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a b s t r a c t

Numerous approaches have been used to modify graphitic carbon nitride (g-C3N4) for improving its pho-

tocatalytic activity. In this study, we demonstrated a facial post-calcination method for modified graphitic

carbon nitride (g-C3N4-Ar/Air) to direct tuning band structure, i.e., bandgap and positions of conduc-

tion band (CB)/valence band (VB), through the control of atmospheric condition without involving any

additional elements or metals or semiconductors. The synthesized g-C3N4-Ar/Air could efficiently de-

grade sulfamethazine (SMT) under simulated solar light, i.e., 99.0% removal of SMT with rate constant

k1 = 2.696 h−1 within 1.5 h (4.9 times than pristine g-C3N4). Material characterizations indicated that

the damaged/partial-collapsed structure and decreased nanosheet-interlayer distance for g-C3N4-Ar/Air

resulted in the shift of band structure due to the denser stacking of pristine g-C3N4 through oxidative

exfoliation and planarization by air calcination. In addition, the bandgap of g-C3N4-Ar/Air was slightly

shrunk from 2.82 eV (pristine g-C3N4) to 2.79 eV, and the CB was significantly upshifted from −0.44 eV

(pristine g-C3N4) to −0.81 eV, suggesting the powerful ability for donating the electrons for O2 to form
•O2

−. Fukui index (f –) based on theoretical calculation indicated that the sites of SMT molecule with

high values, i.e., N9, C4 and C6, preferred to be attacked by •O2
− and •OH, which is confirmed by the

intermediates’ analysis. The tuning method for graphitic carbon nitride provides a simple approach to

regulate the charge carrier lifetime then facilitate the utilization efficiency of solar light, which exhibits

great potential in efficient removal of emerging organic contaminants from wastewater.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Since last decades, pharmaceuticals and personal care products

(PPCPs) including antibiotics, antidepressants, anti-inflammatories,

etc., have been the emerging concerns in the environmental con-

taminants and drawn the researchers’ focus due to the widely and

frequently detection all around the world [1-6]. As the largest con-

sumer and producer of PPCPs in the world, China has expended

more than 2.5 × 107 kg antibiotics per year [7,8]. In addition, some

researchers have investigated the detected PPCPs in Liaohe, Haihe,

Yangtze, Pearl, Yellow, Songhuajiang Rivers watershed and the

Liaodong Bay, Bohai Bay, Victoria Harbor etc. [1]. Among 65 antibi-

otics, three sulfonamides, i.e., sulfamethazine (SMT), sulfamethoxa-

zole (SMX) sulfadiazine (SD), are vastly detected throughout China

[1,9]. Especially SMT was most detected in surface waters of China
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[1,10]. Although the detection concentration of SMT in water ma-

trix is relatively low, it still shows high potential toxicity risks

to ecosystem [2,11,12]. Furthermore, the conventional treatment

technologies for drinking water, such as filtration, coagulation, and

sedimentation, are not efficient to remove SMT [13]. In addition,

some advanced oxidation technologies, i.e., photocatalysis [2,14,15],

electro-Fenton [16,17], and Fenton-like [18], have been used to de-

grade SMT in water. Therefore, treatment for wastewater contain-

ing PPCPs, especially improving the solar light response of photo-

catalysts, is urgent and prior demand.

Graphitic carbon nitride (g-C3N4) as a metal-free and two-

dimensional layered structure, is an excellent catalyst with rela-

tive narrow bandgap of 2.7 eV and good visible light response

[19,20], thus has drawn extensive concerns for environmental ap-

plications such as decontamination and disinfection [21]. In ad-

dition, some synthesis methods for g-C3N4 have been reported

https://doi.org/10.1016/j.cclet.2021.08.061
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[19,22]. Moreover, the band structure of g-C3N4 can be tuned

throughout the facial post-calcination method [22,23], which is not

involving with foreign elements and other semiconductors. Some

approaches, such as doping [24], heterostructure design [2,25], and

surface modification [26,27], have been applied to improve the

light absorption on visible light region and photocatalytic activity

of catalysts. However, some defects caused by these foreign semi-

conductors or elements were ignored. In addition, for pristine g-

C3N4, the direct tune of band structure can control the position of

conduction band (CB) and valence band (VB) [22], which provides

a simple approach to regulate the charge carrier lifetime and then

facilitate the utilization efficiency of solar light.

