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Abstract
Metal-free graphitic carbon nitride (g-C3N4) and carbon quantum dots (CQDs) have a promising attention as to their supe-
rior photocatalytic activities and physicochemical properties. In the article, g-C3N4 and CQDs were connected effectively 
through porous modification of g-C3N4 by directly heating melamine hydrochlorid, which benefits to the enhancement of 
the composites’ photocatalytic activity. The structures and morphologies of the photocatalysts were characterized by X-ray 
diffraction, transmission electron microscopy, Fourier transform infrared spectroscopy,  N2 adsorption–desorption, X-ray 
photoelectron spectroscopy, UV–Vis diffuse reflectance spectrum and photoluminescence spectroscopy. Meanwhile, the 
porous g-C3N4 and CQDs composite (pg-C3N4/CQDs) exhibited the improved photocatalytic activity for the degradation 
of RhB under visible light irradiation, which may be contributed three reasons: (1) pg-C3N4 has much higher surface area 
(~ 20 times) and more stronger photocatalytic oxidation capacity than that of g-C3N4; (2) as the electron-sinks, CQDs can 
improve the photogenerated electron–hole pair’s separation; (3) CQDs can upconvert the light with wavelengths longer than 
650 nm into the shorter wavelengths to increase light harvesting, while pg-C3N4 utilizes the light to degrade pollutants. In 
addition, the possible photocatalytic degraded mechanism was investigated in detail. This work will be useful for designing 
other CQDs-based photocatalysts and providing a promising approach to environmental purification.

1 Introduction

Wang et  al. have reported that graphite carbon nitride 
(g-C3N4) as a type of metal-free semiconductor can pro-
duce hydrogen or oxygen by splitting water under visible 
light irradiation [1]. g-C3N4 has attracted more and more 
attention in the field of photocatalysis because of its excel-
lent properties, such as stable physical and chemical proper-
ties, good photoelectric properties, and easy to be prepared 
in large range [2–6]. The optical band gap of g-C3N4 was 
measured to be 2.7 eV, which allows it to respond to the 
visible light. There was a strong covalent bond between 

carbon and nitrogen atoms in g-C3N4, so it was still stable 
under the light irradiation in the aqueous solution, even in 
the acid–base solutions [4].

However, the pure g-C3N4 also has some disadvan-
tages, such as the fast recombination of photo-generated 
electron–hole pairs, the small specific surface area and the 
weak visible light absorption [7]. In order to overcome these 
shortcomings, a great deal of methods have been proposed. 
The construction of heterojunction photocatalyst is a very 
effective and important method, because it can not only 
avoid the recombination of photo-generated electron–hole 
pairs, but also broaden the spectrum response range [8, 9]. 
Many heterojunction photocatalysts based on carbon nitride 
have been constructed and exhibit excellent photocatalytic 
performance in the degradation of organic pollutants. Many 
heterojunction photocatalysts based on g-C3N4-based have 
been constructed and exhibit excellent photocatalytic per-
formance in the degradation of organic pollutants, such as 
titanium dioxide [10–24]. Of course, doping g-C3N4 with 
some carbon materials can also improve its photoelectric 
properties and photocatalytic properties, such as grapheme 
[25, 26], carbon nanotubes [27, 28] and so on.
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Carbon quantum dots (CQDs), as a new type of carbon 
nanomaterials, have been widely used in the field of photo-
catalyst construction because of their excellent properties, 
such as high solubility in water, strong size effect, up-conver-
sion fluorescence properties and good photoinduced electron 
transfer properties [29–31]. In order to improve the photo-
catalytic performance of semiconductor, many heterojunc-
tion photocatalysts based on CQDs have been constructed, 
such as ZnO [32],  TiO2 [33],  Ag3PO4 [34]. The connection 
between CQDs and  TiO2 in the  TiO2/CQDs heterojunctions 
is mainly depended on the hydrogen bonds formed by the 
carboxyl and hydroxyl groups of the surface of CQDs and 
the hydroxyl groups on the  TiO2. However, the surface of 
g-C3N4 contains some hydrophobic groups, which can not 
be strongly linked with CQDs. It is difficult to construct a 
heterojunction based on g-C3N4 and CQDs. Therefore, the 
interaction between them needs to be further solved.

