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ABSTRACT

Nature is a perfect laboratory for creating novel nanomaterials for a variety of

applications. A robust green synthesis approach to GO-loaded Ag/ZnO

nanocomposite materials using medicinal plant extraction and their potential

application in methyl orange dye degradation are reported. The straightforward

technique employs zinc and silver nitrate precursors in an aqueous solution of

medicinal plant extract, causing the precipitation process. Prior to photocatalytic

investigations, the physico-chemical properties of the material are analysed

using TG-DTA, XRD, FE-SEM, TEM, EDAX and BET. The developed material

showcase hexagonal wurtzite structure of ZnO, with face-centered-cubic phase

of Ag and AgCl. All the samples exhibit aggregated, irregular rounded grains,

as expected in the precipitation synthesis process. Pristine ZnO showed 15.5%

degradation efficiency towards methyl orange, which was further improved by

doping Ag from 0.5 to 2 mol%. The catalyst with 1 mol% Ag doping resulted in

the better photocatalytic activity (26.30%), which has again improved by loading

the GO (27.46%). The outcome of this study provides the new insights to GO-

loaded Ag/ZnO nanocomposites by green synthesis route, in view of photo-

catalytic applications.
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1 Introduction

Nature is an absolute laboratory, providing inspira-

tion and avenues for the creation of innovative

nanomaterials for a wide range of applications. It has

varieties of simple recipes to obtain complex -mate-

rials, -structures, -dimensions, and many more.

Given the rising carbon footprint and environmental

pollution, green synthesis routes are more beneficial

for resolving environmental toxicity concerns. It is in

our best interest to use these cost-effective, non-

harmful techniques in the long term. With this

motivation, the present efforts demonstrate the

straightforward route of developing metal oxide

(particularly ZnO) nanoparticles for dye degradation

(methyl orange in the present case) under Uv–Visible

irradiation.

Speaking about Zinc oxide (ZnO), it has numerous

applications in medicine, cosmetics, bio and gas

sensors, photocatalysis, drug delivery and many

more, due to its fascinating properties such as low

toxicity, antimicrobial, biodegradability and cost-ef-

fectiveness [1–4]. To date, various synthesis routes

have been employed for the development of ZnO

nanoparticles, viz. sol–gel method, mechanical mil-

ling, spray pyrolysis, organometallic synthesis, ther-

mal evaporation and hydro/solvothermal techniques

[5–10]. However, all these approaches use organic

solvents and toxic reducing agents, which are extre-

mely reactive and unfriendly to the environment.

Green synthesis approaches come to mind as a

solution to these problems due to their aforemen-

tioned properties (cost-effective, non-harmful and

environmental friendly techniques). Amongst the

different green routes, plant extract is one of the

simple and promising strategy for nanomaterials

synthesis [2]. Their extracts can be extracted from the

plants, flowers, leaves, fruits, roots, and stems. Plant

extracts contain biomolecules and secondary

metabolites such as flavanones, tannins, polyphenols,

alkaloids, saponins, and terpenoids, which serve as

effective reducing agents of zinc precursor [11–13].

Figure 1 depicts a green route method for creating

different metal oxide nanoparticles utilizing micro-

organisms, seeds, and other natural resources.

ZnO is a popular photocatalyst for environmental

remediation because of its low cost, large surface

area, excellent electrochemical stability and high

electron mobility [14–17]. However, its photocatalytic

efficiency lags behind due to rapid recombination of

photo-excited holes and electrons. The properties of

these semiconductors can be modified by adding

noble metals and their halides because of their

admirable catalytic activity [18–20]. Amongst the

various metal halides, Ag/AgCl the most attractive

material due to its high chemical stability and elec-

trical conductivity [21–23]. Visible-light photodegra-

dation, water photolysis, photoelectric detection, and

bacterial disinfection are all common applications for

Ag/AgCl [24, 25]. The photocatalyst Ag/AgCl is

based on the effects of nanometal surface plasmon

resonance (SPR) and semiconductor photocatalysis.

The SPR effect generates and separates electrons and

holes. Because of surface electron oscillation, elec-

tron–hole pairs are formed in nanosilver when

exposed to visible light. Considering the polarisation

of the electric field, electrons are then transferred to

the surface of the Ag nanoparticles to create reactive

oxygen groups. The holes are transported to the AgCl

contact, where Cl ions are oxidised to Cl atoms. These

Cl atoms can then oxidise organic dyes to produce Cl

ions once again. Ag nanoparticles absorb photons.

