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Atmospheric NO is one of the toxic and hazardous gases. Its’ levels are continually rising in recent years. As we
known, mineral particles contained in the atmosphere may aﬀect the photocatalytic NO removal process. In this
study, we found that celestite modiﬁcation could greatly improve the activity (about 3.8 times) and stability of gC3N4 for the photocatalytic NO removal. In our system, celestite particles embed in the N vacancies of g-C3N4.
The synergistic eﬀect of celestite and N vacancy is the origin of improved NO removal activity. During the light
irradiation, photogenerated electrons can be captured and conﬁned by N vacancy. Meanwhile, celestite can
transfer these conﬁned electrons to O2 and produce more ·OH, which could oxidize NO to nitrate. These ﬁndings
can help us to understand the inﬂuence of mineral particles in the photocatalytic NO removal and design highly
eﬃcient NO removal phtocatalysts.

1. Introduction
Acid rain, ozone depletion and photochemical smog are major
global air pollution problems caused by the common source, nitrogen
oxide (NOx; 95% in the form of NO) [1,2]. Atmospheric NO levels are
continually rising due to increasing numbers of vehicles and industrial
activities [3,4]. Atmospheric NO can trigger serious respiratory diseases, making the removal of it become a critical global concern and
increasing the need for eﬃcient and economical removal technology
[5–7]. Among the various atmospheric NO removal strategies, photocatalytic technology is a cost-eﬀective and environmentally-friendly
technology that utilizes solar energy [8–10]. Among various photocatalysts, graphite carbon nitride (g-C3N4) is a promising visible-light
sensitive and metal-free photocatalyst, which has attracted increasing
attention because of its low cost, high stability and special optical
features [11–13]. However, for pure g-C3N4, the removal activity is low
due to the fast recombination of photo-generated carriers [14]. Additionally, g-C3N4 photocatalysis for NO removal generates NO2 as the
main product, which is more toxic than NO [14]. As we known, the
complete oxidation product of NO is HNO3. Therefore, the NO removal
on pure g-C3N4 is an incomplete oxidation process. The incomplete
oxidation is due to the fact that g-C3N4 system cannot produce the
strong oxidizing %OH. This fact has two reasons as follow: One is that
the valence band holes (1.4 eV) are not positive enough to oxidize OH−
⁎

to ·OH (2.3 eV) [11]; the other is that the H2O2 generated through the
reduction of conduction band electron cannot be activated to ·OH on
the surface of g-C3N4 [15]. Therefore, there is an urgent need to develop new kind of g-C3N4-based materials for absolutly removal of NO.
In addition to gases, the atmosphere also contains small mineral
particles [16]. Because of their high surface energy and the free radical
properties of NO, NO are likely to be adsorbed on mineral particle
surfaces. As mineral particles play an important role in photochemical
reaction of NO, it is likely that modiﬁcation with mineral nanoparticles
may improve the NO removal activity of g-C3N4. In addition, mineral
nanoparticles contain variable valence metal ions (V-VMI), which may
improve the activity of photocatalyst. Firstly, V-VMI can capture photogenerated electrons and thus inhibit the recombination of photogenerated carriers [17]. Then, V-VMI could decompose H2O2 into %OH
via a Fenton like reaction, and %OH is a strong oxidizer can oxidize NO
to nitrate [18].
Celestite is a crystal of strontium sulfate (SrSO4), which is the
principal source of strontium (Sr), an essential trace element in the
human body [19]. Sr ions in celestite have empty orbitals, which may
help photocatalysts absorb more oxygen through coordination bonds,
and thus photocatalyst may produce more reactive oxygen species. In
addition, SO42− ions may increase surface acidity and consequently
increase the NO adsorption capacity of photocatalyst, increasing NO
removal activity signiﬁcantly. Therefore, a systematic assessment of the
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2.4. Photocatalytic activity evaluation

eﬀect of celestite on NO removal behavior of g-C3N4 is of great importance.
In this study, we found that celestite modiﬁcation could greatly
improve the activity and stability of g-C3N4 photocatalytic NO removal,
under visible light irradiation. We found that celestite modiﬁcation has
two advantages: (1) the coast of celestite is only about 0.6 USD per
kilogram, which is far lower than the cost of noble metals such as Pt and
Ag (32543 and 566 USD per kilogram, respectively.); (2) celestite
modiﬁcation not only can improve the NO removal activity of g-C3N4
about 3.8 times, but also can change the incomplete removal to the
complete removal by introducing the Fenton-like reaction. These two
advantages beneﬁt from the synergistic eﬀect between celestite and N
vacancy that caused by the heat activation of celestite. A series of experiments were designed to investigate the role of modiﬁed celestite on
photocatalytic NO removal, with the reasons for enhanced activity and
stability analyzed in detail.

