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Abstract  An in situ strategy was introduced for synthesizing carbon modified graphitic carbon nitride(g-C3N4) by 

using urea/4-aminobenzoic acid(PABA) co-crystal(PABA@Urea) as precursor materials. Via co-calcination of the 

PABA co-former and the urea in PABA@Urea co-crystals, C guest species were generated and compounded into 

g-C3N4 matrix in situ by replacing the lattice N of the carbon nitride and forming carbon dots onto its layer surface.

The carbon modification dramatically enhanced visible-light harvesting and charge carrier separation. Therefore,

visible light photo-catalytic oxidation of methylene blue(MB) pollution in water over the carbon modified g-C3N4

(C/g-C3N4) was notably improved. Up to 99% of methylene blue(MB) was eliminated within 60 min by the optimal

sample prepared from the PABA@Urea co-crystal with a PABA content of 0.1%(mass ratio), faster than the degrada-

tion rate over bare g-C3N4. The present study demonstrates a new way to boost up the photocatalysis performance of

g-C3N4, which holds great potential concerning the degradation of organic dyes from water.

Keywords  Graphitic carbon nitride; Carbon composite; Photocatalysis; Photodegradation

1  Introduction 

As a non-metallic conjugated polymer, g-C3N4 has been of 

research focus in recent years for its high thermal and physico-

chemical stability, attractive semi-conductivity, facile synthesis, 

low cost and earth-abundant resources[1—3]. The optical band 

gap of ca. 2.7 eV gives g-C3N4 a wide and strong absorption of 

solar spectrum. However, the fast recombination of photo- 

induced electrons and holes limiting electronic conduction, 

and insufficient light absorption beyond 460 nm greatly hinder 

the light-driven catalytic performance of g-C3N4. Various 

approaches were thus developed to address this issue, such as 

heteroatom doping[4—6], constructing heterostructure[7—9], 

edge-functionalization[10], morphology control[11—13], and com-

bining g-C3N4 with carbonaceous materials[14—16]. During the

past years, several kinds of organics have been reported to 

construct C doped g-C3N4. For example, Li and coworkers[17]

prepared carbon bridged g-C3N4 with chitosan as carbon 

precursor, achieving a H2 generation rate 7 times higher that of 

bulk g-C3N4. Panneri et al.[18] utilized spray drying to granulate

g-C3N4 nanosheets into microspheres with high surface area

that was superior in removing tetracycline antibiotic by adsorp-

tion and photocatalytic degradation. Although the previous

researches have demonstrated a strong relationship between the

photocatalytic properties and the delocalized π bonds between

the heptazine units of g-C3N4, the self-doping strategy is still a

challenge for the decorating of g-C3N4 because it contains no

mental and oxygen elements.

Molecular cooperative assembly is a process widely used 

in crystal engineering, by which the molecules can be sponta-

neously arranged via non-covalent interactions to form stable 

aggregates[19]. Although g-C3N4 with different nano-structured

architectures has been achieved from supramolecular assem-

bled aggregates of melamine precursor and triazine derivatives 

(e.g., cyanuric acid)[20—22], to the best of our knowledge, there 

are few researches concerning the modification of g-C3N4 using 

urea based assembled complex. Copyrolysis is an effective 

method to synthesize carbon-rich hybrid materials from organic 

precursors[23—25]. Herein, a new strategy was established 

for producing carbon modified g-C3N4(C/g-C3N4) through 
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pyrolysis urea/4-aminobenzoic acid(PABA) co-crystals 

(PABA@Urea). The urea acted as precursors for g-C3N4 and 

the co-formers PABA was the source for C guest species 

(Scheme 1). The enhancement of g-C3N4 photocatalytic activity 

was evidenced by decomposing methylene blue(MB) dyes from 

water under visible light irradiation.  

Scheme 1  Schematically illustration for producing carbon bridged g-C3N4 decorated with carbon dots from 

PABA@Urea co-crystal precursor 

The green and red circles indicate the bridging atoms of C and N, respectively. 

