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The development of photocatalysts for the efficient generation of hydrogen peroxide (H205) and degradation of
antibiotic pollutants is a mutual-beneficial solution to the chemical resource demands and environmental
remediation. Herein, efficient visible-light-driven HoO2 production and antibiotic degradation are achieved by
using nitrogen-deficient modified polymeric carbon nitride (g-C3N4) to facilitate the reduction of dioxygen. The
N defects modified g-CsN4 reached an excellent HyO, generation rate of 623.5 pmol g~ 'h™! without O, bubbling.
The structural features and entire photocatalytic conversion process were systematically studied via experiments
and theoretical calculations. It was found that the N defects in the framework constructed a giant internal electric
field (IEF), which effectively inhibited carrier recombination. Revealed the neglected HoO5 production via l02
pathway, which effectively promoting the selective 2e™ oxygen reduction reaction (ORR). More interestingly, the
N defects structure greatly improved the Oy adsorption ability and O, production ability of the material, while
inhibiting the in situ generated H2O» from being decomposed and maintaining high efficiency of HyO2 pro-
duction under air conditions. This study thoroughly revealed the synergistic effects of the terminal cyano group

and nitrogen vacancies over g-C3Ny for efficient HoO5 photogeneration photosynthesis.

1. Introduction

Hydrogen peroxide (H202) is considered as a potential clean and
high-energy oxidant, which is widely applied in electronic industries,
pulp bleaching, textile industry, and detergent industry [1-4]. Particu-
larly in the field of environmental protection, HyO» is utilized in
advanced oxidation processes (AOPs) to generate reactive species (*OH,
*OOH) for pollutant degradation, surface soil remediation, and water
disinfection [5-8]. However, the traditional HyO2 production methods,
such as the anthraquinone method, have severe shortcomings. Examples
include highly energy-consuming or complex industrial processes
[9-11]. Photocatalysis, the most economical and cleanest method to
generate HyO, has received increasing attention in recent years
[12-15]. The photosynthesis of HoOy adhere to the basic principle of
photocatalysis. Generally, oxygen in aqueous solution is reduced to
H,0; via a two-electron pathway (O3 + 2H' + 2e~ — Hy0, E = 0.68

Vnug) [16,17]. This reaction competes with the four-electron pathway
(02 + 4H" 4 4e~ - 2H,0), which is more exergonic thermodynamically
than the 2e™ pathway. In this regard, developing novel photocatalysts
with a higher degree of selectivity and cost-effectiveness for 2e~ oxygen
reduction reaction (ORR) is still a critical challenge [13,18].

The graphite carbon nitride (g-C3N4), a semiconductor with low-cost
and non-metal properties, exhibits giant application potential in the
research of HyO, generation [19,20]. Since the splitting of water re-
quires overcoming a huge energy barrier, the reactions are usually
carried out in the presence of alcohols as sacrificial agents [20]. Such as
ethanol, photoexcitation on the surface of the material generates holes
to oxidize the alcohol and produce aldehydes and protons, while e~
promotes the two-electron reduction of Oy and produces HyO, [21].
Several g-C3N4 catalysts modified with organic semiconductors such as
aromatic diamines or loaded with Au or Au-Ag alloy nanoparticles have
been proposed [22]. However, most of them exhibit poor selectivity for
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the two-electron oxygen reduction of HoO». This may be related to the
pathway of HoO5 generation. In most of the studies, the single electron
reduction of Oy is dominant and generates superoxide radicals. The
H20; is generated by the superoxide radical pathway. The loss of elec-
trons may exist in this two-step reduction process. Inhibiting the selec-
tive two-electron oxygen reduction to produce HyO, [21]. In addition,
another reason for the low Hy0; selectivity is that the HyO5 formed in
situ may occupy the reactive site and decomposed by reacting with the
CB electrons and VB holes of the material. Further affects the total yield
of Hy0». It can be seen that efficient HoO» production requires selective
promotion of the two-electron reduction of Oy and inhibition of the
photodecomposition of the subsequently formed HyO5,

More important, the photocatalytic performance of the material is a
major influencing factor for the selective reduction of HyO2 production.
The rapid recombination of electron-hole pairs generated by photoex-
citation inhibits the production of HyO,. The introduction of structural
defects into the g-C3Ny4 plane, such as surface groups and vacancies, has
been embraced as an efficient technique for considerably increasing
photocatalytic activity [23-25]. The vacancies created in g-C3N4 can act
as extra reactive sites to catalyze surface photoreactions more efficiently
[24]. In addition, the crystallinity of g-CsN4 can be greatly affected
while constructing vacancies, which significantly affects the photo-
catalytic performance and limits the application dramatically. Intro-
ducing novel functional groups inside the frameworks with g-CsN4 can
modify the electronic structure and make the local electrostatic potential
differences stronger [26-28]. More significantly, this change is similar
to semiconductors with an internal electric field (IEF). The IEF facilitates
charge transport and separation, which improves the photocatalytic
ability even more [26,27,29,30]. Therefore, the introduction of func-
tional groups based on the conventional vacancy defects is a feasible
method to improve the photocatalytic efficiency.