The evaluation of photocatalytic performance of g-C3N4 and CNSr-x
(x = 0.02, 0.05, 0.1 and 0.2) were tested by oxidation of NO at ppb
levels in a continuous-ﬂow chamber under visible light irradiation. The
volume (V) of the cylinderic reactor with a quartz glass on the surface
was 0.785 L (V = π × R2 × H; R = 5 cm; H = 10 cm). For each photocatalytic activity experiment, a sample dish (R = 3 cm) containing
the photocatalyst powders (50 mg) was placed in the center of the reactor. A 30 W LED lamp was chosen as the simulated visible light source
and it was vertically placed above the reactor. The mixture gas of NO
and Air were continuously passed through (1 L/min controlled by a
mass ﬂow controller) the surface of photocatalyst to reach the adsorption-desorption equilibrium and the initial concentration of NO
used in the photocatalysis test was diluted to 600 ppb by air which from
an air cylinder. After adsorption-desorption equilibrium among the
photocatalysis, the LED lamp was switched on. The NO, NO2 and NOT
(NOT = NO + NO2) concentrations were continuously measured by
using a chemiluminescence NO analyzer (Thermo Scientiﬁc, 42i). The
NO removal decrement (η) was calculated by the following equation:

2. Experimental section
2.1. Chemicals and Materials

η = (1 - C/C0) × 100%

All reagents employed in this study were analytical grade and used
without further puriﬁcation.

where C0 represents inlet concentration after achieving adsorptiondesorption equilibrium (about 600 ppb) and C is the NO concentration
(ppb) in real time.

2.2. Preparation of photocatalyst

2.5. The detection of free radicals

The g-C3N4 was prepared by annealing urea under high temperature. In detail, a given amount of urea was put into a covered crucible
and heated in the muﬄe furnace at 550 °C for 2 h with a heating rate of
10 °C/min. After cooling down to the room temperature, the product
was ground into ﬁne powder and labeled as g-C3N4 for the further use.
Celestite (Purity: ≥ 96%) modiﬁed g-C3N4 were prepared by annealing the mixtures of g-C3N4 and celestite powder. Brieﬂy, diﬀerent
masses (0.02, 0.05, 0.1 and 0.2 g) of celestite powder were mixed with a
given amount of g-C3N4 (1 g) and ground uniformly. Subsequently, the
mixtures were placed in covered crucibles and then heated at 400 °C for
2 h. After this procedure, the crucibles were taken out and cooled to
room temperature. The products were ground into ﬁne powders and
collected. Samples were labeled as CNSr-0.02, CNSr-0.05, CNSr-0.1 and
CNSr-0.2, respectively.

A Bruker E500 instrument was used for the electron paramagnetic
resonance (EPR) experiments, which was often used to detect the free
radicals in reaction. Samples for EPR measurement were carried out by
using DMPO (5,5-dimethyl-l-pyrroline N-oxide) as the spin trapping
agent, mixing the samples (10 mg) in a 40 mM DMPO solution tank
(methanol dispersion for superoxide radicals and aqueous dispersion for
hydroxyl radicals) and irradiated with visible light.
2.6. Trapping experiments of visible-light induced active species
We used potassium iodide (KI) and potassium dichromate (K2Cr2O7)
as eﬀective scavengers of photoinduced hole and electron, respectively
[20]. Tert-butyl alcohol (TBA) and p-benzoquinone (PBQ) were utilized
as scavengers of hydroxyl radical (·OH) and superoxide radical (·O2−),
respectively [20]. Typically, photocatalysts (50 mg) containing different trapping agents (1 mmol) were dispersed in deionized water
(10 mL) and ultrasonicated for 15 min. Then, the dispersed suspensions
were poured into glass dishes and drying at 60 °C until the water was
completely removed. Finally, the dried dishes were further utilized in
NO removal experiments.

