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Abstract
Carbon dots (CDs) were successfully derived from water hyacinth leaves and the binary composite was achieved by 
incorporating CDs with g-C3N4 through hydrothermal treatment. The average particle size of CDs was found to be 3.1 nm 
and a blue-green fluorescence was emitted under the UV light irradiation. Both of the composites loaded with 20 wt.% 
(20CDs/g-C3N4) and 40 wt.% (40CDs/g-C3N4) of CDs achieved the highest degradation efficiency of 2,4-dichlorophenol 
(2,4-DCP) with 1.7 times higher than that of pure g-C3N4. This work successfully improved the properties of g-C3N4 by 
elongating the lifetime of photogenerated electrons and widening the visible light response. Both of 20CDs/g-C3N4 and 
40CDs/g-C3N4 recorded the highest photocatalytic performance in degrading 2,4-DCP with degradation rate constant of 
0.0194, and 0.0186 min−1, respectively. This is contributed by the prolonged charge carrier lifetime in 20CDs/g-C3N4; good 
visible light absorption and high specific surface area in 40CDs/g-C3N4. For the scavenger test, hole  (h+) and superoxide 
radical (·O2

−) were acknowledged as the key active species in photocatalysis.
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1 Introduction

Conventional wastewater treatments such as coagula-
tion, flocculation, filtration and disinfectant are not pur-
posely designed for endocrine disrupting chemicals (EDCs) 
removal. In recent years, advanced oxidation processes 
(AOPs) have gained more concern due to its high effective-
ness in degrading a large range of pollutants via the redox 
reactions. The fast reaction rate, mild end products and 
non-selective degradation with reasonable operating cost 

have made it become a promising technology for EDCs 
degradation.

Carbon dots (CDs) are tiny carbon nanoparticles with 
size smaller than 10 nm and were initially isolated dur-
ing the purification of single-walled carbon nanotubes 
(SWNTs) in 2004 [1]. The properties of CDs rely on the 
starting material and the synthesis method. There are 
some unique properties of CDs, such as good electrical 
conductivity, strong fluorescent lifetime, electrochemilu-
minescence, optical stability, low toxicity and exceptional 
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multi-photon excitation (up-conversion) [2–6]. The fluo-
rescent and low toxicity of CDs enable it applicable in 
biosensing [7, 8], bioimaging [9, 10] and chemical sensing 
[11]. The carboxyl, hydroxyl and nitrogen groups attached 
on the surface of CDs improve the biocompatibility and 
optical property along with enhances the selectivity and 
sensitivity for metal ions [12, 13]. Furthermore, CDs have 
unique property which make it applicable in photoca-
talysis such as photo-induced electron transfer and dif-
ferent emissive traps on the surface of CDs arising from 
quantum effect [14]. These distinctive properties of CDs 
had motivated numerous researchers to utilize CDs in 
photocatalysis.

The high solubility property of CDs limits its applica-
tion in the degradation of organic pollutants in aqueous 
solution. This limitation can be overcome by combining 
CDs with other semiconductor photocatalyst like  TiO2, 
ZnO,  Fe2O3 and etc. Further the semiconductor can act as 
a supported media to attach with CDs, so that can reclaim 
the photocatalyst with CDs. Ke et al. [15] has studied the 
performance of N-doped CDs/TiO2 in methylene blue 
(MB) degradation. It was reported that the degradation 
efficiency was 90% within 120 min, which was 3.6 times 
higher than the pristine  TiO2. Moreover, Yu and Kwak 
[16] also conducted research regarding the photocata-
lytic degradation of MB by using the CDs incorporated 
mesoporous hematite composites (CDs/MH). The photo-
degradation efficiency of MB was found to be 97% within 
90 min. The surface area increased up to 187 m2/g and the 
recombination rate of charge carriers reduced. Besides, the 
photocatalytic activity of CDs/Fe2O3 composites against 
benzene gas was reported by Zhang et al. [17]. The degra-
dation efficiency of benzene gas improved from 37% (pure 
 Fe2O3) to 80% (CDs/Fe2O3/) due to the excellent UCPL of 
the CDs which promoted formation of photogenerated 
electron–holes pairs. Besides, it was reported that the con-
jugate network structure enhanced the adsorption prop-
erties due to the π–π interaction between the CDs and 
benzene molecules. Cheng and co-workers modified aqua 
mesophase pitch-derived CDs with ammonia and thionyl 
chloride, respectively. The nitrogen doped CDs degraded 
97% of RhB in 4 h with rate constant of 0.02463 min−1. The 
photodegradation performance maintained at 93% after 
being reused 5 times [18].

Semiconductor graphitic carbon nitride (g-C3N4) is one of 
the most fascinating photocatalysts for the degradation of 
pollutants. It is well known for its moderate band gap, which 
is around 2.7 eV which allows absorption of light within the 
visible light range [19]. Owing to the narrow band gap of 
g-C3N4, the electrons can easily fall back into its original posi-
tion. In this context, the fast recombination of electron–hole 
pair in g-C3N4 can be suppressed by combining g-C3N4 with 
CDs. When g-C3N4 and CDs are formed heterojunction, the 

differences in the CB and VB level between two photocata-
lysts causes band bending at the interface of junction. The 
band bending drives the photogenerated electrons and 
holes to move in opposite directions [20]. One of the pho-
tocatalyst will serve as an electron/hole acceptor and hence 
the electron will not fall back easily to VB and recombine 
with the holes. The coupling mechanism enables the pho-
tocatalytic application of CDs in aqueous solution by sup-
porting the highly soluble CDs with insoluble g-C3N4. Fur-
thermore, the incorporate of CDs into g-C3N4 could enhance 
the light absorption capacity in entire visible and NIR range 
and promote more electron-hole pairs generate.

