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A B S T R A C T

Polychlorinated dibenzo-p-dioxins (PCDDs), characterized by their high persistency and bioaccumulation, are
widely detected in the environment. In this study, high-performance g-C3N4/NiO heterojunctions were fabri-
cated to degrade 2-chlorodibenzo-p-dioxin (2-CDD) under ultraviolet-visible (UV–vis) light illumination.
Experiments revealed that the pure g-C3N4 and range of g-C3N4/NiO heterojunctions were synthesized by the
mixing and heating method, and then were characterized by XRD, TEM, XPS and PL etc. The composites ex-
hibited enhanced dechlorination activities under anoxic conditions. After comparison, the g-C3N4/NiO (4:6)
showed optimal dechlorination performance such that 70.4% of 2-CDD was removed within 8 h and 52.3% of 2-
CDD was transformed to dibenzo-p-dioxin (DD), about fourfold higher than the pristine g-C3N4. The transfor-
mation of 2-CDD was accompanied by the resale of Cl ion, and the additional oxygen was proven to be able to
consume electrons and hydrogen ions, thus greatly inhibiting the degradation of PCDD in systems. The g-C3N4/
NiO (4:6) can be reused at least seven times, and the mechanism was proposed in detail to promote photo-
induced electrohole separation and provide active sites. This study extends the use range of g-C3N4/NiO het-
erojunctions and develops a new technology to degrade PCDDs with striking activity and stability.

1. Introduction

Polychlorinated dibenzo-p-dioxins (PCDDs) have been regarded as
priority environmental pollutants because of their carcinogenic, ter-
atogenic and mutagenic effects by the United States Environmental
Protection Agency (U.S. EPA) (Mumbo et al., 2016). Serious concern
has been raised that PCDDs could be frequently detected in water,
aquatic organisms, soils, sediments, or even human blood (Mumbo
et al., 2016; Arfaeinia et al., 2017; Pagano et al., 2018; Li et al., 2019;
Ssebugere et al., 2019). Due to their properties of persistence, bioac-
cumulation and high toxicity, as well as the increasing concentration in
the environment, substantial research has been conducted to develop
effective strategies to remove PCDDs (Guemiza et al., 2017), such as
hydrothermal processes (Qiu et al., 2019), photocatalyst reduction
(Ding et al., 2018), catalytic oxidation (Ji et al., 2018), metal complex
(Liu et al., 2016), and hydroxyl radical (%OH) utilization (Rashidian
et al., 2019).

In response to the environmental risks, many researchers turn their
attention toward photocatalyst reduction. Due to the temperate reac-
tion conditions and low energy consumption, the photocatalytic

reduction dechlorination process is considered a promising technology
to control water pollution. The reduction of PCDDs has led to breakage
of the C-Cl bond (Lechner, 2009), thus decreasing the toxicity of PCDDs
after the release of chlorine (Wu and Ng, 2008). For example, Liu et al.
(2016) showed that PCDDs could be converted into less chlorinated
PCDDs from condensed water with Pd/g-Al2O3. The g-C3N4 is a pro-
mising nonmetallic semiconductor material, which has been widely
used in various photocatalytic reactions. However, the application of
pristine g-C3N4 still has problems of the relatively fast recombination
rate of photogenerated electron-hole, inefficient conductivity, low solar
energy availability rate and low quantum efficiency (Niu et al., 2012;
Mishra et al., 2019; Zhang et al., 2019a).

