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ABSTRACT

The present work reports cauliflower-shaped ZnO nanostructure, and

ZnO/multi-wall carbon nanotubes/rGO (ZMG NCs) nanocomposites were

synthesized by surfactant-assisted simple hydrothermal method. The structural,

morphological, optoelectronic, chemical state, surface properties and its pho-

tocatalytic capability were performed using various analytical techniques. The

UV–Vis DRS results revealed that optical absorption of ZMG NCs was red

shifted into visible region. Furthermore, the photocatalytic removal of methy-

lene blue (MB) dye in aqueous solution was performed using the resulting

catalysts, achieves maximum degradation efficiency of 96.3% under UV–Vis

light irradiation for 25 min as compared with ZnO/MWCNT (86.01%), ZnO/

rGO (79.6%), and ZnO (71.9%). The enhancement in the photocatalytic degra-

dation efficiency of ZMG NCs was attributed to the red-shifted band gap

(2.89 eV) and high surface area (45.877 m2 g-1). Moreover, the ZMG ternary

NCs possessed good chemical stability, and it has a great potential application

for photocatalytic dye degradation and wastewater treatment.
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1 Introduction

Owing to the rapid globalization and industrializa-

tion, energy crisis and environmental effluence were

major concerns and thus pursuing for renewable and

clean energy sources [1]. In that manner, waste water

contaminant is a hot issues since water is a major

resource of all beings from aquatic, humans and all

other living organisms [2]. Therefore, various indus-

try sectors like leather, textile, paper and pharma

produce a large amount of wastewater containing a

mixture of organic contaminants, heavy metal ions,

and long-chain polymer which causes diseases when

it is reused without appropriate purification [3].

Hence, purification of water by-products from the

textile industry (in particular dye molecules) is highly

crucial for a clean and green environment. However,

several approaches have been used to remove the

contamination of wastewater treatment including

ion-exchange, sonocatalysis, membrane filtration,

reverse osmosis, photocatalysis, and photoelectro-

chemical water splitting [4–9]. Among these methods,

photocatalysis provides great assistances to agree-

ment with the environmental challenges and sus-

tainability with solar light. In recent researches, ZnO

acts as an n-type semiconductor with bandgap

energy of 3.37 eV, extensively investigated as the

most active photocatalyst [10, 11]. Hence, charge

trapping at the surface of catalyst is essential to

restrict carrier recombination, and to attain efficient

photocatalysis. Recombination has faster kinetics

than surface redox reactions and greatly reduces the

quantum efficiency of photocatalysis [12–14]. Cur-

rently, an attractive option is to design, develop

doping and composite materials based on ZnO to

solve this problem.

Carbon-based nanomaterials, such as activated

carbon (AC), graphene oxides (GO), carbon nanofi-

bers (CNF), and carbon nanotubes (CNT), have

widely used in optoelectronics, catalysis, sensing,

and supercapacitors due to its high energy transfor-

mation [15–18]. The reduced graphene oxide (rGO)

exhibits reactive oxygen functional groups on the

sheet surface (carboxylic acid, hydroxyl, and epoxide

groups) [19–21]. Moreover, the rGO exhibits good

thermal, chemical stability, and more conducting

property [22]. It acts as an electron-acceptor and as an

electron-transport mediator; hence, it will facilitate

the migration of photoinduced electrons and hinder

the charge recombination to enhance the photocat-

alytic performance [23]. In a previous report, Z. Chen

et al. synthesized graphene-ZnO nanorod nanocom-

posites via a facile hydrothermal method and inves-

tigated their photocatalytic performance in the

degradation of methylene blue (MB) within 40 min

under ultraviolet (UV) light irradiation [24]. A. Shan-

mugasundaram et al. reduced graphene oxide-zinc

oxide (rGO/ZnO) composites via a facile hydrother-

mal route, which demonstrated enhanced photocat-

alytic activity toward MB degradation (98%) [25].

D. Shao et al. thorn-like ZnO/MWCNT composite

was synthesized by hydrothermal synthesis, whereas

degradation of RhB (98%) with 90 min under UV

light irradiation [26]. T. A Saleh et al. demonstrate the

zinc oxide was loaded onto multi-walled carbon

nanotubes (MWCNTs) via a hydrothermal method

and photocatalytic activity in the removal of highly

toxic substances like cyanide (CN) under the laser

irradiation at 40 min [27]. There are several chemical

synthesis methods undertaken for the preparation of

ZnO/MWCNT/rGO nanocomposites such as solid-

state reaction [28], solution combustion [29], sol–gel

[30], co-precipitation method [31], hydrothermal [32],

solvothermal [33] and sonochemical [34]. Among

these methods, the surfactant-assisted hydrothermal

method is one of the cost-effective approaches to

synthesize nanocomposite materials, which is a high

purity, well-crystallized, homogeneous chemical

structures and more active surface area [35, 36].

