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a b s t r a c t
In this study, ZnO/g-C3N4 heterostructure was synthesized with enhanced photodegradation 
potential for polycyclic aromatic hydrocarbons (PAHs) (viz. naphthalene) in water using visi-
ble light. The as-prepared catalysts were characterized via different techniques such as scanning 
electron microscopy, high- resolution transmission electron microscopy, fourier transform infra-
red, ultraviolet visible (UV-Vis), photoluminescence, and X-ray diffractometry to elucidate their 
physicochemical and structural properties. The identified properties of the newly synthesized 
heterostructure catalyst indicated a successful integration of physicochemical characteristics 
suitable for effective photocatalytic degradation activities. The kinetics study and mechanism of 
photodegradation of naphthalene using ZnO/g-C3N4 heterostructure have been discussed in detail. 
The photodegradation outcomes demonstrated that the synthesized heterostructure of semicon-
ductors was more effective than the parent catalyst ZnO nanoparticles because of better light 
absorption for higher photogeneration of electrons and holes, suppressed recombination rate, 
and consequently prolonged availability of active species for degradation. The ZnO/g-C3N4 het-
erostructure has exhibited a photocatalytic efficiency of 84.5% in 4 h, which was relatively higher 
than the photocatalytic efficiency of individual photocatalysts. Thus, this report highlights the 
potential of as-prepared heterostructure for the photodegradation of naphthalene under visible 
light, therefore suggesting an avenue for the treatment of wastewater contaminated with PAHs. 
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1. Introduction

With continuous rising rate in population and progressive 
economy, environmental pollution with various toxic agents 
and industrial effluents constitutes a pressing challenge for 
the global environmental crisis. Coal is still one of the rich-
est and central sources of global energy with the utilization 
of non-renewable energy sources consequently prompting 

toxic discharges that are hazardous to the human environ-
ment. Amid coal ignition, fast pyrolytic responses in fuel-
rich section result in the burning of coal particle that can 
consequently produce tar [1]. Hydrolysis of tar results into 
discharges of polycyclic aromatic hydrocarbons (PAHs) [2] 
into environment directly or indirectly. PAHs are introduced 
in water resources via anthropogenic and natural practices 
such as oil spill, seepage, burning of trash, wood, tobacco, 
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and products of partial combustion of coal fuels. PAHs are 
synthetic toxins with at least two benzene rings fused together 
[3]. The simplest compound of PAHs is naphthalene (C10H8) 
which is one among the main hazardous waste products of 
coal and petroleum factories. It has been released into efflu-
ent streams of these factories due to high solubility in water. 
Their toxic, possible carcinogenic and mutagenic behaviour 
have harmful effects on human health as well as chronic and 
acute effects on animals and plants [4–6]. One of the most 
common diseases caused by naphthalene is hemolytic anae-
mia in children [7]. Thus, removal and fast degradation of 
naphthalene into less harmful products are of necessitated 
urgency. 

Several methods have been utilized for the segregation of 
organic contaminants from the aqueous solution; however, 
they are not versatile to remove contaminants completely 
from wastewater [8–12]. Many purification methods are not 
appropriate as they produce huge sludge; require a great 
deal of energy to sustain high pressure and proper main-
tenance [13–21]. Photodegradation is an effective technique 
for the degradation of PAHs because it is quick, economi-
cal and environmentally friendly; furthermore, the use of 
solar energy is inexhaustible [10,22]. Recently, an extensive 
number of semiconductor nanomaterials (viz. SnO2, TiO2, 
h-MoO3, ZnO, and their composites) have been considered 
as vital photocatalysts for the removal of harmful contami-
nants [9,23–25]. After TiO2, ZnO is the most explored metal 
oxide semiconductor because of its good catalytic, electronic, 
photochemical properties, and high quantum efficiency 
beside its cost-effective and non-toxic nature [24]. ZnO is 
also reported in the literature [26] as having the capacity 
to absorb over a higher section of the solar spectrum than 
TiO2. The ZnO nanostructures have high catalytic activity in 
the ultraviolet region and have ordinary performance in the 
visible light region. This has encouraged scientists to fabri-
cate new hybrid materials with decreased band gap energy 
for improving the reaction with the sufficiently available 
visible light photons [27].

