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ABSTRACT 

Graphitic carbon nitride (g-C3N4) has been considered as a promising metal-free 

catalyst for a wide range of application due to its intriguing properties. However, the 

photocatalytic performance is restricted by the small specific surface area (SSA) and 

limited active sites. Here, a facile one-step method was employed to prepare thin 

porous g-C3N4 with large SSA by condensation of urea. During the pyrolysis process, 

the self-generated NH3 not only participates in the condensation reaction to obtain 

bulk g-C3N4, but also etches crystal lattice to form thinner nanosheets. A high SSA of 

141.4 m2 g-1 for the sample synthesized in the enclosed condition (ECD-CN) is 

obtained, which is much larger than the SSA of 57.4 m2 g-1 for the sample synthesized 

in the non-enclosed condition (NCD-CN). These porous nanosheets with the 

enhanced SSA endow g-C3N4 more exposed active sites and shorten the carrier 

diffusion length. As a result, the ECD-CN sample exhibits much higher 

photodegradation rate on rodamine B (99.0% within 10 min) and hydrogen evolution 

rate (504.2 µmol h-1 g-1) under visible-light. This study provides a facile and 

template-free strategy in preparing efficient, sustainable and visible-light-driven 

photocatalyst.
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1. Introduction 

Since the discovery of photocatalytic water splitting on TiO2 photoelectrode by 

Fujishima et al. in 1972 [1], semiconductor photocatalysis utilizing clean and 

sustainable solar energy has been employed widely as a “green” technology [2-5]. 

Among the numerous types of photocatalysts, metal-free graphitic carbon nitride 

(g-C3N4) has attracted tremendous attention. The g-C3N4 is a two-dimensional layered 

polymer semiconductor with tri-s-triazine connected with planar amino groups in each 

layer and weak van der Waals force between layers. The unique structure of g-C3N4 

gives it many excellent physicochemical characteristics, such as thermodynamic and 

chemical stability, abundant and low-cost building elements, environmental 

friendliness, and especially, a suitable electronic structure with band edges straddling 

the water redox potentials for the efficient photocatalytic reactions [6-8]. However, 

the photocatalytic performance of g-C3N4 is still restricted by the drawbacks of high 

recombination rate of photogenerated electron-hole pairs and limited active sites 

[9,10]. Frequently, preparation of photocatalyst with large specific surface area (SSA) 

is considered to be an effective strategy to improve the photocatalytic performance by 

providing abundant active sites to promote the redox reaction and reducing the 

carriers transport distance [11,12].  

  The SSA of g-C3N4 could theoretically reach 2500 m2 g-1 for the perfect monolayer 

g-C3N4 [13]. However, usually it can only be dozens of or even below 10 m2 g-1 due 

to the stacking of polymeric nanosheets. To date, plenty of preparation methods have 

been developed to obtain g-C3N4 with larger SSA. In principle, these methods can be 
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classified into two categories. One category is modulating the morphology (porous 

nanostructure, hollow spheres, 1-dimension nanostructures, etc.) of g-C3N4 by 

template assisted method [14-18]. Normally, the template can be the hard-template 

such as anodic aluminium oxide (AAO) [16], silica [19-21], TiO2 [22], or organic 

molecules soft-template such as Pluronic P123 [23] and thiourea [24]. The SSA of 

g-C3N4 obtained by template methods can reach several hundreds of m2 g-1. For 

instance, mesoporous g-C3N4 has been synthesized by using silica nanoparticles as a 

hard template, and the SSA is up to 373 m2 g-1 [11]. By employing SBA-15, a kind of 

hexagonally ordered mesoporous silica, as a hard template, the SSA can be as high as 

239 m2 g-1 [25]. However, this category involves to the introduction and removal of 

the template. Another category is top-down chemical or thermal exfoliation of bulk 

g-C3N4 [26-30]. Recently, ammonia molecules were found to etch bulk g-C3N4 during 

post thermal treatment process which resulted in the formation of porous and ultrathin 

g-C3N4 nanosheets. For instance, Liang et al. heated the bulk g-C3N4 in NH3 

atmosphere to prepare holey g-C3N4 nanosheets [28]. They proposed that during the 

reaction with NH3, bulk g-C3N4 gradually decomposes into gaseous products and the 

released gas assists the expansion of the stacked g-C3N4 layers, thereby resulting in 

the formation of few-layer holey nanosheets with SSA of 196 m2 g-1, which is 32.6 

times larger than that of bulk g-C3N4. The hydrogen production rate of these holey 

g-C3N4 nanosheets is 20 times higher than that of the bulk g-C3N4. In another work, 

Yang et al. also obtained porous g-C3N4 by heating the bulk counterpart in NH3 

atmosphere [31]. The porous sample displays a large SSA of 149 m2 g-1. However, all 
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of the above-mentioned methods need additional post-treatment processes. Obviously, 

a simple, direct and template-free strategy to synthesize g-C3N4 with large SSA is 

desired. 

