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Abstract
In this study, we report the synthesis of manganese tungstate (MnWO4)/graphitic carbon nitrides (g-C3N4) hybrid photo-
catalysts by simple hydrothermal method. The prepared photocatalysts have been characterized by X-ray diffraction (XRD), 
transmission electron microscopy (TEM), energy dispersive X-ray (EDX) analysis, X-ray photoelectron spectroscopy (XPS), 
Raman spectroscopy, photoluminescence spectroscopy (PL) and UV–visible spectroscopy. XRD and TEM results reveal that 
the both pure and composite samples have monoclinic wolframite structure with spherical nanoparticles, which is decorated 
on the surface of g-C3N4 sheets. A considerable red shift in the absorption and narrowing the band gap (3.02–2.55 eV) 
energy was observed in the MnWO4/g-C3N4 composite samples. The photocatalytic measurements exhibit that the optimized 
photocatalyst (15 wt%-MnWO4/g-C3N4) show high degradation efficiency (98%) and long-term stability towards rhodamine 
(RhB) dye under visible light irradiation. The J-V characteristics reveal that MnWO4/g-C3N4 photoanode show high photo-
conversion efficiency (PCE%) of 7.15%, which is higher than that of pure MnWO4 (2.34%). The significant enhancement in 
the photocatalytic behavior is due to the coactions between the g-C3N4 nanosheets and MnWO4 nanoparticles.

1  Introduction

Photocatalysis using semiconductors has become an area 
of great research interest because of its potential applica-
tions in solving energy supply and environmental pollu-
tion problems. However, the applications of single-phase 
photocatalysts are usually restricted by limited visible 
light responses and the high electron–hole recombination 
rates, which play essential roles in determining the photo-
catalytic activity. Heterojunction photocatalysts can incor-
porate multiple functionalities by integrating different 
individual materials within the same structure. Moreover, 
the synergistic effects of heterojunctions can significantly 

