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A B S T R A C T   

Present study reports the fabrication of novel sunlight active heterogeneous photocatalyst, i.e. Ag@g-C3N4/ 
CoWO4 for potential degradation of rhodamine B dye. The ternary nanocomposite was fabricated using thermal 
condensation of melamine to prepare g-C3N4 followed by coupling with silver doped cobalt tungstate 
(Ag@CoWO4) using the hydrothermal method. The novel composite photocatalyst (Ag@g-C3N4/CoWO4) along 
with pristine photocatalysts (g-C3N4 and Ag@CoWO4) were well characterized in term of morphology (scanning 
electron microscopy), structure (Fourier Transformed Infrared spectroscopy), crystallinity (X-ray diffraction), 
and composition (energy dispersive X-ray). The energy band gaps of catalysts were calculated using UV–visible 
spectroscopic analysis (Tauc plot). The characterization analysis supports the successful assembly of Ag@CoWO4 
nanoparticles on the surface of g-C3N4 nanosheets with good crystallinity. The photocatalytic potential of novel 
catalysts was examined through the degradation of rhodamine B dye in water. The engineered heterojunction 
promotes photocatalytic activity and improves photo-generated charge separation. The results of the proposed 
research showed boosted sunlight active photocatalytic efficiency (97% in 120 min at pH 6) of novel composite 
against rhodamine B dye degradation. The kinetics of the reaction was determined using different models and 
RSM was used as a statistical tool for interaction and individual effects of influencing parameters. The numerical 
values of optimized parameters endorsed the results of RSM i.e. composite dose = 10mg/100 mL, H2O2 = 15 
mM, and pH = 6.   

1. Introduction 

Water is essential for the existence of life and can be pondered most 
precious natural resources that must be treated, recycled, and conserved 
systematically for maintainable growth. The regulation of water pollu
tion has become the leading challenge for researchers with its primary 
distress for the conservation and protection of natural reserves of water 
[1]. Nowadays, modern civilization and growing industries are pro
ducing discharge of dangerous chemicals into water bodies causing life 
hazards [2]. Textile dyes generate a heavy part of organic contaminants 
that result in serious environmental pollution as even small expulsion of 
dye may detrimentally affect marine and human life [3–6]. It is sub
stantial to build an active scheme to remove tenacious organic 

pollutants from wastewater. The photocatalysis consuming semi
conductor stands the safe, cost-effective, green, and most influential 
technique for the effective degradation of dangerous organic contami
nants [7]. 

Until now, several conventional procedures have been accustomed 
for the purification of water like reverse osmosis, sedimentation, coag
ulation, adsorption, and filtration, biological and chemical techniques 
[8–11]. The capacity of these therapeutic methods is not significant for 
the sanitization of water having a variety of contaminants like phar
maceuticals, pesticides, household chemicals, and organic solvents [12]. 
The development of ecological techniques to eliminate environmental 
noxious waste has become the primary concern of the current age while 
facing a tough period of energy shortage. Sunlight has been sponsored as 
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the ultimate power to solve the pollution dismissal and energy shortage 
with outstanding advantages including inexhaustible supply and envi
ronmentally friendly [13]. Among different sustainable procedures, 
semiconductor-assisted photocatalysis is deliberated as a most prom
ising and alluring technique to directly consume sunlight for the reso
lution of environmental issues [14]. After the establishment of the 
photocatalytic splitting of water via TiO2 centered electrodes, photo
catalysis has obtained great consideration to degrade organic chemicals 
efficiently. This practice can result in overall organic contaminants 
degradation into CO2, H2O, and other harmless final products by 
consuming oxygen as an oxidant and so can maintain the previous 
deliberation for the protection of the environment [15]. In general, 
photocatalysis based on semiconductors are economic, renewable, 
clean, and safe technology, which aids reactions for different applica
tions as, CO2 reduction, water splitting, organic contaminants removal, 
bacterial disinfection, and selective production of organic complexes 
[16–18]. 

Since photocatalysis is pondered as a favorable technique to resolve 
the growing energy and environmental problems, semiconductors have 
enticed much attention as photocatalysts [10,16]. Numerous inorganic 
semiconductors based on metals like TiO2 and ZnO had shown potential 
for the degradation of environmental pollutants but the central problem 
in consuming these photocatalysts is their failure to react towards visible 
light radiation. Contrarily, several other photocatalysts that respond to 
visible light like Bi2WO6, BiVO4, ZnFe2O4, and g-C3N4 have also been 
revealed well [15]. Recently, profound consideration has been gained by 
carbon-containing compounds for their significant impact as compo
nents in admiration of different conservational applications [19]. For 
example the use of zeolite-based semiconductor photocatalysts [5,8,20], 
polyaniline based composite material [21], MWCNTs and carbon 
nanofiber photocatalysts [22,23], graphitic carbon nitride based com
posite materials [4–6,24], graphene oxide supported photocatalysts [10, 
25–28], and doped semiconductor photocatalysts [29,30] have been 
used for enhanced photocatalytic degradation of various organic pol
lutants. The suitability of 0D, 1D, and 2D nanocarbon semiconductor 
composites has been specified by many scientists in perspective to their 
exceptional photocatalytic potential towards energy generation and in 
pollutant degradation [26,31]. 