Moreover, the photocatalytic degradation mechanisms of SMT

were accurately and deeply evaluated by theoretical calculations,

in specific Fukui index based on density functional theory (DFT).

In recent years, our group has made lots of efforts on theoretical

calculation, such as evaluation on reactive sites of organic pollu-

tants [2,15,25,28-30], calculation on binding energy [31,32], transi-

tion state (TS) and potential energy surface (PES) [33,34], predic-

tion on electrostatic potential [35].

In this work, the overall goal was to investigate the effects of

polymerization atmosphere and synthesis condition for the photo-

catalytic activity of graphitic carbon nitride to degrade sulfamet-

hazine. The detailed objectives were to: 1) Investigate the poly-

merization method to prepare the g-C3N4 under different atmo-

sphere and conditions; 2) evaluate the photocatalytic degradation

of SMT by various catalysts; 3) elucidate the mechanism of photo-

catalytic degradation of SMT and radical attacking via the combi-

nation method of the identification on degradation intermediates

and analysis by theoretical chemistry; and 4) reveal the underlying

mechanism of enhanced photocatalytic activity via material char-

acterizations.

All chemicals were of analytical grade or higher in this work

and described in Text S1 (Supporting information).

The photocatalysts based on graphitic carbon nitride (g-C3N4)

derived from melamine were obtained by one-step modified poly-

merization method in accord with the literature [2,22]. In brief,

5 g of the melamine was directly put in a crucible, and heated

in a tube furnace (Thermo Scientific, USA) to 550 °C at a rate of

15 °C/min under different calcination atmosphere and conditions

(open or semi-closed), i.e., static air atmosphere with semi-closed

crucible for 3.5 h, air flow atmosphere with open crucible for 3.5

h, argon flow atmosphere with open crucible for 3.5 h, argon flow

atmosphere with semi-closed crucible for 2 h following by air flow

atmosphere for 1.5 h. Then the final photocatalysts were ground

into powder and labeled as pristine g-C3N4, g-C3N4-open Air, g-

C3N4-open Ar, and g-C3N4-Ar/Air.

Photocatalytic performances for various materials were inves-

tigated via sulfamethazine (SMT) degradation kinetic testes un-

der simulated solar light. In the typical photocatalytic batch reac-

tion, the initial SMT concentration (5 mg/L) and material dosage

(0.2 g/L) were fixed in the quartz reactor (reaction volume 250

mL) with cooling system, then solution pH was adjusted to 7.0

± 0.2 by diluted HClO4 and NaOH (0.1 mol/L). After 2 h dark

adsorption-desorption reaction (300 rpm), the photocatalytic re-

action was initiated by turn-on the pre-heated light source, i.e.,

simulated solar-light simulator system (PLS-SXE300D, Beijing Per-

fectlight Technology Co., Ltd.) with 300 W Xe lamp providing the

100 ± 0.5 mW/cm2 light irradiation (AM 1.5G mode) as shown

in Fig. S1 (Supporting information). At pre-determined intervals,

the collected samples (each 1 mL) were straightway filtered via a

nylon membrane (0.22 μm). Then the concentration of SMT and

degradation intermediates in the filtrate was analyzed by high-

performance liquid chromatography (HPLC) system (Agilent 1260

Infinity, USA) and ultra-high-performance liquid chromatography-

mass spectroscopy system (UHPLC/MS/MS, Thermo scientific, USA),

Fig. 1. Photocatalytic degradation of SMT by various catalysts synthesized by differ-

ent calcination atmosphere and conditions (a) and linear fitting for corresponding

kinetic data (b). Initial SMT = 5 mg/L, material dosage = 0.2 g/L, temperature = 25

± 2 °C, initial pH: 7.0 ± 0.2, final pH: 7.0 ± 0.5.

respectively. The analytical details are described in the Text S2

(Supporting information). Control tests, i.e., estimated degradation

of SMT by simulated solar light (direct photolysis), were carried

out without any catalysts but under otherwise identical conditions.

