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ABSTRACT

Ternary combination of metal and metal oxide with reduced graphene oxide

could be a novel potential photocatalyst towards highly efficient degradation of

organic dyes under solar radiation. Herein, the novel ternary nanocomposite of

silver nanoparticles with reduced graphene oxide and zinc oxide nanorods (Ag-

rGO@ZnONR) were synthesized via in situ homogeneous coating of silver

nanoparticles (Ag NPs) onto pre-assembled thermally reduced graphene oxide

(rGO) encapsulated ZnO nanorods (ZnONR). The nanocomposite showed

excellent aptitude towards the photodegradation of 2-chlorophenol (2-CP)

under solar light irradiation. The Ag-rGO@ZnONR nanocomposite showed

excellent UV–visible light harvesting due to the engineered reduced bandgap,

and the Schottky barrier at the metal–semiconductor interface is expected to

promote charge separation as also revealed by the optical calculations. The

production of superoxide anions �O�
2 and hydroxyl radicals ð�OHÞ acting as

substantial reducing and oxidizing agents and further p - p stacking interac-

tions with the aromatic ring of 2-CP provided an ultimate foundation for its
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100% degradation. The photocatalyst showed high reproducibility, and 94%

efficiency was observed even after three cycles. XPS chemical state analysis of

C1s, O1s, Zn2p, and Ag3d confirm the variation of C =C (sp2), C–O, O= C–OH,

and localization of Ag nanoparticles with rGO by confiscating the oxygen-

comprising functional moieties which may be the possible reason for the

enhanced photodegradation.

Introduction

An increase in the use of various organic dyes with

rapid industrialization and their direct or uninten-

tional discharge into water bodies poses a serious

threat to the ecosystem. Among different contami-

nants, the chlorophenols or their derivatives are

widely discharged as they are major constituents in

industrial waste, pesticides, and insecticides, etc. and

cause histopathological disorders and carcinogenic

effects in human beings [1, 2]. Thus, due to this

deleterious impact on human health and the ecosys-

tem, its removal from wastewater is of utmost

importance. For this, several physical or chemical

techniques like oxidation, flocculation, absorption,

and photocatalysis are generally employed [3].

Among these, photocatalysis is prominent in terms of

its: ease of handling, high reusability of catalyst, and

excellent efficiency towards the degradation of

organic pollutants [4]. It is inferred that the

notable performance of a photocatalytic system for

dye-degradation depends upon the right selection of

material and in literature, several materials such as

ZnO, TiO2, BiVO4, CuO, and Fe2O3 have been pre-

dominantly reported [5–10]. Amongst these, ZnO has

numerous advantages due to its high chemical sta-

bility, low cost, ease of synthesis, environment-

friendly properties, and tunable bandgap[11] which

makes it suitable for advance application in various

fields such as solar cell, adsorption, sensing, etc.

[12–15].

The properties of ZnO can be further enhanced by

fabricating it with other metals or carbon-based

materials [16]. Among various carbon-based material,

reduced graphene oxide (rGO) is a highly efficient

material for photocatalytic applications due to its

high specific surface area, zero bandgap, and the

ability to accelerate charge carrier from valance to

conduction band [17]. Moreover, the ratio of sp2/sp3

bonding, high surface defects, and the ability to slow

down charge recombination makes it a prominent

photocatalyst in comparison to graphene oxide. The

presence of p–p bonding in rGO-based photocatalytic

materials also imparts additional functional sites for

interaction with other metals, pollutants, etc. [18, 19].

Xue et al. [20] and other researchers [21] have

reported high photocatalytic activity of rGO@ZnO

based composites. However, it can be inferred that

photocatalysis is highly dependent on the conductive

and light-harvesting properties of the photocatalyst

[22]. The addition of noble materials such as Ag, Au,

etc. is expected to enhance the conductivity due to the

additional or synergistic effect as well as the light-

harvesting property due to the surface plasmon res-

onance (SPR) effect [23]. Moreover, the oxidation

ability of Ag to oxidize pollutant molecules under

visible and ultraviolet light also makes it an attractive

dopant in ternary photocatalytic composites [24].

In contrast to the previous reports, of Ag- and rGO-

based composites of ZnO [25–28], the synthesis Ag-

rGO@ZnONR through facile in situ reduction of GO

and AgNO3 has been reported here. The method is

advantageous as surface coating with GO, and then

its reduction imparts strong interaction between

ZnONR and rGO. In addition to developing the above

synthetic protocol, we also calculated the variation of

cell volume and texture coefficient with respect to

grain size and dislocation density. Moreover, concise

interaction of detected functional groups, , that is,

C=C (sp2), C–O, O=C–OH, Ag–O, Ag, Ag–OH, O2-,

OH, and their effect on the enhanced photocatalytic

performance was also unveiled which is still very

rare reported for Ag-rGO@ZnONR.