Therefore, it is of great significance to develop catalysts with
abundant resources and lower cost as substitutes to remove organic
pollutants effectively. Wang et al. (2019a) systematically reviewed the
promise of using g-C3N4-metal/metal oxide nanohybrids for the de-
gradation and removal of various contaminants. It illustrated the de-
gradation mechanism of their performances at the water–environment
nexus including energy harvesting, water treatment, environmental
sensing and in situ nanoremediation. Metals (e.g., Fe, Ni, and Ag) and
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nonmetallic material (e.g., S, P, O, dual-oxygen and Oxamide) have
been intensively reported as effective cocatalysts to solve the problem
(Xu et al., 2019; Tang et al., 2019; Liu et al., 2019; Zhang et al., 2019b;
Tang et al., 2018a; Feng et al., 2018). For example, Tang et al. (2019)
reported that oxamide were used as cocatalysts to modify g-C3N4 to
advance photocatalytic performance. Tang et al. (2018a) reported that
the ternary Ag/g-C3N4/NaTaO3 photocatalysts exhibited effective ac-
tivity to remove organic pollutants by their strong wide-spectrum light
absorbance. Nickel (II) oxide (NiO) has gained wide attention due to its
excellent electrochromism, electrochemical capacitance and heat sen-
sitivity (Sahoo et al., 2012). Therefore, many studies have tried to
combine NiO with synergistic dopants to improve the photoelectricity
lifetime and prolong the absorption of light. It has been used as a co-
catalyst to effectively promote photocatalytic degradation (Chen et al.,
2014; Thiyagarajan et al., 2018), hydrogen evolution (Liu et al., 2018),
reduction of CO2 (Tang et al., 2018b) and water splitting (Fu et al.,
2018). For example, Tang et al. (2018b) successfully synthesized NiO/
g-C3N4 heterojunctions by the hydrothermal deposition method and the
heterojunctions could provide more efficient electrons for the reduction
of CO2. NiO has been considered an appropriate photocatalyst for the
formation of the p-n junction (Zhang et al., 2010), and the TiO2-NiO p-n
junction has been widely used in the photocatalytic evolution of H2

(Sreethawong et al., 2005). Therefore, the combination of g-C3N4 and
NiO could serve as an efficient photocatalytic for PCDD degradation.

Herein, we aimed to achieve NiO-modified g-C3N4 into a hetero-
structure to investigate their photocatalytic reductive performance to-
ward the dechlorination of 2-CDD under UV–vis light illumination. The
structures and morphologies of the pristine g-C3N4 and g-C3N4/NiO
heterojunctions were characterized by XRD and SEM. Additionally, the
experiments were conducted to evaluate the effect of the contents,
synthesis temperature, and environment impact as well as to propose
the possible photocatalytic reaction mechanism in detail. Thus, we
might extend the application range of g-C3N4/NiO heterojunctions and
may develop a new approach for the degradation of PCDDs with
striking activity and stability.

2. Materials and methods

2.1. Chemicals

The standard model pollutant (2-CDD, purity< 99%) and product
(DD, purity< 99%) were purchased from Accustandard Company (New
Haven, CT, USA). Nickel(II) chloride hexahydrate (NiCl2·6H2O, analy-
tical grade) and dicyandiamide (C2H4N4, analytical grade) were pur-
chased from Aladdin Industrial Corporation (Shanghai, China). Organic
solvents, including isopropanol (C3H8O), ethanol (C2H6O), n-hexane
(C6H14) and toluene (C7H9), were purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). The water used in the experiment
was deionized water (18.2 MΩ cm resistivity), which was obtained
using a Millipore water purification system.

2.2. Synthesis

Pure g-C3N4 was fabricated using a direct thermal polymerization
method (Ding et al., 2018; Tang et al., 2018b). Briefly, dicyandiamide
(10 g) was put into an alumina crucible with a cover and then was
burned at 500 °C for 2 h at a rate of 10 °Cmin−1), followed by calcining
at 520 °C for another 2 h at a rate of 5 °Cmin−1. The resultant yellow
product was obtained after cooling. Next, the obtained powder was
added to 50mL of ultrapure water under vigorous stirring and sustained
ultrasonic dispersal for 2 h. The g-C3N4 was obtained after filtration and
drying at 100 °C in a vacuum oven overnight for further use.

The g-C3N4/NiO composites were fabricated by the following
method. First, the as-prepared g-C3N4 (0.5 g) was dispersed in ethanol
(50mL) and then ultrasonic dispersal was sustained for 30min.
Subsequently, a certain amount (0.318 g, 0.636 g, 0.792 g and 0.950 g)

of NiCl2·6H2O were added and ultrasonically dispersed for 6 h, followed
by drying and grinding. The final samples were obtained through cal-
cination at 400 °C for 3 h and grinded them into powders after cooling
to room temperature. The as-prepared g-C3N4/NiO samples with mass
ratios of NiO at 20%, 40%, 50% and 60% were denoted as g-C3N4/NiO
(8:2), g-C3N4/NiO (6:4), g-C3N4/NiO (5:5) and g-C3N4/NiO (4:6), re-
spectively. Additionally, the obtained g-C3N4/NiO (4:6) composite was
annealed at different temperatures (200 °C, 300 °C, 400 °C and 500 °C)
to select the optimum synthesis temperature. The pure NiO was fabri-
cated by the same method without the g-C3N4 addition.

