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ABSTRACT

The development of an efficient and photostable heterostructured photocatalyst

has attracted a great deal of attention for the degradation of organic pollutants

under visible light. Herein, we have developed a highly efficient graphitic

carbon nitride/zinc oxide/iron oxide (g-C3N4/ZnO/Fe2O3) ternary composite

photocatalysts that were prepared by a simple and cost-effective calcination

method. The crystalline structure, functional groups, morphological and optical

properties of the as-prepared g-C3N4/ZnO/Fe2O3 (GZF) ternary composite

were characterized by X-ray diffraction, Fourier transform infrared spec-

troscopy, scanning electron microscopy and UV–Vis diffuse-reflectance spec-

troscopic techniques. The GZF composite reveals enhanced methylene blue

(MB) degradation with good photostability of 100% retention rate even after 5

cycles under visible light irradiation. Moreover, GZF composite was degraded

94% of MB after 120 min under visible light irradiation which was almost 6.6-

and 3.1-fold higher than individual g-C3N4 (GCN) and g-C3N4/ZnO (GZ). The

results suggest that the composites of g-C3N4 with metal oxide under visible

light significantly enhance the electron transfer process.
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1 Introduction

The development of heterogeneous nanomaterials as

photocatalysts has attracted a greater attention in

environmental and energy applications [1, 2]. Partic-

ularly, due to its outstanding charge transferring

ability of these semiconductor nanomaterials, they

have been extensively employed as a competent

photocatalyst for degradation of organic dyes under

U V as well as visible light irradiation [3–5]. How-

ever, the moderate ion conductivity, rapid ion

recombination, inadequate light absorption and poor

visible light responses of these semiconductor pho-

tocatalysts restrict its practical application. Therefor

various strategies have been tried to overcome these

shortcomings and improve the photocatalytic per-

formances of the semiconductor-based heteroge-

neous photocatalysts. Recently, graphitic carbon

nitride (g-C3N4), a two-dimensional (2D) n-type

metal-free polymeric semiconductor material was

widely studied for environmental application due to

its excellent chemical stability, low-cost, non-toxicity

and significant optical bandgap (2.7–2.8 eV) [6–8].

However, pure g-C3N4 as photocatalysts has restric-

ted its photocatalytic activity owing to its reduced

electron conductivity, poor visible light absorption

and quick charge recombination [9]. Henceforth, it is

essential to reduce the electron–hole recombination of

g-C3N4 [10].

Dyes are organic compounds and considered as

common pollutants in wastewaters which are widely

used in textiles, cosmetics, food, printing, plastics,

and leather industries. Moreover, some dyes are toxic

and hazardous which cannot undergo biodegrada-

tion naturally [11]. Predominantly, Methylene blue

(MB) is a cationic dye and used broadly in the textile

industry and as a contaminant in water system and

can cause vomiting, diarrhoea, nausea and a burning

sensation in the eyes [12]. Hence, it is necessary to

remove this dye from water system using low-cost

photocatalysts. In recent years, various metal oxides

and metal sulfides have been integrated with g-C3N4

to enhance the photocatalytic performance of the

g-C3N4 and showed outstanding photocatalytic per-

formance than individual counterparts [10–19]. Par-

ticularly, zinc oxide (ZnO) with an energy gap of

3.37 eV has attracted enormous attention owing to its

high excitation-binding energy of 60 meV, inexpen-

sive and non-toxic in nature and has resulted in high

stability and outstanding photocatalytic activity

[20–22]. For instance, Gayathri et al., had reported

ZnO/g-C3N4 hybrids for the degradation of different

organic dyes and showed enhanced photocatalytic

activity towards methylene blue and Acid blue 113

dyes with the percentage degradation of 97 and 83%

at 90 and 120 min irradiation, respectively [23].

