
Vol.:(0123456789)1 3

Applied Water Science (2019) 9:175 
https://doi.org/10.1007/s13201-019-1076-8

ORIGINAL ARTICLE

Zirconia nanoparticle‑modified graphitic carbon nitride nanosheets 
for effective photocatalytic degradation of 4‑nitrophenol in water

Mohanna Zarei1 · Jamil Bahrami1 · Mohammad Zarei1 

Received: 9 April 2017 / Accepted: 10 October 2019 / Published online: 14 October 2019 
© The Author(s) 2019

Abstract
Zirconia  (ZrO2)-modified graphitic carbon nitride (g-C3N4) nanocomposite was used for effective photodegradation of 
4-nitrophenol (4-NP) in water. The  ZrO2 nanoparticles, g-C3N4 nanosheets, and  ZrO2/g-C3N4 nanocomposite were well 
characterized by including  N2 adsorption, X-ray diffraction, Fourier transform infrared spectroscopy, field emission scanning 
electron microscopy, UV–Vis diffuse reflectance spectroscopy, photoelectrochemical measurements, and photoluminescence 
spectroscopy methods.  ZrO2/g-C3N4 nanocomposites were formed at room temperature using sonication and used for effec-
tive for photodegradation of 4-NP under irradiation with visible light. The nanocomposite samples resulted in a significant 
increase in photocatalytic activity compared with single-component samples of g-C3N4. In particular, the  ZrO2/g-C3N4 
nanocomposite exhibited the significant increase in the photocatalytic activity. The  ZrO2/g-C3N4 nanocomposite showed an 
excellent catalytic activity toward the reduction of 4-NP in aqueous medium. Further,  ZrO2/g-C3N4 nanocomposite can be 
reused several times for photocatalytic degradation as well as for 4-NP adsorption.
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Introduction

Extensive global industrial activities have resulted in severe 
negative impacts on the environment through air and water 
pollution and generation of large amounts of waste materi-
als. Industrial waste materials consist of both organic and 
inorganic substances such as pesticide residues, chlorinated 
and volatile compounds, nitro aromatics, detergents, chemi-
cal dyes, and fertilizers. Among the various toxic wastes, 
dyes and nitro aromatic compounds caused the greatest con-
cern due to their high chemical and biological stability. The 
US Environmental Protection Agency has declared 4-NP 
a hazardous pollutant (Atlow et al. 1984; Klibanov et al. 
1983). 4-NP can disturb functioning of the human central 
network system and cause damage to kidneys and the liver 

(Pohanish 2008; Zarei et al. 2016). Thus, removal of 4-NP 
from polluted water is essential. Traditional water remedia-
tion treatments are not effective for the removal of 4-NP due 
to its stability and solubility in water. Therefore, recently, 
the scientific community has given focused on inventing 
efficient catalysts for the degradation of 4-NP (Chang et al. 
2012; Pradhan et al. 2002).