Photoelectrons are trapped in Ag nanoparticles and

are not transported to silver ions. Throughout this

process, AgCl is not consumed and thus is a

stable photocatalyst [26].

However, restricted control of doping process in

general (which is * 10%) needs another approach in

the enhancement of visible light absorption of ZnO. It

can be overcome by combining semiconductor

materials with mesoporous materials. In accordance

with this, carbonaceous materials such as graphene

can be a suitable candidate due to its electronic

Fig. 1 Schematic illustration of possible green chemistry through

various means
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properties, unique pore structure and larger surface

area [27, 28].

In the present study, we are going to show the

simple, cost-effective, non-toxic and greener synthe-

sis approach using medicinal plant extract for syn-

thesis of GO-loaded Ag/ZnO nanocomposites and

their potential use in the methyl orange dye degra-

dation under Uv–Vis irradiated photocatalysis. The

addition of GO is intended to increase the surface

area. Both the large surface area and the high

porosity are advantageous for enhancing the photo-

catalytic activity of the produced samples.

2 Experimental

The chemicals used in the typical synthesis are: zinc

nitrate hexahydrate (Zn(NO3)2.6H2O purum grade,

graphene oxide (GO), and silver nitrate (AgNO3)

trace metal basis; all obtained from Sigma-Aldrich.

The required plant-powder for green synthesis was

obtained from proprietary brand of medicinal pow-

ders (Patanjali, India) through local supplier. The

details of plant-powder (ingredients with their wt%)

are detailed in the supplementary section (ESI-1,

Table—S1). The extract preparation and the entire

synthesis process were carried out using double

distilled water (DW).

2.1 Extract preparation

For the extract preparation, 10 g of plant-powder was

dissolved in 100 mL of distilled water. At 50 �C the

mixture was stirred for 3 h and then allowed to cool

down to the room temperature. After centrifuging the

mixture at 2000 rpm for 30 min, the extract was col-

lected in a different beaker and kept separate for

green synthesis.Fig. 2, shows the schematic of extract

synthesis process.

2.2 Preparation of pristine ZnO, Ag/ZnO,
and GO-Ag/ZnO

Fig. 3 showcase the synthetic protocol of three sam-

ple sets: (i) pristine ZnO, (ii) Ag/ZnO, and (iii) GO-

Ag/ZnO.

Pure ZnO nanoparticles (Set-1) were prepared by

dissolving Zn(NO3)2�6H2O (29.74 g, 1 M) in 100 mL

DW and then slowly and dropwise addition of

extract (100 mL) in a volume equivalence was done.

This method of extract addition is favored because

rapid addition results into an inhomogeneous reac-

tion mixture, resulting in the formation of larger

particles. The Set-2 of having Ag/ZnO nanoparticles

was synthesized as of pristine ZnO, simply by

replacing a mol fraction of zinc nitrate with equiva-

lent mol fraction of silver nitrate. The variation of mol

fraction was made from 0.5 to 2.0 mol% with the step

of 0.5. Finally, nanoparticles of GO-Ag/ZnO (Set-3),

were prepared by adding 10 mg of GO to the reacting

mixture of the optimized Ag/ZnO sample (1 mol%

doped Ag in ZnO) from Set-2. In order to disperse the

GO properly in the reaction medium, GO was ultra-

sonicated for 15 min in 10 mL DW before the addi-

tion of extract in the precursor solution. This 10 mL

sonicated GO solution was added to 90 mL of pre-

cursor solution to balance/equalise the concentration

of the reaction mixture in each set. Finally, as

obtained precipitates of ZnO from all the sample sets,

were filtered, washed, dried and annealed at 400 �C
for 2 h in air, respectively. The annealed samples

were labelled as Z0 to Z5 starting from Set-1 to Set-3,

with Z0 = pristine ZnO, Z1–Z4 = 0.5–2.0 mol% Ag-

doped ZnO, and Z5 = GO/Ag (1 mol%) doped ZnO,

respectively. The details of material characterizations

and photocatalytic study are given in the supple-

mentary section (ESI-2).

Fig. 2 Schematic of medicinal

powder extract synthesis
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3 Results and discussion

3.1 Thermogravimetric analysis (TGA-
DTA)

Figure 4 illustrates the TG–DTA plot of sample Z0

and Z2 which shows the three similar distinct weight

losses at: (i) * 29.05% from room temperature to

150.85 �C, (ii) * 30.08% from 150.85 to 380.68 �C and

(iii) * 19.01% from 380.68 to 418 �C. The first weight

loss in the observed TGA and endothermic peak

corresponding * 100 �C in DTA is associated with

the decomposition of chemisorbed water molecules.