Nevertheless, the application of g-C3N4/ZnO com-

posite is limited owing to the poor absorption of the

visible light region in the solar spectrum, which can

be overcome by the fabrication of composite with

magnetic iron oxides that can increase the photocat-

alytic properties of g-C3N4/ZnO in the visible light

region [24–27]. Wang et al., have synthesized Fe3O4/

ZnO/g-C3N4 nanocomposite for the photodegrada-

tion of Rhodamine B under visible light irradiation

[28]. The as-prepared Fe3O4/ZnO/g-C3N4 nanocom-

posite displayed outstanding photocatalytic perfor-

mance with a degradation efficiency of 100% even

after 150 min irradiation to visible light.

Herein, g-C3N4/ZnO/Fe2O3 (GZF) ternary com-

posite has been prepared by direct calcination

method because it is considered as an efficient

method for large-scale production [29] and its

degradation performance toward MB dye in an

aqueous medium was evaluated. The prepared GZF

composite exhibits an enhanced degradation rate

than pristine g-C3N4, which is due to the combined

effect of g-C3N4 and metal oxide nanoparticles.

Especially, the GZF composite can effectively

degrade the dye constantly and holds high stability.

2 Experimental details

2.1 Materials

Melamine (C3H6N6, 99%), zinc oxide (ZnO, 99%) and

ferric oxide (Fe2O3, 98%) nanoparticles were pur-

chased from Alfa Aesar, Merck India and Nice

Chemicals India, respectively, and were used without

any further purification. Ethanol (EtOH, C2H5OH,

99%) was used as the solvent for the preparation of

photocatalysts.

2.2 Synthesis of g-C3N4 (GCN), g-C3N4/
ZnO (GZ) and g-C3N4@ZnO@Fe2O3

(GZF)

To prepare g-C3N4, pre-weighted melamine was

transferred into a partially covered alumina crucible
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and heated in a muffle furnace at 550 �C for 4 h with

a heating rate of 2 �C/min in air atmosphere condi-

tion. Then, it was allowed to cool to room tempera-

ture and the obtained yellow product was grounded

with agate mortar into a fine powder which is named

as GCN. For the synthesis of g-C3N4/ZnO composite,

0.5 g of g-C3N4 was dispersed into 50 mL of ethanol

using ultrasonicator for 30 min. Then, 0.05 g of ZnO

nanoparticles was added to the above dispersion and

ultrasonicated for 10 min followed by vigorous stir-

ring at room temperature for 24 h. The obtained

mixture was dried and heat-treated at 450 �C for 2 h

in a muffle furnace. Finally, the g-C3N4/ZnO hybrid

was obtained (labeled as GZ).

To prepare GZF composite, 0.5 g of g-C3N4 was

dispersed into 50 mL of ethanol using ultrasonicator

for 30 min. Then, 0.05 g of ZnO nanoparticles and

0.005 g of Fe2O3 nanoparticles were added to the

above dispersion and ultrasonicated for 10 min fol-

lowed by vigorous stirring at room temperature for

24 h. The obtained mixture was dried and heat-trea-

ted at 450 �C for 2 h in a muffle furnace and which

was labeled as GZF.

2.3 Characterization

The X-ray diffraction (XRD, Rigaku Miniflex II X-ray

diffractometer) analysis was performed to identify

the crystalline nature of samples. The functional

groups and chemical bonds were recognized by

Fourier Transform Infrared spectroscopy (FTIR,

Bruker Tensor27 instrument) with KBr as reference

material. The morphology of the prepared samples

was imaged by Scanning Electron Microscopy

(SEM, Zeiss Gemini, Japan). Elements presenct in the

sample was confirmed with an energy-dispersive

X-ray spectroscope (EDX, Oxford Instrument). The

absorption spectra in DRS mode were acquired using

Analytek Jena spectrophotometer. N2 adsorption/

desorption analysis (Quantachrome Instruments)

was used to calculate the Brunauer–Emmett-Teller

(BET) surface area and Barrett-Joyner -Halenda

(BJH) pore size distribution. Photoluminescence (PL)

measurements were carried out using Varian Cary

Eclipse Fluorescence spectrometer at room

temperature.

