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Unraveling the Presence and Positions of Nitrogen Defects
in Defective g-C3N4 for Improved Organic Photocatalytic
Degradation: Insights from Experiments and Theoretical
Calculations

Yong Liu, Xiaochuan Chen, Mohammadreza Kamali, Barbara Rossi, Lise Appels,
and Raf Dewil*

In this work, nitrogen-defective g-C3N4 with different nitrogen defect densities
is synthesized for ciprofloxacin photocatalytic degradation. Compared with
pristine g-C3N4, g-C3N4 etched with NaBH4 for 1 h exhibits an approximately
ten-fold increase in the rate constant of ciprofloxacin (CIP) degradation. The
combined experimental analysis and theoretical calculations reveal that
nitrogen defects can be incorporated into g-C3N4 in all nitrogen sites and that
C─N═C is the most susceptible site. By incorporating nitrogen defects to
induce defect states between the conduction band (CB) and valence band
(VB), the electronic and band structures are tuned. The induced defect states
can be downshifted to approach the valance band, reaching increased
nitrogen defect density within optimum ranges to accommodate excited
electrons to narrow the bandgap, extend the light absorption capability, and
enhance the charge carrier separation and transfer efficiency. The g-C3N4

etched by NaBH4 for 2 h with over-introduced nitrogen defects exhibits a
declined performance due to a deteriorated structure, and the
over-downshifted defect states turn out to be a new recombination center for
charge carriers.
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1. Introduction

Photocatalytic technologies, converting so-
lar energy into chemical energy or elec-
tric energy, are one of the most sustain-
able strategies to alleviate the energy cri-
sis and continuously worsening environ-
mental issues.[1–3] Photocatalysis is a pro-
cess where the semiconductor photocat-
alyst is activated by absorbing photons
to generate excited electrons and holes,
further initiating reduction or oxidation
reactions depending on the conduction
band (CB) and valence band (VB) edge
position.[3,4] To date, various photocata-
lysts, including but not limited to tita-
nium dioxide (TiO2),[5] zinc oxide (ZnO),[6]

cadmium sulfide (CdS),[7] vanadium oxide
(V2O5),[8] zirconia (ZrO2),[9] and graphitic
carbon nitride (g-C3N4),[10] have been in-
tensively developed and applied to envi-
ronmental remediation. It is well known
that the photocatalytic performance of these

photocatalysts is highly dependent on the light absorption ca-
pacity (mainly determined by the energy band configuration),
electron-hole pair separation efficiency, and consumption of the
generated charge carrier.[4,11,12] Nevertheless, some metal or tran-
sition metal-based photocatalysts, such as TiO2 and ZnO, with
wide bandgaps can only absorb UV light, and some oxides, such
as CdS, with a suitable bandgap to sensitize visible light may have
heavy metal toxicity, hindering their practical applications.[1,3]

As the field of study progressed, metal-free photocatalysts have
drawn massive attention. g-C3N4, a metal-free visible-light pho-
tocatalyst with a narrow bandgap, has garnered significant at-
tention in solar energy conversion, water splitting, and environ-
mental remediation due to its easy synthesis, photostability, and
chemical tunability.[13–15]

g-C3N4 composed of heptazine units is theoretically the more
stable structure, and has a bandgap of 2.7 eV with CB and VB
edge positions of −1.3 and 1.4 V (vs NHE), respectively.[16,17]

Although g-C3N4 demonstrates many advantages, the practi-
cal implementation of pristine g-C3N4 is constrained by its re-
stricted visible light absorption range, easy recombination of
photogenerated electron-hole pairs, and low specific surface
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area.[17,18] Various strategies have been developed to improve
the above deficiencies, such as elemental doping,[19,20] hetero-
junction construction,[21,22] surface modification,[23,24] and defect
engineering,[18,25] to enhance the photocatalytic performance of
g-C3N4. Among the different strategies, introducing nitrogen de-
fects is effective in narrowing the bandgap, reducing the recom-
bination of electron-hole pairs, and improving the specific sur-
face area.[17] For instance, Tao et al. produced nitrogen-defective
g-C3N4 by thermal polymerization of mixtures of urea and fu-
maric acid, which exhibited significantly improved photocatalytic
hydrogen evolution, 2.64 times higher than that of pristine g-
C3N4 due to the enhanced visible light absorption capacity, charge
carrier separation efficiency and CB position downshifting.[18] In
a study by Zhao et al., g-C3N4 with simultaneous boron doping
and nitrogen defects, simply obtained via calcination of a mix-
ture of g-C3N4 and NaBH4 under a nitrogen atmosphere, showed
markedly enhanced photocatalytic water oxidation performance
attributed to the optimization of CB and VB positions for ex-
panded light absorption range and creation of abundant unsatu-
rated sites for promoted charge carrier transport.[26] Moreover, a
fundamental understanding of the effect of nitrogen defects gen-
erated at different sites in g-C3N4 on photocatalytic activity has
also been reported. For example, Li et al. revealed that the intro-
duction of three coordinated nitrogen vacancies in g-C3N4 was re-
sponsible for the promoted visible light absorbance.[27] Wu et al.
demonstrated that nitrogen vacancies generated in C-containing
triazine ring sites introduced a defect state in the bandgap, boost-
ing the light absorption capacity.[28] However, these studies fo-
cused on the single or separate effects of nitrogen defects, and
the fundamental and mechanistic understanding of the synergis-
tic effects of nitrogen defects generated at different sites remains
unexplored. More notably, very few studies have been reported
on nitrogen-defective g-C3N4-based photocatalysts for pollutant
degradation in aqueous environments, which are more depen-
dent on the driving force of excited electrons to form reactive
species such as ·OH and ·O2−.[16] These previous reports suggest
that with nitrogen defects incorporated into g-C3N4, improved
performance in the photocatalytic degradation of pharmaceutical
pollutants could be expected.

In this study, nitrogen-defective g-C3N4 was fabricated via sim-
ple NaBH4 reduction with different treatment time. The ob-
tained nitrogen-defective g-C3N4 was denoted as etched UCN-xh
(x = 0, 0.5, 1, 2), where x represents the treatment time. The
etched UCN-1 h exhibited the best photocatalytic performance
for CIP degradation with the highest apparent kinetic constant
of 0.046 min−1, ≈10 times that of pristine UCN. The synergis-
tic contribution of nitrogen defects generated in different sites to
the promoted photocatalytic performance was explored from the
viewpoint of the modulated electronic and band structures of g-
C3N4. The experimental analysis and DFT calculations indicate
that nitrogen defects could be introduced into UCN at all nitro-
gen sites, among which C-N ═ C is the most preferential site. The
enhanced photocatalytic performance of etched UCN by incor-
porating nitrogen defects could be ascribed to the newly created
discrete energy bands (defect states) between CB and VB, which
result in both positive and negative effects according to the defect
density on its photocatalytic performance. For the positive points,
the defect states provide an extra path for excited electron trans-
fer from VB maximum (VBM) to defect states except for the con-

ventional routine from VBM to CB minimum (CBM) to enhance
visible (e.g., solar) light harvesting and electron-hole pairs sepa-
ration. The position of defect states is highly dependent on the
defect density, which could move closer to VBM with increasing
nitrogen defect density to accommodate more electrons excited
by photons at longer wavelengths. With deeper downshifting to
VBM in etched UCN-2 h, the defect state becomes a new center
for the recombination of electrons and holes, leading to the dete-
rioration of photocatalytic activity. Additionally, the evolution of
the specific surface area and pore structures with longer treat-
ment time also exhibits an important effect on the bandgap of
etched UCN due to the quantum size effect.