As of late, the two dimensional (2D) graphitic carbon 
nitride (g-C3N4) has received quite an attention in the arena 
of photocatalysis. The g-C3N4 exhibits photocatalytic prop-
erty for the removal of organic effluents in the presence of 
visible light. Although the catalytic ability of g-C3N4 is still 
restricted because of the fast recombination rate [28], sev-
eral methodologies such as doping with transition metals, 
loading known photocatalyst on the surface of a g-C3N4 
and formation of nanohybrids, have been utilized to aug-
ment the photocatalytic performance of g-C3N4 [28,29]. 
Combining ZnO with g-C3N4 could yield a perfect hetero-
structure due to complementary overlapping band struc-
tures [30]. On irradiating light, the ground state electron get 
excited to transfer from the valence band (VB) of g-C3N4 to 
the conduction band (CB), later electron jump to the CB of 
ZnO [27,31] which results in better separation of photogene-
rated electron–hole for photocatalytic activity. Many reports 
have demonstrated the combination of ZnO nanoparticles 
(NPs) with other nanomaterials for the removal of dyes from 
water and revealed a high catalytic efficiency. However, to 
the best of our insight, no report has so far published about 
the utilization of ZnO/g-C3N4 heterostructure for the photo-
degradation of naphthalene in the presence of visible light. 
In this study, ZnO NPs and its semiconductor heterostructure 

with g-C3N4 NSs were synthesized by mechano-chemical and 
co-precipitation approaches, respectively, and later calcined 
at high temperature. The successful preparation of various 
catalysts was confirmed by various characterization tech-
niques and used for the photodegradation of naphthalene 
in the presence of visible light. Insights of the photocata-
lytic mechanism were also illustrated for the degradation of 
naphthalene using ZnO/g-C3N4 heterostructure.

2. Experimental

2.1. Chemicals

Melamine (C3H6N6, 99%) and zinc acetate dehydrate 
(Zn(Ac)2·2H2O, ≥98%) were received from Merck, South 
Africa. Naphthalene (C10H8, 99%) was obtained from 
Sigma-Aldrich, South Africa. The deionized water was uti-
lized for naphthalene solution preparation and synthesis 
experiments.

2.2. Preparation of ZnO/g-C3N4 heterostructure

Zinc acetate dihydrate was used for the preparation of 
ZnO NPs. 3.5 g zinc acetate dihydrate was ground in mortar 
for 1 h, then it was transferred in a crucible and heated at 
350°C for 4 h in a muffle furnace. The g-C3N4 nanosheets were 
synthesized by following two steps, first 5.5 g of melamine 
was heated in a covered crucible at low temperature (80°C) 
and second, it was heated in a crucible at 550°C for 4 h in 
a muffle furnace. The obtained sample was powdered and 
ultrasonicated in deionized water for 2 h. This solution 
was then centrifuged to eliminate the exfoliated g-C3N4. 
Moreover, ZnO/g-C3N4 heterostructure was synthesized 
using zinc acetate dihydrate and melamine as precursors. 
In this experiment, 0.125 g of zinc acetate dihydrate was 
added in deionized water (20 mL) and stirred for 10 min. 
Then, 10.0 g of melamine was mixed in the previous solution 
and allowed to stir for 1.5 h. Subsequently, the mixture was 
introduced in the oven at 80°C for 4 h. The final solution was 
then transferred in a covered crucible and heated at 500°C 
for 3 h in a furnace. 

2.3. Characterization of prepared samples

The size and morphological characteristics of the as- 
synthesized materials were determined by an Auriga 
FEG-SEM (Carl Zeiss, Germany), equipped with EDS and 
high-resolution transmission electron microscopy (HRTEM) 
(JEM-2100, JEOL, Japan), operated at 200 kV. The X-ray dif-
fractometry (XRD) patterns were obtained using X-ray dif-
fractometer of Philips PANalytical X’Pert pro pw 3040/60 
(Netherlands) using a Cu Kα, λ = 0.154 nm radiation source 
with a 2θ range of 4°–90°. Ultraviolet visible (UV-Vis) 
absorbance data were collected on a LAMBDA 750 UV 
Spectrophotometer (PerkinElmer, USA). Fourier transform 
infrared (FTIR) spectra were taken on ATR (attenuated total 
reflectance)-FTIR Spectrum 100 (PerkinElmer, USA). Horiba 
Jobin-Yvon NanoLog spectrometer (Germany) was used to 
investigate the photoluminescence (PL) characteristics of 
as- prepared materials. XPS data were received using Kratos 
Axis Ultra device (Kratos, UK), which used monochromatic 
(Al Kα) as excitation source.
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2.4. Photocatalytic experiments