Recently, several photocatalysts with significant potential in visible 
light were developed based on graphitic carbon nitride (g-C3N4). This 
semiconductor showed the obvious potential to be an auspicious pho
tocatalyst with some captivating properties [32]. The g-C3N4 has 
revealed a markedly organized and tremendously stable polymeric 
structure among other important 2D carbon materials [33]. It is usually 
comprised of nitrogen and carbon. Its carbon-based structure permits its 
reactivity alteration with the least modification in its general composi
tion [34]. It acts as a suitable photocatalyst active in visible light owing 
to its appropriate energy gap. It maintains outstanding properties of 
photocatalysis, like, harvesting sunlight, facile synthesis, photocatalysis, 
thermal and chemical stability, cheapness, and appropriateness towards 
redox potential to efficiently catalyze reactions [35]. Though, g-C3N4 
does not ensure adequate activity owed to fast rejoining of (e− /h+) pairs, 
poor visible-light consumption, and small surface area [36]. Henceforth, 
some methodologies have been established to increase the photo
catalytic potential of pure g-C3N4 including metallic and nonmetallic 
doping, modifying its morphology, preparation of mesoporous struc
tures, assimilating with other semiconductors, and depositing particles 
of noble metals [37]. The higher charge mobility and electrical con
ductivity have been identified for g-C3N4 doped with metal [38]. The 
manufacture of heterojunction assembly among semiconductors may 
significantly increase the photocatalytic potential of novel compounds 
by enhancing the charge separation capacity and extending the 
light-harvesting range [16]. 

Lately, certain photocatalysts were offered with metal tungstates 
[39]. Among these semiconductors, with a 2.80 eV band gap, CoWO4 
has an average energy gap semiconductor. The CoWO4 has been 

employed in photocatalytic procedures alone and combined along with 
other compounds [37]. The conduction band (CB) and valance band 
(VB) energies of Cobalt tungstate are +0.35 and + 3.15 eV. Hereafter, it 
appears that by the incorporation of CoWO4 with g-C3N4, the photo
catalytic potential of the synthesized g-C3N4 centered photocatalyst 
might be improved [32]. Recently, a tungstate semiconductor with 
bivalent metal (M+2WO4) has attained considerable attention due to its 
extraordinary thermal and chemical stability. Graphitic carbon nitride 
coupled with metal tungstates has better activity in visible light [40]. A 
nanocomposite (FeWO4/g-C3N4) was synthesized that had the great 
photocatalytic potential for treating a dye (rhodamine B) [41]. Most 
recently, g-C3N4/CdWO4 heterojunction photocatalyst has also been 
established for rhodamine and minocycline dye degradation [42]. A 
CoWO4 composite is a potential material amongst various 
metal-tungstate compounds, for practical applications due to its great 
versatility [43]. Particularly g-C3N4 interceded photocatalyst has been 
commonly used with metal oxide compounds for the progressive 
oxidation process as an advanced catalyst [44]. Furthermore, the cobalt 
tungstate (CoWO4) possessing higher electrical conductivity 10− 7–10− 3 

Scm− 2 and possible redox (Co2+/Co3+) couple states, exhibits 
outstanding catalytic efficiency as equated to pristine or mixed metal 
oxide compounds. The introduction of tungstate atoms may consider
ably increase conductivity comparable to pure cobalt oxide [45]. Doping 
the cobalt tungstate with Nobel metal (Ag) is expected to improve the 
optical and well as photocatalytic properties of pristine cobalt tungstate. 

In the present work, a novel heterogenous ternary photocatalyst g- 
C3N4/Ag@CoWO4 was fabricated using a facile hydrothermal approach 
and used for the oxidative photocatalytic degradation of rhodamine B 
(RhB) dye. Owing to the fascinating light response of nanocomposite, 
the sunlight was selected as an excitation source for photocatalysis. The 
characterization of the prepared photocatalysts was done using different 
analytical techniques (e.g. X-ray diffraction (XRD), Fourier transform 
infrared (FTIR), and scanning electron microscopy–energy-dispersive X- 
ray (SEM–EDX). The intercalation of g-C3N4 with Ag@CoWO4 was 
found as a novel and potent combination to increase the light absorption 
and providing superior photocatalytic properties. The dye degradation 
was monitored using UV–Vis spectrophotometer during experiments. 
Two kinetic models (1st and 2nd) were used for the determination of 
rate constant and reaction mechanism of the photocatalytic reaction. 
Central composite design (CCD) under response surface methodology 
(RSM) was used for statistical evaluation of mutual and independent 
effects of influencing parameters. 

2. Materials and methods 

2.1. Chemicals 

All the chemicals and reagents were used as obtained. Melamine 
(>98%) and AgNO3 (99.9%) were purchased from DAEJUNG. Na 
2WO4⋅2H2O (97%), CoNO3.6H2O (>98%), NaOH (BioXtra, ≥ 98%), and 
HCl (35% w/w) were obtained from Sigma Aldrich., ethanol (95.6%) 
were purchased from UNI-CHEM. Distilled water was used throughout 
the experiments. 