Experimental details

Materials

Graphite (99.99%), zinc acetate (99.99%), sulphuric

acid (99.999%), silver nitrate (99%), sodium
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borohydride, (98%), phosphoric acid (85%), 2-CP

(99%), and potassium permanganate (99%) were all

purchased from Sigma-Aldrich and were used as

received.

Synthesis process

The Ag-rGO@ZnONR nanocomposite was prepared

via a chemical route. Graphene oxide was prepared

by modified Hummer’s method according to our

previous report, and a stock solution of 4 mg/mL

was prepared by diluting it with deionized water

[29]. ZnONR was prepared by the combustion of zinc

acetate. For this, 2 gm of zinc acetate was dissolved in

50 mL of ethanol under continuous stirring for 24 h,

and subsequently, the solution was filtered, and the

resulted residue was heated at 400 �C in a muffle

furnace for 1 h to get ZnONR. For the coating of GO

on ZnONR, 400 mg of ZnONR were added to 30 mL of

GO solution under stirring for 2 h. Thus, the disper-

sion was filtered out and subsequently subjected to

heating at 400 �C for 1 h to get rGO@ZnONR. Lastly,

the silver nanoparticles (Ag NPs) were deposited on

rGO@ZnONR by dispersing 315 mg of rGO@ZnONR

into 50 mL of 21 mM aqueous solution of AgNO3

under stirring for 10 min followed by dropwise slow

addition of 20 mL of 105 mM freshly prepared solu-

tion of NaBH4. Thus, prepared Ag-rGO@ZnONR were

filtered, washed with an excess of water and ethanol,

and finally dried at 50 �C for 2 h. Figure 1 illustrates

the schematic synthesis process for Ag-rGO@ZnONR.

Photocatalytic experiment

The photocatalytic properties of ZnONR,

rGO@ZnONR, and Ag-rGO@ZnONR were investi-

gated by mixing 20 mg of each into 100 mL of

50 ppm solution of 2-CP. The dispersion was initially

placed in the dark for 60 min in order to attain the

absorption equilibrium, and then photocatalysis was

done under solar-simulated light for 120 min. The

solutions were irradiated with solar light, and after

every 30 min, 2.5 mL of each solution was taken out

with the help of pipette for further analysis. The

remaining concentration of 2-CP was analysed using

HACH-DR6000, UV–visible spectrophotometer.

Characterizations

The structural analysis was done by X-ray diffraction

(Rigv aku Ultima-IV) and X-ray photoelectron spec-

troscopy (VersaPobeII) to study the surface chemical

interactions, while the morphological studies were

done by SEM (JEOL—JSM7600 F) and TEM (JEOL).

The properties of charge recombination ratios were

studied by photoluminescence measurements using

Shimadzu RF-5301PC, spectro-fluorophotometer, and

the excitation wavelength for PL analysis was 325 nm

for all samples. The absorbance spectra were recor-

ded by diffuse reflectance spectrophotometer (HACH

LANGE DR 6000).

Results and discussion

Structural analysis

The diffraction pattern of ZnONR, rGO@ZnONR, and

Ag-rGO@ZnONR (Fig. 2) reveals the crystalline nat-

ure of the prepared samples. The ZnONR shows the

main diffraction peak along (101) plane, followed by

several other diffraction planes at (100), (002), (102),

(110), (103), (200), (112), and (201) which is attributed

to the zincite structure of ZnONR (JCPD # 01-073-

8765). The diffraction pattern of rGO@ZnONR is

similar to that of ZnONR. However, the d-spacing of

(101) increased from 0.21 to 0.24 Å, which can be

attributed to the lattice defects among the layers of

rGO sheets [30]. Further, the absence of a diffraction

peak for rGO was noticed in rGO@ZnONR. The rGO

has a non-observed diffraction peak of graphite,

which associates the minimal functional groups

attached to the basal plane of the grapheme [31]. The

diffraction pattern of Ag-rGO@ZnONR indicates the

presence of an additional diffraction peak in com-

parison to ZnONR and rGO@ZnONR. The other

diffraction peaks confirm the existence of Ag and are

attributed to the (111), (200), and (220) planes at

2h = 38.16�, 44.35�, and 2h = 64.45�, respectively

(JCPD # 00-001-1167). However, the incorporation of

Ag increases the grain size of the main diffraction

peak (101) of ZnONR from 33.76 to 34.52 nm. This

grain size increment is caused by the difference of

ionic charge among Zn and Ag and amphoteric

dopant nature of Ag, which supports the crystal

growth in Ag-rGO@ZnONR [32]. In summary, the

lattice planes of ZnONR have remained the same in
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rGO@ZnONR and Ag-rGO@ZnONR. The average

