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Metal free and efficient photoelectrocatalytic
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As a typical metal-free semiconductor photocatalyst, a composite photocatalyst comprised of g-C3sNy4
nanosheets decorated with carbon quantum dots (CQDs/g-C3N,4) was synthesized via a simple ultrasonic
dispersion self-assembly method. The structure of the photocatalyst was determined by powder X-ray
diffraction and transmission electron microscopy. The photoelectrocatalytic properties of the
photocatalyst were examined under visible light irradiation for the degradation of methylene blue (MB)
and phenol. The results indicate that the photoelectrocatalytic activities of the CQD/g-C3N4 composites
are dependent on the CQD loading quantity. The highest photoelectrocatalytic performance observed
from the CQD/g-C3N4 composites was a MB degradation of 97.21% after 3 h of irradiation. A
photoelectrocatalytic mechanism for the degradation of MB over the CQDs/g-CzN4 was proposed based

on the above. Our results provide an invaluable methodology for the design of a highly visible light-
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Accepted 28th November 2017 responsive photocatalyst based on CQD/non-metallic material and related functional materials. The

metal-free photocatalyst is low-cost, shows thermal and chemical stability, and comprises earth-

DOI: 10.1039/c7ral1205] abundant and environmentally friendly materials, and is promising for semiconductor composites and

Open Access Article. Published on 15 December 2017. Downloaded on 6/13/2026 10:17:44 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances new energy applications.

1. Introduction

Substantial research interest has been attracted by ultrathin
two-dimensional (2D) materials in recent years due to their
fascinating properties as well as their enormous applicability to
areas such as energy storage devices, photovoltaics, catalysis,
and electronics.*™* Among corresponding bulk materials, two-
dimensional materials with thicknesses approaching the
atomic level display the characteristics of an atomic structure,
such as the degree of atomic disorder, bond length and coor-
dination number, which would subsequently affect the physi-
cochemical properties of a material.®

Recently, C;N, has drawn attention as a promising new
layered material, due to the low toxicity, excellent stability and
high photocatalytic performance. As the most stable allotrope of
carbon nitride, graphitic carbon nitride (g-C;N,) has a narrow E,

“School of Chemical Engineering and Technology, Tianjin University, Tianjin, PR
China, 300072. E-mail:  lihongtju@tju.edu.cn; Tel:  +86-315-2592169;
+86-22-27404701

*College of Chemical Engineering, North China University of Science and Technology,
Tangshan, PR China, 063009. E-mail: wkcui@163.com

‘Department of Chemical & Biological Engineering, University of Ottawa, 161 Louis
Pasteur St., Ottawa, Canada KIN6N5

“National Engineering Research Center of Distillation Technology, Tianjin, PR China,
300072

This journal is © The Royal Society of Chemistry 2017

of 2.7 eV due to the sp® hybridization of carbon and nitrogen,
forming w-conjugated graphitic planes.® Wang et al. first
researched the application of g-C;N, in photocatalytic waste-
water splitting under visible light irradiation in 2009.” This
semiconductor photocatalyst is metal-free, and has relatively
high chemical and thermal stabilities, with an appropriate
conjugate structure that has been used as a reliable scaffold for
photocatalysis.®® Nevertheless, the high recombination rate of
the photoinduced e -h" pairs and small specific surface area of
g-C3N, result in a low photocatalytic performance.'®**

Over the years, non-metallic carbon materials with high
conductivities such as graphene,>** graphene oxide,'*'® mes-
oporous carbon and carbon nanotubes'”'® have been coupled
with g-C;N, to act as electron acceptors to separate the e -h"
pairs.” However, it is still a hot research topic to improve the
efficiency of g-C;N,-based visible light photocatalysts for
industrial applications. Therefore, the design of more efficient
and stable photocatalysts that can meet the requirements for
practical environmental purification represents the central
challenge of research in photocatalysis.

