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In situ synthesis of metal-free N-GQD@g-C3N4 photocatalyst for

enhancing photocatalytic activity

1 | INTRODUCTION

g-C5N, as photocatalysts has attracted lots of attention due to
metal-free, non-toxic, low-cost and stability for applications in
water splitting, reduction of CO,, removal of organic mate-
rials, chemical synthesis and so on [1-5]. However, single g-
C;N, exhibited low photocatalytic activity due to low separa-
tion efficiency of electron-hole, restricting its real applications
[6]. Recently, co-catalysts were used to tune band structures,
improving separation efficiency of electron—hole [7—15], such
as noble metal (e.g. Au, Ag and Pt), inorganic semiconductor
(e.g TiO,, ZnO, GAVOy), C-based material (carbon nanotubes,
graphene oxides and graphene quantum dots). Among these
co-catalysts, the graphene quantum dots (GQDs) were most
promising co-catalysts due to metal-free, unique photo-induced
electron transfer, photo-luminescence and electron reservoir
properties [15]. Therefore, there were some works reporting
the preparation and photocatalytic performance of GQDs/g-
C;N, photocatalytic systems [15-23]. For example, GQDs/g-
C;N, nanorods were prepared by mixing method. The GQDs
and g-C5N, were firstly prepared, respectively, and then were
mixed in water to form GQDs/g-C;Ny. The removal efficiency
was about 80.0% for photocatalytic degradation of oxytetracy-
cline aqueous solution (15.0 mg/L) after 120 min [15]. S, N-
GQDs/g-C3N, was prepared by the similar mixing method.
The removal efficiency was about 76.0% for photocatalytic
degradation of RhB aqueous solution (5.0 mg/L) after 90.0 min
[16]. GQDs/mpg-C3Ny was prepared by the similar mixing
method. The removal efficiency was about 98.0% for photocat-
alytic degradation of RhB aqueous solution (10.0 mg/L) after
120.0 min [17]. GQDs/g-C3Ny ultrathin nanosheets were pre-
pared by the similar mixing method. The removal efficiency
was about 98.0% for photocatalytic degradation of RhB aque-
ous solution (1.0 mg/L) after 60.0 min [21]. These works have
confirmed that the photodegradation performance of g-C;Ny
could be effectively improved. However, these GQDs/g-C3Ny
were generally prepared by the mixing method, in which the
GQDs were not uniformly modified on surface of g-C3Ny
due to poor stability of g-C3N, aggregate in water. It was not
only difficult to precise control micro-structure of GQDs/g-
C3Ny, but also led to a decrease of photocatalytic activity. These

problems restricted the real applications of GQDs/g-C3Ny in
industry. To this end, a facile production of GQDs/g-C5Ny
with good photodegradation performance has become one of
the key issues.

Herein, a new N-GQD/g-C3N, was prepared by an in situ
method. The N-GQDs could be uniformly modified on surface
of g-C3;Ny. Furthermore, the photodegradation performance
of in situ synthesis N-GQDs/g-C3N,4 was evaluated and com-
pared with N-GQDs/g-C;N, prepared by traditional mixing
method. The study provided a simple synthesis method of g-
C;Ny uniformly modified with N-GQDs for various applica-
tions.

2 | EXPERIMENT

2.1 | Insitu synthesis of N-GQDs/g-C;N,
N-GQDs/g-C3N, was prepared by the two-step process.
Firstly, N-GQDs were synthesized according to the work [24].
0.23 g citric acid and 0.6 g urea were dissolved in 12.0 mL
water under stirring, The above mixing solution was transferred
into a 50.0 mL Teflon-sealed autoclave and reacted at 160.0 °C
for 8.0 h. Finally, the products were collected by centrifuga-
tion method to remove other impurities and then dispersed into
water. Secondly, 10.0 g urea was put into 5.0 mL N-GQDs solu-
tion (2.0 mg/mL). The mixture was reacted at 500.0 °C for 3 h
in a muffle furnace. After cooling to room temperature around
25.0 °C the powders were washed with water for three times,
collected by filtration and finally dried at room temperature,
forming in situ synthesis N-GQDs/g-C5Ny. In addition, pure
g-C3Ny and N-GQDs were prepared according to above simi-
lar process. A specified volume of N-GQD solution was mixed
with g-C3Ny under vigorously stirring. The products were col-
lected by centrifugation and washed for three times with deion-
ized water, forming mixing synthesis N-GQDs/g-C5N,,.