2. Results and Discussion

2.1. Structure and Morphology

It has been reported that lattice N in g-C3N4 can be reduced into
NH3 by active hydrogen released from NaBH4 during the treat-
ment process.[26] There are three different types of N in g-C3N4,
i.e., the N1 site of the N-C bridging structure connecting hep-
tazine units, the N2 site of the C-N-C coordination structure in
a heptazine unit, and the N3 site of the central N in a heptazine
unit.[26] In principle, nitrogen defects could be produced in any of
these N sites, which are expected to tune the band structure to al-
ter the photocatalytic properties of UCN in our study. In addition,
more nitrogen defects are expected to be incorporated into UCN
with longer NaBH4 treatment. The structures of the obtained
UCN samples were studied by X-ray diffraction (XRD) patterns.
In Figure 1a, two characteristic diffraction peaks at 2𝜃 = 12.7°

and 27.5° are observed in pristine UCN, which are assigned to
the in-plane structural packing of heptazine units (100) and the
sheet interlayer stacking (002) of g-C3N4, respectively.[26] It is sig-
nificant that the intensities and positions of these two peaks in
etched UCN samples gradually decline and shift with the prolon-
gation of NaBH4 treatment time, indicating that NaBH4 could re-
act with UCN to introduce disorder into the structure of UCN.[26]

Notably, the peak at 2𝜃 = 12.7° in etched UCN-2 h almost disap-
pears, implying serious destruction of the in-plane structure in
UCN.

Fourier transform infrared (FTIR) was further employed to
disclose the molecular structures of the prepared UCN samples.
In Figure 1b, the peaks at 810 cm−1 correspond to the bending
modes of the heptazine units, while the peaks at 2900–3300 cm−1

originate from the N─H stretching vibrations.[26] In addition,
the peaks located between 1750 and 1000 cm−1 are attributed to
the stretching modes of aromatic C─N and C═N. Comparatively,
with the prolongation of NaBH4 treatment from 0 to 2 h, etched
UCN displays a progressive decline in the intensity of C─N and
C═N, and a new peak attributed to C≡N appears at ≈2180 cm−1 in
the spectra.[29] These observations suggest that the NaBH4 treat-
ment introduced nitrogen defects into etched UCN and that the
density of nitrogen defects increased with the prolongation of
treatment time.

N2 adsorption–desorption isotherms were applied to investi-
gate the Brunauer–Emmett–Teller (BET) surface area and pore
size distribution of UCN samples (Figure 1c), which indicate that
all UCN samples display type IV curves with an H3 hysteresis
loop, suggesting the presence of mesopores.[25,30] The specific
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Figure 1. a) XRD patterns, b) FTIR spectra, c) N2 adsorption–desorption isotherms and corresponding average pore size distribution curves, d) proposed
structural changes in the heptazine units, e–h) SEM images, and i–l) TEM images of pristine UCN, etched UCN-0.5 h, etched UCN-1 h, and etched UCN-
2 h.

surface area and pore parameters of the UCN samples are listed
in Table S1 (Supporting Information). Pristine UCN exhibits a
high pore volume with average pore diameters larger than 2 nm,
which can be induced by CO2 generation due to the existence of
oxygen in urea during the synthesis process. The newly devel-
oped micropores in the etched UCN samples imply the gener-
ation of nitrogen defects by NaBH4 treatment. Remarkably, the
BET surface area decreased from 67.90 to 47.42 m2 g−1 as the
NaBH4 treatment time increased from 0 to 1 h, which could be
attributed to the agglomeration of the materials. The increase in
pore volume from 0.1594 to 0.2117 cm3 g−1 (from 0 to 0.5 h) and
decrease from 0.2117 to 0.1618 cm3 g−1 (from 0.5 to 1 h) could
be explained by new pores developing through NaBH4 treatment,
while some enlarged pores may be congested due to accumula-
tion, leading to a reduction in pore volume. With longer treat-
ment time (from 1 to 2 h), the BET surface area increases from
47.42 to 53.36 m2 g−1 along a slight increase of pore volume from

0.1618 to 0.1724 cm3 g−1, revealing that agglomerated etched
UCN may be split into relatively smaller pieces and some pore
structures may be destroyed as illustrated in Figure 1d.

The SEM images (Figure 1e–h) indicate that the UCN samples
display an ultrathin nanosheet stacked structure, and the TEM
images (Figure 1i–l) further reveal that new pores were intro-
duced into etched UCN after NaBH4 treatment and the number
of pores increased with the prolongation of treatment time from 0
to 1 h. Notably, smaller deteriorated pieces of nanosheets could be
observed in etched UCN-2 h, implying that excessive treatment
time led to structure deterioration, as illustrated in Figure 1h,l.

2.2. Identification of Nitrogen Defects in Etched UCN

Room-temperature electron paramagnetic resonance (EPR) spec-
tra were obtained to provide fingerprint evidence for proving the
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Figure 2. a) EPR spectra; solid-state magic angle spinning (MAS) 13C NMR spectra, inset shows the proposed structure and NMR assignments for
different carbon and nitrogen sites b); high-resolution B1s c), C1s, and N1s d) XPS spectra of all UCN samples.

existence of nitrogen defects in etched UCN. Figure 2a shows
that all samples display a single Lorentzian line with a g value
of 2.002 as the center of symmetry, which is assigned to the
unpaired electrons in sp2-carbon atoms within a heptazine-based
g-C3N4.[25,26,30,31] The intensity of the Lorentzian line of etched
UCN strengthened with the prolongation of NaBH4 treatment
from 0 to 2 h. The EPR intensity changes disclose the success-
ful introduction of nitrogen defects into the etched UCN, which
could open the heptazine units and thus donate a lone pair
of electrons to the adjacent sp2-carbon atoms.[25] Notably, the
higher EPR intensity signal indicates a higher unpaired electron
density, implying that prolonging NaBH4 treatment time could
enhance the density of introduced nitrogen defects.[26] Solid-
state 13C cross-polarization magic angle spinning nuclear mag-
netic resonance (CP-MAS-NMR) spectra were further recorded
to identify the molecular structures of these samples, as shown
in Figure 2b. Two strong peaks can be observed for all samples
at 156.7 and 164.6 ppm attributed to the characteristic C1 atoms
of N2 ═ C–N2(N3) and C2 atoms of N2 ═ C–N2(N1) in the hep-
tazine units, respectively.[26,32] Notably, two new peaks appear at

123.6 and 171.5 ppm, which correspond to the characteristic C3
atoms of C≡N2 in the spectra of etched UCN samples and the
C4 atoms neighboring C3, respectively.[26,33,34] The peak intensity
of C3 was enhanced with the prolongation of NaBH4 treatment
time, indicating that longer treatment could increase the intro-
duced nitrogen defect density, which is consistent with the EPR
and FTIR results. Additionally, the reduced intensities of C3 and
C4 also suggest that the introduced C≡N2 may arise from the
decomposition of N2 ═ C–N2(N1) and N2 ═ C–N2(N3).[26,35]