In the present work, cauliflower-shaped ZnO,

ZnO/rGO, ZnO/MWCNT, and ZnO/MWCNT/rGO

(ZMG NCs) nanocomposites were synthesized by

surfactant-assisted hydrothermal method. The pho-

tophysical properties of the structural, morphologi-

cal, optical, chemical state, and surface area of the

samples were investigated through XRD, FE-SEM,

HR-TEM, UV–Vis DRS, FT-IR, XPS, and BET,

respectively. The photocatalytic performance of the

resultant bare, binary, and ZMG ternary NCs was

investigated by removal of methylene blue MB dye in

the aqua solution. The enhanced photocatalytic

activity of ZMG NCs (96% within 25 min) and the

introduced MWCNT and rGO improved the charge

separation, transportation, and visible light response

of the ZnO. It was demonstrated that the stability test

of ZMG NCs over a repeated 5 cycles of dye degra-

dation does not affect XRD pattern.
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2 Experimental section

2.1 Chemicals

Zinc acetate dihydrate ((Zn(CH3COO)2.2H2O)—99%,

Loba Chemie), multiwalled carbon nanotubes

((MWCNT) 98.5%, length (1 to 10 lm)), graphite

powder (98%, Loba Chemie), potassium perman-

ganate ((KMnO4) 99%, Loba Chemie), sodium nitrate

((NaNO3)-99%, Sigma-Aldrich), hydrogen peroxide

((H2O2) 30%, Emparta), sulfuric acid ((H2SO4) 98%,

Loba Chemie), dethylenetriamine ((C6H15N) 99%,

Merck) and dodecylamine ((C12H27N)-99%, Merck)

were used. All the chemicals were purchased com-

mercially and used as without further purification.

2.2 Synthesis of cauliflower-shaped ZnO
nanoparticles

The cauliflower structured ZnO nanoparticles were

synthesized through the mixed amine-based

hydrothermal method. In our previous work, we

have briefly given the synthesis in single amine-

based various shape and size-controlled morphology

[8, 10, 32]. In a typical synthesis, 3.51 g of zinc acetate

dihydrate (0.2 M) was dissolved into 80 mL of dis-

tilled water under magnetic stirring. 5 mL of

diethylenetriamine and 5 mL of dodecylamine were

dropwise added into the above solution, and the

white precipitate was formed. The precipitate was

transferred into an autoclave and heated at 200 �C for

12 h in a hot air oven. When the autoclave was nat-

urally cooled at room temperature. In our prepara-

tion method, surfactants (mixed amine

diethylenetriamine and dodecylamine) were used as

morphology controlling agents with autoclave-as-

sisted hydrothermal synthesis (high temperature and

pressure) without an additional calcination step

which offers the feasibility for obtaining the pure

phase and the desired nanostructure simultaneously

that form a ZnO cauliflower-like nanostructures. The

obtained precipitation was washed with distilled

water and ethanol several times, and the product was

filtered. Finally, filtered product was dried at 80 �C in

a hot air oven for 12 h to obtain cauliflower-shaped

ZnO nanoparticles.

2.3 Preparation of ZnO/rGO, ZnO/
MWCNT and ZMG NCs

The ZnO/rGO, ZnO/MWCNT, and ZMG NCs were

prepared by the hydrothermal method as follows.

The synthesis of rGO was the same procedure based

on previously reported work [9]. As-prepared rGO

(100 mg) was dispersed by ultrasonication for 3 h

and then transferred into 80 mL deionized water.

After that, 3.51 g of zinc acetate dihydrate was dis-

solved into the above solution under magnetic stir-

ring. Then, 5 mL of diethylenetriamine and

dodecylamine were slowly added in the above solu-

tion. The mixture was transferred into an autoclave

and heated constant temperature at 200 �C for 12 h.

After the reaction was cooled to room temperature,

the product was filtered and dried at 80 �C in an air-

driven hot oven to obtain the final ZnO/rGO

nanocomposites.