In this paper, we proposed a method of porous modifica-
tion of g-C3N4 to realize the effective connection between 
g-C3N4 and CQDs. The heterojunction composites con-
structed by porous g-C3N4 and CQDs showed excellent pho-
tocatalytic activity in the degradation of RhB under visible 
light irradiation, and the doping 0.5 wt% CQDs composites 
exhibited the highest photocatalytic activity. In addition, the 
possible mechanism of photocatalytic degradation has been 
studied in detail. This work will also propose a new idea 
for designing other heterojunction photocatalysts based on 
CQDs.

2  Experimental section

2.1  Synthesis of g‑C3N4 and pg‑C3N4

g-C3N4 two-dimensional nanocompounds was obtained 
from the pyrolysis of melamine according to the previously 
reported literature [35]. Specifically, a certain amount of 
melamine was placed in a crucible with a lid, heated to 
500 °C at a speed of 15 °C/min in the muffle furnace and 
kept for 2 h, and then further heated to 520 °C and kept for 
2 h again. Finally, the samples were cooled to room tempera-
ture to obtain g-C3N4 materials.

The synthesis methods of porous g-C3N4 (pg-C3N4) and 
g-C3N4 were similar, except that the roasted melamine was 
replaced by melamine hydrochloride. Melamine hydro-
chloride was obtained by the reaction of hydrochloric acid 
with melamine. In details, a certain amount of melamine 
was dissolved in deionized water and boiled by heating, and 
then adding slowly some hydrochloric acid into the above 
solution and stirring strongly for half an hour to form a 
sticky mixture. Finally, the sticky mixture was placed in the 
oven and dried all night at 80 °C to obtain the melamine 
hydrochloride.

2.2  Synthesis of g‑C3N4/CQDs and pg‑C3N4/CQDs

The CQDs were synthesized by ultrasonic treatment of 
alkali solutions according to the previously reported litera-
ture [36]. Specifically, 0.05 mol of glucose was added to 
50 mL of deionized water and stirred to form a transparent 
solution, and then adding 50 mL of sodium hydroxide solu-
tion (1 mol/L) in the above solution. The mixed solution 
was placed in a supersonic chamber to ultrasonic treatment 
for 7 h at room temperature. The pH of the above mixture 
was then adjusted to 7 by the adding of hydrochloric acid. 
Finally, the raw solution was dialyzed through the semi 
permeable membrane (MWCO 3000), and the transpar-
ent brown solution was the CQDs aqueous solution. It was 
placed in the refrigerator and stored at 4 °C.

Fabrication of g-C3N4/CQDs heterostructures: The 
g-C3N4/CQDs heterostructures were synthesized by a simple 
deposition. Specifically, 0.1 g of g-C3N4 was added to 50 mL 
of the above stored CQDs aqueous solution. The mixture 
reacts for 4 h at 90 °C through the oil bath reflux and then 
cooled to room temperature. The mixture was centrifuged 
and washed many times with the deionized water. And then 
it was dried all night at 60 °C in the oven to obtain the final 
g-C3N4/CQDs heterostructures.

Fabrication of pg-C3N4/CQDs heterostructures: The syn-
thesis methods of pg-C3N4/CQDs and g-C3N4/CQDs were 
similar, except that the replacement of g-C3N4 with pg-C3N4.

The added contents of CQDs were 0.1 wt%, 0.2 wt%, 
0.5 wt%, 2.0 wt%, and referred to as g-C3N4(pg-C3N4)/
CQDs (0.1%, 0.2%, 0.5%, 2.0%), respectively.