2.2. Synthesis 

2.2.1. Synthesis of g-C3N4 
The g-C3N4 was fabricated via a one-pot process by heating mel

amine (10g) for 2 h in a muffle furnace (heating rate 15 ◦C/min) at 
550 ◦C. The ceramic crucible was cooled and yellowish g-C3N4 was 
obtained. The yellowish porous material was ground to powder by pestle 
and mortar [46]. 

2.2.2. Synthesis of CoWO4 
Cobalt tungstate was synthesized through a hydrothermal approach. 

For its preparation, 3.3 g Co(NO3)2⋅6H2O and 2.90g Na2WO4⋅2H2O were 
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mixed with 40 mL of distilled water. The unclear solution was stirred for 
1 h and placed in the oven at 180 ◦C for 24 h in a stainless-steel autoclave 
reactor. The autoclave reactor was cooled at room temperature. The 
precipitates were separated and washed with distilled water and 
ethanol. The end product was dried at 60 ◦C. Lastly, the obtained cobalt 
tungstate was calcined for 2.0 h at 450 ◦C in a muffle furnace [47]. 

2.2.3. Synthesis of Ag@CoWO4 nanoparticles 
AgNO3 aqueous solution (5 mL, 5 mol percent) was added to the 

solution of cobalt tungstate (0.2 g CoWO4 powder/5 mL H2O) under 
constant stirring. An aqueous solution of NaBH4 (10 mL of 0.019 M) was 
added to the above mixture. Then the mixture was stirred vigorously for 
30 min and kept at 30 ◦C for 4 h, the color of the solution was altered to 
gray. The final product was rinsed with distilled water and ethanol and 
the final sample was dried for 2 h at 60 ◦C [48]. 

2.2.4. Synthesis of g-C3N4/Ag@CoWO4 nanocomposite 
The ternary composite of g-C3N4/Ag@ CoWO4 was prepared through 

the following procedure. The desired quantity of g-C3N4 and Ag@ 
CoWO4 (1:1ratio) were combined and ground together for 15 min. Then 
the mixture was calcined for 4 h at 400 ◦C to obtain g-C3N4/Ag@ CoWO4 
nanocomposite photocatalyst [49]. A schematic representation for the 
synthesis process is presented in Fig. 1. 

2.3. Characterization 

The analytical methods used for the characterization of g-C3N4, 
Ag@CoWO4, and g-C3N4/Ag@CoWO4 photocatalysts were SEM associ
ated with EDX (NANOSEM-EDX; FEI NOVA 450) for structural eluci
dation and elemental mapping of the photocatalysts. The crystalline 
structure was determined through powder XRD (Philips PANalytical 
Xpert pro DY 3805 XRD). To examine the different functional groups 
present in as-synthesized photocatalysts, FTIR (Agilent technologies) 
was used. The optical behavior was checked by the band gap energy 
(Tauc plot method) via a UV–visible spectrophotometer (CECIL 7200). 
The UV–visible spectrophotometer was also used to determine the 
photocatalytic degradation efficiency of synthesized photocatalysts. 

2.4. Photocatalytic degradation experiment 

The degradation efficiency of photocatalysts was estimated under 
ambient sunlight. The solar power meter (SM206) was used to measure 
the intensity of sunlight and brightness was measure using a Lux meter. 

In a typical process for degradation test 100 mL of 10 ppm RhB was 
used in borosilicate glass beakers. The pH of solutions was maintained 
using 0.1 M NaOH and HCl solutions and catalyst was added. After that, 
the reaction mixture was kept in dark for 30 min under constant stirring 
(160 rpm) on an orbital shaker to attain the adsorption equilibrium and 
adsorption was checked using a spectrophotometer. Thereafter, oxidant 
was added, and solutions were placed under sunlight for oxidative 
photocatalysis. The average measured intensity of light was ̴ 1200 W/m2 

while the brightness was measured in the range of 103,000 ± 2000 Lux. 
The samples were taken after successive intervals, the catalyst was 
separated, and absorbance was checked using a spectrophotometer at its 
λmax = 554 nm. The % dye degradation was obtained with the help of 
formula given below [28]: 

Degradation ​ (%)= (
Ao − At

Ao
) × 100 (1) 

Other reaction parameters i.e. pH, catalyst dose, oxidant dose, and 
reaction time was monitored using a similar process. 

3. Results and discussion 

3.1. Characterization 

3.1.1. FTIR analysis 
The existence of functional groups and surface composition was 

studied by FTIR spectroscopy and obtained graphs are presented in 
Fig. 2. In the FTIR spectrum of pristine g-C3N4, the wide bands from 
3000 cm− 1 to 3400 cm− 1 are representative of the N–H vibration [50]. 
The CN hetero-cycles bands were recorded at 1639 cm− 1, 1251 cm− 1, 
and 1575 cm− 1 [51]. The peaks at 808 cm− 1 are credited to the standard 
bending vibration of triazine [52]. The spectrum of Ag@CoWO4 over the 
400-4000 cm− 1 frequency range is depicted in Fig. 2. In the low 

Fig. 1. A schematic representation for the synthesis of g-C3N4/Ag@CoWO4 composite.  
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wavenumber range, the characteristic bands of Ag@CoWO4 were 
observed, which could be due to the existence of W–O–W, W–O, and 
Co–O bond deformation modes [51]. The band on 820 cm− 1 was asso
ciated with the O–W–O bond [53]. The spectra of, pristine g-C3N4and 
g-C3N4/Ag@CoWO4 show that the pure g-C3N4 wide band at 3186 cm− 1 

is attributed to the N–H group [54]. Moreover, the band at 807 cm− 1 is 
ascribed to tris-triazine units [55]. The distinctive peaks at 827 cm− 1, 
and 648, are linked to CoWO4 [56]. The g-C3N4/Ag@ CoWO4 nano
composite comprises all peaks of both pure g-C3N4 and Ag@CoWO4 
which assure the successful synthesis of the composite photocatalyst. 

