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Abstract: To develop highly efficient heterogeneous photocatalysts for the activation of dissolved
oxygen is very interesting in the field of green degradation of organic pollutants. In the paper,
oxygen atom doped g-C3Ny (O-g-C3N,) was prepared via a facile chemical oxidation of g-C3Ny by
peroxymonosulfate. X-ray photoelectron spectroscopy analysis suggests the oxidative treatment of
g-C3Ny by peroxymonosulfate eVidently increased atomic percentage of oxygen on O-g-C3Ny surface
to 6.9% as compared with 1.8% for g-C3Ns. Meanwhile, the doped oxygen atom mainly existed as
carbonyl and carboxyl groups. Optical characterization indicates the introduction of oxygen improved
the response of O-g-C3Ny to visible light, and more obviously, separation of photo-generated h*-e™.
4-chloro-7-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl) probe measurement indicates the formation of
0,°~ was dramatically enhanced through activation of dioxygen by photo-generated electrons in
the O-g-C3Ny photocatalytic system. Through high performance liquid chromatography (HPLC)
and Liquid chromatography—mass spectrometry (LC-MS) analysis, it was found rhodamine B (RhB)
photocatalytic degradation by O-g-C3Nj followed step by step N-deethylation reaction pathways
induced by the formed O,*7, rather than the non-selective decomposition of the chromophore in
RhB by other radicals, such as hydroxyl radicals. This study provides a facile method to develop
oxygen atom doped g-C3Ny photocatalyst, and also clarifies its photocatalytic activation mechanism
of molecular oxygen for N-deethylation reaction of RhB.

Keywords: photocatalysis; oxygen doped g-C3Ny; activation of dioxygen; superoxide radicals;
selective N-deethylation of rhodamine B

1. Introduction

Photocatalysis is a promising method, due to its potential to use solar light to generate reactive
species, having a bright prospect in environment and energy fields [1,2]. Among them, graphitic
carbon nitride (g-C3Ny) has attracted much attention as a metal-free semiconductor, due to its excellent
response to visible light, tunable electronic structure and promising application for decontamination,
hydrogen eVolution and organic syntheses [3-8]. However, g-C3Ny4 photocatalysis usually exhibited
unsatisfactory photocatalytic activity, due to the weak visible light absorption and high recombination
of photo-generated carriers (h™-e™). To promote its photocatalytic performance, several measures
have been carried out as fellows. (1) doping of g-C3N4 with nonmetal elements, such as carbon [9],
O [10], P [11], S [12], B [13], N vacancy [14,15], and metal elements (Fe [16], Cu [17]); (2) improving the
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separation of photo-generated h*-e” by preparation of thin- and single-layer g-C3N, nanosheets [18],
and (3) developing composite photocatalysts with other conductors or semiconductors (Ag [19],
TiO, [20,21], WO3 [22], BiOBr [23], AgzPOy [24]).

Oxygen doping was found to be an excellent strategy to promote the photocatalytic activity of
g-C3Ny. Li et al. introduced oxygen heteroatom in C3Ny by facile HyO, hydrothermal approach at
140 °C for 10 h [8]. Guo and his coworkers fabricated holey structured g-C3N4 doped with edge
oxygen via photo-Fenton reaction [25]. In these works, the photocatalytic activity of g-C3Nys was
improved, due to the O-doping [10,25-27]. However, it was attributed to the enlarged surface area,
extended visible light absorption, and improved separation of h*-e™ of photocatalytic g-C3Ny, eVen
without normalizing for their specific surface areas. Therefore, the real contribution of separation of
photo-generated h*-e” to the overall photocatalytic performance of g-C3Ny can hardly be eValuated.
Moreover, the influence of oxygen doping on the formation of reactive radicals from photocatalytic
g-C3Ny was not systematically investigated.