2  Expetimental 

2.1  Synthesis of g-C3N4 Photocatalysts 

Urea(AR), 4-aminobenzoic acid(PABA, AR) and methyl-

ene blue(MB) supplied by Shanghai Civi Company(China) 

were used as received. Bulk g-C3N4 was fabricated via polyme-

rizing urea at 550 °C in ambient atmosphere for 3 h according 

to the literature[26]. To synthesize C/g-C3N4, PABA(0.02, 0.04,

0.08 and 0.16 g) and urea(40.0 g) were dissolved into ethanol 

(250 mL), and then the ethanol solvent was evaporated gradu-

ally. The obtained white solid PABA@Urea co-crystals with 

PABA mass contents of 0.05%, 0.1%, 0.2% and 0.4% were 

collected and dried in an oven. Subsequently, the PABA@Urea 

co-crystals were calcined in a muffle furnace at 550 °C in am-

bient atmosphere for 3 h, the same as that for the preparation of 

bulk g-C3N4, giving the final products  labeled as C/g-C3N4

(PABA: 0.05%), C/g-C3N4(PABA: 0.1%), C/g-C3N4(PABA: 

0.2%) and C/g-C3N4(PABA: 0.4%).  

2.2  Characterization 

Fourier transform infrared(FTIR) spectra were recorded 

on a Vertex-70 FTIR spectrometer(Bruker, Germany). The 

sample was mixed with air dried potassium bromide powder 

and compressed into a thin pellet for the FTIR examination. 

X-Ray diffraction(XRD) patterns were obtained on an

XRD-6000 diffractometer(Shimadzu, Japan) with the angle of 

2θ ranging from 5° to 60°. The scanning speed was set to 

2°/min with an step size of 0.02°. UV-Vis diffuse reflection 

spectra(DRS) were collected using a Agilent Cary 5000 UV-Vis 

spectrophotometer. Optical absorbance of MB solution was 

recorded on a UV spectrophotometer(Shimadzu UV2550, 

Japan) at room temperature. BET surface area was measured 

using a NOVA 3200e specific surface area tester(Conta, USA). 

Prior to the BET measurement, all the samples were degassed 

at 300 °C for 3 h. Morphologic images was characterized using 

a VEGA2 scanning electron microscope(TESCON, Czech) and 

a transmission electron microscope(FEI Talos-F200X). X-Ray 

photoelectron spectroscopy(XPS) was conducted on an 

Axis-Ultra spectrometer(Kratos, UK) with an Al K radiation 

source. Photoluminescence(PL) was taken on a fluorescence 

spectrophotometer(LS55, American) from PE Company with 

the excitation wavelength fixed at 325 nm. Electrochemical 

impedance spectra(EIS) were measured using an electrochemi-

cal workstation(CHI650E, Chenhua, China), with platinum foil 

as the counter electrode and an Ag/AgCl(in saturated KCl ) 

electrode as the reference electrode. Na2SO4 aqueous solution 

(0.5 mol/L) and nickel foam were employed as electrolyte and 

working electrode, respectively.  

2.3  Photocatalytic Activity Evaluation 

Photocatalyst samples(30 mg) were sonicated in 50 mL of 

MB aqueous solutions for 10 min to make a homogeneous 

dispersion. The mixture was then stirred in darkness till 
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achieving an equilibrium between adsorption and desorption. 

Subsequently, photocatalytic reaction was triggered under visi-

ble light(λ>420 nm) emitted through a UV-cutoff filter from a 

300 W xenon arc lamp. At a given irradiation interval, a small 

aliquot(2.5 mL) of the sample was taken and recovered. The 

MB content in the recovered supernatant solution was moni-

tored by means of UV-Vis spectroscopy via examining the 

optical absorption values at 664 nm with a previously estab-

lished calibration curve. 

3  Results and Discussion 

Solution crystallization is an excellent approach to obtain 

co-crystals. Both urea and PABA are soluble in ethanol, so 

supramolecular co-crystals can be obtained by molecular as-

sembly between them when the ethanol solvent was removed 

gradually(Fig.S1, see the Electronic Supplementary Material of 

this paper). PABA has a low thermal stability and began to 

decompose at ca. 170 °C and was carbonized at the temperature 

near 400 °C(Fig.S2, see the Electronic Supplementary Material 

of this paper). During the co-calcinations process, condensation 

and polymerization reactions starting from the urea monomers 

occurred, accompanying with the carbonization of the PABA, 

giving carbon bridged g-C3N4 decorated with carbon dots 

(Scheme 1).  

Fig.1 displays XRD patterns of pure g-C3N4 and various 

C/g-C3N4 samples prepared from the PABA@Urea precursors 

containing different amount of PABA co-formers. As can be 

seen from Fig.1, in accordance with the XRD characteristics of 

pure g-C3N4, all the C/g-C3N4 samples are characterized by an 

obvious diffraction peak at 2θ=27.8°, and a minor diffraction at 

around 2θ=13.0°. The peak at 2θ=27.8° is assigned to the (002) 

diffraction of g-C3N4 due to the graphitic stacking feature. 

