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ABSTRACT

Graphene quantum dots/Mn-N-TiO2/g-C3Ns (GQDs/TCN) composite photocatalysts have been designed, synthesized and
characterized by XRD, SEM, TEM, Raman, BET, and XPS. The photodegradation of organic pollutants (p-nitrophenol, diethyl
phthalate and ciprofloxacin, called as 4-NP, CIP and DEP, respectively) coupled with simultaneous photocatalytic production
of hydrogen was successfully achieved using the GQDs/TCN catalysts. The 5%GQDs/TCN-0.4 sample shows the best
photocatalytic hydrogen production and organic pollutant degradation rate under simulated solar irradiation in the simultaneous
photocatalytic oxidation and reduction system. Furthermore, the photocatalytic Hz evolution rates in the solution of 4-NP, CIP
and DEP are all larger than that in pure water system over the 5%GQDs/TCN-0.4 catalyst. And the Ha evolution rate in the
solution of 4-NP is smaller than that in the solutions of CIP and DEP. Accordingly, the photodegradation rate of 4-NP is larger
than that of CIP and DEP. The analyses of density functional theory and liquid chromatography mass spectrometry indicate that
some photogenerated electrons were used in the photodegradation process of 4-NP but not in that of CIP and DEP. And it leads
to the photocatalytic rate of Hz evolution in the 4-NP solution smaller than that in the solution of CIP and DEP. For the first
time, the present work illuminates the photocatalytic enhancement of the GQDs/TCN-0.4 catalyst and the mechanism of the
effect of different organic pollutants on photocatalytic Hz evolution.

1. Introduction

In recent years, the energy crisis and environment pollution have been the
main aspects of environmental problems, among which water pollution has
especially aroused much attention [1,2]. Generally, water pollution is mainly
caused by contaminants of heavy-metal ions and organic pollutants, such as
hormones, dyes, aromatics, pesticides, and perfluorinated organic compounds
(PFOCs). Among them, the organic pollutants in wastewater exhibit high
toxicity, carcinogenicity and refractory degradation, which poses a great threat
to human health [3-7]. Therefore, it is very urgent to developing efficient
technologies for removal of organic pollutants from water.

Photocatalysis, as a green and sustainable technology, has attracted
considerable interest due to being able to simultaneously tackle the energy crisis
and environmental contamination by using solar energy [8—11]. Photocatalysis
technologies consist of photocatalytic oxidation and photocatalytic reduction.

In the oxidation process, solar energy was converted into actively free radicals
over catalysts to oxidize organic pollutants to CO, and H,O [12]. For the
reduction process, solar energy was converted to photogenerated electrons that
can result in H, evolution from water splitting or CO, reduction to useful
hydrocarbons (such as methane, ethanol, methanol and so on) using catalysts

[13]. In theory, if we could combine photocatalytic oxidation with
photocatalytic reduction in a photocatalytic system, the quantum efficiency and
the separation efficiency of photo-generated holes and electrons would be
markedly improved, which would result in excellent degradation of organic
pollutants and good energy utilization. Until now, our group has developed a
composite catalyst with good photocatalytic performance of degradation of
organic pollutants coupled with simultaneous CO, reduction [14,15],
demonstrating the combination of photocatalytic oxidation and photocatalytic
reduction can be fulfilled in a catalytic system.

However, until now, there are only a few reports on the combination of the
degradation of organic pollutants with hydrogen evolution in a photocatalytic
system [16,17]. These studies did not investigate the influence of different types
of organic pollutants on photocatalytic hydrogen production [18]. And the
literature just reported bifunctional photocatalysts for degradation of organic
pollutants and photocatalytic hydrogen evolution [19]. Therefore, it is very

important to develop a photocatalytic system to realize the degradation of
organic pollutants with simultaneous photocatalytic H, evolution and make
clear the synergistic mechanism of photocatalytic oxidation and photocatalytic
reduction.



Titanium dioxide (TiO,) photocatalysis has attracted wide attention because
the valence band (VB) is more positive than the oxidation potentials of many
organic pollutants, leading to good photodegradation of organic pollutants [20—
24]. However, due to the drawbacks of a wide band gap (3.2 ¢V) and high
recombination rate of photogenerated holes and electrons, the photocatalytic
performance of titania is seriously restricted. Metal and nonmetal co-doping
was considered as a good method to improve the visible light absorption and
photocatalytic activity of TiO, [25-30]. The nitrogen-doped TiO, (TiO,-N) has
been investigated [31-33], demonstrating that the N modification can enhance
the visible light absorption of TiO,. And some literatures reported that TiO, with
the manganese modification can effectively improve the photocatalytic
performance of TiO; [34,35]. Therefore, Mn and N co-doping would combine
the advantage of Mn and N modification and then markedly improve the
photocatalytic activity of TiO,. In addition, graphitic carbon nitride (g-C3N,)
has been extensively investigated for potential applications in photocatalytic H,
evolution from water splitting because the minimum of the conduction band
(CB) is more negative than the potential of the normal hydrogen electrode
(NHE) [36]. However, the photocatalytic performance of g-C;Njstill has some
defects [37,38]. For example, the photocatalytic performance of g-C;N, s still
restricted by the high recombination rate of photogenerated electron-hole pairs,
low specific surface area, and limited active sites [39].