Naphthalene was used as a model contaminant to deter-
mine the photocatalytic performance of as-synthesized 
photocatalysts. 20 mg/L of naphthalene aqueous solution 
(10% v/v ratio of acetone to water) was considered for all 
photocatalytic experiments. Prior to light illumination, 
specific photocatalyst dosage was transferred in 100 mL 
naphthalene solution and the mixture was allowed to 
reach adsorption–desorption equilibrium with continuous 
stirring for 30 min in dark. The 300 W Xe lamp with a UV 
cut-off glass filter (λ > 420 nm) was used for sample irradi-
ation. For each reading, 3 mL of solutions were removed at 
the different time period, filtered via a 0.45 μm membrane 
and analysed spectrophotometrically at a wavelength of 
275 nm (λmax). The photocatalytic performance of naphtha-
lene using as-prepared photocatalysts was then calculated 
using Eq. (1) [32]:

Photodegradation efficiency (%) =
−







×

C C
C

t0

0

100  (1)

where C0 represents the original naphthalene concentration, 
and Ct represents the naphthalene concentration at the time, t.

3. Results and discussions

Fig. 1 shows the XRD plots of the pure ZnO NPs, g-C3N4 
NSs, and ZnO/g-C3N4 heterostructure. The outcomes reveal 
that all samples are crystalline in nature. The observed 
peaks of ZnO NPs and g-C3N4 NSs are well matched with 
JCPDS No. 36-1451 and JCPDS No. 87-1526, respectively 
[24,27]. For the ZnO/g-C3N4 heterostructure, there is no sig-
nificant difference in the diffraction positions which indi-
cates that the addition of g-C3N4 did not alter the growth 
of ZnO NPs. The peaks centred at 13.16° and 27.34° are 
related to crystal planes of (100) and (002) of g-C3N4 [27]. 
The XRD pattern of as-prepared ZnO/g-C3N4 heterostruc-
ture material exhibits both ZnO and g-C3N4 phases. For 
ZnO/g-C3N4 heterostructure, the melamine was used as a 
precursor for g-C3N4, whereas zinc acetate was used as a 
precursor for the ZnO. During the solution suspension and 
heating process, the melamine particles might adsorb on the 
surface of formed Zn(OH)2 nanocrystals and later converted 
into a ZnO/g-C3N4 heterostructure upon calcination at high 
temperature. 

The chemical composition and chemical bond charac-
teristics of ZnO/g-C3N4 heterostructure can be explained by 
X-ray photoelectron spectroscopy (XPS). XPS survey scan 
of ZnO/g-C3N4 displayed in Fig. S1. The noticeable peaks 
in survey scan were related to C, N, O, and Zn. As seen 
in Fig. 2a, Zn 2p XPS scan exhibited doublet peaks of Zn 
2p1/2 and Zn 2p3/2 at 1,044.5 and 1,021.4 eV, respectively, 
which could be ascribed to Zn2+ oxidation state of ZnO in 
ZnO/g–C3N4 heterostructure [33]. The high resolution spec-
trum of O 1s (Fig. 2b) demonstrated three peaks at 529.7, 
531.4, and 533.4 eV corresponding to Zn–O, C–O/O–H, and 
C=O respectively. Fig. 2c depicts the C 1s spectrum which 
was deconvoluted into three peaks. The peaks located 
at 284.6 and 286.0 eV were assigned to C–C and C–O, 
respectively, whereas higher energy peaks (287.9 eV) were 
attributed to C–N–C coordination in the C3N4 lattice [34]. 

In N 1s spectrum in Fig. 2d, asymmetric peak could be decon-
voluted into three Gaussian peaks. The N 1s peaks centred at 
398.8 eV can be ascribed to sp2-hybrized N (C=N–C). The 
higher energy peaks at 399.4 and 400.3 eV were attributed 
to N–(C)3 (tertiary nitrogen) and –NHx, respectively [34]. 