2.2 | Characterizations

Crystal structure of samples was characterized by an X-ray
diffractometer (HAOYUAN) using Cu Ka (4 = 0.1546 nm).
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(A) XRD patterns of (a) g-C3Ny, (b) mixing and (c) in situ synthesis N-GQDs/g-C3Ny, (d) N-GQDs. TEM image of (B) in situ and (C) mixing

synthesis N-GQDs/g-C3N,. (D) UV-DRS of (a) g-C3;Ny, (b) mixing and (c) in situ synthesis N-GQDs/g-C3Ny, (d) N-GQDs. The insets of (A) are the optical
photographs of (a) g-C3Ny, (b) mixing and (c) in situ synthesis N-GQDs/g-C3Ny. The inset of (B) and (C) is magnified TEM image of the N-GQDs/g-C3Ny region

of marked in red

The morphology and size of samples were characterized
by transmission electron microscopy (TEM, JEM-2010); UV
absorption property was carried out on a UV—vis spectropho-
tometer. The fluorescence of sample was obtained on a flu-
oroscopic photometer (DF 2000). The specific surface area
was measured by the BET method by nitrogen adsorption—
desorption isotherms at 77.0 K. The photodegradation perfor-
mance of samples was evaluated as shown in following, 50.0 mg
N-GQDs/g-C;N, was dispersed in 50.0 mL. RhB solution
(15.0 mg/L) under magnetically stirring in the dark for 1.0 h.
The above mixture was irradiation under a 500.0 W halogen
lamp (A > 400 nm) for various time. At certain time intervals,
4.0 mL suspension solution was taken out and the photocatalyst
was removed by centrifugation method. Then, the supernatant
solution was characterized by UV—vis.

3 | RESULTS AND DISCUSSION

Figute 1(A) shows a weak diffraction peak at ca. 23.0°, corre-
sponding to amorphous N-GQDs [25]. Other curves all showed
two strong peaks at 13.1° and 27.5°, which were assigned to
the (100) and (002) planes of g-C5Ny, respectively (JCPDS card
No. 87-1526) [17]. The diffraction peak of N-GQDs was not
observed due to that the broad and weak peak of N-GQDs at
23.0° ovetlapped with the peak of g-C3Ny [16]. The pure g-
C;N, was datk yellow colour as shown in inset of Figure 1(A).

In contrast, the N-GQDs/g-C3N, showed uniformly light yel-
low and gray. The change of colour was attributed to change
in energy structure of g-C3N4 due to introduce N-GQDs
[26]. These results confirmed the formation of N-GQDs/g-
C;Ny. Figure 1(B) shows the TEM image of N-GQDs/g-
C3Ny. It clearly showed some nanosheets, which were assigned
to g-C3Ny. Furthermore, there were some dots on surface of
nanosheet as shown in inset of Figure 1(B). Although the N-
GQDs/g-C3Ny prepared by the mixing method also showed
similar nanosheet structure (Figure 1(C)), yet, lot of aggregated
dots were observed on sutface of nanosheet as shown in inset
of Figure 1(C). These results confirmed that the N-GQDs were
uniformly modified on surface of g-C3Ny nanosheet by in situ
synthesis [24]. Figure 1(D) shows UV-vis absorption spectra
of N-GQDs, g-C5N, and N-GQDs/g-C;Ny. The single N-
GQDs showed a UV absorption from 200.0 to 400.0 nm. In
a comparison, single g-C3Ny cleatly showed a UV—vis absorp-
tion from 200.0 to 550.0 nm. Especially was found that in situ
synthesis N-GQDs/g-C3Ny clearly showed a distinct enhanced
absorption from 200.0 to 800.0 nm comparing with single g-
C;Ny and mixing synthesis N-GQDs/g-C3Ny. These results
indicated good UV—vis absorption ability of in situ synthesis N-
GQDs/g-C5Ny.