Herein, the g-C3N4 with rich N vacancies and cyano groups (denoted
as Nv-M) was fabricated through facile urea polymerization utilizing
KOH to modify the carbon nitride framework. The theoretical calcula-
tions demonstrated how the introduction of N vacancy and cyano group
induces an uneven charge distribution while regulating the energy band
structure. Such unique phenomena further promote the formation of IEF
steering charge migration and separation, which significantly improves
the photocatalytic performance. However, studies on IEF for N defects g-
C3Ny4 have mostly stayed in theoretical calculations [31,32]. Here we
further show the effect of introducing N defects on the IEF of the g-C3Ny
in combination with characterization and Kanata model. It has been
demonstrated that the enhanced adsorption ability of O directly con-
tributes to the photocatalytic ORR, and the possible reaction pathways
for photocatalytic HyO2 production were proposed subsequently. After
activation by visible light under air condition, the as-prepared photo-
catalysts successfully oxidize water and maintain high selectivity for 2e™
ORR. There are many studies on the production of HyO, by the O3
pathway, the production of HyO5 by the 10, pathway is less [33,34].
Most of them stay at the level of theoretical calculations, and the reac-
tion mechanism is still unclear [34]. Here, we propose a possible
pathway to produce Hy0, from '0,. O, directly produces 10, via the
energy transfer pathway, and 'O, produces H,O, via two-electron
reduction. Meanwhile, the introduction of N defects in the modified
material effectively inhibits the in situ decomposition of HyO5. The two-
electron oxygen reduction selectivity of HoO, was further enhanced.
Furthermore, the photogenerated holes (h™) oxidize water to produced
O, and protons, while the electrons (e™) accelerate the 2e™ reduction of
O, which further enhanced the photocatalytic performance under
visible irradiation. Subsequently, we assessed the efficacy of the Nv-M
photo-generated *Oz and 'O, for water decontamination using tetracy-
cline (TC, a common broad-spectrum antibiotic used globally) as a
model organic molecule [8,35,36]. Combined with the photo-
degradation experiment, the presence of the generated ROS were further
confirmed, which broadened the application of the as-prepared Nv-M
photocatalysts in environmental remediation.
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2. Experimental section
2.1. Photocatalysts preparation

The synthesis of primitive g-C3N4 (PCN): the primitive g-C3N4 was
synthesized according to the reported method [37]. Briefly, carry 15 g of
urea in a lidded crucible, and then calcined for 2 h at 550 °C in a muffle
furnace under air condition. The heating rate used in this case was 10 °C
min~1,

The synthesis of Nv-M: 15 g of urea and a certain weight of KOH were
dissolved in 30 mL deionized water and dried at 80 °C for 16 h until
complete evaporation. The solid product was then put into the lidded
crucible and calcined at 550 °C for 2 h. The experimental conditions
were consistent with the primitive material. The product was then rinsed
with deionized water and ethanol alternately to eliminate the remaining
alkali. The samples with different KOH usage (0.01, 0.05, 0.1, 0.2 g)
added were represented by Nv-M (M is the amount of KOH).

2.2. Photocatalytic reduction of Oz to Hy02

Typically, 50 mg of material (1 g L™1) was dispersed in 45 mL pure
water and 5 mL isopropanol (IPA). Then the reaction was carried out for
30 min under dark conditions to completely disperse catalyst powder
and ensure the adsorption-desorption equilibrium among the catalyst,
dissolved oxygen, and solution. After that, the photoreaction test was
started by irradiating reaction solution with a 300 W Xenon lamp (A >
420 nm, 40 mW cm2). In the light illumination process, 0.5 mL of
sample was taken at the given time interval. Then the samples were
filtered through Millipore filters (0.45 pm) to separate the materials. To
further explore how H™ concentration affects the reaction, the pH of the
reaction solution was adjusted by HCIO4 and KOH. The concentration of
the H,0, was determined by iodometry method [2]. The total amount of
H20; produced during the reaction can be calculated from the absor-
bance at 350 nm measured by UV-vis spectroscopy.

Additionally, the quenching experiment has been performed to
explore the role of the reactive species. In a typical trial, various 2 mM of
scavengers, including AgNOs, EDTA-2Na, TEMPOL, L-tryptophan, and
1 mL methanol, were individually added into the reaction process for
trapping electron (e”), hole (h™), superoxide radical (*Oz), singlet ox-
ygen (10y), and hydroxyl radical (*OH), respectively. The influence of
different gases (N or O3) on the photocatalytic generation activity of
H,0, was discussed. First, continuously inject N5 into the reaction so-
lution under dark conditions for 60 min to ensure that no O, remains.
Then the photocatalysis experiment was carried out under the condition
of continuous N5 flow.

2.3. Photocatalytic degradation of TC

In the model experiment, 100 mL of TC (20 mg mL™h) aqueous so-
lution was stirred with 50 mg of photocatalyst in the dark for 30 min, so
that the balance of adsorption-desorption could be reached. Then the
reactor was illuminated with the 300 W Xe lamp (A > 420 nm) under
continuous stirring. At each time interval, 1 mL of the sample was taken
and filtered through a 0.45 pm filter membrane. Finally, a UV-vis
spectrophotometer was used to analyze the TC concentrations. The
quenching experiment has been performed by added different quench-
ing agents into the TC photodegradation experiments under the same
conditions, the concentration of AgNOs, EDTA-2Na, TEMPOL, L-tryp-
tophan, catalase added to the reaction system were all 2 mM, and 1 mL
methanol was added into the reaction system.