Therefore, we developed a facile method to dope g-C3Ny with oxygen by oxidation of g-C3Ny
nanosheets with peroxymonosulfate (PMS) under ultrasonic treatment at 60 °C for 30 min. PMS
is a commonly used strong oxidant with the redox potential of 1.82 V, higher than that of H,O,
(1.77 V) [28]. Moreover, PMS can be activated to produce sulfate and hydroxyl radicals with a
higher oxidation potential of 2.5-3.1 V and 1.8-2.7 V [29]. Therefore, we infer that PMS can directly
oxidize and indirectly oxidize g-C3Ny by the generated radicals, and oxygen atoms can be introduced
into g-CsNy. After characterization by various physical-chemical methods, oxygen doped g-C3Ny
(O-g-C3N4) nanosheets were successfully prepared. In comparison with g-C3Ny, O-g-C3N, nanosheets
displayed extended absorption to visible light and much lower recombination of photo-generated
h*-e”, which survived more photo-generated electrons for enhanced activation of dioxygen via
one-electron reduction process. O,*~ was confirmed as the dominant oxidant and induced step by step
N-deethylation reaction of RhB in the O-g-C3N, photocatalytic system. The reaction mechanism for
RhB degradation is greatly different from the non-selective decomposition of the chromophore in RhB
by other radicals, such as hydroxyl radicals reported in the previous literature. The selectivity of the
end product of N-deethylation reaction of RhB rhodamine 110 was calculated as 75% in 75 min in the
O-g-C3Ny photocatalytic system.

2. Results and Discussion

2.1. Characterization

Figure 1 presented the X-ray diffraction (XRD) of g-C3N4 and O-g-C3Ny. Both samples displayed
a sharp diffraction peak of (002) at 26 = 27.4° and a weak peak of (100) at 28 = 12.9°, indicating that
oxygen doping has not changed the intrinsic crystal structure of g-C3Njy.
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Figure 1. XRD patterns of g-C3Ny and O-g-C3Ny.
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The morphology of O-g-C3Ny4 photocatalysts was observed by Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). Both samples displayed the characteristic morphologies
of g-C3Ny. As shown in Figure 2a,b, g-C3N4 and O-g-C3Ny4 photocatalysts were of highly condense
two-dimensional sheets. However, it is difficult to quantify the nanosheet size of O-g-C3N4 and g-C3Ny
to differentiate which one is smaller. The obvious change for O-g-C3Ny after oxygen doping was the
presence of much more hole structure on the surface of O-g-C3Nj as observed in the TEM image in
Figure 2d. The formation of a hole in O-g-C3N,4 sample may be induced by the oxidative etch of
the g-C3Ny surface by PMS, due to its high oxidation potential and higher oxidation ability of the
generated sulfate and hydroxyl radicals. The similar observation was also reported in the oxidative
treatment of g-C3Ny by photo-Fenton reaction [25] and by H,O, in the hydrothermal process [16].

Figure 2. (a,b) SEM and (c,d) TEM images of (a,c) g-C3N4 and (b,d) O-g-C3Njy.

The effect of PMS oxidation on specific surface area (SSA) of O-g-C3N4 photocatalysts was
investigated through BET analysis. As seen in Figure 3, the SSA of g-C3N, was 14.5 m?/g, and was
changed to 14.7 m?/g after the doping of oxygen. The result indicates that the oxidation treatment by
PMS only tuned the surface oxygen groups on O-g-C3sNy4 photocatalysts, rather than the greatly-changed
surface area of bulk C3N, photocatalysts, as observed in the chemical and thermal exfoliation of bulk
g-C3Ny into single or few layers g-C3Ny nanosheets [30,31].
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Figure 3. N; adsorption-desorption isotherms of g-C3Ny4 and O-g-C3Ny4 samples.
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Energy Dispersive X-Ray Spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS) were
used to measure the percentages of doped oxygen in O-g-C3Njy photocatalysts. Firstly, both EDS and
XPS analysis indicated that g-C3N; and O-g-C3Ny photocatalysts contained C, N and O elements
(Figure 4a, Figures S1 and S2). As shown in Figures S1 and S2 (Supplementary Materials), EDS analysis
presented that the atomic percentage of oxygen in O-g-C3Ny sample was 3.16%, a little higher than
that (2.73%) in the g-C3Ny sample. The more obvious change for oxygen doping was observed on the
surface of O-g-C3Ny4 sample as characterized by XPS. Through XPS analysis, the atomic percentage of
O elements was measured as 1.8% for g-C3Ny photocatalyst. After treatment by PMS, the value was
increased to 6.9% by 2.83 times for O-g-C3N, photocatalyst (Figure 4a). These results indicated that
oxidative treatment by PMS tended to tune the surface oxygen amount because the oxidation reaction
induced by PMS mainly processed on the surface of g-C3N4 samples. To better reveal the chemical
state of C, N and O in the two photocatalysts, the XPS of C1s, N1s and Ols were also analyzed. The C1s
spectra in Figure 4b represented sp?>-bonded carbon at 287.5 eV was the main carbon species in the
g-C3Ny [32]. However, the surface content of spz-bonded carbon in total carbon was much decreased
from 84% for g-C3Ny to 51.2% for O-g-C3Ny4 sample. Accordingly, due to the oxidation effect by PMS
treatment, the intensity of the peak of at O=C-O or C-O groups 288.1 eV was greatly increased to
31.6% for O-g-C3Ny4 sample. The result was further supported by the increased of oxygen groups on
O-g-C3Ny surface (Figure 4c). The Ols spectra of the two samples can be mainly consist of two peaks
of the carbonyl group (C=0) and carboxyl group (O=C-0) at 531.0 eV and 532.0 eV [33]. As clearly
depicted in Figure 4c, the oxidation of g-C3Ny4 by PMS changed little the surface percentage of C=0O
and O=C-0O groups, while much more obvious change was the enhanced intensity of Ols spectra of
O-g-C3Ny4 sample than that of the g-C3Ny sample.
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Figure 4. XPS spectrum of g-C3N, and O-g-C3Ny: (a) Wide survey, high-resolution XPS spectra of (b)
C1s,(c)O1lsand (d) N 1s.