The overall morphological features of the as-synthesized 
ZnO NPs, g-C3N4 NSs, and ZnO/g-C3N4 heterostructure are 
represented in Fig. 3. ZnO crystals have shown the mixed 
morphologies of nanorods and spherical like structures 
but have dominance of spherical structures. The evolution 
of these morphologies might occur due to escaping of CO2 
from the zinc acetate powder on heating. In the g-C3N4 case, 
a 2D layered morphology with varied thickness was noticed 
(Fig. 3b). These sheets are fluffy and contain clearly visible 
porous layers. This can be accredited to step-wise synthesis 
of g-C3N4 involving melem (intermediate stage) formation 
and thermal condensation with the evolution of NH3 [35]. 
Moreover, the morphological feature of the ZnO/g-C3N4 het-
erostructure is dissimilar from pure g-C3N4 and ZnO. ZnO 
NPs are anchored over the surface of the g-C3N4 NSs in the 
ZnO/g-C3N4 heterostructure. It was observed that sphere-
like structures were more common than rod-like structures 
on the nanosheets (Fig. 3d). This possibly occurred as 
the heterostructure proceeded, using a co-precipitation 
method in which Zn(OH)4

2− growth units were stabilized 

 
Fig. 1. XRD pattern of ZnO NPs, g-C3N4 NSs and ZnO/g-C3N4 
heterostructure.
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Fig. 2. XPS spectra of ZnO/g-C3N4: (a) Zn 2p, (b) O 1s, (c) C 1s and (d) N 1s.

 

(a) (b)

(c) (d)

Fig. 3. SEM images of (a) ZnO NPs, (b) g-C3N4 NSs, and (c) ZnO/g-C3N4 heterostructure; EDS spectrum of the ZnO/g-C3N4 
heterostructure (d).
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by acetate ligands (from zinc precursor) and amine groups 
(from melamine) [24]. It has depressed the straightforward 
growth of ZnO and results in more spherical particles. 
Besides, some nanorod-like structures were noticed due to 
the coalescence of spherical particles at high temperature 
conditions. The elemental distribution of the ZnO/g-C3N4 
heterostructure is explained by the EDS spectrum depicted 
in Fig. 3d. Carbon (C), oxygen (O), nitrogen (N), and zinc 
(Zn) could be observed in the EDS spectrum of the hetero-
structure, and confirming the as-synthesized samples are of 
high purity. Atomic ratio of elemental composition of ZnO/
g-C3N4 heterostructure has been listed in Table S1. In addi-
tion, the interior morphological features of the ZnO/g-C3N4 
heterostructure were observed by TEM and HRTEM images 
(Figs. 4a and b). It can be perceived that spherical particles 
of ZnO are implanted in the 2D lamellar structure of g-C3N4. 
Fig. 4c shows the lattice fringe (d = 0.336 nm) which relates 
to the (002) plane direction of g-C3N4 crystals, whereas the 
lattice fringe (d = 0.261 nm) in Fig. 4d relates to the (002) 
plane direction of the ZnO crystals [31,36]. HRTEM obser-
vations are well matched with XRD results and confirm the 
successful development of ZnO/g-C3N4 heterostructure. 
These outcomes show the construction of hetero-junction 
between g-C3N4 and ZnO, which would result in a better 
parting of photo-generated holes and electrons. 

Fig. 5 exhibits the absorbance characteristics of the photo-
catalysts, which were observed by UV-vis spectroscopy. The 
absorption edges of the ZnO/g-C3N4 heterostructure move to 
higher wavelengths in comparison to ZnO NPs. This clearly 
indicates that the absorption edges of ZnO/g-C3N4 hetero-
structure photocatalyst move to the lower energy spectrum 
(Fig. 5). The band gap of the photocatalysts was calculated 
via Tauc’s plot using a UV-vis absorption spectrum. Tauc’s 
plot could be obtained by the following expression [32]: 

α ν νh h( ) = −A Eg( )
1
2  (2)

where α, ν, h and A stand for the absorption coefficient, 
frequency, Planck constant, and a constant,  respectively. 
Eg represents the band gap energy. The Tauc’s graph of 
(αhν)2 vs. (hν) for ZnO NPs, g-C3N4 NSs and ZnO/g-C3N4 
heterostructure is displayed in Figs. 5b–d. The approximate 

values of the band gap energy would be determined by 
extra- plotting the tangent intercept to the x-axis in the 
Tauc’s plot [32,37]. The band gap of ZnO NPs and g-C3N4 
NSs was found to be 3.32 and 2.69 eV, respectively, but 
the band gap energy of the ZnO/g-C3N4 heterostructure 
decreased to 2.90 eV. It indicates that the construction of 
tightening chemically bonded interface between the g-C3N4 
and ZnO could make a ZnO/g-C3N4 heterostructure move 
to the lower energy spectrum. The overall absorption spec-
trum for the ZnO/g-C3N4 heterostructure was better than 
the rest of the two samples. Considerably, the ZnO/g-C3N4 
heterostructure should exhibit better photocatalytic activity 
towards naphthalene degradation. 