2.3  Characterization

Powder XRD patterns of the composites were obtained on 
a Rigaku-Dmax 2500 diffractometer using Cu Ka radiation 
(Ka = 1.54059 Å). Transmission electron microscopy (TEM) 
was taken with a field-emission transmission electron micro-
scope. The X-ray photoelectron spectra (XPS) were recorded 
on an ECSALAB 250 spectrometer. Nitrogen adsorp-
tion–desorption analysis was carried out at liquid nitro-
gen temperature (77 K) by a Micromeritics ASAP 2010M 
instrument. The specific surface areas were calculated by 
the Brunauer–Emmett–Teller (BET) method. UV–Vis dif-
fuse reflection spectroscopy were performed on a Shimadzu 
UV-2450 spectrophotometer using  BaSO4 as the reference. 
The photocurrent and electrochemical impedance spectros-
copy (EIS) were examined by an electrochemical system, 
using a conventional three-electrode cell. The PL spectra of 
the photocatalysts were detected using a spectrophotometer.
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2.4  Photocatalytic experiments

The photocatalytic activity of the above prepared samples 
was evaluated by photocatalytic degradation of rhodamine B 
(RhB) under visible light irradiation. A 300 W Xe lamp with 
a 420 nm cutoff filter as the light source was placed at 20 cm 
away from RhB solution. In the specific photodegradation 
reaction, the photocatalyst of 0.1 g was added to the RhB 
solution (10 mg/L) of 10 mL. Before the light irradiation, the 
mixture was stirred in dark for 40 min to reach the adsorp-
tion equilibrium of rhodamine B on the photocatalyst. In the 
process of the degradation reaction under visible light irradi-
ation, the photocatalytic degradation solution was extracted 
every 5 min and centrifugated to remove the photocatalyst. 
And then the concentration of RhB was measured at this 
time by determing the maximum absorption peak of RhB at 
553 nm through a ultraviolet spectrophotometer.

2.5  Photoelectrochemical measurements

The photoelectrochemical performance was tested through a 
conventional system. Typically, the measured sample elec-
trode was used as the working electrode. And the platinum 
wire was used as the counter electrode and the Ag/AgCl 
electrode was used as the reference electrode. The photoelec-
trochemical measurements light source is a 300 W Xe lamp.

3  Results and discussion

3.1  Structural characterization of g‑C3N4/CQDs 
composites

The crystal structure of the samples has been becharac-
terized by X-ray diffractometer (Fig. 1a, b). As shown in 
Fig. 1a, for the pure g-C3N4, there are two diffraction peaks 
at 13.0° and 27.4°, and these two peaks can be attributed 
to (100) and (002) crystallographic plane of g-C3N4. The 
weaker diffraction peak at 13.0° is derived from the in-plane 
structural packing motif, and the stronger diffraction peak at 

27.4° is arises from the interlayer stacking [37]. However, 
the two diffraction peaks of pg-C3N4 are weaker and wider 
than that of the pure g-C3N4, which indicates that the crystal-
linity of pg-C3N4 is not as high as that of the pure g-C3N4. 
According to the diffraction peak of (002) plane in XRD, 
the average crystallite sizes of g-C3N4 and pg-C3N4 are 7.1 
and 2.7 nm by Scherrer’s formula, respectively [38], which 
indicates that melamine hydrochloride instead of melamine 
can effectively avoid the growth of g-C3N4 crystallite in the 
synthesis process. When the CQDs was loaded on the sur-
face of g-C3N4 and pg-C3N4, both the characteristic peaks 
of g-C3N4 and pg-C3N4 become more weaker. This point 
can be observed obviously in the enlarge part of Fig. 1b. 
Moreover, no obvious CQDs diffraction peaks are observed, 
which may be due to the small amounts, high dispersion and 
low crystallinity of CQDs in heterojunctions [39]. In addi-
tion, no other impurities peaks are detected, revealing that 
the as-prepared photocatalysts are pure phase.

The morphology and microstructure of the samples have 
been studied by TEM (Fig. 2). The g-C3N4 sample syn-
thesized by melamine as a precursor is a two-dimensional 
sheet-like structure, and when the melamine was replaced 
with melamine hydrochloride, the obtained g-C3N4 keeps its 
two-dimensional sheet-like structure, and the surface has an 
obvious mesoporous structure of about 10 nm, which indi-
cates that the pg-C3N4 sample has been successfully synthe-
sized. After assembling CQDs on the surface of g-C3N4 and 
pg-C3N4, the g-C3N4/CQDs heterostructures retain a sheet-
like morphology and the surface of g-C3N4 is distributed 
sporadically with a small amount of CQDs (Fig. 2c). How-
ever, the surface of pg-C3N4 is homogeneously covered with 
a layer of dense CQDs, which is beneficial to the enhance-
ment of photocatalytic activity of composites (Fig. 2d). This 
is also the goal that this article wants to achieve, and the 
specific reasons could be porousification of g-C3N4 leads to 
more active sites for deposition of CQDs.