grain size of ZnONR, rGO@ZnONR, and Ag-

rGO@ZnONR can be estimated by the Scherrer

equation

D ¼ Kk
b cos h

ð1Þ

In the above equation, D is the estimated crystalline

size of diffraction planes, b is the corresponding full-

Figure 1 Schematic

representation for the synthesis

of Ag-rGO@ZnONR through

facile in situ reduction of

graphene oxide (GO) and

silver precursor (AgNO3).

Figure 2 a Diffraction pattern

of ZnONR, rGO@ZnONR, and

Ag-rGO@ZnONR, where *

indicates the presences of Ag,

(b) diffraction pattern

2h = 40�–67� of Ag-
rGO@ZnONR, (c) Texture

coefficient of (101) and grain

size.
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width half maximum of diffraction planes, k is con-

stant while k is the wavelength. The average grain

size of ZnONR was calculated to be 43.65 nm. How-

ever, in the case of rGO@ZnONR, the grain size

dropped to 32.07 nm. The reduction of grain size can

be attributed to the constrain grain boundary

migration effect, which restricts the growth of grains,

as reported by Basu et al. [33].

The grain size of Ag-rGO@ZnONR showed a slight

increase in comparison with rGO@ZnONR and was

calculated to be 35.72 nm. This increment upon Ag

doping shows that Ag has occupied the interstitial

sites of rGO@ZnONR [34]. The presence of Ag and

rGO can further alter the dislocation into ZnONR

crystal, which was calculated by the following rela-

tion [35].

d ¼ 1

D2
ð2Þ

where D is the grain size calculated through Scherrer

equation, the dislocation density of ZnONR was cal-

culated to be 5.48 9 10–4 nm, while for rGO@ZnONR

and Ag-rGO@ZnONR, it was 7.11 9 10–3 and

8.14 9 10–4 nm, respectively. The variation in dislo-

cation density can further affect the lattice strain of

the material. The lattice strain of ZnONR,

rGO@ZnONR, and Ag-rGO@ZnONR was calculated

by the following equation [36]:

e ¼ b cos h
4

ð3Þ

where h is the diffraction angle while b is the full-

width half maximum of the diffraction peaks. The

lattice strain of ZnONR, rGO@ZnONR and Ag-

rGO@ZnONR was calculated to be 8.06 9 10–4,

1.70 9 10–3 and 9.08 9 10–4 nm, respectively. There is

a possibility that Ag atom occupies interstitial space

in rGO@ZnONR without much deformation in the

structure. This interstitial occupied atoms or ions

significantly contribute to the stability of Ag-

rGO@ZnONR, which as results reduce the lattice

strain and dislocation of Ag-rGO@ZnONR in com-

parison to rGO@ZnONR [37]. The presence of func-

tional groups such as hydroxide and carbonyl of rGO

can also alter unit cell volume of ZnONR. Moreover,

Ag nanoparticles can also affect the interaction

between ZnONR and rGO that ultimately varies the

photocatalytic activity. Therefore, the unit cell vol-

ume of ZnONR, rGO@ZnONR, and Ag-rGO@ZnONR

was calculated by the following relation [38]:

V ¼
ffiffiffi

3
p

a2
� �

2
ð4Þ

The unit cell volume was calculated to be 4.72, 4.74,

and 4.76 nm for ZnONR, rGO@ZnONR, and Ag-

rGO@ZnONR,, respectively. Further, the diffraction

pattern shows the presence of the most intense

diffraction plane along (101); therefore, texture coef-

ficient of (101) was calculated for the possible varia-

tion due to rGO and Ag nanoparticles by [39]:

TChkl ¼
Ihkl=Iohkl

ð1=nÞ
P

Ihkl=Iohkl
ð5Þ

where, Ihkl is the intensity of the lattice planes (101) of

ZnONR, while Iohkl is the reference intensity of (101)

plane as reported in JCPD # 01-073-8765 while n is

total diffraction planes for ZnONR, rGO@ZnONR, and

Ag-rGO@ZnONR. Table 1 lists the complete structural

parameters of ZnONR, rGO@ZnONR, and Ag-

rGO@ZnONR. Therefore, in conclusion, diffraction

analysis revealed the occupation of interstitial sites of

rGO@ZnO by Ag, which as a result alter the grain

size, dislocation density, cell volume, and texture

coefficient.