To identify the reactive oxygen species (ROS) dur-

ing the photocatalytic reaction in this work, the genera-

tion of ROS was trapped using 5,5-dimethyl-1-pyrroline-N-

oxide (DMPO) as spin-trapping agent, then observed the direct

signals on a Bruker EMX/plus X-band (9.5 GHz) Electron Spin

Resonance (ESR) spectrometer (Bruker, Billerica, MA) (details in

Text S2).

The materials were characterized by transmission electron mi-

croscopy (TEM), X-ray diffraction (XRD), and X-ray photoelectron

spectroscopy (XPS). Meanwhile, the band structures of the pho-

tocatalysts were analyzed by UV-visible absorption diffuse re-

flectance spectra (UV-vis DRS) and XPS-valence band (XPS-VB)

(Text S3 in Supporting information).

To evaluate the reactive sites of SMT attacked by ROS, the theo-

retical calculation, i.e., Fukui index derived from density functional

theory (DFT) [15,25,29,30], was used to explain the insights of pho-

tocatalytic reaction on Gaussian 16 C.01 software [36] (details in

Text S4 in Supporting information). Details on SMT optimized ge-

ometry and energy were given in Text S5 (Supporting information).

Fig. 1a presents the photocatalytic degradation of SMT by var-

ious catalysts synthesized by different calcination atmosphere and

conditions, i.e., pristine g-C3N4, g-C3N4-open Air, g-C3N4-open Ar,

and g-C3N4-Ar/Air. Fig. 1b shows the linear fitting to SMT degrada-

tion in the photocatalytic system with various catalysts, and Ta-

ble S1 (Supporting information) lists the fitted parameters. The

pseudo-first order kinetic model is applied to interpret the kinetic

data [37-40]:

ln (Ct/C0) = −k1t (1)

where C0 and Ct are the SMT concentrations (mg/L) at time 0 and

t (h) in aqueous phase, respectively; and k1 is the first-order rate

constant (h−1).

It is obvious that SMT is hard to be degraded by simulated so-

lar light (< 0.1%) (Fig. 1a), i.e., negligible direct photolysis. In addi-

tion, the adsorption of SMT by all catalysts was negligible (< 3%),

which mainly can be attributed to the electrostatic repulsion be-

tween negative charged catalysts surface, for example, pHPZC (g-

C3N4) 5.1 [2] and the SMT species are the form of SMT− and zwit-

terionic species of SMT± (Fig. S2 in Supporting information) at pH

7.0, and the lack of the π-π interaction, which is confirmed by

other reports [2]. In addition, after light on, the SMT was signifi-

cantly degraded in the presence of various catalysts, i.e., 1.5 h SMT

degradation reached 53.8% for pristine g-C3N4 (k1 = 0.553 h−1),

23.5% for g-C3N4-open Air (k1 = 0.211 h−1), 34.3% for g-C3N4-

open Ar (k1 = 0.320 h−1), and 99.0% for g-C3N4-Ar/Air (k1 = 2.696

h−1). Compared to pristine g-C3N4, the photocatalytic activities of
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Fig. 2. SEM and TEM images of pristine g-C3N4 (a, b); TEM images of g-C3N4-Ar/Air

(c, d).

