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• Synchronously engineering C va-
cancies and in-plane holes into CN
nanosheets.

• Quantum mechanical simulation for
revealing enhanced adsorption cap-
ability.

• Excellent photocatalytic performances
of antibiotic degradation and HER.
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A B S T R A C T

Residues of antibiotics are promoting antibiotic resistance of environmental microbiota which is identified as
one of the most crucial global challenge for health security. Photocatalysis has been regarded as a desirable
technology for organic pollutant removal, but is underappreciated in degradation of persistent organic pollutants
due to the low adsorption capacity and photocatalytic efficiency of photocatalysts. In this study, a scalable
photocatalyst of single/few-layered carbon nitride nanosheets with carbon vacancies (Cv-CNNs) is synthesized
through a thermal process. Quantum mechanical simulation results reveal that the C vacancies can change the
plane structure of CN sheets, enhancing adsorption capability of Cv-CNNs towards sulfadiazine (SDZ, a re-
fractory antibiotic pollutant). Furthermore, the introduction of C vacancies in Cv-CNNs enhance the redox ca-
pacity, promoting photocatalytic hydrogen evolution and SDZ degradation. The removal efficiency of SDZ (5mg
L−1) reaches almost 100% within 20min under visible-light irradiation. In addition, the photocatalyst delivers a
high H2 evolution rate of 2.03mmol h−1 g−1. The study provides a large-scale-production metal-free photo-
catalyst for practical application in antibiotics removal from wastewater or solar-to-hydrogen energy conversion.

1. Introduction

Sulfonamides are widely used antibiotics in veterinary medicine and

food-animal production [1,2]. The annual consumption of sulfonamides
reached about 369 tons in the U.S.A. in 2016 and 7890 tons in China in
2013 [3,4]. As one of the most typical sulfonamide antibiotics,
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sulfadiazine (SDZ) has been extensively used [5,6], and ubiquitously
exists in aquatic environment [7–9]. The rampant use of antibiotics
leads to serious antibiotic resistance in environmental microbiota [10],
which threatens their therapy effectiveness.

Conventional treatment processes, including activated sludge sys-
tems [11] and advanced oxidation processes [12], are pragmatic re-
mediation methods for wastewater treatment. The removal efficiency of
activated sludge seems to be far from ideal when dealing with low-
concentration antibiotics [13]. Meanwhile, to avoid the distribution of
sulfonamide resistant microorganisms to the open environment, the
treatments have to be controlled within enclosed systems which would
bring more difficulty to the process [14]. In addition, strategies for post
control have been studied in various advanced oxidation processes,
such as electrochemical degradation [15], ozone-coupled systems [16],
ultraviolet-coupled systems [17], and Fenton oxidation [18]. These
processes perform better in degradation efficiency but most of them
have to use exogenous chemical reagents or electrical energy. In con-
trast, solar-driven photocatalysis has been regarded as a desirable
technology for removal of antibiotics from diverse water and waste-
water matrices [19–21].

Eco-friendly and high-performance photocatalysts are essential for
photocatalytic systems. It has been reported that traditional metal oxide
and their heterojunction semiconductor photocatalysts could act as
efficient photocatalysts [22–25]. However, their high cost, poor visible-
light-response and potential toxicity from leaked metal ions still hinder
the applications of these photocatalysts in wastewater treatment. As a
metal-free visible-light-response photocatalyst, graphitic carbon nitride
(CN) is of tremendous interest due to its great thermal and chemical
stability, low cost and easy availability. It has been explored in appli-
cations of photocatalytic organic pollutant degradation [19–21], hy-
drogen evolution reactions (HERs) [26,27] and CO2 reduction [28,29].
However, the application of CN-based photocatalysts in organic pollu-
tant degradation still faces many challenges [30]: 1) the bulk structure
limits active site exposure, 2) the modification by metal components
increases the cost and environmental concerns, 3) the fast electron-hole
recombination greatly reduces the photocatalytic performance, and 4)
the removal efficiency of low concentration organic in water is very
low.

Although two dimensional (2D) CN nanosheets have large surface
areas and high electron mobility along the in-plane direction, the lim-
ited amount of edge active sites is insufficient for high photocatalytic
efficiencies [31,32]. Furthermore, the serious aggregation of 2D na-
nosheets causes drastic decrease in photocatalytic efficiencies [33].
Various strategies have been developed to improve the activities of CN-
based photocatalysts. Compositional engineering is an efficient
strategy, such as atom doping [34,35], functional group introduction
[36,37], vacancy engineering [38–40], and heterojunction construction
[25,41]. Even so, catalytic efficiency of CN-based photocatalysts in
micropollutants (for example, antibiotics) degradation is still un-
satisfactory, and limited work has been presented to systematically
study the relationship between carbon vacancies and antibiotics re-
moval performance.