3.1.2. XRD analysis 
The crystallinity, structural analysis, and phase purity of prepared 

composites were examined by XRD analysis. The crystallographic as
sembly of g-C3N4, Ag@CoWO4, and as-prepared ternary composite 
photocatalyst g-C3N4/Ag@CoWO4 was estimated from the XRD pattern 
presented in Fig. 3. For the pure g-C3N4, a strong peak at 2θ values of 
27.6 was seen, referring to the distinctive inter-planner stacking peak 
(002) (JCPDS No. 50–1512), of an aromatic system as reported previous 
literature [57]. The CoWO4 nanosphere contains all the diffraction 
peaks corresponding to the standard JCPDS No. 72–0479 and structure 

is indexed with wolframite monoclinic [58]. All diffraction bands of 
Ag@CoWO4 were reserved after the coupling of g-C3N4 and with an 
additional plane of (002) attributed to the aromatic system in g-C3N4. All 
peaks were narrow and sharp, indicating high crystallinity. 

3.1.2.1. Estimation of the size of the nanoparticles (NPs) and the lattice 
strain using the Williamson-Hall approach. The intensity and width of X- 
ray diffraction peaks are affected by the change in microstructure of 
sample [59]. Williamson and Hall improved the Scherrer’s formula by 
identifying that the lattice strain and grain size are the two main sources 
in broadening of X-ray diffraction peaks at specific temperature. 
Therefore, according to Williamson and Hall, the full width at half 
maximum of peak intensity (FWHM = βhkl), is the function of both grain 
size and lattice strain. 

βhkl = βS + βD (2)  

DSH =
Kincλ

βDCosθhkl
(3)  

εW− H =
βS

4 tanθhkl
(4)  

βhkl = 4εW− H tanθhkl +
Kinc

DW − HCosθhkl
(5)  

βhklCosθhkl = 4εW − H Sinθhkl +
Kincλ
DW − H

(6)  

here in above Eq (2) the βhkl is the peak broadening, βS and βD are the 
peak width due to lattice strain and grain size respectively. Eq (3) is the 
standard form of Scherrer’s equation. Eq (4) is the Williamson Hall 
equation considering the βS strain. Eq (5) is the another form of Eq (2) 
and so is Eq (6). 

By plotting the βhklCosθhkl verses 4εW− H Sinθhkl on can obtain the size 
of nanocrystals (DW− H) and lattice strain (εW− H) by Williamson Halls 
method as presented in Figure S-1. The grain size calculated using this 
approach were 89 nm and 35 nm for Ag@CoWO4, and g-C3N4/ 
Ag@CoWO4 nanocomposite, respectively. Besides the smaller grain size, 
the lower lattice strain value in case of g-C3N4/Ag@CoWO4 implies 
lowest lattice imperfection in composite as compared to pristine 
Ag@CoWO4. 

3.1.3. SEM analysis 
The surface morphology of g-C3N4, Ag@CoWO4, and g-C3N4/ 

Ag@CoWO4 nanocomposite was investigated by SEM (see Fig. 4). The 
surface morphology of pristine g-C3N4 displays a sheet-like structure. As- 
manufactured Ag@CoWO4 shows a higher number of nano-clusters. The 
nanoparticles nearly spherical in shape were spotted. Also, the 
agglomeration of high density nanoparticles can be witnessed. No other 
element was noticed (Fig. 5), verifying the high purity of the synthesized 
product [60]. The SEM image of g-C3N4/Ag@CoWO4 presents that 
Ag@CoWO4 nanoparticles are attached to the surface of g-C3N4 
nanosheets. 

3.1.4. EDX analysis 
Fig. 5 shows the element distribution in terms of weight percentage 

in catalysts. 

3.1.5. Bandgap calculation 
The optical response of all three catalysts was recorded using a 

UV–visible spectrophotometer. The spectral scans were recorded from 
the wavelength from 190 to 900 nm. The absorbance wavelength of all 
catalysts was observed in the visible region (400–800 nm) providing the 
photocatalytic activity under the visible region. Therefore, all the ex
periments were performed under ambient sunlight. 

The spectral scans and energy band gap (inset) calculations are 

Fig. 2. FTIR analysis of g-C3N4, Ag@CoWO4, and g-C3N4/ 
Ag@CoWO4 composite. 