2.3. Characterization

X-ray diffraction (XRD; XRD-6000, Shimadzu, Japan), using Cu Kα
(λ =0.1546 nm) values with accelerating voltage and applying current
at 40 kV and 40mA, respectively. The diffractograms were recorded at
the 2θ range from 10° to 80°. Scanning electron microscopy (SEM and
EDX; Supra55; Sapphire, Germany; accelerating voltage=0.02–30 kV).
Transmission electron microscopy (TEM; TecnaiG2 F20S-TWIN, USA;
accelerating voltage: 200 kV). High-resolution transmission electronic
microscopy (HR-TEM), equipped with an energy-dispersive X-ray
spectroscopy (EDX) detector. The specific surface area of composites
was measured by N2 adsorption-desorption isotherms (77 K; 3H-
2000PS2; Beishide, China), using the Brunauer–Emmett–Teller (BET)
method and the pore size distribution was obtained from the desorption
branch of the isotherms. The optical properties were analyzed by
UV–vis adsorption spectra (UV–vis DRS; TU-1901, Pgeneral, China).
Electrochemical experiments (i-t and EIS) were analyzed using an
electrochemical workstation (CH Instruments 650D, China) in a con-
ventional three-electrode configuration. Na2SO4 aqueous solution
(120mL, 0.1mol L−1) was used as the electrolyte, and argon gas was
degassed prior to electrochemical measurements for 30 min. X-ray
photo-electron spectroscopy (XPS, Escalab 250, Thermo, England) with
an Al Kα anode radiation as source (1486.71 eV) was employed to
identify surface elemental composition and chemical states of compo-
sites. All the binding energies were referenced to the C 1s peak at 284.6
eV. Photoluminescence (PL) is equipped with a fluorescence spectro-
photometer (Fluorolog-3-Tau, France) and its excitation wavelength
was 325 nm. The widths of the excitation and emission slits were 5.0
nm. Electron spin resonance (ESR, JES FA200 spectrometer, Germany)
with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as spin-trapping agent,
were used to detect the signals of radicals (%OH and %O2

−). The light
wavelength was in the range of 350–780 nm. The experimental opera-
tion was as follows: photocatalyst (2.5 mg) was dispersed in deionized
water (0.5 ml, for ·OH) or methanol (0.5 ml, for %O2

−) and then added
with DMPO (45 μL, as spin-trapping agent).

2.4. Photocatalytic dechlorination setup

Details experiment processes in this study are provided in
Supporting Information.

2.5. Chemical analysis

Details chemical analytic methods used in this study are provided in
Supporting Information.

3. Results and discussion

3.1. Physical characterization of photocatalysts

The crystalline structures of pristine g-C3N4, NiO and g-C3N4/NiO
heterojunctions were characterized by XRD (Fig. 1). The g-C3N4 ex-
hibits two distinct characteristic peaks at 27.40° and 13.04°, corre-
sponding to the characteristic (002) and (100) planes, arising from the
interlayer stacking of the conjugated aromatic system (Xu et al., 2013;
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Wang et al., 2009). For NiO, intense diffraction peaks at 2θ=37.09°,
43.10°, 62.58°, 75.04° and 79.01° could readily be assigned to (111),
(200), (220), (311) and (222) planes, respectively. All the diffraction
peaks are consistent with the orthorhombic phase of NiO (Tong et al.,
2015a). The peaks gradually became obvious with the increase in the
NiO ratio in g-C3N4/NiO composites after coupling with each other.
Furthermore, the clear phenomenon of g-C3N4 in g-C3N4 /NiO (4:6)
suggests the successful combination of g-C3N4 and NiO because the
main peak of g-C3N4 at 27.40° was not overlapped with that of NiO.
(Tang et al., 2018b) The synthesis of catalysts presented no additional
diffraction peaks, indicating that the products are of high purity.