It is always exciting to discover the green starting mate-
rials for CDs because these are easily accessible, inexpen-
sive, non-toxic and clean. Recently, some achievements 
have been accomplished by utilizing natural green sources 
as CDs precursor, such as aloe [2], lemon juice [21]; peri-
carp [22], orange juice [23], milk protein [24] and plant 
leaves [25]. There are some projects have been executed 
in this area, but most of the researchers focused on the 
application of citric acid-derived CDs and g-C3N4 compos-
ites for water splitting and organic dye degradation. The 
reported results are promising but there is still very limited 
research reported on the use of bioprecursors derived CDs 
and g-C3N4 composite for water remediation application 
especially for EDC removal. Therefore, few insights are 
yet to be discovered in this work to fill the gaps of past 
studies. This includes producing CDs from WH leaves and 
utilizing sustainable sunlight to irradiate CDs which are 
more responsive to visible light. In this work, water hya-
cinth (WH) is chosen as the green source to synthesize CDs 
using hydrothermal carbonization. WH is considered as the 
largest invasive aquatic plants due to the reproduces pat-
tern that multiplies its size rapidly and forms dense mats. 
WH populations have large negative impacts on human 
society by clogging waterways, wiping out aquatic flora 
and fauna and forming ideal prerequisite for diseases 
grow which eventually exacerbating vector-borne dis-
eases. Furthermore, WH also causes important ecological 
and socio-economic effects [26] and it is considered as 
one of the world’s most damaging and costly species. The 
aim of our study is to convert WH into valuable CDs via a 
versatile route and combine CDs with g-C3N4 to produce 
sunlight-responsive composites for photodegradation of 
2,4-dichlorophenol.

2  Experimental

2.1  Materials

All the chemical reagents were of analytical grade and 
used without any further purification. Urea (99.8%, R&M 
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Chemicals) powder was used to synthesize g-C3N4 via 
pyrolysis method. Milli-Q water was utilized for dilution 
and washing purpose during the entire experiment. 
2,4-dichlorophenol (2,4-DCP, 98.0%, Merck) were used 
as pollutant model for photocatalytic experiment. In 
addition, isopropyl alcohol (IPA, 83.5%, QReC), dimethyl-
sulfoxide (DMSO, 99%, Univar), benzoquinone (BQ, 98%, 
Sigma-Aldrich) and ethylenediamine tetraacetic acid dis-
odium salt (EDTA-2Na+, 99%, Bio Basic Inc.) were used as 
scavengers in radical scavenging experiment.

2.2  Preparation of g‑C3N4

The g-C3N4 was synthesized by using a facile thermal 
heating method. In details, 10 g of urea was placed in a 
crucible with a cover under ambient pressure and dried 
in an oven at 80 °C for 12 h. Then the crucible with dried 
urea was heated in a muffle furnace at 550 °C for 3 h at 
a heating rate of 10 °C  min−1 to complete the reaction. 
The obtained yellow-colored product was washed with 
nitric acid (0.1 M) and Milli-Q water for 2 times each with 
centrifugation at 3500 rpm for 10 min to remove any 
residual alkaline species (e.g. ammonia) absorbed on the 
sample surface. Finally the washed derivative were dried 
overnight in an oven at 80 °C, the obtained g-C3N4 was 
well grounded in an agate mortar [27].

2.3  Preparation of carbon dots

CDs were prepared by hydrothermal treatment of water 
hyacinths (WH) leaves which were obtained from mining 
lake in Kampar, Perak. First, the WH leaves were dried 
overnight in the oven to remove the moisture and finely 
grinded into powder. 5 g of prepared leaves powder 
were mixed with 120 mL of Milli-Q water and stirred for 
30 min to make the mixture homogeneous. After that, 
the mixture was transferred into the 150 mL Teflon-lined 
stainless-steel autoclave to undergo hydrothermal treat-
ment process in the oven for 4 h at 200 °C [28]. After 
heating, the autoclaves were allowed to naturally cool 
down at room temperature for more than 1 h and the 
CDs were collected by removing larger particles through 
centrifugation at 10,000 rpm for 15 min. The upper light 
yellowish-brown solution containing CDs were obtained 
and then dried overnight in an oven at 100 °C converted 
into solid form to measure the weight [11]. After that, the 
solid CDs were diluted with 1 L Milli-Q water to obtain 
the concentration (mg/L). Finally, the CDs solution was 
stored at 4 °C for further characterization and incorpo-
ration with g-C3N4. The preparation steps are illustrated 
in Fig. S1.

2.4  Preparation of CDs/g‑C3N4 Composites

0.6 g of g-C3N4 was mixed with 23 mL of CDs solution and 
vigorously stirred for 24 h at room temperature to obtain 
a homogeneous suspension. After that, the mixture was 
shifted into a 100 mL Teflon-lined stainless steel autoclave 
and heated for 2 h at 100 °C. Then the autoclave was cooled 
down naturally for 1 h and the obtained products were 
washed and collected by centrifugation. The washed sam-
ple was then dried overnight at 80 °C. CDs/g-C3N4 compos-
ite with different weight percentage of CDs (0.6 wt.%, 20 
wt.% and 40 wt.%) was synthesized using the same proce-
dures stated above. The synthesized composites were indi-
cated as 0.6CDs/g-C3N4, 20CDs/g-C3N4 and 40CDs/g-C3N4, 
respectively.

