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A B S T R A C T

Effective photogenerated charge separation and rapid Cu(II)/Cu(I) redox cycling is still challenging for photo-
catalytic reactions and copper-based Fenton-like process, respectively. Herein, a novel heterogeneous Fenton-
like catalyst of copper incorporated carbon ring-g-C3N4 (Cu-C-CN) was prepared through a facile calcination
method. The carbon ring could be intimately connected with g-C3N4 via sp2-hybridized CeN bonds to form an in-
plane π-conjugated structure. The carbon ring spliced g-C3N4 (C-CN) can serve as an effective electron-hole
separator owing to the varied electron affinity of two domains (e.g. carbon-ring and g-C3N4). The copper species
were further introduced to the framework of g-C3N4 via the CueN bonds to act as acceptors of conduction-
electrons from g-C3N4 and H2O2 activators. Taking the photodegradation of methylene blue (MB) as a model
reaction, the decomposition efficiency over Cu-C-CN is 5.5 times higher than that of pristine g-C3N4, and would
nearly linearly increase with pH. The notable enhancement in photodegradation efficiency could be ascribed to
the synergetic collaboration between photocatalysis process and Fenton-like process to generate abundant %OH
and e−. The Cu-C-CN catalyst shows high recycling stability with negligible Cu leaching due to the strong
affinity of Cu2+ to g-C3N4 framework. The strategy of coupling Fenton-like catalysts, electron-deficient domains
(e.g. carbon-ring) into semiconductor-based photocatalysis provides a facile and promising solution to the re-
mediation of water pollution with solar energy.

1. Introduction

Recently, graphitic carbon nitride (g-C3N4) based photocatalysts
have attracted increasing interest since Wang and his coworkers first
discovered the photocatalytic water splitting over g-C3N4 in 2009 [1].
To date, significant progress has been achieved on the photocatalytic
applications in direct solar water splitting, degradation of pollutants
and CO2 reduction due to its appealing features, such as low cost, fa-
vorable band gap and good stability [2–4]. Importantly, as a metal-free
polymetric semiconductor, g-C3N4 can be readily tailored to develop
hybrid photocatalysts with controllable sizes, thickness, morphologies
and compositions [5]. However, the short lifetime of photo-generated
electrons and marginal visible light absorption substantially constrains
the photocatalytic activity of pristine g-C3N4 [6,7]. To over these issues,
various approaches have been devoted to modifying the atomic and
electronic structures of g-C3N4 via element doping or heterostructure

fabrication [8–10]. Zhu et al. has synthesized P-doped g-C3N4 through a
co-condensation route to modify its electronic structure for photo-
catalytic hydrogen evolution [11]. Li et al. also found a novel O-doped
g-C3N4 with good visible-light reactivity because of the modulated band
structure [12].

Recently Che et al. designed an in-plane graphitic carbon ring
(Cring)-C3N4 π-conjugated heterostructure via seamlessly stitching two-
dimensional domains to synergistically broaden the light responsive
range of g-C3N4 and expedite the electron-hole pair separation and
transportation [13]. This novel heterostructural nanosheet displayed
significantly higher photocatalytic water splitting activity under full
solar spectrum than most of other photocatalysts, because: 1) a new
intermediate energy level above the valence band is created owing to
the interaction coupling of triazine and in-plane carbon ring, which
allows for utilization of visible light with lower energy; 2) the local in-
plane π-conjugated electric field enables a dramatic increase in the
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spatial charge separation efficiency; 3) surface adsorption and reduc-
tion of H+ are enhanced, thereby effectively avoiding surface charge
recombination. Despite the success of (Cring)-C3N4 in photocatalytic
water splitting, our preliminary data indicate the degradation efficiency
of methylene blue (MB) using this material was not satisfactory.
Therefore, (Cring)-C3N4 heterostructure still needs further modification
if its environmental application is considered.