As a newly discovered novel carbon nanomaterial, carbon
quantum dots (CQDs) possess abundant photo-physical
performances. They have been applied in many research fields
from catalysis to electronics and others due to their low cost,
excellent stability, and superior biocompatibility, as well as
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their electron-transport and -accepting properties.>* CQDs have
most recently been applied to photocatalytic systems.**** Their
size effect and fluorescence properties further improve their
photocatalytic performance.**** Numerous studies have indi-
cated that the electron-transport and -accepting properties of
CQDs may be advantageous to guide the flow of photogenerated
charges; therefore, significant photocatalytic properties may be
obtained by means of the construction of semiconductor/
carbon composites.”>*¢

CQDs have been combined with hematite, BiOX (X = Br or
Cl),728 Bi,WOs,* BiVO,,*® C3N,,* Ag3P0,,** and TiO,(ref. 33) for
the photocatalytic oxidation (PCO) of organic pollutants in
aqueous solutions. Considering the small size of CQDs and the
ultrathin structure of g-C3;N, nanosheets, the contact area
between g-C3N, nanosheets and CQDs may be greatly increased.
Therefore, nanoscale junctions under close contact may be
established. Photogenerated charges may transmit rapidly to
the surface and further travel to the CQDs. Therefore, an effi-
cient charge separation may be achieved with CQD/g-C;N,
ultrathin nanosheet composites. As a metal-free composite
photocatalyst, CQD/g-C3;N, comprises earth-abundant and
environmentally friendly materials, is low-cost, and shows
thermal and chemical stability.

However, there have been no reports on the photo-
electrocatalytic (PEC) degradation of organic pollutants on
CQD/g-C3N, composites under visible light irradiation, and the
corresponding mechanism still remains confusing. Therefore,
in this study we report the fabrication of visible light-driven g-
C;3N, ultrathin nanosheets decorated with CQDs on indium-tin
oxide (ITO) glass by a simple dipping process at room temper-
ature. Photocatalysis was considered and combined with elec-
trochemical oxidation, which improved the activity of the CQDs/
2-C3N, to enhance the mineralization of organic pollutants
through a synergistic photoelectric effect. In a photo-
electrocatalytic (PEC) system, a potential bias which acts on the
photoanode could provide an external pushing force that could
accelerate photogenerated e~ to move faster to the cathode
through the external circuit. Thus, the separation efficiency for
photogenerated e ~h" pairs is promoted.’**** What’s more, due
to the advantages of the combination of heterogeneous photo-
catalysis (PC) with electrocatalytic (EC) processes, the PEC
process is more efficient for organic pollutant degradation
compared to pure EC and PC processes.

2. Experimental

2.1. Photocatalyst synthesis

Synthesis of the g-C;N,; nanosheets. Synthesis of g-C;N,
powder was accomplished via a reported process.*® 10 g of
melamine powder was heated to 550 °C in a covered alumina
crucible at a rate of 2 °C min~! in a tube furnace, and held at
550 °C for 4 h. All of the experiments were performed in air. The
yellow bulk mass was ground into a powder for use in the next
step. Ultrathin g-C3;N, nanosheets were prepared by liquid
exfoliation of bulk g-C;N, in water. Specifically, 50 mg of bulk g-
C;N, powder was dispersed in 50 mL of distilled water and then
ultrasonicated for approximately 24 h. The suspension liquid
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was then centrifuged at 2000 rpm to remove the large particles
of unexfoliated g-C;N,. The resulting suspension liquid of
ultrathin g-C;N, nanosheets was collected for use in the next
step.

Synthesis of the carbon quantum dots (CQDs).*” Two parallel
graphite rods with a separation of 7.5 cm were inserted into
deionized water as the anode and counter-electrode (18.4
MQ cm ', 400 mL). A direct current (DC) power supply provided
a 30 V static potential to the two electrodes. The anode graphite
rod became corroded, and the solution gradually became dark
yellow with continuous stirring. The electrolyte was filtered with
slow-speed quantitative filter paper, and then the filtrate was
centrifuged at 22 000 rpm for 30 min, which could remove the
graphite particles and graphite oxide. The resultant solution
consisted of water soluble CQDs.

Preparation of the CQD/g-C;N, photocatalysts. CQD/g-C3N,
composites were synthesized by a simple method. 100 mg of g-
C;N, nanosheets was added to 50 mL of deionized water under
ultrasonic treatment for 1 h. Next, a defined volume of CQD
solution (1, 3, 5, 7 and 9 mL) was added to the above solution,
and then stirred for 90 min at room temperature to create
a clear dispersion of the CQDs. The obtained samples were
labeled as 1-CQD/g-C3N,, 3-CQD/g-C3N,, 5-CQD/g-C3N,, 7-CQD/
g-C3N, and 9-CQD/g-C;Ny, respectively. The CQD/g-C3N, pho-
tocatalysts were removed by filtration, washed with ethanol
several times and dried for further characterization.