As-purchased multiwalled carbon nanotubes

(MWCNT) 100 mg was dispersed into 80 mL deion-

ized water with ultrasonication for 2 h. After that,

3.51 g of zinc acetate dihydrate was dissolved above

mixture under magnetic stirring. The diethylenetri-

amine (5 mL) and dodecylamine (5 mL) were added

dropwise in the above solution. The resulting solu-

tion was transferred into stainless steel lined auto-

clave and heated constant temperature at 200 �C for

12 h. Afterward, the autoclave was cooled to room

temperature, and the product was filtered and dried

at 80 �C in overnight.

In a typical synthesis, an equal amount (1:1) of rGO

(100 mg) and MWCNT (100 mg) was suspended in

80 mL of distilled water using ultrasonic waves until

it turned to a block homogeneous solution. 3.51 g of

zinc acetate dihydrate, diethylenetriamine (5 mL),

and dodecylamine (5 mL) were added to the above

suspension with magnetic stirring for 1 h. The

resultant mixture was transferred into Teflon lined

autoclave and heated at 200 �C for overnight. During

hydrothermal treatment the chemically interacted

amines are mixed with the optimized materials. So

that the surface is functionalized and reduced for the

possibilities of amines covered on the surfaces.

Finally, the product was centrifuged, washed with

ethanol, water several times, and dried at 80 �C for

12 h in a hot air oven to obtain the ZMG NCs.
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2.4 Characterizations

The powder X-ray diffraction (XRD) patterns of the

hydrothermally prepared nanocomposite were char-

acterized by an X-ray diffractometer (Rigaku-CuKa
radiation source (k = 0.154 nm) operated at 40 kV).

Internal and surface morphology of the prepared

nanocomposite was visualized through a high-reso-

lution transmission electron microscope (HRTEM,

Hitachi H-600 operated at 200 kV) and field emission

scanning electron microscope (FESEM, Hitachi

S-4800). The optical properties of the synthesized

samples were measured by a UV–Vis diffuse reflec-

tance spectrophotometer (DRS, PerkinElmer,

Lambda-1050). The vibration modes of the catalysts

were investigated through the FT-IR technique with a

range of 4000 to 400 cm-1 (FT-IR, NEXUS 470). The

surface area of the obtained samples was character-

ized under the Brunauer–Emmett–Teller analysis

(BET, Micromeritics, ASAP-2020, USA). The chemical

states of the samples were identified X-ray photo-

electron spectroscopy technique (XPS, ESCA 3400

spectrometer).

2.5 Photocatalytic measurements

The photocatalytic activity of the prepared products

was examined for the degradation of methylene blue

(MB) aqua solution under UV–visible light irradia-

tion at room temperature. Typically, 100 mg (1 g/L)

of ZMG NCs was suspended in 100 mL aqueous

solution of MB (10 mg/L). Before light illumination,

the solution was continuously stirred under the dark

condition for 2 h to reach adsorption–desorption

equilibrium. The MB dye solution had constant pH

levels of 7, which was adjusted using diluted HCl/

NaOH solutions. Then, the mixture was irradiated by

halogen lamp (Philips G6.35 Bi-Pin-250 W) with

20 cm distance from the photoreactor (it was made in

the home) to start the photocatalytic excrement at the

regular time interval (5 min); 2 mL solution was

taken, and separate to centrifuge at 10,000 rpm. After

that, the concentration of dye molecules was mea-

sured from the JASCO V-670 UV–Vis absorbance

spectra. Furthermore, evaluate accuracy in ZMG

NCs, the photocatalytic process was reused five times

to degrade MB dye under visible light irradiation.

The dye degradation efficiency (%) was calculated

using the following equation [37]:

g ¼ Ao � A

Ao
X100% ð1Þ

where Ao is the concentration of dye before irradia-

tion and A is the concentration of dye after

photoirradiation.

2.6 Determination of active species

The reactive photocatalytic active species were

investigated by above photocatalytic experiment. The

various active species were superoxide (O2
�-

),

hydroxyl (OH), holes (h?), and electrons (e-). In

order to study the role of active substance including

electrons (e-), holes (h?), .OH and O2
�- during the

process of catalytic reaction, 1 mmol of benzoquinone

(BQ), isopropanol (IPA), triethanolamine (TEOA) and

silver nitrate (AgNO3) were added into 100 mL MB

solution as electron, hole, .OH and O2
�- sacrificial

agents, respectively [38].