2.4 Photocatalytic performance

The photocatalytic performance of prepared GCN,

GZ, and GZF composites was evaluated by observing

the degradation of an MB under visible light using a

350 W Xe lamp with 420 nm cut-off the filter as a

light source. To study the photocatalytic performance

of samples, 50 mg of catalyst was dispersed into

50 mL (30 mg/L) of MB solution and stirred for 1 h

under the dark conditions at room temperature to

achieve adsorption equilibrium. Then the mixed

solution was irradiated under Xe lamp. Blank solu-

tion (without catalyst) was also subjected under the

same condition. During the photocatalytic degrada-

tion, 2 mL of solution was withdrawn at every

15 min intervals and centrifuged to isolate the cata-

lyst. The photocatalytic dye degradation efficiency

was assessed by observing the change in the wave-

length value of MB at 664 nm using UV–Vis spec-

trophotometer. Total organic carbon (TOC) removal

efficiency was calculated by Analytikjena/multi N/C

3100.

The change in dye concentration was represented

by C/C0 and dye degradation percent (Dp) was cal-

culated using the following equation,

Degradation percent Dp

� �
¼ 1� C=C0ð Þ½ � � 100%;

where C0 and C are the initial concentration and the

persisted concentration of MB.

3 Results and discussion

The raw material, Melamine, can be thermally

pyrolysed under an air atmosphere to form C3N4 and

NH3. The reaction equation is,

C3H6N6 �!550�C
C3N4þ2NH3 "

The g-C3N4 was prepared under controlled heating

conditions. Initially, the raw material melamine was

transferred into an alumina crucible with a partially

covered lid and kept into a muffle furnace. Then the

melamine was heated at 550 �C for 4 h with heating

rate of 2 �C/min and the yellow colored g-C3N4

(GCN) powder was obtained. To prepare GZ, the as-

prepared GCN was added to ethanol and ultrasoni-

cated until complete dispersion. Then the calculated

amount of commercially available ZnO nanoparticles

was mixed into above GCN dispersion and further

ultrasonicated followed by stirring for 24 h. Then the
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obtained GCN/ZnO complex was heat-treated at

450 �C for 2 h. For the preparation of GZF, pre-de-

termined amounts of ZnO and Fe2O3 nanoparticles

were added in to the GCN/ethanol dispersion and

stirred for 24 h. The final product was heat-treated at

550 �C for 2 h.

The X-ray diffraction patterns of the as-prepared

GCN, GZ and GZF GZF are displayed in Fig. 1a. The

XRD pattern of pure GCN revealed two diffraction

peaks at 27.5� and 13.1�, which corresponds to (002)

and (100) planes, respectively [30]. The diffraction

peaks detected in GZ composite at 2h values of 31.4�,
34.10�, 36.02�, 47.26�, 56.39�, 62.56�, 66.02�, 67.61�,
68.79�, 72.08�, and 76.64�, are assigned to (100), (002),

(101), (102), (110), (103), (200), (112), (201), (004), and

(202) lattice planes of the hexagonal structure of ZnO

and which are well-matched with standard JCPDS

No. 89-7102. Nevertheless, the diffraction peaks of

ZnO were slightly shifted to lower theta values

compared to JCPDS values, which is due to the

presence of g-C3N4 in the GZ composite structure

[31]. Moreover, the additional peak at 27.5� was

observed in GZ, which confirms the presence of

g-C3N4 and ZnO in the GZ composite material. The

XRD pattern of GZF composite displays the addi-

tional peaks at 29.9, 35.1, 43.1, and 62.3� along with

diffraction peaks of ZnO and g-C3N4 which corre-

sponds to (220), (311), (400), and (440) lattice planes of

Fe2O3 and these peaks well-matches with the stan-

dard JCPDS (39-1346). In addition, the intensity of

diffraction peaks of GZF composite had decreased

compared to GZ which confirms the existence of

Fe2O3 in the GZF composite [32].