The microstructure and morphology of pure g-C3N4 (Fig. 2a), NiO
(Fig. 2b) and g-C3N4/NiO composites (Fig. 2c and d) were investigated
by SEM as mentioned. Our previous paper has reported the g-C3N4

comprises stacked bulks with a porous structure (Ding et al., 2018).
After hybridization, NiO was adhered to the surface of g-C3N4 ran-
domly. The g-C3N4/NiO samples presented a light, white ball-flower
curly structure. However, excessive NiO in g-C3N4/NiO samples would
lead to agglomeration, which is not conducive to constitute a closely

interface (Tang et al., 2018b; Fu et al., 2018). The existence of NiO can
be further proven by TEM shown in Fig. 3. It displays that NiO (circle) is
dispersed on the surface of g-C3N4, corresponding to the SEM results.
The results showed that NiO was successful in close contact with g-C3N4

and formed an actual interface. Moreover, from the image shown in
Fig. 3d, the lattice fringe with a d spacing of 0.209 nm was clearly
observed, which was corresponding to the crystal plane (200) of cubic-
structured NiO (Yu et al., 2015). The attachment of NiO on the g-C3N4

surface is further affirmed by HR-TEM and EDX analyses (Fig. 3e). The
results of EDX mapping show that the C, N, O and Ni elements are well
dispersed on g-C3N4/NiO heterojunctions.

The FT-IR spectra of g-C3N4, NiO and g-C3N4/NiO composites are
indicated in Fig. S1. The spectrum of g-C3N4 contains skeletal adsorp-
tion bands between 1200 cm−1 and 1700 cm−1, which present the
stretching modes of C–N heterocycles (Shi et al., 2014) and the other
peak (810 cm−1) resulted to the breathing mode of C–N heterocycles
(Lin et al., 2016). For pure NiO, the peaks around 430 cm−1 are as-
cribed to the Ni-O vibration adsorption (Selvarajan et al., 2018). For g-
C3N4/NiO composites, the characteristic peaks of g-C3N4 and NiO were
also found in the spectrum. Additionally, the peak at 430 cm−1 in NiO
spectra shifts in g-C3N4/NiO heterojunctions, which suggests the tria-
zine rings and hydroxyl groups of g-C3N4 are successfully adhering with
NiO. The results further confirmed that g-C3N4/NiO composites con-
sisted of g-C3N4 and NiO.

The chemical composition of Ni species on g-C3N4 was carried out
by XPS. The high-resolution XPS spectra of g-C3N4/NiO (4:6) are shown
in Fig. 4 in which the C 1s (a), N 1s (b), O 1s (c) and Ni 2p (d) char-
acteristic peaks can be found. Two sub-bands (284.8 and 288.1 eV) in C
1s of the g-C3N4 can be corresponding to CeC bond and NeC]N group
in the s-triazine ring (Fig. 4a), respectively (Li et al., 2013). The peak of
N 1s located at 398.4 ascribes to sp2 hybridized aromatic N connected
of C]NeC in Fig. 4b (Zhang et al., 2013), while the other peaks
(399.9 eV and 404.2 eV) are belonged to the N–(C)3 groups and π ex-
citations. (Thaweesak et al., 2017) The peak of O 1s (529.8 eV) is de-
rived from Ni–O bone, while the other O species peak (531.6 eV) pre-
sents the adsorption of H2O in Fig. 4c (Zhang et al., 2016). The spectra
of high-resolution Ni 2p XPS are the typical characteristic peaks of Ni in
Ni–O bonds (Dai et al., 2014). From Fig. 4d, the binding energy at 855.7

Fig. 1. XRD patterns of NiO, g-C3N4 and g-C3N4/NiO composites.

Fig. 2. SEM micrographs of g-C3N4 (a), NiO (b) and g-C3N4/NiO composites (c, d).
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Fig. 3. TEM micrographs of g-C3N4 (a), NiO (b), g-C3N4/NiO composites (c, d) and the Elements Mapping of g-C3N4/NiO (C–K, N-K, O-K,Ni-K) (e).

Fig. 4. XPS survey spectra of g-C3N4/NiO (4:6) for C 1s (a), N 1s (b), O 1s (c), Ni 2p (d).
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and 873.1 eV corresponded to Ni 2p3/2 and Ni 2p1/2, respectively, in-
dicated the existence of Ni2+ in NiO (Zhang et al., 2016). The other two
peaks at around 861.2 eV and 879.2 eV belong to the shakeup satellites
(Tong et al., 2015b). Further, according to the results of EDX spectrum,
the g-C3N4/NiO (4:6) is made up of C, N, O and Ni elements in Fig. 5b.