3. Results and discussion
3.1. Microscopic morphology and band structure of Nv—M

Nitrogen-deficient modified g-CsN4 was fabricated through a
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selective in-situ introduction of nitrogen defects via KOH-assisted urea
at relatively high temperature by thermal polymerization. The molec-
ular structure was shown in Fig. 1a, where a N vacancy and cyano group
were introduced into the framework. Typical scanning electron micro-
scopy (SEM) results for PCN and Nv-M are provided in Fig. 1b and S1,
revealing similar irregularly curved layers and bulk-like structures.
Notably, Nv-M becomes more fragmented due to the etching effect of
KOH added during synthesis. Fig. 2a showed the N» physisorption
measurements. The BET (Brunauer, Emmett and Teller) specific surface
areas of PCN, Nv-0.05 and Nv-0.2 products were determined to be
86.42, 62.22, 22.31 m> g’l, correspondingly. It was observed that the N
defects modified Nv-M shows lowered surface area compared to the
PCN. Furthermore, the specific surface area of the material is gradually
reduced with the increased addition of KOH. This may be due to the fact
that the addition of KOH destroyed the original structure of the material.
This result can be further confirmed by combining the findings of SEM
and FTIR. (Fig. 1b and 3a) The higher specific surface area does not
necessarily ensure a higher H,O5 generation. The more reliable criteria
of photocatalytic HyO; generation performance was directly associated
to O2 adsorption capacity.

The light-harvesting ability and electrical performance of the as-
fabricated material were directly determined by the bandgap and
band edge [38]. Fig. S2 showed the UV-vis diffuse reflectance spec-
troscopy (DRS) spectra of PCN and Nv-M. The results showed that the
DRS of Nv-M was progressive redshift with increasing KOH usage, and
the color of samples changed from light yellow to dark. The intrinsic
adsorption bands were significantly enhanced due to the = — ©* over-
lapping electronic transition in the sp2-hybridized center in the aromatic
ring of the conjugate. New adsorption bands might be originated from a
lone pair of electrons on the defect sites. [39,40] The transformed
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Kubelka-munk function derived from Fig. S2 were shown in Fig. 2b, the
bandgap energy progressively narrowed from 2.61 (PCN) to 2.46 (Nv-
0.2) eV. From the respective XPS valence band (VB) spectra (Fig. S3), it
can be inferred that PCN and Nv-M have the same VB edge energy.
According to the formula: Enpg/v = @ +VBmax —4.44 (Engg is the po-
tential of NHE; @ is the electron work function of the analyzer, which is
3.88 eV; VB ax is 2.26 eV, which obtained from VB XPS spectra), the VB
was calculated to be 1.70 eV relative to the NHE at pH 7 [41]. The ob-
tained Mott-Schottky (M—S) plots with positive slopes suggested that
PCN and Nv-M were typical n-type semiconductors (Fig. S4).

3.2. Structural characteristics of defects in Nv-M

The PCN and nitrogen-deficient modified g-CsN4 structures were
investigated via X-ray diffraction (XRD) patterns. In Fig. 3a, all Nv-M
samples showed two peaks at near 13.0° and 27.5°, nominated as
(100) and (002) crystal planes [39,42]. The small shifts of (002) peak
can be indexed to the stacking distance between nanosheets progres-
sively smaller with increasing KOH usage. Furthermore, the character-
istic (100) peaks in Ny-M were gradually attenuated, proposing that the
etching effect of KOH influences the structure of g-C3N4. It may lead to a
slight disruption of well-ordered structure in the framework and the
creation of defects. Fig. 3b shows the Fourier transform infrared (FTIR)
spectroscopy, which elucidates the molecular structure evolutions.
Fig. 3b showed a typical characteristic peak of a heptazine ring at 808
cm™, confirming that a graphitic carbon nitride structure was formed.
The stretched —N—C—=N heterocycle gives rise to a strong band ranging
from 900 to 1750 em™! [37,43]. Compared with PCN, the skeletal
stretching model of Nv-M is unchanged during the evolutions, con-
firming that the material is still a heptazine unit structure. In addition, as

Fig. 1. (a) The structural modifications of PCN heptazine units introduce N defects. (b) The N defects induced modifications to the microscopic morphology (SEM) of

PCN. The blue, brown, and pink spheres represent N, C, and H atoms, respectively.
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Fig. 2. (a) the isotherms of N adsorption and desorption for PCN, Nv-0.05, and Nv-0.2. (b) Plots of the photon energy versus transformed Kubelka-Munk function for

all samples.

Fig. 3. (a) XRD patterns and (b) FTIR spectra of all samples. (c) The EPR spectra and (d) The solid-state 13C MAS NMR spectra of PCN and Nv-M.

shown in the highlighted red shaded area in Fig. 3b, two significant
changes can be seen as the amount of KOH increase. Firstly, the strength
of the N-H stretched vibrations gradually reduction in the interval from
3000 to 3350 cm ™' [37,39,43]. Second, the new peak was generated
around 2174 cm™?, which significantly derived from the asymmetric
stretching vibrations of the cyano groups [37,39,43]. The peak intensity