In addition to photocatalytic oxidation, other advanced oxidation
processes (AOPs) have been well demonstrated to be effective treat-
ments for a wide range of recalcitrant organic pollutants [14,15]. For
example, heterogeneous Fenton-like process is regarded as an effective
way for the generation of highly reactive and non-selective %OH
[16–19]. Various multivalent metal species, such as cobalt, iron, copper
and manganese [20–22], have been considered to be efficient catalysts
to activate H2O2 via Fenton-like process. In addition to the widely used
Fe-based catalysts, Cu-containing material has attracted increasing at-
tention because redox properties of copper (Cu(I)/Cu(II)) are similar to
iron (Fe(II)/Fe(III)) and Cu-based catalysts are able to work over a
broader pH range than Fe-based materials. More importantly, the re-
action of Cu(I) with H2O2 (k=1×104M−1 s−1) to produce %OH oc-
curs more rapidly than that of Fe(II)-H2O2 system (k=76M−1 s−1)
[18], while reduction of Cu(II) to Cu(I) by H2O2

(k=4.6× 102M−1 s−1) becomes more easily than that of Fe(III) back
to Fe(II) (k=0.001–0.01M−1 s−1) [23,24]. To date, lots of Cu-based
catalysts, such as Cu2O-Cu/C [25], CuCr2O4/g-C3N4-NS [26] and Cu-
doped LaFeO3 [27], have been developed. In this context, copper-based
Fenton-like system is hypothesized to enhance the catalytic perfor-
mance of (Cring)-C3N4 owing to the combination of photocatalysis and
Fenton-like process [28,29]. g-C3N4 possesses tunable electronic prop-
erties and ideal nitrogen-sites, which can effectively trap metal atoms to
serve as reactive sites, and chemically stable due to the ligand-field
effects [30]. In addition, it is expected that the photo-generated elec-
trons from g-C3N4 can facilitate the conversion of Cu(II) to Cu(I), which
is the rate determining step in the catalytic cycle of Cu(II)/Cu(I) for the
generation of %OH radicals. The rapid transfer of conduction-band
electrons to Cu(II) also could effectively avoid the photogenerated
charge recombination [31–33]. Theoretically, this synergistic effect
would boost the overall catalytic activity if copper and (Cring)-C3N4 are
integrated.

To verify the proposed hypothesis, a series of copper incorporated
carbon ring-g-C3N4 with various copper content were synthesized for
H2O2 activation under visible light. For comparison, (Cring)-C3N4 and g-
C3N4 were prepared accordingly. MB was selected as a model con-
taminant to evaluate their photocatalytic activities in the hetero-
geneous Fenton-like reaction. The main reactive species were identified
through specific quenching experiments, and the possible catalytic
mechanism was proposed.

2. Materials and methods

2.1. Materials

Melamine, glucose, copper chloride (CuCl2·2H2O), hydrogen per-
oxide (H2O2, 30 wt%), isopropanol (IPA), ammonium oxalate (AO),
diethyldithiocarbamate and sodium hydroxide (NaOH) were purchased
from Sinopharm Chemical Reagent Co., Ltd. p-benzoquinone (BQ) was
supplied by Aladdin Ltd. Methylene blue (MB) and 4-chlorophenol (4-
CP) were obtained from Xinzhong Chemical Reagent Co., Ltd. Ethanol
(EtOH), hydrochloric acid (HCl) and nitric acid (HNO3) were acquired
from Shanghai Runjie Chemical Reagent Co., Ltd. Silver nitrate
(AgNO3) was purchased from Shanghai Chemical Reagent Co. Ltd.,
China. Coumarin was obtained from Shanghai Macklin Biochemical
Co., Ltd. All the chemicals are of analytical grade and used directly.

2.2. Synthesis of copper incorporated carbon ring-g-C3N4 catalysts

The carbon ring spliced g-C3N4 (C-CN) was prepared according to a
method of Che et al. [13]. The copper incorporated carbon ring-g-C3N4

(Cu-C-CN) was prepared as follows: Briefly, 5.0 g of melamine and 0.1 g
of CuCl2 were consecutively added into 25mL of 16.0mg∙mL−1 aqu-
eous solution of glucose under stirring for 1 h, and sonication for 2 h.
The mixture was then dried at 60 °C overnight. The resultant was
grinded evenly, then calcined at three stages: 300 °C for 1 h, 400 °C for
1 h and 550 °C for 4 h. The obtained powder was washed several times
with 0.5 mol∙L−1 HNO3 and then dried at 80 °C for 8 h. For comparison,
g-C3N4 (CN) was synthesized by thermal treatment of 5.0 g of melamine
under 550 °C for 4 h. A series of Cu-C-CN were synthesized by adding
0.1 g, 0.2 g, 0.3 g, 0.4 g of CuCl2, and the obtained samples were de-
noted as 1Cu-C-CN, 2Cu-C-CN, 3Cu-C-CN and 4Cu-C-CN, respectively.