Synthesis of the CQD/g-C;N, film electrode. A dip-coating
method was used to prepare the CQD/g-C;N, films on indium-
tin oxide (ITO) glass.*® Firstly, 100 mg of the CQD/g-C3;N, film
powder was dissolved in 100 mL of polyethylene glycol, ethyl
alcohol, and water, and then ultrasonicated for 6 h. The glass-
substrate was placed in the CQD/g-C;N, dispersion and then
pulled through according to the parameters: a lift height of 35
mm, a dipping-pulling rate of 50 um s™', a residence time of
30 s and an immersion time of 60 s, with the steps repeated
three times. The product was dried for 30 min at 80 °C after each
pull through.

2.2. Photocatalyst characterization

X-ray diffractometry (XRD) was used to determine the crystal
structures and phase data of the samples. Scanning electron
microscopy (SEM) (Hitachi, s-4800), energy dispersive X-ray
spectroscopy (EDX), and transmission electron microscopy
(TEM) (JEOL Ltd., JEM-2010) were used to investigate the
morphologies of the samples. The photoluminescence of the
powder samples was measured using a spectrofluorometer
(Hitachi, £7000). A Perkin Elmer System 2000 infrared spec-
trometer provided the Fourier transform infrared (FTIR) spectra
with KBr as the reference sample. A three-electrode quartz cell
system was used to perform the electrochemical and photo-
electrochemical measurements. A CHI 660B electrochemical
system was used to record the photoelectrochemical results.

2.3. Photoelectrocatalytic activity

To evaluate the efficiency of the photoelectrocatalytic (PEC)
degradation and the stability of the CQD/g-C;N, film electrodes,
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methylene blue (MB: 5 mg L™, 100 mL) and phenol (5 mg L™,
100 mL) were used as model pollutants. In the PEC degradation
experiments, a CHI 660E Electrochemical Workstation
(Shanghai Chenhua Instrument Corp., China) was used to carry
out all of the photoelectrochemical experiments via a conven-
tional three-electrode quartz cell system at room temperature. A
500 W Xe lamp (Beijing Changtuo Co. Ltd.) purchased with a UV
cut-off filter (420 nm) was used for the light source. The as-
prepared photoelectrode was used as a working electrode,
while Pt was used as a counter electrode and a saturated
calomel electrode (SCE) was used as the reference electrode.
Typical PEC degradation was conducted under visible light
irradiation in 0.1 M Na,SO, containing one of the two model
pollutants. After incubating in the absence of irradiation for
30 min to establish an absorption/desorption equilibrium, the
reactions were initiated under illumination with visible light.
The concentrations of the collected MB solutions were analyzed
using a UV-vis spectrophotometer. Meanwhile, the concentra-
tion of phenol was determined using high-performance liquid
chromatography (HPLC).

3. Results and discussion

3.1. Characterization of the catalysts

XRD analysis was carried out to investigate the crystal structures
and phases of the as-prepared films, the results of which are
displayed in Fig. 1. Fig. 1 displays the XRD diffraction peaks of
pure g-C3N, alongside those of the CQD/g-C;N, samples with
different CQD content. All of the samples possess two charac-
teristic peaks at 13.2° and 27.7°, which may be indexed as
graphitic carbon nitride for the (100) and (002) crystal facets,
respectively (JCPDS card no: 87-1526). The obvious character-
istic peak at 27.7° (002) corresponding to a lattice spacing of
0.32 nm reflects the inter-planar accumulation of aromatic
rings, meanwhile the peak located at 13.2° (100) is from the in-
plane repeated tri-s-triazine units.** Additionally, a weaker peak
of the (006) crystal facets (JCPDS card no: 48-1206) at 31.1° may
correspond to carbon, and the peak intensity slightly increases
with an increase in the loading amount of the CQDs. It should
be obvious that no other characteristic peaks of the CQDs were
discovered in the CQD/g-C3N, samples, due to the low
quantities.

002)

9-CQDs/g-CN,

5CQDs/g-C\N,

Intensity/arb.unit

1-CQDs/g-CN,

Y y y 2‘5 3’0 J‘.’t 40 45 50
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Fig. 1 XRD patterns of the different films.
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Fig. 2 shows clear SEM and TEM images of the CQD/g-C3N,
films. As shown in Fig. 2a and b, the cross-sectional morphology
of the SEM images was analysed. It can be seen that the CQD/g-
C;N, film thickness on the ITO base was determined to be about
1.5 pm. The picture of the CQD/g-C;N, film electrode is shown
in the inset of Fig. 2a. The CQD/g-C3N, composite uniformly
covers the entire surface of the ITO substrate with a layered
accumulation, meanwhile there are uncovered, small areas and
overlapping patches. However, the CQDs/g-C;N, were observed
to be compactly adhered on the ITO substrate through calci-
nation at 300 °C for 30 min, and the morphology of the samples
was not damaged. Additionally, in the EDX spectrum of the
CQDs/g-C3N, (Fig. 2¢), C and N are both observed, with the