reduce the recombination and speed up the separation rate 
of photogenerated charge carriers, resulting in an enhance-
ment of photocatalytic activity [1–5]. Thus, heterojunc-
tion photocatalysts have become increasingly attractive 
among all photocatalysts. Generally, semiconductor pho-
tocatalysts have attracted wide spread interest as promising 
materials for the removal of organic contaminants. Never-
theless, the most widely used photocatalysts, TiO2, suffers 
from two main problems, which are the low solar energy 
conversion efficiency and the high recombination of pho-
togenerated electron–hole pairs. Therefore, great efforts 
have been devoted to searching for new efficient photo-
catalysts. In the past years, a series of conjugated material 
(C60, PANI, graphene, g-C3N4, etc.) have been demon-
strated to improve photocatalytic properties. Among them, 
g-C3N4 is considered as a promising candidate for prepara-
tion of hetero-nanostructure photocatalysts [6–10]. It is a 
soft polymer so that it can easily coat on other compounds 
surface. On the other hand, its graphene-like sp2 bond-
ing structure, together with abundant in-plane nitrogen 
dopants and defects, gives it an appealing electronic struc-
ture, which is responsible for its multi-functional catalytic 
activity. Compared with other photocatalysts, g-C3N4 com-
bines the advantages of low cost, nontoxicity and visible 
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light activity. Even though, the application of pure g-C3N4 
is limited by small surface area, rapid recombination of 
the photogenerated e−/h+ pair and low quantum efficiency 
[11–16]. Different strategies have been investigated to pro-
mote the photocatalytic activity of g-C3N4 including dop-
ing with metal and non-metal particles [17, 18], combina-
tion with other semiconductors [19, 20], polymers [21], 
carbon nanomaterials [22–24]. Generally, combination of 
g-C3N4 with metal oxides is the effective way to enhanc-
ing the photocatalytic efficiency. This is due to a better 
separation of the photo-induced electron–hole pairs and 
longer lifetime of the photo-generated charge carriers of 
the bulk g-C3N4. Recently, a large number of metal oxides 
combination with g-C3N4 heterojunction catalysts such as 
WO3/g-C3N4 [25], CdS/g-C3N4 [26], NiO/g-C3N4 [27] and 
Fe2O3/g-C3N4 [28] have been effectively investigated their 
photocatalytic properties. Currently metal tungstate based 
oxide nanomaterials has broadly studied as the catalyst 
materials, which has been used in the different types of 
applications such as electro-chromic windows, photocat-
alyst, bio sensors and gas sensors. Manganese tungstate 
(MnWO4) is the most probable binary metal oxides with 
suitable band gap (Eg = 2.7 eV) with tunable optical and 
electrical properties which is combination with g-C3N4. 
For example, Hassan et al. synthesized MnWO4/TiO2 com-
posite catalyst and studied the methyl orange degradation 
performance under visible light [29]. Saranya et al. [30] 
have reported electrical and electrochemical properties of 
MnWO4 nanorods ultrasonic method. The conductivity of 
MnWO4 prepared through surfactant-assisted ultrasonica-
tion method was 4.23 × 10−5 S/cm and through ultrasoni-
cation method was 1.186 × 10−6 S/cm at 570 °C. Aloysius 
Sabu et al. [31] reported electronic properties such as 
dielectric constant, loss and AC conductivity of MnWO4 
nanoparticles synthesized by simple chemical precipitation 
method. The results reveal that the Ac conductivity value 
of σac for MnWO4 is 0.48 × 10−5 S/m at 100 Hz, while the 
value is are 3.45 × 10−5 S/m at 10 MHz. CdS/MnWO4 [32] 
and MnWO4/BiOI [33] nanocomposites was also utilized 
to visible light induced photodegradation performance of 
various dyes. The results exhibits that high degradation 
performance of MnWO4/g-C3N4 composite such as high 
efficiency, kinetics rate and high stability was achieved 
towards methylene blue and rhodamine B dyes than com-
pared with bare MnWO4 catalyst. Inspired these publica-
tions and as a part of our ongoing research work on tung-
sten based photocatalysts, we report herein investigation 
on the photocatalytic activity of MnWO4/g-C3N4 hybrid 
photocatalysts for the degradation of induced rhodamine 
B (RhB) and 4-chlorophenol (4-CP) dyes in a suspension 
system. To the best of our awareness the high performance 
photocatalytic properties of MnWO4/g-C3N4 hybrid cata-
lyst was not reported previously.

2 � Experimental procedure

2.1 � Materials

Melamine (C3H6N6, 99%) was used as a carbon nitride pre-
cursor. Manganese sulfate (MnSO4·H2O), sodium tungstate 
(Na2WO4·2H2O), rhodamine B (RhB) and 4-chlorophenol 
(4-CP) solutions were purchased from Alfa Aesar, Japan 
(purity of 99%). These chemicals were used as received 
without any further purification.

2.2 � Preparation of g‑C3N4, MnWO4 and MnWO4/
g‑C3N4 nanocomposites

Bare g-C3N4 was synthesized from Melamine, which is 
direct annealing of 400 °C for 2 h in air environment [34]. 
A facile hydrothermal route was used to prepare the MnWO4 
nanoparticles. Initially, 1 g (0.5 mol) of MnSO4·H2O and 
2 g (0.5 mol) of Na2WO4·2H2O were dissolved in 50 ml 
of DI water using 100 ml beaker. The solution was stirred 
vigorously to attain the clear homogenous mixture. Then the 
resultant sol was placed to Teflon-lined autoclave, which is 
maintained as 120 °C for 24 h. After the hydrothermal reac-
tion the product was washed and centrifuged with ethanol 
and DI water to remove the excess contaminant and finally 
dried at 80 °C for hot air oven. The MnWO4/g-C3N4 pho-
tocatalysts were prepared through several steps. First, an 
appropriate amount of g-C3N4 was added into methanol to 
be ultrasonically stirred for 1 h to completely disperse the 
g-C3N4. After MnWO4 powder was added, the solution was 
stirred in the fume hood for 24 h. Finally the mixture was 
dried at 100 °C overnight and then heated to 300 °C for 
2 h. The MnWO4/g-C3N4 composites had different ratios of 
g-C3N4 to MnWO4. The mass ratios (weight%) of the result-
ing samples were as follows: g-C3N4:MnWO4 = 1:1, 2:1, and 
3:1. The samples with different ratio were named as MWG1, 
MWG2 and MWG3, respectively.