In this study, atomically-thin porous ultrathin carbon nitride na-
nosheets with carbon vacancies (Cv-CNNs) were prepared by a facile
two-step thermal method (Scheme 1). With the formation of C va-
cancies, the exposed N atoms were converted into –NH2 groups. The
–NH2 groups acted as hole-stabilizers for prolonging the lifetime of the
excited states in photocatalysts [42] and also enhanced the dispersion
of CN sheets in water. The effects of C vacancies (or amino terminals)
on bandgap structure, SDZ degradation and HERs were studied. Espe-
cially, quantum mechanical simulations were for the first performed to
reveal the adsorption capability of C vacancies towards SDZ. The ad-
sorption promotion can greatly enhance the removal of low-con-
centration antibiotics from aquatic environment by Cv-CNNs, which
provides a great alternative for conventional low-efficiency treatment
processes. A series of experiments were designed to assess different

reactive species and to illustrate the underlying photocatalytic me-
chanism. This study highlights the potential application of carbon ni-
tride photocatalysts to address growing concerns with antibiotics in
water.

2. Experimental

2.1. Materials and chemicals

Melamine (C3H6N6), ammonium chloride (NH4Cl), sulfadiazine
(SDZ) and chloroplatinic acid (H2PtCl6) were purchased from
Sinopharm Chemical. Sulfadiazine (C10H10N4O2S) was purchased from
Sigma-Aldrich. Other chemicals were of analytical reagent grade and
used as received. Deionized water was used throughout the experi-
ments.

2.2. Preparation of Cv-CNNs

Carbon nitride nanosheets (CNNs) was prepared through a facile
one step method following a previous reported work [43]. Typically, 2 g
of melamine was fully mixed with 10 g NH4Cl as an expanding agent
and heated in a muffle furnace at 550 °C for 4 h with a heating rate of
5 °Cmin−1 to obtain CNNs. Then, the CNNs were fully ground into fine
powder. For the first time, Cv-CNNs was obtained by mixing the fine
powder (2 g) with NH4Cl (10 g) and further heated in a sealed alumina
crucible at 500 °C for 2 h with a heating rate of 5 °Cmin−1. As a control,
bulk CN was synthesized: 2 g of melamine powder in a covered crucible
was heated in a muffle furnace at 550 °C for 4 h with a heating rate of
3 °Cmin−1 under ambient pressure in air.

2.3. Characterizations

The morphologies of the samples were investigated by a field
emission-scanning electron microscope (FE-SEM, Hitachi S-4800), a
transmission electron microscope (TEM, JEM-2010) and an atomic
force microscope (AFM, TriboScope). The element mapping was ana-
lyzed by an energy dispersive spectrometer (EDS, Tecnai G2 F20 S-
TWIN). The chemical compositions were determined by a powder X-ray
diffraction (XRD) spectroscope with Cu-Kα radiation (X'Pert PRO MPD,
PANalytical), Fourier transform infrared (FTIR) spectroscope (Nicolet
8700, Thermo Fisher) and X-ray photoelectron spectroscope (XPS) with
Al-Kα radiation (Thermo Fisher). The specific surface area was de-
termined by Brunauer-Emmett-Teller (BET) method based on N2 ad-
sorption-desorption isotherms at 77 K. The pore size distribution was
calculated using Barrett-Joyner-Halenda (BJH) method. The UV–vis
diffuse-reflectance spectra (DRS) were recorded on a UV–vis spectro-
photometer (Cary 300, Varian). The photoluminescence (PL) spectra at
zero bias potential were recorded with a Hitachi F-7000 fluorescence
spectrophotometer. The electron spin resonance (ESR) signals were
recorded on a Bruker ESR A300 electron paramagnetic resonance
spectrometer at 298 K.