%/i graphite rod £
l -
fractional centrifugation ICQDs
———
CQDs/g-C;N,
electrolytic process S - ,q::} 2
5 N X
H ¢ 0.0 % )
P& g Prys i
ES e o
£ ¥ & A
-GNy g T
B H
H
H

CQDs/g-C3Ny4
ITOglass film electrode

ultrasonic exfoliation g-C3N, nanosheets

Fig. 2 Cross-section (a) and surface images (b) of the CQD/g-C3sN4
film electrode; (c) EDX spectrum of the CQDs/g-CsNy; (d) TEM image
of the g-C3N4 nanosheets; (e and f) TEM images of the CQDs/g-C3Ny;
and (g) schematic illustration for the preparation of the CQD/g-CsNy4
film electrode.
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content of C exceeding that of N. Fig. 2d presents a TEM image
of the g-C;N, nanosheets, the nanosheet structures of which are
nearly transparent. A large number of CQDs (2-10 nm) are seen
to be uniformly distributed across the surface of g-C;N, in
Fig. 2e and f. The HRTEM image (Fig. 2f) of a CQD crystallite
shows a 0.33 nm lattice spacing, which corresponds to the (002)
crystallographic plane of graphitic carbon.* The above results
suggest that the g-C;N, nanosheets have been successfully
decorated by CQDs to form the CQDs/g-C;N,. Fig. 2g depicts the
schematic illustration for the preparation of the CQD/g-C3N,
film electrode, which gives a direct and clear picture of the
synthetic process.

The SEM image and corresponding EDX mapping images
(Fig. 3) further show the uniform dispersion of C, N and O, in
which the mappings are similar to the SEM morphology image
(Fig. 3a) of the CQDs/g-C3N,. The elemental mapping of the
CQDs/g-C;N, displays the uniform distribution of the elements
of C and O on the surface of g-C3;N,. The elements of C and O are
from the CQDs. The results further indicate that the CQDs have
been successfully modified on the surface of g-C;N,.

The optical reflectance spectra of g-C;N, and the CQD/g-
C;N, composites were recorded using a UV-vis spectrometer. As
Fig. 4a shows, the absorption point for g-C;N, occurs at
approximately 450 nm. After combining with the CQDs, an
obvious red-shift of the absorption edge occurred in compar-
ison to that of g-C;N,. The obtained CQD/g-C3;N, samples
exhibited a wide visible light absorption region and an
enhanced light absorption intensity. These results indicate that
the CQD-modified g-C;N, samples may be excited to generate
more e -h" pairs under identical irradiation conditions, and
may therefore result in a higher photocatalytic activity.* The E,
was estimated on account of the absorption curve for crystalline
semiconductors obeying the following formula:

ahy = A(hv — E,)"

Fig. 3
CgN4.

(@) SEM image and (b—d) EDX mapping images of CQDs/g-
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Fig. 4 (a) UV-vis diffuse reflectance spectra of g-CsN4 and the CQD/
g-CsN4 composites with different quantities of the CQDs. (b) The
relationship of (ahr)*'? versus photon energy.

where 4, v, a, E; and & are a constant, the frequency, the
absorption coefficient, the band gap energy, and Planck’s
constant, respectively. As is well known, n depends on whether
the optical transition of the semiconductor is indirect (n = 2) or
direct (n = 1/2).** Due to the optical transition for g-C;N, being
indirect,* the value of n is 2. From the curves in Fig. 4b, the E, of
g-C3N, can be seen to decrease from 2.8 to 2.1 eV after being
decorated with the CQDs. This implies that sub-band energy
levels may exist between the CQDs and g-C;N, in the bandgaps
of the CQD/g-C3N, composites.* This assumption is further
proven by the PL spectra (Fig. 5).

The migration and capture rates of the photoinduced
carriers could be determined via the photoluminescence (PL)
spectrum which is formed by e -h" recombination.*® As can be
seen in Fig. 5 in the range of 300-510 nm, both g-C;N, and the
CQDs/g-C;3N, exhibit an evident emission peak at approximately
360 nm with a 275 nm excitation wavelength. Here, the photo-
luminescence intensities decreased in the order of g-C;N, >
CQDs/g-C3N,. The emission peak at 360 nm for g-C;N, may be
due to the recombination of the CB electrons with the VB holes.
The peak remained at the same wavelength upon the combi-
nation of g-C3;N, with the CQDs; however, the intensity
decreased, suggesting that the introduction of the CQDs
inhibited the charge recombination.

