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c preparation of efficient Ag–ZnO
heterojunctions with excellent photocatalytic
performance under solar light irradiation: a novel
biogenic-deposition-precipitation approach†

Manoj Kumar Choudhary, *abd Jyoti Kataria,b Vimal Kumar Bhardwajc

and Shweta Sharma *d

Herein, we report a unique single-step biogenic deposition precipitation (BDP) approach as

a straightforward route for producing efficient Schottky contact between noble metal nanoparticles and

wide-band-gap semiconductors. Successful preparation of Ag–ZnO heterojunctions using fennel seed

extract (FSE) has been described. The effective biomolecules available in the seeds functioned as novel

biogenic materials for the precipitation of adsorbed silver ions (Ag+) on ZnO particles as metallic silver

(Ag0). The as-prepared composite materials were characterized using diffuse reflectance spectroscopy

(DRS), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), energy dispersive X-ray

(EDX) study, X-ray photoelectron spectroscopy (XPS), photoluminescence spectroscopy (PL) and

high-resolution transmission electron microscopy (HR-TEM). The biogenically prepared Ag–ZnO

nanocomposites exhibited excellent photocatalytic activity towards reduction/degradation of colored

(rhodamine B (Rh-B) dye) as well as colorless (chlorpyrifos pesticide) pollutants when irradiated under

solar light. Among the prepared photocatalysts, 3 wt% Ag–ZnO hybrid composite showed the best

photocatalytic activity by efficiently degrading hazardous organic pollutants within a very short time. The

superior photocatalytic performance of biogenically prepared Ag–ZnO heterojunctions can be ascribed

to the clean production of steady and efficient Schottky contact between plasmonic AgNPs and

semiconducting ZnO NPs.
1. Introduction

Semiconductor-based nanomaterials, especially metal oxides
(e.g., ZnO, SnO2, TiO2, etc.), due to their unique potential for
providing renewable energy and environmental clean-up have
attracted many researchers in the recent past and captivated
their interest in this eld.1–3 Among various semiconducting
nanomaterials, ZnO, with a band gap (Eg) of 3.2 eV, is consid-
ered as a prospective candidate for numerous photocatalytic
purposes.1 However, due to higher magnitude of Eg, it experi-
ences the signicant drawback of recombination of
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photogenerated charge carriers (e� and h+), which results in
decrease in photocatalytic efficacy. Subsequent efforts have
been made in the recent past to explore optimum utilization of
energy corresponding to visible region of solar spectrum.4–6

More recently, it has been found that plasmonic metal
nanoparticles (MNPs), such as noble metals (Ag and Au), can
stimulate wide-band-gap semiconductors, revealing highly
extended visible light responses.7 In simple words, on illumi-
nation with a visible light source, a strong plasmon resonance
(SPR) is produced; during its dephasing, the hot excited elec-
trons (e�) in noble metals are injected to the conduction band
(CB) of semiconductor via Schottky junction, leaving behind the
holes (h+) in noble metal nanoparticles.8,9 These injected e�s in
CB of semiconductor and h+s in MNPs are responsible for
reduction and oxidation processes, respectively, at their sites.10

This unique mechanism widens the horizons for the advance-
ment of efficient and active photocatalysts possessing excellent
visible-light activity.

There are various methods for in situ preparation of sub-
nanometer-sized noble metal nanoparticles. One such method
is the polymer pen-lithography technique.11 Traditionally, noble
metal nanoparticles are cast onto surfaces of semiconductor
Nanoscale Adv., 2019, 1, 1035–1044 | 1035
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nanoparticles by photo-deposition (PD),12 colloidal deposition
(CD)13 and deposition-precipitation (DP) methods.14 Unfortu-
nately, casting of noble metal nanoparticles onto the semi-
conductor surface using the lithographic technique has not yet
been reported. The colloidal deposition technique involves the
deposition of preformed colloidal nanoparticles onto the
semiconductor surface. The organic molecules or ligands
required in this procedure may deposit at the interfaces
between metal particles and semiconducting material, thus
forming an insulating layer, which restricts the formation of an
operational Schottky junction.15 Efforts have been made for
complete removal of organic capping agents, such as extraction
with suitable solvent,16 chemical oxidation15 or calcination.17