Semiconductor photocatalysis is the emerging advanced 
oxidation method for abatement of organic pollutants and 
possesses several advantages over traditional oxidation 
methods. One of the merits of semiconductor photocataly-
sis is the ability of adsorbing a wide range of organic and 
inorganic species on the surface of the photocatalyst which 
chemically alters by light-induced redox reaction. Various 
types of photocatalysts for use in air or water purification 
applications have been designed (Pawar et al. 2015). Combi-
nations of metal/metal oxide nanoparticles (NPs) such as Au, 
Ag, Pt,  TiO2, ZnO,  SnO2,  WO3,  Nb2O5,  BiVO4, and  Fe2O3 
with conducting polymers such as polyaniline, polypyrrole, 
and polythiophene have been utilized for the degradation of 
organic pollutants (Ge et al. 2013; Jiang et al. 2014; Reimer 
et al. 2014; Wang and Astruc 2014; Wang et al. 2014; Xu 
et al. 2014; Zhang et al. 2015b). The small dimensions 
induce a significant change in the reduction potential of 
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metal NPs compared to bulk materials. This unique char-
acteristic improves the electron transfer process in various 
catalysis reactions. However aggregation, agglomeration, 
and high surface energy of NPs reduce the feasibility of NP 
applications as photocatalysts. In order to reduce aggrega-
tion, NPs can be stabilized on the surface of a solid sup-
port (Campelo et al. 2009). Carbonaceous nanomaterials 
are interesting candidates due to their exotic physical and 
chemical characteristics (Geim 2009) such as high surface 
area, high electrical-thermal conductivity, high charge car-
rier mobility, and extraordinary mechanical strength, and 
graphene allotropes are a promising material for support of 
different NPs. The graphene support which contains metal 
or semiconductor NPs has been confirmed to be effective 
nanocomposite material for the photovoltaic cell (Ong et al. 
2015a; Yeh et al. 2015), catalysis, and biosensor applications 
(Guo and Dong 2011). Recently, another two-dimensional 
carbonaceous material, g-C3N4, has attracted significant 
attention (Gao et al. 2014; Maeda et al. 2014; Tan et al. 2015; 
Tian et al. 2014; Wang et al. 2012; Wu et al. 2014; Zheng 
et al. 2012). Unique properties of g-C3N4 including good 
visible-light absorption, moderate band gap (2.7 eV), high 
thermal and chemical stability, and photocatalytic properties 
introduce a new material for application in photocatalysis 
(Pawar et al. 2016a, 2017). The g-C3N4 and g-C3N4-based 
structures have been used in various applications such as 
photo catalytic degradation of microbial, organic, and inor-
ganic pollutants (Lan et al. 2015; Li et al. 2015; Papailias 
et al. 2015; Pawar et al. 2015, 2016b), hydrogen evolution 
from water splitting (Liang et al. 2015; Liu et al. 2015b; Xu 
et al. 2015; Yang et al. 2015b), sensors applications (Pany 
and Parida 2015; Wang et al. 2015; Zhang et al. 2015a), 
adsorption (Anbia and Haqshenas 2015; Chen et al. 2015; 
Hu et al. 2015), reduction of oxygen (Lu et al. 2015; Zhao 
et al. 2015), lithium-ion batteries (Liu et al. 2015a; Luo et al. 
2015), biofuel cells (Yi et al. 2015), and photochemo combi-
nation methods (Yang et al. 2015a). Due to repeating triazine 
units, the g-C3N4 consists of a large number of binding sites 
which can stabilize the NPs, making this g-C3N4 a promis-
ing support for NPs (Huang et al. 2015; Ong et al. 2015b). 
Thus, g-C3N4 nanosheet can be used as a feasible candidate 
for stabilizing metal NPs for catalytic applications (Wang 
et al. 2009). This material is used for the degradation of 
organic pollutants and photocatalytic reduction of  CO2 under 
visible light (Mao et al. 2013; Yan et al. 2009). However, it 
suffers from a high charge carrier recombination rate and 
low quantum efficiency which lead to poor photocatalytic 
performance (Wang et al. 2012). Sensitization and combina-
tion with semiconductor NPs (namely Au, Ag, Pt, and Pd) 
and carbon-based materials (CNTs and graphene) are the 
most viable routes for improving the g-C3N4-based photocat-
alysts (Sridharan et al. 2014). Among the metal oxide NPs, 
 ZrO2 is a material with favored properties including high 

stability, high toughness, high chemical strength, desirable 
corrosion, chemical and microbial resistance (Polisetti et al. 
2011; Singh and Nakate 2014). Moreover,  ZrO2 NPs have 
plenty of oxygen vacancies on surfaces with wideband-gap 
P-type semiconductors. The high ion exchange ability and 
redox movement make it useful in many catalytic processes 
as a catalyst (Fidelus et al. 2012).

Here, we report a facile ultrasonication method for the 
fabrication of hybrid nanocomposites using  ZrO2 NPs, and 
g-C3N4 nanosheets and their application for photocatalytic 
degradation of 4-NP in water. Mono-dispersed  ZrO2 NPs 
were dispersed on carbon nitride sheets by ultrasound. The 
 ZrO2/g-C3N4 composite exhibited superior catalytic activ-
ity toward the reduction of 4-NP. Possible mechanism for 
degradation of 4-NP upon  ZrO2/g-C3N4 catalyst under light 
irradiation was proposed. The  ZrO2/g-C3N4 catalyst is very 
efficient for the removal of 4-NP from aqueous environment 
by its dual actions with adsorption and photocatalytic deg-
radation of 4-NP.