Inspired by the use of NH3 post-treatment in the preparation of porous and ultrathin 

g-C3N4, in this work we tried to prepare g-C3N4 with large SSA by one-step method 

without passing over any etching gas. It is known that urea is a sort of nitrogen-rich 

organic precursor, which can release massive NH3 during the thermal condensation 

process to form g-C3N4 (Schematic 1) [32]. According to the above information, we 

proposed a facile method to synthesize g-C3N4 with large SSA by utilizing the 

pyrolysis-generated NH3 from urea under an enclosed condition. On one hand, the 

released-NH3 participates in the condensation reaction to obtain bulk g-C3N4 [32], and 

on the other hand, the redundant NH3 etches the crystal lattice to form the thinner 

nanosheets with high SSA. The largest SSA of the obtained g-C3N4 is up to 141.4 m2 

g-1, which has significantly improved the photodegradation performance of rodamine 

B (RhB) and the H2 evolution rate.  

2. Experimental section 

2.1. Preparation of g-C3N4 samples 

  All chemicals were analytical grade and used without further purification. The 

g-C3N4 samples were synthesized by a facile one-step thermal treatment of urea 

precursor. Typically, a certain amount (for instance 10 g) of urea in a 20 mL crucible 

with a cover was put in a tubular furnace and heated at 550 oC for 4 h under enclosed 

ambient condition by keeping two perovskite plugs being inserted in both ends of the 
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quartz tube as shown in Schematic 1. It should be noted here that although the ends of 

the tube were blocked, they were not completely sealed to prevent explosion. The 

heating rate was 2.5 oC min-1. After cooling down to room temperature, the g-C3N4 

samples were gained and denoted as ECD-CN. For the comparative analysis, the 

sample synthesized under non-enclosed condition without plugging the ends of quartz 

tube was denoted as NCD-CN. Also, melamine and dicyandiamide (DCDA) were 

used as precursors to synthesize bulk g-C3N4 by the general method [33,34], and the 

samples were denoted as M-CN and D-CN, respectively. 

 

Schematic 1. The proposed reaction mechanism for the pyrolysis of urea into g-C3N4 

under enclosed condition. 

2.2. Characterization 

  The microstructure of samples was observed by transmission electron microscopy 

(TEM, JEOL JEM-2010 FEF) operating at 200 kV. The thickness of nanosheets was 
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characterized by atomic force microscopy (AFM, Agilent afm5500). Crystal structure 

was examined using X-ray diffraction (XRD, Rigaku mini FlexII) with Cu Kα 

radiation ( 15406.0=λ  nm) at a scanning rate of 2 °/min. X-ray photoelectron 

spectroscopy (XPS) measurements were carried out on a Thermo Escalab 250Xi 

spectrometer equipped with Al Kα X-ray source. Nitrogen adsorption-desorption 

isotherms were obtained on a specific surface & pore size analyzer (BeiShiDe 

Instrument, 3H-2000PM2) with all samples being degassed at 200 oC for 5 h prior to 

the measurements. The special surface areas of samples were calculated by the 

Brunauer-Emmett-Teller (BET) method at a relative pressure range of 

35.003.0/ 0 −=pp , and pore size distributions were calculated according to the 

Barrett-Joyner-Halenda (BJH) method. Fourier transform infrared spectroscopy 

(FT-IR, Bruker Tensor 37) was measured using KBr pallets. UV-vis absorption spectra 

were obtained on an UV-vis spectrophotometer (UV-2600, Shimadzu) equipped with 

an integrating sphere assembly.  

2.3. Photoelectrochemical measurement 

  Photoelectrochemical (PEC) test was carried out on an electrochemical workstation 

(PAP versastat 4-200) in a standard three-electrode model with Pt wire as the counter 

electrode and Ag/AgCl (3.5 M KCl) as the reference electrode. To prepare a working 

electrode, g-C3N4 samples synthesized under different conditions were deposited on a 

1010×  mm2 fluorine-doped tin oxide (FTO) substrate. 0.1 M Na2SO4 was used as the 

electrolyte and a 300 W Xe-arc lamp equipped with wavelength cutoff filter 

( 400>λ nm) was utilized as the light source. The frequency of electrochemical 
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impedance spectroscope (EIS) was ranged from 100 mHz to 100 kHz with the 

alternating current signal amplitude of 10 mV. 