The solvent extraction method is not efficient enough to elim-
inate all organic moieties, whereas chemical oxidation is suit-
able only for stable metals because it involves the use of strong
oxidizing agents. Calcination is another signicant approach,
which involves the heating of product at a very high tempera-
ture; however, it may lead to sintering of noble metal nano-
particles or decomposition of the catalyst. Moreover, methods
such as PD or DP involve exposure to ultraviolet light or use of
toxic chemicals, such as NaBH4, citrate or hydrazine, for the
precipitation of metal particles. All these processes can cause
signicant risk to human beings and our environmental
system. Therefore, some facile and environmentally friendly
strategies are required to completely remove the use of organic
capping ligands, high energy radiation, and toxic chemicals and
to enable the fabrication of metal–semiconductor nano-
junctions under mild conditions with enhanced visible-light
activity. In this context, our research group has reported
a unique green biogenic preparation approach, which made it
possible to construct effective metal–semiconductor Schottky
junctions with extended visible-light activity.

Here, we take the example of the fabrication of Ag–ZnO
heterojunctions by treating with fennel seed extract (FSE) as
a precipitating agent. Fennel is a short grown, owering herb,
which belongs to the Apiaceae family and is scientically
named as Foeniculum vulgare. Furthermore, the prepared Ag–
ZnO composite materials were investigated for their solar light-
assisted photocatalytic activity for decomposition/degradation
of wastewater pollutants. A commonly used uorescent stain-
ing dye Rhodamine B (Rh-B) and a widely used pesticide, i.e.,
chlorpyrifos were chosen as model pollutants. The mechanism
concerned with the decontamination/degradation of both
pollutants is also discussed systematically. In addition, it has
been observed that phytochemically prepared Ag–ZnO
composites exhibit extraordinary stability and excellent photo-
catalytic efficacy in three consecutive reuse cycles. Thus, these
biogenically prepared nanocomposite materials can be poten-
tial eco-friendly alternatives for water decontamination.

2. Materials and methods
2.1. Chemicals

ZnO nanopowder (zinc oxide; particle size <100 nm) and AgNO3

(silver nitrate) were purchased from Sigma-Aldrich and
RENKEM India, respectively. Rhodamine-B was obtained from
1036 | Nanoscale Adv., 2019, 1, 1035–1044
Central Drug House (CDH), New Delhi, and chlorpyrifos pesti-
cide (EC-50) was obtained from Regional Pesticide Testing
Laboratory (RPTL), Chandigarh. All chemicals employed in the
present research work were of analytical reagent (AR) grade and
utilized as received without any further renement. Fennel
seeds (F. vulgare) were purchased from local suppliers in Dor-
aha, Punjab, India. Double distilled water (DDW) was used for
preparing all aqueous solutions.

2.2. Procedure for preparing aqueous fennel seed extract
(FSE)

The aqueous extract of fennel seeds (FSE) was prepared as
follows: a thimble made of Whatman paper, containing 5.0 g of
cleaned and dried fennel seeds, was extracted for 6 h in
a Soxhlet apparatus using methanol as the extracting solvent.
Thereaer, methanol was evaporated using rotary evaporator
and a green sticky compound was obtained, which solidied on
standing for 8 h (yield ¼ 1.26 g). Then, 500 mg (0.5 g) of this
solid compound was re-dissolved in 50 mL of double distilled
water and used for experiments.

2.3. Biogenic cleaner production of Ag–ZnO NP
heterojunctions

The cleaner production of Ag–ZnO hybrid composite materials
follows a green biogenic deposition-precipitation technique.
Typically, 200 mg of ZnO powder was suspended in a test tube
containing 20 mL mixture solution of water and ethanol
(1 : 1 v/v, H2O : C2H5OH). A silicon septum was xed, and argon
gas was purged for 15 min; then, the tube was sealed with
paralm. A calculated amount of 1 mM AgNO3 solution was
added dropwise through a hypodermic syringe and stirred
vigorously under inert atmosphere for effective adsorption of
Ag+ ions on ZnO NP surface (deposition step). Aer stirring for
30 min, FSE was added through syringe and again stirred for 6 h
for bio-reduction of Ag+ to Ag0 on to ZnO surface (precipitation
step). The milky white suspension changed to dark brown
during this period. Then, the mixture solution was centrifuged
and washed multiple times with DDW and methanol to
completely eliminate NO3

� ions and additional phytochemi-
cals. The obtained brown shiny powder was then dried at 80 �C
for 12 h. To optimize the quantity of FSE necessary for the
synthesis of AgNPs onto the ZnO surface, biosynthesis of 1 wt%
Ag–ZnO nanocomposite was carried out at different mixing
ratios of 1 mM AgNO3 to FSE without varying other conditions
(text and Fig. S1, ESI†).