2.5  Characterization

The morphology and composition of CDs/g-C3N4 were 
observed using a field emission scanning electron micro-
scope (FESEM, Auriga, Zeiss) equipped with an energy dis-
persive X-ray spectroscopy (EDS). The images were obtained 
at an accelerating voltage of 20 kV. High resolution trans-
mission electron microscope (HRTEM, Tecnai 20, Philips) 
images were obtained at 200 kV. The crystalline phase was 
identified using an X-ray diffractometer (XRD, D8 Advance, 
Bruker). The target used in the diffractometer is copper (Cu 
Kα radiation, λ = 1.54 Å). The surface chemical composition of 
samples was analyzed by X-ray photoelectron spectroscopy 
(XPS, Axis Ultra DLD, Kratos) with Al Kα radiation source. The 
Fourier transform infrared (FTIR) spectra of products were 
obtained on a Perkin Elmer Spectrum 400 spectrophotom-
eter at the range of 400–4000 cm−1. Ultraviolet–visible dif-
fuse reflectance spectra (UV–vis DRS) were performed using 
UV–vis NIR spectrophotometer (UV-260, SHIMADZU) with a 
wavelength range of 200–800 nm. Brunauer–Emmett–Teller 
(BET) surface area was based on nitrogen adsorption–des-
orption isotherms with TriStar II 3020 (Micrometrics®, USA). 
Photoluminescence (PL) spectra of CDs solution were 
acquired with a PL spectrophotometer (Perkin Elmer LS 55). 
An Edinburgh FLS 920 Time Resolved Photoluminescence 
(TRPL) was used to acquire TRPL spectrum and exciton decay 
lifetime of x-FZNR/P3HT active layers were obtained using a 
376.4 nm picosecond pulsed laser as the excitation source 
with excitation wavelength 480 nm. The average lifetime, τ 
of the excited charge-carrier was calculated using the equa-
tion below:

(1)� =
(

B1T
2
1
+ B2T

2
2
+ B3T

2
3

)

∕
(

B1T1 + B2T2 + B3T3
)
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2.6  Photocatalytic experiments

The photodegradation of 2,4-DCP was carried out in a 
500 mL beaker with the working volume of 200 mL 2,4-
DCP solution (5 mg/L). 0.1 g of the prepared 0.6CDs/g-
C3N4, 20CDs/g-C3N4 and 40CDs/g-C3N4 composites were 
loaded in 2,4-DCP solution. A pre-experiment was car-
ried out in dark condition for more than 12 h to acheive 
the adsorption–desorption equilibrium. The 2,4-DCP 
samples were analyzed every 15 min using the same 
HPLC equipment mentioned above. The mobile phase 
was acetonitrile (ACN) and water in the ratio 80:20 with 
a flow rate of 0.8 mL/min. An UV detector was used to 
quantify 2,4-DCP with an analytical wavelength 280 nm. 
The retention time was found to be 0.25 min. The photo-
catalytic experiment was executed under clear sky con-
dition at Universiti Tunku Abdul Rahman, Perak, (longi-
tude 4.3394° N and latitude 101.1398° E) between 11.00 
am and 2.00 pm from June to September 2019. Sunlight 
light intensity was dignified using Light meter HS1010A 
of 2000 × 100 lx and the average light intensity over the 
duration was found to be 104,000 lx. Table S1 showed the 
recorded light intensity during the photodegradation.

2.7  Near infrared (NIR) degradation test

40CDs/g-C3N4 was adopted as the representative pho-
tocatalyst to evaluate the photocatalytic performance 
under NIR illumination. This is to investigate the contri-
bution of CDs towards NIR-driven photocatalysis. Simi-
lar experiment procedure in photocatalytic experiment 
was repeated with the additional placement of NIR filter 
glass (λ = 730 nm) on top of the beaker. The surround-
ing of beaker was covered by aluminum foil to prevent 
the solution absorbing UV and visible light. The light 
intensity during the photodegradation was recorded in 
Table S2.

2.8  Scavenger TEst

A radical scavenger experiment was executed to detect 
the core reactive radical species associated in the photo-
degradation of 2,4-DCP. The scavenging experiment was 
carried out by adding 2 mM dimethylsulfoxide (DMSO) 
which served as electron  (e−) scavenger. This experiment 
was repeated by adding 2 mM ethylenediamine tetraacetic 
acid disodium salt (EDTA-2Na+), benzoquinone (BQ) and 
isopropyl alcohol (IPA) which acted as hole (h+) scavenger, 
superoxide radical (·O2

−) scavenger and hydroxyl radical 
(·OH) scavenger, respectively. Table S3 shows the recorded 
light intensity during the radical scavenger experiment.