increases correspondingly with the increase in KOH usage, indicating
that the modification reduced the density of the N-H group as well as the
introduction of the cyano group. Electron paramagnetic resonance
(EPR) further confirmed these results. In Fig. 3, considering the slight
variation of y during the experiment, it can be found that the centers of
both Lorentzian lines are substantially the similar values of g (2.0021 for
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PCN and 2.0024 for Nv-0.05). This indicated that PCN and Nv-M pro-
duced the same type of lone pair of electrons [44]. However, the in-
tensity of Nv-0.05 is distinctly enhanced compared to PCN. This
indicated that the density of the unpaired electrons in Nv-0.05 was
higher than that of PCN [45]. The increased density of the unpaired
electrons was mainly caused by the introduction of N vacancy in Nv-
0.05. The loss of the N atoms from the aromatic ring of the modified
material left extra electrons [46,47]. These extra electrons can be reas-
signed to the nearest C atom, resulting in a higher density of unpaired
electrons [45,48]. Since Nv-0.05 introduced a strong electron-absorbing
cyano group capable of delocalizing the lone pair of electrons in the
n-conjugated heterocycle [44]. According to previous reports, such
delocalization of n-conjugated heterocycles can facilitate the production
of radicals, thereby improving the photocatalytic activity of the mate-
rials [29,44,45]. As shown in Fig. 3d, Solid-state 13C magic angle spin-
ning (NMR) was carried out to provide locations of the newly formed
cyano group. The spectrum of both PCN and Nv-0.2 showed two intense
vibrational peaks at 156.7 and 164.6 ppm, according to the C3y (1) and
Can—NHy (2) of the heptazine ring, correspondingly [39,49] Further-
more, two new peaks around 172.3 and 114.1 ppm can be clearly found
in Nv-0.2, which belong to the carbon atom (3) in cyano groups and the
neighbor carbon atom (4), respectively [29,39,49]. Compared with
PCN, the intensity ratio of peak (1) and peak (2) of Nv-0.2 changed from
1:2 to 1:2.27. Although not significant, the peak (1) related to Con—-NHx
loses its strength with the addition of KOH over the course of Nv-M
composition. According to the above results, the cyano group prob-
ably derived by deprotonating of -C-NHy.

X-ray photoelectron spectroscopy (XPS) as a tool for determining the
structure and elemental compositions of material surface. Table S1
showed the representative N/C and O/C ratio of atoms for the PCN and
Nv-M surfaces. The results showed that the examined oxygen content
was trace, which ruled out the feasibility of introducing a hydroxyl
group in the structure of the synthesized Nv-M. The XPS survey spectra
showed a slightly increasing trend of O 1 s peaks, which may be
attributed to the higher Oy adsorption capacity of the Nv-M (Fig. S5)
[37]. The N/C ratio of atoms dropped considerably from 1.24 (PCN) to
0.90 (Nv-0.2). These results indicated that surface N defects were
induced by KOH treatment. The C 1 s (Fig. 4a) and N 1 s (Fig. 4b)
spectrums of PCN and Nv-M samples were collected to identify the
introduced surface defects. The C 1 s spectra of PCN and Nv-M was
presented in Fig. 4a. It can be seen that both Nv-M and PCN contained
the same binding energy peaks at 284.8, 286.4, and 288.2 eV. These
were attributed to the adventitious carbons, C-NHy (x = 1, 2), and N-C
= N in typical aromatic g-C3N4 heterocyclics, respectively [37,49]. The
Cls spectrum of Nv-0.2 showed an intensified peak at 286.4 eV ascribing
to the cyano group, which has the same energy as C-NHy. The creation
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of a cyano group in Nv-M was further demonstrated by combining FTIR
and NMR as previously discussed. The N1s XPS spectra of PCN contained
three binding energy centered at 398.6, 400.2, and 401.3 eV. They
referred to bi-coordinated N (Nog), tri-coordinated N (N3¢), and amino N
(-C-NHy), respectively (Fig. 4b) [50,51]. The N3¢ peaks changed from
400.2 to 399.6 eV, which exhibited a tendency to shift toward a low
binding energy as the amount of KOH increased during thermal poly-
merization. This probably induced by the cyano group with a binding
energy that lies between Nyc and N3¢ (Table S2) [37]. Moreover, the
Noc/C atomic ratios of Nv-0.2 significantly decreased from 1.14 (PCN)
to 0.88 (Nv-0.2), suggesting that Ny defects were formed in Nv-M. As
seen in Fig. S6a, the most stable geometry of Nv-M was determined by
theoretically calculating the energies of the six potential models
(M1-M6). The Ny vacancies are preferentially designed in the vicinity
of the cyano group, since the lower energy indicates a more stable
structure (M6). The discovery shows a tendency for the cyano groups
and the N vacancies to be close (Fig. S6b) [39,52].

3.3. Carrier separation characteristics and internal electric field of Nv-M

Besides visible-light absorption and band structure, the defective
structure in Nv-M affects the separation and transport of photogenerated
electron-hole. First, the charge density difference (Fig. 5a, b) for PCN
and Nv-M were calculated to demonstrate whether N defects can
improve the separation of photogenerated carriers. Fig. 5a demonstrated
the positions of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of PCN. Obviously, the
density of charge states on the ring was equally distributed, owing to the
high symmetric planar structures of PCN. In contrast, the charge density
in Nv-M was redistributed, creating some electron-rich regions (Fig. 5b).
That local charge accumulation caused the CB to move down [49]. In
addition, the introduction of the N defects causes more localization of
charge density distributions, resulting in the formation of high- and low-
density regions of valence electrons, i.e., an IEF was constructed
[53,54]. Such an induced IEF could promote separation of photo-
generated carriers as well as reduced and oxidized sites, efficiently
facilitating the reaction of electrons and holes on the surface [43,49,55].
The IEF intensity of the samples was measured using a model developed
by Kanata [56,57]. The model demonstrates that the IEF intensity is
determined by the surface potential and the surface charge density
[54,58]. First, the zeta potential of the material in NaCl solution was
measured (Fig. S20) The surface charge densities of Nv-0.05 and PCN
were calculated according to the Gouy-Chapman model, as shown in Fig
[58]. The surface potentials of the samples were obtained by atomic
force microscopy surface (AFM) potential pattern measurements
(Fig. S19). It can be seen that there is a significant difference between

Fig. 4. (a) C 1 s XPS, (b) N 1 s XPS of PCN, Nv-0.05, and Nv-0.2.
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Fig. 5. (a) Calculated charge density distribution of CB and VB in PCN and (b) Nv-M. The isosurface value is 0.003 e A 3. The blue, brown, and pink spheres

represent N, C, and H atoms, respectively.

the surface potentials of PCN and Nv-0.05. The distribution of the sur-
face potential distribution was in the range of 210 ~ 240, and 550 ~ 590
mv, respectively. The IEF was calculated to obtain the IEF and found to
be 5.43 times higher for Nv-0.05 than for PCN (Fig. S20).