Fluorescent spectra of single g-C3N, and N-GQDs/g-C;N,
were characterized and compared as shown in Figure 2(A). A
similar emission peak of ca. 412.0 nm was observed for all sam-
ples, which was attributed to the recombination of the excited
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(A) PL spectra of (a) g-C3Ny, (b) mixing and (c) in situ synthesis N-GQDs/g-C3N, under an excitation wavelength of 390.0 nm. (B) Transient

photocurrent curves of (a) N-GQD, (b) g-C3Ny, (c) mixing and (d) in situ synthesis N-GQDs/g-C3N, under 610750 nm light irradiation. (C) Photodegradation of
RhB with different photocatalysts of (a) pure N-GQD, (b) g-C5Ny, (c) mixing and (d) in situ synthesis N-GQDs/g-C5N, under visible light irradiation. (D) UV—-vis
spectra of RhB solution as function of natural outdoor light irradiation time in presence of in situ synthesis N-GQDs/g-C3Ny. The insets of (D) ate the optical

photographs of RhB solution before and after natural outdoor light irradiation

electron—hole pairs of g-C;Ny [24, 27]. In addition, the emission
peak intensity of N-GQDs/g-C3N, was obviously lower than
that of single g-C3Ny. The result indicated that the N-GQDs
could effectively suppress recombination of excited electron—
hole pairs of g-C3N, [20]. The emission peak intensity of in situ
synthesis N-GQDs/g-C3N, was lower than that of mixing syn-
thesis N-GQDs/g-C3Ny. The result suggested that the recom-
bination of excited electron—hole pairs also strongly depended
on distribution of N-GQDs on surface of g-C;Ny. Figure 2(B)
shows the photocurrent of various samples under visible light
irradiation. Generally, a larger photocurrent indicated a longer
lifetime and larger separation efficiency of photogenerated car-
riers [28]. The photocurrent intensity of in situ synthesis N-
GQDs/g-C3N4 was obviously larger than that of single g-
C;Ny, N-GQDs or mixing synthesis N-GQDs/g-C;Ny. The
result confirmed that the uniform distribution of N-GQDs on
surface of g-C5Ny could also effectively improve separation
efficiency of the charge carriers. Figure 2(C) shows photodegra-
dation performance of various samples. After 70.0 min irra-
diation, the concentration of RhB was few changes, indicat-
ing a poor photodegradation performance of N-GQDs under
visible light [29]. Under the same condition, the removal effi-
ciency of RhB was about 55.0% for single g-C5N,. As expected,
when N-GQDs were combined with g-C5Ny, the removal effi-
ciency was obviously enhanced to 99.8% and 75.0% for the in
situ and mixing synthesis N-GQDs/g-C;Ny, respectively. The
photodegradation performance of in situ synthesis N-GQDs/

g-C3Ny was further evaluated under sun light irradiation as
shown in Figure 2(D). The UV—vis absorption peak of RhB
solution decreased with increase in irradiation time and almost
completely disappeared after 70.0 min. The purple solution
changed to coloutless solution after 70.0 min. The result indi-
cated that the RhB was photodegraded under sun light irradia-
tion by N-GQDs/g-C5Ny.

Here, the specific degradation rate (SDR, mg/g-min) was
proposed to compate photodegradation performance of differ-
ent photocatalysts under irradiation with same radiant power

density [30].