2.3 � Characterization techniques

Bruker D8 diffractometer with Cu Kα radiation (λ = 1.5418 Å) 
was used to analysis the structural nature of the samples. The 
microstructure and elemental composition of the samples were 
analyzed by using scanning electron microscope (JEOL Model 
JSM—6390LV), transmission electron microscope (TEM, 
H-600-II, Hitachi) and energy dispersive spectra (EDS) (JEOL 
Model JED—2300) analysis. The fundamental vibration 
modes of the samples were measured by Fourier transforms 
infrared spectroscopy (FT-IR, Nicolet Nexus 470). The spe-
cific surface areas and porous nature of materials were further 
investigated by nitrogen adsorption/desorption measurements 
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on nova 2200e. BRUKER RFS 27: spectrometer and Perkin-
Elmer lambda 950 UV–Vis.–NIR spectrophotometer was uti-
lized to identify the vibration mode and optical nature of the 
photocatalysts.

2.4 � Photocatalytic assembly

A glass-type photo-reactor consists of 500 ml capacity with 
dimension of 15 cm diameter and 20 cm height. Xenon lamp 
XQ-500 W with an intensity of 40 mW/cm2 has been used as 
the source of visible light to activate the photocatalytic reac-
tion. Initial concentration of the solution consists of 10 mg 
of catalyst powders with mixed with 50 ml of dyes (20 mg/l) 
and stirred for about 30 min to attain the adsorption–des-
orption equilibrium. The absorption ability of rhodamine B 
(RhB) and 4-chlorophenol (4-CP) dyes was monitored using 
UV–Vis–NIR spectrophotometer (UV-2600SHIMADZU) 
with the corresponding wavelength of 540 and 220  nm, 
respectively. The visible light activation time is varied from 0 
to 100 min with optimum interval of 20 min the degradation 
efficiency and first-order kinetics was calculated from previous 
works [35, 36].

3 � Results and discussion

3.1 � Powder X‑ray diffraction (XRD) analysis

The crystallographic information of the photocatalysts was 
studied through powder XRD and the corresponding dif-
fraction pattern is shown in Fig. 1. There are two prominent 
diffraction g-C3N4-related peaks at 2θ = 13.2° and 27.4° that 
correspond to (100) and (002) orientation of interplanar gra-
phitic structural packing [37]. The pristine MnWO4 catalyst 
shows monoclinic wolframite structure with the space group 
P2/c, which can be identified by the following miller indices 
such as (100), (011), (111), (002), (111), (111), (002), (102) 
(121), (221) and (113), respectively (JCPDS No. 800134). 
The absence of impurity peaks in the pattern indicates that 
purity of the products. All the composite samples consist with 
both g-C3N4 and MnWO4 planes, which prove that success-
ful exfoliation of MnWO4 on the g-C3N4 matrix. Moreover, 
the intensity of the peaks becomes highly intense than bare 
MnWO4. This could be due to the improved behavior of crys-
talline nature, which is also confirmed by the estimated crys-
talline sizes.

The average crystallite size can be determined through 
Debye–Scherer’s equation as follows [38]:

where d is the mean crystallite size, K is the shape factor 
taken as 0.89, λ is the wavelength of the incident beam, β 

d =
K�

� cos �
,

is the full width at half-maximum and θ is the Bragg angle. 
The average grain size was calculated to be 22, 26, 31, 36 
42 nm for g-C3N4, MnWO4, MWG1, MWG2 and MWG3, 
respectively.