The proper oxide phase formation is completed at

400 �C from where no considerable weight loss is

detected. Therefore, all the samples under investiga-

tion were calcined at 400 �C.

3.2 Crystallographic and elemental
analyses (XRD and EDX)

The X-ray diffraction patterns of pure ZnO, 1 mol%

Ag-doped ZnO and GO-Ag-doped ZnO are dis-

played in Fig. 5. All the diffraction peaks of pure ZnO

(Sample Z0) are matching with hexagonal wurtzite

structure of ZnO (JCPDS card no. 36-1451, high-

lighted in red). The major peaks at 2h = 31.82�, 34.52�,
36.36�, 45.54�, 56.70�,62.96�, 66.46�, 68.04� and 69.16�
correspond to the (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0),

(1 0 3), (2 0 0), (1 1 2) and (2 0 1) lattice planes of

hexagonal wurtzite ZnO, respectively. The XRD

graphs showed the formation of highly oriented peak

along (1 0 0) (0 0 2) and (1 0 1) plane indicating highly

Fig. 3 Schematic of synthesis

protocol of three sample sets:

(i) pristine ZnO, (ii) Ag/ZnO

and (iii) GO-Ag/ZnO

Fig. 4 TG-DTA plot of sample Z0 and Z2
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crystalline material. The crystallites size of 53 nm was

determined using FWHM for most intense peak (1 0

1) using Scherrer formula [29].

D ¼ Kk
b cos h

; ð1Þ

where ‘k’ is the wavelength of X-ray radiation used,

‘b’ is FWHM (in radians), ‘h’ the angle of refection,

and ‘K’ is the Scherrer constant. K in the Scherrer

equation is not known for the present material sys-

tem. K can have values anywhere from 0.62 and 2.08.

In this paper, K = 0.98 was used. Therefore, all D

calculations are only estimates.

The stacked XRD spectra of optimized Ag-doped

ZnO sample (Z2) and GO-loaded Ag-doped ZnO

sample (Z5) showed the additional characteristic

diffraction peaks at 2h = 38.16� and 44.36� which are

ascribed to the face-centered-cubic phase of metallic

Ag (JCPDS No. 04-0783), while at 2h = 32.14�, 45.62�,
46.22�, 54.82� and 57.52� are ascribed to the charac-

teristic diffraction peaks of cubic AgCl (JCPDS

00-006-0480). The Ag peaks are not so prominent and

hard to find due to low content of Ag doping in the

ZnO matrix. There is no shift in the peaks of ZnO

after Ag doping; however, slight peak broadening is

observed, indicating the possibility of Ag going into

the lattice of ZnO [30].

Moreover, the EDX analysis of pristine ZnO

(Fig. 6a) and optimized Ag-doped ZnO sample-Z2

(Fig. 6b) revalidated the presence of Zn, O, Ag, and

Cl elements in their respective amounts.

3.3 Morphological analysis (SEM
and TEM):

The surface morphology of as developed samples

was studied using SEM and TEM analyses. The SEM

and TEM images (Figs. 7 and 8) of various composi-

tions of Ag/ZnO along with GO loading, confirmed

the co-existence of Ag and GO in the ZnO matrix.

Figure 7 shows the SEM images of pristine ZnO

along with Ag-doped ZnO and GO-loaded Ag-doped

ZnO samples. All the samples exhibits aggregated,

irregular rounded grains, as expected in the precipi-

tation synthesis process. In Fig. 7, Z5 confirms the

agglomerated cluster of graphene oxide along with

Ag/ZnO nanoparticles. The micrographs clearly

explains the number of empty spaces which facilitate

the easy absorption of dye solution during the pho-

tocatalytic process thereby its improved kinetics.
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Fig. 5 XRD patterns of the pristine ZnO along with Ag/ZnO and

GO/Ag/ZnO

Fig. 6 EDX patterns of a pristine ZnO along with b 1.0 mol%

Ag-doped ZnO
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Further, SEM analysis demonstrates that ZnO has a

porous structure (thereby, expecting low density),

which is advantageous for photocatalytic applica-

tions. At low concentration of Ag doping (sample

Z1), it was observed that Ag NPs have a very small

dimension, and hence barely change in the mor-

phology of pristine ZnO matrix. However, as the

concentration of Ag (Sample Z2–Z5) was increased, a

large number of Ag aggregates appeared on the

surface of dispersed and porous ZnO structures. This

is likely due to the effect of Ag doping on the crys-

tallization and proliferation of ZnO nanoparticles

during precipitation process and thereby calcination.