Boron dopants and nitrogen defects were reported to be simul-
taneously incorporated at N sites of g-C3N4 by NaBH4 thermal
treatment, which remains controversial and needs further clari-
fication due to the high dependence of successful boron dopants
on treatment temperature and time.[26] Zhao et al. reported that
boron dopants could be introduced into g-C3N4 by NaBH4 ther-
mal treatment for 12 h at temperatures higher than 350 °C.[26]

Hence, X-ray photoelectron spectroscopy (XPS) was applied to
analyze the surface chemical compositions of the prepared UCN
samples. The survey XPS spectra (Figure S1, Supporting In-
formation) demonstrate that all UCN samples display evident
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characteristic peaks of C, N, and O elements, where the peaks
of O 1s are mainly assigned to the absorbed oxygen-containing
species in the samples.[18,30] The increase in the XPS C/N ratio
(Table S2, Supporting Information) on etched UCN samples with
the prolongation of NaBH4 treatment indicates the introduction
of nitrogen defects. In contrast to pristine UCN, the content of ni-
trogen defects in etched UCN-0.5 h, etched UCN-1 h and etched
UCN-2 h could be approximately estimated to increase by 2.80%,
27.2%, and 51.3%, respectively, according to the changes in the N
ratio of the etched UCN samples (Table S2, Supporting Informa-
tion) with the prolongation of the NaBH4 treatment. Importantly,
no B1s signal (Figure 2c) is observed in any of the samples, re-
vealing that little boron was doped by NaBH4 treatment at 300 °C
for 15 min in our experiment. In the C1s spectra (Figure 2d),
the peaks located at 284.4, 286.6, 288.3, and 293.1 eV are as-
signed to adventitious C─C/C═C, C─NH/C─NH2, N─C═N and
𝜋-electron delocalization in the conjugated systems. The signifi-
cant increase in the peak intensity of C─C/C═C may be caused by
the introduction of nitrogen defects. The intensity (peak area) of
N─C═N in etched UCN samples weakens with the prolongation
of NaBH4 treatment, while that of N-H/N-H2 increases gradually
because the introduced C≡N shares a similar C1s binding en-
ergy with C-NH/C-NH2,[36] implying the generation of nitrogen
defects. The N1s spectra can be deconvoluted into four peaks at
398.4, 399.6, 400.8, and 403.2 eV, which correspond to C─N═C,
N-(C)3, N-H/N-H2 and 𝜋 excitation, respectively. The intensity
of all N1s peaks is obviously weakened with the prolongation of
NaBH4 treatment, suggesting that the density of generated nitro-
gen defects increases accordingly and that nitrogen defects can be
incorporated into all nitrogen sites. It has been reported that the
preferential sites for the formation of nitrogen defects in g-C3N4
can be determined by comparing the atomic ratio discrepancy
of different nitrogen groups based on the XPS results,[30,36,37]

while this method is sometimes questionable and misleading be-
cause nitrogen defects could be introduced into any nitrogen sites
in g-C3N4, leading to a decrease in the contents of all nitrogen
groups. Therefore, it is more reasonable to predict the preferen-
tial nitrogen defect sites by calculating the relative area changes
(compared to pristine UCN) of nitrogen groups in etched UCN
samples based on XPS results (Table S3 and Figure S2, Support-
ing Information). The relative area of all nitrogen groups de-
clines after NaBH4 treatment, confirming that nitrogen defects
could be introduced in all nitrogen sites. Importantly, C─N═C
exhibits the most significant relative area change, implying that
it is the preferential site for the incorporation of nitrogen defects.
Additionally, the delocalization of 𝜋-electrons was considered to
play a significant role in enhancing photogenerated charge car-
rier transfer.[38] The peak intensity of 𝜋-electron delocalization
in C1s and N1s gradually decreases with the prolongation of
NaBH4 treatment (Figure 2d; Table S3, Supporting Information),
which could lead to the decreased photocatalytic activity of etched
UCN.

2.3. Band Structures

Compared to the pristine UCN, etched UCN samples with ni-
trogen defects exhibit significant changes in their optical prop-
erties, as depicted in Figure 3a, in which an obvious redshift

in the absorption edge could be observed as the NaBH4 treat-
ment time increased from 0 to 1 h, while that of etched UCN-
2 h blueshifts compared to etched UCN-1 h. Notably, wide
extended absorption tails (Urbach tails) are also observed in
the diffuse reflectance spectrometry (DRS) spectra and demon-
strate similar change trends as absorption edge shifting in all
UCN samples, implying that new nitrogen defect-related in-
termediate states are introduced to tune the band structure of
UCN,[25,26] with the bandgap narrowing from 2.71 eV for pris-
tine UCN to 2.59 eV for etched UCN-1 h (Figure 3b). The
VB XPS spectra (Figure 3c) demonstrate that the VBM posi-
tion decreases from 1.71 eV for pristine UCN to lower en-
ergies for etched UCN depending on the NaBH4 treatment
time.

Structural lattice disorder and crystal defects could introduce
tail-like energy levels between the CB and VB to form defect
states, which are known as Urbach tails.[25] Urbach energy, rep-
resenting the energy gap between these Urbach tails, is used to
decipher the effects of the Urbach tail on the bandgap tuning
of semiconductor materials, which can be calculated by Equa-
tion (1).[25,39,40]

𝛼 = 𝛼0 exp
(
hv∕Eu

)
(1)

where 𝛼 is the absorption coefficient, 𝛼0 is a constant, hv is the
photon energy and Eu represents the Urbach energy. Eu could
be determined by calculating the reverse slope of the linearly
fitted line of ln𝛼 versus Eu. A higher Eu indicates higher struc-
tural disorder or more defects. Figure 3d shows that the Eu of
etched UCN gradually increases from 1.255 to 1.392 with the
prolongation of NaBH4 treatment time from 0 to 2 h, suggest-
ing that more nitrogen defects were incorporated with longer
treatment. Combining the changes in the bandgap with Eu by
different NaBH4 treatment time reveals that the positions of the
Urbach tails (defect states) could be shifted closer to the VBM
with increasing nitrogen defect density in etched UCN. The ef-
fects of defect states introducing and shifting by regulating the
introduced nitrogen defect density will be discussed detailly in
Section 2.5.1 with DFT calculations. Notably, the quantum size
effect arises when the size of a material becomes small enough
that its electronic properties are changed, which leads to different
properties from its bulk counterpart.[41] The photon energy dif-
ference (∆Eu) between etched UCN-0.5 h and etched UCN-1 h is
larger than that between etched UCN-1 h and etched UCN-2 h, as
shown in Figure 3e, implying that some defects in etched UCN-
2 h further deteriorated, leading to a reduction in particle size
and structure disorder. Combined with the calculated bandgap
values, the band positions of the UCN samples are shown in
Figure 3f, where both the positions of CB and VB are contin-
uously tuned with different introduced nitrogen defect densi-
ties. Hence, the slightly increased bandgap of etched UCN-2 h
compared to etched UCN-1 h may be attributed to the quan-
tum size effect induced by the smaller size of etched UCN-2 h
nanosheets, as suggested by the TEM and BET results, where the
photogenerated electrons and holes are confined by the poten-
tial barrier in the materials, leading to the enhancement of the
bandgap.
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Figure 3. a) UV‒vis DRS, b) plots of transformed Kubelka-Munk function versus photon energy, c) VB XPS spectra, d) Urbach energy, e) the respective
photon energy difference and f) band structure alignments of UCN samples.