2.3. Material characterization
Powder X-ray diﬀraction (XRD) was used for crystalline phase
identiﬁcation of result samples. This identiﬁcation was performed on a
Bruker D8 Advance diﬀractometer with monochromatized Cu Kα radiation (λ = 1.5408 Å) to get the XRD patterns. Thermal gravimetric
analyzer (TGA, STA 449F3, Netzsch, Germany) was employed to test
the thermal stability of diﬀerent samples. UV–vis spectrometer was
used to analyze the light absorption ability and band-gap of diﬀerent
samples. The spectra were obtained from Shimadzu UV-3700 over a
range of 200–800 nm with BaSO4 as a reference. Reﬂection spectra
were converted into absorbance via the Kubelka-Munk method.
Fluorescence spectrometer (Hitachi F7000) was used to study the recombination rate of photogenerated carriers in diﬀerent samples. The
excitation wavelength is 330 nm. Scanning electron microscopy (SEM,
ZEISS SUPRA55VP) was used to observe the morphology images and
elements distribution of diﬀerent samples. X-ray photoelectron spectrometric (XPS) was employed to study the composition structure of
diﬀerent samples. It was operated on VG Scientiﬁc ESCALAB Mark II
equipped with two ultrahigh vacuum chambers. An Autosorb-IQ-MP
autosorption analyzer was used to analyze the Brunauer-Emmett-Teller
(BET) speciﬁc surface area and pore size of diﬀerent samples. Before the
measurements, the samples were degassed at 373 K for 2 h and were
carried out at 77.3 K using N2 as an adsorbate.

2.7. Photoelectrochemical experiments
The photoelectrochemical properties of g-C3N4 and CNSr-x
(x = 0.02, 0.05, 0.1 and 0.2) were evaluated using an electrochemical
workstation (CHI660C) in a three electrode quartz cells. A platinum
plate (1 × 1 cm2) and a saturated calomel electrode (SCE) were used as
a counter electrode and a reference electrode, respectively. To fabricate
the working electrode, photocatalysts were dispersed in 1 mL of Naﬁon
ethanol solution and ground for 10 min to obtain homogeneous slurry.
The resultant slurry were loaded on the pretreated ﬂuorine tin oxide
(FTO) glasses (1.5 × 1.5 cm2) by blade coating method and then dried
under ambient conditions.
In the process of experiment, the KCl aqueous solution at concentration of 0.1 M was served as the electrolyte. The prepared working
electrode was positioned in the middle of the electrolyte with the glass
side facing the incident light. Current-time curves were determined in a
460
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Fig. 1. Photocatalytic performance of diﬀerent samples; (a) Celestite; (b) and (c) the NO removal performance of diﬀerent samples.

carried out. As can be seen from Fig. 3a and 3c, both KI and K2Cr2O7
can signiﬁcantly reduce NO removal eﬃciency, suggesting that photogenerated holes and electrons are both crucial to the NO removal
process. The adding PBQ reduced the NO removal eﬃciency of both gC3N4 and CNSr-0.1, suggesting that ·O2− makes a signiﬁcant contribution to the NO removal process of both g-C3N4 and CNSr-0.1. The
addition of catalase (CAT) and tertiary butanol (TBA) clearly inhibited
NO removal by CNSr-0.1, while they did not aﬀect g-C3N4, implying
that H2O2 and ·OH serve diﬀerent roles in g-C3N4 and CNSr systems.
On the basis of above product detection and capture assay, the NO
removal process byg-C3N4 can be expressed chemically (Fig. 3b), by
Eqs. (1)–(4) as follows:

single compartment cell with a quartz window at ambient temperature
under irradiation with a 300 W Xe arc lamp.