Morphological analysis

The surface morphology of ZnONR (Fig. 3a) showed

the presence of rods with length in the range of *
200–700 nm. The variation in length might be due to

the breaking of rods during genesis or its annealing.

In the case of rGO@ZnONR (Fig. 3b), the ZnONR

attached or partially embedded on the surface of rGO

sheets can be seen. The ZnONR in rGO@ZnONR seems

to be of a much smaller size than of ZnONR prepared

alone. It can be interpreted that GO-coated ZnONR on

high-temperature heating during the reduction pro-

cess imparts strain on ZnONR, thereby resulting in the

breaking of some ZnONR. The rGO coated as well as

partially or wholly embedded ZnONR inside rGO

sheets is expected to provide an easy pathway for the

transport of charge carriers, which is highly desirable

for the efficient photocatalytic process [40]. The sur-

face analysis of Ag-rGO@ZnONR (Fig. 3c) shows the

slight breaking of rGO sheets apart from the

embedded ZnONR, which can be attributed to the

strong interaction among the Ag nanoparticle, rGO,

and ZnONR [41]. This breaking of rGO sheets results

in some surface defects that could be useful to trap

pollutants during the photodegradation process [29].
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The inset (Fig. 3c) at high magnification shows that

Ag nanoparticles are irregular spherical in shape.

However, Ag nanoparticles were small in size and

could not be observed by FESEM. Therefore, TEM

analysis was performed for Ag-rGO@ZnONR. The

approximate calculated length of ZnONR shown in

Fig. 3d. High-resolution TEM analysis of Ag-

rGO@ZnONR (Fig. 4) confirms Ag nanoparticles

Moreover, Ag nanoparticles were found uniformly

coated over the surface of rGO@ZnONR.

Optical properties

Absorbance spectra of ZnONR, rGO@ZnONR, and Ag-

rGO@ZnONR is shown in Fig. 5a. The absorbance

edge of ZnONR is * 400 nm, while for rGO@ZnONR,

the band edge shifted to longer wavelength, which

indicated the absorption of more light photons by

rGO [42]. In the case of Ag-rGO@ZnONR photocata-

lyst, band edge further shifted to longer wavelength

with the observance of the small hump at * 440 nm,

corresponding to the surface plasmon resonance of

Ag nanoparticles. This surface plasmon resonance is

Table 1 Calculated crystalline parameters through diffraction pattern for ZnONR, rGO@ZnONR, and Ag-rGO@ZnONR

Sample details Crystalline parameters

Grain size (nm) Dislocation density (nm) Lattice strain (nm) Texture coefficient(1,0,1) Vcell (nm)

ZnONR 43.65 5.48 9 10–4 8.06 9 10–4 0.68 4.72

rGO@ZnONR 32.07 7.11 9 10–3 1.70 9 10–3 0.69 4.74

Ag-rGO@ZnONR 35.72 8.14 9 10–4 9.08 9 10–4 0.70 4.76

Figure 3 Field emission scanning morphology of (a) ZnONR (b) rGO@ZnONR (c) Ag-rGO@ZnONR and (d) average length of ZnONR.

J Mater Sci (2021) 56:7434–7450 7439



the fundamental properties of the Ag nanoparticles,

which is attributed to the absorption and oscillation

of photons with higher energy and is expected to

enhance the charge carrier movement in Ag-

rGO@ZnONR photocatalyst. The bandgap of pre-

pared ternary nanocomposites photocatalyst was

calculated by applying Kubelka–Munk function [43].

F Rð Þ ¼ 1� R=100ð Þ2=2R ð6Þ

Here, R is the reflectance of the photocatalyst. The

calculated bandgap of ZnONR (Fig. 5b) was * 3.05

eV, which is lower than the previously reported data

[44]. The lower bandgap shows its conductive nature.

The bandgap of rGO@ZnONR was calculated to

be * 2.92 eV (Fig. 5c), while for Ag-rGO@ZnONR

photocatalyst, it came out to be 2.87 eV (Fig. 5d). The

reduction in the bandgap clearly reveals the role of

rGO and Ag nanoparticles to boost the movement of

charge carriers 9 from valance to the conduction band

of the ternary photocatalyst. In Fig. 5d, the band edge

of Ag nanoparticle was estimated at around 2.42 eV.

The reduction in the bandgap of ZnONR photocata-

lyst due to the additional effect of rGO and Ag

nanoparticles also affects the reduction and oxidation

strength of ZnONR. The reduction strength or con-

duction band edge (Ecb) and oxidation power or

valance band edge (Evb) of ZnONR, rGO@ZnONR and

Ag-rGO@ZnONR was estimated by the following

relation [45].