The functional groups present in g-C3N4, ZnO, and

Fe2O3 in the GCN, GZ, and GZF and the interaction

between a metal oxide and g-C3N4 can be confirmed

by FTIR spectra displayed in Fig. 1b. As seen in

Fig. 1b, the FTIR spectra of pure g-C3N4 contained

characteristics peaks at 3760, 1635, 1560, 1402, 1326,

1247, 881, and 810 cm-1. The bands at

3000–3300 cm-1 are ascribed to the N–H stretching

vibrations of the amino groups [33]. The vibrational

peaks that appear at 1635 and 1560 cm-1 are attrib-

uted to the C=N bonds of heterocyclic rings [34]. In

addition, the characteristic peaks observed at 1402,

1326, and 1247 cm-1 belong to the stretching vibra-

tions of aromatic C-N heterocycles [35]. The charac-

teristic bands observed at 810 and 881 cm-1,

corresponds to the tris-triazine or heptazine units and

the deformation of N–H vibrations, respectively [36].

Moreover, the small vibration peak at 3760 cm-1 can

be ascribed to the –OH group due to adsorbed H2O

molecule. The FTIR spectrum of GF displays new

bands at 503, 692, and 921 cm-1 along with charac-

teristic peaks of g-C3N4 which could be due to the

stretching vibrations of Zn–O and Zn–OH. In case of

GZF composite, additional vibration peaks appeared

at 931 cm-1 which corresponds to the stretching

vibration of Fe-OH, and peaks at 669, 503, and

437 cm-1 are ascribed to the stretching vibrations of

Fe–O [37]. Interestingly, after the incorporation of

metal oxide with g-C3N4, the intensity and peak

broadening as well as peak shifts were observed,

which indicates that the metal oxides successfully

alter chemical bonding that enhances the electron–

hole charge carriers.

Fig. 1 a XRD patterns and b FTIR spectra of GCN, GZ and GZF
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The optical characteristic feature and bandgap

energy of the synthesized GCN, GZ, and GZF was

studied by UV–Vis-DRS and the results are presented

in Fig. 2a. As shown in Fig. 2a, the adsorption edge of

GCN was observed at 458 nm which corresponds to

the energy gap at 2.71 eV [38]. Meanwhile, the

adsorption edge of GZ (473.14 nm) and GZF

(493.53 nm) revealed robust light absorption as well

as redshift of absorption edge and their correspond-

ing band gaps are 2.63 and 2.51 eV, respectively. This

redshift of adsorption showed the improvement of

photo-induced electrons and holes charge carriers

which enhance the photocatalytic performance [39].

As shown in Fig. 2b, the band gap energy of pure

g-C3N4 is 2.7 eV which matches well with an earlier

report [40]. The bandgap energies of GZ and GZF

decreased to 2.5 eV and 2.45 eV, respectively, which

clearly indicates the semiconductor material effec-

tively reduce the energy gap of the composite.

Moreover, photogenerated electron–hole charge car-

riers of g-C3N4 were enhanced with the addition ZnO

and Fe2O3 which agreed with the previous investi-

gation [24].
The PL spectra was further used to investigate the

charge separation and charge recombination pro-

cesses of the photoinduced electron–hole pairs [41]. It

was found that the PL intensity is in proportion with

the rate of recombination of the photoinduced elec-

tron–hole pairs. Figure 3 shows the PL spectra of

GCN, GZ, and GZF samples performed at an exci-

tation wavelength of 365 nm. The PL results clearly

indicate that the GCN reveals a strong PL intensity at

460 nm owing to n–p* transition in GCN [42], repre-

senting faster recombination of a photogenerated

electrons with the holes. The GZ sample exhibits

lower PL peak intensity, suggesting more effective

charge transport pathway formed by combining

g-C3N4 with ZnO [43]. It is noteworthy that, GZF

displays very low PL intensity compared to GCN and

GZ, clearly indicating that lower rate of recombina-

tion of photogenerated electron–hole pair resulted in

enhanced photodegradation of MB dyes in aqueous

medium.