3  Results and discussion

3.1  Pre‑experiment

A pre-experiment was carried out to evaluate the dos-
ing range of CDs. Initially, the concentration of CDs was 
varied in the range of 0.6, 0.8 and 1.0 wt.%. As shown in 
Fig. S2, the degradation rate was almost the same among 
the composites which achieved 80% removal efficiency 
within 120  min while the degradation rate of pure 
g-C3N4 was 71.3%. The low dosage of CDs did not yield 
significant contribution to the improvement of degra-
dation efficiency. From the results of pre-experiment, it 
was found that the optimum dosage trip at higher order 
and hence the aforementioned range was further moved 
to 20 and 40 wt.% to study the significance of different 
weight percentage of CDs for the removal of 2,4-DCP. The 
incorporation of higher dosage CDs into g-C3N4 could 
improve the degradation efficiency towards the 2,4-DCP 
and thus the CDs dosage was varied at range 0.6, 20 and 
40 wt.%.

3.2  Morphological structure and BET surface area

The morphological structure of g-C3N4 and CDs/g-C3N4 
composites were determined by FESEM analysis. Fig-
ure 1a shows the agglomeration and irregular morphol-
ogy with lamellar structure of g-C3N4 while the surface 
of CDs/g-C3N4 composites were more wrinkled and 
more porous with the increasing concentration of CDs 
as shown in Fig. 1b–d. A more packed and agglomerated 
morphological structure was observed after incorporat-
ing a lower concentration of CDs (0.6 wt.%) into g-C3N4. 
This is due to the self-assembly process occurred during 
the hydrothermal treatment [29]. When the concentra-
tion of CDs increased to higher range (20 and 40 wt.%), 
the CDs/g-C3N4 composites displayed a loosen morpho-
logical structure. This suggests that the increasing con-
centration of CDs can lower the clustering effect. The 
EDX was used to detect the elements of the CDs/g-C3N4 
composites. The existence of bulk g-C3N4 and CDs was 
confirmed by the detection of carbon (C), nitrogen (N) 
and oxygen (O) as shown in inset of Fig. 1b. The low con-
centration of O element was detected because of the 
oxygen reacted with g-C3N4 during the pyrolysis process. 
Figure 1e, f show the TEM and HRTEM image of 0.6CDs/g-
C3N4, respectively. The small dark spots were observed 
which indicated that the CDs were uniformly distributed 
onto the surface of g-C3N4. Figure 1f further reveals the 
presence of CDs with the lattice fringes of 0.213  nm 
which correspond with to (1 0 0) in-plane lattice spacing 
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of graphene [7, 14, 22]. From Fig. S3, the average particle 
size of the CDs was found to be 3.1 nm. The particle size 
ranged from 1.2 nm to 4.9 nm, proving that the nano-
sized CDs were successfully prepared. Table 1 shows the 
BET surface area of as-prepared samples. The BET specific 
surface area of g-C3N4, 0.6CDs/g-C3N4, 20CDs/g-C3N4 and 
40CDs/g-C3N4 were 77, 76, 65 and 159  m2/g, respec-
tively. The 40CDs/g-C3N4 composite shows the largest 
specific surface area among the samples. Theoretically 
it will enhance the photocatalytic activity since the large 

specific surface area in heterojunction could increase the 
number of active sites [30]. These results correlated well 
with the FESEM results in which the clustering effect 
occurred at lower concentration of CDs while loosen 
structure was observed at higher concentration of CDs.

3.3  XRD and FTIR analysis

XRD patterns of CDs and all CDs/g-C3N4 composites were 
presented in Fig. 2a. The two obvious diffraction peaks 
were found in all composites indexed to the crystal struc-
ture of pristine g-C3N4. The strong peak at 27° indexed as 
(0 0 2) was ascribed to the interlayer stacking of aromatic 
segments with interplanar distance of 0.32 nm. The weak 
diffraction peak at 12.8° indexed as (1 0 0) corresponded 
to in-plane structural packing motif of tri-s-triazine [31]. 
After incorporating 20 and 40 wt.% of CDs into the g-C3N4, 
the diffraction peak shifted from 27.6° to 27.9° because 
the crystal lattice of g-C3N4 distorted with high loading of 
CDs. This indicates the CDs were successfully intercalated 

Fig. 1  FESEM images of a 
g-C3N4 b 0.6CD/g-C3N4 c 
20CD/g-C3N4 and d 40CD/g-
C3N4 composites e TEM image 
f HRTEM image of 0.6CD/g-
C3N4. The inset of b shows 
the energy-dispersive X-ray 
spectroscopy (EDS) results of 
0.6CD/g-C3N4

Table 1  BET surface area of the prepared samples

Sample BET Surface Area  (m2/g) Bandgap 
Energy (eV)

g-C3N4 77.42 2.95
0.6CDs/g-C3N4 76.45 2.94
20CDs/g-C3N4 65.07 2.92
40CDs/g-C3N4 168.98 2.92
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into the matrix instead of being dispersed on the surface 
of g-C3N4 [32]. However, the low concentration of CDs in 
0.6CDs/g-C3N4 did not exert notable alteration to the host 
structure. The intensity of both diffraction peaks at 12.8° 
and 27° decreased with the increasing loading amount of 
CDs. This reveals that the existence of CDs inhibited the 
polymerization of dicyandiamide and the stacking (crystal-
lization) of g-C3N4 sheets [32]. The diffraction peaks of CDs 
were not captured in all composites because the diffrac-
tion peak at around 27° was similar to the characteristic 
diffraction peak of graphite planes (0 0 2) [33]. The inset 
of Fig. 2a shows a broad (0 0 2) diffraction peak of the CDs 
at 25° which was attributed to highly disordered carbon 
atoms and graphitic structure, conforming the amorphous 
character and graphite-like structure of the CDs [25].