2.4. Characterization of prepared photocatalysts

The diffuse reectance spectra (DRS) in absorbance mode for
bare ZnO NPs and Ag–ZnO nanocomposites were recorded
using a double beam UV-visible spectrometer (model: T-90+, PG
Instruments, England) equipped with integrating sphere (IS
19-1). Powder X-ray diffraction patterns were acquired over a 2q
range from 10 to 80� with incident radiation of Cu Ka (l ¼
1.54 Å) using an X-ray diffractometer (PANalytical X'pert-PRO)
functioning at a current of 40 mA and voltage of 45 kV. Four-
ier transform infrared (FT-IR) spectra with wavenumber ranging
This journal is © The Royal Society of Chemistry 2019
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from 4000–500 cm�1 were recorded using an FT-IR spectro-
photometer (Nicolet-iS-50, Thermo Scientic). TEM micro-
graphs were obtained using a high resolution transmission
electron microscope (HR-TEM, G2 20 TWIN FEI, TECNAI)
operating at 200 kV. The grids were prepared by coating a drop
of sonicated ethanolic solution of nanomaterials and we dried
the grids before TEM observation. Elemental composition was
analyzed by energy dispersive X-ray (EDX) spectroscopy. The
elemental and chemical compositions were acquired using X-
ray photoelectron spectroscopy (FEI, PHI 5000 Versa Probe II).
Before EDX and XPS analysis, all samples were stored under
vacuum for 48 h. The photoluminescence (PL) spectra were
obtained at room temperature (excitation wavelength (lexc) ¼
350 nm) using a uorescence spectrophotometer (LS-55, Perkin
Elmer).
Scheme 1 Schematic illustration of the preparation procedure of Ag–
ZnO nanocomposites.
2.5. Photocatalytic experiment for degradation of aqueous
pollutants

The photocatalytic activity of synthesized biogenic Ag–ZnO
nanocomposites (1 and 3 wt% Ag–ZnO NPs) in comparison to
that of bare ZnO NP powder was evaluated for degradation of
Rh-B (pink colored dye) and chlorpyrifos (colorless toxic pesti-
cide) as representative pollutants. Initially, in a photoreactor of
200 mL capacity, 100 mL Rh-B (10 mM) and photocatalyst (20
mg) were added and stirred vigorously under dark for about
30 min to achieve adsorption–desorption equilibrium. There-
aer, the mixture solution was exposed to direct sunlight. The
photocatalytic degradation tests were conducted in sunny days
of May 2018 between 11:00 am and 3:00 pm. To prevent heating
of the reaction mixture, cold water was circulated in the outer
jacket around the photoreactor. For determining the dye
degradation rate, a small sample solution of around 3 mL was
withdrawn aer every 3 min and centrifuged to remove the
catalyst. Aer photodegradation, the ltrate was analyzed using
a UV-vis spectrophotometer to determine the Rh-B concentra-
tion in the solution. Furthermore, for degradation of chlorpyr-
ifos, 20 mg of photocatalyst was taken with 100 mL aqueous
solution of chlorpyrifos (50 ppm) in photoreactor and the
procedure was identical to that used for Rh-B degradation. To
analyze the pesticide degradation process, small quantity of
reactionmixture was withdrawn and centrifuged and the ltrate
was analyzed through a UV-vis spectrophotometer at periodic
intervals of 10 min.
Fig. 1 DRS of bare ZnO NPs and 1 and 3 wt% Ag–ZnO hybrid
composites.
3. Results and discussion
3.1. Biogenic preparation and characterization of Ag–ZnO
heterojunctions

Recent advancement in the preparation of hybrid materials has
drawn signicant attention to green, eco-friendly methods for
fabrication of metal–metal oxide nanocomposites with efficient
Schottky junctions for effective transport of charge carriers.10,18

In the present study, an attempt has been made for cleaner
production of Ag–ZnO hybrid composites using fennel seeds.
The polyphenolic compounds present in the fennel seed extract
(FSE) served as natural reducing/precipitating materials for the
This journal is © The Royal Society of Chemistry 2019
development of an efficient Ag–ZnO heterojunction, which
proved that this protocol is a facile, cost-effective and eco-
friendly approach. Scheme 1 illustrates the simple biogenic
preparation procedure of Ag–ZnO NP heterojunction formation.