Catalysts 2020, 10, 6 50f 16

As seen in Figure 4d, the N 1s spectrum was composed of three peaks of C-N=C (sp?>-hybridized
nitrogen), N-C3 (sp>-hybridized nitrogen) and N-H group (amino functional groups with a hydrogen
atom), respectively [34]. For the g-C3N4 sample, the peak of C-N=C group was located at 397.95 eV.
After oxidation by PMS, the peak of C—-N=C group shifted to 398.15 eV. The positive shift of binding
energy was more likely, due to the doping of more oxygen atoms in the C3Ny skeleton as an
electron-withdrawing group.

The UV-visible absorption of O-g-C3N, samples was studied by diffuse reflective spectra (DRS). As
depicted in Figure 5a, the absorption of O-g-C3N4 sample was all enhanced in the UV-visible spectrum
from 200 nm to 600 nm, due to the doping of oxygen atoms. Accordingly, the color was changed
from light yellow for the g-C3Ny4 sample to yellow for O-g-C3Ny sample (Figure S3). The enhance
absorption effect was mainly attributed to the doping of more oxygen groups, such as carbonyl and
carboxyl groups in O-g-C3N, sample. Further, the band gap (Eg) was calculated by fitting with the
Tauc/David—Mott model ((ahv)1/n = A(hv — Eg)) [14,35]. As seen in Figure 5b, the Eg value was
obtained as 2.79 and 2.82 eV for O-g-C3Ny4 and g-C3Ny, respectively.
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Figure 5. Optical properties of g-C3N, and O-g-C3Ny: (a) DRS spectra, (b) plots of (V)2 = hv, ()
valence band (VB) XPS spectra and (d) scheme of VB and conduction band (CB) position.

To further gain band structures of both samples, the valence band (VB) maximum was measured
by VB XPS measurement. As depicted in Figure 5c, the difference value of between the Fermi level (Er)
value and VB maximum value (AE) was about 1.69 and 1.88 eV for g-C3Ny and O-g-C3N, samples,
respectively. Consequently, the conduction band (CB) and VB positions of g-CsN4 and O-g-C3Ny4 could
be obtained by using Eyp = AE — Eyac + Ws [36], where Ey,c is a constant of 4.5 eV, and W is work
functions. The W of g-C3N, is 4.0 eV [36]. As seen in Figure 5b, the band gap of g-C3N, and O-g-C3Ny
was 2.79 and 2.82 eV. Therefore, the VB positions (vs. NHE) were determined to be 1.38 and 1.19 eV for
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O-g-C3Ny4 and g-C3Ny, respectively. Accordingly, the Ecp was calculated as —1.63 and —1.41 eV for
O-g-C3Ny and g-C3Ny (Figure 5d and Table 1).

Table 1. Elemental composition, band structure and RhB degradation for g-C3Ny and O-g-C3Ny.