The functional groups in the CDs and composites were 
identified by using FTIR spectroscopy and shown in Fig. 2b. 
For the CDs, a broad peak observed at around 3400 cm−1 
was accredited to the stretching vibration mode of O–H, 
while a small peak at 2932  cm−1 corresponded to the 
stretching vibration mode of C–H. The band at 1616 cm−1 
corresponded to C=O stretching of carbonyl groups. Both 
of vibrational bands at 1052 and 1112 cm−1 were cred-
ited to the stretching vibrations of C–O–C. Comparable 
results were also achieved by other researchers [23, 34]. 
For g-C3N4, several absorption peaks observed between 
the range of 1241 cm−1 and 1630 cm−1 were assigned to 
the stretching of  sp3 C–N, and  sp2 C=N that corresponded 
to the characteristic stretching modes of CN heterocy-
cles [35]. The sharp peak at 808  cm−1 was ascribed to 
the breathing mode of triazine units of g-C3N4 [34]. The 
intensity of these characteristic bands is lower in all com-
posites due to the loading of CDs over the g-C3N4. Spe-
cifically, the stretching mode of CN heterocycles of g-C3N4 

exhibited a slight blue-shift from 1241 cm−1 to 1238 cm−1 
with the increasing loading of CDs up 40 wt.%. This may 
be related to the strengthening of C–N or C=N bond due 
to the bonding between C atoms of CDs with N atoms of 
g-C3N4 in the composites or some interactions occurred 
between CDs and g-C3N4. The wide peaks in the range of 
3000–3400 cm−1 were assigned to the stretching vibration 
modes of N–H and O–H of g-C3N4 [36]. Similar CN hetero-
cycles and triazine units of g-C3N4 absorption peak were 
detected for all CD/g-C3N4 composites as a result of the 
low CDs loading amount. The strong absorptions peak of 
g-C3N4 covered the weak absorptions of CDs.

3.4  XPS and absorption spectrum

The chemical state and chemical composition of 0.6CDs/
g-C3N4 were studied by XPS. Figure 3 shows the narrow 
scan of XPS spectra and confirmed the existence of C, N 
and O in the composite. From Fig. 3a, the C1s peak was 
deconvoluted into three peaks at 284.77 eV, 287.97 eV and 
288.83 eV which corresponded to graphitic carbon (C–C), 
carbonyl (C=O) and  sp2 carbon (N–C=N) [34]. For the N1s 
spectrum in Fig. 3(b), the main peak observed at 398.51 eV 
was ascribed to CN=C coordination which originated from 
the  sp2-bonded N in triazine rings. Meanwhile the other 
two weak peaks detected at binding energy of 399.80 eV 
and 400.77 eV were ascribed to tertiary (N–(C)3) and amino 
functional groups (C–N–H) [36]. The only O 1s peak at 
531.91 eV was ascribed to the absorbed water (Fig. 3c) [31].

The optical properties of water hyacinth (WH) derived 
CDs solution was investigated by UV–Vis absorption and 
photoluminescence spectrophotometer. Figure 3d shows 
the UV–vis absorptions of aqueous CDs was in the range 
between 200 nm and 800 nm. The noticeable peak at 

Fig. 2  a The XRD patterns and b FTIR spectra of CDs, g-C3N4, 0.6CD/g-C3N4, 20CD/g-C3N4 and 40CD/g-C3N4. The inset of a shows the 
enlarged XRD pattern of CDs
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300 nm was attributed to the n-π* transitions of C=O and 
π–π* transition of C=C [2]. The inset of Fig. 3d shows the 
optical properties of synthesized CDs solution, a blue-
green fluorescence was emitted upon irradiation by UV 
light at 365 nm.

3.5  TRPL and UV–vis DRS analysis

The excitation-dependent PL spectra of WH derived 
CDs solution is shown in Fig. 4a. The ideal spectrum that 
induced the PL properties of CDs solution was studied by 
varying the excitation wavelength from 320 to 540 nm. 
The fluorescence emission of CDs exhibited a wide peak 
from the UV (380 nm) to visible spectrum (500 nm). The 
CDs showed a strong emission peak when excited by the 
light with wavelength from 320 to 380 nm. The emission 
spectrum was red-shifted with decreasing intensity as the 
excitation wavelength increased from 400 to 540 nm. No 
significance emission peak was observed when the exci-
tation wavelength exceeded 540 nm. This means that the 
synthesized CDs did not acquire the upconverted photo-
luminescence (UCPL) properties that could convert the 

absorbed NIR light to shorter wavelength for the occur-
rence of electron excitation at low energy input. The foun-
dation of the photoluminescence properties of CDs is not 
completely understood but they are normally influenced 
by the size distribution of CDs, structure of nanoparticles 
and different distribution of emissive traps sites [3]. From 
the previous researches, there are limited report on CDs 
and graphene quantum dots (GQDs) that acquired UCPL 
properties. Some researchers denied the UCPL properties 
of CDs [37, 38] and claimed that the regularly cited UCPL 
properties might initiate from the standard fluorescence 
excited by the leaking component in the monochromater 
of the fluorescence spectrophotometer [39].