2.4. Photocatalytic activity measurements  

Photocatalytic activities of NCD-CN and ECD-CN samples were investigated by 

degradation of aqueous RhB under visible-light. In detail, 10 mg of photocatalyst was 

dispersed in 60 mL of RhB aqueous solution (10 mg L-1) in a double-deck quartz 

reactor with circulating water cooling system to keep a constant temperature. Prior to 

irradiation, the suspension was magnetically stirred for 60 min in the dark to ensure 

absorption-desorption equilibrium on the photocatalyst surface. The light source is a 

300 W Xe-arc lamp equipped with 400 nm cutoff filter. At certain time intervals, 4 mL 

of solution was sampled and centrifuged to remove the photocatalyst. Then the 

supernatant was extracted and measured on UV-vis spectrophotometer. Degradation 

efficiency of RhB was evaluated by recording variations of the absorption band 

maximum (553 nm). The removal ratio was calculated as 

%100/)(%100/)( 0000 ×−=×−= AAACCCη , where C0 and A0 are the initial 

concentration and absorbency of RhB respectively, and C and A are the revised 

concentration and absorbency respectively after irradiation. 

  In addition, the photocatalytic performance was also characterized by the water 

splitting for hydrogen evolution under visible-light. Typically, 50 mg of photocatalyst 

was dispersed in 50 mL of deionized water. Then 10 v/v % triethanolamine (TEOA) 

was added serving as sacrificial electron donor and 2 wt % H2PtCl6 aqueous solution 

was added as the precursor of cocatalyst Pt that was in-situ photoreduced during the 
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photocatalytic reaction. Afterwards, the solution was degassed with Ar for 30 min to 

completely remove the air and subsequently sealed carefully. At last, the solution was 

irradiated under a 300 W Xe-arc lamp equipped with cutoff filter ( 400>λ  nm). The 

photocatalytic H2 evolution rate was determined using an offline gas chromatograph 

(GC Smart GC-2018, Shimadzu). 

3. Results and discussion 

3.1. Structure and morphology 

Crystalline structures of g-C3N4 for NCD-CN and ECD-CN samples are examined 

by two feature signals on the XRD patterns. In Fig. 1a, the minor (100) peak relates to 

the in-plane repeated tri-s-triazine units while the main peak (002) corresponds to the 

inter-layer stacking of the conjugated aromatic CN units [32]. As displayed in the 

magnified XRD patterns in Fig. 1b and 1c, compared with NCD-CN, ECD-CN shows 

an upshift of 0.3 o of 2θ for the (002) peak and a downshift of 0.4 o for the (100) peak. 

According to the Bragg equation, λθ =sin2d , these shifts indicate that there are 

evident in-plane extended distortion and inter-layer compressed distortion for the 

ECD-CN sample. The inter-layer compressed distortion suggests that the distance 

between each two layers, i.e., (002) planes spacing, is small, so the conjugated 

aromatic system becomes denser, leading to an enhanced structural connection via 

enhanced van der Waals interaction between layers [35]. Such an enhanced 

connection will result in a stronger overlap of molecular orbits of aromatic sheet 

stacks, which subsequently alters the band gap of g-C3N4 [36]. What’s more, the 

smaller full width at half maximum (FWHM) of the ECD-CN sample than that of 
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NCD-CN sample indicates a better crystallinity of ECD-CN. For comparison, XRD 

patterns of D-CN and M-CN are displayed in Fig. S1. Clearly, two characteristic 

diffraction peaks corresponding to the (002) plane and (100) plane were observed, 

indicating that g-C3N4s were synthesized successfully using different precursors. 

Compared with D-CN and M-CN, ECD-CN still shows an upshift of 0.1 o of 2θ for 

the (002) peak, suggesting that ECD-CN has smaller interlayer distance than the 

samples synthesized by the general method.   

    

Fig. 1. (a) XRD patterns of g-C3N4 samples synthesized in different conditions, and 

enlarged view of (b) (100) peak and (c) (002) peak. 