2.7 Photoelectrochemical experiments

Transient photocurrent (i-t) and electrochemical

impedance (EIS) measurements were investigated by

BioLogic SP-150 electrochemical workstation using a

three-electrode system performed in 0.5 M Na2SO4

electrolyte solution. In the three-electrode system,

Ag/AgCl (saturated KCl solution) acts as a reference

electrode, platinum plate acts as a counter electrode,

and prepared sample was the working electrode. The

preparation of working electrode is as follows: 10 mg

of ZMG NCs were dispersed in the 1 mL of ethanol

and 25 lL Nafion solution with ultrasonication for

30 min. The ultrasonicated solution was deposited on

the FTO glass substrate by spin coating method (spin

coater model No: HO-TH-05) with rpm speed above

2000 rpm for 5 min. The spin coated working elec-

trodes were dried at 60 �C under a hot air oven. In

this experiment, the xenon lamp (150 W) was used as

a light source to illuminate by the working electrode

surfaces (power intensity 100 mW/cm2). Moreover,

the EIS studies were performed in the AC amplitude

of 5 mV at open-circuit potential with an applied

frequency ranging from 0.001 Hz to 100 kHz.
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3 Results and discussion

3.1 Powder XRD analysis

The phase purity and crystal structure of the syn-

thesized samples were characterized by powder

X-ray diffraction (XRD) technique. Figure 1 shows

the XRD patterns of rGO, MWCNT, cauliflower-

shaped ZnO, ZnO/rGO, ZnO/MWCNT and ZMG

NCs. Figure 1a shows a broad diffraction peak

appeared at 2h = 26.2�, which is corresponding to the

(002) plane (hexagonal phase) of rGO with JCPDS

no.75–1621. In Fig. 1b, the peak is observed at

2h = 26.2� for MWCNT, which can be attributed to

the same plane value of rGO (002) with hexagonal

structures (JCPDS no.75-1621). Figure 1c shows that

ZnO diffraction peaks of 2h values are 31.9�, 34.3�,
36.2�, 47.6�, 56.6�, 62.8�, 67.8� and 69.2� for the (100),

(002), (101), (102), (110), (103), (112) and (201) planes

with the hexagonal wurtzite structure (JCPDS No.

36-1451) [39]. The peak of rGO and MWCNT was

detected, and the low content of rGO and MWCNT in

the ZnO/rGO and ZnO/MWCNT nanocomposite

appeared at 2h = 26.2� in Fig. 1d and e. The presence

of rGO and MWCNT in the ZMG NCs is well clearly

observed in Fig. 1e, in the 2h range 2h = 26.2�. In

addition, to the diffraction peak from cauliflower-

shaped ZnO, ZnO/rGO, ZnO/MWCNT and ZMG

NCs indicate that the good crystallinity and no other

impurities were present in all the synthesized

samples.

3.2 XPS analysis

The chemicals states and surface elemental compo-

sition of the ZMG NCs were identified using the XPS

technique. Survey spectrum of ZMG NCs in Fig. 2a

shows the presence of C1s, O1s, Zn 2P3/2 and Zn 2P1/

2 elements. Figure 2b shows the C1s high-resolution

spectrum of ZMG NCs which using Gaussian

method were deconvoluted into three peaks attrib-

uted to sp3 hybridized C–C,C–O and C=O which

correspond to the binding energies of 284.1 eV,

285.0 eV and 287.3 eV, respectively [40, 41]. This

indicates that the oxygen in ZnO and in C=O has

lower binding energy than the oxygen in C–O [42].

As shown in Fig. 2c, the O1s high-resolution spectra

show three peaks at 531.1 eV, 532.2 eV and 533.1 eV

for the O2-ions (wurtzite-type ZnO), OH and O2/OH

[40]. The Zn 2p region shows a doublet (Fig. 2d) at Zn

2p3/2 and Zn 2p1/2 corresponding to binding energies

of 1023.4 eV and 1046.2 eV for the ZnO/MWCT/rGO

nanocomposite, respectively [43, 44]. These peaks

were confirmed to the Zn2? oxidation state.

3.3 FE-SEM analysis

The field emission scanning electron microscopy (FE-

SEM) images were identified as the surface mor-

phology of the obtain products. Figure 3a and b

shows the ZnO cauliflower-like nanostructure, and

the length, diameter values correspond to *
300–400 nm, and * 200–250 nm, respectively. From

Fig. 3c and d, it is clearly seen that cauliflower ZnO

nanostructures were uniformly dispersed on the rGO

surfaces. The cauliflower-shaped ZnO was sur-

rounded onto MWCNT with a unique structure in

Fig. 3e and f. Moreover, Fig. 3f and g illustrates the

cauliflower-shaped ZnO successfully incorporated

into plate-like structure of rGO and MWCNT in the

ZMG NCs. The EDS spectrum indicates that the

marked area in Fig. S1 contains atomic and weight

percentage of ZMG NCs, respectively.