Materials and methods

Materials

All reagents were of analytical grade. Hydrochloric acid 
and ammonia were purchased from Merck.  ZrOCl2·8H2O, 
KOH, and nitric acid were purchased from Sigma-Aldrich. 
Melamine (99%) was prepared from Sigma-Aldrich and used 
without further purification. P25 titanium dioxide  (TiO2) 
powder was obtained from Degussa (rutile/anatase: 85:15, 
99.9%).

Synthesis of  ZrO2 NPs

In a typical synthesis, 0.1 M of  ZrOCl2·8H2O was dissolved 
in 100 mL of distilled water. Then, 0.3 M of KOH was added 
to the above solution. The final solution was transferred into 
a stainless steel Teflon-lined sterilized capacity of 100 mL 
and kept in an oven at 180 °C for 16 h. The resulting pre-
cipitates were washed with distilled water and ethanol. The 
resultant was dried for 3 h in vacuum at 80 °C.

Synthesis of g‑C3N4 nanosheets

In a typical synthesis, 30 g melamine was placed in a cru-
cible and then heated at 600 °C for 2 h, resulting in yellow 
powder. Liquid exfoliating method was applied to produce 
the g-C3N4 nanosheets from bulk material. In brief, 70 mg 
of the bulk g-C3N4 powder was dispersed in 100 mL water 
and the mixture was ultrasounded for 6 h. The final suspen-
sion was then centrifuged at 10,000 rpm and dried for 3 h in 
vacuum at 80 °C (Tian et al. 2013).
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Fabrication of  ZrO2/g‑C3N4 hybrids

The  ZrO2 NPs was incorporated into g-C3N4 sheets using 
ultrasonication at room temperature. Then, 50  mg of 
g-C3N4 powder was added to 20 mL of the  ZrO2 colloi-
dal dispersion and ultrasonicated for 2 h at 30 °C. The 
 ZrO2/g-C3N4 dispersion was then filtered and washed 
several times using ethanol. The resulting  ZrO2/g-C3N4 
powder was collected and dried overnight at 60 °C.

Characterization methods

The X-ray diffraction (XRD) pattern of the nanomateri-
als was obtained by using a powder X-ray diffractometer 
model Shimadzu XRD 6000 using CuKa with a diffraction 
angle between 20° and 80°. The crystallite size was deter-
mined using Scherrer’s formula. Field emission Scanning 
electron microscopy (FESEM) studies were carried out on 
TSCAN. UV–Vis absorption spectrum for the samples was 
recorded using a Varian spectrophotometer in the range 
of 300–700 nm. The Fourier transform infrared spectros-
copy (FTIR) spectrum of the  ZrO2 NPs was taken using an 
FTIR model THERMO NICOLET Spectrometer. The pho-
toluminescence (PL) spectrum of the  ZrO2 particles was 
recorded by the PerkinElmer lambda spectrophotometer 
with a Xenon lamp as the excitation light source.

Photocatalytic degradation

The photocatalytic activities of  ZrO2/g-C3N4 hybrids were 
evaluated at room temperature. Thirty–sixty milligrams of 
sample was dispersed into the 100 mL of 30 mg/L 4-NP 
solution with magnetic stirring in each experiment. Prior 
to irradiation, the suspensions were magnetically stirred 
in the dark for 60 min to reach an adsorption/desorption 
equilibrium between the catalyst and 4-NP solution. Then, 
the solution was exposed to simulated solar light under 
magnetic stirring. At given reaction time of approximately 
2 h, 4 mL of the solution was pipetted every 10 min and 
centrifuged to separate the catalyst. Concentration of 4-NP 
solution was measured by a UV–visible spectrophotom-
eter at λ = 500 nm to evaluate the degradation rate. The 
examination experiment of reactive species is similar to 
the photodegradation experiment. The catalytic degrada-
tion efficiency of 4-NP was calculated using Eq. (1):

(1)% Degradation Efficiency =
C0 − Ce

C0

100

where C0 is initial concentration of 4-NP solution (mg L−1) 
and Ce is the equilibrium concentration of 4-NP solution 
(mg L−1).