The results of N2 adsorption-desorption isotherms are presented in
Fig. 5a to analyze the textural properties of g-C3N4/NiO composites. All
the samples exhibit type IV isotherms with H3 hysteresis loops, im-
plying the existence of a mesoporous structure in the composites (Dong
and Zhang, 2012). The isotherms of g-C3N4/NiO (4:6) and g-C3N4/NiO
(6:4) shifted upwards, indicating a larger surface area and pore volume
in contrast to g-C3N4. The specific surface area (SBET), average pore size
(daverage) and total pore volume (Vtotal) of pristine g-C3N4 and g-C3N4/
NiO heterojunctions are listed in Table 1. The SBET value was raised
from 6.29 to 62.21m2/g with the NiO contents from 0 to 60%, and the
daverage and Vtotal values were also increased accordingly. Generally, the
larger surface area of catalysts exposes more active sites and causes
higher reaction activity (Jiang et al., 2015). The optical properties of
pure g-C3N4 and a series of NiO/g-C3N4 composites were analyzed by
UV–vis diffuse reflectance spectroscopy (DRS) in Fig. 5c. For g-C3N4/
NiO composites, the adsorption of light in the visible region gradually
increased with the increased NiO content. It may be caused by the sy-
nergistic effect between g-C3N4 and NiO. Compared with g-C3N4, it
suggests that g-C3N4/NiO composites exhibit stronger adsorption values
in the vertical coordinates, which is conducive to the solar energy

absorption and accelerating photocatalytic reaction (Tang et al.,
2018b). The PL spectra of the g-C3N4/NiO composites in the wave-
length range of 350–600 nm are shown in Fig. 5d. The main peak at
450 nm is due to the emission corresponding to the band gap transition
of g-C3N4, meaning the faster recombination of electrons and holes. The
weaker emission peak of NiO/g-C3N4 composites in PL spectrum in-
dicate that electron–hole pairs can be effectively separated due to the
formation of NiO/g-C3N4 heterojunction. The results also lead to se-
parating the photo-induced charges effectively. The bandgap of semi-
conductor can be calculated by the equation (Tang et al., 2018b):

= −αhν A hν E( )g
n

where a, h, v and A refers to the absorption coefficient, Planck constant,
light frequency and proportionality, respectively. n is decided from the
properties of the transition in a semiconductor.

According to the previous description and the calculation of equa-
tion, the bandgap of NiO and g-C3N4 are 3.4 and 2.7 eV, respectively
(Fig. 6a). Moreover, the band gap position was determined directly by
Mott-Schottky plots and the results were shown in Fig. 6b. Based on the
linear C−2 potential curves and the intersection of potential, the flat
band potentials of g-C3N4 and NiO can be determined at -0.88 and
-0.6 V (vs. Ag/AgCl), respectively, corresponding to -0.68 and -0.4 V (vs.
NHE). The conduction band bottom potential of n-type semiconductor
is usually 0-0.2 eV more negative than the flat band potential (Tang
et al., 2018b). Thus, the ECB of g-C3N4 and NiO are at -0.78 and -0.5 eV,
after the potential difference is set to 0.1 eV. Finally, the EVB was cal-
culated by the following equation:

EVB=Eg+ ECB

The ESR experiments of g-C3N4 and g-C3N4/NiO (4:6) were con-
ducted to analyze the heterojunction mechanism by investigating the
presence of superoxide radicals (%O2

−) and hydroxyl radical (%OH)
(Tang et al., 2018b; Zhang et al., 2014). It shows the detection of %O2

−

using DMPO−CH3OH as trapping agent. The signal of %O2
− are not

detected in dark for g-C3N4 and g-C3N4/NiO (4:6), while %O2
− signal

could be detected for both g-C3N4 and g-C3N4/NiO (4:6) under UV–vis

Fig. 5. Adsorption and desorption curves (a), UV–vis DRS (c) and PL (d) spectra of g-C3N4 and g-C3N4/NiO composites, EDX element spectrum of g-C3N4/NiO (4:6)
(b).