Therefore, in order to develop a new photocatalytic system to fulfill
simultaneous photodegradation of organic pollutants and photocatalytic
hydrogen generation, we combined g-C3N,4 with Mn-N-TiO, to prepare a novel
heterostructured photocatalyst that can make full use of the synergistic effect of
photocatalytic oxidation (photodegradation of organic pollutants) and
photocatalytic reduction (photocatalytic H, generation). Furthermore, graphene
quantum dots (GQDs) are graphene fragments that have more “molecule-like”
character. GQDs display some competitive properties, such as high
electrical/thermal conductivity, up-conversion of fluorescence, quantum
confinement, and high surface area [40]. Specifically, GQDs can be used to
modify
performance of catalysts.

Given all the above, we combined GQDs with g-C;N4 and Mn-NTiO, to
prepare GQDs/Mn-N-TiO,/g-CsN4 composite photocatalysts by hydrothermal
reaction methods. Herein, we report the design of a photocatalytic system to
realize simultaneous photodegradation of organic pollutants and photocatalytic
H, generation from water splitting by using the GQDs/Mn-N-TiO,/g-C;N,
composite catalyst. And the synergistic photocatalytic mechanism was

semiconductor photocatalysts to enhance the photocatalytic

investigated to explain the effects of different organic pollutants on the rate of
photocatalytic H, production. The present work not only provides an ideal
scenario of the combination of photodegradation and photoreduction, but also
opens a new avenue to achieve the removal of organic pollutants from
wastewater coupled with the simultaneous generation of new energy.

2. Experimental section

2.1. Materials and measurement

The samples were characterized by X-ray diffraction (XRD) for phase
identification on a Bruker D8 ADVANCE diffractometer with CuKa (A =
1.5406 A) radiation. Raman spectra were recorded on a microscopic confocal
Raman spectrometer (JY LabRam HR800) with a laser source of 785 nm.
Morphology and structure were studied with a field emission scanning electron
microscope (SEM, Sirion 200, FEI, Holland) and a transmission electron
microscope (TEM, Tecnai F20, FEI, USA), as well as a high-resolution
transmission electron microscope (HRTEM). The chemical compositions and
elemental mappings of the samples were determined by energy-dispersive X-
ray spectrometer (EDX) equipped on SEM. Ultraviolet-visible (UV-vis) diffuse
reflection spectra were measured using a UV-vis U-3900H spectrophotometer.
Composition analyses on several randomly selected samples of the asprepared
catalysts were performed on a field emission scanning electron microscope

equipped with an energy dispersive X-ray instrument (EDX). Brunauer-
Emmett-Teller (BET) surface area measurements were performed with a
Micromeritics surface area analyzer at 77 K by using an adsorption apparatus.
X-ray photoelectron spectroscopy (XPS) was obtained by using a VG 250
Escalab spectrometer equipped with an Al anode (Al-Ka = 1486.7 eV) as an X-
ray source.

Electrochemical measurements were performed on a CHI 660D
electrochemical workstation (Shanghai Chenhua, China), in the standard three-
electrode cell system. There were platinum electrodes as counter electrode and
standard calomel reference electrode in saturated KCI. The working electrodes
were prepared by dip-coating: 10 mg of photocatalyst by supersonic extraction
in 5 mL deionized water to produce a stable suspension that was then dip-coated
onto a4 cm x 1 cm fluorine-tin oxide (FTO) glass electrode, and the films were
dried at room temperature. The electrolyte solution was Na,SO4 (0.5 M). As for
photocurrent measurements, a 300 W Xe lamp was used as the source of
simulated solar irradiation and the other conditions were the same as those of
electrochemical measurements.

2.2. Syntheses

2.2.1. Synthesis of Mn-N- TiO, microspheres

The manganese and nitrogen co-doped mesoporous TiO, was synthesized
via a modified hydrothermal reaction process [36]. Typical experimental
procedures are shown below. First, a calculated amount of Mn(C,H30,),-4H,O
and 1.98 g of hexadecylamine (HDA) was dropwise added into a mixture of
ethanol (200 mL) and potassium chloride solution (1.6 mL) to obtain a turbid
solution under magnetic stirring. After stirring for 20 min, 1.5 mL titanium
isopropoxide (TIP) was dropwise added to the above turbid solution under
vigorous stirring. Then, the resultant light gray precipitate was obtained and
dried at 160 °C for 16 h after aging at room temperature for 12 h, and then
calcined at 500 °C for 2 h. Then the sample of (0.2at%)Mn-TiO,, was obtained.
Second, 0.2 g of the as-prepared (0.2at%)Mn-TiO; and 0.1 mL of ammonia
solution (0.26 mol/L) were dispersed into a 20 mL mixture of ethanol and water.
Then the above solution was transferred into a Teflon-lined stainless-steel
autoclave at 180 °C for 2 h. Finally, a gray power of (0.2at%)Mn-(2at%)N-TiO,
was obtained after calcination at 500 °C for 2 h.