3. Results and discussion
3.1. Photocatalytic NO removal
Photocatalytic performance of diﬀerent samples were tested under
visible light irradiation, for ppb-level NO removal. Experiments were
carried out at room temperature in a continuous-ﬂow reactor cylinder,
with a volume of 0.785 L, made of Pyrex glass with a quartz window.
Pure celestite did not demonstrate any catalytic activity for NO removal
under the same photo-irradiation conditions (Fig. 1a). When no photocatalysts or light irradiation is present, NO is stable and cannot be
removed. Among the diﬀerent samples tested, CNSr-0.1 exhibits optimal activity (Fig. 1b), with 67.5% of the initial NO removed after
10 min of visible light irradiation (Fig. 1c), which is higher than that of
the pure g-C3N4 (35.6%). Since celestite can be dissolved by diluted
nitric acid, CNSr-0.1 was washed by diluted nitric acid and distilled
water thoroughly to remove the modiﬁed celestite. After this washing,
we found that the NO removal activity of washed CNSr-0.1 (CNSr-0.1W) is much lower than that of CNSr-0.1 (Figure S1), suggesting the
improved NO removal activity of CNSr-0.1 is caused by celestite. Because there has few impurities in celesite, we synthesized CNSr-0.1 by
using SrSO4 instead of celesite (Denoted as CNSr-0.1 s). The photocatalytic NO removal activity of CNSr-0.1 s is similar to that of CNSr-0.1
(Figure S2), suggesting the role of impurities in celesite is negligible.
The reason may be that the concentration of impurities in celesite is
very low. Meanwhile, the concentration of celesite in CNSr-0.1 is also
very low. The activity of CNSr-0.1 was also compared with that of
conventional material TiO2 (P25). From Figure S3, the activity of CNSr0.1 is better than that of P25. Additionally, the price of celestite (0.6
USD/Kg) is only 1/1000 or even 1/100000 of that of noble metal such
as Ag (566 USD/Kg) and Pt (32,543 USD/Kg). Above results demonstrated that celesite is an inexpensive and excellent co-catalyst.
During the photocatalysis process, the concentration of NO2 produced was monitored (Fig. 2a). As shown in Fig. 2b, the conversion rate
of NO2 in g-C3N4 system was 72%, indicating the main production of
NO removal in g-C3N4 system is NO2. Interestingly, celestite addition
can eﬀectively reduce the conversion rate of NO2 from 72% to 21%,
suggesting that NO may be mainly oxidized to NO3− by CNSr-0.1. The
presence of NO3− was conﬁrmed by ion chromatography analysis. As
shown in Fig. 2c, after undergoing the NO removal reaction, the concentration of NO3− in solution was found rapidly increased in the CNSr0.1 system. The formed NO2, and NO3- can meet with the consumed NO
(The calculation of N-balance can be found in supporting information).
These ﬁndings indicate that the celestite can beneﬁcially aﬀect the NO
removal process.
To further investigate the surface alterations of g-C3N4 and CNSr-0.1
following the NO removal process, a series of capture experiments were
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The NO removal process by CNSr-0.1 can be expressed chemically
(Fig. 3d), by EQs. (5)–(10) as follows:
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Based on the above results, we conclude that celestite not only
improves the photocatalytic activity of g-C3N4, but also inhibits the
generation of NO2 during the NO removal process. Therefore, celestite
is an eﬀective natural co-catalyst which can facilitate the practical
application of NO removal by g-C3N4.
To test the stability and practicality of diﬀerent samples for NO
removal, photocatalytic NO removal cycles were performed with CNSr0.1 under ﬁxed conditions. After undergoing 5 cycles, the NO removal
capacity of CNSr-0.1 remained constant (Fig. 3e), indicating that the
photocatalytic activity of CNSr-0.1 are stable with repeated use. Additionally, we compared the XRD patterns of the samples before and
after photocatalytic reaction. After the photocatalytic reaction, the XRD
patterns of samples have no obvious changes (Figure S4), suggesting
that the structure of CNSr-0.1 are stable with repeated use.

3.2. Structure analysis
The performance of catalysts is usually thought to depend on the
microstructure of this catalyst. Therefore, to better understand the high
461

Applied Catalysis B: Environmental 245 (2019) 459–468

G. Dong et al.

Fig. 2. Photocatalytic performance of diﬀerent samples; (a) the amount of NO2 generated in diﬀerent sample systems; (b) the conversation rate of NO2 in diﬀerent
sample systems; (c) the NO3− detected in the washing solution (concentrated 100 times) of used CNSr-0.1.