After absorbing the photons, the photocatalysts in the excited state
will jump to the ground state through the emission of fluorescence [59].
The photoluminescence (PL) spectra were used to analyze the physico-
chemical properties of systems indirectly [60]. As shown in Fig. 6a, a
relatively strong fluorescence signal was recorded in PCN, while the
emission intensity observed from Nv-M decreased obviously. The com-
parisons demonstrated that the huge PL decay in Nv-M was mainly
caused by the suppression of electron and hole recombination, and also
suggested that the IEF tuning by N defects was capable of boosting
charge separation significantly. Furthermore, since the stronger photon
absorption of Nv-M than PCN, the proportion of the non-emissive states
excited states covered by charge trapping should be much larger than
that of PCN [61]. To further illuminate the variation in charge-carrier
dynamics induced by defect structure, the decay dynamics of the emis-
sive states were subsequently investigated via time-resolved photo-
luminescence (TRPL) spectrum. Fig. 6b and Table S3 indicated that Nv-
M shows a more rapid PL decay kinetic, where the average lifetime of
PCN, Nv-0.05, and Nv-0.2 were 9.46, 7.18, and 5.49 ns, respectively. A
short lifetime of Nv-M were attributed to the rapid capture of electrons
by cyano group and N vacancy. This constantly accelerates the degra-
dation of electronics lifetime and effectively suppresses carrier recom-
bination [62,63]. The smaller radius of EIS Nyquist plots (Fig. 6¢) and
larger photocurrent (Fig. 6d) of Nv-0.05 compared to PCN. It substan-
tiated that Nv-M has lower mass transfer impedance and better carrier
transfer performance This change could be explained by the introduc-
tion of N vacancies and cyano groups that successfully built IEF to
promote separation of photogenerated carriers [37,54].

3.4. Photocatalytic performance of H202 production and TC degradation

The photocatalytic activities of the catalysts for HoO3 production were
evaluated in aqueous solution under visible light irradiation. First, the
photocatalytic activity was tested for time-dependent light-driven HoO»
production of different samples in aqueous solution (10% IPA; pH =7), as
shown in Fig. 7a and Fig. S7a. It was discovered that Nv-M exhibited
superior efficiency toward HyO4 production than PCN (approximately 7
times), with an HyOy evolution rate of 623.5 pmol g’lh’l. The
enhancement of photocatalytic HoOy production was ascribed to the
introduced of N vacancies and cyano groups in Nv-M framework, which
successfully constructed IEF for promoting the separation of photo-
generated charge vacancies. The trend of HyO5 produced by Nv-0.05 with
time was shown in Fig. S7b, with a gradual increase in absorption value at
350 nm. The Nv-0.05 exhibited the best photocatalytic activity with a
H,0; production rate of 10.63 x 1076 M min ! (Fi g. S7¢) under visible-
light irradiation. In contrast, Nv-0.2 exhibited lower HyO2 production
activity, which is possibly related to the specific surface area decrease and
the serious disruption of ordered structures within the framework of the
KOH etching impact. It is found that the appropriate use of KOH not only
successfully introduces N defects into Nv-M, but also ensures the properly
specific surface to provide more reduction and oxidation sites, thus
effectively suppressing carrier recombination. Besides, HoOy can be
decomposed as soon as it is produced by reacting with CB electrons and
VBholes. (H,0, +H" + e~ =H,0 +-OH;H,0, + H" + 2e” = H,0;
H,0; + h* = H' 4 HO,; Hy0, + 2h" = O, + 2HT). The photo-
stationary concentration of HyO, depends on the competition between
the formation rate (kf) and decomposition rate (kq) of HyO4 over the
catalysts, with the formula: [HyO2] = (ks / kq){1 — exp(—kq x t). [21]
Fig. S8 showed that Nv-0.05 exhibited higher k¢ and lower kg than PCN.
This may be attributed to the introduction of cyano groups in the modified
material, replacing the amino group which is more attractive to HoO2
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Fig. 6. (a) Photoluminescence (PL) spectra and (b) time-resolved photoluminescence (TRPL) of PCN, Nv-0.05, and Nv-0.2. (c) Electrochemical chemical impedance
spectra (EIS) of PCN and Nv-0.05. (d) Transient photocurrent response curves of PCN and Nv-0.05 under visible light irradiation.

[22,64]. In addition, Nv-0.05 has a small specific surface area and rela-
tively few active sites for HyO, adsorption. The low adsorption capacity
for Hy05 inhibits the reaction of in situ generated H,O9 with surface
electrons and holes [65,66]. The adsorption experiments were further
investigated (1 mM HOo, stirring for 30 min in the dark). With [H202]aq
= 98.57 pM for Nv-0.05 (surface area 62.22 m> g’l) and [HyOslad =
112.81 pM for PCN (surface area 86.42 m? g~ 1). The results showed that
Nv-0.05 has a lower adsorption capacity for HyO2. Combining with
Fig. S8a, it can be seen that PCN shows Hy02 decomposition activity
under visible light irradiation conditions. In contrast, Nv-0.05 hardly
decomposes HyO5, which makes Nv-0.05 have higher H>O2 production
efficiency. Indicating that N defects modification not only encouraged the
generation of HyO», but also inhibited the subsequent decomposition of
H202 (Fig. 55).