Whereas, the minor one at 2θ=13.0° is correspond to the (100) 

diffraction of g-C3N4 sheets resulted from their repeated 

in-plane tri-s-triazine unit. The similarity between the XRD 

patterns of pure g-C3N4 and C/g-C3N4 samples suggests that 

g-C3N4 matrix has been formed from the PABA@Urea

precursors[27,28]. Nevertheless, the intensity of (002) diffraction

peak decrease, gradually with increasing PABA content in

Fig.1  XRD patterns of pure g-C3N4 and the C/g-C3N4 

photocatalysts prepared from PABA@Urea 

with different PABA mass contents 

a. g-C3N4; b—e: C/g-C3N4 with mass ratios of 0.05%, 0.1%, 

0.2%, 0.4% of PABA. 

PABA@Urea. This might be due to that the PABA co-formers 

prevent the polymerization of urea and hinder the g-C3N4 layers 

stacking, leading to lattice distortion in g-C3N4 matrix[29].

SEM and TEM were conducted to further verify the struc-

tural features of C/g-C3N4. As shown in Fig.2(A) and (B), both 

pristine g-C3N4 and the C/g-C3N4 samples displayed an aggre-

gated morphology consisting of irregular shaped layers, sug-

gesting that the addition of PABA and followed carbonization 

do not destroy the layered structure feature of g-C3N4, well 

agrees with the XRD results displayed in Fig.1. However, 

different from pure g-C3N4, where the sheets are relative large 

and packed densely, the C/g-C3N4 samples displayed a rela-

tively loose structure comprising smaller sheets and pores. The 

lamellar skeleton of C/g-C3N4 was also confirmed by TEM 

analysis. As demonstrated in Fig.2(C), a wrinkled paper-like 

structure with in-plane holes(indicated by the white arrows) 

was observed for the C/g-C3N4 catalysts. This will give more 

active sites for photocatalytic reactions. Moreover, as shown in 

Fig.2(D)—(F), similar to the morphology of carbon dots/ 

g-C3N4 composite reported by others[30], high magnification

TEM images of the C/g-C3N4 samples clearly demonstrate the

presence of carbon dots(indicated with red circles) onto the

g-C3N4 sheet surface, which will enhance the photocatalytic

efficiency, too.

Fig.2  SEM images of g-C3N4(A) and C/g-C3N4(B), 

and TEM images of C/g-C3N4 at a relatively 

low(C) and higher magnifications(D—F) 

The white arrows and red circles indicate the pores and C 

dots on the sheet surface, respectively. 
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N2 adsorption-desorption measurement also confirms the 

mesoporous textural structure of C/-g-C3N4 hybrid catalysts 

(Fig.3). For example, it was measured that the C/g-C3N4(PABA 

0.1%) possess a surface area of 88.707 m2/g and total pore 

volume of 0.2911 cm3/g, much higher than those of pristine 

g-C3N4(46.736 m2/g and 0.1644 cm3/g).

Fig.3  N2 adsorption-desorption isotheres and pore 

size distribution plots(inset) of g-C3N4 and 

C/g-C3N4(PABA: 0.1%) 