The morphology and macro-structure of the GCN,

GZ, and GZF were imaged by SEM (Fig. 4). GCN

sample was evidently seen in micrometer size with

aggregation and it consists of a large number of

sheets which were dense stacked-layer-like structure.

The SEM image of GZ displays the presence of

hexagonal ZnO microparticles (red arrow) along

Fig. 2 a UV–Vis-DRS and b Energy gap plot for GCN, GZ and GZF

Fig. 3 Photoluminescence (PL) emission spectra of GCN, GZ and

GZF
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Fig. 4 SEM morphology of GCN, GZ and GZF
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with aggregated g-C3N4 (yellow arrow). The size of

the ZnO particles was in the range of 200–1000 nm.

The SEM images of GZF clearly indicates the exis-

tence of Fe2O3 (blue arrow) nanoparticles along with

ZnO and g-C3N4. It can be observed that the size of

the Fe2O3 nanoparticles in the GZF composite is

approximately 50–150 nm.

The EDS analysis of the GCN, GZ, and GZFs

samples confirm the elements present in the com-

posites. Figure 5a shows the EDS spectra and corre-

sponding weight as well atomic percentage of GCN,

GZ, and GZF. The EDS analysis confirmed the exis-

tence of C, N, Zn, O, and Fe in the GZF composite.

Nevertheless, in GZ composite, C, N, Zn, and O ele-

ments were observed whereas C and Nwere found in

the case of GCN.

Importantly, no additional elements were observed

except C, N, Zn, O, and Fe in the GZF composite

which confirms the purity of the composite. The EDS

analysis clearly indicates that the presence of all the

elements which were used in the sample preparation.

Moreover, the weight and atomic percentage of Fe in

the GZF composite are 2.45% and 0.71%, respectively,

which were very small compared to other elements.

Photocatalysts with greater specific surface areas

provide more active sites which is favorable for the

improvement of photocatalytic performance under

visible light irradiation. However, this is not the case

with the GCN composite system. The specific surface

area and pore distribution of GCN, GZ, and GZF

were measured by N2 adsorption/desorption iso-

therms which are displayed in Fig. 6a. The N2 iso-

therms for the GCN, GZ, and GZF revealed typical

type IV isotherms with type H3 hysteresis loops,

representing the existence of both mesopores and

macropores in the prepared samples [44]. The BET

surface area of GCN, GZ, and GZF was 25.5, 42.8, and

51.4 m2/g, respectively. Besides, the pore size distri-

butions of the GCN, GZ, and GZF was calculated

from the BJH method (Fig. 6b) and found to be from 2

to 30 nm, demonstrating that the existence of meso-

to macropores. The high surface area and existence of

meso/macro pores of GZF hybrid provide more

active sites thus enhances the photocatalytic activity

against MB degradation in an aqueous medium.

The elemental composition and valance of the GFZ

composite was further confirmed by XPS analysis

[45]. Figure 7a shows the XPS survey spectrum of

GFZ composite and mainly comprises C, N, O, Zn,

and Fe. For C 1s scan spectrum (Fig. 7b), three dis-

tinguishable peaks were observed at 284.8 and

288.1 eV. The peak at 284.8 eV, corresponds to the C–

C bond with sp2 hybridization whereas the peak at

288.1 eV denotes the occurrence of sp2 -bonded C–

N=H from the aromatic rings of g-C3N4 [46, 47]. The

N 1s scan spectrum (Fig. 7c) showed four peaks at

398.7, 399.4, 401.4, and 404.8 eV. The peak at 398.7 eV

is related to sp2 hybridized C=N–C group in the tri-

azine rings, while peak at 399.4 eV could be ascribed

to the tertiary nitrogen bonded to carbon (N–(C)3)

links the basic (C6N7) structure [32]. The other two

peaks at 401.4 and 404.8 eV are attributed to amino-

functional groups (C–N–H), and charging effects in

heterocycles [48, 49]. The Zn 2p spectrum (Fig. 7d)