2.4. Photocatalytic Performance for CIP Degradation of UCN
Samples

To understand the effects of the position and amount of gen-
erated nitrogen defects on the photocatalytic performance of
nitrogen-defective UCN, the degradation of CIP by different
UCN samples under simulated solar light irradiation was per-
formed. It is well known that the adsorption of pollutants
by photocatalysts is the first step for efficient photocatalytic
degradation.[3] Hence, the adsorption of CIP by pristine and
etched UCN was investigated, as shown in Figure S3 (Support-
ing Information). In contrast, pristine UCN exhibited the lowest
adsorption capacity for CIP with a removal efficiency of 3.8% at
equilibrium. NaBH4 treatment enhanced the adsorption capac-
ity of etched UCN for CIP, and the adsorption capacity increased
with increasing treatment time, where etched UCN-0.5 h, UCN-
1 h, and etched UCN-2 h demonstrated removal efficiencies of

13.9%, 20.6% and 23.1%, respectively, at equilibrium. The im-
proved adsorption capacity could be ascribed to the modified pore
structure in the etched UCN as revealed by the BET and TEM re-
sults, where new pores could be introduced by NaBH4 treatment
to provide more active sites for adsorption.

The performance of various UCN samples on photocatalytic
degradation of CIP was further studied. Figure 4a–c shows that
the CIP photocatalytic degradation efficiencies by etched UCN
were obviously better than that by pristine UCN, where the
etched UCN-1 h exhibited the best photocatalytic performance
with 98.8% CIP degradation efficiency (kapp = 0.0461 min−1),
while only 42.3% of CIP was removed (kapp = 0.00479 min−1)
by pristine UCN under the same experimental conditions. The
etched UCN-2 h had the worst performance with 88.8% CIP
degradation efficiency (kapp = 0.0129 min−1) compared to the
other etched UCN, implying that overgenerated nitrogen de-
fects may destroy the structure of etched UCN to abate its
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Figure 4. Photocatalytic degradation of CIP by a) UCN samples, b) kinetics and c) degradation rates, conditions: [CIP]0 = 2.5 mg L−1 (200 mL with
[F]0 = 0.1435 mg L−1), initial pH ≈ 6.0, [pristine/etched UCN] = 0.5 g L−1, and simulated sunlight; Effects of chloride (5 mm), nitrate (5 mm), sulfate
(5 mm), and bicarbonate (5 mm), and HA (10 mg L−1) on the photocatalytic degradation of CIP by d) etched UCN-1 h, e) kinetics, and f) degradation
rates; TOC removal and defluorination efficiency by etched UCN-1 h g); evaluation of reusability of etched UCN-1 h for CIP photocatalytic degradation
h); photocatalytic degradation of CIP, CBZ, and SMX by i) etched UCN-1 h, conditions: [CIP]0 = [CBZ]0 = [SMX]0 = 2.5 mg L−1.

photocatalytic properties. Therefore, DFT calculations will be fur-
ther carried out in Section 2.5.1 to evaluate the effect of the
amounts and positions of generated nitrogen defects in etched
UCN on the band structure tuning and separation efficiency of
photogenerated charge carriers. A comparison of g-C3N4-based
photocatalysts for photocatalytic degradation of CIP in the cur-
rent and previous studies is demonstrated in Table S4 (Support-
ing Information). Comparatively, etched UCN-1 h exhibited ex-
cellent photocatalytic performance toward CIP degradation with
a higher reaction rate, indicating its promising potential for prac-
tical wastewater treatment.

2.4.1. Influences of Water Matrix

The water matrix exhibits an important effect on the application
of photocatalysis-based AOPs for wastewater treatment.[42–44]

Hence, the impact of common naturally organic components
(humic acid, HA) and inorganic substances (i.e., chloride, nitrate,
sulfate, and bicarbonate) in wastewater on the photocatalytic
degradation of CIP by etched UCN-1 h was investigated, as de-
picted in Figure 4d–f. The results demonstrate that the presence
of these typically present substances in aquatic environments ex-
erted detrimental effects on CIP degradation by etched UCN-
1 h to a certain extent. Comparatively, bicarbonate demonstrated
the most significant inhibitory effect on CIP degradation, where
kapp decreased from 0.0461 to 0.0046 min−1 after introducing bi-
carbonate into the system. Bicarbonate is commonly recognized
as a •OH scavenger in AOPs according to Equation (2), where
CO3

•− with higher selectivity toward attacking electron-rich com-
pounds such as phenols, S and N-containing compounds could
be produced.[45] The generated CO3

•− may have a lower selec-
tivity toward CIP due to the strong electron withdrawing ability
of C-F in CIP, leading to the decline of CIP degradation in our
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system.[44,46] In addition, the introduction of bicarbonate could
also alter the solution pH, as shown in Figure S4 (Supporting In-
formation), where the pH increased from 5.50 to 8.85. CIP exists
as different dissociations at different pH levels, where CIP mainly
consists of CIP+ and CIP+− at pH 5.5 and 8.85, respectively. No-
tably, CIP+− is reported to be more reactive than CIP+ in our pre-
vious study.[47] Therefore, the inhibited CIP degradation by in-
troducing bicarbonate could be ascribed to its effects on radical
scavenging and CIP species tuning by changing the solution pH.
In the case of adding chloride, nitrate and sulfate, the pH of the
systems was slightly increased from ≈5.5 to 5.7–5.8, and similar
negative effects on CIP degradation were observed with rate con-
stants of 0.023, 0.019, and 0.011 min−1, respectively. Hence, the
negative effects of chloride and sulfate may mainly arise from the
sacrifice of •OH (oxidation potential 2.80 V) to form less active
radicals such as •Cl2

− (oxidation potential 1.36 V) and •SO4
− (oxi-

dation potential 2.60 V) by consumption.[48] Noticeably, nitrate is
regarded as a potential source of ·OH formation (Equations (3)
and (4)) to promote the degradation of organic pollutants in pho-
tochemical AOPs with UV irradiation (200–420 nm).[42] Never-
theless, nitrite may also be produced in photochemical AOPs at
a wavelength of 254 nm in Equation (5), which could further in-
hibit the performance of the corresponding process by rapidly
reacting with radicals.[42] In our case, the negative effect of pro-
duced nitrite may be more significant than that of extra formed
•OH by adding nitrate into the system, leading to a decrease in
CIP degradation. Additionally, the introduction of HA had the
slightest effect on CIP degradation, where 94.9% CIP degrada-
tion efficiency was achieved in 90 min. Although the presence
of these natural components has certain negative effects on CIP
degradation by etched UCN-1 h, 80.5%, 82.5%, 74.5%, 42.0%,
and 94.9% CIP degradation efficiency could be obtained with
5 mm chloride, nitrate, sulfate, and bicarbonate and 10 mg L−1

HA, respectively, within 90 min, implying the promising poten-
tial of nitrogen-defect UCN for practical wastewater treatment.