Samoles Oxygen Surface Oxygen Eg Evg Ecg SBET RhB Removal k
amp (at.%) (at.%) V) V) V) (m%/g) (%) (min-1)
g-C3Ny 2.73 1.8 2.82 1.19 -1.63 14.5 55.9 0.0032

0-g-C3Ny 3.16 6.9 2.79 1.38 -1.41 14.7 97.8 0.079

The high performance separation of photo-generated carriers is the key step to survive and form
reactive species. Therefore, we used photoluminescence (PL) emission spectra and photocatalytic
H; eVolution rate (HER) to study the separation of photo-generated carriers formed from photocatalytic
g-C3Ny and O-g-C3Ny [37,38]. As clearly found in Figure 6a, an obviously lower PL intensity
was observed with O-g-C3Ny than that with g-C3Ny4, demonstrating that the doping of oxygen
greatly improved the separation of photo-generated h*-e”. Moreover, the dramatic enhancement of
H,; eVolution by photocatalytic O-g-C3Ny in comparison with photocatalytic g-C3N, indicating much
more photo-generated electrons survived, due to the doping of oxygen in the g-C3N, photocatalyst
(Figure 6b).
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Figure 6. (a) Comparison of photoluminescence (PL) spectra and (b) photocatalytic H, eVolution rate
of pure g-C3Ny and O-g-C3Ny samples.

Based on the characterization above, the oxidative treatment of g-C3Ny greatly increased oxygen
content on the surface of O-g-C3Ny. The surface atomic percentage of Ols elements was increased
from 1.8% for g-C3Njy to 6.9% for O-g-C3Ny photocatalyst (Figure 4a). The doped oxygen atom
mainly existed as acarbonyl group and carboxyl group (Figure 4c). The dope of oxygen in O-g-C3Ny
improved the response to visible light (Figure 5a), and more importantly, promoted efficient separation
of photo-generated h*-e~ (Figure 6).

2.2. Photocatalytic Activity of O-g-C3Ny for Selective N-Deethylation of RhB

Firstly, the effect of oxidant PMS amount during the oxidative treatment process of g-C3N, on
the photocatalytic activity of O-g-C3Ny for RhB degradation was investigated. As Figure 7a, as the
amount of added PMS was increased from 1 to 2 g, RhB degradation was increased from 54% to 100%
in 60 min, as compared with 18% removal for g-C3N, photocatalyst. Accordingly, the reaction rate
constant k for RhB degradation was 0.0032 min~! for g-C3Ny, and increased by 4.4 and 24.7 times to
0.014 and 0.079 min~! for O-g-C3Ny-1 and O-g-C3Ny-2, respectively. However, when PMS amount
was increased further to 5 g, the RhB degradation in 60 min was reduced to 76%, and k value declined
to 0.022 min~! for O-g-C3N4-5. Moreover, Table S1 presented the comparison of the performance of
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as-prepared O-g-C3Ny samples and other doped g-C3Ny previously reported for RhB degradation.
As can be clearly seen, as-prepared O-g-C3N, presented excellent photocatalytic performance among
the reported doped g-C3Ny catalyst for RhB degradation and the highest enhancement effect than
g-C3Ny. Therefore, PMS amount was optimized as 2 g for the preparation of O-g-C3N, samples, which
were used as a model catalyst to study the enhanced photocatalytic mechanism of oxygen doping in
the g-C3N, photocatalyst.
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Figure 7. (a) Degradation profile of RhB calculated based on the absorption at 554 nm by photocatalytic
g-C3Ny and O-g-C3Ny prepared with different PMS amounts. UV-vis absorption spectral changes for
RhB degradation in the (b) g-C3Ny4 and (c) O-g-C3Ny photocatalytic systems. (d) Hypsochromic shifts
of the maximum absorption wavelength for RhB degradation by photocatalytic g-C3N4 and O-g-C3Njy.