Fig. 3. XRD pattern of g-C3N4, Ag@CoWO4, and g-C3N4/ 
Ag@CoWO4 composite. 
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presented in Fig. 6. The energy band gaps of photocatalysts were esti
mated using the Tauc plot technique using equation given below; 

(αhv)n
=K ​ (hv ​ − ​ Eg) (7) 

Eg, ν, α, and k is the bandgap energy, light frequency, absorption 
coefficient, and energy independent constant, respectively. n represents 
the optical transition of semiconductor materials which is 2 for direct 
semiconductors [61]. The Eg of the catalysts were obtained from the 
tangent intercept to x-axis a plot of (a h v) 2 versus energy (eV) (inset of 
Fig. 6). Eg was 2.7 eV for pure g-C3N4 [62]. The energy band gap of 
Ag@CoWO4 is reported as 2.8 eV [37]. Doping of CoWO4 with silver 
reduces the energy band gap [63] up to 2.5 eV as shown in graph. The 
energy band gap of ternary composite, g-C3N4/Ag@CoWO4 was recor
ded as 2.3eV. The energy bandgap of ternary composite is smaller than 
g-C3N4 and Ag@CoWO4 indicating that it might be a potential photo
catalyst for the elimination of hazardous organic pollutants under 
solar/visible light irradiation with excitation energy less as compared to 
both pristine photocatalysts [43]. 

3.2. Surface charge determination of catalysts 

The surface charge on all three photocatalysts were determined using 
pH drift method. The detailed process for experimentation has been 
described in supplementary information. The results of pHpzc (Figure S- 
1) and effect of solution pH on photocatalytic degradation of RhB are in 
good agreement with each other, as the best photocatalytic degradation 
efficiency of catalysts has been observed at pH > pHpzc of catalysts. The 
RhB is a cationic dye and adsorption is favorable at the solution pH 
above the point zero charge of catalysts. The pzc of g-C3N4, Ag@CoWO4, 
and g-C3N4/Ag@CoWO4, were 5.4, 2.3, and 3.7 respectively. The sur
face of catalyst becomes negative under the solution pH > pHpzc of 
catalysts therefore adsorption is favored under basic conditions of so
lution pH. 

3.3. Photocatalytic degradation experiments for rhodamine B dye 

3.3.1. Influence of pH 
The oxidation of organic substances is strongly influenced by pH 

values both directly and indirectly. The pH of the solution significantly 
affects the potential of OH radicals, owing to their reciprocal relation
ship between pH and oxidation potential. Hydroxyl radicals are pro
duced in acidic conditions. 

Therefore, the impact of g-C3N4/Ag@CoWO4 on RhB degradation 
was recorded within the range of pH (2–9) at constant catalysts and 
oxidant doses. The obtained graph is presented in Fig. 7(a). It was 
observed that dye degradation was better at higher pH, (pH = 6.0). At 
lower pH the degradation of pristine Ag@CoWO4 and composite g- 
C3N4/Ag@CoWO4 was low which could be due to the competitive effect 
of cationic dye molecules with the H+ ions present in the acidic solution. 
The results can be effectively correlated with the pHpzc of catalysts. The 
optimum photocatalytic RhB degradation has been observed at pH >
pHpzc of all photocatalysts. This is due to the high adsorption affinity of 
RhB (cationic dye) under basic solution pH. On the other hand, at pH 
above then the optimum one, the degradation of RhB decreases gradu
ally the reason for which has been described previously [65,66]. Besides 
this, the scavenging of hydroxyl radicles under high basic conditions 
decreases dye degradation. 

3.3.2. Influence of catalyst (g-C3N4 and Ag@CoWO4) and composite (g- 
C3N4/Ag@CoWO4) load 

To study the influence of catalysts dose on RhB degradation, the 
experiments were performed at different concentrations of catalysts 
(2–60 mg/100 mL) at pH 6. The degradation efficacy of RhB is presented 
in Fig. 7(b). The results provide the highest value of the response vari
able at catalysts load of 10 mg/100 mL. 

The rhodamine B degradation was considerably affected by catalyst 
dose. This has been described in terms of the accessibility of active sites 
on the catalyst surface and effective light penetration into suspension. 
By increasing the dose of the catalyst, increasing the number of active 
sites onto the catalyst surface along with the production of free hydroxyl 
and superoxide radicals increases the rate of degradation. At that time, 
by increasing the catalyst dosage above the optimized value, the 
turbidity of suspension increases which reduces the light penetration. 
Additionally, the catalyst agglomerates and photo-activated volume of 
suspension decreases. Therefore, the degradation rate is also expected to 
be decreased at a higher catalyst dose above a balance between dye and 
catalysts’ active site availability. 

3.3.3. Effect of oxidant dose 
The working of oxidants in oxidative photocatalytic dye degradation 

follows a famous reaction mechanism in generating reactive species. The 
disassociation of hydrogen peroxide yields reactive hydroxyl radicles 
(Eq (8)) and also helps in effective charge separation by accepting the 
electrons from the conduction band (Eq (9)) [67]: 

Fig. 4. SEM analysis of g-C3N4, Ag@CoWO4, and g-C3N4/ 
Ag@CoWO4 composite. 
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H2O2 +O− ⋅
2 →HO− + HO⋅ + O2 (8)  

H2O2 + e−(CB)→HO− + HO⋅ (9) 

Owing to the effective contribution of hydrogen peroxide in photo
catalytic degradation, the experiments were performed to find out the 
optimum value from the current study. Some experiments without the 
addition of oxidant has also been performed and the results are pre
sented in Figure S-2. The results (Fig. 7c) with the addition of hydrogen 
peroxide presents that a 15 mM concentration of hydrogen peroxide was 
effective enough for maximum RhB dye degradation. However, further 
increase in oxidant dose does not found very effective and results in a 
negative impact on dye degradation [68,69]. The reason for this could 
be attributed to the hydrogen peroxide radical (HO⋅

2) formation (the less 
reactive radical than HȮ radicals). These radicles also act as HȮ scav
engers according to Eqs 10 and 11. 