∙OH+HCO3
− → CO3

∙− +H2O (2)

NO3
−+ hv → ∙NO2+∙O− (3)

∙O−+H2O → ∙OH + OH− (4)

NO3
−+ hv → NO2

−+ O
(

3P
)

(5)

2.4.2. Mineralization and Detection of Inorganic Ions

The removal of total organic carbon (TOC) and release of F− were
measured to evaluate the mineralization of CIP during the pho-
tocatalytic degradation process by etched UCN-1 h. Figure 4g
shows that CIP was completely degraded within 120 min, while
the highest TOC removal efficiency was only 23.5% after 300 min
of treatment. In addition, F− arising from CIP defluorination
gradually accumulated in the system, while only 0.024 mg L−1

of F− (the theoretical F concentration of 10 mg L−1 CIP solu-
tion is 0.574 mg L−1) was detected within 300 min. The complete
CIP degradation, low TOC removal, and slight defluorination ef-
ficiency suggest that CIP may be more susceptible to reactive

species attack, while the generated small degradation interme-
diates are more resistant to further mineralization, as reported
by other studies.[49,50]

2.4.3. Stability and Versatility of Etched UCN

The stability and reusability of the prepared etched UCN-1 h was
first evaluated by 5 consecutive cycles for CIP degradation, as
presented in Figure 4h. The result demonstrates that the CIP
degradation by etched UCN-1 h could still maintain 98% within
90 min after the 5th cyclic process, implying the good stability and
reusability of etched UCN-1 h. Furthermore, the etched UCN-1 h
after the 5th reaction cycle was characterized by XRD, FTIR and
STEM. The XRD and FTIR results in Figures S5 and S6 (Support-
ing Information) revealed that there was no significant change
observed between the fresh and used etched UCN-1 h, indicat-
ing the stability of etched UCN-1 h. From Figure S7 (Supporting
Information), the morphology of the etched UCN-1 h still main-
tained the same ultrathin structure as the fresh sample, further
confirming its good stability. In addition, real wastewater may
contain various organic contaminants, so the versatility of etched
UCN-1 h was further evaluated by testing its photocatalytic per-
formance for the degradation of the other common pharmaceu-
tical pollutants, i.e., carbamazepine (CBZ) and sulfamethoxazole
(SMX) as shown in Figure 4i. Etched UCN-1 h also exhibited good
performance in the degradation of CBZ and SMX, where 97.4%
and 91.0% degradation efficiency, respectively, was achieved in
90 min under the same experimental conditions as CIP. The
above results indicate that etched UCN-1 h is a promising photo-
catalyst for practical application in the field of wastewater treat-
ment with organic pollutants.

2.5. Mechanism for the Improved Photocatalytic Activity of
Etched UCN

2.5.1. Modified Electronic Structure

The DRS results also verify that the band structure of etched UCN
was tuned continuously with the prolongation of NaBH4 treat-
ment time. The experimental results demonstrated that etched
UCN-1 h exhibited the best performance for CIP photocatalytic
degradation compared to etched UCN-0.5 h and etched UCN-2 h,
implying that the amount and generated position of N vacancies
may have critical influences on the photocatalytic effect. There-
fore, theoretical calculations were further carried out to evaluate
the effect of the amounts and positions of generated N vacan-
cies on the electronic band structure and separation efficiency
between photogenerated electrons and holes. Figure S8a (Sup-
porting Information) displays the optimized geometric structure
of the pristine heptazine-based g-C3N4. As we mentioned above,
there are three possible types of N (i.e., N1, N2 and N3) in g-C3N4
for the formation of N vacancies. The theoretical formation en-
ergies (Ef) of N vacancies in these different sites were first quali-
tatively analyzed to address the formation difficulty (Figure S8b,
Supporting Information). The computational results show that
N2 is most active with the lowest Ef of 1.858 eV, while N1 is most
stable with the highest Ef of 6.682 eV, suggesting that N2 is the
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Figure 5. Calculated spin-polarized band structures and the corresponding PDOS of perfect g-C3N4 a) and N-defective g-C3N4 with b) N1, c) N2,
d) N3, e) N1N2, f) N1N3, g) N2N3 and h) N1N2N3 defect sites.

preferential site for the formation of N vacancies. The obtained
preference for the formation of N vacancies is consistent with a
previous report,[25,30] and is also in good agreement with the XPS
results in Section 2.2, where C═N-C is the most susceptible site
for the incorporation of nitrogen defects. It is worth noting that it
is possible to generate N vacancies in N1 and N3 in etched UCN
despite the higher Ef values, especially prolonging the treatment
by NaBH4.

The impact of introducing N vacancies in g-C3N4 on the evo-
lution of the electronic structure was further evaluated, where
we compare the structures with single N defect at three differ-
ent sites (N1, N2, N3), double N defects at two different sites
(N1N2, N1N3, N2N3) and triple N defects at all sites (N1N2N3),
as shown in Figure S8c–i (Supporting Information). The bandgap
of g-C3N4 calculated by the GGA-PBE functional is smaller than
the experimental values because of the well-known limitation of
DFT.[25,51,52] As mentioned, we mainly focus on the evaluation of
the effect of N vacancies on the electronic structures of g-C3N4,
which is expected to be achieved accurately enough by GGA-PBE,

as reported previously.[25,53,54] In Figure 5a, the theoretically cal-
culated electronic structure discloses that pristine g-C3N4 has an
indirect bandgap of 1.48 eV with the CBM and VBM located at
the K point and G point, respectively. According to the calculated
electronic structures, some significant changes could be observed
after incorporating nitrogen defects in g-C3N4, where nitrogen
defects 1) narrow the bandgap (the bandgap decreases with in-
creasing nitrogen defect density generally) and 2) lead to a shift-
ing of CB and VB, implying that the electronic structure of g-
C3N4 is tuned by introducing nitrogen defects, as reported.[11]

The calculated bandgap of the structure with N1N2N3 defects
is most significantly reduced to 0.63 eV in Figure 5h. The nar-
rowed bandgap and shifting of the CB and VB are in good agree-
ment with the extended optical absorption observed in the DRS
data. There is no significant difference among the bandgap val-
ues when a single N defect is introduced. However, a significant
difference is observed when double N defects are incorporated,
where the bandgap of the structure with N2N3 defects (Figure 5g)
exhibits a much greater value of 1.36 eV than that with N1N2

Adv. Funct. Mater. 2024, 34, 2405741 2405741 (9 of 15) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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and N1N3. This could be explained by the structural changes
and charge carrier redistribution arising from the introduction
of N vacancies at different sites.[55] Figure S8a (Supporting In-
formation) shows that the bridge atom N1 connecting three hep-
tazine units plays a more important role in maintaining struc-
tural stability than does edge N2 and inner N3.[18,53] In addition,
the calculation results also demonstrate that N1 is the most sta-
ble N site, with the highest Ef of 6.682 eV. Hence, it could be
inferred that more significant structural collapse occurs when
N1 is removed than when N2 or N3 is removed.[56] It is worth
mentioning that introducing a single N defect may hardly lead
to significant structural collapse, which could explain why there
is no significant bandgap difference between structures with a
single N defect at different N sites. The impact of N defects, es-
pecially N1 defects, could be amplified by increasing the num-
ber of introduced defects.[55] The structure with N2N3 defects
is more stable than that with N1N2 and N1N3 defects because
N1 still connects the destroyed heptazine unit with two perfect
heptazine units in its structure. The destroyed heptazine unit in
the structures with N1N2 and N1N3 defects is disconnected from
the other heptazine units, leading to more significant structural
collapse. Therefore, the structural collapse induced by incorpo-
rating different N defects is beneficial for modifying the elec-
tronic structure of g-C3N4, which will be further investigated by
partial density of states and molecular orbital analysis. Addition-
ally, it should be noted that the impact of N1 may be magnified
by these calculation results because the XPS results in Section
3.2 confirm that N defects could be introduced into all different
N sites.