To more clearly reveal the RhB degradation process, UV-visible absorption spectrum of the reaction
solution in the photocatalytic system of g-C3Ny4 and O-g-C3Ny was recorded. As shown in Figure 7b,
the initial RhB solution showed the maximum absorption wavelength of 553 nm. As the photocatalytic
reaction proceeded, the maximum absorption of RhB at 553 nm slowly declined, suggesting that
RhB was readily degraded by using g-C3Ny4 as a photocatalyst. After calculation based on the
decrease of maximum absorption at 553 nm, about 18% RhB was decomposed in 60 min in the g-C3Ny
photocatalytic system. Moreover, the maximum absorption wavelength shifted from 553 nm to 546 nm
by 7 nm (Figure 7d). Comparably, the used of O-g-C3N, as a photocatalyst induced the rapid decrease
of maximum absorption of RhB at 553 nm. After 60 min reaction, the absorption of the reaction
solution at 553 nm was decreased to zero, indicating that RhB was completely decomposed (Figure 7c).
More obviously, the maximum absorption of the reaction solution wavelength shifted dramatically
from 553 nm to 494 nm by 59 nm (Figure 7d). Based on the previous literature [39-42] and LC-MS
analysis discussed below, the blue shift of the RhB reaction solution suggests that N-deethylation of
rhodamine B was conducted. Therefore, the doping of oxygen atom in O-g-C3Ny eVidently enhanced
the photocatalytic activity for the N-deethylation of RhB.
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To further reveal the N-deethylation process of RhB by photocatalytic O-g-C3Ny, the possible
intermediates were analyzed by LC and LC-MS. Firstly, Figure 8a shows there are two main peaks
occurred in the LC spectrum for RhB solution, suggesting that commercial RhB containing another
impurity. The impurity was the chemical corresponding to the removal of one ethyl group from RhB
(P1). Moreover, as the reaction proceeded, the peak area of RhB rapidly declined, suggesting the efficient
degradation of RhB by photocatalytic O-g-C3N4. Meanwhile, new LC peaks appeared, indicating that
intermediates were formed from RhB degradation by photocatalytic O-g-C3Njy. These intermediates
were identified by LC-MS. Five products were detected in the reaction solution besides RhB, and
their main fragment ions and molecular structure were listed in Table 2. The detected products are
generated from N-deethylation of RhB. As the reaction proceeded, the peak area of P1 firstly increased,
and decreased after reaction for 15 min. The reaction time for the occurrence of the largest peak area
of P1 and P2 was 15 min, while that of P3, P4, and P5 were prolonged to 30 min, 45 min and 75 min,
indicating stepwise N-deethylation process of RhB — P1 — P2 — P3 — P4 — P5 in the O-g-C3Ny
photocatalytic system (Scheme 1). The similar N-deethylation products of RhB were observed in
several photocatalytic systems [40,43-45].
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Figure 8. (a) HPLC spectra of degradation intermediated of RhB and (b) the profile for concentration
of rhodamine 110 as a function of reaction time in the O-g-C3Ny photocatalytic system.
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Scheme 1. Stepwise N-deethylation process of RhB in the O-g-C3Ny photocatalytic system.
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Table 2. LC-MS information about main fragment ions of degradation intermediated of RhB in the
O-g-C3Ny photocatalytic system by LC-MS (positive ion mode).

Retention Time Corresponding Assigned
HPLC Peaks (min) Intermediates of RhB ESIOMS2 m/z Substrates
C2H5\N o N‘/Csz
coHe” O B e > NCHs 443.2 (100%) (RhB-Cl)*
RhB 7.753 o 4442 (31.5%) (RhB-Cl+H)*
0 4452 (5.4%) (RhB-Cl +2H)*

,»C2Hs

H
N.
ot L Neene 415.2 (100%) 1+
P1 6.157 o 416.2 (29.3%) (P1+H)*
@ 417.2 (4.8%) (P1+2H)*
o .
/ O /\Csz 387.2 (100%) P2
P2 4.890 Catte = 388.2 (27.1%) (P2+H)*
@ COoH 389.2 (4.1%) (P2+2H)*
L~ CoHs

HN B ) NN 387.2 (100%) p3*
P3 3.640 388.2 (27.1%) (P3+H)*
QD coon 389.2 (4.1%) (P3+2H)*

o
N O ‘l e 2 NCoH, 359.1 (100%) P4

P4 3.010 o 360.1 (24.9%) (P4+H)*

<D 361.1 (3.6%) (P4+2H)*

()

H,N 0. NH,
() 331.1 (100%) P5*
P5 2273 o 332.1 (22.7%) (P5+H)*
@ 333.1 (3.1%) (P5+2H)*

To accurately eValuate the N-deethylation process of RhB, the concentration of generated P5
was measured in the reaction process by using a standard material of rhodamine 110. As depicted
in Figure 8b, as the reaction preceded, the concentration of rhodamine 110 was gradually increased,
and reached a maximum of 11.03 umol/L in 75 min. Through calculation, the selectivity of rhodamine
110 was as high as 75% in 75 min. The value was consistent with the contribution of O,*~ to degradation
of RhB (74.5%) as seen in Figure 9¢, suggesting stepwise N-deethylation process of RhB was mainly
induced by the produced O,°~ in the O-g-C3N, photocatalytic system. When the reaction further
proceeded, the concentration of rhodamine 110 declined, suggesting it can be further degraded by
generated h* and O,°” in O-g-C3Ny photocatalytic system.