3.2 � Morphological analysis

The morphological and elemental composition of the 
samples was further analyzed by using SEM, TEM and 
EDAX images. Figure 2a, b shows SEM images of bare 
g-C3N4 and MnWO4 samples, which consist of sheet-like 
and spherical shaped morphologies. The clear wrinkle-
type nanosheets with lamellar structure and aggregated 
spherical nanoparticles were identified through the TEM 
images (Fig. 2c, e). The particle sizes were in the range 
of 25–35 nm for pristine MnWO4 sample. Further, the 
MnWO4 nanoparticles were wrapped on the surface of 
g-C3N4 nanosheets. The clear lattice fringes in the lattice 
have a spacing value of 0.29 nm, equivalent to the (111) 
plane of monoclinic wolframite structure MnWO4 (inset). 
The corresponding EDS image of the composite sample 
comprises Mn, W, O and Cu elements (Fig. 2f). The pres-
ence of Cu element is due to the Cu grid. Dynamic light 
scattering (DLS) (Malvern Instruments Zeta Sizer HPPS) 
has been used to calculate the particle size of the sam-
ples and the relevant graph is shown in Fig. 2g). In this 
method, light intensity was changed due to the interac-
tion of the particles. The particle sizes are in the range of 
30 and 35 nm for MnWO4 and MWG3 samples, which is 
good accordance with the particles size calculated from 
the TEM results.

Fig. 1   Powder X-ray diffraction pattern of pure g-C3N4, MnWO4 and 
various composite samples
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Fig. 2   SEM images of a g-C3N4; b MnWO4; TEM images of c g-C3N4; d MnWO4; e MWG3 and f EDAX spectra of MWG3 and g size distribu-
tion of MnWO4 and WMG3 samples, respectively
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3.3 � Raman spectra analysis

A Raman spectrum is a basic technique to differentiate 
the fundamental vibration modes of carbonaceous and its 
metal oxide composites. Figure 3 shows the Raman spectra 
of g-C3N4, MnWO4 and its composites. The well-known 
D and G bands of bare g-C3N4 are located at the corre-
sponding of 1342 and 1596 cm−1, respectively [28]. The 
vibration bands of bare MnWO4 are positioned at 885 and 
776 cm−1, is related to symmetric and asymmetric stretching 
mode of W–O bond, this is perfectly matched well with the 
already reported values [39]. Combination of both g-C3N4 
and MnWO4 bands in the composite sample denotes that 
incorporation of MnWO4 into the g-C3N4. Moreover, slight 
shift was noticed in the lower wave number region for the 
composite sample. This could be due to the size variation-
related defect, which is already confirmed through XRD and 
TEM results.

3.4 � UV–Vis DRS analysis

Figure 4a shows the optical absorption spectra of the cat-
alysts samples. The optical absorption edge was clearly 
noticed in the visible light region (400–440 nm) for bare 
g-C3N4 and MnWO4 samples, respectively. A considerable 
red shift in the absorption edge was found after incorpora-
tion of g-C3N4 into MnWO4. A red shift in the compos-
ite sample is due to the increasing the crystalline size or 
narrowing the optical band gap energy of the samples. In 
order to further confirm the band gap (Eg), we have using 
Kubelka–Munk (K–M) model is described below. The K–M 

model at any wavelength is given by F (Rα) = (1 − R)2/2R, 
where R is the percentage of reflectance. A graph is plotted 
between [F (Rα) hυ]2 vs hυ and the intercept value is the indi-
rect direct band gap energy. Based on the optical absorption 
the calculated band gap energies are 3.02, 2.88, 2.75, 2.61 
and 2.55 eV for bare g-C3N4, MnWO4, MWG1, MWG2 and 
MWG3 samples (Fig. 4b), respectively.