The light absorption properties of the synthesized sam-
ples were determined by UV–vis DRS analysis in Fig. 4b. 
The absorption peaks of all CDs/g-C3N4 composites red 
shifted towards higher wavelength in visible and NIR 
region. When the concentration of CDs increased, the 
intensity of shoulder peak also increased and the absorp-
tion edge gradually red shifted towards longer wave-
length. The shoulder peak was triggered by the light 
absorption of CDs and the red shift of absorption edge 

Fig. 3  a XPS spectra of 0.6CDs/g-C3N4 a C1s b N1s c O1s and d The absorption spectrum of CDs solution. Inset of d shows fluorescence of 
CDs under daylight (left) and UV light irradiation at 365 nm (right)
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was attributable to the interfacial interaction between the 
CDs and g-C3N4 [34]. Although it is proved that CDs were 
able to absorb NIR light, the photon energy of NIR light 
is too low to induce photoexcitation. In this context, CDs 
played a vital role to sensitize g-C3N4 to harvest more vis-
ible light instead of NIR light to excite more electrons for 
the improvement of photocatalytic performance.

The band gap energy was obtained through the Tauc 
plot (Fig. 4c). It was determined by plotting (F(R). hν)1/2 
against hν, where Kubelka–Munk function F(R) is derived 
from following equation [40]:

where hν is the photon energy and R is diffuse reflectance. 
Figure 4d shows the interception of the tangent of each 
curve to the photon energy (x-axis) to determine the band 
gap energy of the synthesized samples. The obtained 
band gap energy was corresponded to the optical shift in 
Fig. 4b, where the lower shift had a wider band gap while 
the higher shift toward the visible light region obtained 

(2)F(R) = (1 − R)2∕2R

a narrower band gap. As shown in Table 1, the band gap 
energy of g-C3N4 (2.95 eV) decreased significantly from 
2.95 eV to 2.92 eV after modifying with CDs at higher 
percentage.

Time-resolved PL (TRPL) spectra shown in Fig. 4d were 
adopted to study the dynamic electron transfer process 
of the samples. In general, the longer lifetime is credited 
to an effective electron–hole pairs separation, while the 
shorter lifetime is attributed to the rapid recombination 
of the electron–hole pairs. Table S4 shows all the fitted 
parameters. The charge-carrier lifetimes of these compos-
ites increased in the following order: g-C3N4 < 40CDs/g-
C3N4 < 0.6CDs/g-C3N4 < 20CDs/g-C3N4. Among the sam-
ples, 20CDs/g-C3N4 exhibited the longest charge-carrier 
lifetime with 4.897 ns while g-C3N4 possessed the short-
est charge carrier lifetime of 1.724 ns. This reveals that 
the 20CDs/g-C3N4 achieved the highest electron–hole 
pairs separation efficiency compared to the others. When 
the CDs were incorporated into g-C3N4, CDs could func-
tion as the reservoir to trap the excited electron due to 
the surface junction between both semiconductors that 

Fig. 4  a The emission wavelength of CDs solution at different excitation spectrum, b UV–visible diffuse reflectance spectra, c Tauc plots and 
d TRPL spectrum of g-C3N4, 0.6CDs/g-C3N4, 20CDs/g-C3N4 and 40CDs/g-C3N4
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could enhance the separation of electron–hole pairs. This 
could result in the enhancement of photocatalytic activity 
because more electrons and holes will involve in the redox 
reactions to produce strong oxidizing agents for the deg-
radation of targeted pollutant. However, the highest dos-
age of CDs in 40CDs/g-C3N4 increased the electron–hole 
pairs recombination. The enlargement of CDs coverage 
formed the trap states at the interface between CDs and 
g-C3N4, and thus fewer electrons fill in the interfacial trap 
states. This could lead to the increase of trapping events 
and decelerate the electron transport [41]. A similar obser-
vation was reported by Fang and co-workers. They claimed 
that excessive dosage of CDs will act as recombination 
centers and lower down the electron–hole pairs separa-
tion efficiency [32].

3.6  Photocatalytic performance

The photocatalytic performances of pure g-C3N4 and dif-
ferent wt.% CDs/g-C3N4 composites were evaluated by 
degrading 2,4-DCP under natural sunlight irradiation. 
Prior to the photodegradation under sunlight, the 2,4-DCP 
solution was stirred in the dark condition for 18 h to form 
adsorption–desorption equilibrium. The 2,4-DCP concen-
tration reduced approximately 20% for all samples when 
the adsorption–desorption equilibrium was established. 
The photodegradation rate was calculated using the fol-
lowing equation:

where  C0 and C are the 2,4-DCP concentrations in the solu-
tion at time 0 and t min, respectively.

Table 2 summarizes the correlation between the phys-
icochemical properties of photocatalyst and their degra-
dation performance. There was no degradation occurred 
throughout the experiment in the blank sample as shown 
in Fig. 5a, indicating that the 2,4-DCP was a poor photo-
sensitizing compound and the degradation was purely 
performed by the applied photocatalysts. The 2,4-DCP 
was almost fully degraded by 20CDs/g-C3N4 and 40CDs/
g-C3N4 within 120 min with similar removal efficiency of 

(3)Photodegradation rate =

(

C0 − C

C0

)

× 100%

94%. While the removal efficiency of 0.6CDs/g-C3N4 and 
g-C3N4 was 79.63% and 71.30%, respectively (Table 2). The 
low band gap of pure g-C3N4 (2.95 eV) caused a moder-
ately good photodegradation of BPA. The degradation effi-
ciency increased ~ 14% from 0.6CDs/g-C3N4 to 20CDs/g-
C3N4 composite, suggesting that high loading of CDs can 
boost the degradation efficiency. Fig. S4 shows the first 
order kinetic model of 2,4-DCP degradation process and 
the rate constant, k value of g-C3N4, 0.6CDs/g-C3N4, 20CDs/
g-C3N4 and 40CDs/g-C3N4 were 0.011, 0.013, 0.0194, and 
0.0186 min−1 respectively (Fig. 5b).