Fig. 1 depicts the diffuse reectance spectra (DRS) of bare
ZnO NPs and synthesized nanocomposite materials. The spec-
trum of bare ZnO NPs displayed an absorption band in the UV
region (with wavelength around 375 nm), which indicated its
inability to collect visible light. In addition, the DR spectra of
Ag–ZnO hybrid composites exhibited two bands at around
375 nm and 440 nm. The broad band around 440 nm can be
ascribed to surface plasmon resonance (SPR) absorption of
silver (Ag0).19 It has been observed that on increasing the Ag
content, the intensity of absorption due to SPR increases, which
can be due to the increasing number of surface defects intro-
duced during the deposition of metal atoms on
Nanoscale Adv., 2019, 1, 1035–1044 | 1037
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semiconductors. These surface defects may limit the recombi-
nation of photoexcited e� and h+ pairs, thus improving photo-
catalytic efficacy.20 Furthermore, ZnO NPs and synthesized Ag–
ZnO hybrid materials (1 and 3 wt%) showed absorption edges
(l) at 389, 396 and 402 nm, and the corresponding observed Eg
values were 3.19, 3.13 and 3.08 eV, respectively, which were
calculated using an equation reported elsewhere.21

Bare ZnO NPs and 1 and 3 wt% Ag–ZnO composite materials
were further characterized using the X-ray diffraction
Fig. 2 XRD patterns of bare ZnO NPs and 1 and 3 wt% Ag–ZnO hybrid
composites.

Fig. 3 TEM images (a and b) for 1 wt% Ag–ZnO and (c and d) 3 wt% Ag

1038 | Nanoscale Adv., 2019, 1, 1035–1044
technique, and their corresponding XRD patterns are presented
in Fig. 2. In the XRD pattern of bare ZnO NPs, all peaks matched
with a standard pattern of hexagonal wurtzite structure of ZnO
(JCPDS card no. 36-1451). On the other hand, both 1 and 3 wt%
Ag–ZnO hybrid catalysts depicted a characteristic peak of
metallic silver (marked with *) at 38.37� for the (111) plane
(JCPDS card no. 04-0783). Furthermore, the prepared nano-
composites showed no shi in diffraction peaks, which indi-
cated that the ZnO NP matrix was well preserved as the wurtzite
phase. The mean crystallite sizes of ZnO NP particles calculated
with the Scherrer equation were found to be similar in all
samples, which further suggested that the biogenic accumula-
tion of AgNPs does not change the crystalline structure of ZnO
matrix.

Fig. 3a–d depict normal transmission electron microscopy
(TEM) images of Ag–ZnO nanocomposites. Uniform distribu-
tion of AgNPs was observed on ZnO surfaces without any
aggregations. The size of AgNPs anchored on the surface of ZnO
particles was in the range of 6–10 nm. A careful investigation of
images (Fig. 3b and d) revealed that Ag and ZnO NPs were in
close contact with each other, suggesting efficient formation of
Schottky junction. Furthermore, HRTEM image (Fig. 3d)
revealed that continuity was preserved in fringes between ZnO
and AgNPs. The d-spacing of 0.27 nm in lattice fringes corre-
sponded to the (002) plane of ZnO NPs, whereas d ¼ 0.23 nm
corresponded to the (111) plane of face centered cubic lattice
structure of AgNPs. Furthermore, the qualitative and quantita-
tive examination of silver in the biogenically prepared nano-
composites was conducted using energy dispersive X-ray
–ZnO.