To further validate the existence of Ag NPs and

GO, TEM analysis (Fig. 8) was performed on the with

the highest photocatalytic activity (samples Z2 and

Z5). On the surface of ZnO, Ag nanoparticles can be

seen to be firmly anchored and uniformly dis-

tributed. It revalidated the formation of irregular

rounded particles observed through SEM analysis. It

is observed that Ag nanoparticles doped into ZnO

nanoparticles are of 10–12 nm in diameter size. Fur-

thermore, TEM of sample Z5 (Graphene-Ag/ZnO)

shows the spherical shaped Ag and ZnO nanoparti-

cles that are randomly distributed and spread-over

on the surface of graphene layer.

3.4 Surface area analysis (BET)

The N2 sorption studies shown in Fig. 9 displays a

typical IV isothermic activity with a well described

hysteresis loop of type H3 (indication of the rounded

particles) at p/p0[ 0.8, which are obtained in pris-

tine ZnO, Ag-ZnO and GO/Ag-ZnO isotherms. The

developed samples showcase the typical mesopore

structure. The existence of mesopores is indicated by

a significant rise in the adsorbate volume of type IV

in the low p/p0 region. As the deterioration of the

adsorbing mass (p/p0 = 0.2 to 0.8) is normally related

to capillary condensation in mesoporoidal structures,

Fig. 7 SEM images of all the developed samples Z0-Z5,

respectively

Fig. 8 TEM images of sample Ag/ZnO (Z2) and GO/Ag/ZnO

(Z5)
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capillary condensation is induced below the pre-

dicted condensing intensity. It is a secondary mech-

anism that involves the pre-formation in the pore-

walls of multi-layer adsorption of the adsorbed layer.

In this case, the two processes in the given area seem

to occur concurrently resulting in fewer adsorbed

space.

Table 1 tabulates the results of average pore radius,

pore volume, and surface area of all the samples. The

surface area and pore size analyses of the ZnO

nanocomposites revalidates the mesoporous frame-

work of GO/Ag/ZnO with considerable increase in

the surface area upon loading GO in the optimised

Ag/ZnO sample. The obtained large surface area and

high porosity are favorable to enhance the photocat-

alytic activity of the obtained samples.

3.5 Photocatalytic properties

The photocatalytic properties of the developed sam-

ples were studied for methyl orange dye degradation

under the irradiation of UV light. A sample of 100 mg

of catalysts were considered for the degradation of

20 ppm aqueous methyl orange (MO) solution on

illumination with 365 nm Hg vapor lamp. The

absorption spectra of MO solution and other

decomposed solution have been taken over a regular

interval of 30 min for 210 min. The degradation

parameters are tabulated in Table 2.

The developed ZnO and its derivatives synthesized

by green route chemistry shows the decent photo-

catalytic activity (Fig. 10a–c). There is a decent MO

degradation within 210 min by all the catalysts, with

a blue shift in the absorption peak.

It can be seen that the photocatalytic activity

towards degradation of methyl orange has improved

from pristine ZnO to Ag/ZnO to GO-Ag/ZnO sam-

ples. Pristine ZnO showed 15.5% degradation effi-

ciency, whereas Ag/ZnO and GO-Ag/ZnO have

shown 26.30% and 27.46% degradation efficiency

towards methyl orange. An improvement in the

degradation property of GO-Ag/ZnO catalyst is

mainly due to graphene oxide which has not only

facilitated the number of active sites, but also acted as

an electron-acceptor/transport for the migration of

photo generated electrons and thereby hinders the

electron–hole recombination [31]. Moreover, surface

area plays a crucial role in enhancing photocatalytic

performance. As seen in the BET, GO-Ag/ZnO

sample showed highest surface area of 33.99 m2/g.

The results obtained for the photocatalytic activity of

the ZnO, Ag/ZnO and GO-Ag/ZnO are in good

agreement with those obtained by BET surface area

(Fig. 9).

Table 3 shows the % degradation of methyl orange,

during course of irradiation time.