TEM bright field images of NCD-CN and ECD-CN samples are shown in Fig. 2a 

and 2c, respectively. The platelet-like morphology can clearly be observed for both 

two samples, which indicates that the graphitic stacking structure has formed 

successfully. Further observations on Fig. 2a reveal that the NCD-CN sample is 

composed of agglomeration of multilayers, resulting in a large thickness. In Fig. 2c, 

for the ECD-CN sample synthesized in an enclosed ambient atmosphere, the thickness 

of the flake decreases significantly. Besides, in-plane mesopores of tens of 
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nanometers are distributed on the g-C3N4 nanosheets. AFM was conducted to confirm 

the thickness evolution of g-C3N4 samples synthesized in different conditions. In Fig. 

S2a, the thickness analysis by AFM reveals that the height of NCD-CN ranges from 

10 to 20 nm; whereas, the height of ECD-CN is about 3 nm as shown in Fig. S2b, 

indicating that the enclosed condition can decrease the thickness of g-C3N4 effectively. 

The thinner mesoporous nanostructures will enlarge the SSA of g-C3N4 and reduce the 

diffusion length of photo-generated carriers, thereby promoting the charge separation 

during photocatalytic reaction. Fig. 2b and 2d shows the selected area electron 

diffraction (SAED) patterns of two g-C3N4 samples. It displays that both SAED 

patterns are composed of two diffraction rings corresponding to the (100) and (002) 

planes of g-C3N4, respectively [28], which is consistent with the XRD results. Besides, 

the ECD-CN sample shows much clearer and sharper polycrystalline diffraction rings 

than NCD-CN, indicating that the ECD-CN sample has a better crystallization. 

Simultaneously, TEM images of g-C3N4 samples from different precursors were 

shown in Fig. S3. The dark feature for both D-CN and M-CN samples (Figs. S3a and 

c) can be attributed to agglomeration of multilayer nanosheets. And from the SAED 

patterns (Figs. S3b and d), the unclear polycrystalline diffraction rings were observed, 

indicating that g-C3N4 from general method has weak crystallization.  
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Fig. 2. TEM images and corresponding SAED patterns of (a), (b) NCD-CN and (c), (d) 

ECD-CN. 

XPS was conducted to study the chemical environment and surface stoichiometry. 

The XPS survey spectra of NCD-CN and ECD-CN in Fig. S4 suggests that there is no 

other impurity except the C, N and O elements. As shown in Fig. 3a, high resolution C 

1s core level for both two samples can be deconvoluted into three components. The 

peak at 284.6 eV corresponds to the standard reference carbon, the weak one at 286 

eV can be attributed to the C-O species because of the incomplete condensation of 

urea [37-39], and the peak centered at 288.1 eV can be identified as sp2-bond carbon 

((N-)2C=N). The N 1s spectrum in Fig. 3b also consists of three parts. The peak 

located at 398.4 eV corresponds to sp2 hybridized aromatic N (edge nitrogen atoms) 

bonded to carbon atoms (C=N-C). The other two peaks at 399.6 eV and 400.7 eV are 

assigned to the sp3 hybridized N (including inner nitrogen atoms and bridge nitrogen 

atoms) bonded to carbon atoms in the form of N-(C)3 and NHx (NH2 or NH) groups 
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respectively resulting from the incomplete condensation during the heat treatment, 

which agrees with the previously reported XPS results [31,40]. The ratio of sp2 N 

bonds to the sum of sp3 N and NHx is 2.62 for the NCD-CN sample, and 2.76 for the 

ECD-CN sample (listed in Table 1), respectively, indicating the less defects and better 

extent of polymerization for the ECD-CN sample [41]. Moreover, sp2-bonded 

nitrogen atom is the principle participant that contributes to band-gap absorption and 

therefore is an extremely important part of the structure. 

 

Fig. 3. (a) C 1s and (b) N 1s XPS spectra of NCD-CN and ECD-CN, (c) supercell 

model of monolayer carbon nitride in a segment with six heptazine units. 

 

 

Table 1. Relative ratios of bond species of the NCD-CN and ECD-CN samples by N 

1s spectral analysis.  
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N 1s  

C-N=C (sp
2
) N-(C)

3 
(sp

3
) NHx sp

2
/sum of 

sp
3
 and 

NHx  
area  %  area  %  area  %  

NCD-CN   8231.3  72.4  1681.3  14.8  1455.8  12.8  2.62  

ECD-CN   15596.6  73.4  2396.6  11.3  3251.1  15.3  2.76  

 