Fig. 1 Powder XRD patterns of (a) rGO (b) MWCNT, (c) ZnO,

(d) ZnO/rGO, (e) ZnO/MWCNT and (f) ZMG NCs
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3.4 TEM analysis

The detailed information on the internal morphology

and structures of prepared samples was further

confirmed by TEM and HR-TEM techniques. Fig-

ure 4a shows the monodispersed cauliflower mor-

phology of the ZnO. The inter-planar spacing of

0.25 nm corresponds to the plane (0001), which is

correlated with the hexagonal phase of ZnO in

Fig. 4b. The TEM image of the ZMG NCs in Fig. 4c

clearly visualized that the cauliflower ZnO nanos-

tructures were surrounded by MWCNT and rGO

sheets. Figure 4d shows the HR-TEM image

exhibited the cauliflower ZnO nanostructure and

stacking of rGO layers with MWCNT and the calcu-

lated lattice d-spacing of 0.24 nm for the (0002) plane

of the ZnO [45, 46]. Moreover, this results indicate the

interfacial contact between ZnO, MWCNT, and rGO

sheet with enhancing charge carrier transfer of dye

degradation process.

3.5 BET analysis

Figure 5 shows the N2 absorption–desorption iso-

therm and pore size distribution of the prepared ZnO

and ZMG NCs. Both samples exhibited type-III N2

Fig. 2 XPS spectrum of the ZMG NCs samples: a survey spectrum, b C1s, c O1s and d Zn2p
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adsorption–desorption isotherms according to the

Brunauer–Dening–Dening–Teller (BDDT) classifica-

tion. While the nitrogen-adsorption curves of cauli-

flower-shaped ZnO and ZMGNCs show mesoporous

nature, the BET specific surface area of cauliflower-

shaped ZnO (8.200 m2 g-1) is higher than that of

ZMG NCs (45.877 m2 g-1), mainly due to the

MWCNT and graphene layer coated on the ZnO

surfaces. The average pore size distribution is around

4.708 nm and 18.706 nm for the ZnO and ZMG NCs.

The surface area of ZMG NCs was five times higher

than cauliflower-shaped ZnO. The synergistic effect

of the combination of these materials combined with

the preferential electro-reduction of GO gives rise to

these remarkable values of ZMG NCs. Moreover, we

have expected that high surface area by adsorbing a

higher amount of organic dye molecules on the sur-

face of ZMG NCs [47].

3.6 FT-IR analysis

The chemical structure and vibration modes of the

prepared catalysts were investigated by the FT-IR

measurement. Figure 6 shows the FT-IR spectra of

Fig. 3 FE-SEM images of a–

b cauliflower-shaped ZnO, c–

d ZnO/rGO, e–f ZnO/

MWCNT, g–h ZMG NCs
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cauliflower-shaped ZnO, rGO, MWCNT, ZnO/rGO,

ZnO/MWCNT, and ZMG NCs in the range of

4000–400 cm-1 recorded at room temperature. A

strong peak at 473 cm-1 was assigned to the

stretching vibration of the Zn–O as shown in Fig. 6a–f

[48]. Figure 6b–c shows the stretching vibrations of

epoxy C–O (1226.92 cm-1), and weak aromatic C=C

(1560 cm-1) bands were observed from pure rGO and

MWCNT [22, 49]. The basal plane of rGO consists of

many p-conjugated aromatic domains which in

Fig. 4 TEM and HR-TEM images of a–b cauliflower-shaped ZnO and c–d ZMG NCs

Fig. 5 a N2 adsorption–desorption isotherm and b pore distribution of cauliflower-shaped ZnO and ZMG NCs
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theory can strongly interact with the surface of

MWCNTs through p–p attractions with ZnO and

ZMG NCs. On the other hand, the peaks at 3360 cm-1

and 1655 cm-1 attributed to the vibration of the

stretching and banding modes of hydroxyl (OH)

group. Since the intensity of the ZnO characteristic

peak is decreased, while the incorporation of the rGO

and MWCNT content confirms the formation of ZMG

NCs.

3.7 UV–Vis DRS analysis

The optical absorbance properties of the prepared

catalysts were characterized by UV–Vis diffused

reflectance spectroscopy (UV–Vis DRS) technique.