The effective connection between pg-C3N4 and CQDs 
was proved by the FT-IR and XPS results. Figure 3 gives 
the FT-IR spectra of the as-prepared samples. As can be seen 
from Fig. 3a, the vibrations at 1075 (C–O), 1397 (C–H), 

Fig. 1  XRD of patterns of a as 
prepared samples; b enlarged 
part of corresponding samples
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1645 (C=C), 1730 (C=O) cm−1 corresponding to carbon 
skeleton vibration are observed for CQDs. The broad bands 
at around 3400 cm−1 is assigned to the OH stretches due to 
adsorbed hydroxyl species. In Fig. 3b, the sharp absorption 
band at around 812 cm−1 could be assigned to the breath-
ing mode of tri-s-triazine units [40]. The vibrations at 1635 
(C=N), 1570 (C=N), 1456 (C–N), 1398 (C–N), 1319 (C–N) 
and 1248 cm−1 (C–N), corresponding to the typical stretch-
ing modes of CN heterocycles, comprising both N–(C)3 and 
C–NH–C units. This indicated the formation of extended 
net-work of C–N–C bonds [41]. The broad bands at about 
3200 cm−1 are indicative of stretching vibration modes 
for –NH of g-C3N4. For pg-C3N4, Fig. 3c shows the simi-
lar vibrations with g-C3N4, except for more weaker vibra-
tions than that of g-C3N4, which indicated the successful 
porousification for g-C3N4. For Fig. 3d, e, there are the simi-
lar conditions that the characteristic vibrations of g-C3N4 
(pg-C3N4) disappeared and the characteristic vibrations of 

Fig. 2  TEM images of as-prepared samples: a g-C3N4; b pg-C3N4; c g-C3N4/CQDs; d pg-C3N4/CQDs

Fig. 3  FT-IR spectra of the samples: (a) CQDs; (b) g-C3N4; (c) pg-
C3N4; (d) g-C3N4/CQDs; (e) pg-C3N4/CQDs
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CQDs appeared. In addition, the vibration at 2100 cm−1 
assigns to the conjugate vibrations between g-C3N4 (pg-
C3N4) and CQDs, which reveals that the successful fabrica-
tion of g-C3N4 (pg-C3N4)/CQDs. Notably, all the vibrations 
of Fig. 3e are far stronger than that of Fig. 3d, it is due to pg-
C3N4 has more active sites and active groups than g-C3N4, 
leading the deposition of more CQDs and more intimate 
connections with CQDs. The results are consist with the 
above TEM results.

XPS was used to further investigate the interactions 
between pg-C3N4 and CQDs (Fig. 4). The C 1s spectra of 
the pg-C3N4 can be fitted with two peaks at binding ener-
gies of 288.1 and 284.6 eV. The major peak at 288.1 eV is 
ascribed to the existence of  sp2-bonded C atoms C–N=C, 
while the peak at 284.6 eV is assigned to the existence of 
C=C. The two new peaks in pg-C3N4/CQDs composites are 
assign to C–OH (285.7 eV) and COOH (289.1 eV) species in 
CQDs [1]. The N 1s spectra of both pg-C3N4 and pg-C3N4/
CQDs composites present the typical tertiary N–(C)3 groups 
(400.5 eV) and C–N–C groups of triazine rings (398.4 eV) 
[42]. Interestingly, a new shoulder peak at 397.6 eV is obvi-
ously observed in pg-C3N4/CQDs composites, which may 
be caused by the intimate interaction between the pg-C3N4 
and CQDs [43]. These results indicate that the the assembly 
of pg-C3N4/CQDs composites should be attributed to the 
∏–∏ stacking interaction between pg-C3N4 and CQDs. 
Such noncovalent interactions between the two components 
can prevent the formation of defects at the connection inter-
face and thus lead to a intimate contact interface, which is 
also consistent with the TEM results.