H2O2 +HO⋅→H2O + HO⋅
2 (10)  

HO⋅
2 +HO⋅→H2O + O2 (11)  

3.3.4. Influence of RhB load 
From an experimental point of view, it is important to examine how 

initial dye concentration affects the degradation rate. Therefore, a range 
of RhB dye concentrations (2–16 ppm) was selected for the optimization 
process at constant oxidant, pH, and catalyst concentrations. The results 
are presented in Fig. 7(d). 

From 2 to 10 ppm of RhB dye concentration the degradation effi
ciency of the composite photocatalyst was ~100% which decreases 
gradually with the increase in dye concentration. The high degradation 

is attributed to the excessive availability of the active site for photo
catalysis. as far as the balance between the dye molecules and catalysts 
actives sites disturbed, the degradation decreases. Besides the unavail
ability of active sites, the decreased transparency due to high dye con
centration is another factor that reduces the degradation process above 
10 ppm of RhB dye. 

3.3.5. Influence of time 
The irradiation time is known as one of the most influencing factors 

in photocatalytic degradation processes. A rapid increase in degradation 
was observed in the first 60 min of reaction time after which the 
degradation rate decreases and reached maximum at ~120 min. At the 
initial stage, abundant hydroxyl radicals are available, so increasing the 
rate of degradation. With the time hydroxyl radicals are consumed, so 
the reaction was progressed at a slower speed. The results are presented 
in Fig. 7(e). 

3.3.6. Stability analysis of catalyst through various runs 
To check the reusability of heterogenous nanocomposite photo

catalyst the composite (g-C3N4/Ag@CoWO4) was collected after the 
degradation experiment, washed with distilled water 3–5 times, and 
dried in air. The composite was reused for stability analysis up to 5 
cycles (Fig. 7(f)). The result showed that the activity of nanocomposite 
does not show a noticeable loss after five recycles for RhB degradation, 
representing excellent reusability. 

Fig. 5. EDX analysis of g-C3N4, Ag@CoWO4, and g-C3N4/Ag@CoWO4 composite.  
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3.4. Radical trapping experiment and proposed photocatalytic 
degradation mechanism 

The detail of radical trapping experiment has been described some
where else [64]. The results are presented in Fig. 8. The results provide 
clear evidence about the DMSO as key radical scavenger (for OH 
radical), as the addition of DMSO results dramatic reduction in degra
dation efficiency from 97% to 35%. Based on radical trapping experi
ments, the proposed photocatalytic degradation mechanism is given 
below. 

Ag@CoWO4 combined with g-C3N4 is a z-scheme nanocomposite for 
attaining greater photo-degradation proficiency in visible irradiation, as 
the heterojunction may improve photo-generated charge separation and 

aid to allow greater photocatalytic action. CoWO4 was used as pure and 
in conjunction with other semiconductors in the photocatalytic pro
cesses [37,70]. CoWO4’s CB and VB energies are +0.35 and +3.15 eV, 
respectively. Therefore, it looks like the photocatalytic efficacy of pre
pared g–C3N4–centered photocatalyst may be improved by a combina
tion of Ag@CoWO4 with g-C3N4. 

Under sunlight the rapid excitation of electrons in g-C3N4/ 
Ag@CoWO4 takes place from the VB to the CB leaving h+ in the VB. The 
excited electrons from the VB to the conduction band of g-C3N4 are 
transferred to Ag nanoclusters and trapped efficiently. Meanwhile, the 
electrons from the conduction band of Ag@CoWO4 transferred to the 
valance band of g-C3N4 and combined with the partial holes there [20, 
71]. The enhanced photocatalytic activity of g-C3N4/Ag@CoWO4 is 
ascribed to the efficient charge separation. It indicates that 
g-C3N4/Ag@CoWO4 follows the Z-scheme mechanistic pathway for 
photocatalytic dye degradation. The g-C3N4 nanocomposite photo
catalysis of binary metal oxide particles is believed to follow the 
Z-scheme pathway [72]. This could promote isolation of the charges and 
increase the efficiency of photocatalytic degradation. A schematic rep
resentation of the z-scheme degradation mechanism is presented in 
Fig. 8. 