Table 1
Specific surface area average pore diameter and total pore volume of different
catalysts measured by the adsorption/desorption isotherms of nitrogen.

Sample Sbet (m2 g−1) daverage (nm) Vtotal (cm3 g−1)

g-C3N4 6.29 36.04 0.06
g-C3N4/NiO (4:6) 62.21 15.77 0.25
g-C3N4/NiO (5:5) 56.45 16.76 0.24
g-C3N4/NiO (6:4) 54.80 17.50 0.24
g-C3N4/NiO (8:2) 53.47 18.35 0.25
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illumination. It showed that the characteristic peak of %O2
− for g-C3N4/

NiO (4:6) are higher than that of g-C3N4, which suggests that more
%O2

− (EΘ (%O2-/O2)=−0.33 eV vs. NHE) are generated from the g-
C3N4/NiO (4:6) than that of g-C3N4. The electrons in the CB of g-C3N4

and holes in the VB of NiO are efficiently separated. Consequence, more
electrons in the CB of g-C3N4 can react with O2 to generate more %O2

−

which is consistent with the experiment result.
The excitation and transfer of charge carriers in g-C3N4 and g-C3N4/

NiO heterojunction composites were carried out by photoelec-
trochemical measurements. We all know that the photocatalytic activity
is closely related to the transfer and separation efficiency of photo-
induced electron-hole pairs. The higher electron-hole separation effi-
ciency always causes better properties of the photocatalytic system
(Long et al., 2018). As shown in Fig. 7, the responses of the photo-
current in two on-off cycles under UV–vis irradiation were studied, and
then the images of i–t curves and electrochemical impedance spectra
(EIS) were acquired. The results of transient photocurrents provide
clearer evidence of electron transfer within the heterojunction forma-
tion. The light on-off test presented the uniform and fast photocurrent

response, indicating stable photocatalytic reactivity. The pristine g-
C3N4 shows the weakest photocurrent response (0.10 μA cm−2) in
Fig. 7a. It shows a rapid upward trend once the light is on and a sharp
downward trend once the light is off, which may be caused by the
electron capture and release mediated by surface defects (Liu et al.,
2018). When g-C3N4 was combined with NiO, the photoresponse ca-
pacity was significantly improved. The photocurrent density of g-C3N4/
NiO composites follows the order of g-C3N4/NiO (4:6)> g-C3N4/NiO
(5:5)> g-C3N4/NiO (6:4). As expected, the g-C3N4/NiO (4:6) compo-
site exhibits the highest photocurrent intensity, indicating the charge
transfer with high efficiency. The elevated photocurrent density could
accelerate the migration of charge carriers.

Fig. 7b shows the Nyquist plots of electrochemical impedance
spectra of g-C3N4/NiO heterojunction composites. The semicircle radii
increase in the order of g-C3N4/NiO (4:6)< g-C3N4/NiO (5:5)< g-
C3N4/NiO (6:4)< g-C3N4. In general, the semicircle diameter of Ny-
quist plots is equal to the interfacial charge transfer resistance (Rct)
(Randviir and Banks, 2013). As shown in Fig. 7b, the smallest semicircle
diameter was g-C3N4/NiO (4:6), suggesting that electron transfer is

Fig. 6. The plot of (αhv)1/2 and (αhv)2 versus energy (hv) for the band gap energies of g-C3N4 and NiO (a), Mott-Schottky plots of g-C3N4 and NiO (b), ESR signals of
the DMPO-%O2

− of g-C3N4 (c) and g-C3N4/NiO (4:6) (d) irradiation of UV–vis light for 30min.

Fig. 7. Transient photocurrent (a) and Nyquist plots (b) of the electrochemical impedance spectrum of g-C3N4/NiO composites.
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accelerated in this heterostructure composite. It is consistent with its
photocatalytic activity. Both the i–t curves and Nyquist plots demon-
strate that the heterojunction structure could improve the separation
and transfer efficiency of charge carriers, thus increasing the photo-
catalytic activity.