The UV–Vis DRS spectra of cauliflower-shaped ZnO,

ZnO/rGO, ZnO/MWCNT and ZMG NCs are shown

in Fig. 7. Figure 7a illustrates the absorption peaks of

365 nm, 377 nm, 379 nm and 383 nm for the cauli-

flower-shaped ZnO, ZnO/rGO, ZnO/MWCNT,

ZMG NCs, respectively [50]. The optical absorbance

spectrum of ZMG lies below 400 nm that describes

absorption in the ultraviolet region. With the forma-

tion of a ternary nanocomposites, the absorbance was

slightly shifted toward greater absorption and the

absorbance edge was shifted to the visible region (red

shift). This recommends that surface of the binary

metal oxide enhanced the absorption properties of

the ZMG NCs and might be the reason for better

catalytic activity of ZMG photocatalysts under UV–

visible light. This supports the qualitative observa-

tion of a red shift in the absorption edge of ZMG NCs

compared to bare cauliflower-shaped ZnO. Further-

more, the band gap could be calculated from the Tauc

plot (ahm)2 versus photon energy (hm) for the direct

energy gap semiconductor [51, 52] presented in

Fig. 7b. Based on the Tauc plot, the calculated optical

band gaps were 3.17 eV, 3.12 eV, 3.05 eV and 2.89 eV

corresponding to cauliflower-shaped ZnO, ZnO/

rGO, ZnO/MWCNT and ZMG NCs, respectively.

The band gap was red shifted in the absorption edge

of ZMG NCs compared to bare cauliflower-shaped

ZnO [53]. It can be clearly seen that the absorbance

ability to tune the band gap with the amount of

MWCNT content dissolved in GO. MWCNT content

in the GO matrix shows higher sensitivity due to the

higher tunneling effect between the neighboring

tubes, and the shrinkage of the rGO band gap helps

in enhancing light absorption capability. The reduc-

tion in the bandgap phenomenon of ZMG NCs could

be attributed to synergistic effect of ZnO, rGO and

MWCNT.

The effective charge transfer properties of ZnO,

ZnO/rGO, ZnO/MWCNT, and ZWG NCs composite

were investigated by PL spectroscopy (Fig. S2). Three

main emission peaks were observed in the ZnO

cauliflower flower nanostructure (UV excitation

wavelength 325 nm), which can be attributed to the

recombination of photogenerated electron–hole pairs

(peak at 390 nm), impurities, and structural defects

(peak at 415 nm), and oxygen/zinc interstitials (peak

located at 510 nm). On the other hand, ZMG NCs

composites show a significant decrease in PL inten-

sity compared to ZnO/rGO, ZnO/MWCNT, and

ZnO catalysts, respectively. The synergistic effect

between ZnO, MWCNT, and rGO nanosheets due to

effectively reduces the recombination of the electron–

hole pair and facilitates the charge carrier separation.

3.8 Photoelectrochemical measurements

The photo-induced charge separation and electron–

hole recombination rate of the samples were mea-

sured by transient photocurrent (i-t) and electro-

chemical impedance spectroscopy (EIS). Figure 8a

shows the transient photocurrent response of the

cauliflower-shaped ZnO, ZnO/rGO, ZnO/MWCNT,

and ZMG electrodes with several simulated sunlight

on–off cycles. In general, photocurrent response

maximum due to the efficient electron–hole separa-

tion improved photocatalytic activity. By adding

MWCNTs, the light response was considerably

Fig. 6 FT-IR spectra of (a) ZnO, (b) rGO, (c) MWCNT, (d) ZnO/

rGO, (e) ZnO/MWCNT and (f) ZMG NCs
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increased to 7300 nm (about 50 times) which shows

the current density of ZnO/MWCNTs higher than

ZnO/rGO. The photocurrent densities are 19.1 lA/

cm2, 10.8 lA/cm2, 2.2 lA/cm2, 1.265 lA/cm2 and

0.065 lA/cm2 corresponding to ZMG NCs, ZnO/

MWCNT, ZnO/rGO and cauliflower-shaped ZnO,

respectively. The ZMG NCs exhibited the highest

photocurrent density (19.1 lA/cm2), which is about

nineteen times higher than of the ZnO, and nine

times higher than of the ZnO/rGO and two time

times higher than of the ZnO/MWCNT. These results

are attributed to the synergistic effect of ZnO,

MWCNT, and rGO in the composites [54]. Figure 8b

shows the EIS Nyquist plot of cauliflower-shaped

ZnO, ZnO/rGO, ZnO/MWCNT, and ZMG NCs

samples. The EIS Nyquist plot (arc) indicates the

charge transfer resistance of electrode/electrolyte

interfaces. The EIS Nyquist plot of ZMG NCs samples

exhibits the lowest arc with the lower resistance and

hence higher charge transfer properties. These results

indicate that the ZMG NCs displays a high charge

separation and high electron transfer properties,

which is conformed to the photocurrent (i-t) mea-

surements [55].