2.3. Characterization methods

The X-ray diffraction (XRD) patterns were recorded on an Ultima IV
X-ray diffractometer. Fourier transform infrared (FT-IR) spectra were
recorded on a Nicolet iS50 FT-IR spectrophotometer by the method of
KBr pellet technique. X-ray photoelectron spectra (XPS) were recorded
on a Kratos AXIS Ultra DLD photoelectron spectrometer. The mor-
phology and element mappings were characterized by transmission
electron microscopy (TEM, JEM-2100F) and scanning electron micro-
scopy (SEM, S-4800). UV–vis diffuse reflectance spectra (DRS) were
measured on a UV–vis-NIR spectrophotometer with the type of Lambda
950. Photoluminescence (PL) spectra were recorded on a Hitachi F-
4500 fluorescence spectrophotometer. The total organic carbon (TOC)
values were determined using a TOC-L CPN total organic carbon ana-
lyzer.

2.4. Catalytic experiments

The catalytic performance of Cu-C-CN catalysts was assessed by the
removal of MB in the photo-assisted Fenton-like catalytic process. The
initial experimental conditions were as follows: [catalyst]= 0.4 g∙L−1,
[MB]=10mg∙L−1, [4-CP]=10mg∙L−1, [H2O2]= 0.10mol∙L−1,
pH0= 5.4, visible light (λ > 410 nm) from a 500W tungsten lamp.
Initially, 20mg of catalyst was dispersed in 50mL of MB solution in a
photoreactor, which was encircled by the circulating water to ensure a
constant temperature. After stirring for 1 h in the dark, H2O2 was added
and simultaneously the light was turned on to initiate the photo-as-
sisted Fenton-like catalytic process. The sample was collected at certain
intervals and then centrifuged. The concentrations of MB were analyzed
using a UV-8000 spectrophotometer. Silver nitrate (AgNO3,
0.2 mol∙L−1), isopropanol (IPA, 0.2 mol∙L−1), ammonium oxalate (AO,
0.2 mol∙L−1), or 4-benzoquinone (BQ, 0.2mol∙L−1) was added into the
reaction system to identify the reactive species of %OH, h+ and O2%

-,
respectively. The stability experiments under the same experiment
conditions were conducted as follows: the catalyst was recovered, wa-
shed, and dried after each test, then used in the next cycle, until five
cycles were conducted. Each test was performed in triplicate.

3. Results and discussion

3.1. Catalysts characterization

The crystallinity of CN, C-CN and Cu-C-CN were characterized by
XRD patterns (Fig. 1a). The typical XRD pattern of bulky g-C3N4 pow-
ders have two distinct diffraction peaks located at 27.6° and 12.7°,
which can be indexed as (002) and (100) diffraction planes for graphitic
materials (JCPDS 87-1526; lattice parameters: a= b=4.74 Å,
c= 6.72 Å) [34]. The main diffraction peak at 27.6° is a characteristic
inter-layer stacking reflection of conjugated aromatic system with an
interlayer distance d=0.323 nm, while another peak at 12.7° is
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assigned to the in-planar ordering of tri-s-triazine units. As shown in
Table S1, 2θ of (002) diffraction peak for all the tested samples varies
very slightly (27.56°–27.68°), indicating that C-CN and Cu-C-CN
maintain the main structural features of g-C3N4. The corresponding
peak intensity decreases after the incorporation of copper and carbon
ring, evidencing the successful modification. The average crystallite
size (D002) for all the samples were estimated by using the Debye-
Scherrer method and full width at half maxima (FWHM) of (002) re-
flection. The range of average D002 is 7.2–8.2 nm (Table S1). Besides,
the diffraction peaks ascribed to copper-related compounds are not
observed, probably because copper is incorporated at a low con-
centration or in an amorphous form, or is chemically coordinated to the

matrix of g-C3N4 [35,36].
FTIR spectra of CN, C-CN and Cu-C-CN are displayed in Fig. 1b. As

for pristine g-C3N4, the broad absorption bands around 3034 to
3345 cm−1 are related to the stretching vibration of NeH bonds and
OH bond of absorbed H2O molecules. The signals at 1236 and
1639 cm−1 demonstrate the presence of aromatic C/N heterocycles
[37]. The bending vibration of heptazine rings can also be observed at
810 cm−1 [38]. The presence of characteristic bands of g-C3N4 in all the
samples indicates that the incorporation of copper and carbon ring does
not alter the basic CN framework. Regarding to the Cu-C-CN samples, a
new peak at 463 cm−1 corresponds to the CueN bond [39], indicating
that the copper species are incorporated into g-C3N4 in the form of