Photoelectrochemical measurements

Photoelectrochemical (PEC) performance was analyzed 
using a three-electrode in quartz cell. Graphite served as the 
counter electrode, and Ag/AgCl served as the reference. The 
PEC measurements were taken using a Xe arc lamp (300 W, 
model 66984; Oriel, USA) with the electrolyte solution of 
 Na2SO4 (0.5 M). For preparation of working electrodes, 
10 mg of g-C3N4 powder was added to 10 mL of Liquion 
solution, and the resulted mixture was ultrasonicated for 1 h 
and stirred overnight. This suspension was spin-coated on 
a fluorine-doped tin oxide (FTO) glass substrate at ambient 
conditions. At final stage, in order to increase the uniform 
distribution of the catalyst on the substrate, the prepared 
FTO films spin-coated with the catalysts were heated in oven 
at 60 °C for 2 h (Pawar et al. 2016a).

Results and discussion

Characterizations of  ZrO2/g‑C3N4 composites

Figure 1a–c shows the XRD patterns of the g-C3N4,  ZrO2, 
and  ZrO2/g-C3N4 nanocomposites. The diffraction peaks of 
 ZrO2 NPs can be assigned to the monoclinic phase.  ZrO2 
NPs are spherical with an average particle size of 15 nm, 
which leads to its high surface area of 73.9 m2 g−1. However, 
pure g-C3N4 has a low surface area of 51.8 m2 g−1, which 
can be attributed to its special morphology. The BET sur-
face area analysis applied using the  N2 adsorption method 
illustrates that the incorporation of  ZrO2 NPs increases the 
surface area of g-C3N4 nanosheets. The BET surface area of 
10 wt%  ZrO2/g-C3N4 and 30 wt%  ZrO2/g-C3N4 samples was 
59.12 and 65.3 m2 g−1, respectively. The BET surface areas 
result shows that the addition of  ZrO2 increases the surface 
area of g-C3N4. The strong and sharp  ZrO2 diffraction peaks 
demonstrate that the samples have high crystallinity. The 
XRD patterns show no extra diffraction peaks indicating 
the high level of purity of the samples. Diffraction peaks 
of g-C3N4 at 12.8° and 27.6 ° confirmed that g-C3N4 was 
formed. The XRD patterns of  ZrO2/g-C3N4 hybrid samples 
contain the peaks of both  ZrO2 NPs and g-C3N4 nanosheets 
and show that after synthesis of  ZrO2/g-C3N4 composite, 
the crystal structure of  ZrO2 and g-C3N4 did not change. 
Figure 1d–f illustrates field emission scanning emission 
microscopy (FESEM) images of the  ZrO2, g-C3N4, and 
 ZrO2/g-C3N4 hybrid samples which show the planar struc-
ture of g-C3N4 nanosheets as well as the spherical structure 
of  ZrO2 NPs.
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Fig. 1  XRD patterns of a g-C3N4, b  ZrO2 and c  ZrO2/g-C3N4 com-
posites with different  ZrO2 concentrations. FESEM images of d 
g-C3N4, e  ZrO2, and f 20.9  wt%  ZrO2/g-C3N4 composite (e and 