Fig. 7 UV–Vis DRS spectra of a cauliflower-shaped ZnO, ZnO/rGO, ZnO/MWCNT, ZMG NCs and b band gap energy

Fig. 8 a Photocurrent (i-t) curve of cauliflower-shaped ZnO, ZnO/rGO, ZnO/MWCNT and ZMG NCs and b EIS Nyquist plots for

cauliflower-shaped ZnO, ZnO/rGO, ZnO/MWCNT and ZMG NCs
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3.9 Photocatalytic activity

The photocatalytic activity of cauliflower-shaped

ZnO, ZnO/rGO, ZnO/MWCNT, and ZMG NCs was

evaluated through the degradation of methylene blue

dye in aqueous solution. In the typical experiment,

100 mg of as-prepared ZnO nanoparticles was dis-

persed in 100 mL aqueous solution of MB with an

initial concentration of 10 mg/L under ambient con-

dition and it is continuously stirred under the dark

condition for 1 h to reach adsorption–desorption

equilibrium. In the adsorption–desorption experi-

ment approximately 3% of dye adsorption occurred

for 25 min of reaction. After that, the mixture was

irradiated by halogen lamp in the photocatalytic

excrement. The MB solution was taken after various

exposure times (5 min), and UV–Vis spectra of ZnO,

ZnO/rGO, ZMG NCs are shown in Fig. S3. Figure 9a

shows the photocatalytic degradation rate of MB dye

with before lighting, cauliflower-shaped ZnO, ZnO/

rGO, ZnO/MWCNT, and ZMG NCs under visible

irradiation. The degradation efficiency was calculated

using Eq. (1), and the values are 71.9%, 79.6%, 86.01%

and 96.3% (Fig. 9b) corresponding to cauliflower-

shaped ZnO, ZnO/rGO, ZnO/MWCNT and ZMG

NCs, respectively. Figure S4 shows the photodegra-

dation rate, photocatalytic efficiency, photocurrent (i-

t) curve, and EIS Nyquist plots of ZnO nanorods. The

reaction rate constant of ternary nanocomposites was

much greater than the bare and binary catalysts,

respectively. Therefore, it conforms that the

composition of ZMG NCs significantly raised the

photocatalytic activity of bare materials under the

simulated light irradiation. The maximum degrada-

tion efficiency (96.3%) of the ZMGNCs could be

attributed to the decreased bandgap of the composite,

lower recombination rate, and the longer lifetime of

the photogenerated electron–hole pairs [56]. This

result indicates that it has a great potential applica-

tion of MB dye degradation. The photocatalytic

activity of as-prepared ZMG nanocomposites was

compared to the previously reported different light

activity of various nanocomposites as shown in

Table 1. From Table 1, it is clear that the ZMG NCs

nanocomposites materials showed enhanced activity

compared to the previously reported other

composites.

In order to investigate the active species of the

photocatalytic process, the same experimental pro-

cedure of dye degradation was used. In these

experiments, there was addition of 1 mM of IPA,

TEOA, BQ, and AgNO3, respectively. Figure 10

shows the ZMG NCs degradation efficiency of 96%,

74%, 19%, 39%, 70% for the without scavengers, •OH

(IPA), h? (TEOA), O2- (BQ) and e- (AgNO3),

respectively [63]. The degradation efficiency

decreased from 96 to 19% for the without and IPA

scavengers under UV–Vis light irradiation in the

presence of ZMG NCs. Moreover, the IPA had the

lowest degradation efficiency (19%) where the •OH

radicals act as a major role. The superoxide radicals

Fig. 9 a Photodegradation rate of before lighting, cauliflower-shaped ZnO, ZnO/rGO, ZnO/MWCNT and ZMG NCs and b photocatalytic

efficiency of cauliflower-shaped ZnO, ZnO/rGO, ZnO/MWCNT and ZMG NCs
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(O2- (BQ)) are the secondary active species (39%).

Moreover, in the presence of reactive species (O2-,

h?, and e-) in the MB dye degradation process, the

ZMG NCs were not dramatically decreased which is

a minor role in the photocatalytic reaction system

[51, 64].