Among the samples, both of 20CDs/g-C3N4 and 40CDs/
g-C3N4 achieved the highest degradation rate of 94% 
which was 1.76 times higher than that of g-C3N4. The supe-
rior degradation efficiency of 20CDs/g-C3N4 was predomi-
nantly due to the prolonged lifetime of electron–hole pairs 
in the composites which correlated well with the TRPL 
results (Table S4). The prolonged charge-carrier lifetime 
promoted more holes and electrons to react with water 
and oxygen to produce more hydroxyl and superoxide 
anion radicals for the degradation of 2,4-DCP. Although 
40CDs/g-C3N4 showed shorter charge-carrier lifetime 
than 0.6CDs/g-C3N4 and 20CDs/g-C3N4, the degrada-
tion rate was higher than 0.6CDs/g-C3N4 and similar with 
20CDs/g-C3N4. These results advocated that the excellent 
light harvesting ability and high surface area of 40CDs/g-
C3N4 could overcome the limitation of short charge car-
rier lifetime and achieved similar degradation efficiency 
with 20CDs/g-C3N4. Thus it is concluded that both of the 
electron–hole pairs separation efficiency and extension of 
light absorption spectrum were equally important for the 
improvement of photocatalytic performance. Meanwhile 
the increased surface area of the composites could sup-
ply extra active sites for the degradation of 2,4-DCP. These 
factors played an essential role to improve the overall deg-
radation efficiency.

20CDs/g-C3N4 composite was chosen to determine 
the active species in scavenging experiment due to their 
excellent performance with optimum amount of CDs. 
Several types of scavengers were used in this experiment 
such as ethylene diamine-tetraacetic acid disodium salt 
(EDTA-2Na+), benzoquinone (BQ), isopropyl alcohol (IPA) 
and dimethyl sulfoxide (DMSO) which worked as holes 

Table 2  Correlation between 
physicochemical properties 
and degradation performance

Photocatalyst Physicochemical properties

BET surface area Visible light 
absorption

Charge carriers 
lifetime

2,4-DCP degrada-
tion efficiency (%)

g-C3N4 Moderate Lowest Shortest 71.30
0.6CDs/g-C3N4 Moderate Low Moderate 79.63
20CDs/g-C3N4 Small Moderate Long 93.77
40CDs/g-C3N4 Large High Short 94.00
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 (h+), superoxide radicals (·O2
−), hydroxyl radicals (•OH) and 

electron  (e−) catcher, respectively [42]. Figure 5c displays 
the degradation rate in the order of DMSO > IPA > EDTA-
2Na+ > BQ. The low degradation efficiency indicated that 
the active species was being captured by scavenger and 
unable to perform degradation. Both of the  e− and ·OH 
were not the active species in the photodegradation of 
2,4-DCP since the degradation in DMSO and IPA did not 
show significant changes. Upon the addition of BQ in the 
2,4-DCP, the degradation rate was highly suppressed [43]. 
This shows that ·O2

− was one of the main active species 
involved in the photodegradation process. The addition of 
EDTA-2Na+ slightly inhibited the degradation rate, indicat-
ing that the  h+ was the second active species.

The edge potential of the valence band (VB) and the 
conduction band (CB) of a photocatalyst at the point of 
zero charge were projected by using equations below:

(4)EVB = X − Ec + 0.5Eg

(5)ECB = EVB − Eg

where  ECB and  EVB are the CB and VB edge potential respec-
tively,  Eg is the band gap energy of the semiconductor.; 
 Ec is the energy of free electrons on the hydrogen scale 
(≈ 4.5 eV vs NHE) and X is the electronegativity of the 
semiconductor The X value of g-C3N4 is 4.64 eV [44] while 
the band gap energy of g-C3N4 is 2.95 eV (Table 1). The 
VB and CB of g-C3N4 were calculated to be 1.62 eV and 
−1.33 eV, respectively. Figure 6 illustrated the schematic 
diagram of degradation mechanism of CDs/g-C3N4 com-
posite. When the g-C3N4 was irradiated under the natu-
ral sunlight, the electrons in the VB were excited to the 
CB of g-C3N4 to form electron–hole pairs. The holes  (h+) 
in the VB of g-C3N4 directly oxidized 2,4-DCP but could 
not react with water  (H2O) and hydroxide  (OH−) to form 
·OH radical. This is due to the VB of g-C3N4 (+1.62 eV) was 
less positive than the standard redox potential of  OH−/·OH 
(+1.99 eV vs. NHE) and  H2O/·OH (+2.38 eV vs. NHE) [45]. 
Simultaneously, when CDs was incorporated into g-C3N4, 
the CDs acted as electron acceptors to trap the excited 
electron  (e−) from CB of g-C3N4 due to their conducting 
texture and excellent charge storing ability (Fig. 6a). This 
helps to stimulate the separation and prolonging the life-
time of electron–hole pairs. The electrons will further react 