2.2.2. Synthesis of g-C5N4nanosheets

First, the bulk g-C5N4 was prepared by thermal polycondensation. Typically,
5 g melamine powder was put into an alumina crucible with a cover and kept at
550 °C for 4 h. Then the resulting yellow product of bulk g-C;N4 (CNB) was
collected and ground into powder for further use. Second, 1 g of as-prepared
CNB was added into the alumina crucible and heated at 793 K for 2 h. Finally,
a faint yellow powder of gC;N4nanosheets (CNS) was obtained.

2.2.3. Synthesis GQDs/TCN-0.4 nanocomposites

GQDs were synthesized by the reported method [41]. The as-prepared Mn-
N-TiO, (0.1 g) was physically mixed with a given amount of CNS, and then
maintained at 400 °C in an alumina crucible (heating ramp is 2 °C min™") for 60
min. Mn-N-TiO,/CNS composites (called
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Fig. 1. XRD patterns of the as-prepared TiO,, CNB, CNS, Mn-TiO;, N-TiO2, Mn-N-TiO,, TCN-0.4, and GQDs/TCN-0.4 (a); and Raman spectra of TiO, CNS, Mn-N-TiO,, TCN-0.4, and

GQDS/TCN-0.4 (b).

TCN) were obtained. The weight ratio of CNS against Mn-N-TiO, was
controlled to be 10, 20, 30, 40 and 50 (wt%), respectively. The resulting samples
were labeled as TCN-x, where x equal to 0.1, 0.2, 0.3, 0.4, and 0.5. In addition,
0.103 g of the as-prepared TCN-0.4 sample and 2.5 mL GQDs (0.205 mg/mL)
were dispersed into 10 mL deionized water, and then the aqueous solution was
vigorously stirred for 24 h. Finally, the composites of GQDs/TCN-0.4 with
different amounts of gC;N, nanosheets were obtained by centrifugation and
desiccation at 80 °C for 3 h.

2.3. Test of photocatalytic activity

The photocatalytic activities of as-prepared samples were evaluated by the
degradation of typical organic pollutants (p-nitrophenol, ciprofloxacin and
diethyl phthalate) under simulated solar irradiation. A 300 W Xe lamp
(Wavelength range: 320 nm <A< 780 nm, light intensity: 160 mW/cm?) was used
as the source of light. The solid catalyst (45 mg) was dispersed in an 80 mL
solution containing organic pollutant (10 ppm 4-NP, CIP or DEP). Then 3 wt%
Pt was loaded onto the sample surfaces by photodeposition of H,PtCls. An
aqueous solution was added into a Pyrex top-irradiation reaction vessel
connected to a glass-closed gas system (Prefect Light, Beijing, Labsolar-III
(AG), see Fig. S1 in Supporting Information). The whole reaction setup was
evacuated by using a vacuum pump to completely remove air. High purity argon
gas was used as a carrier gas. Before irradiation, the solution was stirred in the
dark for 1 h to reach an adsorption-desorption equilibrium, and the amount of
hydrogen evolution from photocatalytic splitting water was analyzed by using
an online gas chromatograph with a thermal conductivity detector (TCD) and a
capillary column (5 A molecular sieve). The temperature of the reaction
solution was maintained at 6 °C by an external flow of cold water (constant
temperature device XODC-0506, Nanjing Shunliu, China). During specific time
intervals, fixed amounts of the reactant solution were extracted and filtered. The
photocatalytic degradation rate was tested via the intensity changes of the
absorption peak at 401 nm (under alkaline medium) to determine the
concentration of 4-NP with a UV—-vis spectrophotometer (UV-2550, Shimadzu,
Japan), whereas the concentrations of DEP and CIP were quantified with an
HPLC (SHIMADZU (Japan)) with an XBC18 column (10 cm x 4.6 mm, 2.7 m)
at 224 nm and 277 nm, respectively. The mobile phase consisted of two
solvents: 80% methanol and 20% DI water were used for DEP; 20% A
(acetonitrile) and 80% B (0.1% formic acid) were used for CIP. The
intermediates were detected with an LC-MS (Thermo, Finnigan, LCQ-Deca xp)
equipped with an electrospray ionization (EIS) source. The samples were
injected at a flow rate of 0.2 mL/min under isocratic conditions. The ion mode

was set on positive mode and the mobile phase was methanol-water (0.1%
formic acid) (60:40, v/v). A 2 uL extract was injected using the auto sampler.
2.4. Density functional theory (DFT)