3.5 � Photoluminescence spectra analysis

Charge separation efficiency of the photocatalysts was ana-
lyzed through photoluminescence spectroscopy technique, 
which gives further information about the structural defects 
of the samples. Figure 4c shows the room temperature PL 
spectra of all the catalyst samples which are triggering by 
He–Ne laser with excitation wavelength (λmax = 320 nm) as 
light source. A sharp intense emissions (410, 448 nm) and 
broad emission (495) was noticed in the all visible to blue 
green emissions. The intensity of PL emission is signifi-
cantly reduced in the composite samples than compared with 
pure catalysts. The decrease in emission peak intensity for 
MnWO4/g-C3N4 composites is due to inhibited recombina-
tion of photogenerated electron–hole pairs in g-C3N4 and 
MnWO4 heterojunction, which further indicates a success-
ful charge separation. Time-resolved photoluminescence 
(TRPL) decay measurements were performed to further 
evaluate the charge transfer at the MnWO4/g-C3N4. Te result 
is shown Fig. 4d. The normalized TRPL decay shows that 
MnWO4/g-C3N4 samples exhibit faster quenching relative 
to the bare MnWO4.

3.6 � Nitrogen adsorption and desorption analysis

Textural properties, like surface area, pore size distribu-
tion and pore volume of the photocatalysts were measured 
using Nitrogen adsorption and desorption analysis. Figure 5a 
shows the N2 adsorption–desorption curve of MnWO4 and 
MWG3 samples, which is belongs to type II isotherm with 
H3 hysteresis loop. According to the IUPAC classification 
both samples resembles to the mesoporous nature [40]. The 
BET surface area and BJH pore size was found to be 78 m2/g 
and 23.54 nm for MWG3 catalyst (Fig. 5b), which is higher 
than that of bare MnWO4 (43 m2/g and 37.23 nm). The high 
surface area and specific porous nature of the composite 
catalyst would be favorable to improve the photocatalytic 
activity.

3.7 � XPS analysis

Chemical composition and valance state of the MWG3 cata-
lyst were analyzed by XPS and the relevant survey graph 
is shown in Fig. 5. The wide range XPS graph exposed to 
Mn 2p, W 4f, O 1s, C 1s, and N 1s (Fig. 5c). In Mn 2p, 

Fig. 3   Raman spectra of pure g-C3N4, MnWO4 and various compos-
ite samples
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there are two peaks are observed that corresponds to Mn 
2p3/2 and Mn 2p1/2 at 640.5 eV and 658.0 eV, respectively 
(Fig. 5d). It reveals that Mn present in the sample is in + 2 
oxidation state [41]. A magnification spectrum of W 4f is 
shown in Fig. 5e. It has two peaks which correspond to W 
4f7/2 and W 4f5/2 at 34.5 and 37.2 eV, respectively. The W 
4f7/2 and W 4f5/2 spin–orbit doublets was observed to be 
2.2 eV, which can be assigned to the oxidation state of W 
as + 6 [42]. The O 1s peak of is observed at 530.5 eV and 
531.8 eV, which might be due to the oxygen species in the 
metal oxide (Fig. 5f). In the C 1s spectrum (Fig. 5g), the 
peaks at 282.5 and 286.8 eV belong to the sp2-C and sp3-C 

bonds of g-C3N4, respectively. Similarly, the deconvoluted 
N1s spectrum shows three peaks at 399.5 eV, 400.9 eV, and 
402.7 eV (see Fig. 5h), which are assigned to C–N or C≡N, 
C=N, and N–O bonds, respectively.

3.8 � Photocatalytic studies

Initially the absorption ability of the catalyst was evalu-
ated using UV–Vis spectrometer towards RhB and 4-CP 
dyes under visible light illumination. Figures 6, 7 show 
the UV–Vis absorption curve of RhB and 4-CP dyes using 
all the catalysts. The spectrum of visible light source 

Fig. 4   UV–Vis DRS spectra of pure g-C3N4, MnWO4 and various composite catalysts. a Absorption spectra, b Kubelka–Munk model; c photo-
luminescence spectra of pure g-C3N4, MnWO4 and various composite samples; d time-resolved PL (TRPL) decays
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(xenon lamp XQ-500 W) is shown in Fig. 6a. The maxi-
mum absorption wavelength of RhB (540 nm) and 4-CP 
(220 nm) dyes was gradually diminished with the increase 
of visible light illumination. In the end of 100 min visible 
light irradiation the absorption intensity was completely 
vanish for both dyes. The results suggest that the prepared 
catalyst were highly photo-active under visible light. Fur-
ther the degradation efficiency was tested for both dyes 
under same experimental condition. Figure 8a, b shows the 
temporal degradation profile of all the catalysts. The bare 
g-C3N4 and MnWO4 catalysts display poor photocatalytic 
behavior only 32 and 38% of RhB degradation efficiency. 