FTIR and XPS were carried out to illustrate the chemical 

compositions and atoms state in C/g-C3N4. XPS survey spectra 

reveal both g-C3N4 and C/g-C3N4 composite mainly contain C 

and N  elements deriving from g-C3N4[Fig.4(A)]. Whereas, 

the tiny amount of O may be due to the H2O and C—O—H 

groups absorbed on the sample surface[31,32]. From the high 

resolution C1s spectrum[Fig.4(B)], three bands at 284.4, 285.7 

and  287.8 eV were detected, ascribed to the sp2-hybridized C 

involved in C—C/C=C bond[30,33,34], C—NH2 species[35] and

N=C—N[36,37], respectively. Interestingly, the ratio of C—C 

and N=C—N peak area(C—C/N=C—N) is calculated to be 

1.584 for C/g-C3N4, higher than the value for pristine g-C3N4

(1.562), demonstrating that additional carbon specifies have 

been compounded into the g-C3N4 matrix by the doping treat-

ment. The N1s spectrum also confirms the success of C doping 

in g-C3N4. As illustrated in Fig.4(C), three characteristic peaks 

assigned to N in C=N—C, N—C3, and C—N—H are 

observed at 398.0, 399.5 and 400.5eV, respectively[38—40]. The 

calculated area ratio of sp3 nitrogen to sp2 nitrogen (N—C3/

C=N—C) was decreased from 0.333 for g-C3N4 to 0.318 for 

C/g-C3N4, again reflecting the substitution of bridging N by C 

atoms in g-C3N4 skeleton because of C self-doping[17,41]. In

Fig.5, characteristic absorptions related to CN heterocycles 

(1240—1640 cm–1) and s-triazine units(810 cm–1) from g-C3N4

are distinctly observed in FTIR spectra of C/g-C3N4
[42,43],

which indicates that the overall skeleton of g-C3N4 keeps intact 

after the in-situ C modification. This is in accordance with the 

XRD results. Additionally, it can be found that the intensity of 

triazine unit absorption peak at 810 cm–1 decreases gradually 

with an increase of the PABA content in the co-crystal precur-

sor from 0.05% to 0.4%(mass ratio). This can be well inter-

preted by the partial replacement of bridging N with the self 

doped C atoms in the g-C3N4 skeleton, which will decrease the 

absorption ability of the triazine units. 

Fig.4  XPS spectra of g-C3N4 and C/g-C3N4(PABA: 0.1%) 

(A) Survey spectra; (B) C1s;(C) N1s. 

Fig.5  FTIR spectra of the photocatalyst samples 

prepared from PABA@Urea with varying 

PABA loading amount 

a. g-C3N4; b. C/g-C3N4(PABA: 0.05%); c. C/g-C3N4(PABA: 0.1%); 

d. C/g-C3N4(PABA: 0.2%); e. C/g-C3N4(PABA: 0.4%). 

UV-Vis DRS measurement reveals a dramatic red shift of 

intrinsic absorption edges of the C/g-C3N4 samples with  

increasing carbon doping content(Fig.6). Calculated from the 

Kubelka-Munk function, the derived band energies correspon- 

ding to bulk g-C3N4, C/g-C3N4(PABA: 0.05%), C/g-C3N4

(PABA: 0.1%), C/g-C3N4(PABA: 0.2%) and C/g-C3N4(PABA: 

0.4%) were 2.75, 2.67, 2.56, 2.06 and 1.77 eV, respectively. 

Moreover, the C/g-C3N4 samples have a much stronger tail 

absorption to light from 450 nm to 800 nm, owing to the 

midgap state caused by the distortions or defects in the 

C/g-C3N4, in addition to an enhanced absorption intensity from 

the UV to blue region. In fact, the doping-induced distortions/ 

defects play an important role in photo-electrochemical activi-

ties of carbon based materials, including g-C3N4
[44]. The

absorption spectra suggest that the presence of doped carbon 

and defects in g-C3N4 could effectively promote the light 
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harvesting capability, which is favoured for the improvement of 

photocatalytic performance. 

Fig.6  UV-Vis DRS of g-C3N4 and C/g-C3N4 prepared 

from PABA@Urea 

The photocatalytic activities of pristine g-C3N4 and the 

C/g-C3N4 photocatalysts were evaluated by elimination of MB 

dyes in water under visible light. Prior to light illumination, the 

mixtures of photocatalysts and MB dyes in water were stirred 

in darkness for 120 min to obtain the absorption-desorption 

equilibrium between dyes and photocatalysts. As shown in 

Fig.7(A), the MB concentration tends to keep constant after a 

slightly decrease during the dark stirring process, suggesting 

the establishment of adsorption-desorption equilibrium between 

MB and the photocatalyst samples. Subsequently, photo-  

degradation of MB over g-C3N4, and over the photocatalysts of 

C/g-C3N4 photocatalysts was carried out under visible light 

irradiation. It is found that all the photocatalysts are capable of 

degrading the 

Fig.7  Photocatalytic MB degradation performance 

of g-C3N4 and C/g-C3N4 samples under visible 

light illumination 

(A) Variation of MB concentration versus reaction time; (B) pseudo- 

first-order kinetics curves of MB elimination over samples. 

MB pollutants, resulting in obvious decrease of the MB con-

centrations. However, compared with pristine g-C3N4, the car-

bon modified C/g-C3N4 catalysts derived from PABA@Urea 

co-crystals with 0.05% and 0.1%(mass content) of PABA, 

exhibit a notable improved degradation efficiency. The 

C/g-C3N4(PABA: 0.1%) can degrade more than 99% of MB 

dyes within 60 min, much more efficient than the degradation 

rate over bare g-C3N4, of which 80% MB was decomposed 

during the same period. Meanwhile, it is also found that the 

photocatalytic activity tends to decrease with a further increa- 

sing of PABA. This may be due to that the excessive C can also 

act as a recombinant centre, and might prevent the incident 

light absorption of g-C3N4 owning to the shadowing effect[45],

therefore reducing the photo-reactivity of the photo-catalysts. 