To fully understand N-deethylation process of RhB over O-g-C3N4 photocatalyst, the adsorption
of RhB on O-g-C3N, surface was eValuated with g-C3Nj as a comparison. As seen in Figure 54,
the adsorption/desorption of RhB on catalyst surface can quickly reach equilibrium in 30 min. About
14.8% and 8.6% of RhB can be removed via the adsorption effect on the surface of g-C3N4 and O-g-C3Ny
catalysts. The higher adsorption of RhB on O-g-C3N, than that on g-C3Ny4 was attributable to the
enhanced electrostatic interaction between RhB and O-g-C3Ny, due to the more negatively charged
surface of O-g-C3Ny at reaction pH of 5. As seen in Figure S5, O-g-C3Ny4 had an isoelectric point
(pHpzc) at 4.0, while pHp,c of g-C3Ny was about 4.9. At reaction pH 5, the surface of O-g-C3Ny
was more negative than that of g-C3Ny4, which facilitated the adsorption of cationic dye RhB on the
surface of O-g-C3Ny. As characterized by XPS in Figure 4c, the doped oxygen atomics existed in the
form of carbonyl and carboxyl groups. At reaction pH 5, surface carboxyl groups can behave as a
negatively charged adsorption sites to electrostatically link with the positive diethylamine groups
in RhB (Figure S6). Under visible light irradiation, RhB degradation occurred preferentially via the
stepwise N-deethylation attacked by formed O,°*~ in O-g-C3Ny4 photocatalytic system.
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Figure 9. Effects of different quenchers on RhB degradation over (a) g-C3N, and (b,c) O-g-C3Ny4
under visible light irradiation. (d) Measure the eVolution of O,°*~ radicals in the different systems by
photoluminescence measurement.

2.3. Radicals Identification and Catalytic Mechanism

Previous literature indicate h*, O,*~ and -OH were generally formed as free radical species
from photocatalytic C3Ny4 for the decomposition of organic pollutants and transformation of toxic
metallic contaminants. Therefore, the generation of the three reactive species was checked in O-g-C3Ny
photocatalytic systems by using TBA, TEA and BQ as efficient quenching agents, respectively [46,47].
As clearly seen in Figure 9a, the addition of 25 mM BQ exhibited much inhibition to RhB degradation by
photocatalytic g-C3Ny than other quenching agents, such as TEA and TBA, suggesting that O,°*~ was
the dominant oxidant for RhB degradation over photocatalytic g-C3N4. Meanwhile, the continuous
bubbling of N, also greatly depressed RhB degradation over photocatalytic g-C3Ny, indicating the
importance of dissolved oxygen as the precursor of O,°~.

Similarly, as seen in Figure 9b,c, RhB degradation in the O-g-C3Ny4 photocatalytic system was
greatly inhibited by the addition of 25 mM BQ. The RhB degradation rate in 60 min declined from 99.5%
to 25% by about 74.5%, due to the presence of BQ. The result hinted the pivotal role of O,*~ in RhB
photocatalytic degradation by O-g-C3Ny. Moreover, the addition of TEA decreased RhB degradation in
60 min to 85%, suggesting that photo-generated holes also made a contribution to RhB degradation by
photocatalytic O-g-C3Ny. Comparably, the addition of TBA showed little depress to RhB degradation,
suggesting there are little -OH was formed in the photocatalytic system. Finally, dissolved oxygen
as the precursor of O,°~ was also checked by the inlet of N. It was found that the introduction of
N, showed comparable depress effect on RhB degradation as that by the addition of BQ. Therefore,
it can be inferred that O,°~ was produced from the activation of dioxygen in the reaction solution
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by photo-generated electrons. In conclusion, O,*~ was the major oxidant for RhB degradation by
photocatalytic g-C3Ny and O-g-C3Ny with the minor role of photo-generated holes.