All the calculations based on density functional theory (DFT) were
performed with a DMol3 package with a Perdew-Burke-Ernzerhof/ Double-
Numerical Dasis 4.4 set. All computations converged upon a true energy
minimum, which was confirmed by the absence of imaginary frequencies. The
cutoff radius was 4 A. Based on the Frontier Orbital Theory, the electrophilic
reaction most likely takes place at atoms with high values of the highest
occupied molecular orbital (HOMO), whereas the nucleophilic reaction most
likely occurs at the atoms with high values of the lowest unoccupied molecular
orbital (LUMO) [42]. Thus the FEDs (Frontier electron densities) of the HOMO
and LUMO of compounds were calculated [43].

3. Results and discussion
3.1. Characterizations

XRD patterns of TiO,, CNB, CNS, Mn-TiO,, Mn-N-TiO,, TCN-0.4,
GQDs/TCN-0.4 are shown in Fig. la. For the CNB, the strong (0 0 2) peak at
27.3° and the (1 0 0) peak at 13.1° correspond to the inter-layer and in-plane
crystal facets of g-C3Ny, respectively. Compared with CNB, the peak intensities
of CNS at 27.3° and 13.1° markedly decreased, indicating that the CNB has
been successfully exfoliated into nanosheets. The diffraction patterns of the as-
prepared Mn-TiO,, N-TiO, and Mn-NTiO, are well matched with that of the
anatase TiO, (JCPDS 01-0841286), showing that the doping of Mn and N in
TiO, does not introduce impurity phases and does not cause any obvious change
in TiO; crystallinity. Compared with the (1 0 1) peak of TiO,, the (1 0 1) peak
of Mn-N-TiO; has a shift toward slightly lower angle (Fig. S2 in SI), suggesting
that the Ti*" in TiO, was partially substituted by Mn?>* and N*-because the ionic
sizes of Mn*" (0.08 nm) and N*- (0.146 nm) are both larger than that of Ti*"
(0.0605 nm) [44]. For the TCN-0.4 and GQDs/TCN-0.4, all of the diffraction
peaks correspond to those of gCsN,4 and Mn-N-TiO,. There are no diffraction
peaks of GQDs observed in the GQDs/TCN-0.4 composite, which could be due
to the low content and relatively low diffraction intensity of GQDs.



As shown in Fig. 1b, the Raman peaks of Mn-N-TiO,, TCN-0.4 and
GQDs/TCN-0.4 show the characteristic peaks of typical anatase TiO, (143, 395,

of GQDs (Fig. S3 in SI), assigned to sp® defects and in-plane vibration of sp?

carbon in graphene, respectively, confirming the existence of GQDs [46].

Fig. S4a shows that Mn-N-TiO, exhibits microspheres with diameters of
approximately 0.5-1 pm, and the thin-layered CNS coupled with the
microspheres of Mn-N-TiO, (Fig. S4b). Fig. 2a shows that the microspheres of
Mn-N-TiO, are composed of a large number of nanoparticles, whereas the thin-
layered CNS is deposited on the surface of Mn-N-TiO, among the GQDs/TCN-
0.4 (Fig. 2b). In addition, HRTEM images of the GQDs/TCN-0.4 show that
GQDs are well dispersed on the surface of TCN-0.4 with diameters of 210 nm.
The lattice spacing distances of 0.35, 0.326 and 0.24 nm correspond to the (1 0
1) planes of the anatase phase of TiO, and the (0 0 2) of the g-C3;N,and the (1 0
0) facet of graphene (Fig. 2c and d), respectively [46,47]. EDS analysis confirms
the existence of Ti, O, N, and Mn (Fig. S5 in SI). And the calculated content of
Mn and N in the Mn-N-TiO, is 0.80 at% and 0.11 at%, respectively, which
approaches to the denoted content in our experiment. The above results indicate
that GQDs were successfully attached to the surfaces of the TCN-0.4.

BET surface areas of the as-prepared CNB, CNS, Mn-N-TiO,, TCN-
0.4, and GQDs/TCN-0.4 are calculated as 6.02, 149.6, 45.5, 50.25, and 52.25
m?/g, respectively (Fig. S6 in SI). The CNS shows a larger surface area than the
CNB, confirming that nanosheets of g-C;N4 plausibly have been successfully
obtained from the exfoliation of CNB.