Figure 11 illustrates the proposed photocatalytic

reaction mechanism of ZMG NCs with MB dye

solution under UV–Vis light irradiation. In the UV–

Vis light (hm) was illuminated by the surface of ZMG

NCs, and photon energy (hm) should be at least equal

or more than the valence band energy of the ZnO

nanostructures. The observed photon energy of the

ZnO nanostructure was generated into photo-excited

electrons and hole pairs. These photo-excited elec-

trons may be transferred from the valence band (VB)

to the conduction band (CB), and holes stay in the

valence band (VB) of ZnO surfaces [65]. The photo-

excited electrons (ZnO surface) can be transferred

from the CB into the surface of MWCNT and rGO,

which is photogenerated electron–hole pair recom-

bination suppressed. Moreover, the photo-generated

electrons and holes can be generated active species

and reacted with dye molecules to convert the water,

oxygen, carbon dioxide, and excess of the electron

[66]. The possible photocatalytic reactions are as

follows:

ZMG NCsþ hv ! ZnO=MWCNT=rGOðe� þ hþÞ
ð2Þ

ZnOþ e� ! ZnOðe�Þ ð3Þ

MWCNTþ e� ! MWCNTðe�Þ ð4Þ

rGOþ e� ! rGOðe�Þ ð5Þ

O2 þ ZnOðe�Þ ! O2
�� ð6Þ

O2 þMWCNTðe�Þ ! O2
�� ð7Þ

O2 þ rGOðe�Þ ! O2
�� ð8Þ

ZMG NCs hþ� �
þ OH�ð Þ ! ZMG NCsþ ðOH�Þ ð9Þ

OH� þ pollutent (MB) ! Degradation product ð10Þ

O2
�� þ pollutentðMBÞ ! Degradation product ð11Þ

3.10 Reusable test

The practical application of the prepared ZMG NCs

was studied by the stability test. The ZMG catalyst

was effectively reused for five cycles, and the

degradation efficiency is seen in Fig. 12a. The dye

degradation efficiency was a small deviation of the

Table 1 Comparison of different light degradation rate (%) of dyes over previously reported binary and ternary heterojunction

S.

No

Catalyst Catalyst mass

(mg/L)

Dye Light and intensity Irradiation time

(mins)

Degradation efficiency

(%)

Refs

1 ZnO 50 MO UV lamp (1000 W) 30 99.70 [57]

2 ZnO/rGO 50 RhB xenon lamp

(300 W)

140 97 [58]

3 ZnO-GQD 400 MB natural sunlight 70 95 [59]

4 ZnO/C-dots 100 MB halogen lamp

(500 W)

30 96 [60]

5 ZnO/graphene 30 MB halogen lamp

(400 W)

90 93 [61]

6 ZnO/CNT 100 MG LED lamp (150 W) 60 79 [62]

7 ZnO with MWCNT/

rGO

1000 MB Halogen lamp

(250 W)

25 96 Present

work

Fig. 10 Photocatalytic trapping experiment on ZMG NCs
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first cycle (96.3%) and the fifth cycle (95.7%) of reuse

experiments [50]. The reusability test of the ZMG

nanocomposite was investigated by the XRD pattern

shown in Fig. 12b. The XRD patterns of first and fifth

cycles show no change in the crystalline structure and

phase purity of the prepared catalyst. The results

indicate the enhanced photostability of the ZMG

NCs, which is practically applicable in wastewater

treatment.

4 Conclusion

In summary, the ZMG NCs were successfully pre-

pared by the facile hydrothermal method. The FE-

SEM and TEM results have visualized the contact

between cauliflower-shaped ZnO, MWCNT, and rGO

sheets. The calculated band gap and surface area of

the ZMG NCs correspond to 2.89 eV, and (45.877

m2 g-1), respectively. In UV–Vis DRS and BET

results, ZMG NCs exhibited reduced bandgap and

Fig. 11 Schematic diagram of photocatalytic mechanism (ZMG composite) during the dye degradation process [26, 67, 68]

Fig. 12 Recycle degradation efficiency for a ZMG nanocomposite under MB dye with five cycles, b XRD pattern of recycle test for ZMG

nanocomposite after first and fifth cycle
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high surface area, which was charge transferred from

ZnO into MWCNT, rGO and it reduces the charge

recombination rate and enhanced photocatalytic

activity of MB dye degradation. The photocurrent

response of the ZMG NCs shows the highest pho-

tocurrent density (19.1 lA/cm2), which is charge

transportation, separation, and suppressed charge

carriers recombination and enhancement of the light

absorption. Meanwhile, recycle stability (five cycles)

of the ZMG NCs exhibited excellent photostability

against photocorrosion. Therefore, the obtained pro-

duct of ZMG NCs could be employed as a promising

photocatalyst materials for practical applications in

organic pollutant management.

Supplementary Information: The online version

contains supplementary material available at http

s://doi.org/10.1007/s10854-021-06129-5.
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