reveals two distinguish peaks at 1022.5 and

1045.7 eV, which are associated with the binding

energy of Zn 2p3/2 and Zn 2p1/2, respectively, con-

firming the characteristic Zn–O bonds [50]. The dis-

tance between the two zinc peaks is found to be

23.2 eV, suggesting that the zinc ion in the GZF

Fig. 5 EDS spectra of GCN, GZ, and GZF
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composite existed in ?2 state [51]. The Fe 2p spec-

trum (Fig. 7e) displays two evident peaks at 711.1

and 724 eV, which are correlated to the binding

energy value of Fe 2p3/2 and Fe 2p1/2, respectively

[49]. The O 1s spectrum (Fig. 7f) for GZF composite

displays two peaks at 529.3 and 531.8 eV, which are

corroborated with the presence of lattice oxygen and

surface OH groups, respectively [49]. Nevertheless,

the peak intensities of Fe 2p are relatively very low,

confirms that Fe2O3 present in the GZF composite is

very low. The XPS results obviously demonstrate that

the synthesized GZF composite is heterostructure

with strong interaction between the g-C3N4 and

metal oxides (Fe2O3 and ZnO) thus enhances the

migration of electron–hole pairs as well as the pho-

tocatalytic performance of the GZF composite.

The photocatalytic performance of the GCN, GZ,

and GZF was estimated by the MB dye (30 mg/L)

degradation under visible light irradiation. Figure 8a

displays the concentration changes of MB under

Fig. 6 a N2 adsorption–desorption isotherms and b BJH pore size distribution of GCN, GZ, and GFZ

Fig. 7 a survey spectrum of CZF composite sample, and scan spectra of b C 1s, c N 1s, d Zn 2p, e Fe 2p, and f O 1 s

15400 J Mater Sci: Mater Electron (2022) 33:15393–15407



irradiation for different time intervals. After 120 min

irradiation, GZF catalyst revealed superior perfor-

mance with almost complete dye degradation which

is higher than GCN and GZ. The result clearly indi-

cates the metal oxides influence the degradation

efficiency of g-C3N4 under visible light irradiation.

Moreover, GZ catalyst shows better dye degradation

performance than pristine GCN while lesser perfor-

mance than GZF. The GZF offers a platform for the

rapid electron transfer of the photogenerated charge

carriers from g-C3N4 to metal oxides, which avoids

their charge recombination and enhances their life-

time [52]. Moreover, the GZF leads the superior

photocatalytic activity with the maximum MB dye

degradation efficiency up to 94% than ZF (58%) and

GCN (34%). To verify the rate of MB degradation,

pseudo-first-order kinetic model was adopted.

ln C=C0ð Þ ¼ �kT;

where k is pseudo-first-order rate constant (min-1),

C0 is the initial concentration of MB and C is the

concentration of MB at time (t).

Figure 8b displays the pseudo-first-order kinetics

of MB degradation with the GCN, GZ, and GZF. The

MB dye degradation profiles are well-defined by

pseudo-first-order kinetics, with the correlation

coefficients of 0.98 (R2 = 98). The kinetic constants of

GCN, GZ, and GZF were found to be 0.0036, 0.0077,

and 0.023 min-1, respectively. Fascinatingly, the MB

degradation rate on GZF was 6.6-fold and 3.1-fold

higher than those on GZ and GCN, respectively. The

enhanced photocatalytic performance of GZF is due

to the synergistic catalytic effect between metal

oxides (ZnO and Fe2O3) and g-C3N4 increases elec-

tron transfer and reduces recombination [53].

TOC is one of the key analytical techniques to

confirm complete mineralization of the MB dye in the

aqueous medium. TOC removal of MB solution by

GCN, GZ, and GZF photocatalysts was analysed

under the similar condition, as shown in Fig. 9a. The

GZF composite photocatalysts showed a maximum

efficiency with TOC removal of 74.72% after 120 min

irradiation, which is higher than GCN (28.69%) and

GZ (51.81%) photocatalysts. Obviously, TOC results

confirmed that the integration ZnO and Fe2O3

nanoparticles with GCN enhanced the MB degrada-

tion due to synergistic effect of both metal oxides and

GCN nanostructures.