The representative functional bands in the FTIR spec-
trum are alike to those of bulk materials (Fig. 6). The peaks 
in the range of 3,300–3 000 cm–1 are related to primary and 
secondary amine groups of g-C3N4 NSs, and their H-bonding 
(intermolecular) interactions. Several peaks in the region 
of 1,700–900 cm–1 are accredited to the vibration peaks of 
heterocyclic aromatic CN comprising either partial con-
densation (connecting C–NH–C units) or full condensation 
(trigonal N(–C)3), corroborating the presence of stretched 
nets of C–N–C bonds. The peaks at 1,621; 1,318; and 1,240–
1,590 cm–1 could be precisely ascribed to C=N stretching, 
C−N stretching and C−N heterocyclic stretching, respec-
tively [9,38,39]. A characteristic peak at 799 cm–1 belongs to a 
breathing mode of the tris-triazine units. For the ZnO/g-C3N4 
heterostructure, all typical vibrational peaks of g-C3N4 NSs 
were noticed with a slight shift in peak value and compara-
tively decreased intensity. The peaks at 2,956 and 2,924 cm–1 
relates to asymmetric and symmetric stretching of aliphatic 
methylene (–C–H) [39]. A low-intensity peak at 1,727 cm–1 is 
obtained from the carboxyl (–C=O) group of acetate. These 
peaks appeared due to the presence of acetate residue on 
the exterior of ZnO NPs. Thus, based on the FTIR and XRD 
results, the occurrence of both ZnO NPs and g-C3N4 NSs 
in the heterostructure is confirmed.

The PL spectra were investigated to reveal the invisible 
agents (viz. defects and surface/trap states) and recombina-
tion, transfer and migration routes of photo-excited charge 
carriers in the photocatalyst [32]. The recombination of 
electron and holes emit the PL emission spectrum. The low 
intensity of the emission spectrum suggests a less probability 

 

(a) (b) (c)

(d)

Fig. 4. (a-b) TEM images and (c-d) HRTEM images of the ZnO/g-C3N4 heterostructure.
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of recombination of photogenerated electron–hole pairs. On 
contrary, a better PL emission spectrum indicates moder-
ately high re-combination of photogenerated charge carriers. 
Fig. 7 displays the PL spectra of the nanomaterials at room 
temperature with an excitation wavelength of 350 nm. The 
PL spectrum of g-C3N4 NSs revealed two transition band at 
440 nm and broad asymmetric band centred at ~514 nm. The 
first band corresponds to photo-induced electron transition 
between anti-bonding (σ*) and lone pair (LP) electron states 
of nitrogen atoms. The second band is associated with the 

transitions of elec trons between antibonding (π*) and LP 
states and antibonding (π*) to bonding π states. For ZnO 
NPs, the PL spectrum consists of two asymmetric bands, 
the weak one with a shoulder in the blue region (maximum 
intensity at~416 and ~434 nm) and a broadband in the green 
range (maximum intensity at ~591 nm) was detected. The 
first band emission from 408 to 438 nm can be ascribed to 
zinc interstitials (Zni) carrying different charges (0, 1+, and 
2+) [40]. Emission in the region 448–465 nm can be assigned 
to zinc vacancies (Vzn) [41]. Emission peaks found in the 
region from 490–615 nm originated from single and doubly 

 

(a) (b)

(c) (d)

Fig. 5. (a) UV-Vis spectra of ZnO NPs, g-C3N4 NSs and ZnO/g-C3N4 heterostructure; Tauc’s plot for g-C3N4 NSs (b), ZnO NPs (c), and 
ZnO/g-C3N4 heterostructure (d).

 
Fig. 6. FTIR spectra of g-C3N4 NSs and ZnO/g-C3N4 heterostructure.