Since the generation of HyO5 by proton-coupled electron transfer to
dioxygen, the continuous supply of protons (H") during the reaction and
the adsorption performance of the material on H" directly determined
the HyO, generation efficiency [9]. It has been demonstrated that the
weak acidic conditions with high concentrations of protons contributed
to the efficient production of HyO5 from Nv-0.05 (Figs. 7b and S9). When
the pH value was further lowered from pH 5 to pH 3, the competition
between the Hj evolution (2H" + 2e~ — Ha, E = 0 Vyyg) and the HyOo
production would decrease the generation activity of HoOy [59,67].
Furthermore, the production performance of HyO3 under visible light
without adding IPA was also tested. As shown in Fig. S10, Nv-0.05
produced the highest amounts of H2O,. The efficiency of photo-
catalytic HoO5 production in pure water is relatively low. It was found

that the HyO, generation efficiency of Nv-0.05 in the IPA system was
greatly improved compared to that of pure water (about 10 times). This
was due to the fact that protons can react with surface O, rapidly by
adding IPA as a sacrificial agent to donate protons. The improved Nv-M
material has a stronger O, adsorption capacity and a higher carrier
transport efficiency. Protons can swiftly react with surface O, by being
added to IPA as a sacrificial agent to donate protons, which significantly
enhancing the production efficiency of HoO> [50]. As shown in Fig. 7d,
the light utilization efficiency of Nv-0.05 was assessed by analyzing the
apparent quantum yield (AQY) under monochromatic light irradiation.
The above results showed that the trends of AQY and the absorption
spectrum of the samples are almost consistent. Under visible light irra-
diation conditions, Nv-0.05 displayed a superior AQY, which reached
50.5% and 29.3% at 400 nm and 420 nm, respectively. At the same time,
the solar to chemical energy conversion (SCC) efficiencies of the best
performing Nv-0.05 were measured to be 0.27% (Fig. 7c) under AM
1.5G simulated sunlight (1 sun). According to the aforesaid finding, Nv-
0.05 shows a high light utilization efficiency. Moreover, Figs. S11 and
S12 showed that the photocatalytic activity of Nv-0.05 did not signifi-
cantly decrease after continuous cycling (five times) photo generation
Hy0 tests, indicating that Nv-0.05 has good cyclability and stability.
Using the antibiotic molecule TC as a model, the potential applica-
tion of Nv-M in environmental remediation was further investigated
[68]. As shown in Fig. 8a, the Nv-0.05 exhibited an efficient TC degra-
dation (73.5%) under visible light irradiation over 40 min. However, the
addition of excess KOH during the synthesis would decrease the pho-
tocatalytic degradation activity of TC, which corresponds to the same
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Fig. 7. (a) Time course of HyO, generation test under visible light irradiation. (A > 420 nm, 40 mW cm’z; lg Lt catalyst). (b) The pH-dependent generation of HyO,
on Nv-0.05 under visible-light-irradiation. (c) Efficiency of SCC for H,O5 production. (d) AQY of H,0, production as a function of the irradiation wavelength (10%

IPA; 1 g L' catalyst; pH = 7).

Fig. 8. (a) Photodegradation efficiency of TC under visible light irradiation for different times on all samples. (b) The corresponding reaction dynamic data.

trend as the photocatalytic generation HoO,. This phenomenon further
confirmed that an excess of KOH would damage the ordered structures
within the framework. The decreased specific surface area would in-
fluence the active sites on the catalyst surface and thus photocatalytic
activity [69]. The kinetic rates of degradation TC for Nv-0.05 was 6.010
min’l, which was almost 3.7 times that of PCN (Fig. 8b). Meanwhile,
Nv-0.05 degraded TC with good cyclability (Figs. S12 and 13). It can be
seen that modified g-C3N4 by defect showed superb photocatalytic ac-
tivity for pollutant degradation and certain perspectives of application

in the environmental remediation. Based on the above results, the
composite system of both H,O5 generation and TC degradation with Nv-
M has been investigated here. As shown in Fig. 9c, the yield of Hy02
improved from 623.5 to 695.6 pmol g~ h™!, while the TC degradation
efficiency was slightly reduced from 73.5% to 69.5%. The composite
system promoted the generation of HyO, and slightly inhibits the
degradation of TC. The phenomenon may be due to the competition
between the two systems for the free radicals who play a major role in
the reaction, which has been confirmed in the following mechanistic
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Fig. 9. (a) RRDE polarization curves over PCN- and Nv-0.05-coated electrodes at 1600 rpm in Ojsaturated electrolyte using the ring current (top) and the disc
current (bottom). (b) H,0, selectivity as a function of the applied potential. The corresponding average number of transferred electrons (n) is shown in the inset. (c)

The composite system of HyO, generation and TC degradation.

studies. On the other hand, the H,O2 generation and TC degradation in
the composite system was just slightly influenced, which means that Nv-
M application in the composite system was feasible.