2.4. Photoelectrochemical measurements

The photoelectrochemical measurements were carried out in a
0.5 M Na2SO4 aqueous solution on a CHI 660C electrochemical work-
station with a three-electrode system. The photoelectrodes were pre-
pared as follows: 100mg of catalyst powder was dispersed into a so-
lution containing 1mL ethanol and 50 μL Nafion (5 wt%), and the
mixture was sonicated for 30min. Then 40 μL ink was dropped by using
a pipette onto the surface of an indium tin oxide (ITO) (active area of
2 cm2) to get a coated electrode. A saturated calomel electrode (SCE),
and a platinum foil were used as the reference electrode and the counter
electrode, respectively. A 300W xenon arc lamp equipped with in-
tensity of 32mW/cm2 was used as light source. The photocurrents were
analyzed at room temperature without bias potential. The
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electrochemical impedance spectroscopy (EIS) was recorded at an
open-circuit voltage in a frequency range of 10mHz–100 kHz with an
amplitude of 5mV.

2.5. Photocatalytic performances

Photocatalytic activities of the photocatalysts were evaluated under
a 300W xenon arc lamp with a 420 nm wavelength cutoff filter. For
SDZ degradation, photocatalyst (20mg L−1) was dispersed in 50mL of
SDZ aqueous solution (10mg L−1). The concentration of SDZ was
quantified using a reverse-phase e2695 HPLC system with a UV–vis
detector. In order to investigate the stability, Cv-CNNs was collected by
centrifugation and then washed with ethanol at 60℃ for three times.
Because of the inevitable losses of photocatalyst (less than 5% each
cycle) during samples taking and recycling process, the amount of SDZ
solution was adjusted to keep the ratio of photocatalyst and pollution in
the same statistical level. The irradiation power was also decreased at
the same ratio with the volume of the solution by adjusting the position
of light source to keep the same condition between each recycling trial.

For HERs, catalyst (40mg L−1) was dispersed into 100mL of trie-
thanolamine (TEOA, 15 v/v%) aqueous solution. 3 wt% Pt as a coca-
talyst was loaded on the photocatalyst via in-situ photodeposition of
H2PtCl6 at λ > 300 nm for 2 h. The Xe lamp was positioned 20 cm
away from the reactor where the focused intensity on the flask was 120
mW·cm−2. The reactor was bubbled with nitrogen for 30min before
irradiation. The reaction temperature was maintained at 25 °C via a
flow of cooling water. The produced H2 was analyzed by a GC2010 gas
chromatography.

The apparent quantum yield (AQY) for the H2 evolution was de-
termined by using the same light source with 420 nm light filter. The
AQY was calculated by Eq. (1):

=
×

× = ×
N H
N

nN hc
SλPt

AQY 2 ( ) 100% 2 100%
P

A2

(1)

where, N(H2) is the number of H2 molecules evolved, and Np is the
number of incident photons; n is the amount of hydrogen moles; NA, h
and c are Avogadro’s constant, Planck constant and speed of light, re-
spectively; S is the effective irradiation area, P is the irradiation power,
t is the reaction time, and λ is the wavelength of incident light
(λ=420 nm).

2.6. Calculations

Adsorption calculations were performed using Density Function
based Tight binding method (DFTB3-D3) with Grimme’s empirical
dispersion corrections.[44] The set of 3ob-3-1 was used as Slater-Koster
Parameters. Two basic carbon nitrogen sheets were constructed by two

typical structural units (“a-unit” and “b-unit”). The two sheets (CNNsa
and CNNsb) were the same size under the periodic boundary condi-
tions. C vacancy sites were regularly introduced into them and satu-
rated by H atoms. Theoretically, each vacancy site could be completely
saturated by 5H atoms. According to the experiment results, a small
part of vacancy sites was completely saturated by H atoms. Thus, we
marked them completely saturated by 5 atoms as Cv-CNNsa1 and them
partly saturated by 4H atoms as Cv-CNNsa2. Therefore, for a-unit sheet,
three models were constructed: CNNsa, Cv-CNNsa1 and Cv-CNNsa2.
However, the b-unit sheet is less stable than a-unit sheet and the
modified structure is hard to keep plane. Therefore, only one b-unit
sheet with C vacancy site saturated with 5H atoms (Cv-CNNsb) was
constructed. Next, pre-optimization was carried out to obtain the stable
plane structure of these five sheets. After putting SDZ on sheet in dif-
ferent orientations and locations, the optimization was repeated. Expect
for H atoms, the atoms in sheets were fixed for reducing the influence of
the morphology change of the sheets, which facilitated the calculations
of vacancy defect effect. From the optimized adsorption systems, 10 ps
dynamic simulations were performed to produce possible dynamic
structures. The simulations were performed in the Canonical Ensemble
(NVT) at 350 K. According to their dynamic characteristics and energy,
stable adsorption structures were proposed.