3.2. Dechlorination of 2-CDD by samples

Figs. 8 and 9 shows the typical chromatogram for the dechlorination
of 2-CDD by the g-C3N4/NiO (4:6) composite under UV–vis irradiation.
The main product was identified by matching the mass spectra, which
coincided well with their authentic standards. A previous study showed
that 2-CDD and DD presented intense precursor ions at 218 and 186
(Ding et al., 2018). In the absence of catalysis or without light irra-
diation, 2-CDD was fairly stable in the reaction solution, no measurable
2-CDD loss was observed and no DD was detected over the reaction
course. However, the 2-CDD concentration steadily decreased with the
increased concentration of DD accordingly when irradiated with UV–vis
light (Fig. 9), indicating that 2-CDD was transformed to the final pro-
duct (DD). Previous studies have reported that NiO combined with g-
C3N4 are efficiently used in the reduction of CO2 (Tang et al., 2018b),
water splitting (Fu et al., 2018), methylene blue (Chen et al., 2014) and
Congo red and malachite green degradation (Estrellan and Iino, 2010).
Fig. 8a and b reveals the photocatalytic dechlorination activities of 2-
CDD over g-C3N4, g-C3N4/NiO (4:6) and g-C3N4/NiO (6:4), and the
carbon mass balances are also mentioned. For example, approximately
22.5% of 2-CDD disappeared in 8 h by pure g-C3N4 and 10.2% of 2-CDD
was converted to DD. Similarly, approximately 70.4% of 2-CDD over g-

C3N4/NiO (4:6) with 52.2% was converted to DD under the same
condition (Fig. 8b). Approximately 8% carbon mass loss was observed,
likely resulting from the existence of intermediate products. It was
proven that the concentration of 2-CDD decreased rapidly within the
first 1 h, while the amount of generated product was less than the re-
duced 2-CDD, which was the same as in a previous study (Ding et al.,
2018).

Fig. 10a displays the effects of the NiO content on the photocatalytic
dechlorination efficiency of 2-CDD. Obviously, the efficiency increased
with the NiO content from 0 to 60%. The activity improvement may be
due to the increased amount of heterojunctions. The higher proportion
of NiO could accelerate the reaction due to the interaction with 2-CDD
being enabled more sufficiently. A maximum 2-CDD production amount
was achieved on the g-C3N4/NiO (4:6) catalyst during the 8 -h reaction,
about fourfold as high as that of g-C3N4. NiO may play a crucial part in
promoting electron transport, delaying electron hole recombination
and enhancing reaction activity. The oxide-support interaction of NiO
can be also found on other photocatalysts, such as NiO supported on the
Fe2O3 (Singh and Sarkar, 2018), TiO2 (Li et al., 2015) and InNbO4

catalysts (Lee et al., 2012).
Fig. 10b compares the transformation of 2-CDD at 8 h by g-C3N4/

NiO (4:6) obtained at different temperatures, indicating that NiO
combined with g-C3N4 at 400 °C showed the best photocatalytic ac-
tivity, while crystalline NiO-modified g-C3N4 at 500 °C showed slightly
poor photocatalytic activity. Fig. 10c shows the dosage effect of the g-
C3N4/NiO (4:6) catalyst on the degradation efficiency toward 2-CDD.
For example, the dechlorination reaction increased with the g-C3N4/
NiO (4:6) dosage varying from 0.1 g/L to 1.5 g/L because the larger
dose of the g-C3N4/NiO (4:6) catalyst can provide more reactive sites
for the dechlorination of 2-CDD. Fig. 10d shows that the additional
oxygen can greatly inhibit the degradation of 2-CDD in systems. Pre-
vious studies have confirmed that the g-C3N4/NiO catalyst mediates a
two-electron pathway to realize water splitting, where the electrons in
the NiO conduction band reduce H2, and the holes in the g-C3N4 va-
lence band oxidize to produce protons (Liu et al., 2018; Fu et al., 2018).
In this study, the holes were rapidly quenched by isopropanol, leading
to electron accumulation in the CB of g-C3N4. However, the additional
oxygen may greatly consume electrons and H+ such that the efficiency
of the reaction was severely inhibited.

A continuous cycle test was conducted to observe the reusability of
the g-C3N4/NiO composites, as shown in Fig. 11. It was obvious that no
prominent deactivation was observed after seven cycling runs, de-
monstrating that the g-C3N4/NiO (4:6) heterojunction has superior
stability. However, the activity was a slight decrease after each cycle,
possibly due to the loss of catalysts during washing and filtration.