3.5. Experimental mechanism of photocatalytic H202 evolution

The 2e™ ORR pathway is of serious importance for HyO, generation
[39]. The effect of N defects in Nv-M on O, selective electron transfer
was investigated via analysis of the rotating ring-disc electrode (RRDE).
The reduction process of oxygen generated a disc current (O + 2e~ +
2H" — Hy0, or O + 4e~ + 4H' — H,0) while the oxidation process of
H,0, generated a ring current (HyO5 — Oy + 2H" + 2e7) [70]. In
Fig. 9a, the monitored selectivity for HyO, production in an Os-saturated
0.1 M H3POy4 electrolyte was compared with PCN and Nv-0.05. Notably,
the Nv-0.05 disc current was enhanced with the decreasing potential
below —0.4 V (vs. RHE), just like that of PCN (Fig. 9, bottom). Since the
H20; generated on the disk part was able to be rapidly transported to the
ring part, the positive oxidation current on the ring electrode was
measured (Fig. 9a, top). Nv-0.05 exhibited relatively higher ring current
than PCN, indicating that a higher HyO5 yields when the potential was in
the range of —0.80 to —0.70 V with a corresponding selectivity of 78 %
(Fig. 9b). While PCN exhibited 52% H304 selectivity under the same test
condition, further confirming the importance of N defects in encour-
aging the catalytic activity. The calculated average number of trans-
ferred electrons (Fig. 9b) for PCN and Nv-0.05 were 2.92 and 2.45 (at
—0.75 V vs. RHE), respectively, suggesting that Nv-0.05 is more selec-
tive for the 2e~ ORR [61,71]. The RRDE measurements are consistent
with the ability of photocatalytic-producting H2O». All above measure-
ments demonstrated that Nv-0.05 exhibited higher 2e™ ORR activity and
selectivity, which was attributed to the N defects modification that are
particularly beneficial to the 2e™ ORR pathway.

To unravel the reactive species responsible for photocatalytic HoO»
production, AgNO3, EDTA-2Na, TEMPOL, L-tryptophan and methanol
were used as e, h™, *03, '0,, *OH scavengers, respectively [51]. In
Fig. 10a, the production of HoO, dropped sharply while AgNO3 was used
as a scavenger, demonstrating that electrons play an essential part
during the HyO5 generation process. However, the equilibrium con-
centration of HpO2 was mildly raised when used EDTA-2Na as a scav-
enger, which was ascribe to the enhanced electron utilization by the
holes trapping. After the addition of TEMPOL and L-tryptophan,
respectively, the yield of H,O2 was almost inhibited, indicating that the
*03 and 'O, were essential species during the process of photosynthetic
H205. On the contrary, the addition of methanol has insignificant effect
on the generation of HyO9, which means that *OH had no contribution to
the photocatalytic production of H2O,. In addition, the generation of
*03 and 10, in photocatalytic reactions was examined by using EPR. In
Fig. 10c and Fig. 10d, the DMPO-*03 signals and the TEMP-'0, signals
are noticed after light illumination, indicating that both *O3 and 'O, are
the main ROS in the photocatalytic reaction. According to the results,
the photo-excited catalyst produced *O, and 'O on the surface, and both
of them effectively reacted with the electrons to produce HyO5 and
degrade TC. Therefore, the two kinds of reaction would struggle with
one another for the free radical in the composite system, which seems to
encourage the generation of HyO; and mildly inhibit the degradation of
TC. Based on the previous reports [72,73], it is suggested that Nv-0.05
reduced oxygen molecules to produce HoO, through a two-electron re-
action (Oz — *O2 — H302) and released oxygen by oxidizing water
through a four-electron reaction (Hy0O — O5).

Subsequently, it was observed that the photocatalytic HyO9 yield
decreased sharply after the reaction solution was bubbled with N for 60
min (Fig. 10a and Fig. S14), suggesting that O, was an essential reactant
in the catalytic reaction. In addition, there was no discernible difference
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Fig. 10. (a) H,0O, generation curves over Nv-0.05 alone and with different quenchers under visible light illumination. (b) The photocatalytic O, production activities
of the PCN and Nv-0.05. (c, d) ESR signals for DMPO-*O5 and DMPO-'0, over Nv-0.05 sample.

in Hy0; generation under air and O bubbling conditions. This indicated
that the modified catalysis has exceptional O, adsorption capability and
the Nv-M can still effectively generate HoO2 under air conditions. The
precondition for the formation of OOH* was the adsorption of O, and H™
on catalyst surfaces, and then the formation of OOH* and subsequent
hydrogenation is the key to the 2e~ ORR activity toward HyO2
[39,74,75]. An exothermic process with a large negative adsorption
energy of O is estimated with PCN and the optimal structure of at the
cyano and N vacancy site of Nv-M. In Fig. 11 and Fig. S15, the Oy

adsorption energy at N vacancy (—0.22 eV) on Nv-M was obviously
smaller than the cyano group sites (—0.15 eV) and PCN (0.76 eV).
Fig. S23 showed the programmed temperature desorption Oy (TPD-O3)
curves of PCN and Nv-0.05. It was obviously that the Nv-0.05 has
stronger adsorption capacity and surface bonding strength of Os. This
results was consistent with the theoretical calculations. The strong Oz
adsorption property of Nv-0.05 efficiency promoted the generation of
H305 via 2e” ORR. It is demonstrated that N vacancies have a preference
for attracting Oo, while cyano has significant electron-withdrawing