Evb ¼ X � Eo þ 0:5Eg ð7Þ

Ecb ¼ Evb � Eg ð8Þ

X ¼ ½x ðAÞa x ðBÞb x CÞcð �
1

aþbþcð Þ ð9Þ

In the above equation; X is the electronegativity of

semiconductor under investigation while a, b and c

are the number of atoms present in the compound

[46]. The value of X for ZnONR is 5.79 eV, while Eo is

the energy of free-electron on hydrogen-scale, whose

value is 4.5 eV [47, 48].The Evb and Ecb of ZnONR

Figure 4 Low to high-

resolution morphology of Ag-

rGO@ZnONR by transmission

electron microscopy.
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photocatalyst were calculated to be ? 2.815 and -

0.235 eV, respectively. It is inferred that the oxida-

tion power of ZnONR decreased by the addition of

rGO and Ag nanoparticles while the reduction

strength became more negative (Table 2).

The conduction of charge carriers from valance to

conduction band may recombine, which ultimately

affect the photocatalytic activity of the subjected

material. The higher charge recombination will

decline its photocatalytic ability. PL spectra, in this

regard, provide enough information about the charge

Figure 5 (a) Absorbance

spectra (b, c) bandgap (e) PL

spectra of ZnONR,

rGO@ZnONR, and Ag-

rGO@ZnONR.

Table 2 Values of bandgap energy, valence band, and conduction

band potentials of ZnONR, rGO@ZnONR, and Ag-rGO@ZnONR

nanocomposite

Sample detail Parameters

Evb Ecb Bandgap (eV)

ZnONR 2.815 - 0.235 3.05

rGO@ZnONR 2.750 - 0.170 2.92

Ag-rGO@ZnONR 2.725 - 0.145 2.87

J Mater Sci (2021) 56:7434–7450 7441



recombination ratios (Fig. 5e). Moreover, PL intensity

also depends on various factors such as variation in

grain size, the diameter of ZnONR and further their

interface as reported by Kim et al. [49] which is also

consistent with our analysis (Sect. 3.1). In the case of

ZnONR photocatalyst, the appearance of two main PL

bands at * 417 and 469 nm is attributed to the blue

and green emission, respectively [50]. The blue

emission corresponds to the recombination of exci-

tons from conduction to valance band while the green

emission relates to the defects that could be due to

zinc, oxygen interstitials, and vacancies [51]. How-

ever, the surface defects of the ZnONR are evident

from green emission. Moreover, the intensity of PL

spectra directly linked to the charge recombination

ratio and the decrease in PL intensity with the addi-

tion of rGO and Ag in ZnONR suggests a decline in

the charge recombination ratio. Moreover, in com-

parison to ZnONR, the PL peaks shifted for

rGO@ZnONR, which is due to the possible interaction

among the functional groups such as carbonyl,

epoxide of rGO and ZnONR interstitials. Moreover,

this interaction may lead to some surface defects that

could provide attractive sites for the absorption of

pollutants. Furthermore, Ag-rGO@ZnONR shows the

border of the PL emission peak, which is attributed to

the variation in surface defects [52]. Moreover, the

intensity of PL also attributed to shallow and deep

defects. The deep defects are directly linked to the

enhancement in the charge recombination ratio of the

subjected material while shallow defects represent

the decline in charge recombination ratio as reported

by Choudhury et al. [53]. Here, the PL results

(Fig. 5e) shows the decrement in the PL intensity for

Ag-rGO@ZnONR which also confirm the increment in

shallow defects that is highly desirable for the

enhancement in the photocatalytic activity [53].

Chemical state interaction

The surface composition of ZnONR, rGO@ZnONR and

Ag- rGO@ZnONR was analysed by the XPS (Fig. 6a),

which suggests the presence of Zn2p, and O1s for

ZnONR; Zn2p, O1s, and C1s for rGO@ZnONR. More-

over, the appearance of Ag3p3 and Ag3d in the case

of Ag-rGO@ZnONR along with Zn2p, O1s, and C1s

also confirmed the successful incorporation of Ag in

rGO@ZnONR and the efficacy of the preparation

technique. The atomic percentage for each detected

element is shown in Fig. 6b.

High-resolution C1s spectra of rGO@ZnONR and

Ag-rGO@ZnONR (Fig. 7 a and b) show the appear-

ances of peak positions at around 284.6 eV, 285.7, and

286.6 eV which attributed, respectively, to C=C (sp2),

C–O and O=C–OH functional groups of rGO [54, 55].