f). (green color: g-C3N4, violet color:  ZrO2, blue color: 10  wt% 
 ZrO2/g-C3N4, red color: 30  wt%  ZrO2/g-C3N4, block color: 40  wt% 
 ZrO2/g-C3N4)
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Figure 2a shows the FTIR spectra for  ZrO2, g-C3N4, and 
 ZrO2/g-C3N4 nanocomposites. For  ZrO2, the broad bands 
at the range 500–550 cm−1 and 800 cm−1 are related to the 
Zr–O vibration absorption (Zhang et al. 2013). Furthermore, 
the broad region with a maximum of about 3350 cm−1 can 
be related to the hydroxyl groups of hydrated oxide. For 
g-C3N4, the sharp peaks in the range of 1200–1700 cm−1 
can be attributed to the stretching vibration of the breathing 
mode of triazine units (Sayama and Arakawa 1993). In addi-
tion, a broad absorption band with a maximum of around 
3200–3700 cm−1 can be attributed to the N–H groups (Say-
ama and Arakawa 1993). There is a similarity between the 
FTIR spectra of  ZrO2/g-C3N4 and pure g-C3N4. However, 
the change in the bands of 800 and 3300 cm−1 with the vari-
ation of  ZrO2 concentration still demonstrates the presence 
of  ZrO2 NPs. The FTIR result shows good correlation with 
XRD results and shows the hybrids structure of  ZrO2/g-C3N4 
nanocomposite (Sayama and Arakawa 1993).

Figure 2b shows the influence of the  ZrO2/g-C3N4 het-
ero-junction on the separation efficiency of electron–hole 
pairs which was investigated by PL spectra. Sharp emis-
sion peak at around 380 nm in unmodified g-C3N4 related to 
the band gap transition emission which is equal to the band 
gap energy of unmodified g-C3N4. However, fluorescence 
quenching can be observed in the similar position in the PL 
spectrum of  ZrO2/g-C3N4. Further, charge transfer between 
g-C3N4 and  ZrO2 component prevents the electron–hole 
recombination.

Compared with that of g-C3N4, the emission intensities 
of  ZrO2/g-C3N4 are much lower, which indicate that a good 
separation of electrons and holes is achieved by introducing 
 ZrO2 NPs to the g-C3N4 nanosheets.

The ability to absorb the light by photocatalysts is impor-
tant to generate the charge carriers. Therefore, we measured 
the optical characteristics in g-C3N4,  ZrO2, and  ZrO2/g-C3N4 
nanocomposites using the UV–Vis diffuse reflectance 

Fig. 2  a FTIR spectra of  ZrO2/g-C3N4 composites with different  ZrO2 
concentrations, b PL spectra of g-C3N4 and 30 wt%  ZrO2/g-C3N4

Fig. 3  a UV–Vis diffuse reflectance spectra (DRS) of pure g-C3N4, 
 ZrO2, 10 wt%  ZrO2/g-C3N4, 30 wt%  ZrO2/g-C3N4 and b the optical 
absorption edges of the representative 10 wt%  ZrO2/g-C3N4 and pure 
g-C3N4
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spectroscopy (DRS) technique. As shown in Fig. 3a,  ZrO2 
NPs absorbed the light with a wavelength shorter than 
170 nm have band gap energy of about 4.8 eV. In pure 
g-C3N4, the absorbance edge is located at 415 nm, reveal-
ing the standard absorption threshold of g-C3N4 structure 
(Wang et al. 2009; Yan et al. 2009). Because of interactions 
between  ZrO2 and g-C3N4, the  ZrO2/g-C3N4 nanocomposite 
(10, 30 wt%  ZrO2/g-C3N4) shows better photo absorption 
performance than pure g-C3N4. Different chemical bonds 
formed between the  ZrO2 and g-C3N4 might result in the 
enhanced optical property which is similar to that in the 
N-doped  ZrO2 (Zhao et al. 2014) and  TiO2-doped graphene 
photocatalyst (Leary and Westwood 2011; Woan et  al. 
2009). According to DRS results,  ZrO2/g-C3N4 nanocom-
posite shows an efficient visible-light photocatalytic activity. 
When  ZrO2 was incorporated into g-C3N4 nanosheets, the 
corresponding band edge absorption was shifted to longer 
wavelength in comparison with the pure g-C3N4. The nano-
composite structures of 30 wt%  ZrO2/g-C3N4 exhibited 
maximum absorption in the visible region of spectrum. 
Moreover, we estimated band gap energy of pure g-C3N4 
and  ZrO2/g-C3N4 nanocomposite from optical absorption, 
and the corresponding plots are shown in Fig. 3b. The 
direct band gap of pure  ZrO2 is calculated to be 5.20 eV, 
which is seen to be not useful in visible region of solar spec-
trum. However, after making nanocomposite with g-C3N4, 
it shifted toward visible region. The obtained band gap of 
pure g-C3N4 is found to be 2.75 eV, which can be used in 
visible irradiation. Additionally, nanocomposite structure 
exhibited band edge absorption around 2.6 eV, indicating 
its applicability in visible light. Figure 3a shows the UV–Vis 
spectra of all the  ZrO2 samples have extended a red shift and 
significant absorption between 100 and 450 nm. This red 
shift translates into a decrease in the band gaps of the nano-
composites which leads to more absorption in the visible 
region and hence better photocatalytic activity. In general, 
the red shift and absorption intensity both increased with 
higher  ZrO2 concentration. In addition, the optical spectra 
of the  ZrO2/g-C3N4 display clear red shifts with respect to 
that of pure g-C3N4 which is consistent with the band gaps 
calculated from the DRS results. The enhanced visible-light 
absorption of  ZrO2/g-C3N4 materials makes them ideal 
candidates for photocatalysts. Hence, the band gap value of 
the nanocomposite decreases by increasing the amount of 
g-C3N4. This result indicated the strong interaction between 
 ZrO2 and g-C3N4 nanosheets in the nanocomposite.