 
Fig. 7. PL spectra of ZnO NPs, g-C3N4 NSs, and ZnO/g-C3N4 
heterostructure.
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charged oxygen vacancies (Vo+ and Vo++) [42]. Emission in 
the orange-red region from 615–750 nm is assigned to oxy-
gen interstitials (Oi) [42]. For ZnO/g-C3N4 heterostructure, 
the emission peak intensity significantly decreased in com-
parison with g-C3N4 NSs, showing lesser recombination of 
free charge carriers. Thus, the addition of ZnO NPs on the 
surface of g-C3N4 NSs might diminish the recombination of 
electron–hole pairs as ZnO NPs trapped the electrons from 
the CB of g-C3N4 NSs. Based on PL observation, ZnO/g-C3N4 
heterostructure should be a better photocatalyst than both 
ZnO NPs and g-C3N4 NSs.

3.1. Photocatalytic performance

The photocatalytic performance of variously prepared 
photocatalysts for organic contaminant naphthalene was 
examined. As seen in Fig. 8a, the effect of a catalyst dose on 
the degradation efficiency of naphthalene was observed by 
varying the catalyst amount in 20 mg/L solution at pH 4 under 
visible light at 25°C for 2 h. These outcomes showed that 
the increment of catalyst dose from 25 to 100 mg increased 
the photodegradation efficiency of naphthalene. Therefore, 
the most effective photodegradation of naphthalene using 
ZnO NPs, g-C3N4 NSs, and ZnO/g-C3N4 heterostructure 
was achieved with a higher catalyst dose. The photolysis 
of naphthalene was performed under visible light without 
using a catalyst. It exhibited 7.2% degradation efficiency 
in visible light (shown as blank in Fig. 8a). Degradation 
experiments were also executed in the dark using a catalyst 
to check adsorption behaviour. There were no significant 
changes in the degradation efficiency of naphthalene in the 

absence of light illumination, showing that the utilization 
of light is necessary to enhance the photodegradation of 
naphthalene. The ZnO NPs and ZnO/g-C3N4 heterostructure 
managed to degrade 74.2% and 84.5% of naphthalene after 
4 h, respectively. Relatively lower photodegradation efficiency 
(60%) is noticed when using g-C3N4 NSs which is compara-
tively less than that attained by ZnO NPs and ZnO/g-C3N4 
heterostructure. This proved that the amalgamation of the 
g-C3N4 catalyst upgraded the photocatalytic efficiency of 
ZnO NPs and possibly occurred due to better segregation of 
photogenerated e−/h+ pairs. 

For the kinetic study, the effect of time on the photo-
degradation efficiency of naphthalene was carried out 
using optimized dose (100 mg) of photocatalyst and 100 mL 
naphthalene solution (20 mg/L, pH = 4) under visible light 
(Fig. 8b). It was noticed that the photodegradation activ-
ity increased with time. This occurred due to a reduced 
concentration of naphthalene in the solution via photocatal-
ysis with time. No significant changes in the photodegra-
dation were noticed in the absence of light and in the case 
where no catalyst was present, suggesting naphthalene 
stability in normal conditions. After the coupling of ZnO 
NPs, the photocatalytic stability of g-C3N4 NSs is enhanced, 
demonstrating that the immobilization of ZnO can delay 
the recombination of photogenerated e−/h+ pairs. Moreover, 
the photodegradation using ZnO/g-C3N4 heterostructure 
catalyst is evidently better than individual catalysts. This 
can be attributed to better absorption in the visible range 
as narrower band gap energy to yield a high number of the 
e−/h+ pairs and consequently more reactive oxygen species 
(ROS) for naphthalene degradation.

 

(a) (b)

(c) (d)

Fig. 8. Photocatalytic degradation of naphthalene: (a) catalyst dosages; (b) kinetic study; (c) kinetic relationship of ln(C/C0) vs. time 
curve; (d) plot of kinetic rate constants.
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Moreover, the photocatalytic degradation kinetics was 
further investigated via pseudo-first-order kinetics model, as 
displayed in Fig. 8c. The acquired experimental kinetics data 
matched well with the pseudo-first kinetics model which can 
be mathematically expressed as follows [9,32]: 

ln
C
C

K t
t

0







 = app  (3)

where C0 and Ct signify the concentration of naphthalene 
at time 0 and t, respectively, t represents the reaction time 
(min), Kapp denotes the calculated apparent reaction rate con-
stant (min–1). A linear relation was noticed when a graph was 
plotted between ln(C0/Ct) and t for the naphthalene degrada-
tion (Fig. 8c). Additionally, the apparent rate constant values 
for ZnO NPs, g-C3N4 NSs and ZnO/g-C3N4 heterostructure 
were determined using a plot of ln(C0/Ct) and t. A consider-
ably high value of the apparent rate constant 0.0068 (min−1) 
obtained by the ZnO/g-C3N4 heterostructure in comparison 
with ZnO NPs, g-C3N4 NSs, indicates the fast photodegra-
dation of naphthalene using the heterostructure (Fig. 8d). 
These observations suggest that there might be a creation of 
the hetero-junction between ZnO NPs and g-C3N4 NSs, which 
provides better photocatalytic activity. 