These functional groups provide an attractive site for

interaction of rGO with ZnONR and Ag, which fur-

ther leads to varies the application of rGO-based

composites [56]. The total contribution of C=C was

50.44%, while that of C–O and O=C–OH were found

around 44.25 and 5.31%, respectively, for

rGO@ZnONR (Fig. 7a). However, after the introduc-

tion of Ag variation in C=C (sp2), C–O and O=C–OH

were noticed. So, in the case of Ag-rGO@ZnONR

(Fig. 7b), C=C (sp2), C-O, and O=C–OH was around

91.57%, 4.07 and 4.36%, respectively. These results

indicated the reduction of O=C–OH from 44.25 to

4.07% while incrementing of C=C (sp2) from 50.44 to

91.57%. The oxygen-comprising functional moieties

of rGO facilitate the Ag nanoparticles to form the

binding with rGO that ultimately rescued the oxygen

functional groups in Ag-rGO@ZnONR. These findings

are consistent with the report on the interaction of Ag

and rGO, which experimentally proved the localiza-

tion of Ag nanoparticles with rGO by confiscating the

oxygen-based functional groups [57]. Total variation

of C=C (sp2), C–O, and O=C–OH for rGO@ZnONR

and Ag-rGO@ZnONR are shown in Fig. 7c.

Chemical state of Ag 3d5/2 for Ag-rGO@ZnONR

shows (Fig. 7d) interaction of silver with oxygen and

hydroxide functional groups of ZnONR and rGO.

Three peaks around 367.05 eV, 368.04, and 369.28 eV

that attributed to Ag–O, Ag, and Ag–OH, respec-

tively [58]. Contribution of Ag was about 90.37%,

while some fraction of functional groups from rGO

and ZnONR leads to the formation of Ag–O (5.36%)

and Ag–OH (4.28%).

Zn2p3 analysis of ZnONR (Fig. 8a) shows the

presence of two peaks around 1021.84 eV and

1022.92 eV attributed to Zn (60.07%) and chemi-

sorbed oxygen, that is, Oi (39.93%) [58]. However,

with the introduction of rGO (in case of

rGO@ZnONR), the contribution of Oi increased from

39.93 to 46.0% while ZnONR decreased from 60.07 to

54.00% (Fig. 8b). The different functional groups of

rGO may interact with ZnONR that results in non-

stoichiometric ZnONR, and thus the change in the

contribution of Oi and ZnONR was observed [59].

Moreover, the separation binding energy changed

from 1.08 to 1.18 eV. All these changes also affirm the
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interaction of ZnONR and rGO. Further, in the case of

Ag-rGO@ZnONR (Fig. 8c) contribution of Zn

increased to 77.76% while Ag nanoparticles also

affected the interaction along with rGO.

O1s spectra of ZnONR (Fig. 9a) shows the presence

of peaks at around 531, 532.7, and 534.3 eV, corre-

sponding to oxygen radicalsðO2�Þ, hydroxide (OH)

and some fraction bridging oxygen (OBrg), respec-

tively [58, 60, 61]. The contribution of O2� (59.51%) is

highest, followed by OH (29.85%) and OBrg (10.65%).

However, after the addition of rGO, the contribution

of O2- decreased (51.17%) while that of OH and OBrg

increased to 34.92 and 13.91%, respectively (Fig. 9b).

This can be attributed to the various functional

groups present at the basal planes of rGO indicating

the interactions among ZnONR and rGO [62]. More-

over, the OBrg contribution reduced to 2.07% in the

case of Ag-rGO@ZnONR which indicates the role of

OBrg by providing attractive sites to Ag through the

diffusion of oxygen vacancies and also results in the

reduction of OH from 34.92 to 28.47% (Fig. 9c) [63].

The total variation of O2-, OH, and OBrg for ZnONR,

Figure 6 XPS survey scans

(a) and (b) composition

analysis of ZnONR,

rGO@ZnONR,, and Ag-

rGO@ZnONR.

Figure 7 C1s spectra of

(a) rGO@ZnONR, (b) Ag-

rGO@ZnONR, (c) total

variation of functional groups

and (d) Ag 3d5/2 of Ag-

rGO@ZnONR.
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rGO@ZnONR, and Ag-rGO@ZnONR is presented in

Fig. 9d.

Photocatalysis degradation of 2-CP

The adsorption, photolysis, and photocatalysis of

2-CP onto ZnONR, rGO@ZnONR,, and Ag-

rGO@ZnONR nanocomposite are shown in Fig. 10a.