The degradation of MB could well fit pseudo-first-order kine- 

tics that can be described by a Langmuir-Hinshelwood model 

with the following equation: ln(c/c0)=–kat, where ka is the 

apparent pseudo-first-order rate constant and t is the reaction 

time. By plotting –ln(c/c0) versus reaction time(t), pseudo- 

first-order kinetics curves of the MB elimination over the cata-

lysts were obtained, which shows a perfect linear relationship, 

as shown in Fig.7(B). The pseudo-first-order rate constant ka is 

0.054 min–1 for C/g-C3N4(PABA:0.1%) and is 0.026 for prins-

tine g-C3N4, clearly demonstrating an enhancement of photo-

catalytic activity by the carbon doping treatment. In addition, 

for practical applications, catalyst materials having long-term 

stability are always required. Recycling experiments were 

further carried out to evaluate the reusability of the C/g-C3N4 

photocatalysts. As shown in Fig.8, the MB solution can be 

almost completely degraded within 60—70 min for each of the 

four circles. No obvious decrease in degradation rate can be 

observed over the four times consecutive recycling utilization, 

indicating the photocatalyst is of good stability under long-term 

irradiation. 

Fig.8  Photocatalytic MB elimination over C/g-C3N4

(PABA:0.1%) with four times of cycling uses 

To deeply understand the reasons for the photocatalytic 

MB degradation enhancement, PL and EIS analyses were per-

formed to probe the charge transfer, separation and recombina-

tion properties. As depicted in Fig.9(A), bulk g-C3N4 displayed 

a PL pattern with strong emission centered at 460 nm, corres-

ponding to a highly charge carrier recombination[43,46]. In con-

trast to g-C3N4, the fluorescence of C/g-C3N4 was quenched 

significantly, suggesting reduced charge recombination and 

accelerated charge separation in the carbon doped catalyst[39,42]. 
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In addition, both the bridging C atoms and the introduced 

carbon dots could act as transporters for electrons and make the 

π system of g-C3N4 extend, resulting in an increase in electrical 

conductivity. As shown in Fig.9(B), the EIS Nyquist plots show 

that C/g-C3N4 displays a smaller semicircle diameter compared 

with pristine g-C3N4, indicative of lower charge transfer resis-

tance in the carbon doped samples. These results can be well 

interpreted by the carbon doping modifications. The HOMO 

and LUMO positions of g-C3N4 are located at about +1.4 and 

−1.3 eV[vs. normal hydrogen electrode(NHE), pH=7], respec-

tively[47]. Its CB energy level is negative sufficiently for photo-

reduction reactions. Whereas, for the carbon dots, its HOMO

level is in the middle of bandgap of g-C3N4, while the LUMO

is more negative than the CB of g-C3N4
[48]. Therefore, the

hybrid C/g-C3N4 can form a type-II heterojunction as illustrated

in Scheme 2. In the type-II heterojunction, the photo-induced

Fig.9  PL spectra(A) and EIS Nyquist plots(B) of 

g-C3N4 and C/g-C3N4(PABA:0.1%)

Scheme 2  Schematic diagram of MB degradation 

mechanism for the C/g-C3N4 photocatalyst 

electrons in the CB of carbon dot can be readily transferred to 

the CB of g-C3N4 or captured by the midgap energy state of 

CN· substitutional distortion/defect. Contrarily, the photo-  

generated holes in the VB of g-C3N4 can be migrated to the VB 

of carbon dot. The spatial separation of charge carries will  

inhibit the electron-hole recombination in highly efficient and 

thereby enhance the MB degradation over superoxide anion 

radicals(·O2
–) and holes on the VB of carbon dots .

4  Conclusions 

In summary, a novel in-situ method was established to 

modify g-C3N4 with C from urea/PABA co-crystals, with the 

urea serving as precursors for g-C3N4 and the co-former PABA 

acting as carbon sources. Beneficial from the advanced light 

absorption, the separation of charge carriers and the improved 

electrical conductivity, the carbon modified g-C3N4 could 

display much enhanced visible light photocatalytic activity 

towards MB degradation. This work demonstrates that carbon 

self-doping can be realized through a novel co-crystals strategy, 

paving a new route to design and synthesize advanced g-C3N4 

photocatalyst through tuning the electronic band structure and 

textural properties of the g-C3N4 material. 

Electronic Supplementary Material 

Supplementary material is available in the online version 

of this article at http://dx.doi.org/10.1007/s40242-020-0073-7. 
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