As described in Fig. S7a, TCN-0.4 has an absorption onset at 480 nm and
shows a marked red-shift compared with TiO,, CNS and Mn-N-TiO,. The
energy gaps (Eg) of CNS and Mn-N-TiO, are calculated to be 2.80 and 2.90 eV,
respectively (Fig. S7b). When GQDs were loaded on TCN-0.4, the light
absorption of GQDs/TCN-0.4 shows a great increase in the visible light region.
The peak intensity of the PL spectra of TiO,, Mn-N-TiO,, TCN-0.4, and
GQDs/TCN-0.4 successively decreased (Fig. 3a), indicating that the composite
of GQDs/TCN-0.4 shows the worst electron and hole recombination rate.
Furthermore, Fig. 3b shows the upconversion property of GQDs. When GQDs
was excited by long wavelengths from 600 to 800 nm, this generates emissions
located in the range of 450—-500 nm. This upconversion PL property of GQDs
could be attributed to multiphoton active processes similar to previous reports
[48]. Transient photocurrent response measurements are shown in Fig. 3c. The
photocurrent intensities of the as-prepared samples show the order of TiO, <
Mn-NTiO, < TCN-0.4 < GQDs/TCN-0.4, indicating that GQDs/TCN-0.4 has
the best separation rate of photo-generated electrons and holes.

Electrochemical impedance spectra (EIS) were recorded to investigate the
electrochemical properties of the samples. As shown in Fig. 3d, the resistances

Fig. 2. TEM images of Mn-N-TiO; (a) and GQDs/ TCN-
0.4 (b); HRTEM images of TCN-0.4 (c) and GQDs/TCN-
0.4 (d).

.

“0:24-nm

of the samples follow the order of TiO, > Mn-NTiO,> TCN-0.4 > GQDs/TCN-
0.4, suggesting that GQDs/TCN-0.4 can more efficiently promote the separation
and transfer of photogenerated electrons and holes than TiO,, Mn-N-TiO, and
TCN-0.4. The above results confirm that the introduction of GQDs and CNS,
as well as the co-doping of Mn and N can effectively separate photo-generated
electrons and holes and promote light absorption, and further improve the
photocatalytic performance of TiO,.

As shown in Fig. 4a, two peaks were observed at 458.5 and 464.1 eV among
the Ti 2p spectra of Mn-N-TiO, and GQDs/TCN-0.4 that are ascribed to Ti 2p*?
and Ti 2p'?, respectively [45]. Fig. 4b demonstrates that the O 1 s peaks around
529.8 and 531.3 eV are assigned to the Ti-O bonds in the TiO; lattice and the
hydroxyl groups or water adsorption on TiO, surfaces, respectively. The high
resolution C 1 s spectra of GQDs/TCN-0.4 show four peaks at 284.6, 285.3,
288.0, and 289.2 eV (Fig. 4c). The peak at 284.6 eV corresponds to sp> CeC
bonds of graphitic carbon nitride and GQDs, whereas those at 285.3 eV, 288.0
eV and 289.2 eV are attributed to CeOH bonds, CeNeC bonds and NeC]N
configurations, respectively [49.50]. As shown in Fig. 4c, compared with the
TCN-0.4, the intensities of the peaks at 284.6 eV and 285.3 eV among the
GQDs/TCN-0.4 composite are obviously enhanced, indicating that GQDs were
successfully loaded on the TCN-0.4.

As shown in Fig. 4d, the main signal of N 1 s spectra showed the occurrence
of CeNeC groups (398.1 eV) and NeTieO groups (399.9 eV) [48,49]. From Fig.
4e, two peaks at 641.4 and 653.4 eV are ascribed to the Mn 2p>?and Mn 2p'”?
transitions for Mn species on the surface of Mn-N-TiO,, respectively, indicating
that the valence state of Mn in the GQDs/TCN-0.4 is +2. After photocatalytic
reaction for 2 h, the peak positions at 641.4 and 653.4 eV did not change (Fig.
4e), showing the valence of Mn is unchanged during the photocatalytic process
and Mn did not participate in the reaction [44.,45]. The results of XPS confirm
that the successful co-dopants of Mn and N exist in TiO, and so does the
existence of GQDs and CNS in the GQDs/ TCN-0.4. Meanwhile, according to
the result of XPS, the calculated content of Mn and N in the Mn-N-TiO,is 0.21
at% and 2 at%, respectively, which approaches to the denoted content in our
experiment. Furthermore, on the basis of the above XRD, Raman, BET, SEM,
TEM, and XPS results, GQDs/TCN-0.4 composites have been successfully
fabricated.
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Fig. 3. PL spectra of the as-prepared TiO2, Mn-N-TiO,, TCN-0.4, and GQDs/TCN-0.4 (a); and upconversion PL properties of GQDs excited by long wavelength from 600 to 800 nm (b); photocurrent
transient responses of the as-prepared samples (c); Electrochemical impedance spectra of the as-prepared catalysts (d).