Besides, the oxygen molecules may trap the electrons to generate 
superoxide radicals O◦−

2 and the holes may react with H2O/OH− to 
generate the OH radical. These hydroxyl radicals can potentially 
degrade organic molecules. Some key reaction in photocatalysis is pre
sented below; 

Ag@CoWO4
/

g − C3N4 + ​ hv ​ → ​ e− (CB) + ​ h+(VB) (12)  

e− + ​ O2→ ​ O◦ −
2 (13)  

​ O◦−
2 +H2O ​ → ​ HO◦

2 + HO◦ (14)  

​ h+ + ​ H2O/OH− − → ​ HO◦ (15)  

HO◦

, ​ h+ + ​ RhB ​ → ​ Degraded ​ products (16)  

3.5. Kinetic modeling of rhodamine B degradation 

1st order and 2nd order kinetic reaction models were selected to 
quantify the photocatalytic degradation of RhB dye. The expressions for 
the 1st and 2nd order kinetic models are presented in Eqs. (17) and (18) 
respectively [9,28,65]. 

ln ​ Co /Ct = − k1t (17)  

1/Ct − 1
/

Co = k2t (18)  

here, K1 is the 1st order rate constant while C0 and Ct are the RhB 
concentrations at zero and specific reaction time t, respectively [73]. K1 
and K2 are the rates constant for the 1st and 2nd order kinetic model 
[74]. 

Fig. 9(a) presents the graph with a linear relation between ln Co/Ct 
verses time and Fig. 9(b) presents the graph with a linear relationship of 
(1/Ct-1/Co) versus time. The values of K1 and K2 are calculated from the 
slope of a 1st and 2nd order kinetics as 0.03 and 0.003 min− 1, respec
tively. The R2 value and rate constant k for RhB degradation are shown 
in Fig. 9. The R2 value for 1st order kinetics is best fitted relative to the 
2nd kinetics model [27]. 

3.6. Optimization through RSM 

The main objective of the statistical analysis is to examine the in
fluences of certain parameters on the degradation of the rhodamine B 
dye. Its function is to optimize the parameters. Using central composite 
design (CCD) under RSM the pH, oxidant dose (H2O2), and composite 

Fig. 6. UV–visible scans of g-C3N4, Ag@CoWO4, and g-C3N4/Ag@CoWO4, inset 
Tauc plot for energy band gap. 
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Fig. 7. Effect of different parameters on the degradation of RhB (a) pH, (b) catalysts dose, (c) Oxidant dose, (d) RhB conc. (e) time, and (f) reusability at experimental 
conditions of pH = 3 for Ag@CoWO4 and 6 for g-C3N4 and g-C3N4/Ag@CoWO4, cat.dose = 0.1 g/L, H2O2 = 15 mM, and reaction time 120 min for each catalyst. 

Fig. 8. (a) Radical trapping experiment (b) Proposed photocatalytic dye degradation mechanism of RhB using g-C3N4/Ag@CoWO4 composite.  
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dose (g-C3N4/Ag@CoWO4) were optimized under visible light at con
stant dye concentration (10 ppm RhB) and reaction time (120 min). The 
software Design Expert 7.0.0 was used for RSM. By applying the model, 
contour and 3-D plots were recorded at a selective range of influencing 
parameters. The ANOVA model was applied to verify the effect of pa
rameters. It was found that the model was significant. CCD offered 20 
trial runs, which were performed and the maximum % degradation was 
obtained. The experimental matrices for CCD (Figure S-4) is presented in 
Tables S–1 (supplementary information). 

3.6.1. Analysis of variance 
The generated model has a high level of significance, as indicated by 

a fit summary plot. The R2 value, which is roughly equalized to 1, can be 
used to determine the importance of model. The efficiency of chosen 
variables and percent degradation were calculated using this quadratic 
model. The regression model used second-order polynomial equations to 
understand the connection between three factors. The quadratic 
regression model for the degradation of RhB is as follows [27,64]:   

The response variable is Y, the coefficient with specified numerical 
values is bo, and the coefficients relating to quadratic, linear, and 
interaction effects are bii, bi, and bij, respectively. The number of in
dependent variables is denoted by k, while the random error is denoted 
by epsilon (e). The ANOVA and regression coefficients for dye degra

dation utilizing gC3N4/Ag@CoWO4 composite are summarized in 
Table 1. The following is the polynomial quadratic equation in terms of 
coded factors: 

% Degradation of RhB=+97.03.02×A − 3.00×B+7.29×C+2.61×A×B
+4.53×A×C+1.82×B×C − 6.88×A2 − 2.97×B2 − 9.25×C2

(20)  

3.6.1.1. Interpretation. The F-value of Model 15.47 infers that it is a 
significant model. The F-value 1.43 indicates the Lack of Fit is not sig
nificant which is good, the model should be fit. In this case A, B, C, AC, 
A2, B2, C2 are significant model terms. Values greater than 0.1000 
indicate the model terms are not significant. 

The properties of the fitted model are shown in Table 2. The “Pred R- 
Squared” of 0.66 is not as close to the “Adj R-Squared” of 0.87 as one 
mightnormally expect. Things to consider are model reduction, response 
tranformation, outliers, etc. The signal-to-noise ratio was measured by 
“Adeq Precision”. A desirable ratio is larger than 4. The 11.699 ratio 
indicates a satisfactory signal. This model may be used to direct design 

Fig. 9. Kinetic study (a) 1st order kinetic model (b) 2nd order kinetic model for RhB degradation using g-C3N4/Ag@CoWO4 composite.  