The conclusion was further supported by the enhanced generation of O,*~ from photocatalytic
0O-g-C3Ny than that in the g-C3Ny4 photocatalytic system as observed in Figures 9d and 10. In the first set
of experiments, NBD-Cl was used as the fluorescent probe to compare the formation of O,°~ in the two
systems [48]. Figure 9d displays the fluorescent intensity of the reaction product of O,*~ and NBD-Cl
in the O-g-C3N4 photocatalytic system was five times of that in the g-C3N4 photocatalytic system,
indicating that dramatic promoting generation of O,°~ over photocatalytic O-g-C3N4. Moreover,

the enhanced formation of O,*” over photocatalytic O-g-C3N4 was also confirmed by electron
spin resonance (ESR). In Figure 10, there were no obvious signals of O,°~-5,5-dimethyl-1-pyrroline
N-oxide (DMPO) adduct in the g-C3N4 photocatalytic system, while in the presence of O-g-C3Ny as
a photocatalyst, the intensity of ESR signals of O,°*"-DMPO adduct was much bigger. Moreover, it
was also found that the inlet of N in the reaction solution decreased the intensity of ESR signals of
0,°*7-DMPO adduct in the O-g-C3N, photocatalytic system, further confirming dissolved oxygen as
the precursor of O,°”. Based on the discussion above, the dope of oxygen in O-g-C3N, improved the

phtocatalytic activity especially for dioxygen activation and the generation of O,°*".

N,/O-g-CN,
3 s s man T Aot
&
>
= 0-g-C.N
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Magnetic field (G)

Figure 10. ESR spectra of superoxide radicals (O,*~) spin-trapped by DMPO.

Based on the discussion above, the oxidative treatment of g-C3Ny greatly increased oxygen content
on the surface of O-g-C3Ny. The atomic percentage of Ols elements was increased from 1.8% for
g-C3Ny to 6.9% for O-g-C3Ny4 photocatalyst. The doped oxygen atom mainly existed as a carbonyl
group and carboxyl group. The dope of oxygen in O-g-C3Ny4 improved the response to visible light
(Figure 5a), and more importantly, promoted efficient separation of photo-generated h*-e~ (Figure 6),
producing more reactive species. Especially, the formation of O,*~ was dramatically enhanced in the
O-g-C3Ny photocatalytic system, as seen in Figures 9d and 10. At reaction pH 5, negatively charged
surface facilitated adsorption of RhB via electrostatic effect (Figure S6). Consequently, under visible
light irradiation, RhB degradation processed preferentially via the stepwise N-deethylation attacked by
formed O,°*~ in O-g-C3Ny4 photocatalytic system. The selective and stepwise N-deethylation reaction
of RhB by photocatalytic O-g-C3N, is quite different from the non-selective decomposition of the
chromophore in RhB by other radicals, such as hydroxyl radicals. The selectivity of the end product
of N-deethylation reaction of RhB rhodamine 110 was calculated as 75% in 75 min in the O-g-C3Ny
photocatalytic system.

2.4. Stability of O-g-C3Ny

Stability of O-g-C3Ny was eValuated by performing RhB degradation by recycled photocatalysts
for several cycles. As shown in Figure 11, O-g-C3N, presented excellent photocatalytic stability for
RhB degradation as indicated by as high as 95% removal of RhB in the fifth run. In addition, O-g-C3Ny
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also exhibited high structure stability as confirmed by no obvious change of XRD characteristic peaks
(Figure 11b).

1.0 ’
(a) (b) ©02)
th th

084 |1 P 3 4 5
0.6

* (100) after use for 5 times
0.4 .
0.2

60 120 180 240 300

0.0
0

c/e,

Intensity / a.u

Time / min 20 / degree

Figure 11. (a) Degradation profiles of RhB by recycled O-g-C3Ny for five times. (b) XRD of the fresh
and used O-g-C3Ny for five times.

3. Materials, Experiment and Analysis Methods

3.1. Materials

Melamine, triethanolamine (TEA), peroxylmonosulfate (PMS), tert-butyl alcohol (TBA),
4-chloro-7-nitrobenzo-2-oxa-1,3-diazole (NBD-CI), p-benzoquinone (BQ), rhodamine B (RhB) and
rhodamine 110 chloride (CAS 13558-31-1) were obtained from Aladdin Biochemical Technology Co.,
Ltd., Shanghai, China. All the used reagents were analytic reagent grade.

3.2. Preparation of g-C3N4 and Oxygen Doped g-C3N4 Catalysts

g-C3N4 was obtained by direct pyrolysis of melamine. Especially, 10 g melamine was put into an
alumina crucible with a cover, then heated to 550 °C at a heating rate of 10 °C/min and kept at this
temperature for 2 h in air atmosphere. The yield of g-C3N4 was about 35.8%.