Fig. 1. (a) XRD patterns and (b) FTIR spectra of g-C3N4 (CN), carbon ring spliced g-C3N4 (C-CN), and a series of copper incorporated carbon ring-g-C3N4.
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coordination. The result is consistent with XRD patterns.
The XPS technique is unique in providing the bonding state between

C and N (e.g. CeN, C]N and C^N) and the N/C ratio in the as-pre-
pared materials. The XPS spectra of C, N, O and Cu were deconvoluted
for CN, C-CN and 3Cu-C-CN (Fig. 2). In C 1s spectrum of pure g-C3N4,
the binding energy at 288.1 eV is the characteristic of sp2-hybridized
carbon (N-C=N) which has one double and two single bonds with the
nitrogen atoms. Other two peaks at 287.3 eV and 284.7 eV correspond
to C-NH2 and CeC bonds, respectively. Differing from g-C3N4, the
contribution of the peak corresponding to CeC bond for C-CN and 3Cu-
C-CN increases, clearly demonstrating the splice of carbon ring to g-
C3N4.

In N 1s spectrum, the main component centered at 398.5 eV is at-
tributed to sp2 N involved in triazine ring (C-N=C), whereas the con-
tribution at 399.3 eV and 400.5 eV corresponds to bridging nitrogen
atoms (N-(C)3) and C-N-H, respectively. Compared to g-C3N4, the de-
crease of C-N-H bond can verify the presence of π-conjugate bond as a
linking bridge between C in carbon ring and edge N in triazine, in-
dicating the successful combination of carbon ring and g-C3N4.The
atomic ratios of C: N of CN, C-CN and 3Cu-C-CN were determined to be
0.78, 0.89 and 0.85 from XPS, respectively. The C/N ratios of C-CN and
3Cu-C-CN were higher than that of pristine CN, implying the in-
troduction of carbon ring as planned, in agreement with the results of C
1s and N1s spectra.

In O 1s spectrum, one peak at 533.1 eV is ascribed to the adsorbed
water molecules, and the other at 531.6 eV is related to the OH bonds.
The absence of CueO bond at 528.8 eV [36] might be ascribed to in-
existence of copper oxides or their presence at a very low concentration.
In Cu 2p spectrum, two peaks at 932.6 eV and 952.7 eV can be ob-
served, indicating the presence of Cu2+ in the sample [36]. Further-
more, the corresponding shake-up satellite peaks at 943.7 eV and
963.0 eV are also observed, further confirming that Cu2+ dominates in
3Cu-C-CN.

The microstructures of copper incorporated carbon ring-g-C3N4

sample are shown in Fig. 3a. The SEM images display flexible sheet-like
morphology and smooth surface without nanoparticles decorated on it.
Furthermore, the edges of the nanosheets spontaneously curl due to the
ultrathin feature. SEM elemental mappings (Fig. 3b) show that the
existence of C, N, O and Cu elements in 3Cu-C-CN sample and they are
uniformly distributed on its surface. C signals are observable in the
marked elliptic regions. These abundant C signals can be assigned to the
presence of in-plane carbon ring, due to the absence of carbon dots or

other carbon impurity.
As displayed in the TEM image of 3Cu-C-CN (Fig. S1a), a smooth

surface is observed without obvious nanoparticles or crystallite struc-
ture of copper species dispersed on it, indicating that the copper species

Fig. 2. (a) XPS spectra of C 1s, (b) N 1s, (c) O 1s, and (d) Cu 2p for g-C3N4 (CN),
carbon ring spliced g-C3N4 (C-CN), and copper incorporated carbon ring-g-C3N4

(3Cu-C-CN).

Fig. 2. (continued)
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may exist in the framework of g-C3N4 in the form of Cu2+, consistent
with the results of XRD, FTIR and XPS. As illustrated in Fig. S1b, two
different lattice fringes of 0.21 nm and 0.24 nm are present, which can
be assigned to the (100) planes of graphite and in-plane d-spacing
distance in g-C3N4 [13], respectively.