In order to investigate the porous structure of samples, 
the nitrogen adsorption–desorption isotherms and Bar-
ret–Joyner–Halenda (BJH) pore size distribution curves of 
g-C3N4/CQDs and pg-C3N4/CQDs are given in Fig. 5. The 
results reveal that the two samples possess type III adsorp-
tion–desorption isotherms, which is caused by the weak 
adsorbent–adsorbent interaction and the porous structures 
of the sample. There are obviously type  H3 hysteresis loops 

at 0.50 < P/P0 < 1.00 in the isotherms of the pg-C3N4/CQDs 
sample, which can be often observed on the aggregates of 
plate-like particles lead to slit-shaped pores, confirming the 
existence of porous structure in pg-C3N4/CQDs. The BET 
specific surface areas of g-C3N4/CQDs and pg-C3N4/CQDs 
are calculated to be 2.8 and 57.7 m2/g, respectively, suggest-
ing that the utilization of melamine hydrochloride precur-
sor could significantly increase the surface area of the final 
product by 20 times owing to the porousification of g-C3N4, 
which will be benefit to enhance the photocatalytic activity.

TEM image of the as-obtained CQDs is shown in Fig. 6a. 
The small CQDs are spherical particles with a diameter of 
approximate 5 nm and have good monodispersity. They can 
freely disperse in water with a transparent appearance (Fig. 
S1) due to the presence of hydrophilic groups on the surface, 
which was proved by the above FT-IR and XPS results.

Specially, the as-prepared CQDs shows the up-converted 
PL properties with excitation wavelengths at 650, 700, 

Fig. 4  XPS of C 1s (a) and N 
1s (b) of pg-C3N4 and pg-C3N4/
CQDs composites

Fig. 5  N2 adsorption–desorption isotherms and BJH pore size distri-
bution plots (inset) of (a) g-C3N4/CQDs and (b) pg-C3N4/CQDs sam-
ples
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750, 800, 850, 900, 950, and 1000 nm (NIR light region) 
(Fig. 6b). It is found that the emissions are located at vis-
ible light wavelengths of 400–600 nm. That is to say, CQDs 
can absorb NIR light and then emit visible light, which can 
in turn excite a visible-light photocatalyst to form elec-
tron–hole pairs, make the photocatalyst can effectively 
harness the broad spectrum of sunshine to strengthen the 
photocatalytic activities. This point is also proved by the 
results of UV–Vis–NIR absorption spectra of samples in 
Fig. 7. Pg-C3N4 shows strong absorption in the UV–Vis 
region, and the absorption wavelength is approximately 
200–450 nm. While pg-C3N4/CQDs heterostructures also 
display obvious UV–Vis–NIR absorption ranging from 200 
to 1400 nm. Compared to pg-C3N4, the large red shift of the 
heterostructure arises from the effective interaction between 
pg-C3N4 and CQDs. At the same time, this indicates the pg-
C3N4/CQDs photocatalyst could harness solar energy more 
efficiently.

Figure 8 displays the UV–Vis diffuse reflectance spec-
tra of as-prepared samples. It can be found that the pure 
g-C3N4 possesses absorption wavelength from the UV to 

the visible light region which can be up to around 460 nm, 
while the pg-C3N4 can be only up to 440 nm. For g-C3N4 
and pg-C3N4, the calculated gaps are 2.70 and 2.81 eV 
respectively. It can be seen that the gap of g-C3N4 can be 
enlarged by 0.11 eV due to the porous modification of 
g-C3N4, which can enhance its photocatalytic oxidation 
capacity. We consider that the enlarged band gap of pg-
C3N4 could be attributed to the quantum size effect due to 
their smaller crystal sizes [44]. After the introduction of 
CQDs on the surface of pg-C3N4, the absorption edge of 
pg-C3N4 did not shift, which indicates that the CQDs only 
deposite on the surface of pg-C3N4 and does not change 
its optical properties. The visible light harvesting capabil-
ity of the pg-C3N4/CQDs composites increased with the 
CQDs content due to the intrinsic optical absorbance of 
the CQDs, which are confirmed in Fig. S2. Indeed, CQDs 
possesses the upconverted photoluminescence property as 
the results given in Fig. 6b. These results reveal that CQDs 
can serve as a light harvesting component for pg-C3N4/
CQDs to improve visible light utilization, which enhance 