The radical scavengers were introduced to explore

the trap specific reactive species on the active moi-

eties involved in photocatalytic degradation of MB

dye (Fig. 9b). 1,4-benzoquinone (BQN), isopropanol

(IPA) and disodium ethylenediaminetetraacetate

(Na2-EDTA) served as trapping agents for superox-

ide (.O2
-) radical and hydroxyl (.OH) radical and

surface generated holes (h?), respectively [54]. In a

trapping-free reaction, GZF photocatalysts displayed

the MB dye maximum degradation efficiency of 94%

after 120 min irradiation and thus GZF photocata-

lysts was chosen for radical scavenging study. The

photodegradation rate of MB by GZF photocatalysts

was inhibited after the addition of specific scavenger

species suggesting that the free radical such as .OH,
.O2

–, and h? are produced during the MB dye

degradation process. The degradation rate decreased

slightly with decrease in the addition of BQN,

Fig. 8 a The degradation efficiency (C/C0) and b kinetic rates of GCN, GZ, and GZF composites for photocatalytic performance of MB

dye under visible irradiation
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representing that .O2
- has inhibited the MB degra-

dation. When introduction of IPA, the rate of degra-

dation significantly decreased compared to BQN,

indicating that �OH radicals strongly prevent the MB

degradation. Unfortunately, very low degradation

rate was observed after addition of Na2-EDTA, sug-

gesting that the surface generated holes not actively

contributing in photodegradation process of MB dye.

The impact of solution pH on the photocatalytic

activity for the MB over GZF is explored by varying

pH value from 3 to 11 in a 50 mL of dye solution with

50 mg/L dye concentration (Fig. 10a). The maximum

MB degradation was observed at higher pH (pH 11)

value than lower pH. At higher pH, catalyst surface

gains negative charge from.OH-, which electrostati-

cally attracts the cationic MB dye molecules that lead

to increase the MB dye degradation [55]. In contrast,

at lower solution pH, the positively charged catalyst

surface from excess of H? ions, electrostatically

oppose the cationic MB dye molecules, which results

in lower degradation efficiency. Besides, at higher

pH, OH– ions can yield hydroxyl (.OH) radicals that

further elicits the rate of dye degradation.

The influence of initial MB dye concentration on

the degradation performance of the GZF composite

photocatalyst was examined by changing the dye

concentration from 10 to 50 mg/L with the catalyst

dosage of 50 mg/50 mL at pH 7.2 (Fig. 10b). The MB

degradation increases with increasing initial dye

concentration up to 30 mg/L, which is the maximum

degradation efficiency. At a lower initial dye con-

centration, lesser amount of dye was adsorbed on the

surface of catalyst, while at higher dye concentration,

decrease in diffusion of light photon or suppressing

path distance of photons was observed leading to

poor dye degradation performance [56, 57].

The effect of GZF dosage on degradation of MB

was studied with different photocatalyst dosage

starting from 30 to 70 mg/50 mL, as shown in

Fig. 10c. The photocatalytic performance of GZF

hybrid gradually increased with the photocatalyst

dose up to 50 mg/50 mL, and then MB degradation

rate decreased. The maximum MB degradation was

found to be 50 mg/50 mL. The reduction of MB

degradation above 50 mg/50 mL is due to the

increase in turbidity that leads to minimization of the

light penetration and non-uniform scattering of the

light intensity resulting in decreased performance of

the photocatalyst [58].

From the concern of practical application, the

reusability of catalyst plays a key role in the dye

removal process. Henceforward, the five consecutive

cycles were performed for photocatalytic degradation

of MB under visible light irradiation (Fig. 11a). As

shown in Fig. 11a, there was no significant change

observed photodegradation performance of GZF

composite even after the five consecutive cycles,

which confirms that the photostability and reusability

of GZF composite. The superior photo-stability of

GZF composite could be associated with the chemical

stability and improved charge separations which

inhibits the photo-corrosion [59]. Moreover, the high

photostability can be attributed to the better anti-

photocorrosion of GZF composites [26]. To further

confirm the stability of GZF composite, photocatalyst

was collected after 5 consecutive cycles and XRD was

performed and compared with the XRD pattern

results of the sample before photocatalytic activity.