Fig. 11. Top views of the structure with different charge densities for O, adsorption on PCN (a) and Nv-M (b). Green and blue isosurfaces represent electron and hole
distributions, respectively. The isosurface value is 0.008 e A3 The blue, brown, pink, and red spheres represent N, C, H, and O atoms, respectively.
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properties (shown in previous studies) [37,39], facilitating the interac-
tion of adsorbed *O, with H™ and e™. The addition of N defects to Nv-M
may improve how well adsorbed *O, and H' interact with e”. This
promoted the 2e” ORR pathway even more, which in turn encourages
the production of HyO5. Furthermore, the photocatalytic Oy generation
activities of the PCN and Nv-0.05 were compared in order to clarify the
function of photogenerated holes in the reaction system. In Fig. 10b, the
photocatalytic O3 yield of Nv-0.05 was almost twice as high as that of
PCN under the same conditions. This suggested that the water oxidation
behavior of releasing oxygen via a four-electron reaction, as well as the
effective suppression of electron-hole recombination (combined with
Fig. 6a-d). According to the above tests and experiments, the electrons
were involved in the oxygen reduction reaction to generated HyO», and
the holes were involved in the water oxidation reaction to release Os.

To further reveal the photocatalytic degradation mechanism of Nv-
0.05 and the contribution of radical species during TC photo-
degradation, different charge scavengers were introduced to identify the
specific radicals in the photodegradation reaction. As shown in Fig. S16,
the photocatalytic performance of Nv-0.05 was dropped slightly after
adding TEMPOL and L-tryptophan to the photoreaction system,
respectively. The result indicated that *Oz and 0, played the significant
role as oxidative species in the photodegradation process. According to
the quenching experiment, it was obvious that the *OH and H»0, did not
play the role of oxidative degradation of TC in the system. Moreover, the
ESR (Fig. 10c and Fig. 10d) confirm that two kinds of free radicals were
activated during the photodegradation process. In addition, incorpo-
rating N vacancies and cyano groups into Nv-M can further modulate the
charge-density distribution and construct IEF, suppressing the recom-
bination of photogenerated electron-holes. As a result, the electrons can
be transported quickly and react with activated ROS (O, 10,), which is
the key to improving the photocatalytic activity.

As shown in Fig. 12, according to the results of above analysis, the
Nv-0.05 photocatalytic production mechanism of HO; in the presence
of IPA and TC degradation mechanism were proposed. Under visible
light irradiation, the electrons and holes created by Nv-M absorbing
photons were transported to the active site rapidly. The trapped holes
quickly react with IPA to release protons, which then attached to the
catalytic surface. Photo-generated holes oxidize IPA and produce

Chemical Engineering Journal 463 (2023) 142512

hydrogen ions and acetone [52]. The CB position of Nv-0.05 (-0.43 V vs.
NHE, Fig. S3) was below the standard reduction potential of O/*Og
(-0.33 Vvs. NHE) [76]. This may facilitate the reaction of electrons from
CB with the adsorbed O to form *O3 [77]. Moreover, the generated 102
may be converted from *O3, the free ROS can immediately react with H™
to generate HyoO5 [52]. And the CB potential still has enough energy to
drive the 2e™ reduction of O to Hy05 (0.69 V vs. NHE). Moreover, with
the creation of the N defects, the Nv-0.05 exhibited enhanced O,
adsorption and high 2e™ ORR selectivity, dramatically accelerating the
H30, production efficiency (1)(2)(3)(4)(5)(6)(7)(8). The efficient sep-
aration of photogenerated electron-holes can oxidize H,O to release Oy
(8). For the degradation of TC, the photogenerated electrons and holes
were formed on Nv-0.05 under the visible light irradiation. Then create
ROS (*O3, 102). Later on, under the attack of *O5 and 102, the organic
molecule TC was decomposed into non-toxic molecules or mineralized.
), B, (5), (7), (10) [9,77,78].

Nv—M + hvoe +h" D
(CH;),CH,OH + 2h* —(CH;),CO- + 2H* (2)
0, +2H" +2¢”—=H,0, 3
0, +e =0, 4
‘0 +h+- '0, ®)
-0p- +e~ +2H"—H,0, (6)
0, '0, @)

'0, +2H" +2¢” >H,0, (8)
2H,0 + 4h* -0, + 4H" 9
(:0,-, '0,)+TC—CO, +H,0 10)

Fig. 12. Schematic diagram of the N vacancies and cyano group modification in Nv-M synergistically promoting the photocatalytic H,O, generation and TC
degradation. The blue, brown, red spheres represent N, C, and H atoms, respectively.
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Conclusion

In summary, using the IPA as the electron/proton donor during the

visible-light-driven selective 2e” ORR, the carbon nitride framework
with N vacancies and cyano group exhibits excellent photocatalytic
activity for HyO, generation. The production of HyOy by Nv-0.05
reached 623.5 pM within 1 h, almost 7 times higher than that of the
PCN. In addition, the Nv-0.05 exhibits a superior performance for
degradation TC. The introduction of the N vacancies and cyano group
into the Nv-M framework has the following multiple influence: (1)
enhance the visible light absorption and change the energy band
structure of the photocatalysts, (2) improve the transport of carriers and
successfully establish an internal electric field, further effectively sup-
pressing carrier recombination, (3) construct surface active sites for
dioxygen adsorption to promote the generation of *O3 and 05, and (4)
facilitate selective 2e” ORR and oxidize water to produce Og, all of
which have a property of synergistically promoting visible-light-driven
H20, generation and TC degradation. It is particularly worth-noting
that HyO, can be generated through a variety of pathways, proving

the
sug;

main roles of 10, that was overlooked in previous studies, and
gesting an effective way to further increase the production of Hy0,.
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