Fig. 6  a TEM images of CQDs; 
b up-converted photolumines-
cence spectra of CQDs

Fig. 7  UV–Vis–NIR absorption spectra of samples Fig. 8  UV–Vis diffuse reflectance spectra of (a) g-C3N4 and (b) pg-
C3N4
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the photocatalytic performance of the composites under 
sunlight.

3.2  Photocatalytic performance of samples

The photocatalytic performance of the samples was evalu-
ated by RhB degradation experiments considering that RhB 
has been widely used to evaluate the photocatalytic activity 
of the photocatalyst as one of the model dye pollutants. The 
mixed solution was kept for 40 min in the dark to ensure 
the adsorption–desorption equilibrium between the photo-
catalyst and RhB prior to light irradiation. Figure 9a gives 
the photocatalytic activities of synthesized samples for deg-
radation of RhB under visible-light. The results show that 
self-degradation of RhB is negligible and pg-C3N4 possesses 
much better activity than g-C3N4 on the degradation of RhB. 
Therefore, the porousification could enhance the g-C3N4’s 
photocatalytic activity. However, the greatly enhanced RhB 
degradation is observed upon the introduction of CQDs onto 
pg-C3N4. After the light irradiation for 210 min, 80.2%, 
85.6%, 100%, and 80.0% of RhB are photodegraded with 
increasing the CQDs content from 0.1 to 2.0 wt%, respec-
tively. Notably, pg-C3N4/CQDs(0.5%) photocatalyst shows 
the highest RhB degradation rate. The results indicate that 
CQDs could enhance futher the photocatalytic activity of pg-
C3N4, and the optimum amount of load is 0.5%. The more 
loading amounts of CQDs may cover the active sites of pg-
C3N4, leading to the weaker photocatalytic activity of the 
pg-C3N4/CQDs composite.

Considering the importance of photocatalyst stability in 
practical applications, the photocatalytic reusability of the 
pg-C3N4/CQDs(0.5%) sample for RhB degradation was also 
evaluated. After each cycling photocatalytic experiment, the 
photocatalysts were collected, washed and dried for next 
recycling. From Fig. 9b, it can be seen that the pg-C3N4/

CQDs(0.5%) sample exhibits the same photocatalytic deg-
radation activity over five successive cycles for the degrada-
tion of RhB. The result suggests that the high-stability of the 
pg-C3N4/CQDs photocatalyst for its practical applications, 
which is also confirmed by the below XRD and TEM results. 
The XRD results show there is almost no difference before 
and after five cycles for the photodegradation of RhB (Fig. 
S3). At the same time, the TEM analysis displays that the 
distribution and density of CQDs on the surface of pg-C3N4 
are indistinguishable from those of the unused sample (Fig. 
S4). The high-stability of the pg-C3N4/CQDs composites 
may be attributed to the close connetion between the two 
due to the porousification of g-C3N4.

3.3  Photocatalytic mechanism for the pg‑C3N4/
CQDs composites

To conclude the RhB degradation mechanism by the pg-
C3N4/CQDs composite, the transient photocurrent responses 
of the g-C3N4, pg-C3N4 and pg-C3N4/CQDs composites 
were carried out to examine the charges generation and 
recombination behaviors in these photocatalytic systems in 
Fig. 10a. The reproducible photocurrent responses during 
the “on–off” irradiation cycles indicated the good stability 
of these photoelectrodes. Notably, the pg-C3N4/CQDs com-
posite presents the highest the photocurrent density, about 
onefold and half and onefold enhancement than those of 
g-C3N4 and pg-C3N4 electrodes, which indicates that the 
introduction of CQDs resulted in pg-C3N4/CQDs has the 
lowest electrons and holes recombination rate. At the same 
time, the result further confirms there is an intimate connec-
tion between pg-C3N4 and CQDs.