Fig. 5  a Photocatalytic degradation of 2,4-DCP, b Apparent rate constant, k of the samples and c Scavengers test results of CDs/g-C3N4
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with the dissolved oxygen to form superoxide (·O2
−) anion 

radicals to oxidize the 2,4-DCP. Furthermore, the photo-
sensitizing effect of CDs can convert the photon energy 
to excite electron to sensitize g-C3N4 and donate the elec-
trons to the CB of g-C3N4 (Fig. 6b) [46]. Subsequently the 
visible light response range of the synthesized samples 
were used for the photocatalytic degradation of 2,4-DCP. 
The π-conjugated of CDs function as a photosensitizer to 
sensitize g-C3N4 and introduce more photoexcited elec-
trons to the CB of g-C3N4 [14]. However, as the result of 
2,4-DCP degradation efficiency was well in line with the 
TRPL results, the photogenerated electron–hole pairs 
separation efficiency worked as the prevailing factor for 
the advancement of photocatalytic performance in CDs/g-
C3N4 composites. Zhang et al. (2015) and Wang et al. (2013) 
reported that heterojunction interface between CDs and 
g-C3N4 efficiently promoted the rapid interfacial charge 
transfer and thus enhancing the electron–hole pairs sepa-
ration [7, 20]. This occasioned in the generation of more 
electrons and holes to produce more active radicals like 
·OH and ·O2

− for the removal of targeted pollutant.
In order to understand the NIR-driven ability of synthe-

sized CDs/g-C3N4 composite, 40CDs/g-C3N4 was chosen to 
evaluate the photocatalytic performance under near infra-
red (NIR) illumination due to the outstanding absorption 

ability compared to other prepared composites. Fig. 
S5 shows the results of NIR degradation test, which the 
degradation efficiency of 40CDs/g-C3N4 was 23% after 
120 min under IR irradiation. The degradation efficiency 
is extremely low compared with the result under sunlight 
irradiation (94%). This result further confirms that photo-
excitation of a photocatalyst could not occur under the 
irradiation of NIR light and hence the removal of targeted 
pollutant was not significant.

Table 3 shows the comparison study results between 
the present study and previous literature report. In this 
present study, the CDs/g-C3N4 was able to degrade 94.0% 
of 2,4-DCP within 120 min while the CDs/g-C3N4 com-
posite synthesized by Zhang et al. [13] managed to fully 
degrade phenol compound within 200 min. This suggests 
that phenol compound need longer duration for the com-
plete degradation. Furthermore, most of the reported CDs 
composites such as CDs/g-C3N4, CDs/Bi2WO6 and CDs/BiOI 
fully degrade BPA within 120 min due to high photogen-
erated electron–hole pairs separation rate and extended 
light absorption range [47, 48]. Di and co-workers reported 
that nitrogen doped carbon dots (N-CDs) were capable 
to facilitate the superior activation of molecular oxy-
gen, resulted in superior 4-chlorophenol (4-CP) removal 
efficiency in N-CDs/BiPO4 composite [49]. Overall, the 

Fig. 6  Photocatalysis mechanism of CDs/g-C3N4 a As an electron acceptor and reaction center b photosensitization effect of CDs

Table 3  Comparison study of 
the degradation of EDCs using 
other photocatalysts

Composite Pollutant Catalyst (mg) Initial concen-
tration (mg/L)

Duration (min) Degradation 
efficiency, %

References

CDs/g-C3N4 2,4-DCP 100 5 120 94.0 Present study
CDs/g-C3N4 Phenol 50 10 200 100.0 [13]
CDs/Bi2WO6 BPA 100 10 60 100.0 [45]
CDs/BiOI BPA 100 10 120 100.0 [46]
N-CDs/BiPO4 4-CP 30 10 120 100.0 [47]
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degradation results of the present study are comparable 
with previous works which reported the use of citric acid 
to produce CDs [13, 46]. The CDs was derived from plant 
wastes which is water hyacinth instead of chemicals, thus a 
sustainable and greener solution for environmental reme-
diation is produced.

4  Conclusion

CDs were successfully derived from WH leaves via a green 
and versatile route and the CDs/g-C3N4 composites were 
successfully amalgamated via hydrothermal treatment. 
The particle size of CDs ranged from 1.2 nm to 4.9 nm 
and a blue-green fluorescence was emitted under the UV 
light irradiation at 365 nm. After incorporating CDs into 
the g-C3N4, the light respond ranges of CDs/g-C3N4 com-
posites shifted towards the visible region and the band 
gap energy of g-C3N4, 0.6CDs/g-C3N4, 20CDs/g-C3N4 
and 40CDs/g-C3N4 were measured to be 2.95 eV, 2.94 eV, 
2.92 eV and 2.92 eV, respectively. Both of 20CDs/g-C3N4 
and 40CDs/g-C3N4 reached the highest removal efficiency 
of 94% within 120 min. The removal efficiency of 0.6CDs/
g-C3N4 and g-C3N4 was 79.63% and 71.30%, respectively. 
The superior electron–hole pairs separation properties 
of 20CDs/g-C3N4 had boosted the photocatalytic perfor-
mance. While the short charge carrier lifetime of 40CDs/
g-C3N4 was overcome by its outstanding light harvesting 
ability and high surface area which helped to generate 
more electron–hole pairs and supplied more active sites 
for the adsorption of 2,4-DCP.
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