Photocatalytic degradation of 4‑NP

Figure 4 shows the degradation of 4-NP under visible-light 
irradiation for determination of photocatalytic activity of 
 ZrO2, g-C3N4, and  ZrO2/g-C3N4 nanocomposites. For 
comparison, the degradation of 4-NP by  TiO2 powder was 

analyzed as a standard material. The blank test shows that 
4-NP is stable under visible-light irradiation, which indicates 
that the contribution of 4-NP photolysis can be neglected. 
Also,  ZrO2 NP has a high surface area and demonstrated the 
stable adsorption for 4-NP. Elevated 4-NP concentration at 
the beginning of the light-on was attributed to desorption of 
some 4-NPs due to the increased temperature on the  ZrO2 
surface. In irradiation time longer than 30 min, the concen-
tration of 4-NP gradually decreases.

Compared to  ZrO2, pure g-C3N4 shows weaker adsorp-
tion of 4-NP but higher photoactivity under visible-light 
irradiation. The rate of 4-NP degradation is 0.0116 min−1 
which is higher than that of  ZrO2 (0.0022 min−1). The 
incorporation of  ZrO2 NPs on g-C3N4 nanosheets can 
improve the electron–hole separation efficiency and also 
in absorption of light. Thus, the catalytic activity for 4-NP 
degradation is enhanced. By loading of  ZrO2 NPs with 

Fig. 4  a Photodegradation of 4-NP on  ZrO2/g-C3N4 nanocompos-
ites under light irradiation and b the corresponding reactive constant 
(green color triangle: g-C3N4, violet color circle:  ZrO2, red color 
diamond: 10  wt%  ZrO2/g-C3N4, blue color down triangle: 30  wt% 
 ZrO2/g-C3N4, brown color pentagon:  TiO2, block color square: blank)
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concentration from 10 to 30 wt%, the photocatalytic activ-
ity of  ZrO2/g-C3N4 increases. According to the results, the 
30 wt%  ZrO2/g-C3N4 sample demonstrates the highest deg-
radation rate of 0.0167 min−1 which is higher than that of 
pure g-C3N4 nanosheets. Also, the prepared  ZrO2/g-C3N4 
exhibited higher catalytic activity and degradation rate than 
 TiO2 powder.

Figure 5 shows the photocatalytic activity of 30 wt% 
 ZrO2/g-C3N4 with different scavengers (2-propanol (IPA), 
 KBrO3, benzoquinone (BQ), KI, and NaF). From Fig. 5, it 
can be observed that IPA which is ·OH scavenger (He et al. 
2013; Li et al. 2009) showed little impact on the reaction 
rate (k) of 4-NP degradation. Although, the addition of BQ, 
which is ·O−2 scavenger (Cui et al. 2013; Yang et al. 2013), 
decreased the k from 0.0317 to 0.0063 min−1. The k also had 
a clear drop to 0.0078 min−1 in the existence of KI (h+ and 
·OH scavenger) (He et al. 2013; Li et al. 2009). This result 

demonstrates the role of h+ and ·O−2 in the photocatalytic 
degradation of 4-NP on  ZrO2/g-C3N4 nanocomposites. 