Fig. 9 a TOC removal percentage of prepared photocatalysts and b Trapping experiments of active species during degradation of MB on

GZF composite
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Fig. 10 Effects of a solution pH, b dosage of photocatalyst, c initial dye concentration, and d comparison of different parameters of

degradation percentage of MB dye on GZF composite

Fig. 11 a Stability of GZF composite by photocatalytic performance of MB solutions and b XRD pattern of the GZF composite after 5th

cycle
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As shown in Fig. 11b, there are no significant changes

observed in the XRD pattern of the photocatalyst

before and after the use. This indicates the GZF

composite is highly stable even under visible

light irradiation.

The heterostructures based on g-C3N4 composites

effectively suppresses the rate of recombination

which encourages the ion transportation resulting in

enhanced photocatalytic performances under visible

light irradiation [60–62]. The photocatalytic mecha-

nism of GZF composites can be explained based on

the mechanism provided by Di et al. [53] and

schematically represented in Fig. 12a. Under visible

light irradiation, initially, the g-C3N4 and metal oxi-

des (ZnO and Fe2O3) can produce photogenerated

electrons-hole pairs.

GZF �!photon
e�(electron) + hþ(hole)

e�ðmetal oxidesÞ þ Fe
3þ ! Fe

2þ

hþ(GCN)þ Fe
2þ ! Fe

3þ

Fe
2þ þO2 ! :O�

2 þ Fe
3þ

hþ þOH� ! :OH

hþ þH2O ! :OHþHþ

e� þO2 ! :O�
2

:O�
2 þ 2Hþ ! :OH

It is important that Fe2O3 acted as the redox center,

revealing dual-functions including promotion of

electron–hole pairs separation and generating extra

reactive oxygen species (ROS). Finally, the ROS can

constantly degrade MB in the form of H2O and CO2,

etc.

ROSþMB ! Photodegradation products

In summary, the GZF composite showed an

enhanced photocatalytic performance under visible

light irradiation than individual constituents which

may be attributed to the following reasons; 1. Com-

posite catalyst accelerates the rapid charge transfer, 2.

The energy gap of the composite is low than the other

catalysts, which also offers quick charge transfer, and

3. Composite catalyts effectively reduces the carrier

recombination which leads to superior catalytic

performance.

The photocatalytic performance of GZF composites

is compared with g-C3N4-based binary and ternary

composites are given in Table 1. The result clearly

indicates the GZF composite demonstrated out-

standing photocatalytic efficacy for the degradation

of MB. Henceforth, it can be believed that the com-

posite of g-C3N4 with metal oxides will be a potential

candidate for applications in dye removal from an

aqueous system.

4 Conclusions

The g-C3N4/ZnO/Fe2O3 (GZF) composite catalyst

was successfully prepared by a simple calcination

method for the degradation of MB under visible light

irradiation. Analytical characterisation using XRD,

FTIR, UV–Vis, SEM and EDS analysis were per-

formed to investigate the structural, optical and

morphology characteristics of the GCN, GZ and GZF

composites. The redshift and reduced energy gap

were observed after the incorporation of metal oxides

in the g-C3N4. Moreover, the GZF composite dis-

played enhanced photocatalytic performance for MB

degradation, photostability and reusability than GCN

and GZ under visible light irradiation. The results

confirmed the metal oxides containing g-C3N4 cata-

lyst effectively enhanced the electron-hole pair and

remarkably reduce the recombination that leads

improved dye degradation. Foremost, this investiga-

tion thus provides a new way to develop high

Fig. 12 Schematic representation of the possible photocatalytic

mechanism in GZF composite under visible light irradiation
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performing photocatalytic material for the degrada-

tion of organic dye pollutants.
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