To understand the mechanistic pathways of charge sepa-
ration and transfer, the CB and VB potential were calculated 
using the given mathematical equations [32,43]: 

E E Ee gVB = − +χ 0 5.  (4)

E E EgCB VB= −  (5)

where ECB and EVB signify the CB and VB potential, respec-
tively, Eg represents the band gap energy, Ee (=4.5 eV) 
represents the free electrons energy on the hydrogen scale. 
The χ is the absolute electronegativity of the material. It 
could be calculated via the geometric mean of the absolute 
electronegativity of atoms forming semiconductor materials. 
The related equation is expressed as follows [43]:

χ = ( ) ( )





+( )x A x B
a b a b

1

 (6)

where a and b represent the number of atoms present in the 
particular compound. In the case of g-C3N4, the calculated 
value of χ and Eg are 4.73 and 2.69 eV, respectively, whereas 
ZnO values are 5.74 and 3.32 eV, respectively [32,43]. Thus, 
EVB and ECB of g-C3N4 were estimated to be +1.57 eV/NHE and 
−1.15 eV/NHE, respectively. EVB and ECB of ZnO were deter-
mined to be +2.90 eV/NHE and −0.42 eV/NHE, respectively. 
Based on these values, a schematic presentation of a plausible 
mechanistic pathway of charge separation and transfer for 
the photodegradation of naphthalene using ZnO/g-C3N4 het-
ero-junction under light illumination was constructed and is 
presented in Fig. 9.

ZnO NPs and g-C3N4 NSs can create an efficient hetero-
junction arrangement due to the complementary overlying 
band energy structure. Electron–hole pairs are generated 
when the ZnO/g-C3N4 heterostructure is irradiated with a 
particular light frequency (hν ≥ Eg). The electrons in the CB 
of g-C3N4 NSs would move to CB of ZnO NPs due to higher 
energy levels for CB of g-C3N4. Herein, interfacial photo-
generated charge carriers transfer can enhance the lifetime 
of e−/h+ pairs by quashing the recombination rate. These high 
numbers of separated electrons in CB of ZnO NPs could be 
utilized for reduction reactions, while holes present in the 
VB of g-C3N4 NSs would lead to oxidation reactions [27]. The 
accumulated photogenerated electrons on the CB take part in 
reaction with O2 molecules adsorbed on the catalyst to yield 
anion oxygen radicals (•O2

−) as CB of ZnO has more negative 
potential (−0.42 eV/NHE) than the potential value of O2/•O2

− 

(E0(O2/•O2
−) = −0.33 eV/NHE) [27]. The adsorbed O2 can also 

be converted into H2O2 in the presence of light and electrons 
because the CB energy levels of ZnO NPs and g-C3N4 NSs 
are more negative than O2/H2O2 ((E0(O2/H2O2) = +0.682 eV/
NHE) [43,44]. Furthermore, the formed H2O2 can get 
involved with electrons to provide hydroxyl radicals (•OH) 
whereas, the holes at VB of g-C3N4 NSs interacts directly with 
H2O/−OH ions on the surface of ZnO/g-C3N4 heterostructure 

 
Fig. 9. Schematic presentation of a plausible mechanistic pathway of charge separation and transfer during photodegradation of 
naphthalene, using the synergistic effect of the ZnO/g-C3N4 heterostructure under visible light.
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to produce highly reactive hydroxyl radicals (•OH). The role 
of as-produced ROS in the degradation of naphthalene can 
be described by the subsequent reactions:

hν (visible light) + g-C3N4 → g-C3N4 (h + e−) (7)

g-C3N4 (e−
CB) → ZnO (e−

CB) (migrated from g-C3N4) (8)

e− + O2 → •O2
− (9)

•O2
− + H+ → •OOH (10)

•O2
− + HO2

• + H+ → H2O2 + O2 (11)