The optical property of all samples is shown in Fig. 4a. The splice of
carbon ring obviously enhances the visible-light absorption ability of g-
C3N4 in the region of 450–800 nm, which can promote utilization of the
low-energy visible light. Once copper is incorporated, the enhanced
visible-light absorption in 450–800 nm can be also observed. With the
increase in copper content, the ability to absorb visible light gradually
increases. The result reveals that the copper species are successfully
incorporated into the framework of g-C3N4 [40]. Additionally, absorp-
tion band of C-CN as well as Cu-C-CN exhibit apparent red shift com-
pared to pure g-C3N4, which can accelerate the generation of photo-
induced carriers under visible light irradiation, thus resulting in the
enhanced photocatalytic properties [41].

Photoluminescence (PL) spectra were measured to comprehend the
transfer and recombination behaviors of photo-generated charge car-
riers in copper incorporated carbon ring-g-C3N4 samples. In general, the
weaker of PL intensity, the higher separation efficiency of carriers. As
depicted in Fig. 4b, pristine g-C3N4 exhibits the strongest photo-
luminescence with an emission peak around 470 nm. This strong peak is
attributed to the band-band PL phenomenon with the energy of light
roughly equal to the band gap energy of g-C3N4 (2.7 eV). However, the

PL intensity is apparently decreased after the splice of carbon ring,
verifying that the carbon ring can capture the photo-generated elec-
trons to significantly diminish the recombination rate of charge car-
riers. Moreover, the PL intensity sharply decreased after the in-
corporation of copper species on carbon ring spliced g-C3N4 (C-CN), and
the increase of copper content can further inhibit the combination of
photo-generated charges. The results adequately confirm that the
copper and carbon contents greatly affect the recombination rate of
charge carriers. Therefore, the expedited charge separation is desirable
for the photocatalytic reactions, as verified later.

3.2. Catalytic performance

The catalytic activities of as-prepared catalysts were evaluated by
testing the degradation rates of MB in the photo-assisted Fenton-like
catalytic process. For comparison, the photocatalytic processes were
conducted under visible light irradiation. The Fenton-like processes
were carried out in the dark in the presence of H2O2.

As shown in Fig. 5a, the MB concentration has no apparent change
when only H2O2 and visible light are employed without catalysts.
Compared to pure g-C3N4, the degradation efficiency of MB increases in
the presence of C-CN in the photo-assisted Fenton-like catalytic process,
indicating that carbon ring doped g-C3N4 can separate photogenerated
charges effectively for the improvement of catalytic activity. However,
the catalytic performance is significantly enhanced with further

Fig. 3. (a) SEM images and (b) element mappings of 3Cu-C-CN.
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introduction of copper species, demonstrating that the copper species
play an important role in MB degradation as copper species can activate
H2O2 to generate hydroxyl radicals. In particular, 3Cu-C-CN catalyst
displays the best catalytic activity. Further increasing the copper con-
tent can reduce the catalytic performance, because excess copper spe-
cies may serve as recombination centers for electron-hole pairs [41,42].

To quantitatively analyze the catalytic performance of different
catalysts for MB degradation, the reaction rate constants (k) obtained
through the Langmuir-Hinshelwood kinetics model are exhibited in a
column chart in Fig. 5b. Briefly, for each tested material, degradation
performance of the photo-assisted Fenton-like catalytic processes is

superior to those of separate photocatalytic processes and Fenton-like
catalytic processes. For example, the kinetic constant for 3Cu-C-CN in
the photo-assisted Fenton-like catalytic process is about 5.5 times
higher than that of pure g-C3N4. Additionally, the kinetic constant for
each catalyst in the photo-assisted Fenton-like catalytic processes is
greater than the sum of its rate constant in the corresponding photo-
catalytic processes and Fenton-like processes, especially at a higher Cu
loading. For instance, the rate constant of the photo-assisted Fenton-like
catalytic processes is 176.4× 10−4 min−1 for 3Cu-C-CN, much larger
than the sum of the corresponding photocatalytic process
(10.1×10−4 min−1) and Fenton-like process (36.1× 10−4 min−1).

Fig. 4. (a) UV–vis diffuse reflectance spectra and (b) PL spectra of g-C3N4 (CN), carbon ring spliced g-C3N4 (C-CN), and copper incorporated carbon ring-g-C3N4 (Cu-
C-CN). (Excitation wavelength at 365 nm).
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Therefore, it is convinced that a synergy between the photocatalytic
and the Fenton-like processes does work.