Furthermore, some new states (defect states) appear between
the CBM and VBM of N-defective g-C3N4, which is ascribed
to the carbon dangling bond due to the generation of nitrogen
vacancies.[57] The defect state mechanism has been recently ap-
plied to explain the improved light absorption capability of photo-
catalysts such as TiO2

[58] and ZnO[59] with oxygen vacancies and
g-C3N4 with carbon and nitrogen vacancies.[25,26] In Figure 6a,b),
the favorable effects of introducing defect states into photocat-
alysts can be summarized into the following aspects: 1) acting
as an interband to accommodate photoelectrons excited by pho-
tons with energy lower than the bandgap to enhance the light
absorbance capacity; 2) enabling the electrons to transit from
defect states to CBM to further promote the electron transition
from VB to CB and promoting the separation efficiency of pho-
togenerated electron-hole pairs.[11,17] Notably, the position of de-
fect state can be tuned by altering the position and density of
generated nitrogen defects. Figure 6c demonstrates that the en-
ergy bandgap between the defect state and VBM with the gener-
ation of nitrogen defects in different N sites exhibits a sequen-
tial order of N2>N3>N1>N2N3>N1N3>N1N2>N1N2N3, indi-
cating that the defect states may shift closer to the edge of the
VB with increasing density of generated N defects in g-C3N4. Ad-
ditionally, the positions of defect states in pristine UCN, etched
UCN-0.5 h, etched UCN-1 h, and etched UCN-2 h were ap-
proximately estimated by the Urbach tail in Figure 3e, and the
results show that the estimated defect states shifted closer to
the VB with prolonged NaBH4 treatment time, coinciding with
the calculation results that a higher N defect density can in-
duce a deeper downshifting of the defect state to the VB. In
addition, etched UCN-1 h exhibited the best photocatalytic ac-

tivity, indicating that the defect states may shift closer to the
edge of the VB with increasing density of N vacancies, leading
to the formation of deeper defect states to accommodate more
charge carriers excited by photons at longer wavelengths. Nev-
ertheless, with deeper downshifting to the VBM (Figure 6b),
the structure of g-C3N4 may be destroyed if there are excessive
nitrogen defects generated and the defect states could become
a new center for the recombination of electrons and holes,[11]

leading to the deterioration of photocatalytic activity, which can
explain the obviously decreased photocatalytic CIP degradation
performance of etched UCN-2 h compared to that of etched
UCN-1 h.

Partial density of states (PDOS) analysis was further employed
to describe the contribution of different atoms to the modification
of band structures in g-C3N4. Figure 5a suggests that the CBM
of the perfect structure and defective structures with different N
vacancies mainly consisted of C-2p and N-2p orbitals, while the
VBM is predominantly composed of N-2p orbitals, which is con-
sistent with previous reports.[18,26,57] Notably, these C-2p and N-2p
states are changed both in the conduction and valence bands with
the incorporation of N defects at different sites. Furthermore, the
newly formed defect states in different defective structures are
primarily contributed by N-2p and C-2p orbitals, which is also
in accordance with other reports.[26,57,60] The analysis (Figure S9,
Supporting Information) of the projected contribution of C and
N orbitals to the band energies further illustrates the evolution
of the band structure of UCN by introducing nitrogen defects
into different nitrogen sites. Hence, the theoretical calculation
results elucidate that the generation of N defects in heptazine-
based g-C3N4 could lead to the reconstruction of the band
structure.

Figure 7 displays the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) lo-
cations in perfect g-C3N4 and N-defective g-C3N4. It is clear that
the HOMO and LUMO are uniformly delocalized over the hep-
tazine unit in the structure of perfect g-C3N4 because of the high
symmetry of its framework.[26] Notably, no HOMO localized on
bridge N1 in the perfect structure, indicating that no electrons
could be excited from N1 atoms under light illumination.[56] This
observation further explains the weak photocatalytic activity of
pristine UCN for CIP degradation in this work. Comparatively,
apparent redistribution of the charge density and spatial sepa-
ration of the HOMO and LUMO are observed in all the struc-
tures with N defects, leading to the generation of electron-rich
regions in or around the positions of the N defects. Such local-
ized charge accumulation could contribute to the shifting of the
VB and CB,[26,55] and the introduction of defect states between
the VB and CB was observed in the above band structure and
PDOS results. Importantly, the spatial separation of the HOMO
and LUMO is beneficial inhibiting the recombination of charge
carriers, thus promoting their separation efficiency and increas-
ing the chance of interfacial charge transfer for the generation
of reactive species.[55,56] These observations provide fundamental
information to explain the significant improvement in the pho-
tocatalytic performance of etched UCN in this work. In addition,
a certain overlap of the HOMO and LUMO could be observed
around the N1 site in the structure with N2N3 defects, which
could contribute to the calculated higher bandgap, as discussed
above.
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Figure 6. Illustration of the a) separation and b) recombination of photoexcited electrons and holes in etched UCN with defect states downshifting to
the VBM, DFT calculated energy gap between defect states and VBM in g-C3N4 with different N defect densities c), steady-state PL emission spectra
(excitation at 375 nm) d), time-resolved PL decay spectra by time-correlated single-photon counting e), transient photocurrent response f), interfacial
charge property diagram of etched UCN-1 h g) and h) EIS curves of different UCN samples.

2.5.2. Improved Charge Carrier Separation and Transportation

As discussed in the theoretical calculation section, the intro-
duced defect states could act as an interband to accommodate
excited electrons to enhance the separation efficiency of photo-
generated electron-hole pairs and may also downshift to a criti-
cal position with the increase in the generated N defect density,
which is close enough to the VBM to become a new recombina-
tion center for photogenerated electron-hole pairs. The steady-
state photoluminescence (PL) emission spectra were recorded to
explore the impact of N defects on the charge transfer dynam-
ics of the prepared samples. In Figure 6d, an obvious PL emis-
sion peak attributed to the radiative recombination of charge car-
rier centers at ≈450 nm was observed in all samples,[61] which
was gradually quenched for etched UCN with NaBH4 treatment
time from 0 to 1 h, while the intensity of the peak in etched

UCN-2 h was strengthened compared to that in etched UCN-
1 h. Furthermore, a few new emission peaks appeared in the
range of 500–700 nm in etched UCN samples, which could cor-
respond to the vibrational relaxation of excited state electrons to
the new states, implying the successful introduction of defect
states between VB and CB.[61] Moreover, the intensity changes
and redshift of these new peaks were also observed in etched
UCN samples, where etched UCN-1 h exhibited a more signif-
icant peak intensity change and shifting than etched UCN-0.5 h
and etched UCN-2 h, further indicating that the position of in-
troduced defect states could be shifted with the change in intro-
duced N defect density in etched UCN and that the defect states
could also become new recombination centers for photogener-
ated electron-hole pairs. Such observed PL quenching implies
that the intrinsic radiative recombination of the photogenerated
electron-hole pairs could be inhibited by the suitable introduction

Adv. Funct. Mater. 2024, 34, 2405741 2405741 (11 of 15) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. HOMO and LUMO distribution of perfect a) and N-defective g-C3N4 structures with b) N1, c) N2, d) N3, e) N1N2, f) N1N3, g) N2N3, and
h) N1N2N3 defect sites.

of N defects in UCN,[26,35] which is consistent with the DFT
results.