After incorporation of MnWO4 into g-C3N4 the degrada-
tion efficiency was gradually enhanced. After 60 min test-
ing the degradation efficiency of MWG3 catalyst reached 
67%, whereas, the maximum degradation efficiency was 
achieved for 98% at 100 min of visible light irradiation. 
Among all the catalyst MWG3 showed high photocatalytic 
performance. The order of the photocatalytic behavior is 
MWG3 > MWG2 > MWG1 > MnWO4 > g-C3N4. The opti-
mum weight ratio (3:1) of the MnWO4/g-C3N4 catalyst can 
noticeable assist the separation of electron–hole pairs lead-
ing to improve the photocatalytic efficiency. Similarly, the 
maximum degradation efficiency of the 4-CP was achieved 

Fig. 5   a N2 adsorption and desorption analysis MnWO4 and MWG3 samples. b Corresponding pore size distribution; XPS of MWG3 c survey; 
d Mn 2p; e W 4f; f O 1s; g C 1s and h N 1s
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by MGW3 catalyst (91%) compare than bare MnWO4 
(33%). Further the ratio of g-C3N4:MnWO4 is adjust to 4:1 
and 5:1 and denoted as MWG4 and MWG5, respectively. 
The degradation efficiency was found to be 50, 78, 98, 91 
and 84 for MWG1, MWG2, MWG3, MWG4 and MWG5 
catalysts, respectively. The same trend was also obtained 
in the 4-CP removal efficiency. Hence, the results suggest 
that the optimum ratio of 3:1 MnWO4/g-C3N4 (MWG3) 

catalyst show superior degradation efficiency compared 
with other composite catalysts. Based on the previous 
literature works [43–45] the first-order rate constant was 
calculated for all the catalysts towards RhB and 4-CP dye 
solutions (Fig. 8c, d). The results exposed that hydroxyl 
radicals (OH*) scavenger dominate in the degradation 
efficiency of both RhB and 4-CP dyes, respectively. In 
order to understand the charge transfer mechanism lead-
ing to RhB and 4-CP mineralization over MnWO4/g-C3N4, 
knowledge of the active species is essential. Radical trap-
ping experiments were carried out to identify the major 
reactive species responsible for the degradation of the 
pollutants. Typically, isopropanal (IP), citric acid (CA), 

Fig. 6   a Spectrum for the visible light source (xenon lamp 
XQ-500  W); UV absorption spectra of RhB using b MnWO4; c 
MWG1; d MWG2 and e MWG3 catalyst under different illumination 
time

◂

Fig. 7   UV absorption spectra of 4-CP using a MnWO4; b MWG1; c MWG2 and d MWG3 catalyst under different illumination time
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ammonium oxalate (AO) and benzoquinone (BQ) were 
used as scavengers for holes (h+), hydroxyl radicals (*OH) 
and superoxide radicals (O2

*−), respectively, and the results 
are illustrated in Fig. 8e, f. It can be seen that the photocat-
alytic degradation efficiency of both dyes was significantly 
suppressed by the addition IP and CA, which indicate that 
the h+ and *OH played a key role in the RhB and 4-CP 
degradation process. Conversely, only a slight decrease 
in dye removal was observed after the addition of AO and 
BQ, suggesting that O2