The adsorption of the 2-CP shows the attainment of

the equilibrium within 60 min, and the adsorption

was 20.2, 23.7, and 28.7%, for ZnONR, rGO@ZnONR ,

and Ag-rGO@ZnONR, respectively. The adsorption

increases with the increase in the functionality of

ZnONR hybridization with rGO and Ag, as it pro-

vides more binding sites for the interaction with 2-CP

molecules. After adsorption in the dark, the 2-CP

solutions were exposed to solar light, and the pho-

tocatalytic decomposition of the 2-CP was found to

increase with the increase in reaction time. Ag-

rGO@ZnONR nanocomposite showed better photo-

catalytic properties than ZnONR, rGO@ZnONR

nanocomposite, as evident in Fig. 10a. The photolysis

of 2-CP under solar light was 39.6% while in contrast,

ZnONR showed 72% decomposition under similar

experimental conditions. Although ZnONR is not a

proven visible light photocatalyst, here it showed

satisfactory decomposition of 2-CP. This may be

explained by the fact that solar light has a little

fraction of UV light, and this combination of UV and

visible light (solar light) resulted in effective degra-

dation. Moreover, the oxygen-rich surface and

defects in the ZnONR crystalline structure might be

responsible for the photocatalytic efficiency in solar

light [64]. The UV–visible absorption band edge of

ZnONR is around 400 nm (Fig. 5a), and the bandgap

energy of 3.05 eV reveals that ZnONR is capable of

absorbing the energy (photons) from the solar light.

The photocatalytic efficacy of the rGO@ZnONR and

Ag-rGO@ZnONR nanocomposite is 89 and 100%,

respectively. The enhanced photocatalytic efficacy of

rGO@ZnONR and Ag-rGO@ZnONR nanocomposite is

mainly due to higher adsorption of photons and

better separation of the photogenerated electrons and

holes. Moreover, the coupling of the Ag with

rGO@ZnONR augmented free exciton emissions and

reduced the bound exciton emissions in Ag-

rGO@ZnONR nanocomposite [65]. In the

Figure 8 Zn2p3 analysis of

(a) ZnONR (b) rGO@ZnONR,

and (c) Ag-rGO@ZnONR.
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Figure 9 O1s analysis of

ZnONR, rGO@ZnONR,, and

Ag-rGO@ZnONR.

Figure 10 (a) Photocatalytic

degradation of 2-CP by

ZnONR, rGO@ZnONR, and

Ag-rGO@ZnONR

nanocomposite (solution

volume-100 mL, pH-6.55,

conc.-31 mg/L), (b) Plot for

the first-order kinetic model

for the 2-CP photodegradation

onto ZnONR, rGO@ZnONR

and Ag-rGO@ZnONR

nanocomposite, and (c) The

reusability of Ag-

rGO@ZnONR nanocomposite

for the 2-CP photocatalytic

decomposition.
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rGO@ZnONR and Ag-rGO@ZnONR nanocomposite,

the rGO also helps to enhance the photocatalytic

activity of ZnONR and Ag by providing p - p stack-

ing interactions between the aromatic ring of 2-CP

and the aromatic structure of rGO which accelerates

the transfer of photogenerated electrons [66]. The PL

analysis (Fig. 5e) clearly reveals that the recombina-

tion ratio of photogenerated e-/h? reduces in the

following order, that is, ZnONR\ rGO@ZnONR-

\Ag-rGO@ZnONR. The reduction in the PL peak

intensity is clear evidence of better charge separation

and formation of heterojunction in Ag-rGO@ZnONR

after coupling the rGO and Ag with ZnONR [52].

Therefore, Ag-rGO@ZnONR showed better photocat-

alytic efficiency as compared to ZnONR and

rGO@ZnONR.

The rate of 2-CP photodegradation by ZnONR,

rGO@ZnONR, and Ag-rGO@ZnONR nanocomposite

can be considered as the first-order kinetic model.

ln C=Coð Þ ¼ � k t ð10Þ

where Co and C are the initial and final concentra-

tions (mg/L) of 2-CP after time t, respectively, k is the

degradation rate constant (1/min), and its values

were calculated from the plot ln(C/Co) versus

t (Fig. 10b). The values of rate constant (k) are esti-

mated to be 7.40 9 10–3, 14.30 9 10–3 and

21.8 9 10–3 min-1 for 2-CP degradation onto ZnONR,

rGO@ZnONR, and Ag-rGO@ZnONR nanocomposite,

respectively. This indicates that Ag-rGO@ZnONR

nanocomposite is the most efficient catalyst amongst

others for the degradation of 2-CP [67].