  The role of different pyrolysis conditions on the molecular structure of g-C3N4 can 

also be confirmed by FT-IR spectra as depicted in Fig. 4. Both the NCD-CN and 

ECD-CN samples have the typical patterns of g-C3N4. Wherein, the absorption bands 

at wave number range of 1200-1700 cm-1 are related to the typical stretching modes of 

CN heterocycles. The broad bands in the range of 3000-3700 cm-1 are indicative of 

stretching vibration modes for the adsorbed H2O or residual N-H vibration. The peak 

at 810 cm-1 is the characteristic breathing mode of the s-triazine ring system, and the 

one at 888 cm-1 is assigned to deformation mode of N-H [42]. The sharper absorbed 

bands for the ECD-CN sample are due to the more ordered packing of polymeric 

melon unit and the enhanced crystallinity [43], which is accordance with the XRD and 

TEM results discussed above. 
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Fig. 4. FT-IR spectra of NCD-CN and ECD-CN. 

The specific surface area information on the synthesized g-C3N4 samples was 

accessed by the nitrogen adsorption-desorption isotherms and Barrett-Joyner-Halenda 

(BJH) pore-size distribution displayed in Fig. 5 and Table 2. As shown in Fig. 5a, 

adsorption-desorption isotherms of both two samples are of type IV (BDDT 

classification), suggesting mesopores exist in g-C3N4. Brunauer-Emmett-Teller (BET) 

surface area of the ECD-CN sample calculated at a relative pressure range of 

35.006.0/ 0 −=pp  is ca. 141.4 m2 g-1, which is much higher than that of the 

NCD-CN sample with a SSA of ca. 57.4 m2 g-1. Moreover, the hysteresis loop of the 

ECD-CN sample shifts to the region of lower relative pressure and the area of 

hysteresis loop becomes larger compared with the NCD-CN sample, indicating 

enlarged mesopores formed in ECD-CN sample. For the ECD-CN sample, significant 

enlargement of the nanopores can also be observed in the pore size distribution curve 

shown in Fig. 5b. It can be clearly seen that the distribution curve of the ECD-CN 
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sample is quite broad. Especially, compared with the NCD-CN sample, there is an 

additional peak corresponding to the pores size of 30 to 60 nm in the curve of the 

ECD-CN sample. It indicates that the ECD-CN sample has more pores, which makes 

it have a larger pore volume of 1.014 cm3 g-1 compared with the NCD-CN sample 

(0.352 cm3 g-1). The larger pore volume may result from the large number of in-plane 

holes, as shown in TEM results. From the XPS results (Tables S1 and S2), the relative 

ratio of lattice carbon atoms ((N-)2C=N) to nitrogen atoms is 0.69 for the ECD-CN 

sample, which is smaller than that of NCD-CN (0.73). This suggests that there are 

carbon vacancies in ECD-CN and these carbon vacancies may be attributed to the 

reaction between some carbon species of g-C3N4 with ammonia at high temperature 

[28], which causes more in-plane pores and in-plane extended distortion in XRD for 

ECD-CN. Frequently, large SSA and pore volume can make a plenitudinous contact 

between catalyst and electrolyte and provide abundant active sites, so as to promote 

the redox reaction and increase transport of charges to reduce the recombination 

probability of photoexcited carriers. The specific surface area of g-C3N4 from 

melamine and dicyandiamide precursors were also measured and shown in Fig. S5. 

The BET surface areas of D-CN and M-CN are 22.6 m2 g-1 and 28.9 m2 g-1, 

respectively. The pore size distribution curve in Fig. S5b displays that there is a 

similar additional peak corresponding to the pores size of 30 to 60 nm in the curve of 

the M-CN sample compared to ECD-CN. However, due to the lower distribution 

volume of pore, the total pore volumes for D-CN and M-CN are 0.208 cm3 g-1 and 

0.278 cm3 g-1, respectively, which is much lower than that of ECD-CN.  
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Fig. 5. (a) N2 adsorption-desorption isotherms of NCD-CN and ECD-CN and (b) the 

corresponding pore-size distribution curves. 

 

Table 2. Microstructure and photocatalytic properties of g-C3N4 synthesized in 

different conditions. 

sample 
ureaa 

(g) 

yieldb 

(mg) 

S
BET

c 

(m2 g-1) 

pore volume 

d(cm3 g-1)  
RhBe 

HERf  

(µmol g-1 h-1)  

NCD-CN 10 450 57.4  0.352  45% 131.8  

ECD-CN 10 220 141.4  1.014  99% 504.2  

a The mass of urea precursor. b The yield of g-C3N4 at certain mass of urea precursor. c 

BET specific surface area. d BJH desorption cumulative volume of pores. e Removal 

percentage of RhB after 10 min photodegradation. f Hydrogen production from water 

splitting. 