3.6 Mechanism of photocatalytic
degradation of methyl orange by GO/
Ag/ZnO

In general, the photocatalytic degradation of dye by a

semiconductor catalyst upon Uv/Vis light irradiation

mainly involves two mechanisms: i) excitation of

semiconductor and ii) excitation of organic dye. In

the first case, an excitation of metal oxide results in

the formation of electron/hole pair generation (elec-

trons in the conduction band and holes in the valence

band). The as-generated charges drag the organic

moieties/pollutants to undergo chemical reactions. In

the latter case, an excitation of organic dye leads to

transfer of electrons towards electron acceptors to

form a cationic dye radical followed by self-degra-

dation or degradation by the reactive oxidation

species.

Table 1 Mean pore radius,

pore volume and BET surface

area of as developed ZnO

nanocomposites

Sample id Avg. pore radius (nm) Pore volume (cm3/g) Surface area (m2/g)

Z0 10 0.05 19.82

Z2 11 0.05 23.31

Z5 15 0.12 33.99

Table 2 Details of photocatalysis dye degradation parameters

1 Dye Methyl orange

2 Concentration 20 ppm

3 Photocatalyst amount 100 mg/100 mL

4 Degradation time 210 min

5 Degradation efficiency 25.3

6 pH 7

6 Source of light 365 nm Hg Vapor lamp
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In the present Graphene-Ag/ZnO nanocomposites,

ZnO undergoes excitation, which means electrons

present in the valence band can be excited to the

conduction band resulting in hole formation in the

valance band due to wide band gap of Ag/ZnO. The

excited electrons can be transferred to graphene,

silver nanoparticles and methyl orange dye. Finally,

the generated electrons react with dissolved oxygen

molecules in the form of oxygen peroxide radicals.

The reaction between photogenerated holes and the

hydroxide ion derived from water can produce

hydroxyl radicals. Degradation of methyl orange

Fig. 10 a–c Photocatalytic dye degradation of a ZnO, b 1 mol% Ag/ZnO, and c GO-1 mol% Ag/ZnO with 30 min time interval

Table 3 Percent degradation of methyl orange dye for the samples Z0, Z2, and Z5, respectively

S. no Sample Z0: Pristine ZnO Sample Z2: 1 mol% Ag/ZnO Sample Z5: GO-1 mol% Ag/ZnO

Time % Degradation of MB % Degradation of MB % Degradation of MB

Blank 0.00 0.00 0.00

Adsorption 0.60 1.74 1.00

30 min 1.20 3.86 4.75

60 min 1.70 8.23 6.75

90 min 9.10 11.50 10.44

120 min 11.05 21.45 16.40

150 min 11.55 23.18 18.60

180 min 14.00 23.26 26.30

210 min 15.50 26.30 27.46
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under Uv-light can also be due to excitation of dye

itself forming electrons/hole pairs. These excited

electrons can be transferred from the excited dye to

the conduction band of ZnO that undergoes the for-

mation of reactive oxidation species. Thus, a methyl

orange dye gets decomposed [32–34]. Fig. 11 shows

the schematic illustration of photo-dye degradation

using ZnO/Ag–AgCl catalyst.

Gr� Ag� ZnOþ h# ! hþ þ e�; ð2Þ

hþ þ OH� ! _OH; ð3Þ

e� þ O2 ! _O2; ð4Þ
_O2 þ _OH ! CO2 þ H2Oþ Inorganicmolecules: ð5Þ

4 Conclusions

In conclusion, this article presents the results of the

preparation of pure ZnO, Ag/ZnO and GO-Ag/ZnO

nanocomposites through a facile green synthesis

approach using medicinal powder extract. The phy-

sico-chemical analyses by XRD, SEM, TEM, BET,

EDAX revealed the important structural, morpho-

logical, and elemental properties of the developed

nanoparticles. In the application part, the developed

material has proved its potentiality in photocatalytic

dye degradation of methyl orange. The photocatalytic

activity towards degradation of MO has improved

from pristine ZnO to Ag/ZnO to GO-Ag/ZnO sam-

ples, as 15.50 to 26.30 to 27.46% degradation effi-

ciency, respectively. The improvement in the

photocatalytic activity is due to an enhancement in

the surface area (validated by BET), and narrowing

down the wide band gap of ZnO by Ag/AgCl and

graphene oxide layer. This has certainly minimized

the recombination of photo-induced electrons,

resulting in the more amount of methyl orange

decomposition. The developed route shows the new

insights of green route synthesis of GO-loaded Ag/

ZnO nanocomposites for photocatalytic applications.
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