Photoelectrochemical measurement

Transient photocurrent response was measured to inves-
tigate the separation efficiency of photogenerated elec-
trons and holes pairs of the  ZrO2 NPs, g-C3N4 nanosheets, 
 ZrO2/g-C3N4 nanocomposite. As shown in Fig. 6a,  ZrO2, 
g-C3N4, and  ZrO2/g-C3N4 samples demonstrated good repro-
ducibility and stability under several on–off cycles of light 
illumination. However, the  ZrO2/g-C3N4 exhibited stronger 
and higher photocurrent than  ZrO2 and g-C3N4. The reason 
for this response in hybrid sample related to the existence of 
numerous charge carriers which enhances the photocatalytic 

Fig. 5  Effects of scavengers on the photodegradation of 4-NP by 
 ZrO2/g-C3N4 (red color circle: BQ, block color square: KI, pink color 
star: IPA, light green color diamond: NaF, blue color triangle:  KBrO3, 
dark green color pentagon: no scavenger)

Fig. 6  a Transient photocurrent responses of pure  ZrO2, g-C3N4, 
and  ZrO2/g-C3N4 nanocomposites under visible-light irradiation, b 
schematic of electron–hole pairs separation and the possible reaction 
mechanism on  ZrO2/g-C3N4 nanocomposite under light irradiation
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activity. Furthermore, it confirms the strong interaction of 
 ZrO2 NPs and g-C3N4 nanosheets in hybrid sample.

Photocatalytic mechanism

Incorporation of  ZrO2 NPs on g-C3N4 nanosheets gener-
ates an efficient photocatalyst for degradation of 4-NP 
under visible-light irradiation. The addition of  ZrO2 NPs 
can enhance the surface area and light absorption capac-
ity of g-C3N4 nanosheets. In general, two possible reaction 
mechanisms should be considered for the 4-NP degradation: 
(a) photolysis and (b) photocatalytic process. In photolysis, 
energy could be transferred from 4-NP to  O2 to produce an 
oxygen atom (O) which can oxidize 4-NP as follows:

Figure 4a shows no 4-NP degradation in the blank experi-
ment under visible light, which confirms that the 4-NP is 
stable and the photolysis has a negligible contribution in 
the degradation of 4-NP. In the photocatalytic degradation 
by NPs, it can be described that the promotion of an electron 
from the valence band (VB) to the conduction band (CB) by 
light irradiation generates the active site (hole) for the oxi-
dation of the 4-NP. According to the band gap structure of 
 ZrO2/g-C3N4 and the influence and role of scavengers, possi-
ble pathway of the photocatalytic reaction with  ZrO2/g-C3N4 
was proposed (Eqs. 5–9). The schematic diagram of 4-NP 
degradation on  ZrO2/g-C3N4 is illustrated in Fig. 6:

Separation efficiency of electron–hole pairs plays an 
important role in photocatalytic degradation of 4-NP. Elec-
trons of  ZrO2 NPs and g-C3N4 were excited from VB to CB 
which generated the holes in the VB for both semiconductors 
under the light irradiation. The CB of g-C3N4 nanosheet is 
more negative than that of  O2 molecules (Song and Zhang 
2008) which led to excitation of the electrons and diffu-
sion to the g-C3N4 surface followed by reaction with oxy-
gen molecules and generation of ·O−2 radicals. The highly 
reactive ·O−2 radicals have high oxidation capability and 
can degrade the 4-NP molecules on photocatalyst surface. 

(2)4-NP + h� → 4-NP∗

(3)4-NP∗ + O2 → 4-NP + 2O

(4)4-NP + O → Degradation products.