The PL spectra of the CQDs were generated by excitation
wavelength light. As is shown in Fig. 6a, it is clear that the
carbon quantum dots exhibited particularly remarkable emis-
sion peaks when the excitation wavelength was changed from
300 to 340 nm. When the excitation wavelength is tuned from

700

600 -
gCN,

——CQDs/g-CN,
500 CQDs/g-CN,

400 -

300 4

PL Intensity/a.u

200 -

100 -

T T T T T T T
300 330 360 390 420 450 480 510
Anm

Fig. 5 PL spectra of g-CsN4 and the CQDs/g-C3Na.
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Fig. 6 PL curve of the CQDs excited by different wavelengths of light.

380 to 550 nm, the fluorescence spectrum peaks undergo an
obvious red-shift with a gradual intensity decrease. The above
results show that the CQDs have strong fluorescence up-
conversion properties. In addition to the strongly decreasing
intensity associated with the PL behavior, Fig. 6b shows the
fluorescence spectrum peaks of the CQDs excited by long
wavelengths. The down-conversion PL spectra show an
excitation-dependent PL feature similar to the up-conversion
spectra. When the excitation wavelengths are increased from
600 to 900 nm, the down-converted emission peaks exhibit a red
shift from 430 to 520 nm. Combining the above results and
reports of CQDs, the up-conversion and down-conversion
properties of the CQDs may be due to a two-photon absorp-
tion process.***

FTIR spectroscopy and XPS were used to further investigate
the chemical bonding of the samples. Fig. 7 shows the FTIR
spectra of the as-prepared samples. It can be observed that the
pure CQDs exhibited characteristic peaks at 2940, 2870 and
1720 cm™ ", corresponding to sp’ and sp® C-H and -COOH
vibrations, respectively.**** The spectra of pure g-C;N, and the
CQDs/g-C3N, are similar, showing that the chemical structure
of g-C3N, does not change with the decoration of the CQDs.
Specifically, the characteristic peak between 3600 and
3000 cm ™" may be due to N-H stretching, as there are a few
hydrogenated N atoms present in the g-C;N, nanosheets. The
characteristic peaks at 1643, 1569, 1469, 1409, 1317 and
1239 em ™' correspond to C=N and C-N stretching vibration
modes. Both the g-C3N, and CQD/g-C3;N, spectra show a sharp
breathing peak at 807 cm ™" which is attributed to the triazine
units.

8
g
£ gCN,
E
g
=
£
(=
CQDs/g-C N,

T T T T T T
4000 3500 3000 2500 2000 ;1500 1000 500
Wavenumber(cm™)

Fig. 7 FTIR spectra of the CQDs, g-CsN4 and the CQDs/g-C3Ng.
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The surface chemical composition of the CQDs/g-C3N, was
analysed using X-ray photoelectron spectroscopy (XPS). Fig. 8a
shows the XPS survey scan of the CQDs/g-C3;N,, indicating the
presence of C, N and O with no other impurities. The C 1s XPS
spectrum of the CQDs/g-C;N; was deconvoluted into two
different components (Fig. 8b), with the two peaks located at
288.0 and 284.5 eV being assigned to the sp> carbon (N-C=N)
and graphitic carbon (C-C) modes, respectively.”** The N 1s
spectrum is shown in Fig. 8c, and displays four diffraction
peaks located at 405.4, 400.1, 398.9 and 398.0 eV. The obvious N
1s signal peak at 398.0 eV may be attributed to sp> hybridized
aromatic N found in the triazine units. The quaternary N bound
to three carbon atoms in the aromatic structure may correspond
to the weak peak located at 400.1 eV.*>** The diffraction peak of
the tertiary N in N(C); or H-N-(C), is at 398.9 eV. Lastly, the O 1s
peak (Fig. 8d) located at 531.4 eV can be deconvoluted into three
peaks. The peaks located at 532.4 and 531.1 eV can be attributed
to adsorbed water and -OH, respectively. The peak located at
530.2 eV corresponds to lattice oxygen.