3. Results and discussion

3.1. Morphology characterizations

SEM images showed that bulk-CN was a blocky structure (Fig. S1a)
while CCNs exhibited a few-layered sheet structure due to the shock of
NH3 gas generated in the presence of NH4Cl (Fig. S1b). In contrast, Cv-
CNNs showed a thinner nanosheet structure (Fig. 1a), indicative of a
deep exfoliation of CCNs after thermal treatment. The TEM image
showed thin nanosheets of Cv-CNNs with in-plane pores in size of
5–7 nm (Fig. 1b), which was further confirmed by the AFM image
(Fig. 1c). The formation of pores came from the violent impact of gas
generated during thermal treatment. Significantly, the AFM image re-
vealed that the layer thickness of Cv-CNNs ranged from 0.434 to
0.562 nm. It was slightly higher than the theoretical thickness of single
layer g-C3N4 (about 0.325 nm), but still much lower than double layer.
The defect structures from carbon vacancies and –NH2 groups have
decreased the conjugation system of 2D nanosheet, which resulting in
larger layer thickness. Therefore, the proposed approach was highly
effective to engineer the morphology of 2D materials. The distorted
porous nanosheets could minimize the surface energy of sheets, which
favored the stability of 2D nanosheets [45]. As a result, Cv-CNNs
showed a good dispersion in water (Fig. S2). The ultrathin nanosheets
with in-plane pores would endow Cv-CNNs with abundant

Bulk-CN CNNs Cv-CNNs

NH4Cl and melamine N

C

H

Grinding, NH4Cl 

Heating

Heating

Scheme 1. Schematic illustration of the synthesis of Cv-CNNs.
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photocatalytic active sites.

3.2. Structure and composition characterizations

The specific surface areas (SBET) of bulk-CN, CNNs and Cv-CNNs
were 10.05, 41.51 and 77.72m2 g−1, respectively. (Fig. S3a). The large
SBET of Cv-CNNs resulted from its porous and ultrathin structure, which
could offer sufficient reactive sites and accelerate the mass transfer of
reactants. CNNs and Cv-CNNs possessed mesoporous stack structures
(Fig. S3b). The phase structures were determined by XRD (Fig. 2a). All
of them presented two peaks at about 13.0° and 27.4°, matching the
(1 0 0) and (0 0 2) planes of g-C3N4 [45], respectively. However, the
peaks for Cv-CNNs were much weaker, indicating that the in-plane
linkage of tri-s-triazine motifs and the interlayer stacking of conjugated
aromatic systems were weakened [26], due to the presence of in-plane
pore defects which disturbed the interlayer periodic stacking [46]. The
structures were further determined by FTIR spectra (Fig. S3c), showing
the presence of amino groups. The sharp peak at around 810 cm−1 was
from the breathing mode of tri-s-triazine units in g-C3N4. In contrast,
the peak for Cv-CNNs occurred red shift to 805 cm−1 (Fig. S3d), which
indicated a change of surrounding functional groups. Solid-state ESR
spectra offered the information about the electronic structure. As shown
in Fig. 2b, all the samples exhibited a typical Lorentzian line from the
unpaired electrons on the carbon atoms of the aromatic rings within p-
bonded nanosized clusters [47]. Compared to bulk-CN, CNNs showed
stronger ESR signal, revealing more unpaired electrons [48]. Interest-
ingly, Cv-CNNs possessed a considerably damped line compared with
CNNs, indicative of a decrease of lone electron pair, likely due to the
miss of carbon atoms [47]. In addition, the ESR peak of Cv-CNNs shifted
to lower field, implying that carbon defects were produced during the
formation of pores on nanosheets [40].

XPS was further used to understand the defect formation. XPS
survey spectra of all samples contained three sharp peaks at 288, 399
and 532 eV, which were ascribed to C 1 s, N 1 s and O 1 s signals, re-
spectively (Fig. S4a). The trace amount of O 1 s signal likely originated