Time-correlated single-photon counting (TCSPC) spectra were
further recorded to examine the lifetimes of the charge carriers in
the UCN samples, as shown in Figure 6e. All spectra decay expo-
nentially, where the etched UCN-1 h exhibited the lowest fluores-
cent decay kinetics. As mentioned above, a longer fluorescence
lifetime normally suggests a better separation of photogenerated
electron-hole pairs, where 𝜏1 and 𝜏2 are assigned to the fast re-
combination of excitons, while the relatively long-lasting lifetime
𝜏3 relates to most of the detected photons.[62,63] The fluorescence
lifetimes of the UCN samples are listed in Table S5 (Supporting
Information), where the pristine UCN, etched UCN-0.5 h, etched
UCN-1 h, and etched UCN-2 h exhibit an average fluorescence
lifetimes of 1.739, 3.099, 3.9789, and 2.072 ns, respectively. This
result is consistent with the photocatalytic degradation of CIP by
the different UCN samples described in Section 2.4. Notably, the
values of both 𝜏1 and 𝜏2 of the UCN samples first increase with
increasing NaBH4 treatment time from 0 to 1 h but decrease with
further increase to 2 h (Table S5, Supporting Information). Inter-
estingly, the percentage of 𝜏1 exhibited a reverse trend in contrast
to that of 𝜏2, where 𝜏1 decreased with increasing NaBH4 treat-
ment time from 0 to 1 h but further increased from 1 to 2 h. Com-
bining the change trends of these fluorescence lifetime values
and their corresponding percentages with the above experimen-
tal and DFT calculation results, 𝜏1 and 𝜏2 could be mainly inter-
preted as the recombination of electrons in the CBM with holes
in the VBM and the recombination of electrons in defect states
with holes in the VBM, respectively.[62–64] The experimental and

DFT calculation results confirmed that the suitable introduction
of N defects in etched UCN is favorable for promoting the sepa-
ration efficiency of electron-hole pairs by narrowing the bandgap
and introducing a defect state as an interband to accommodate
electrons. The bandgap of etched UCN gradually narrows with
increasing NaBH4 treatment time from 0 to 1 h, leading to an in-
crease in the separation efficiency of electron-hole pairs and cor-
responding 𝜏1 values. Moreover, the defect states could be down-
shifted with increasing defect density in etched UCN to accom-
modate more electrons excited by lower energy. These electrons
excited by lower energy could only localize in the defect state or
recombine with electrons in the VBM because they cannot over-
come the energy gap to further jump to the CBM, leading to a
decrease in the percentage of 𝜏1 and an increase in the 𝜏2 val-
ues and their corresponding percentages in the UCN samples.
Moreover, the changes in the 𝜏1 and 𝜏2 values and their relevant
percentages in etched UCN-2 h might be explained by the quan-
tum effect induced by the deteriorated structure and reduced size
and the fact that defect states with a greater N defect density could
become new recombination centers for charge carriers. In addi-
tion, the percentage of 𝜏3 for the UCN samples increases with
increasing NaBH4 treatment time from 0 to 1 h but decreases
from 1 to 2 h, further elucidating the roles and downshifting of
the incorporated defect state with increasing N defect density.

The transient photocurrent response was tested to further elu-
cidate the impact of N defects on the separation and transporta-
tion of photogenerated electron-hole pairs. Figure 6f shows that
the pristine UCN displays a neglectable photocurrent response
under the illumination of simulated solar light as that of the
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ITO blank, while etched UCN samples exhibit a significant im-
provement in the photocurrent response. Notably, etched UCN-
1 h displays the highest photocurrent density value compared
to other etched UCN samples, suggesting that etched UCN-1 h
has the best separation and transport efficiency of photogen-
erated electron-hole pairs.[18,25] Additionally, the observed cur-
rent density changes by switching on/off light collected from
cyclic voltammetry in Figure S10 (Supporting Information) fur-
ther confirm the generated photocurrent in etched UCN sam-
ples, where the cathode current density instantly increased with
light illumination while immediately returning to the initial sta-
tus by switching off the light. The etched UCN-1 h exhibited the
strongest enhanced current density with light illumination, indi-
cating that it has a higher photogenerated electron-hole pair sep-
aration efficiency to facilitate the generation of reactive species
(Figure 6g). In addition, the EIS spectra in Figure 6h show that
the arc radius of the samples decreases in the following order:
pristine UCN > etched UCN-2 h > etched UCN-0.5 h > etched
UCN-1 h. The results indicate that etched UCN-1 h demonstrated
the lowest interfacial electron transfer resistance, further con-
firming that suitable N vacancies could be beneficial for pro-
moting the separation of photogenerated charge carriers. The
observed significant changes in the PL peak intensity, radiative
lifetime, photocurrent density, and of the samples with different
NaBH4 treatment times demonstrate that the photocatalytic activ-
ity of UCN could be improved by introducing a suitable N defect
density but further reduced in the case of overgenerated N de-
fects, which is consistent with the calculation results of the shift-
ing of defect states.

3. Conclusion

In summary, we have explored the impact of nitrogen defects on
the photocatalytic activities of UCN for the degradation of CIP un-
der simulated sunlight. Experiments and DFT calculations high-
light that the introduced nitrogen defects could tune the band
structure of UCN by incorporating defect states. The density of
introduced nitrogen defects in UCN within optimum ranges ex-
hibits a positive correlation with its photocatalytic activity owing
to the gradually improved light absorption ability, charge carrier
separation, and transfer efficiency. However, over-introduced ni-
trogen defects could lead to the over-downshifting of the defect
state to the VBM, which could become a new recombination cen-
ter for charge carriers. In addition, the quantum size effect may
also affect the bandgap of etched UCN. This work provides deep
insight into the construction of efficient nitrogen-defective UCNs
for the capture and utilization of solar energy for CIP photocat-
alytic degradation.

4. Experimental Section
Chemicals: Ciprofloxacin (CIP, ≥98%), carbamazepine (CBZ, ≥98%),

HPLC grade methanol (≥99.5%), and urea (99.5%) were purchased from
Sigma–Aldrich (Germany). Sulfamethoxazole (SMX, 98%) was purchased
from TCI Europe (USA). Sodium hydroxide (NaOH), hydrochloric acid
(HCl), 1,4-benzoquinone (BQ, 99%), and sodium borohydride (99%) were
provided by Acros Organics (Geel, Belgium). HPLC grade acetonitrile
(CAN, ≥99.5%) and formic acid (FA, ≥98%) were provided by Fisher
Chemical (UK) and Acros Organics (Belgium), respectively. All solutions

were prepared using Milli-Q ultra-pure water (Millipore, USA). Com-
pressed N2 gas was supplied by Air Liquide (Liege, Belgium).