The superiority of the photoelectrocatalytic degradation
could be proven through a series of degradation experiments in
a three-electrode configuration photoelectrochemical cell (PEC)
with a 500 W xenon lamp. The supporting electrolyte contained
5 ppm MB and 0.1 M Na,SO,. The EC experiment was per-
formed with a bias potential of 1.0 V in the absence of illumi-
nation. The photoelectrocatalytic ~measurements were
conducted under a bias potential of 1.0 V with illumination.
From Fig. 9a, it can be seen that the concentration of MB
remains relatively constant in the blank reaction, indicating
that MB is a stable target object. Additionally, it can be seen that
MB is barely degraded under the bias potential in the absence of
illumination. On the contrary, degradation is quite evident in
the presence of irradiation, and an enhanced degradation effi-
ciency is observed under photoelectrodegradation. Compared

to other degradation processes, the CQD/g-C3N,
Nis a Cls 2ROV b
2845V
. Ols
é Cils
W0 W0 40 S0 &0 10 80 0 o 2 e e e e 2

Binding Energy/eV/ Binding Energy/eV

531.4 eV

Intensity/a.u.
Intensity/a.u.

7T T
392 334 396 398 400 402 404 406 408 410 5pq  sp6  sp3  s30 532 534 536 538 540
Binding Energy/eV Binding Energy/eV

Fig. 8 XPS spectra of the CQD/g-C3sN4 materials. (a) Survey of the
sample; (b) C 1s; (c) N 1s; and (d) O 1s.
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Fig. 9 (a) Different MB degradation processes over the g-CsN4 and
CQD/g-C3N4 photoelectrodes (MB: 5 ppm, 100 mL; Na,SOy4: 0.1 M);
(b) absorption spectra for the MB solution in the presence of the CQD/
g-C3N4 photoelectrode under visible light irradiation.

photoelectrodes showed the highest degradation efficiency
(97.2%), whereas the electrocatalytic (EC) and photocatalytic
(PC) degradation efficiencies of the CQDs/g-C;N, were only
35.4% and 57.02%, respectively, for the same time period.
Additionally, the photoelectrocatalytic activity of g-C;N, is
relatively low (11.1%), due to the high recombination of the
photogenerated e -h" pairs. This suggests that the synergy of
the bias potential and illumination is beneficial for the sepa-
ration of the electron-hole pairs, and thus enhances the
degradation performance. Fig. 9b shows temporal changes to
the absorption curve for the MB solutions under visible light in
the presence of the CQDs/g-C;N,. This shows that the intensity
of the characteristic intensity curve located at 664 nm reduces
with the irradiation time being increased. Additionally, after
about 180 minutes of irradiation, the color of the MB solutions
gradually faded from dark blue to pale blue or even colourless,
which implies the extent of destruction of the MB molecular
structure.

Fig. 10a shows the photoelectrocatalytic degradation of MB
on different electrodes. As for the CQD/g-C3;N, composites, the
MB degradation efficiency was found to increase as the CQD
content was increased. When the CQD content was increased to
5 mL (5-CQDs/g-C3N,), the MB degradation efficiency reached
a maximum of 97.2% (0.0177 min~", Fig. 10b). With the CQD
content increasing, the photoelectrocatalytic degradation
activity of the composite was observed to decrease, with 9-
CQDs/g-C3N, having a degradation efficiency of 87%
(0.0104 min~!, as shown in Fig. 10b) under visible light
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Fig. 10 (a) Photoelectrocatalytic degradation of MB on different
electrodes in 0.1 M Na,SO,4 under visible light irradiation. (b) The
corresponding degradation rate constants.
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irradiation. It is possible that when the CQD content is suffi-
ciently high, there is an associated decrease in the number of
available active sites, and thus a lower photoelectrocatalytic
activity.> In such a situation, excess CQDs could act as recom-
bination sites for electron-hole pairs. Therefore, the optimal
quantity of the CQDs was found to be 5 mL. At this point,
agglomeration of the CQDs is negligible, and the surface reac-
tion active sites are reduced.

As is known, the photoelectrocatalytic degradation process
for low concentrations of organic pollutants follows pseudo
first-order kinetics.*® The 5-CQD/g-C;N, composite was used to
study the PEC degradation of MB. Different potentials (0.0, 0.5,
1.0, 1.5 and 2.0 V) were used to observe the MB PEC degradation
process under visible light irradiation. The degradation rate
constants of the different bias voltages for the MB degradation
are shown in Fig. 11. The degradation efficiency was found to
gradually increase as the bias potential was increased from 0.0
to 1.0 V. The PEC degradation rate is up to 97.2% (0.018 min ™)
with a 1.0 V bias voltage. However, the degradation rate
decreased when the bias voltage was further increased, drop-
ping to 88.4% at 2.0 V, which may be due to the reallocation of
the Hector Helmholtz layer and the space charge layer reducing
the carrier number.*®