Fig. 8. Dechlorination of 2-CDD (a) and formation of DD (b) by g-C3N4 and g-C3N4/NiO (4:6) in isopropanol/water (v/v= 3:7) solution at 25 ± 1 °C. The reaction of
solutions initially contained 4.59 μmol/L of 2-CDD and 1 g/L of photocatalysts.

Fig. 9. Typical chromatogram spectrum for DD from the transformation of 2-
CDD by g-C3N4/NiO (4:6) under the irradiation of UV–vis light.
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3.3. Photocatalytic mechanism

Overall, the possible reaction mechanism of photocatalytic reduc-
tion for the dechlorination of 2-CDD by g-C3N4/NiO heterojunction
composites is presented in Scheme 1. The band alignment is an im-
portant factor to determine the flow field of photogenerated carriers in
heterogeneous structures (Wang et al., 2018). According to the
abovementioned findings, the CB and VB potentials of g-C3N4 (-0.78 eV
vs. NHE and 1.92 eV vs. NHE, respectively) are more negative than
those of NiO (-0.5 eV vs. NHE and 2.9 eV vs. NHE). In this case, the
migration paths of charge carriers may show that photogenerated
electrons in the CB of g-C3N4 move to the CB of NiO and holes in the VB
of NiO migrate to the VB of g-C3N4, called the “heterojunction”. When
the electrons and holes accumulate to equilibrium, the internal electric

field is formed. Thus, when the holes were quickly quenched by iso-
propanol, the electrons on the CB of g-C3N4 react with 2-CDD converted
to DD selectively. Obviously, this pattern can isolate charge carriers
spatially by forming a junction and maintaining a high redox capacity.
Moreover, g-C3N4/NiO catalysts enlarged the surface area of structures,
providing massive active sites, another main reason for superior pho-
tocatalytic activity (Wang et al., 2019b). Furthermore, a previous study
showed that the existence of Ni3+ on the NiO surface could enhance the
absorption of light and reduce the electric resistance of NiO (Guo et al.,
2010). Additionally, the presence of oxygen can greatly inhibit the
degradation of 2-CDD in systems, which may be due to consuming
many electrons and hydrogen ions.

According to the discussion above, the mechanism of the de-
chlorination of 2-CDD could be described as follows. The g-C3N4/NiO
heterojunctions can be excited to produce photogenerated electron-hole
pairs under UV–vis light illumination. Owing to the intimate interface
contact and well-matched band structure, the electrons in the CB of g-
C3N4 are effectively migrated to the CB of NiO. Meanwhile, the holes in
the VB of g-C3N4 are rapidly quenched by isopropanol to accumulate
photogenerated electrons in the CB of g-C3N4. Next, the accumulated
electrons with strong reducing ability react with 2-CDD to reduce into
the final product.

4. Conclusion

In summary, a series of NiO-modified g-C3N4 catalysts with different
NiO contents were fabricated by the mixing and heating method and
the liquid phase photocatalytic reductive dechlorination of 2-CDD was
evaluated. The results of XRD and TEM demonstrated the successful
combination of g-C3N4 and NiO. Meanwhile, 2-CDD could be effectively
reduced to DD by g-C3N4/NiO heterojunctions under UV–vis light il-
lumination. The optimal activity was g-C3N4/NiO (4:6) with thermal
treatment at 400 °C, whose dechlorination efficiency was about fourfold
higher than that of the pure g-C3N4. The enhancement of activity was
due to the extension of the absorption of light and improvement of e−-
h+ separation efficiency by NiO, as illuminated in UV–vis DRS, PL, XPS,

Fig. 10. Effects of the NiO content (a), g-C3N4/NiO (4:6) dosage (b), g-C3N4/NiO (4:6) obtained temperatures (c), and additional O2 (d) on the dechlorination of 2-
CDD, C0= 4.59 μmol/L.

Fig. 11. Reusability of g-C3N4/NiO (4:6) for 2-CDD degradation.
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i–t, and EIS analyses. g-C3N4/NiO (4:6) showed superior stability after
seven consecutive cycles, while the existence of oxygen could greatly
inhibit the reactions. This study extends the use range of g-C3N4/NiO
composites and develops a new technology for the degradation of
PCDDs with striking activity and stability.
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