Degradation mechanism of 2-CP

The mechanism for higher 2-CP photocatalytic

degradation onto the rGO@ZnONR and Ag-

rGO@ZnONR nanocomposite can be explained on the

basis of heterojunction formation between the ZnONR

and rGO. Besides the heterojunction formation, there

are several factors such as experimental conditions,

radiation source, catalyst grain size, etc. may have the

effect of the photocatalysis process. As the XRD

analysis showed, the grain size of the rGO@ZnONR

(32.07 nm) and Ag-rGO@ZnONR (35.72 nm) is smal-

ler than the pure ZnONR, which may facilities the

higher photocatalysis reaction due to small size and

large surface area [58]. The Evb and Ecb of ZnONR

photocatalyst were calculated to be ? 2.815 and

- 0.235 eV, respectively, vs normal hydrogen

electrode (NHE). After coupling the rGO with

ZnONR, a shift in Evb (? 2.75 eV) and Ecb (- 0.17 eV)

of rGO@ZnONR is observed. The incorporation of Ag

on rGO@ZnONR showed a slight change in Evb

(? 2.72 eV) while the Ecb showed a noticeable change

(- 0.145 eV). Moreover, Ag is a noble plasmonic

nanoparticle, and after coupling with rGO@ZnONR,

absorption photons in visible range occurs due to the

localized surface plasmon resonance of Ag [68]. The

Ag attached to rGO@ZnONR surface also forms a

Schottky barrier at the interface, which helps in the

efficient separation of charge carriers, thereby

resulting in the enhancement of the decomposition of

2-CP by Ag-rGO@ZnONR nanocomposite. A reduc-

tion in the bandgap energy and PL intensity of the

Ag-rGO@ZnONR nanocomposite also confirms the

higher absorption of the solar light and better sepa-

ration of the e-/h? pairs. There are several possibil-

ities for electron transfer at the Ag-rGO@ZnONR

interface. The major possibility is the transfer of the

photogenerated e- from the conduction band (CB) of

ZnONR to the Fermi state of the attached Ag. Another

possibility is the transfer of e- from Ag (excitation to

the surface plasmon resonance) to the ZnONR CB.

These e- may be further transferred to the rGO, or

they directly react with the dissolved O2 and gener-

ate�O�
2 . The holes in the valance band react with the

H2O molecules and produce �OH radical. These �O�
2

and �OH radicals act as strong reducing and oxidiz-

ing agents and fragments 2-CP molecules into min-

eralized products. The proposed mechanism for 2-CP

degradation is given below, while its schematic

scheme is shown in Fig. 11.

Ag�rGO@ZnONRþ hm!Ag�rGO@ZnONR e�þhþð Þ
ð11Þ

Agþ hm ! Ag e�ð Þ ð12Þ

ZnONR þ hm ! ZnONR e� þ hþ� �

ð13Þ

e� þO2 ! �O�
2 ð14Þ

hþ + H2O ! �OH ð15Þ
�O�

2 þ �OHþ 2� CP ! mineralized products ð16Þ

Reusability of Ag-rGO@ZnONR

The stability and reusability of catalyst are the most

important factors for commercialization and large-

scale applications. For the reusability tests, the used
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Ag-rGO@ZnONR nanocomposite was thoroughly

washed with deionized water and subsequently

dried, and the stability was investigated for three

cycles (Fig. 10c). The efficiency of Ag-rGO@ZnONR

remained 94% even after the three cycles. These

results clearly indicate that the Ag-rGO@ZnONR

nanocomposite is a stable catalyst and can be reused

for multiple cycles.

Conclusion

In summary, the Ag-rGO@ZnONR were synthesized

through facile in situ reduction of AgNO3 onto

rGO@ZnONR that showed almost complete degra-

dation of 2-CP molecules with very high reusability

of 94% under solar radiation. Moreover, the

enhanced photocatalytic activity is attributed to the:

added absorption of solar light of the higher wave-

length and better separation of e-/h? pairs due to the

formation of heterojunctions between ZnONR, rGO,

and Ag. The Ag-rGO@ZnONR showed the lowest

charge recombination rate in comparison to ZnONR

and rGO@ZnONR, which suggests its high photocat-

alytic efficiency. Structural analysis showed that Ag

occupied the interstitial sites of rGO@ZnONR without

changing the preferred orientations of the diffraction

planes. The oxidation power of ZnONR decreased

while the reduction strength became more negative

with the addition of rGO and Ag, and the bandgap

reduced from 3.05 (ZnONR) to 2.87 eV (Ag-

rGO@ZnONR). The functional groups of rGO were

found to be responsible for the strong interaction

with Zn, whereas Ag interacted with the diffused

oxygen vacancies. In short, this study may provide a

platform for understanding and further designing the

ternary metal and metal oxide composites with gra-

phene derivatives for the degradation of environ-

mental pollutants.
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