As is well-known, the key to the practical application of
photocatalysts is the stability and durability. To evaluate the
stability and durability of the CQDs/g-C;N,, a time-circle
experiment was performed. Fig. 12 shows the photo-
electrocatalytic properties of the 5-CQDs/g-C3N, over five cycles
of organic degradation tests. The CQD/g-C;N, sample exhibited
reproducible photoelectrocatalytic properties after five cycles
with only a slight decrease in the efficiency from 97.2% to
85.4%. Minor loss of catalyst may result in the slight decrease of
the PEC performance during the recycling experiments. These
results indicate an excellent durability and stability of the CQD/
g-C3N, sample. In order to explore the mechanism process of
the photocatalyst degradation for organic pollutants, an active
species quenching experiment was conducted using nitrogen
(N,), isopropyl alcohol (IPA) and ethylenediaminetetraacetate
(EDTA-2Na) as the -O,~, -OH and h* scavengers, respectively. As
shown in Fig. 12b, by adding the different quenching agents
into the degradation solution, the active species could be

-1

kap p/mm

1
1.0V
Potentials/ V

1
ov 0.5V 1.5V 20V

Fig. 11 Photoelectrocatalytic degradation of MB on the 5-CQD/g-
CsN4 electrode at various potentials.
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Fig. 12 (a) The recycled 5-CQD/g-C3sN,4 PEC performance test; and

(b) radical trapping experiments during the photocatalytic degradation
of MB over the 5-CQD/g-C3N4 composite.

revealed. The photocatalytic performance had different levels of
decrease with the addition of the different quenching agents.
The degradation efficiency of MB was reduced from 97.21% to
85.02%, 62.64% and 43.75%, respectively, indicating that -O, ",
-OH and h" are the active species in the degradation process
and -0, is the major active species.

The intermediate products in the degradation process could
be quantitatively analyzed and confirmed via high-performance
liquid chromatography (HPLC).”” HPLC analyses of phenol
solutions degraded by the PEC processes are shown in Fig. 13.
As is shown in Fig. 13a, the degradation ability of the photo-
catalysts for phenol is similar to that for methylene blue
(Fig. 9a). The photoelectrocatalytic (PEC) process for the 5-
CQDs/g-C3N, showed the highest degradation efficiency,
degrading 51.6% of phenol after 3 h. The HPLC chromatograms
for the phenol solutions with the 5-CQDs/g-C;N, are also shown
in Fig. 13b. The characteristic peak of phenol may be seen at

| —=—blank reaction
—eCN,

Intensity(a.u.)

—+—5-CQDs/g-C N, electrocatalysis
—¥—5-CQDs/g-C N, photocatalysis

1 ——5-CQDs/g-C N, photoelectrocatalysis

T T T T T T T T T T
0 20 40 60 8 100 120 140 160 180 30 32

34 36
Irradiation time/min Retention time/min

Fig. 13 (a) Different phenol degradation processes over the g-CsNy4
and 5-CQD/g-C3N,; photoelectrodes. (Cpheno: 5 PPM:  Cia,so,:
150 mg L™} (b) HPLC chromatograms of the phenol solutions over the
5-CQDs/g-C3Ny4. (c) Three-dimensional HPLC chromatographic
spectra of the phenol PEC degradation (0 min). (d) Three-dimensional
HPLC chromatographic spectra of the phenol PEC degradation (180
min).
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a retention time (RT) of 3.35 min. Based on the retention time
and peak positions, the three-dimensional HPLC chromato-
graphs are shown to further demonstrate the photo-
electrocatalytic activity of the 5-CQDs/g-C3N,. As shown in
Fig. 13c, the peaks corresponding to phenol in the chromato-
gram for the reaction at 0 min can be seen. After 180 min of
illumination, the corresponding phenol peaks decreased in the
chromatogram (Fig. 13d). Furthermore, there were no impurity
peaks, suggesting that phenol could be mineralized to CO, or
H,O0 in the photocatalytic reaction process.

To better understand the process, a transient photocurrent
response experiment was performed. The prompt photocurrent
response of the as-prepared materials corresponded well to the
on/off cycles of the visible light irradiation (Fig. 14). A signifi-
cantly higher photocurrent was observed for the CQD/g-C;N,
electrode in comparison to that for the g-C;N, electrode. This
indicates that the electron transfer from g-C;N, to the CQDs
upon irradiation favors an effective charge separation® and was
in accordance with the PL analysis. Additionally, the photo-
current of the CQDs/g-C3N, continuously decreased and then
stabilizes after about 600 s and finally dropped by 30%. This
may be due to some photocatalyst falling off from the electrode
in the reaction process.