CNSr-0.1 sample are 40.3% and 56.5%, respectively. The molar ratio of
nitrogen to carbon (N/C) in g-C3N4 and CNSr-0.1 are calculated as 1.5
and 1.2, respectively. Therefore, we can conclude that celestite particles
induced many N vacancies in CNSr-0.1, during the calcination process.
Bridging N atoms in g-C3N4 structures have a lone-pair of electrons,
while Sr atoms in celestite have an empty 5p orbital, allowing coordination bonds to be formed between the bridging N atom of g-C3N4
and the Sr atom of celestite. Therefore, in the mixing process of g-C3N4
and celestite powders, celestite partials preferentially associate with
bridging N atoms of g-C3N4 because of coordination bonding. In the
process of calcination, celestite partials will activate the bridging N
atom, making it easier to escape from the g-C3N4 structure. This is why
celestite particles may destroy the g-C3N4 structure, forming N vacancies. This analysis can be conﬁrmed by the comparison of N 1 s XPS
spectra. From Fig. 6b, the N 1 s spectra can be deconvoluted into two
peaks at 400.3 and 398.5 eV, which correspond to the nitrogen of
triazine ring and the bridging nitrogen, respectively. The area ratio of
these two peaks at 400.3 and 398.5 eV were calculated to be 0.2 and 0.4
for g-C3N4 and CNSr-x, respectively. The increase of this ratio value
suggests that the concentration of bridging N atom has decreased in
CNSr-0.1 samples, conﬁrming the escape of bridging N from g-C3N4
structure.

performance of CNSr-0.1, it is essential to analyze microstructure
changes of CNSr-0.1, including crystallinity, chemical composition and
morphology.
The XRD patterns of pure g-C3N4, celestite powder and CNSr-x are
presented in Fig. 4. As shown by the XRD pattern of celestite powder
(Fig. 4a), the XRD pattern did not contain any sharp peaks that could be
assigned to SrSO4 (JCPDS no. 89-95), corresponding to the fact that
celestite is a crystal of SrSO4. As for g-C3N4, two distinct diﬀraction
peaks were observed at 27.6° and 13.1°, respectively (Fig. 4b). As
compared to the XRD pattern of pure g-C3N4, the XRD patterns of CNSrx showed a number of new peaks that correspond to SrSO4 (Fig. 4b),
suggesting that CNSr-x are composites of g-C3N4 and celestite. More
importantly, the peaks assigned to g-C3N4 in CNSr-x became weaker,
suggesting that the crystal phase of g-C3N4 was destroyed. This phenomenon implies that celestite particles may be embedded within the
structure of g-C3N4.
CNSr-x was synthesized by calcination of the mixture of g-C3N4 and
celestite. To determine whether g-C3N4 and celestite could be decomposed by the calcination process, TGA analysis was carried out in a
temperature range of 20–900 °C. As shown in Fig. 4c, the TGA curve for
celestite showed only minor loss in temperatures above 800 °C, suggesting that celestite is stable throughout the calcination process. For
pure g-C3N4, the mass start to decline with temperatures above 520 °C.
This decline could be ascribed to the thermal decomposition of g-C3N4.
When g-C3N4was mixed with celestite, the mass of samples start falling
at temperatures of 350 °C and above, with this reduced decomposition
temperature suggesting that celestite particles may destroy and embed
in the structure of g-C3N4 (Fig. 4d).
XPS measurements were carried out to establish the surface chemical compositions and chemical states of corresponding C, N and O
elements in both pure g-C3N4 and CNSr-0.1 (Fig. 5a). However, the O1 s
spectra of diﬀerent samples were analyzed, the O1 s spectra of CNSr-0.1
displayed a novel peak at 531.6 eV, in addition to the surface hydroxyl
group peak observed at 532.2 eV (Fig. 5b). This novel peak was assigned to double bonded oxygen from SO42−, indicating the presence of
celestite. The presence of celestite was further conﬁrmed by SEM
images, where as compared to the g-C3N4 nanosheets (Fig. 5c), nanoparticles (Average size: 30 nm) were found to be present on the surface
of CNSr-0.1 (Fig. 5f, S6). Elemental mapping showed that both Sr and S
on the surface of CNSr-0.1 (Fig. 5i and j), conﬁrming that the nanoparticles on the surface of CNSr-0.1 are celestite. As shown in Fig. 6a
and b, the C1 s and N1 s spectra of CNSr-x samples shifted to lower
binding energies when compared with those of pure g-C3N4. The shift of
these peaks to lower binding energies implies that the electron density
around C and N atoms increased, indicating the interaction exists between the g-C3N4 and celestite. Furthermore, Elemental analysis was
used to study the contents of carbon and nitrogen in diﬀerent samples.
The content of carbon and nitrogen in g-C3N4 sample are 36.4% and
61.1%, respectively. Meanwhile, the content of carbon and nitrogen in