The synergetic effect could be quantified by the synergetic index
(SI), SI= kPF/(kF+ kP), where kPF, kF and kP denotes rate constant in

Fig. 5. (a) Degradation curves of MB under different conditions in the photo-
assisted Fenton-like catalytic processes, (b) The column chart indicating reac-
tion rate constants of MB degradation over different catalysts under the con-
ditions of photocatalysis and/or H2O2 activation, and (c) The TOC removal of
MB/4-CP in the presence of 3Cu-C-CN during the photo-assisted Fenton-like
catalytic degradation. ([catalyst]= 0.4 g∙L−1, [MB]= 10mg∙L−1, [4-
CP]=10mg∙L−1, [H2O2]=0.10mol∙L−1, pH0= 5.4, visible light
(λ > 410 nm) from a 500W tungsten lamp).

(caption on next page)
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photo-assisted Fenton-like catalytic processes, Fenton-like catalytic
processes and photocatalytic processes, respectively. Gong et al. [29]
synthesized the MOF-derived nitrogen doped carbon modified g-C3N4

(ZIF-NC/g-C3N4) heterostructure composite to degrade bisphenol A
(BPA) with peroxymonosulfate under visible light irradiation. The es-
timated SI for 0.5% ZIF-NC/g-C3N4 was 1.15. Li et al. [15] prepared g-
C3N4/NH2-iron terephthalate metal-organic framework (Ip-x) for MB
degradation in the visible light-induced Fenton-like process. The SI of
the lp-2/visible light/H2O2 system was calculated to be 4.05. Ai et al.
[43] applied iron terephthalate metal–organic framework MIL-53(Fe)
to oxidize RhB, the value of SI being calculated as 2.22. The obtained SI
for 3Cu-C-CN is 3.82, larger than that for CN (2.21) and C-CN (2.39).
The substantial synergistic effect for 3Cu-C-CN demonstrates the im-
portance of perfect incorporation of copper and carbon ring in se-
paration of photogenerated electron-hole pairs and regeneration of
catalyst (i.e. Cu+ ions).

The mineralization of organics is always expected in the treatment
of organic pollutants. Total organic carbon (TOC) is an indicator, which
can be used to assess the mineralization degree of organics. Herein, MB
and 4-CP are used as the substrates to evaluate the TOC removal effi-
ciency over 3Cu-C-CN under the same conditions (Fig. 5c). With the
increase of reaction time, the TOC value gradually decreases. It finally
achieves 76% or 47% removal after 150min or 180min, indicating that
3Cu-C-CN can efficiently mineralize MB/4-CP. Contrastively, only
41.5% of BPA over CN-Cu(II)-CuAlO2-H2O2 [44] or 57% of MB over Ti/
CuO-H2O2 [45] can be mineralized, indicating that 3Cu-C-CN can be a
feasible catalyst for organic degradation.

The effect of H2O2 concentration on MB degradation was explored
using 3Cu-C-CN as the catalyst in the photo-assisted Fenton-like pro-
cesses. The rate constants were obtained by the slope of the ln(C/C0) vs.
time plot, as depicted in Fig. 6a. The corresponding k value at various
H2O2 concentration of 0.10mol∙L−1, 0.15mol∙L−1 and 0.20mol∙L−1 are

0.0173 (R2=0.988), 0.0293 (R2=0.996), and 0.0230min−1

(R2= 0.995), respectively. This can be due to the dual roles of H2O2 in
%OH generation. With increasing the H2O2 concentration, the k value
increases and more hydroxyl radicals can be yielded for MB removal.
However, at a higher concentration, the k value decreases and the de-
gradation efficiency is decreased due to the scavenging effect of %OH by
excessive H2O2 to generate HO2% with lower oxidation potential
[46,47]. Therefore, a suitable concentration of H2O2 is required.

The pH value is often considered to be a sensitive factor in Fenton
reaction, thus the influence of initial pH value on the degradation of MB
over 3Cu-C-CN was also investigated in the photo-assisted Fenton-like
catalytic process (Fig. 6b). It can be clearly seen that the degradation
efficiency is greatly enhanced as the pH value increases. In general, the
values of k nearly linearly increase with pH (R2= 0.964). At pH 3.0,
about 86% of degradation is achieved in 150min, and when increasing
the pH value to 11.0, 99.2% of removal is obtained within 20min. This
may be due to the increase of reactive radicals at higher pH values. At a
lower pH, more H+ ions are generated that can scavenge %OH (%
OH+H+ + e−→H2O), leading to a decrease in degradation efficiency
[48]. Under alkaline conditions, it is HO2

– anions not H2O2 that plays
the main role, which can be further oxidized to O2%

− and other reactive
species by holes generated in 3Cu-C-CN during the photo-assisted
Fenton-like catalytic processes, besides high level of OH– can also be
oxidized by h+, facilitating the generation of %OH [49,50]. Since %OH
are the primary reactive species in the photo-assisted Fenton-like cat-
alytic process, as demonstrated in Fig. 6d, thus the degradation of MB is
accelerated at higher pH values.