(5)ZrO2∕g-C3N4 + h� → ZrO2∕g-C3N4

(

e
− + h

+
)

(6)
ZrO2∕g-C3N4

(

e
− + h

+
)

+ h� → ZrO2(e
−)∕g-C3N4

(

h
+
)

(7)ZrO2(e
−) + O2 → ⋅O−

2

(8)⋅O−
2
+ 4-NP → Degradation products

(9)g-C3N4

(

h
+
)

+ 4-NP → Degradation products.

Further, the CB of g-C3N4 is more negative than that of  ZrO2 
and electrons on g-C3N4 can directly move to the CB of  ZrO2 
NPs. Also, the VB of  ZrO2 is more positive than the VB of 
g-C3N4 and the holes on the VB of  ZrO2 can directly move 
to the VB of g-C3N4. This process can effectively enhance 
the separation of electron–hole pairs and greatly decrease 
the charge recombination, resulting in the high photoactivity 
of  ZrO2/g-C3N4 nanocomposites. The VB of  ZrO2/g-C3N4 
nanocomposites was evaluated according to the concepts of 
electronegativity. The VB of a semiconductor can be calcu-
lated by following equation (Zhang et al. 2009):

where EVB is the VB potential, Ec is the energy of free elec-
trons (about 4.5 eV), and X is the electronegativity of the 
semiconductor. The value of X for  ZrO2 is 5.92 eV (Jiang 
et al. 2010), and the EVB for  ZrO2 was calculated to be 
4.11 eV. The conduction band edge potential, ECB, is cal-
culated by:

The band gap of the  ZrO2 NPs is about 5.20 eV. The val-
ues of EVB and ECB for g-C3N4 were reported as 1.53 and 
− 1.01 eV, respectively (Yan et al. 2010).

Efficiency of the catalyst

To study the efficiency and stability of  ZrO2/g-C3N4 nano-
composite, the photocatalytic degradation was repeated by 
a five-run cycling test under the same condition (Fig. 7). For 
each run, the photocatalyst was recycled, cleaned, and dried. 
In each cycle, the suspension was magnetically stirred for 
2 h in the presence of light irradiation. The photodegradation 
of 4-NP was completed in each cycle. Hence, it is plausible 

(10)EVB = X−Ec + 0.5Eg

(11)ECB = EVB − Eg.

Fig. 7  Reusability of the 30 wt%  ZrO2/g-C3N4 photocatalyst in suc-
cessive cycles
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to say that there is no significant loss of catalytic activity 
even after five cycles.

Conclusions

Nanotechnology-based photocatalysis plays an important 
role in the future of environmental decontamination, water 
remediation, and renewable energy generation from water 
splitting. In this work,  ZrO2/g-C3N4 composites were suc-
cessfully synthesized via simple ultrasound method. The 
prepared  ZrO2/g-C3N4 catalysts were used for photocatalytic 
degradation of 4-NP.  ZrO2/g-C3N4 exhibited higher photo-
catalytic activity than pure g-C3N4 for the degradation of 
4-NP under light irradiation, and the 30 wt%  ZrO2/g-C3N4 
sample showed the highest activity. The XRD, nitrogen 
sorption, and FESEM results revealed that the  ZrO2/g-C3N4 
catalysts have high specific surface area. The  ZrO2/g-C3N4 
nanocomposite is not only a good adsorbent but also a very 
efficient heterogeneous photocatalyst for the degradation of 
4-NP. Moreover, this  ZrO2/g-C3N4 nanocomposite can be 
reused several times for photocatalytic degradation as well 
as for 4-NP adsorption. Thus, this  ZrO2/g-C3N4 composite 
is a suitable catalyst for water cleaning. It has been shown 
the  ZrO2 NPs and g-C3N4 nanosheets have unique proper-
ties such as antibacterial and antimicrobial behavior, envi-
ronmental friendliness, and non-toxicity (Bing et al. 2015; 
Gowri et al. 2014). In fact, these characteristics besides the 
photocatalytic behaviors of g-C3N4 and  ZrO2 NPs present a 
great potential for application of  ZrO2/g-C3N4 composite for 
water remediation purposes.
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