3.2. Microscopic mechanism of reaction path 

To understand the influence of the enclosed condition on structure and morphology 
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during the pyrolysis and condensation process of urea precursor, a microscopic 

mechanism of the reaction path of g-C3N4 was proposed as shown in Schematic 1 on 

the basis of the results above and the references. 

As shown in Schematic 1, as a precursor of g-C3N4, urea contains multiple and 

complicated reaction steps, and generates many intermediates during the pyrolysis 

process. Some intermediates are further involved in the reaction and are completely 

consumed, while some other intermediates including NH3, H2O and CO2 are 

redundant. Therein, NH3 gas is the most important component of the 

pyrolysis-generated atmosphere. On one hand, it is necessary to drive the O 

elimination process to form the key intermediates at high temperature, which at last 

polymerize into graphitic carbon nitride. In the enclosed condition, the 

pyrolysis-generated NH3 gas doesn’t quickly escape the system without further 

reaction, which makes the less O element residual, and a better polymerization and 

crystallinity than the NCD-CN sample which have been confirmed by the XRD and 

TEM results. On the other hand, the redundant NH3 in the enclosed condition can 

serve as the etching atmosphere to decompose the bulk g-C3N4 and form few-layer 

and porous nanosheets with large SSA [28,31]. 

A series of comparison experiments were conducted to confirm the mechanism of 

the enhanced SSA by preparing g-C3N4 samples under different conditions. The 

preparation conditions and the specific surface areas are listed in Table 3. In the 

comparison experiments C1 and C2, no g-C3N4 can be obtained without the use of a 

covered crucible, indicating that the initial condensation reaction requires higher local 
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ammonia concentration. Therefore, it proves that the pyrolysis-generated 

self-supporting atmosphere (NH3 gas) is the key factor of converting urea to g-C3N4. 

In the comparison experiment C3 and C4, 30 mg of NCD-CN samples were annealed 

at 550 oC and 450 oC respectively for 2 h in the tubular furnace, and at the same time, 

10 g of urea was placed in the capped crucible in the tubular furnace to react in an 

enclosed environment, i.e., NCD-CN samples were annealed in the environment of 

preparation ECD-CN which provides NH3. It is found that after the reaction, the 

annealed NCD-CN samples disappear. Meanwhile, in the comparison experiment C5，

the same mass (30 mg) of NCD-CN was annealed at 550 oC for 2 h in the tubular 

furnace under non-enclosed environment, i.e., NCD-CN was annealed directly in air 

without the existence of NH3 but with the existence of CO2. It is interesting that only 

a small partial mass loss was observed in C5, which may be due to the thermal 

decomposition effect and can be ignored. C3, C4 and C5 experiments prove that the 

pyrolysis-generated NH3 gas plays a key role for continuously etching the g-C3N4 and 

even making it completely consumed. Besides, C4 experiment excludes the etching 

effect of H2O vapor in the present reaction because that the H2O vapor cannot 

effectively etch g-C3N4 in such a low temperature of 450 oC [43]. Moreover, C5 

experiment excludes the etching effect of CO2 in this reaction. In the comparison 

experiments C6-C8, it shows that the weight of urea does not affect the specific 

surface area of the final product, which may be because that different weight of urea 

does not significantly alter the concentration of gas in the tube furnace due to the 

larger volume and the in-complete seal of tube furnace. In short, it can be concluded 
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that the pyrolysis-generated NH3 gas plays an important role in synthesizing g-C3N4 

and etching it to provide larger SSA.  

Table 3. g-C3N4 synthesized in different experimental conditions. 

 reactant mass 
tubular 

furnace 
crucible other conditions 

produced 

g-C3N4 

SSA 

C1 urea  10 g 
non- 

enclosed  

in crucible 

without 

cover 

- No - 

C2 urea  10 g Enclosed 

in crucible 

without 

cover 

- No - 

C3 
NCD-C

N 

30 

mg 
Enclosed 

outside the 

crucible 

10 g of urea in 

the covered 

crucible, 550 oC 

No - 

C4 
NCD-C

N 

30 

mg 
Enclosed 

outside the 

crucible 

10 g of urea in 

the covered 

crucible, 450 oC 

No - 

C5 
NCD-C

N 

30 

mg 

Non- 

enclosed 
no  in air 24 mg - 

C6 urea 5 g Enclosed 
in crucible 

with cover 
- 60 mg 

141.9 

m2 g-1 

C7 urea 8 g Enclosed in crucible - 205 mg 142.3 
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with cover m2 g-1 