HOOH → HO• + •OH (12)

h+ + H2O → H+ + •OH (13)

2h+ + 2H2O → 2H+ + H2O2 (14)

H2O2 → HO• + •OH (15)

•OH + naphthalene → degraded products (16)

The transfer of charge carriers (e−/h+) through the inter-
facial coupling of ZnO NPs and g-C3N4 NSs improved the 
photocatalytic performance of ZnO/g-C3N4 heterostruc-
ture for naphthalene degradation due to suppression in 
the recombination of e−/h+ pairs. The photodegradation 
performance of studied nanomaterials for the degrada-
tion of naphthalene can be arranged in descending order 
trend as: ZnO/g-C3N4 heterostructure > ZnO NPs > g-C3N4 
NSs. This order can be supported by PL spectra, where 
the ZnO/g-C3N4 heterostructure showed emission bands 
of lesser intensity, confirming a suppressed recombination 
rate of free electrons and holes which ultimately improved 
photocatalytic activity. Moreover, it may be accredited to the 
prolonged production of ROS (such as •O2

−, •OH, and •OOH) 
in the case of ZnO/g-C3N4 heterostructure than bare ZnO 
NPs and g-C3N4 NSs. The band alignment yields an intimate 
contact surface between ZnO NPs and g-C3N4 NSs, which 
results in easier separation and distribution of photogene-
rated e−/h+ pairs. The recombination rate of e−/h+ pairs in 
bare g-C3N4 NSs is relatively fast, which outcomes in lower 
photo catalytic performance. 

Furthermore, a comparative study of naphthalene pho-
todegradation using various recently reported photocatalyst 

with specific parameters such as the illumination source, 
concentration, degradation efficiency and study time period 
is shown in Table 1. As noticed from Table 1, previously 
designed photocatalysts mostly used UV light to degrade 
naphthalene, which is not easily available and appropriate 
for practical applications [47]. In this context, the as- prepared 
ZnO/g-C3N4 heterostructure photocatalyst in this study 
is efficient and effective for degradation of naphthalene to 
less-harmful products because it is inexpensive and has 
exhibited a combatively better degradation performance 
under visible light.

4. Conclusion

An effective catalyst system, ZnO/g-C3N4 heterostruc-
ture, was successfully developed with an aim to increase 
the photocatalytic degradation of the toxic PAH pollutant, 
naphthalene in water, using visible light. The preparation of 
the desired photocatalysts was confirmed via various char-
acterization tools. The investigation of various parameters 
during photocatalytic experiments such as catalyst dosages 
optimization, photolysis and degradation in dark conditions 
was carried out to establish best reaction conditions for the 
degradation of naphthalene under visible light. The ZnO/g-
C3N4 heterostructure has demonstrated a photocatalytic effi-
ciency of 84.5% in 4 h, which was relatively higher than the 
photocatalytic efficiency of bare ZnO NPs and g-C3N4 NSs. 
It was ascribed to the prolonged production of active oxy-
gen species (such as •O2

−, •OH, and •OOH) in the ZnO/g-C3N4 
heterostructure. The band alignment offers a close intimate 
surface between ZnO and g-C3N4, which results in easier sep-
aration and distribution of photogenerated e−/h+ pairs. The 
improved light absorption in the visible region to produce 
a high number of e−/h+ pairs, suppressed recombination rate 
and narrower band gap energy are also accountable for the 
better photodegradation. Furthermore, the developed cheap 
and efficient photocatalyst might be used for degradation of 
other emerging pollutants. 
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Table 1
Comparative study of photocatalytic degradation of naphthalene with reported photocatalysts

Photocatalyst Naphthalene 
concentration (mg/L)

Light source Degradation (%) in 
time

Reference

TiO2 suspensions 5 125 W mercury lamp ~68% in 25 min [7]
Fe-ZnO/PVA nanofibers 40 16 W UV lamp 80% in 240 min [45]
TiO2 nanofiber mats 25 12 W UV lamp 80% in 60 min [46]
ZnO/g-C3N4 heterostructure 20 300 W Xenon lamp 85.5% in 240 min This work
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Fig. S1. XPS survey spectrum of ZnO/g-C3N4 heterostructure.

Table S1
Elemental quantification in ZnO/g-C3N4 heterostructure using 
XPS measurement

Element Atomic (%)

C 45.8
O 27.1
Zn 15.6
N 11.5