The non-fluorescent coumarin was used to identify the generated %

OH, which can produce high-fluorescent 7-hydroxycoumarin [51]. As
expected, an increasing fluorescence intensity is observed when pH
increases (Fig. 6c), in consistent with the pH dependence of MB de-
gradation. Furthermore, the stability tests of MB in the presence of
H2O2 under different pH values were also conducted (Fig. S2). MB is
relatively stable in the presence of H2O2 at various pH value. Therefore,
the enhanced removal of MB at alkaline pH is ascribed to photo-
degradation by Cu-C-CN/H2O2, rather than its self-decomposition
under alkaline conditions.

In Fig. 6d, to identify other main reactive species, BQ, AO, IPA or
AgNO3 was selected as a scavenger for O2%

−, h+, %OH or e−, respec-
tively [52]. The addition of BQ has a negligible influence on MB de-
gradation, suggesting that contribution of O2%

− is insignificant in the
overall photo-assisted Fenton-like catalytic process. While AO is added,

Fig. 6. (a) The curves of ln(C0/C) versus Time under different H2O2 con-
centration. ([catalyst]= 0.4 g∙L−1, [MB]= 10mg∙L−1, pH0= 5.4), (b) Effect of
initial pH on MB degradation using 3Cu-C-CN as the catalyst.
([catalyst] = 0.4 g∙L−1, [MB]= 10mg∙L−1, [H2O2]= 0.10mol∙L−1), (c)
Fluorescence intensity of 7-hydroxycoumarin after reaction in the system of
3Cu-C-CN-H2O2-coumarin. ([catalyst]= 0.4 g∙L−1, [H2O2]= 0.10mol∙L−1,
[coumarin]= 1.0mol∙L−1, fluorescence reaction time= 150min), and (d) The
effect of different scavengers on MB degradation over 3Cu-C-CN in the photo-
assisted Fenton-like catalytic processes. ([catalyst]= 0.4 g∙L−1,
[MB]=10mg∙L−1, [H2O2]= 0.15mol∙L−1, pH0=5.4).

Fig. 7. Photo-assisted Fenton-like catalytic degradation mechanism of copper incorporated carbon ring-g-C3N4.
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Fig. 8. (a) The MB degradation efficiency and Cu2+ leaching concentration in the photo-assisted Fenton-like catalytic processes over 3Cu-C-CN for five cycles.
([catalyst] = 0.4 g∙L−1, [MB]=10mg∙L−1, [H2O2]= 0.15mol∙L−1, pH0= 5.4, [diethyldithiocarbamate]= 54mg∙L−1), (b) Comparison of XRD patterns, and (c)
SEM images and element mappings after five cycles.
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the degradation rate of MB is halved, indicating that h+ plays a role in
this catalytic degradation process. %OH radicals should be the primary
reactive species because of a significant influence of IPA on MB re-
moval. However, as AgNO3 is present, the degradation of MB is nearly
completely inhibited. This result indicates those electron-driven Cu(II)/
Cu(I) redox cycling (Eq. (1)) and H2O2 activation (Eq. (2)) may be
critical for the enhanced degradation performance.

≡ + → ≡
−eCu(II) Cu(I) (1)

+ → +
−eH O ˙OH OH2 2

– (2)

3.3. Catalytic mechanism

A possible photo-assisted Fenton-like catalytic mechanism for pol-
lutant degradation over copper incorporated carbon ring-g-C3N4 com-
posite is illustrated in Fig. 7. Under visible light irradiation, electrons
are excited to the CB of g-C3N4 while holes remain in its VB (Reaction
3). The excited electrons can further transfer to the surface of electron-
deficient carbon ring, achieving the effective separation of photo-gen-
erated carriers. As manifested in the radical scavenging experiments,
the survived electrons are vital for the overall catalytic degradation of
MB because 1) they can react with dissolved oxygen to yield O2%