from adsorbed CO2 and H2O molecules on the surface of the samples.
Quantitative XPS analysis showed that the surface atomic ratio of C to N
in Cv-CNNs (0.67) was smaller than that of bulk-CN (0.78) and CNNs
(0.72). The result was consistent with elemental analysis (Fig. S4b),
indicative of the presence of carbon vacancies in Cv-CNNs. The carbon
vacancies could be produced through the reaction between carbon
species of CNNs with ammonia at high temperature [49]. High-re-
solution XPS (HRXPS) peaks of C 1 s could be divided into two peaks: C-
(N3) (C1: 288.2 eV from the sp2 hybridized carbon) and C–C (C2:
284.6 eV from the graphitic carbon species) (Fig. 2c) [38,50,51]. The
C2 peak in Cv-CNNs decreased extremely, indicative of a loss of gra-
phitic carbon species in Cv-CNNs. In addition, the HRXPS spectra of N
1 s showed the peaks of C-N-C (N1, 398.1 eV), N−(C)3 (N2, 399.4 eV)
and C−N−H (N3, 400.9 eV) (Fig. 2d) [52]. The atomic ratio of N3 to
total N increased from 4.6% for bulk-CN to 12.9% for Cv-CNNs, which
indicated that more−NHx groups in Cv-CNNs were introduced at
carbon vacancies (Scheme 1, Table S1).

3.3. Optical and photoelectrochemical properties

The optical properties were investigated by UV− vis DRS and va-
lence band (VB) XPS analysis. Compared with that of bulk-CN, the in-
trinsic absorption edges of CNNs and Cv-CNNs showed a slight blue
shift and the absorption in the visible light region was enhanced
(Fig. 3a), possibly caused by the multiple reflection of incident light
among expanded sheets [53]. The Kubelka–Munk function plots re-
vealed that the bandgaps of bulk-CN, CNNs, and Cv-CNNs were 2.72,
2.81, and 2.83 eV, respectively (inset, Fig. 3a). The broadened bandgap
of Cv-CNNs should be attributed to the quantum confinement effect of
thin 2D materials as well as decreased conjugation system of in-plane-
pore g-C3N4 [54,55]. Based on the VB XPS results, the VB edge of bulk-
CN, CNNs, and Cv-CNNs were 1.85, 2.01, and 2.15 eV vs NHE (normal
hydrogen electrode), respectively (Fig. S5a). The calculated conduction
band (CB) potentials for bulk-CN, CNNs and Cv-CNNs were −0.87,
−0.80 and −0.68 eV vs NHE, respectively (Fig. 3b). The high VB

Fig. 1. SEM images of (a) Cv-CNNs (inset is the magnified image); (b) TEM image of Cv-CNNs (inset is in-plane pore size distribution); (c) AFM image and selected
sites of Cv-CNNs.
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potential of Cv-CNNs indicated a strong oxidation capacity of holes
(h+). PL spectra reflected the separation of photogenerated charge
carrier (Fig. S5b) [54,56]. The emission peak at about 455 nm was the
recombination process of self-trapped excitation [57]. Compared to
bulk-CN and CNNs, Cv-CNNs exhibited lower charge carrier re-
combination. The improved charge separation for Cv-CNNs should be
attributed to the single/few layer structures with in-plane pores,
shortening the charge-to-surface migration distance, lowering charge
carrier recombination.

The photoelectrochemical measurements were conducted in a three-
electrode cell. The transient photocurrent responses of the catalysts on
ITO as working electrodes were measured under visible light irradia-
tion. The photocurrent was formed mainly by the separation and
transfer of photogenerated electrons at the interface between photo-
catalysts and electrolyte [24]. The electrodes generated significant
photocurrent under irradiation (Fig. 3c). The transient photocurrent
responses at light on/off were reversible and stable, revealing their
sensitive photoelectronic activities. The photocurrent density (1.22 μA/
cm2) of Cv-CNNs was much higher than 0.55 μA/cm2 for CNNs and 0.23
μA/cm2 for bulk-CN, indicating less recombination of photogenerated
charge carriers in Cv-CNNs. The enhanced photocurrent density of Cv-
CNNs indicated that electron transportation could be improved by in-
troducing carbon vacancy defects and constructing single layer struc-
ture. The highly stable photocurrent indicated a good chemical struc-
ture stability [54].

The electrochemical impedance spectroscopy (EIS) was further

performed under visible light radiation and in the dark to investigate
the interface layer resistance at the electrode surface (Fig. 3d). In
general, a smaller diameter of the semicircular Nyquist curve signifies a
smaller charge transfer resistance [23]. Among them, Cv-CNNs had the
smallest arc radius either in the dark or under irradiation, suggesting
much better electrical conductivity and higher charge transfer effi-
ciency for Cv-CNNs. The sharp decline of charge transfer resistance of
Cv-CNNs under radiation indicated that the photoelectrons in Cv-CNNs
could be favorably trapped at the shallow level of carbon vacancies
[40]. As analyzed above, the single/few layered g-C3N4 nanosheets
with abundant in-plane holes and carbon vacancies could profoundly
facilitate the photocatalytic activities of Cv-CNNs.