Fig. 3. XRD patterns of melamine, pristine g-C3N4, and g-C3N4-Ar/Air.

g-C3N4-open Air and g-C3N4-open Ar were significantly retarded

due to the partial formation of g-C3N4 and the existence of poly-

meric intermediates, i.e., melam, melon, or melon sheet, resulted

from the insufficient condensation/polymerization from melamine

to g-C3N4 under open crucible condition [41]. However, the effi-

cient degradation of SMT by g-C3N4-Ar/Air (99.0%, k1 = 2.696 h−1,

4.9 times than pristine g-C3N4) was observed within 1.5 h, indi-

cating the successful synthesis of g-C3N4-Ar/Air under argon at-

mosphere with semi-closed crucible for 2 h followed by air atmo-

sphere for 1.5 h, which is consistent with other report [22].

Fig. 2 shows the SEM and TEM images of pristine g-C3N4, and

TEM images of g-C3N4-Ar/Air. It is obvious that pristine g-C3N4,

have a stacked-layer structure (Figs. 2a and b). However, the ob-

tained g-C3N4-Ar/Air under Ar-Air-atmosphere exhibited the dam-

aged and partial-collapsed structure (Figs. 2b and c), which is con-

tributed by the release of gases, i.e., NO, NO2, NH3, N2/CO, CO2

[22], during the polymerization/condensation of melamine, indi-

cating the element loss of carbon and nitrogen. In addition, the

released gases leading to hot bubbles (Fig. 2d), which is also

observed and reported by other researchers [22,42,43], will re-

sult in the transformation from pristine g-C3N4 into g-C3N4-Ar/Air

nanosheets via oxidative exfoliation process in the following air at-

mosphere (Figs. 2a-d) [22]. The morphology and structure variation

caused by Ar/Air calcination led to the change of interlayer dis-

tance of melon sheets and the shift of band structure [22] which is

further confirmed by the XRD results, then suggesting the visible-

light absorption edge shift and possibly enhanced photocatalytic

activity compared to pristine g-C3N4.

Fig. 3 presents XRD patterns of melamine, pristine g-C3N4, and

g-C3N4-Ar/Air. All the distinctive peaks at 13.1°, 14.8°, 17.7°, 21.7°,
22.1°, 26.2°, 28.8° and 29.8° of melamine were disappeared and

Fig. 4. Band gap (Eg) values calculated from Kubelka-Munk method (a) and XPS-VB

(b) of various g-C3N4 catalysts; ESR spectra of DMPO-•OOH (c) and DMPO-•OH (d)

in the presence of g-C3N4-Ar/Air under dark and solar light; tune of band structure

on g-C3N4-Ar/Air (e).

transferred to the two significant peaks in pristine g-C3N4, i.e.,

13.0° and 27.5° for the crystalline plane (100) and (002), respec-

tively (JCPDS No. 01-087-1526) [2,25,26] via the static air calci-

nation and polymerization. For g-C3N4-Ar/Air, two peaks assigned

to (100) and (002) became sharper, indicating better crystalline

phase. In addition, the peak of (002) in g-C3N4-Ar/Air was slightly

shifted to 27.7° from original 27.5° in pristine g-C3N4, suggest-

ing that the nanosheet-interlayer distance was decreased due to

damaged/partial-collapsed structure and slightly denser stacking of

pristine g-C3N4 through oxidative exfoliation and planarization by

air calcination, which is consistent with previous TEM observations

(Fig. 2d). Furthermore, the new peaks at 18.2°, 22.1°, 44.6°, and

57.2° appeared, indicating the layer-by-layer splitting and exfolia-

tion of pristine g-C3N4. All above morphology, structure, and crys-

talline phase change resulted in the shift of band structure, there-

fore achieving the tune of band position, then improving the pho-

tocatalytic activity of g-C3N4 without any foreign elements or met-

als or semiconductors.