3.2. Photocatalytic activity

Photocatalytic H, evolution activity of the as-prepared catalysts was
evaluated under simulated solar irradiation in solution containing different
organic pollutants (4-NP, CIP or DEP) for 2 h. Fig. 5a shows the photocatalytic
activities of the combination of degradation of 4-NP with hydrogen evolution
over the GQDs/TCN-x with different amounts of CNS. With the increase of
loading amount of CNS, the photodegradation rate of 4-NP and H, evolution
rate increase, but the H, evolution rate decreases and photodegradation rate of
4-NP nearly remains the same when the loading amount of CNS is larger than
40 wt%. The 5%GQDs/ TCN-0.4 shows the highest photocatalytic activities
with an 89% removal rate of 4-NP and a H, evolution rate of 0.87 mmol L' g’1
after 2 h photocatalytic reaction. The results indicate that a suitable loading
amount of CNS is the key to the photocatalytic performance of GQDs/ TCN-
0.4 because this would lead to excellent efficiency of light absorption and a
desirable separation rate of photogenerated electrons and holes.

In addition, the photocatalytic activities of GQDs, CNS, and the physical
mixture of 5%GQDs and TCN-0.4 were investigated. As shown in Fig. 5b, the
photocatalytic degradation rate of 4-NP is only 13.4% and 11.8% over the
GQDs/Mn-N-TiO; and Mn-N-TiO,, respectively, and the H, evolution rates is
0.512 mmol L' g"' and
0.441 mmol L' g!, respectively. The low photocatalytic activity of the
GQDs/Mn-N-TiO; and Mn-N-TiO; could be due to their fast recombination rate
of photogenerated holes and electrons. The photocatalytic degradation rate of
4-NP and H; evolution rate over TCN-0.4 are 80% and 0.82 mmol L' g,
respectively, after 2 h photocatalytic reaction, while 5%GQDs/TCN-0.4 shows
a 4-NP removal rate of 89% and H, evolution rate of 0.87 mmol L™ g!,
indicating that GQDs can enhance the photocatalytic activity of the sample. The
physical mixture of 5%GQDs, 40%CNS and Mn-N-TiO, exhibits a 4-NP
removal rate of 45% and a H; evolution rate of 0.47 mmol L™' g™, respectively,
much lower than 5%GQDs/TCN-0.4 (Fig. 5b), which confirms the formation of
good contacts between GQDs, CNS, and Mn-N-TiO; in the 5%GQDs/ TCN-0.4
composite.

Furthermore, in order to illuminate the relationship of photocatalytic
hydrogen evolution and the removal of different organic pollutants, the
photocatalytic H, production in different solutions containing different organic
pollutants was investigated by using the 5%GQDs/TCN-0.4 under simulated
solar irradiation. As shown in Fig. 6a, the photocatalytic H, production rate
follows the order of CIP > DEP > 4-NP > H,0, showing that the photocatalytic
H, evolution rate increases with the addition of CIP, DEP or 4-NP in the
photocatalytic system. Accordingly, the degradation rates of CIP, DEP and 4-
NP are 89%, 70.4%, and 48.6%, respectively, over the 5%GQDs/ TCN-0.4. The
results show that the photocatalytic H, production and simultaneous
photodegradation of organic pollutants can be achieved via the 5%GQDs/TCN-
0.4 composite catalyst, and the photocatalytic H, evolution rate is affected by
the different organic pollutants. Fig. S8a shows that the concentration of 4-NP
markedly decreases with reaction time according to time-dependent UV-vis
absorption spectra of 4-NP. Figs. S8b and S8c show the intensities of the
corresponding characteristic peaks significantly decrease with reaction time
based on the characteristic chromatograms of DEP and CIP. The results imply
that 4NP, DEP, and CIP can be efficiently degraded by the 5%GQDs/TCN-0.4
composite catalyst.

In addition, the effect of different initial concentrations of pollutants on H,
production was researched in the closed gas system by 5%GQDs/ TCN-0.4. As
shown in Fig. 6b, the production rate of hydrogen decreases with an increase of
initial concentration of 4-NP, whereas the removal amount of 4-NP increases
with an increase of initial concentration of 4-NP. The result could be explained
that more 4-NP molecules on the surface of catalyst would be degraded in 4-NP
solution with higher initial concentration, and more generated intermediates in
4-NP solution with higher initial concentration would consume photogenerated
electrons and then lead to a lower photocatalytic H, production rate. Further
research on the stability of the 5%GQDs/TCN-0.4 was investigated by a five-
run cycling test in the closed gas system. As shown in Fig. 6¢, there is just a
little decrease for the degradation rate of
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4-NP after 10 h (five runs), and the H, evolution rate is almost unchanged. The
result confirms that 5%GQDs/TCN-0.4 has high stability.