*− radicals did not play a much sig-
nificant role. The MWG3 catalyst again proves that high 
rate constant of RhB is 0.0923 min−1, which is 4 times bet-
ter than that of bare MnWO4 catalyst (0.0231 min−1). The 
overall photocatalytic parameters are displayed in Table 1. 
The COD and TOC mineralizing efficiency was further 
evaluated in order to prove the high catalytic nature of 
the obtained catalyst. Figure 9a, b shows the mineralizing 
efficiency test of RhB and 4-CP pollutants. The results 
demonstrate that the maximum decolorization efficiency 
was achieved by MWG3 catalysts, it was found to be 91 
and 87% for COD removal efficiency of RhB and 4-CP 
pollutants. One of the main impacts of the photocatalytic 
material is long-term stability. The photocatalytic degrada-
tion efficiency was further carried out for repeated test (7 
cycles) under the same experimental circumstance Fig. 9c, 
d. After the 7 cycles, a small loss (~ 2.8%) in the degrada-
tion efficiency was found. A slight variation is due to the 
washing and centrifuge to the catalyst with water and etha-
nol. The re-usability and long-term stability performance 
of the obtained catalyst can act as water pollution treat-
ment under visible light illumination. Findings from the 
photocatalytic results the possible schematic illustration 
of the photocatalytic mechanism is depicted in Fig. 10. In 
order to construct a band diagram of the nanocomposite, 
the energy levels of conduction band (CB) and valance 
band (VB) of g-C3N4 and MnWO4 were calculated using 
Mulliken electronegativity theory as expressed in Eqs. (1) 
and (2), respectively,

       where Ee is the energy of the free electrons on the 
hydrogen scale (4.5 eV), χ is the absolute electronegativity 
of the semiconductor and Eg is the band gap energy of the 
semiconductor. The calculated valence and conduction band 
potentials lie at 1.635, − 1.061 eV for g-C3N4 and 1.748 
and − 0.355 eV, for MnWO4, respectively. These values are 

(1)ECB = � − Ee + 0.5Eg,

(2)EVB = ECB−Eg,

consistent with literature reports [46, 47]. Owing to their 
mild band gaps, both g-C3N4 and MnWO4 could be activated 
by visible light yielding electrons and holes in their con-
duction bands and valence bands, respectively. Therefore, 
following excitation, electrons could transfer from the con-
duction band of g-C3N4 (higher potential) to the conduction 
band of MnWO4 (lower potential) while the holes transfer in 
the opposite direction and accumulate in the valence band of 
g-C3N4 (Fig. 10). Generally, RhB is not completely activate 
in the visible light, which is more active under UV light than 
visible light illumination. In our case, the RhB degradation 
efficiency is significantly improved by composite sample 
under visible light illumination. This could be due to the 
interaction RhB on the catalyst under visible light, which 
results in rapid release of photo-excited electrons. Under 
the visible light illumination, g-C3N4 could motivate the 
invention of photogenerated hole pairs at the same time as 
the electrons on the conduction band can rapidly transfer to 
the conduction band of MnWO4. Further it can react with 
the oxygen molecules to generate the O2 radicals, which 
stimulate the photocatalytic process under visible light. On 
the other hand, incorporation of g-C3N4 on the MnWO4 
would decrease the bandgap with high absorption ability 
in the visible light region and suppression the process of 
electron–hole pairs recombination are the factors to improve 
the photocatalytic efficiency, which is consistent with UV 
and PL results. Hence, the new type of hybrid catalyst is 
preferable for degradation of other organic and inorganic 
dyes under visible light.