3.3. The mechanism of NO removal
With above improved understanding of the structure of g-C3N4, we
propose that the possible origins of this improved activity include: celestite, N vacancy and the synergistic eﬀect of celestite and N vacancy.
To establish the accurate origin of the increase in activity, the NO removal activity of g-C3N4, Nv-g-C3N4 (N vacancy modiﬁed g-C3N4) and
celestite/g-C3N4 (the mixture of celestite and g-C3N4) were investigated. As shown in Fig. 7a, a single N vacancy did not improve the
NO removal activity of g-C3N4, while a single celestite only slightly
improved the NO removal activity of g-C3N4. When celestite particles
embed in N vacancy, the NO removal activity of g-C3N4 was improved
signiﬁcantly. These results suggest that the origin of improved activity
is the synergistic eﬀect of celestite and N vacancy.
Since photocatalytic NO removal is a surface catalytic reaction, the
adsorption of reactants is an important factor in contaminant removal.
A high catalyst surface area can facilitate the adsorption and mass
transfer of pollutants and reaction products, therefore the increased
surface area may be a key reason for the improved activity.
Brunauer–Emmett–Teller (BET) gas adsorption measurements were
performed to examine the surface area of pure g-C3N4 and CNSr-0.1
samples. As shown in Fig. 7b, the pure g-C3N4 and CNSr-0.1 sample
isotherms were identiﬁed as type-IV isotherms, suggesting both samples
possess mesoporous structures. Moreover, all isotherms were established as H3 hysteresis loop types, meaning that both samples were
formed by aggregated nanosheets. Based on the N2 isotherms, the BET
462
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Fig. 3. (a) Capture experiments were carried out in g-C3N4 system; (b) NO removal mechanism of g-C3N4; (c) Capture experiments were carried out in CNSr-0.1
system; (d) NO removal mechanism of CNSr-0.1; (e) the stability of CNSr-0.1 for NO removal.

N vacancy can result in a red-shift on the absorption edges of g-C3N4,
suggesting that the band gap of Nv-g-C3N4 is smaller than that of gC3N4. This narrowing of band gap is usually caused by the defect level,
which is formed by the N vacancy [21]. It should be note that the
embedding of celestite can further aggravate the red-shift of the absorption edges of g-C3N4, which implies that electron transfer may
occur between N vacancy and celestite.
If this speculation is accurate, celestite may also help to promote the
separation and transfer of photo-generated electrons and holes.
Fluorescence emission spectra allow investigate of the separation

speciﬁc surface areas of g-C3N4 and CNSr-0.1 were calculated to be
50.54 and 62.71 m2/g, respectively. However, this slight increase in
surface area did not match with the signiﬁcant increase in photocurrent
and sharp decrease in EIS.
To further reveal the reasons for the improvement in activity and
any change in removal mechanisms, the light absorption performance
and band gap of synthesized g-C3N4 and CNSr-0.1 were investigated by
UV–vis diﬀusion reﬂectance spectrometry (DRS). Photocatalysis processes start with light absorption and photoexcitation and as shown in
Fig. 7c, a single celestite does not aﬀect the light absorption of g-C3N4.
463

Applied Catalysis B: Environmental 245 (2019) 459–468

G. Dong et al.

Fig. 4. (a) The XRD pattern of celestite powder; (b) the XRD pattern of pure g-C3N4, and CNSr-x samples; (c) TGA analysis was carried out in a temperature range
of.20–900 °C.