Synthesis of Pristine UCN and Etched UCN: Pristine UCN was fabri-
cated by the direct calcination of urea in a muffle furnace at 550 °C for
2 h with a ramping rate of 10 °C min−1. The obtained samples were
ground into fine powder after cooling to room temperature for further ap-
plication. The etched UCN was synthesized via NaBH4 treatment. Briefly,
0.4 g UCN and 0.3 g NaBH4 were mixed and ground uniformly, and then
the mixture was dissolved in 15 mL Milli-Q water and heated to 60 °C
for 1 h. The obtained slurry mixture sample was centrifuged to remove
most water and subsequently calcinated at 300 °C for 15 min under a
N2 atmosphere. Finally, the obtained etched UCN sample was washed
with water and ethanol to be neutral to remove impurities and dried for
further use.

Performance Evaluation of Etched UCN for CIP Degradation: Typically,
batch experiments were performed in a 250 mL black jacketed beaker.
A G2V pico LED Solar Simulator (G2V Optics Inc., Canada) with irradi-
ance equal to sun-equivalent (75.9 mW cm−2 base spectrum) was applied
as simulated solar light. The emission spectrum of the light source is
recorded in Figure S11 (Supporting Information). Unless specifically illus-
trated, the standard photocatalytic degradation experiments were carried
out by illuminating 100 mL aqueous suspension containing 2.5 mg L−1 CIP
and 0.5 g L−1 UCN. The temperature was 25 ± 1 °C, and the suspension
was magnetically stirred at 500 rpm to keep it well mixed. The initial pH
of the CIP solution was ≈6.0, which was not buffered in any experiment.
At given time intervals, aliquots of the suspension were sampled and fil-
tered through a 0.45 μm membrane filter, and 0.20 mL of methanol was
added to a 0.80 mL sample to prevent further CIP degradation by resid-
ual reactive species. Then, the concentration of CIP, CBZ, and SMX was
determined by high-performance liquid chromatography (HPLC) and the
description of the analytic method is given in Text S1 (Supporting Infor-
mation). The impact of common organic components (humic acid, HA)
and inorganic substances (i.e., chloride, nitrate, sulfate, and bicarbon-
ate) in wastewater on CIP photocatalytic degradation was investigated.
In addition, a cyclic experiment was performed to study the reusability
and stability of etched UCN. To this end, the etched UCN used was first
collected by centrifugation and then directly dried at 60 °C for the next
cycle.

Photoelectrochemical Measurement: Photoelectrochemical experi-
ments of all samples were conducted in a three-electrode system by
utilizing an AUOT Lab workstation. The samples coated with indium-tin
oxide (ITO) glass, a Pt wire, a Ag/AgCl (saturated KCl) electrode, and
0.5 m Na2SO4 were applied as the working electrode, counter electrode,
reference electrode, and electrolyte, respectively. The preparation process
of the working electrodes was as follows. Twenty milligrams of UCN
sample and 50 μL of Nafion solution (5 wt.%) were dispersed into 450 μL
of isopropanol to prepare homogeneous catalyst ink by ultrasonication
for 30 min. Next, 40 μL of catalyst ink was deposited onto ITO with an
area of 1 cm2 and then dried at room temperature for 1 h for further
use. The photocurrent response was recorded by chopped liner sweep
voltammetry at a voltage range from 0.5 to −0.6 V versus Ag/AgCl with a
scan rate of −5 mV s−1 by using a G2V pico LED Solar Simulator. Cyclic
voltammetry curves were obtained in the voltage range from 0.5 to −0.6 V
versus Ag/AgCl with a scan rate of 30 mV s−1 to study the current density
changes with and without light irradiation. Electrochemical impedance
spectroscopy (EIS) was recorded under open circuit voltage over a
frequency range from 105 to 0.1 Hz.

Characterization: XRD (Panalytical X’Pert PRO, Netherlands) was per-
formed to study the composition and crystallinity of the samples. FTIR
spectroscopy was carried out on a Bruker Alpha II instrument with an
attenuated total reflection diamond accessory. BET analysis was per-
formed to obtain N2 absorption-desorption isotherms by using a Mi-
cromeritics Gemini V2. EPR experiments were conducted on a Bruker
A300 with f = 9.7688 GHz at room temperature. PL emission spectra
and time-resolved transient PL decay spectra were obtained at room tem-
perature by applying an Edinburgh FLS1000 fluorescence spectropho-
tometer, which employed a xenon lamp with an excitation wavelength
of 375 nm. Time-resolved fluorescence decay spectra were recorded by
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time-correlated single-photon counting (TCSPC), which were calculated
by Equation (6):[63]

I (t) = A1 exp (−t∕𝜏1)+A2 exp (−t∕𝜏2)

+A3 exp (−t0∕𝜏3) ∕ (1 − exp (−t∕𝜏3)) (6)

where Ai and 𝜏 i (i = 1, 2, 3) are the amplitudes and lifetimes of lumines-
cent components, respectively. The fluorescence lifetime represents the
radiative recombination of photogenerated charge carriers and accounts
for most of the detected photons.

Solid-state 13C cross-polarization magic angle spinning NMR spectra
were obtained on a Bruker AVANCE III 400 MHz WB solid-state NMR spec-
trometer at room temperature. XPS was performed on a Thermo Scientific
K-Alpha with a monochromatized A1 K𝛼 line source (1486.6 eV), and the
binding energy was calibrated using the C1s peak at 284.8 eV. UV–vis DRS
spectra were obtained on a UV-2600 spectrophotometer (Shimadazu) at
room temperature. SEM and TEM images were obtained by Hitachi SU-70
and STEM HD2700 (Hitachi, Japan).

Computational Methods: All calculations were performed in the frame-
work of density functional theory with the projector augmented plane-wave
method, as implemented in the Vienna ab initio simulation package.[65]

The generalized gradient approximation (GGA) in the Perdew-Burke-
Ernzerhof (PBE) scheme was applied for the exchange-correlation poten-
tial calculation.[66] The cut-off energy for the plane wave was set to 520 eV.
Brillouin zone integration was performed at the Gamma point with a
6 × 6 × 1 k-mesh grid. The energy criterion was set to 10−6 eV in an iter-
ative solution of the Kohn-Sham equation. All the structures were relaxed
until the residual forces on the atoms decreased to less than 0.02 eV Å−1.
The 2 × 2 (56 atoms) supercell, reported to be sufficient to represent g-
C3N4 sheets by other researchers, was applied as the basis for the calcu-
lation of different N defeats in-heptazine-based g-C3N4.[57,60] A vacuum
spacing of 20 A˚ along the z axis was applied to avoid spurious interac-
tions caused by the periodic image. It is noted that the GGA-PBE function
may underestimate the bandgap of g-C3N4 due to the well-known limita-
tions of DFT. However, the GGA-PBE function was successfully applied by
many researchers to interpret the impact of element doping and defects on
the electronic structures and improved photocatalytic activity of different
photocatalysts.[25,51,52] Moreover, it might be computationally expensive
to calculate the 2 × 2 supercell by using a relatively accurate hybrid func-
tion. Most importantly, this study mainly aimed to qualitatively instead of
quantitively investigate the impact of N vacancies incorporated at differ-
ent N sites on the electronic structure of g-C3N4. Hence, the GGA-PBE
function was selected and expected to be sufficient to achieve this goal.

The nitrogen defect formation energy (Ef) was calculated by Equa-
tion (7):[67]

Ef = Edefective − Eperfect+ 𝜇 (N) (7)

where Edefective, Eperfect and μ (N) represent the total energy of N-defective,
perfect g-C3N4 and the chemical potentials of the N atom, respectively.
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