3.4. Photocatalytic performances

The photocatalytic HERs on these catalysts with as cocatalyst were
measured in TEOA solution (100mL, 15 vol%) at λ > 420 nm (Fig.
S6a). Cv-CNNs showed a high H2 evolution rate of 2.03mmol h−1 g−1,
which was 6.9 times higher than 0.30mmol h−1 g−1 over bulk-CN and
3.4 times higher than 0.60mmol h−1 g−1 over CNNs. Table S2 com-
pared HER performance of Cv-CNNs with other g-C3N4-based photo-
catalysts reported recently. Cv-CNNs have a superior HER activity
compared to other metal-free catalysts. With increasing irradiation
time, the amount of H2 increased steadily. Furthermore, the H2 pro-
duction on Cv-CNNs remained as high as 1.92mmol h−1 g−1 in the fifth
cycle (2.25 h for each cycle) (Fig. S6b). The AQY of the photocatalytic

Fig. 2. (a) XRD patterns, (b) ESR spectra, (c) C 1 s HRXPS spectra and (d) N 1 s HRXPS spectra of bulk-CN, CNNs and Cv-CNNs.
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hydrogen evolution was 9.24% at 420 nm for Cv-CNNs.
The photocatalytic degradation of SDZ was studied at λ > 420 nm.

In order to evaluate the intrinsic photocatalytic capacity of these cat-
alysts, the degradation experiments were first carried out without dark
adsorption process. The SDZ could be completely degraded by Cv-CNNs
within 90min while the degradation efficiencies of SDZ by bulk-CN and
CNNs were 64.94% and 83.23%, respectively (Fig. 4a). The blank
control showed a slightly decrease in concentration, indicating a minor
impact of visible light irradiation to SDZ degradation. The apparent
reaction kinetic constants were 0.012, 0.020 and 0.051 (min−1) for
bulk-CN, CNNs and Cv-CNNs, respectively (inset of Fig. 4a). In order to
investigate the adsorption effect on SDZ degradation, the system ex-
perienced a dark adsorption process (Fig. 4b). After 60-min dark ad-
sorption, the concentrations of SDZ stopped to change, so 60min was
enough to reach adsorption–desorption equilibrium. During the period,
40.99% SDZ was adsorbed by Cv-CNNs, much higher than 3.94% by
bulk-CN and 6.98% by CNNs. When triggering the degradation under
irradiation, the concentration of SDZ in solution decreased slowly
within the first 30min due to the degradation of SDZ adsorbed on Cv-
CNNs, and then decreased rapidly due to the degradation of SDZ in
solution. Approximately 99% SDZ was degraded within 90min. It was
worth pointing out that after 90min irradiation, the separated Cv-CNNs
was ultrasonically treated in an alkali solution for 10min and no SDZ
was detected in the alkali solution. The results indicated that the SDZ
adsorbed on Cv-CNNs were completely degraded. In addition, the TOC
removal reached about 52% by Cv-CNNs within 90min (Fig. S7).

The degradation for SDZ with different initial concentrations
(C0= 5–100mg L−1) was studied to evaluate the application feasibility
of Cv-CNNs (Fig. 4c). The removal efficiency decreased with increasing
the initial SDZ concentration. Therefore, the concentration of antibiotic
pollutants in wastewater and reaction time must be considered for
photocatalytic treatment process. Even so, the removal efficiency of
SDZ (C0= 5mg L−1) reached nearly 100% within 20min. Similarly,

Cv-CNNs kept a stable photocatalytic activity and the degradation ef-
ficiency of SDZ over Cv-CNNs remained 95% in the fifth cycle (Fig. 4d).
The XPS, XRD, FT-IR characteristics and N2 adsorption–desorption
isotherms (Fig. S8) and the morphology (Fig. S9) of Cv-CNNs before and
after degradation test did not change, indicating a high chemical sta-
bility of Cv-CNNs. The good photocatalytic performance of Cv-CNNs
should be due to the strong visible light response, suppressed re-
combination of photogenerated carriers, high adsorption capacity and
high oxidation capacity.

