melamine with 
hydrochloric acid and then grinding and calcining with NH4Cl at 550 °C for 2 h. 
The crystallinity, size and thickness of g-C3N4 in p-gCN-NS had a great drop, and 
the average thickness of g-C3N4 was about 6 nm. SSA of p-gCN-NS was 63.65 
m2·g−1, which was 6.7 times that of gCN. The unique microstructure of p-gCN-
NS was mainly ascribed to that NH4Cl particles were embedded in fissures of 
the acid-treated melamine particles. p-gCN-NS possessed excellent photocata-
lytic activity compared to gCN. After photocatalysis for 50 min, the degradation 
rate of RhB aqueous solution (10 mg/L, 100 mL) achieved 99.32% by p-gCN-NS 
(100 mg), whose reaction rate constant (k = 0.09317 min−1) was 10.6 times higher 
than that of gCN. p-gCN-NS also exhibited excellent photocatalytic activity to 
the degradation of colorless tetracycline aqueous solution. This work provides 
a feasible and facile method for the preparation of porous g-C3N4 composed of 
nanosheets with excellent photocatalytic performance.
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