To validate the improved charge transfer behaviors of the 
pg-C3N4/CQDs, the EIS Nynquist plots of the g-C3N4, pg-
C3N4 and pg-C3N4/CQDs photoelectrodes are presented in 

Fig. 9  a Photocatalytic degradation of RhB of as-prepared samples under visible-light; b cycling runs for the photodegradation of RhB of pg-
C3N4/CQDs



17461Journal of Materials Science: Materials in Electronics (2018) 29:17454–17462 

1 3

Fig. 10b. As can be seen that the radius of three samples 
photoelectrodes are in the order of pg-C3N4/CQDs < pg-
C3N4 < g-C3N4. It is well known that the smaller radius 
implies more efficient charges transfer process. Therefore, 
the results imply that charges transfer occurred more rapidly 
at the heterojunction interface of pg-C3N4/CQDs than that of 
g-C3N4 and pg-C3N4, which promotes efficient separation of 
the photogenerated electron–hole pairs. It is consistent with 
the result of transient photocurrent responses.

To investigate the photocatalytic mechanism for the pg-
C3N4/CQDs composites, we had carried out RhB photodeg-
radation experiments under the NIR light irradiation in Fig. 
S5. We can see that about 31% RhB are photodegradated 
over pg-C3N4/CQDs after 210 min. For RhB self-photoly-
sis and pg-C3N4, there is no or little degradation of RhB is 
observed, which indicates pg-C3N4 photocatalysts do not 
respond to the NIR light. After CQDs deposited on the sur-
face of pg-C3N4, the pg-C3N4/CQDs composites can respond 
to NIR light, leading to the photodegration of RhB under the 
NIR light irradiation. The results show that CQDs play the 
important roles for the enhanced NIR photocatalytic activity. 

As can be seen from Figs. 6b and 7, CQDs can harvest the 
NIR light and make it converted to visible light due to its 
up-conversion performance. As the result, the visible light 
excites pg-C3N4 to complete the NIR photocatalysis process 
in the pg-C3N4/CQDs composite.

Based on the above photocatalytic and photoelectrochem-
ical results, a possible mechanism for the enhanced photo-
catalytic performance of the pg-C3N4/CQDs composite was 
proposed, which is illustrated in Fig. 11. Firstly, pg-C3N4 can 
be excited under the visible-light to yield photogenerated 
electron–hole pairs and electrons will migrate to the CQDs 
due to the intimate connection between pg-C3N4 and CQDs. 
Electrons on CQDs react with  O2 to form ⋅O2

− that could 
oxidize RhB into  CO2 and  H2O. Meanwhile, the photogen-
erated  h+ can also directly oxidize RhB. Secondly, the light 
of the wavelength > 650 nm could be converted to < 550 nm 
light by CQDs owing to the up-converted PL behavior. 
Therefore, the pg-C3N4/CQDs composite could not only 
facilitate charges separation and transport at the junction 
interface through CQDs act as electron-sinks, but also pro-
mote more charges generation by extending the absorption 

Fig. 10  a Photocurrent response curves and b EIS Nyquist plot of samples

Fig. 11  Schematic diagrams 
for the possible photocatalytic 
mechanism of pg-C3N4/CQDs
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region due to the up-converted performance of CQDs. The 
results lead to more efficient degradation of RhB under vis-
ible light irradiation.

4  Conclusions

In summary, the pg-C3N4/CQDs composites with the an inti-
mate interface were successfully synthesized by the porous 
modification of g-C3N4. The photocatalytic activity of pg-
C3N4 could be greatly improved by the deposition of CQDs 
on the surface of pg-C3N4, and the composites show the 
best photocatalytic activity as the loading amount of CQDs 
is 0.5%. The enhanced photocatalytic degraded mechanism 
of pg-C3N4/CQDs is investigated in detail, which could 
be contributed three reasons: (1) porous g-C3N4 has much 
higher surface area; (2) CQDs act as electron-sinks, which 
improve the photogenerated electron–hole pairs’s separa-
tion; (3) CQDs act as the light source to up-convert infrared 
light to visible light to increase light harvesting. This work 
will be useful for designing other CQDs-based photocata-
lysts and providing a promising approach to environmental 
purification.
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