However, the photocurrent intensity of Nv-g-C3N4 was found to be
smaller than that of g-C3N4 when tests were performed (Fig. 7e). This
result can be explained by our previous ﬁnding that photoelectrons can
be captured and conﬁned by N vacancy. As shown in Fig. 7e, a single
celestite can only slightly improve the photocurrent intensity of g-C3N4.
This slight change is consistent with the observed inﬂuence of a single
celestite on the NO removal activity and ﬂuorescence emission peaks of
g-C3N4. Although both N vacancy and celestite do not greatly increase
the photocurrent of g-C3N4, the coexistence of N vacancy and celestite
signiﬁcantly improves the photocurrent of g-C3N4. This suggests that
the nature of the synergistic eﬀects of celestite and N vacancy may be
that celestite can release the photoelectrons which are conﬁned by N
vacancy (Fig. 7f).
Previous reports have established that modiﬁcation of Fe3+ can

eﬃciency of photo-generated electron-hole pairs. Fig. 7d displays the
spectra at an excitation wavelength of 330 nm, of g-C3N4, Nv-g-C3N4,
celestite/g-C3N4 and CNSr-0.1 samples. Generally, the photocatalyst
emission peak is derived from the direct recombination of electrons and
holes. Emission peaks of Nv-g-C3N4 and celestite/g-C3N4 were found to
be smaller than that of g-C3N4, indicating that both N vacancy and
celestite could inhibit the recombination of electrons and holes. However, Nv-g-C3N4 and celestite/g-C3N4 emission peaks were strong,
compared with the emission peaks of CNSr-0.1, indicating that the
coexistence of N vacancy and celestite can further inhibit the recombination of electrons and holes.
Based on the UV–vis absorption curves and ﬂuorescence emission
spectra analyzed above, the ranking of photocurrent intensity was established
as
CNSr-0.1 > Nv-g-C3N4 > celestite/g-C3N4 > g-C3N4.

Fig. 5. (a) The whole XPS spectra of g-C3N4 and CNSr-0.1; (b) the O1 s XPS spectra of g-C3N4 and CNSr-0.1 samples; (c) the SEM image, (d) C elements mapping, and
(e) N elements mapping images of g-C3N4; (f) the SEM image, (g) C elements mapping, (h) N elements mapping, (i) Sr elements mapping, and (m) (j) S elements
mapping images of CNSr-0.1.
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Fig. 6. (a) The C 1 s XPS spectra of g-C3N4 and CNSr-0.1; (b) The N 1 s XPS spectra of g-C3N4 and CNSr-0.1.

density of CN-H2SO4 was not found to be stronger than that of g-C3N4
(Fig. 7g), suggesting the importance of Sr2+. Additionally, X-ray photoelectron spectroscopy (XPS) was performed to compare the Sr 3d
spectra of CNSr-0.1 and pre- and post- NO removal (Fig. 7h). Compared
with CNSr-0.1, the used CNSr-0.1 sample exhibited a new Sr 3d peak at
132.1 eV, which can be assigned to Sr°, conﬁrming that Sr2+ can extract
photo-generated electrons and be reduced to Sr°. The signiﬁcant improvement in photocurrent density suggests that Sr° doesn’t store these
photo-generated electrons and that it can transfer the electrons to some

improve the separation eﬃciency of photo-generated electron-hole
pairs [17], as the electrons from the photocatalyst conduction band can
reduce Fe3+ to Fe2+. As with Fe3+, Sr2+ is also a variable valence
metal ion. Therefore, it can be proposed that the reason celestite releases the photoelectrons conﬁned by N vacancy, is related to Sr2+,
which may extract the photo-generated electrons (-1.4 V) and be reduced to Sr° (-1.28 V, the test process can be found in supporting information.). To test this theory, H2SO4 was used instead of celestite to
synthesize a new sample (CN-H2SO4). However, the photocurrent

Fig. 7. (a) NO removal experiments in diﬀerent systems; (b) the BET speciﬁc surface area of g-C3N4 and CNSr-0.1; (c) UV–vis absorption spectra of diﬀerent samples;
(d) ﬂuorescence emission spectra of diﬀerent samples; (e) photocurrent curves of diﬀerent samples; (f) celestite can release the photoelectrons which are conﬁned by
N vacancy; (g) the photocurrent density of g-C3N4 and CN-H2SO4; (h) Sr 3d spectra of CNSr-0.1 and pre- and post- NO removal.
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Fig. 8. Under dark conditions, no %OH (a) or %O2− (b) signals could be detected in any of the g-C3N4, Nv-g-C3N4 and CNSr-0.1 systems; the production of %OH (c) and
%
O2− (d) under light irradiation.