The prepared g-C3N4 samples were further used to prepare oxygen doped g-C3Ny (O-g-C3Ny).
Typically, 1.0 g of g-C3N, samples were added in 25 mL ultrapure water and were dispersed through
ultrasonic treatment for 5 min. Then PMS solid was poured, and further treated at 60 °C for 30 min
with ultrasonic power of 80 W. The product was collected by centrifugation, washing with ultrapure
water, and then drying. The addition amount of PMS was 1, 2 ad 5 g. Accordingly, the resulted product
was named as O-g-C3Ny-1, O-g-C3Ny-2 and O-g-C3Ny-5.

3.3. Characterization

The morphology of samples was obtained by Hitachi SU8010 field emission SEM (Tokyo, Japan)
and further confirmed by TEM (Tecnai G2 20 S-TWIN, Hillsboro, OR, USA). XRD was collected on
a Bruker D8 Advance with Cu K« radiation. XPS was analyzed on an AXIS-ULTRA DLD-600W
instrument of Shimadzu (Shimadzu, Kyoto, Japan). The BET specific surface areas were obtained on
an Autosorb iQ2 apparatus of Quantachrome (Anton Paar, Graz, The Republic of Austria). UV-vis
DRS was collected on Shimadzu UV-2600 spectrometer (Shimadzu, Kyoto, Japan).

3.4. Photocatalytic Reaction

RhB was chosen as a model pollutant to compare the photocatalytic performance of g-C3Ny
and O-g-C3Ny. Typically, 50 mg catalysts mixed with 50 mL of RhB aqueous solution to obtain the
catalyst load of 1 g/L and RhB concentration of 15 mol/L. pH of the reaction solution was not adjusted.
The initial pH was about five and little changed during the reaction process. After stirring in the dark
for 30 min at 300 rpm to reach the adsorption/desorption equilibrium between RhB and O-g-C3Ny
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catalysts, the reaction was processed by irradiation by a 500 W halogen lamp with cut-off filter (A >
420 nm) [49]. The lamp was placed in the middle of the reactor. A jacket out of the reactor filled with
flowing water was used to keep the temperature of the system at 25 °C. The lamp was about 15 cm
away from the suspension surface. During the reaction process, 1.5 mL solution was sampled and
analyzed by eVolution 201 UV-visible spectrometer (Thermo Scientific, Waltham, MA, USA).

Pseudo first order reaction kinetics of In(c/cg) = —kt was used to fit RhB degradation in the
photocatalytic g-C3Ny and O-g-C3Ny.

3.5. Chemical Analysis

The concentrations of RhB and rhodamine 110 were analyzed with the UltiMate 3000 series HPLC
(Thermo Scientific, Waltham, MA, USA). The other intermediates for RhB degradation by photocatalytic
O-g-C3Ny were identified by LC-MS (1100 LC/MSD Trap, Agilent, CA, USA). The generated radicals
were identified by electron spin resonance (ESR) assay.

4. Conclusions

In the paper, a facile method was developed to prepare oxygen doped g-C3Ny nanosheets by
oxidation by peroxymonosulfate under ultrasonic treatment. Oxidation of g-C3N4 by PMS increased
oxygen content from 1.8% for g-C3Ny to 6.9% for O-g-C3Ny4 nanosheets. The doping of oxygen-enhanced
photocatalytic performance of O-g-C3Ny for activation of molecular oxygen, due to extended absorption
to visible light and obviously improved separation of photo-generated charge carriers compared with
g-C3Ny nanosheets. Superoxide radicals were identified as the main free radical for step by step
N-deethylation reaction of rhodamine B (RhB) by O-g-C3Ny photocatalysis with the highest selectivity
for rhodamine 110 of 75%. The degradation pathway of RhB by O-g-C3N4 photocatalysis is quite
different from the non-selective decomposition of the chromophore in RhB by other radicals, such
as hydroxyl radicals reported previously. This study, thus, provides a highly efficient g-C3N4 based
photocatalyst for the activation of molecular oxygen for the green oxidation of organic pollutants.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/1/6/s1, Figure
S1: EDS and elemental composition of O-g-C3Ny, Figure S2: EDS and elemental composition of g-C3Ny, Figure
S3: Photos of g-C3N4 and O-g-C3Ny, Figure S4: RhB adsorption on surface of g-C3Ny and O-g-C3Ny, Figure S5:
Zeta potential of g-C3N4 and O-g-C3Ny, Figure S6: Model for adsorption and stepwise N-deethylation process
of RhB on O-g-C3N4 surface under visible light irradiation, Table S1: Comparison on the doped g-C3Ny for
RhB degradation.
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