3.5. Quantum calculation for adsorption

Although the SBET (77.72m2 g−1) of Cv-CNNs was 1.87 times higher
than 41.51m2 g−1 of CNNs, the adsorption capacity of Cv-CNNs to-
wards SDZ was 5.87 times higher than that of CNNs (Fig. 4b). The re-
sults indicated that other factors besides specific surface area may be
responsible for the high adsorption capacity of Cv-CNNs for SDZ.
Quantum calculation for adsorption capacity is efficient to predict the
occurrence potential of pollutant degradation [58]. The third genera-
tion of Density Functional based Tight binding method (DFTB3-D3)
with Grimme’s empirical dispersion corrections [59,60] was performed
to model the adsorption interaction between SDZ and carbon nitride
nanosheets. Based on the carbon nitride patterns [20], two typical
triazine- and tri-s-triazine-based units (marked as “a-unit” and “b-unit”,
respectively) were constructed (Fig. 5). C vacancy defects were reg-
ularly introduced with the resulting –NH2 or –NH- groups. For a-unit, at
the absence of C vacancy, the N was completely saturated by H and
marked as CNNsa. When producing one C vacancy, the exposed N sa-
turated by 5H was marked as Cv-CNNsa1 and the exposed N partly
saturated by 4H was marked as Cv-CNNsa2. For b-unit, at the absence
of C vacancy, the N was completely saturated by H and marked as
CNNsb. When producing one C vacancy, the exposed N saturated by 5H
was marked as Cv-CNNsb. For b-unit, the exposed N partly saturated by

Fig. 3. (a) UV−vis DRS spectra (inset is the corresponding Kubelka–Munk transformed reflectance spectra), (b) PL spectra and (c) photocurrent responses and (d) EIS
curves (inset is the enlarged plots) of bulk-CN, CNNs and Cv-CNNs under visible light irradiation or in the dark.
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H was highly unstable when producing one C vacancy. Therefore, pre-
optimization was carried out and five structures modeled under peri-
odic boundary conditions were obtained (Fig. 5a). Different initial or-
ientations and adsorption sites were adopted to put SDZ on the carbon

nitride sheets. Dynamic simulation and sampling were carried out to get
the statistic of adsorption energy of the five structures. As an exo-
thermic reaction, larger absolute value of adsorption energy means
stronger adsorption capability. The maximum adsorption energies of

Fig. 4. (a) Degradation efficiency (inset is the corresponding degradation reaction kinetics) of SDZ (C0= 10mg L−1, photocatalyst = 20mg L−1). (b) Degradation
curves of SDZ with pre-absorption in the dark. (c) Degradation of SDZ with different initial concentrations and (d) repeated degradation experiments of SDZ over Cv-
CNNs (C0= 10mg L−1, photocatalyst= 20mg L−1).

Fig. 5. (a) CN sheets constructed to adsorb SDZ. (b) Adsorption energy of SDZ on sheets. 1–5 represent CNNsa, Cv-CNNsa1, Cv-CNNsa2, CNNsb and Cv-CNNsb in
sequence.
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SDZ on Cv-CNNsa1 (4.85 eV) and Cv-CNNsa2 (4.94 eV) were larger
than that on CNNsa (4.63 eV). The maximum adsorption energies of
SDZ on Cv-CNNsb (4.76 eV) was also higher than that on CNNsb
(4.66 eV) (Fig. 5b). In the same condition of the distribution of C va-
cancy defects, Cv-CNNsa2 expressed stronger adsorption capability
than Cv-CNNsa1, which should come from different levels of H sa-
turation. Moreover, the orientations and adsorption sites played an
important role in adsorption systems. Based on the simulations, the
adsorption of SDZ onto CN sheets was achieved by the interactions
between the O in SDZ and the N in CN sheets (Fig. S10). Five adsorption
structures were obtained through optimization and dynamic simula-
tion. The optimization in quantum mechanical simulation revealed that
the sheets with C vacancy defect possessed strong adsorption capability
for SDZ, especially Cv-CNNsa2 that one O atom in SDZ faced the plane
while the other was back to the plane, resulting in maximum adsorption
energy.