To further identify the bandgap and the position of band struc-

ture, i.e., valence band (VB) and conduct band (CB) of g-C3N4-

Ar/Air, diffuse reflectance UV-visible absorption spectra (UV-vis

DRS) and X-ray photoelectron spectroscopy (XPS-VB) were ana-

lyzed respectively. In specific, the absorption spectra of different

photocatalysts were directly obtained by UV-vis DRS, then the

Kubelka-Munk transferred profiles (as shown in Fig. 4a) were cal-

culated by following equation (Eq. 2) [2,25,44]:

αhν = A(hν − Eg)
n/2

(2)
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Fig. 5. Chemical structure of SMT (a), natural population analysis (NPA) charges and Fukui index (f−) of SMT (b) and degradation pathway of SMT in the photocatalysis

system (c).

where α, h, ν , A, Eg are the absorption coefficient, Planck constant,

photon frequency, constant, band gap energy, respectively. n = 1

for direct absorption and n = 4 for indirect absorption.

As shown in Fig. 4a, the band gap energy (Eg) of pristine g-C3N4

and g-C3N4-Ar/Air was 2.82 and 2.79 eV, indicating the slight red-

shift and band shrinking for the modified g-C3N4 via the different

calcination atmosphere, and resulting in the better photocatalytic

activity, which is consistent with previous TEM and XRD observa-

tions. However, the Eg values of pristine g-C3N4 and g-C3N4-Ar/Air

are close. Then the detailed band structures of photocatalysts were

analyzed.

In addition, the VB of various catalysts was obtained by XPS-VB,

and then the CB was calculated as below (Eq. 3):

ECB = EVB − Eg (3)

According to Fig. 4b, the VB positions of pristine g-C3N4 and

g-C3N4-Ar/Air were 2.38 and 1.98 eV, respectively, then the cal-

culated CB positions of pristine g-C3N4 and g-C3N4-Ar/Air were

−0.44 and −0.81 eV, respectively, indicating the band upshift in

g-C3N4-Ar/Air, which is benefit to transfer electrons to O2 form-

ing •O2
−. In addition, for g-C3N4-Ar/Air catalyst under solar light

irradiation, the ESR spectra exhibited the existence of DMPO-•OOH

(Fig. 4c) and DMPO-•OH (Fig. 4d) [22], indicating the generation

of •OOH, which is derived from the protonation process of super-

oxide radical (•O2
−), and •OH. Therefore, the dominant mechanism

for SMT degradation by g-C3N4-Ar/Air under simulated solar light

in this work is radical attacking by •O2
− and •OH. The details on

the generation mechanism of radicals and the degradation path-

way of SMT in the photocatalytic system will be demonstrated in

the following section based on intermediates analysis and theoret-

ical calculation.

Fig. 4e elucidates the enhanced mechanism on photocatalytic

activity of g-C3N4-Ar/Air. Based on the the Kubelka-Munk trans-

ferred profiles (Fig. 4a derived from UV-vis DRS) and XPS-VB

(Fig. 4b), the VB positions of pristine g-C3N4 (2.38 eV) and g-

C3N4-Ar/Air (1.98 eV), i.e. hVB
+ in both catalysts, were hard to

oxidize the H2O or OH− to generate •OH due to less redox po-

tential than H2O or OH−/•OH (2.72 or 2.40 V vs. NHE), respec-

tively [2,45,46]. Moreover, the CB position in g-C3N4-Ar/Air was

upshifted from −0.44 eV of pristine g-C3N4 to −0.81 eV, suggest-

ing the powerful ability on donating the electrons for O2 to form
•O2

− (O2/
•O2

− = −0.33 V vs. NHE) [46,47]. In addition, the detec-

tion of DMPO-•OOH, which is due to the protonation of •O2
− in the

aqueous phase, also strongly supported the aformentioned results.

However, •OH was also detected although hVB
+ in g-C3N4-Ar/Air

cannot directly oxidize the H2O or OH−, which is mainly attributed

by the radical chain reactions and transferred from •O2
− [48-52].