3.9 � Photovoltaic studies

A 500-W xenon optical filter is used as a solar stimula-
tor to execute the photovoltaic performance of the device. 
The experiment was done in ambient atmosphere using 
an experimental setup and the schematic sketch of the 
DSSCs device is shown in Fig. 11a. J-V characteristics 
of bare g-C3N4, MnWO4 and its composite-based DSSCs 
were investigated and results are displayed in Fig. 11b 
and the related photovoltaic parameters are summarized 
in Table 2. It can be seen that the device based on bare 
MnWO4 featured a short-circuit current (Jsc) of 6.11 mA/
cm2, an open-circuit voltage (Voc) of 0.43 V and an over-
all photo-conversion efficiency of 2.34%. Remarkably, 
the decoration of g-C3N4 layer over MnWO4 considerably 
enhances the device performance. As listed in Table 2, 
after the incorporation of g-C3N4, the Jsc, Voc and η were 
increased to 13.2 mA/cm2, 0.721 V and 7.15%, respec-
tively, which was 3.02% increment in comparison to the 
bare MnWO4 device. What is more, the reason for consid-
erable development of Jsc can be proof by the IPCE (inci-
dent photo-to-current conversion efficiency). As displayed 
in Fig. 11, the device based on MnWO4 decorated with 

Fig. 8   Temporal degradation profile of a RhB; b 4-CP; Kinetic plot 
of c RhB; d 4-CP for all the catalyst powders; Effect of scavenger on 
the removal efficiency of e RhB; f 4-CP

◂
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Table 1   Photocatalytic 
parameters of pure g-C3N4, 
MnWO4 and various composite 
samples

Samples Band gap (eV) Rate constant of RhB Rate constant of 4-CP Degradation 
efficiency at 
100 min

K (h−1) R2 K (h−1) R2 RhB 4-CP

g-C3N4 3.17 0.0063 0.965 0.0021 0.921 32 30
MnWO4 3.95 0.0063 0.965 0.0021 0.921 38 34
MWG1 3.75 0.0081 0.966 0.0045 0.938 50 52
MWG2 2.54 0.0099 0.972 0.0058 0.947 78 71
MWG3 2.43 0.0192 0.998 0.0101 0.978 98 91

Fig. 9   COD removal efficiency of a RhB; b 4-CP for all the catalysts; cycling stability test of c RhB; d 4-CP pollutants using MnWO4 and 
MWG3 catalyst samples
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g-C3N4 almost exhibits much higher IPCE in the range of 
300 to 800 nm wavelengths than pure ZnO based one. The 
maximum IPCE was obtained ~ 72.25% at λ ~ 360 nm, in 
MWG3 photoanode, which is 1.6 times higher than bare 
MnWO4 photoanode (41.12%) (Fig. 11c).

4 � Conclusions

So far, MnWO4/g-C3N4 hybrid catalysts were synthesized 
by facile hydrothermal approach and monitoring the pho-
tocatalytic degradation efficiency of RhB and 4-CP dyes 
under visible light irradiation. The optimized ratio (3:1) 
of composite sample (MWG3) displayed high photocata-
lytic activity of RhB such as huge efficiency (98%), high 
first-order kinetics (is 0.0923 min−1) and long-term stabil-
ity (loss only 2.8%). This might be attributed to the coac-
tions between the MnWO4 nanoparticles over the surface of 

Fig. 10   Schematic representation of the photocatalytic mechanism of 
the MnWO4/g-C3N4 hybrid photocatalyst under visible light irradia-
tion

Fig. 11   a Schematic sketch of 
the DSSCs device; b J-V char-
acteristics of all the photoelec-
trodes; c IPCE spectra

Table 2   Photovoltaic parameters of pure g-C3N4, MnWO4 and vari-
ous composite samples

Samples Jsc (mA/cm2) Voc (V) FF (%) η (%)

g-C3N4 5.77 0.46 45.1 1.71
MnWO4 6.11 0.43 48.3 2.34
MWG1 7.02 0.63 52.6 3.45
MWG2 10.87 0.63 58.1 5.51
MWG3 13.21 0.72 72.1 7.15
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g-C3N4 nanosheets. Moreover, slighter reduction in the band 
gap energy and privileging the reduction to the recombina-
tion process of electron–hole pairs are the important factors 
to enhancing the photocatalytic capability of the composite 
catalysts. Based on the results, the successive photodegrada-
tion of organic dyes in the presence of the hybrid catalysts 
is possible on sepiolite under visible light to contribute to 
green chemistry in dye-contaminated water treatment.
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