1" x (¢ = G)

SDR =
MxXT

where, 17 is volume of RhB solution (L). Cj (mg/L) and
C, (mg/L) are the concentration of RhB solution before and
after photodegradation, respectively. M (g) and 7" (min) are
the mass of N-GQDs/g-C;N, and irradiation time, respec-
tively. By comparing with SDR of present N-GQDs/g-C3Ny
and others photocatalysts based on g-C3Ny [10-12, 16, 17, 28,
31, 32] (Table 1), present N-GQDs/g-C3N, had largest SDR,
indicating a best photodegradation performance. Generally, the
photodegradation performance strongly depended on special
surface area, band gap, optical absorption ability, separation effi-
ciency of the charge carriers and recombination of the excited
electron—hole pairs [30].The special surface area of g-C;Ny
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TABLE 1 The photocatalytic activity and structure of photocatalysts based on g-C3Ny
SDR Surface area
Sample (mg/g-min) Eg (eV) (m2/g) Ref.
In situ synthesis N-GQDs/g-C53Ny 0.22 2.61 16.5 Present
Mixing synthesis N-GQDs/g-C5Ny 0.16 2.69 15.4
SN-GQDs/g-C3Ny 0.11 — 45.6 [16]
GQDs/mpg-C5Ny 0.15 — 71.3 [17]
Zn0O/g-C3Ny 0.033 — 13.2 [11]
GdVO,/g-C5Ny 0.083 2.36 37.0 [10]
Fe,05/g-C3Ny 0.0375 2.5 — [31]
Bi,S5/g-C5Ny 0.08 2.25 — [32]
TiO,/g-C3Ny 0.2 — — [12]
AgyO/g-C3Ny 0.125 213 — [28]
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FIGURE 3  (A) Nitrogen adsorption—desorption isotherm curve of (a) g-C3Ny, (b) mixing and (c) in situ synthesis N-GQDs/g-C3Ny. (B) (Ah)"/? versus hv

curve of (a) g-C3Ny, (b) mixing and () in situ synthesis N-GQDs/g-C5Ny. (C) PL spectra of N-GQDs under vatious excitation wavelengths of 610-750 nm, the
inset of (C) is the optical photograph of N-GQDs solution under 365.0 nm and visible light

and N-GQDs/g-C3N, was characterized and compared by N,
adsorption—desorption isotherm as shown in Figure 3(A). It
was about 19.6, 16.5 and 15.4 m? /g for single g-C3N, in situ
synthesis N-GQDs/g-C3sN and mixing synthesis N-GQDs/g-
C3Ny, respectively. The optical band gap (Eg) of g-C53Ny4 and
N-GQDs/g-C;N, was estimated from the intercept of the
tangents to the plots of (A)"/? versus photo energy plots
as shown in Figure 3(B). The £g value of mixing synthesis
N-GQDs/g-C3Ny was about 2.69 eV, which was similar with
theoretical value of g-CsNy [33]. In comparison, the Eg of
in situ synthesis N-GQDs/g-C3Ny was reduced to 2.6 eV.

The photoluminescence (PL) of N-GQDs was characterized
by using different excitation wavelengths as shown in Fig-
ure 3(C). When excited by red light (1 = 610-750 nm), the
N-GQDs showed a photoluminescence with short wavelength
(400-500 nm), which could be absorbed by the g-C5N,. The
upconversion property of N-GQDs could enhance the visible-
light utilization [24]. Based on above experimental results, the
good photodegradation performance mainly attributed to bet-
ter separation efficiency of the charge carriers, fewer recombi-
nation of excited electron—hole pairs and better optical absorp-
tion ability, resulting from uniform distribution of N-GQDs on
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surface of g-C3Ny. At the same reason, although in situ synthe-
sis N-GQDs/g-C3N showed lower specific surface area, it still
exhibited higher photocatalytic activity comparing with other
GQDs/g-C3Ny reported in previous works [16, 17]. These
results indicate that the uniform distribution of co-catalysts on
surface of photocatalysts is also the key role for improving pho-
todegradation performance of photocatalysts.

4 | CONCLUSION

In summary, N-GQDs/g-C5N, were prepared by the in situ
synthesis method. It was found that the N-GQDs could be
uniform distribution on surface of g-C3N,. Furthermore, the
N-GQDs/g-C3Ny possessed good photodegradation perfor-
mance toward RhB under visible light irradiation. The result
was attributed to more electron transfer between g-C3N, and
N-GQD, resulting from uniform distribution of N-GQDs on
surface of g-C3Ny4. This study provides a new method to
develop g-C3Ny-based photocatalysts with high performance.
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