3.3. Photocatalytic mechanism

In order to investigate reactive species generated in the degradation process,
trapping experiments were carried out. Since the photocatalysis experiment was
carried out in a closed glass gas system in a vacuum system, we only considered
hydroxyl radicals (%OH), electron (e7), and holes (h") by adding 1.0 mM tert-
butyl (t-BuOH), (K,S,05)
ethylenediaminetetraacetic acid (EDTA) as scavengers, respectively. From Fig.

alcohol potassium  persulfate and
7, %OH and h* are both active species in the degradation process, and %OH is
the main active species for the degradation of 4-NP and CIP, whereas h* is the
main active species for the degradation of DEP. In addition, photogenerated
electrons also have an effect on the degradation of 4-NP, whereas the
degradation of DEP and CIP are hardly affected by electrons. The results show
that some photogenerated electrons were consumed in the degradation of 4-NP,
while the photodegradation of CIP and DEP does not need electrons. The results
also clearly explain why the photocatalytic rate of hydrogen evolution in a
solution of 4-NP is smaller than that in the CIP and DEP solution.

Furthermore, according to DFT, the HOMO and LUMO of organic
pollutants were calculated to investigate the different photodegradation rates of
4-NP, CIP, and DEP over GQDs/TCN-0.4 in the photocatalytic system. As
shown in Fig. 8, the highest degradation rate of 4-NP over the GQDs/TCN-0.4
catalyst could be mainly due to the smaller molecule 4-NP than that of CIP and
DEP, leading to more stability of CIP and DEP than 4-NP. The overlapping of
electron clouds in the LUMO and HOMO of DEP would accelerate the
recombination of e and h” in these organic molecules, whereas the electron
clouds in the LUMO and HOMO of CIP are partially separated [17], resulting
in better separation of electrons and holes. The result explains why the
photodegradation

1.0

Il degration of 4-NP
I degration of DEP
Il degration of CIP

No scavenger t-Bu(OH),

EDTA K2S20g

Fig. 7. Removal rate of 4-NP, DEP and CIP over the 5%GQDs/TCN-0.4 after the addition of

different scavengers for 2 h reaction.

rate of CIP is better than DEP over GQDs/TCN-0.4, consistent with the above
experimental results of catalytic degradation.

As shown in Fig. S9 in SI, the Mott-Schottky (MS) plots of Mn-NTiO, and
CNS show that the potentials of the conduction bands are -0.54 V and -0.6 V
for Mn-N-TiO, and CNS, respectively. Combined with the optical absorption
edge of Mn-N-TiO, and CNS, the Eyg of MnN-TiO, and CNS are calculated as
2.36 Vand 2.2 V (Ecg=Evs - E,), respectively. Therefore, h” on the VB of CNS
can react with OH™to produce %OH because the oxidation potentials of VB of
CNS is larger than that of %OH/OH™(1.99 V vs. NHE). The VB of Mn-N-TiO,
is more positive than the standard redox potential E%(%OH/H,0) (2.27 V vs.
NHE) under alkaline conditions so that H,O can be directly oxidized by holes
to form %OH [51].
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In addition, in order to explain why the photocatalytic rate of hydrogen
production is different in the presence of different organic pollutants, LC-MS
tests were also investigated. The generated intermediates and final products
were detected by HPLC-MS, and the 4-NP and DEP degradation pathways
were studied. As shown in Fig. S10, the 4-NP characteristic ion peak
corresponds to the MS fragmentation pattern at m/z = 138. With an increase
of photocatalytic time, the characteristic pattern at m/z = 138 significantly
decreases, and some mass peaks at m/z 103, 108, 116, 128 and 144 are found
in the spectra, suggesting the occurrence of hydroxylation and demethylation
reactions of 4-NP molecules. Based on the above photocatalytic experiments,
under the attack of holes or e, these intermediates are further mineralized to
CO;and H,0. According to the above analyses, the possible degradation
scheme of 4-NP was proposed in Fig. 9a. For the first path of 4-NP
degradation, the hydroxyl group (eOH) favors the electrophilic attack of %OH
on the ortho- and para- positions along with a fracture of hydrogen bonds in
the benzene ring. And then it generates hydroquinone that is capable of being
rapidly oxidized to benzoquinone and catechol (or hydroquinol) identified by
the patterns at m/z 108 and 110, respectively [52]. During the transformation
between hydroquinone and catechol, electrons would be consumed, leading to
a decrease of photocatalytic efficiency of hydrogen production. The %OH
radicals further attack the aromatic ring to generate some intermediates (m/z =
110, 118 and 144), and ultimately are mineralized to CO,and H,O [52,53].
For the second path of 4-NP degradation, a successive electrophilic attack of
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%OH on hydroquinone forms hydroxyquinol (m/ z = 128). And the
hydroxyquinol would be transformed into 5-hydroxycyclohex-2-ene-1,4-
dione (m/z = 116) after accepting electrons. Then the intermediates ring-open
to generate carboxylic acids such as fumaric acid and oxalic acids (m/z =118
and 103), and finally are mineralized to CO,and H,O attacked by %OH [52].
Combined with Fig. S10, the second path may be the major one for 4-NP
degradation. This result confirms that e~ competition would occur between the
4-NP photodegradation and photocatalytic production of H,. Accordingly, the
photogenerated electrons are not all used for photocatalytic hydrogen
production, resulting in a decrease of photocatalytic efficiency of hydrogen
production.
Different from 4-NP, the degradation of DEP does not consume
photogenerated electrons. As shown in Fig. 9b and Fig. S11, DEP shows a base
peak corresponding to sodium adducts [M+Na]" at 245 m/z [54]. Under the
attack of holes, the aromatic ring would open to generate some intermediates
(m/z = 223, 177 and 182), and ultimately be mineralized to CO, and H,O
[55,56]. No intermediate products consume any electrons in the degradation
process of DEP, which does not affect the photocatalytic H, evolution. The
above results demonstrate the photocatalytic rate of H, evolution in the DEP
solution is much higher than that in the 4-NP solution, in consistent with the
photocatalytic experimental results.
Based on the above results and discussion, a possible mechanism is
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Fig. 9. Proposed reaction mechanisms of the degradation of 4-NP (a) and DEP (b) by the 5%GQDs/TCN-0.4.
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proposed to explain the photocatalytic degradation of organic pollutants
coupled with simultaneous photocatalytic H, evolution over the GQDs/TCN-
0.4. As shown in Scheme 1, when the GQDs/TCN-0.4 catalyst is irradiated
under simulated solar radiation, GQDs can absorb long wavelengths of light
(600-800 nm) and then emit short wavelength light (A < 500 nm) that is
absorbed by Mn-N-TiO,and CNS to generate electrons (¢7) and holes (h*). CNS
and Mn-N-TiO, can simultaneously absorb light to generate electrons and holes,
and the electrons are excited from the VB to CB. The electrons on the CB of
CNS transfer to the CB of Mn-N-TiO,, and then react with water on the surface
of GQDs or Pt to form H,. During the photodegradation of 4-NP, a small amount
of electrons would be consumed by the intermediates of 4-NP, so that the
photocatalytic rate of H, evolution in the 4-NP solution is smaller than that in
solutions of CIP or DEP. Accordingly, the holes on the VB of Mn-N-TiO,
transfer to the VB of CNS, and then gradually decompose 4-NP, CIP or DEP to
CO; and H,O. And these organic pollutants are also mineralized via %OH
generated from OH™ oxidation by holes. The mechanism explains the multiple
effects of GQDs in the GQDs/TCN-0.4 composite and supports the
photocatalytic photodegradation of organic pollutants coupled with
simultaneous photocatalytic H, evolution over GQDs/TCN-0.4. The mechanism
clearly shows the different effect of organic pollutants on photocatalytic H,
evolution.