−,
further combining with H2O to produce %OH (Reaction 4) [53,54]. The
holes left on VB of g-C3N4 can directly oxidize MB [55]; 2) they can
directly reduce H2O2 to form %OH (Reaction 2); and they can promote
the conversion of Cu(II) to Cu(I) (0.16 V, vs SHE) (Reaction 1) [56],
thus accelerating the production of reactive hydroxyl radicals. In ad-
dition, Cu(II) can also be reduced to Cu(I) by the reaction with H2O2

(Reaction 5), meanwhile the generated Cu(I) can react with H2O2, ac-
companying the generation of %OH radicals (Reaction 6). Therefore, the
processes as described in Reactions 1–6 display a synergistic effect
between the photocatalytic and Fenton-like processes. The rapid trap of
conduction-band electrons by Cu(II) not only expedites the rate de-
termining step (Cu(II)→ Cu(I)) in the Fenton-like reactions, but also
effectively minimizes the charge recombination. This kind of “Two
Birds One Stone” synergy can facilitate the generation of %OH. In this
system, the generated reactive species, including h+ and %OH radicals,
can attack MB molecules which are finally mineralized into small mo-
lecules (Reaction 7).

− − + → +
− +h e hCu C CN ν (3)

+ → →
− −eO O ˙ ˙OH2 2 (4)

≡ + → ≡ + +
+Cu(II) H O Cu(I) HO ˙ 2H2 2 2 (5)

≡ + → ≡ + +Cu(I) H O Cu(II) ˙OH OH2 2
– (6)

+ → ⋯→
+hMB (˙OH, ) small molecules (7)

3.4. Stability of copper incorporated carbon ring-g-C3N4

The stability of a catalyst is an important index to evaluate the
feasibility of the catalyst. To assess the catalytic reusability of Cu-C-CN
composite on MB degradation, the catalyst was recovered to conduct
five consecutive cycles in the photo-assisted Fenton-like catalytic pro-
cess, and the results are displayed in Fig. 8a. The concentration of
leached Cu2+ ions after each cycle was detected using the method of
chromogenic reaction, where diethyldithiocarbamate was used as the
chromogenic agent for Cu2+. In the photo-assisted Fenton-like catalytic
processes, the maximum concentration of leached Cu2+ is
0.0105mg∙L−1, much lower than that of the European Union directives
(< 2.0mg∙L−1) and United States regulations (< 1.3mg∙L−1) [44].
Clearly, Cu2+ is hardly leached after the second cycle and the de-
gradation efficiency retains almost unchanged, which validates that Cu-
C-CN can be a feasible Fenton catalyst with good stability and dur-
ability for H2O2 activation to degrade MB. The spliced carbon ring to g-

C3N4 with different electron affinity probably yields a strong in-
building electric field in Cu-C-CN, solidifying the stability of Cu in Cu-C-
CN. For comparison, the degradation efficiency and Cu2+ leaching in
previous reports [57] are also illustrated. Obviously, both stability and
reusability of 3Cu-C-CN are superior to the reported catalysts, as shown
in Fig. 8a and Fig. S3. To further demonstrate the stability of 3Cu-C-CN,
the catalyst after five cycles was measured by XRD pattern (Fig. 8b) and
SEM (Fig. 8c). Expectedly, the diffraction peak do not change greatly
after five runs and the morphology retains sheet-like. The results in-
dicate that Cu-C-CN is an applicable catalyst with excellent stability.

4. Conclusions

In this study, copper incorporated carbon ring-g-C3N4 catalysts have
been developed via a facile calcination method. The catalyst was
characterized by XRD, FT-IR, XPS, TEM, SEM, UV–vis DRS and PL. The
as-prepared 3Cu-C-CN catalyst attains the best catalytic performance
toward the removal of MB in comparison with pure g-C3N4. The splice
of carbon ring with g-C3N4 can benefit the effective separation of charge
carriers. Owing to the rapid transfer of photogenerated electrons to Cu
(II) sites, the redox cycling of Cu(II)/Cu(I) is accelerated, leading to
efficient activation of H2O2 and therefore promoting the MB degrada-
tion based on hydroxyl radicals. Importantly, the synergetic effects
between photocatalytic and Fenton-like process facilitate the genera-
tion of reactive radicals, such as holes and hydroxyl radicals, as evi-
denced by radicals scavenging tests and specific fluorescent probe re-
action for %OH. The very low copper leaching of 3Cu-C-CN suggests its
excellent recycling stability. Therefore, the copper incorporated carbon
ring-g-C3N4 can serve as an efficient and stable catalyst for wastewater
treatment.
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