Fig. 9. The production of %OH (a) and %O2− (b) under light irradiation in diﬀerent systems.

kind of adsorbate, which will return Sr° to Sr2+.
To further understand the NO removal process, DMPO was employed to detect %O2− and %OH radicals. Under dark conditions, no %OH
or %O2− signals could be detected in any of the g-C3N4, Nv-g-C3N4 and
CNSr-0.1 systems (Fig. 8a and b). With light illumination, neither %OH
or %O2- could be detected in the Nv-g-C3N4 system, consistent with the

conclusion that photoelectrons can be eﬀectively captured and conﬁned
by N vacancy (Fig. 8c and d). Meanwhile, only a trace level of %O2could be detected in the g-C3N4 system, corresponding to the low NO
removal activity observed for this catalyst. In the CNSr-0.1 system, both
%
OH and %O2- could be detected, with higher levels of %O2- detected in
the CNSr-0.1 system than in the g-C3N4 system. This increased amount
466

Applied Catalysis B: Environmental 245 (2019) 459–468

G. Dong et al.

Fig. 10. The generation of H2O2 in g-C3N4 (a, c) and CNSr-0.1 (b, c) ststems. (Detected by the Hitachi F7000).

Fig. 11. The generation of H2O2 in g-C3N4 (a) and g-C3N4 / SrSO4 (b) systems; the generation of %OH in g-C3N4 / SrSO4 (c) systems. (Detected by Edinburgh FS5).

of %O2- veriﬁes that celestite can release the photoelectrons which are
conﬁned by N vacancy and that celestite can enhance the yield of ·OH
radicals.
Based on previous reports, %OH may be generated through either
single-electron reduction (%O2− → H2O2 → %OH) or by one-step hole
oxidization (H2O → %OH) [22,23]. To clarify the route of ·OH production in CNSr-0.1, hole and electron trapping experiments were carried
out, with %OH detection (Fig. 9). When potassium dichromate was
added, %OH signals in the CNSr-0.1 system became undetectable, while
the addition of TEOA did not inﬂuence the level of %OH detectable,
conﬁrming that %OH was generated through single-electron reduction.
As the single-electron reduction route is required for the generation of
H2O2, the (p-hydroxyphenyl) acetic acid (POHPAA) analysis method
was employed to measure H2O2 levels during photocatalysis. As shown
in Fig. 10, the generation of H2O2 in the g-C3N4 system was slower
initially, then becoming more rapid (Fig. 10a and c), while the generation of H2O2 in the CNSr-0.1 system followed a reverse process
(Fig. 10b and c). This phenomenon suggests that both g-C3N4 and CNSr0.1 can produce H2O2 during photocatalysis. However, combined with
the %OH generation observed in diﬀerent sample systems, ﬁndings
suggest that H2O2 can be reduced to %OH on the surface of CNSr-0.1, but
not on the surface of g-C3N4. As noted previously, Sr2+ can capture
photo-generated electrons and be reduced to Sr°. Since the standard
electrode potential of H2O2/·OH (-1.17 eV) is higher than that of Sr2+/
Sr°, H2O2 may restore Sr° to Sr2+ via a Fenton like reaction (Sr° + H2O2
→ Sr2+ + %OH + OH-). Therefore, it may be speculated that this
Fenton like reaction, driven by Sr°, is the mechanism by which celestite
can enhance the yield of %OH. To test this theory, the eﬀect of SrSO4 on
H2O2 generation by g-C3N4 was assessed. As shown in Fig. 11, H2O2
generation by g-C3N4 was inhibited when SrSO4 was added and %OH
could be detected in the g-C3N4 system. These results conﬁrm that H2O2
can be decomposed to %OH by Sr° via a Fenton like reaction. As the
oxidation ability of %OH is far stronger than that of %O2-, the function of
celestite in the facilitation of decomposition of H2O2, contributes to the
excellent NO removal activity of CNSr-0.1.

4. Conclusions
In summary, this study demonstrates that celestine modiﬁed g-C3N4
exhibits highly enhanced photocatalytic activity for NO removal, under
visible light irradiation. The introduction of an appropriate amount of
celestine can improve the SBET which allows the catalytic material to
adsorb and transfer more reactant, providing more active sites for the
photocatalytic reaction. Furthermore, Sr2+ ions are beneﬁcial for the
separation and transfer of photo-generated electrons and holes, promoting photocatalytic activity. Sr° can facilitate the generation of %OH
via a Fenton like reaction, with the increased level of %OH contributing
to improved oxidation ability and photocatalytic eﬃciency.
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