The interfacial charge transfer properties of the electrodes
could be characterized via electrochemical impedance spec-
troscopy (EIS). Generally, the diameter of the curve in a Nyquist
plot is equal to the charge transfer resistance of the electrode
surface, and a small diameter is related to a low resistance.*
Fig. 15a shows the Nyquist plot for the prepared g-C;N, and 5-
CQD/g-C3N, samples. It was found that the 5-CQDs/g-C3N, have
a lower resistance value than g-C;N,, which is consistent with
the above PL analysis results. This means that the introduction
of the CQDs leads to an effective separation of the e -h" pairs
and a faster interfacial charge transfer. Fig. 15b shows that the
characteristic frequency peaks for g-C;N, and the 5-CQDs/g-
C;3N, are located at 14.7 Hz and 2.6 Hz, respectively. According
to the electron lifetime formula (z = 1/(27f)),* the electron
lifetime (7) of the 5-CQDs/g-C;N, was estimated to be 61.2 ms,
which is 5.7 times higher than that of g-C3N, (10.8 ms). This
indicates an efficient inhibited charge recombination and

a higher injected electron lifetime in the CQD/g-C3N,
photoelectrode.
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Fig. 14 The transient photocurrent response for g-CsN4 and the
CQDs/g-C3Na.
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Fig. 15 (a) Electrochemical impedance spectra and (b) the Bode-
phase for g-CsN4 and the 5-CQDs/g-C3N,.

In the PEC degradation process for organic pollutants,
a synergistic effect could be produced to combine electro-
catalysis (EC) with photocatalysis (PC). The irradiation of visible
light may not only generate a promotional effect for EC oxida-
tion but also eliminate the electrode passivation. As is shown in
Fig. 16, a number of e —h" pairs may be generated in g-C;N,
under visible light irradiation. When the CQD/g-C;N, film
electrode experiences a sufficient bias potential, some photo-
generated electrons may be quickly and efficiently moved to the
platinum electrode (Pt) through the external circuit. This charge
transport process could promote the rate of separation of the
e —h" pairs and enhance the PEC performance. Furthermore,
as the responsible electron reservoirs, the CQDs may trap
emitted e~ from the CB of g-C;N,. Thus, the e” in the g-C3N,
conduction band could be removed to the CQDs, and then react
with molecular oxygen to produce superoxide anion radicals
(-0, 7), which participate in the oxidation of organic pollutants.
Meanwhile, the h” in the VB will transmit to the surface of g-
C;Ny, and react with hydroxyl species to form active hydroxyl
radicals (-OH), or react with surface-adsorbed organic pollut-
ants directly. Considering the above, the efficiency of the
degradation of organic pollutants could be improved through
the significant synergies of the photocatalytic and electro-
catalytic oxidation processes.

0> €
e->ht

Organic
Compounds

CO,/H,0

Fig. 16 Mechanism of the photoelectrocatalytic process for the
CQDs/g-C3N4 under visible light irradiation.
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4. Conclusions

In conclusion, we report that CQDs/g-C;N, show a high pho-
toelectrocatalytic activity and long-term stability for the degra-
dation of organic pollutants (methylene blue and phenol) under
visible light irradiation. The 5-CQD/g-C;N, composite effec-
tively degraded methylene blue (97.2%) and phenol (51.6%) at
a 1.0 V bias voltage over 3 h. The enhanced photoelectrocatalytic
activity of the CQD/g-C;N, composites may be attributed to the
surface hybrid hetero-junction structures between the g-C;N,
nanosheets and the CQDs. This hetero-junction may evidently
promote the rate of separation of the photogenerated e -h"
pairs, and thus improve the efficiency of the PEC process.
Additionally, the synergistic effects between electrocatalysis and
photocatalysis obviously improve the efficiency of the organic
pollutant degradation, making an effective method to deal with
organic wastewater. These findings provide a deep insight into
the interaction modes of CQDs with photocatalysts, and also
provide a new approach to improve the stabilities of photo-
catalysts. This typical metal-free composite photocatalyst is low-
cost and environmentally friendly, and shows excellent thermal
and chemical stabilities, and is accompanied with a highly
conjugated band structure, and is promising for semiconductor
composites and new energy applications.
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