C8 urea 20 g Enclosed 
in crucible 

with cover 
- 166 mg 

144.7 

m2 g-1 

  

3.3. Photocatalytic H2 evolution and photodegradation 

The photocatalytic activity was investigated by detecting the H2 evolution rate from 

an aqueous solution under visible-light irradiation ( 400>λ  nm) using 

triethanolamine (TEOA) as electron donor. As shown in Fig. 6a, the NCD-CN sample 

has the H2 evolution rate of 131.8 µmol h-1 g-1. In comparison, a remarkably enhanced 

H2 evolution rate of 504.2 µmol h-1 g-1 is achieved for the ECD-CN sample, which is 

much superior by a factor of 3.8 to the NCD-CN sample. Simultaneously, durability is 

another criterion for the practical application. It can be clearly seen that there is no 

obvious attenuation of photocatalytic H2 evolution rate for both the NCD-CN and 

ECD-CN samples after 4 recycling runs, which means that the photocatalytic activity 

of synthesized g-C3N4 samples is sustained. 

The photocatalytic activity and stability of the g-C3N4 samples were also 

investigated by degradation of RhB under visible-light. Clearly seen in Fig. 6b, for the 

NCD-CN sample, the removal percentage of RhB is only 29.2% and 45.0% in the first 

6 min and 10 min, respectively; while, for the ECD-CN sample, 96.1% RhB has been 

degraded in the first 6 min and 99.0% RhB has been degraded within 10 min, which 

are much higher than that of the NCD-CN sample. The degradation stability on RhB 

over the ECD-CN sample was determined by 4 cycling photocatalytic experiments 
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under the same conditions as shown in Fig. S6. After 4 recycling runs, the ECD-CN 

sample maintains high photocatalytic activity, indicating that the synthesized g-C3N4 

sample is stable enough.  

 

Fig. 6. (a) Photocatalytic H2 evolution over the g-C3N4 samples synthesized under 

different conditions under visible-light irradiation: (i) ECD-CN, (ii) NCD-CN. (b) The 

photodegradation of RhB within 10 min under visible-light illumination.  

3.4 Band structure and possible photocatalytic mechanism 

  To depict band structure and photocatalytic mechanism of the g-C3N4 samples, the 

optical and electrochemical properties of g-C3N4 samples were conducted. The 

UV-vis absorption spectra in Fig. 7a presents that the enclosed circumstance leads to a 

blue shift of absorption edge. The inset of Fig. 7a shows that the ECD-CN sample has 

shallow color with respect to the NCD-CN sample. The optical band gap of g-C3N4 

samples can be calculated by Tauc plot method with exponent 2=r  as shown in Fig. 

7b [44,45]. The obtained band gap (Eg) values are 2.81 eV and 2.94 eV for the 

NCD-CN sample and the ECD-CN sample, respectively, which are typical values of 

g-C3N4. The increase of band gap of the ECD-CN sample originates from the reduced 

thickness due to the quantum confinement effect as well as the enhanced structural 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

connection according to the XRD results [29,46].  

  Mott-Schottky analysis has been employed to determine the semiconductor type 

and flat band potential of the g-C3N4 samples. The chosen frequencies in the 

measurement were 1 kHz, 5 kHz and 10 kHz, respectively, and the Mott-Schottky 

plots of both the NCD-CN and ECD-CN samples are available in Fig. 7c. The donor 

density is calculated from the slope of the EC ~/1 2  plot, and the flat band potential 

is determined by extrapolating it to 0=C . It can be seen clearly that the plot slopes 

are positive for all frequencies, indicating an n-type semiconductor behavior for 

g-C3N4 samples. The Mott-Schottky plot of NCD-CN shows a smaller slope than that 

of ECD-CN, indicating a higher electron donor density for the ECD-CN sample. 

Higher donor density is helpful for promoting photocatalytic performance because of 

the increased electrical conductivity and mobility of charges carriers [28]. The flat 

band potentials are -0.78 eV and -0.87 eV vs NHE for the NCD-CN sample and the 

ECD-CN sample, respectively. Since the conduction band (CB) potentials of n-type 

semiconductors are very close to the flat band potentials [47], conduction band (CB) 

and valance band (VB) edge can be deduced on the basis of the flat band potentials 

and band gap (Eg) values gained from the UV-vis absorption plot, as shown in Fig. 7d. 