4. Conclusions

In summary, GQDs/TCN composite catalysts have been successfully
prepared by combining GQDs and g-C;N4nanosheets with Mn-N-TiO, for the
first time. Systematic characterizations were done for GQDs/ TCN to confirm
this heterostructured composite. The experimental results show that the
5%GQDs/TCN-0.4 catalyst has the best photocatalytic hydrogen production
and organic pollutant degradation rate under simulated solar irradiation in the
simultaneous photocatalytic oxidation and reduction system. The photocatalytic
rates of H, evolution in the solutions of 4-NP, CIP and DEP are all larger than
that in pure water system over the 5%GQDs/TCN-0.4, whereas the H, evolution
rate in the solution of 4-NP is smaller than that in the solutions of CIP and DEP.
Accordingly, the photodegradation rate of 4-NP is larger than that of CIP and
DEP. For the first time, the present work clarifies the effect of different organic
pollutants on the photocatalytic rate of H, evolution, as well as different
photodegradation rates of 4-NP, CIP, and DEP over the same composite catalyst
via DFT and LC-MS. A photocatalytic mechanism was proposed to explain the
photocatalytic enhancement of the GQDs/TCN-0.4 catalyst and the effect of
different organic pollutants on the photocatalytic H, evolution.

Scheme 1. Possible photocatalytic mechanism of degradation of organic pollutants
coupled with simultaneous photocatalytic H> evolution over GQDs/TCN-0.4
under simulated solar irradiation.
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Electronic Supplementary Information available: the picture of
photocatalytic reactor system; SEM, EDS spectra, DRS spectra,
absorption spectra, Mott-Schottky plots, specific surface area, pore
volume and pore size of the as-prepared catalysts; enlarged profile

of Mn-NTiO2 of the (101) XRD peak; the characteristic peak of Raman spectra
of as-prepared catalysts; HPLC spectra of the catalytic degradation of DEP and
CIP, as well as EIS spectra of 4-NP and DEP over the GQDs/TCN-0.4 under
simulated solar irradiation. These supplementary materials can be found in the
online version at http://www.sciencedirect.com.
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