Then for g-C3N4-Ar/Air, the combination of narrower Eg and more

negative CB is benefited and favored to generate highly active CB-

e−, resulting in the enhnanced photocatalytic activity than pristine

g-C3N4. The dominant mechanism on the generation of radicals in

this photocatalytic system can be summarized as follows:

g-C3N4-Ar/Air + hv → g-C3N4-Ar/Air (e− − h+) (4)

O2 + CB-e−→•O2
− (5)

•O2
− + 2e− + 2H+→•OH + OH− (6)

SMT + •O2
−
/•OH → intermediates → products + CO2 (7)

SMT + h+ → intermediates → products + CO2 (8)

Based on DFT, the optimized geometry structure of SMT was pre-

sented in Fig. 5a and the optimized cartesian coordinates were

listed in Text S5 (Supporting information). Then the Fukui index,

f – in this study, was used to predict the reactive sites on SMT

molecule by electrophilic attack, which was shown in Fig. 5b. Fur-

thermore, superoxide (•O2
−) and hydroxyl (•OH) radicals are the

primary reactive oxygen species (ROS) in this photocatalytic degra-

dation system. Both of these two radicals preferred to attack the

electron-rich sites of SMT, thus categorized as electrophilic radicals

[2,28,34,53]. In addition, the identified photocatalytic degradation

intermediates (IMs) of SMT in this system are presented in Fig. 5c.

High f – value on SMT molecule suggested that the sites preferred

to lose electron then be attacked by •O2
− and •OH. In specific,

the C15 (f – = 0.12), N7 (f – = 0.114), and N9 (f – = 0.096) are

ranked in the first-stage reactive sites of SMT. Then the following

stages are the reactive site on benzene ring, i.e., C4 (f – = 0.064)

and C6 (f – = 0.06). Considering the detailed reaction conditions,

i.e., at neutral pH, the N–S bond cleavage will occur due to radi-

cal attacking on the high f – value of N9 in the first-stage reactive

site of SMT, resulting in the formed IMs of B and C, which is con-

firmed by UHPLC/MS/MS detection (Fig. 5c). Meanwhile, the IM A

was generated due to •OH addition, which is consistent with the

prediction of benzene ring in the second-stage. Then, IM D was

formed throughout the further radical attacking on IMs A or B.
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After further deep oxidation by ROS, low molecular weight com-

pounds were produced then transformed into the final mineraliza-

tion products (CO2 and H2O).

In conclusion, we demonstrated the tuning process of band

structure for graphitic carbon nitride through the control of at-

mospheric condition without involving any foreign elements or

metals or semiconductors, which can efficiently photocatalytic de-

grade SMT under simulated solar light, i.e., 99.0% removal of

SMT by g-C3N4-Ar/Air with rate constant k1 = 2.696 h−1 within

1.5 h (4.9 times than pristine g-C3N4). TEM and XRD confirmed

the damaged/partial-collapsed structure and decreased nanosheet-

interlayer distance due to the denser stacking of pristine g-C3N4

through oxidative exfoliation and planarization by air calcination.

Then the change of morphology and structure will result in the

shift of band structure, i.e., the bandgap of g-C3N4-Ar/Air was

shrunk from 2.82 eV (pristine g-C3N4) to 2.79 eV, and the CB

was upshifted from −0.44 eV (pristine g-C3N4) to −0.81 eV, in-

dicating the higher potential power for transferring electrons to

oxygen, then achieving the tune of band position and improving

the photocatalytic activity. Fukui index (f –) based on DFT calcu-

lation indicated that the sites of SMT molecule with high value,

i.e., N9, C4 and C6, preferred to be attacked by the produced elec-

trophilic radicals (•O2
− and •OH), resulting in the N–S bond cleav-

age and hydroxyl radical addition. In addition, the prediction of

reactive sites on SMT is confirmed by the formation of interme-

diates via UHPLC/MS/MS analysis. The tuning method for graphitic

carbon nitride is a promising procedure for photocatalyst modifica-

tion, which exhibits great potential in efficient removal of emerg-

ing organic contaminants from wastewater.
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