Table 1 
ANOVA table for RhB degradation using g-C3N4/Ag@CoWO4  

Source Sum of Squares df Mean Square F Value p-value Prob > F  

Model 2999.75 9 333.31 15.47 <0.0001 significant 
A-pH 124.16 1 124.16 5.76 0.0373  
B-composite dose 123.02 1 123.02 5.71 0.038  
C–H2O2 724.88 1 724.88 33.64 0.0002  
AB 54.44 1 54.44 2.53 0.143  
AC 164.44 1 164.44 7.63 0.02  
BC 26.39 1 26.39 1.22 0.2944  
A∧2 681.56 1 681.56 31.63 0.0002  
B∧2 127.14 1 127.14 5.9 0.0355  
C∧2 1231.95 1 1231.95 57.17 <0.0001  
Residual 215.5 10 21.55    
Lack of Fit 126.89 5 25.38 1.43 0.3516 not significant 
Pure Error 88.61 5 17.72    
Cor Total 3215.25 19      

Table 2 
Properties of the model.  

Std. Dev. 4.64 R-Squared 0.93 

Mean 83.98 Adj R-Squared 0.87 
C.V. % 5.53 Pred R-Squared 0.66 
PRESS 1108.24 Adeq Precision 11.69  

Y(% ​ degradation ​ of ​ RhB ​ using ​ g − C3N4 /Ag@CoWO4)= β0 +
∑k

i=1
βiXi +

∑k

i=1
βiiX2

i +
∑k

i=1

∑k

i∕=j
βijXiXj + ε (19)   
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space. 

3.6.2. Optimization and mutual effect of influencing parameters 
The parameter pH and catalyst dose show the maximum degradation 

at pH 6 and catalyst dosage 20 mg (Fig. 10 a). The 3D response surface 
schemes show the effect of the parameters for the degradation of RhB by 
the photocatalyst with time. It was seen that reduction in RhB degra
dation as the concentration of the catalyst increased. 

The oxidant dose-effect along with the pH on RhB degradation is 
presented in Fig. 10(b). The dye degradation increases smoothly with an 
increase in the H2O2 concentration from 3 mM to 15 mM and after that, 
the degradation starts to stop. The positive effect of the oxidant leads to 
inhibition of the electron and hole pair rejoining at the surface of the 
ternary photocatalyst. While at a higher concentration of oxidant dose 
the hydrogen peroxide also acts as a scavenger for the holes present in 
the valence band and hydroxyl radicals. On the other side, the pH also 
showed the same effect that above 6 the degradation started to decrease. 
This showed that beyond the optimum oxidant concentration and pH 
values the MB degradation was not enhanced further. 

The RhB degradation increased with an increase in the catalyst dose 
but up to a certain limit, when the composite concentration increased 
than a specific limit then there will be a decrease in the % of the MB 
degradation due to the increase in the OH generation and cause unde
sirable reactions between the oxidant and OH present in the solution. 

The contour and 3-D plot showed that with a rise in catalyst amount up 
to 10 mg and oxidant dose 15 mM, the MB degradation was maximum (i. 
e., 99%) Fig. 10(c). 

By employing the statistical analysis method, the outcome of the 
optimized parameters was confirmed. The optimized conditions are pH 
= 6, g-C3N4/Ag@CoWO4 = 10 mg/100 mL, and H2O2 dose = 15 mM. 

4. Conclusion 

The novel ternary composite g-C3N4/Ag @CoWO4 was fabricated via 
facile hydrothermal approach for effective oxidative photocatalytic 
degradation of RhB dye. The g-C3N4 and Ag@CoWO4 were also syn
thesized for the comparison among degradation abilities with the novel 
ternary composite g-C3N4/Ag@CoWO4. All the catalysts were well 
characterized to analyze the morphological, structural, elemental, and 
optical properties. The characterization supports the successful fabri
cation of g-C3N4, Ag@CoWO4 nanoparticles, and g–C3N4–Ag@CoWO4 
composite. This novel combination of Ag@CoWO4 with g-C3N4 sheets 
improves the transfer and separation of photo-induced charge carriers. 
The reduction in energy band gap values of composite as compared to 
both pristine catalysts showed effective activity in sunlight at lower 
excitation energy. The claim has been authenticated from the superior 
degradation potential of composite. ~99% of RhB dye degradation 
under ambient sunlight was observed using ternary 

Fig. 10. Response Surface Methodology. L.H.S contour graph, R.H.S 3D graph presenting interaction of independent variables i.e pH, H2O2, and g-C3N4/ 
Ag@CoWO4 composite. 
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g–C3N4–Ag@CoWO4 composite within 120 min. The reusability of cat
alysts supports reliable results with negligible reduction in degradation 
performance even after 5 reusability trials. The enhancement in degra
dation efficiency of g-C3N4/Ag@CoWO4 as compared to pristine g-C3N4 
and Ag@CoWO4 was ascribed to the rapid dissociation and facile elec
tron and hole transfer rate due to the improved heterostructure. The 
projected Z-scheme mechanism of g-C3N4/Ag@CoWO4 suggests the 
efficient trapping of the reactive species. The novel composite g-C3N4/ 
Ag@CoWO4 can potentially be used for environmental remediation. 
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