3.6. Mechanism of SDZ degradation

To elucidate the degradation mechanism of SDZ on Cv-CNNs, sev-
eral possible active oxidant species including superoxide radicals
(O2

−), hydroxyl radicals (%OH), and h+ were identified by scavenger-
trapping tests (Fig. 6a and b) [61]. 1,4-Benzoquinone (BQ), isopropanol
(IPA), ethylenediaminetetraacetic acid disodium salt (EDTA-2Na) and
AgNO3 were adopted as the scavengers for %O2

−, %OH, h+ and e−,
respectively [62]. The scavenger concentration in reaction solution was
0.01M. When EDTA-2Na was added, the degradation rate of SDZ was
decreased from 99.68% to 75.71%, indicative of the inhibition of h+

contribution. For the addition of BQ, the degradation rate was sharply
decreased to 37.56%, which indicated that %O2

− played an important
role in SDZ degradation. The addition of AgNO3 also obviously

inhibited the degradation of SDZ, indicative of the reduction of active
species derived from photogenerated electrons. In contrast, the de-
gradation rate still reached 93.23% within 90min in the presence of
IPA, indicative of a limited effect of %OH. According to the calculated
VB level of Cv-CNNs (2.15 V vs. NHE), the photo-generated holes would
not oxidize H2O to %OH due to the higher redox potential of %OH/H2O
(2.27 V vs. NHE) [63]. Thereby, the limited amount of %OH may be
originated from the reaction of dissolved O2 with the photoinduced
electrons. Based on the above results, %O2

− radicals were the dominant
active species for SDZ degradation by Cv-CNNs.

To further confirm the existence of %O2
− and %OH radicals in the

photocatalytic process, ESR spin trap experiments were performed
using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as radical scavengers.
As shown in Fig. 6c, four DMPO-%O2

− signals were observed on all the
CN samples in methanol dispersion under visible light irradiation for
4min. The intensity of the signals for Cv-CNNs was obviously stronger
than that for bulk-CN and CNNs, indicating that the concentration of %
O2

− radicals for Cv-CNNs was higher than that for bulk-CN and CNNs.
However, the CB potential of Cv-CNNs was a bit lower than that of bulk-
CN and CNNs, indicating a lower thermodynamic driving force for re-
ducing O2 into %O2

− for Cv-CNNs, which was opposite from the ESR
results of DMPO-%O2

−. Thus, the more %O2
− radicals for Cv-CNNs

should come from larger specific surface area and more active sites for
the production of %O2

− radicals. The signal became stronger with the
increase of irradiation time while no ESR signal was detected in the
dark (Fig. S11a). Similarly, the %OH signal in aqueous dispersion be-
came stronger with the increase of irradiation time while no ESR signal
was detected in the dark (Fig. S11b). Although %OH radicals showed
limited contribution to SDZ degradation by Cv-CNNs, the concentration
of %OH over Cv-CNNs was still higher than that over bulk-CN and CNNs
(Fig. 6d). The scavenger tests and ESR results powerfully confirmed the
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formation of %O2
− and %OH radicals over Cv-CNNs under visible light

irradiation. The possible reactions during photocatalytic degradation of
SDZ were proposed as Eqs. (2)–(8) and Scheme 2.

Cv-CNNs+hν→ e−+h+ (2)

O2+ e−→ %O2
− (3)

%O2
−+H+→HO2% (4)

HO2%+H++e−→H2O2 (5)

e−+O2→ %O2
−→ %OH (6)

H2O2+ e−→OH−+ %OH (7)

(%O2
−, h+ and %OH)+ SDZ→ degradation (8)

4. Conclusions

Residues of antibiotics have the potential to promote microbial re-
sistance and highly calls for environmental-friendly technologies for
effective removal of antibiotics from diverse water and wastewater
matrices. The efficient adsorption onto photocatalysts is necessary for
complete degradation of micropollutants. This study enlightens that
quantum calculation is highly essential to design high-performance
photocatalyst materials. The proposed Cv-CNNs photocatalyst showed a
highly visible light photocatalytic degradation of SDZ antibiotics, due
to the introduction of carbon vacancies which could significantly in-
crease the adsorption capability of polymeric carbon nitride photo-
catalysts to SDZ. Meanwhile, the introduction of carbon vacancies
changed the band energy level of polymeric carbon nitride photo-
catalysts, showing a stronger oxidizing capacity. This study provides an
insight into large-scale production of high-performance polymeric
carbon nitride photocatalysts for practical application in degradation of
antibiotics micropollutants in water. The nanomaterial has a great po-
tential to be used into the aquatic portion of wetland mesocosms, which
can provide a great reaction surface. Applying the well-designed pho-
tocatalyst into real environmental system can greatly remove the mi-
crobial resistance caused by antibiotics and providing solution for the
serious environmental concern.
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