It shows that both NCD-CN and ECD-CN samples satisfy the thermodynamical 

condition for the photocatalytic splitting of water for hydrogen evolution. Also, The 

CB edge position of the ECD-CN sample is 0.09 eV higher than that of the NCD-CN 

sample from the band alignment in Fig. 7d. According to the thermal dynamics 

principle of photocatalytic water splitting for hydrogen evolution, the ECD-CN has 
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higher hydrogen evolution ability than the NCD-CN sample, which is consistent with 

the experimental results. 

 

Fig. 7.  (a) UV-vis absorption spectra of NCD-CN and ECD-CN. Inset: photographs 

of g-C3N4 grains. (b) Tauc plots of both two samples. The horizontal line marks the 

baseline; the dashed lines are the tangents of the curves. (c) Mott-Schottky plots of (i) 

ECD-CN and (ii) NCD-CN collected at various frequencies. The inset of (c) is the 

magnified view of Mott-Schottky plot of NCD-CN. (d) Band structure of the two 

samples. The electrolyte is 0.1 M Na2SO4 with pH of 5.86. 

 

Electrochemical impedance spectroscopy (EIS) and transient photocurrent 

measurement were conducted to further study the internal mechanism of enhanced 

photocatalytic performances of g-C3N4 samples. Fig. 8a shows the experimental 

Nyquist impedance plots of the NCD-CN and ECD-CN samples. Since the semicircle 

at high frequencies in the Nyquist diagrams is in accordance with the 
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electron-transfer-limited process and the semicircle diameter is equivalent to the 

electron-transfer resistance [36], the ECD-CN sample has a more effective separation 

rate of photo-generated electron-hole pairs and a faster interfacial charge transfer than 

the NCD-CN sample due to the former has smaller arc radius on EIS Nyquist plot. 

Besides, it can be obviously seen from Fig. 8b that under visible-light irradiation, the 

photocurrent density of the ECD-CN sample increases to 3.0 µA cm-2 with respect to 

the NCD-CN sample with photocurrent density of 1.2 µA cm-2. One reason for the 

enhanced photocurrent density is that the ECD-CN sample has much larger SSA and 

pore volume than the NCD-CN sample, which increases the amount of the active sites 

and shortens the diffusion distance of photo-generated electron-hole pairs to promote 

the separation of the carriers. Besides, better crystallinity with fewer defects, which 

are always considered as the trap and recombination centers, reduces the 

recombination of photo-generated carriers for the ECD-CN sample. 

 

Fig. 8. (a) EIS Nyquist plots. (b) transient photocurrent response of NCD-CN and 

ECD-CN. 

As a result, considering the similar chemical compositions of both the NCD-CN 

and ECD-CN samples, we provide the responsible factors for the enhanced 
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photocatalytic activities of the ECD-CN sample. Firstly, the most important factor is 

that the much higher SSA provides more exposed active sites to the solution for the 

redox reaction. Meanwhile, the lower thickness shortens the diffusion length, which is 

beneficial for the rapid transport and separation of the photogenerated carriers to 

accelerate the photocatalytic reaction in kinetics. Secondly, the ECD-CN sample has a 

higher CB edge location as well as a lower VB edge location than the NCD-CN 

sample, displaying a much higher degradation and H2 evolution capability. Thirdly, 

the enclosed condition enhances the polymerization and crystallinity and decrease the 

number of defects of g-C3N4, which restrains the recombination of photo-generated 

carriers, thereby improve the photocatalytic activities. 

4. Conclusions 

In conclusion, a thin porous g-C3N4 with large SSA was prepared using facile 

one-step method by condensation of urea in an enclosed condition. The generated 

NH3 not only self-supports the polymerization of g-C3N4 during the pyrolysis process, 

but also exfoliates the bulk g-C3N4 into ultrathin and porous nanosheets producing a 

high SSA of 141.4 m2 g-1, which is appropriate 2.5 times the SSA of the NCD-CN 

sample. Accordingly, the ECD-CN sample exhibits a much higher photodegradation 

rate on RhB (99.0% within 10 min) and hydrogen production efficiency (504.2 µmol 

h-1 g-1) under visible-light due to the more exposed active sites and rapid transport and 

separation of the photogenerated carriers. Besides, the better polymerization and 

crystallinity also contribute to the improved photocatalytic activity of the ECD-CN 

sample. This work can provide a simple approach in designing and preparing an 
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efficient and sustainable visible-light-driven photocatalyst. 
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