This journal is © The Royal Society of Chemistry 2019
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spectroscopy (EDX) and the corresponding results are presented
in Fig. S2 and S3, ESI.† The EDX spectra also reinforced the
elemental constitution, as depicted in (inset) Fig. S2 and S3,†
which further proved the existence of AgNPs in Ag–ZnO hybrid
composite materials. It was evident from the above investiga-
tions that AgNPs were successfully deposited and precipitated
on the surface of ZnO NPs by a green biogenic deposition-
precipitation (BDP) route.

The elemental and chemical composition of biosynthesized
3 wt% Ag–ZnO hybrid catalyst was elucidated using X-ray
photoelectron spectroscopy (XPS). The results for 3 wt% Ag–
ZnO in comparison to those for bare ZnO NPs are presented in
Fig. 4a. All peaks for Ag–ZnO NP photocatalysts were assigned to
C, O, Zn and Ag. No peak corresponding to any element of
biomolecules of fennel seeds was observed, which conrmed
that biochemically fabricated Ag–ZnO catalysts were highly pure
and comprised Ag, Zn and O only. These ndings further sup-
ported the results obtained from EDX and XRD. Furthermore,
the XPS results veried that biogenically synthesized AgNPs
were successfully anchored on ZnO surfaces.

The high-resolution spectra of Zn 2p are presented in Fig. 4b.
The spectra depicted two intense peaks at 1043.4 and 1020.2 eV,
Fig. 4 (a) The complete XPS survey spectra of bare ZnO NPs and 3 wt% A
Zn, (c) O, and (d) Ag.

This journal is © The Royal Society of Chemistry 2019
corresponding to binding energies of 2p1/2 and 2p3/2, which
remained unchanged in bare ZnO NPs and 3 wt% Ag–ZnO
hybrid composite. Also, a constant value of 23.2 eV, which is the
difference between the binding energies of the two peaks (2p1/2
and 2p3/2), conrmed that Zn existed in Zn2+ oxidation state in
both (bare and composite) samples. In addition, high-
resolution spectra of 1s orbital of oxygen for bare ZnO NPs
and 3 wt% Ag–ZnO catalysts are presented in Fig. 4c. A careful
observation of spectra revealed that the anchoring of Ag onto
the ZnO surface did not affect the chemical nature of oxygen. A
single asymmetric peak was resolved into two symmetric peaks
located at 529.1 and 530.5 eV, corresponding to O 1s level of
ZnO and chemically adsorbed oxygen of surface hydroxyl
groups. The high-resolution spectrum of Ag 3d presented in
Fig. 4d displayed two intense peaks corresponding to Ag 3d3/2
and Ag 3d5/2 levels, possessing binding energies of 372.2 and
366.2 eV, respectively. The positions of Ag 3d peaks surprisingly
shied to lower values as compared with that of bulk Ag (Ag 3d3/2,
374.2 eV and Ag 3d5/2, 368.2 eV), which suggested decrease in
electron density around silver.18 The smaller work function of
Ag compared to that of ZnO NPs encouraged easy transfer of
electrons from biogenically deposited plasmonic AgNPs to the
g–ZnO hybrid composite. Individual high resolution XPS spectra of (b)

Nanoscale Adv., 2019, 1, 1035–1044 | 1039
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Scheme 2 Plausible reaction mechanism of formation of Ag–ZnO
heterojunctions.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
2:

29
:4

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
conduction band of ZnO NPs through the Schottky barrier.
Thus, a new level called “Fermi level” was formed, which
resulted in higher valence of silver; this further indicates effi-
cient interparticle attraction between Ag and ZnO NPs.

The FT-IR spectra of biogenically prepared Ag–ZnO samples
and bare ZnO nanopowder are displayed in Fig. 5. The vibration
bands observed in the spectrum were ascribed to various lattice
vibration modes. The strong band in all three spectra at
510 cm�1 indicated the stretching vibration of Zn–O. A broad
band for ZnO NPs at 3510 cm�1 could be ascribed to the
stretching vibration of O–H of water molecules chemisorbed
onto ZnO surface. This stretching vibration slightly shied to
lower wavenumbers of 3460 and 3414 cm�1 for 1 and 3 wt% Ag–
ZnO, respectively, due to H-bonded phenolic O–H group of
polyphenolic compounds, which might be present in traces in
Ag–ZnO samples. A small band at around 1420 cm�1 was
observed in the spectra of Ag–ZnO catalysts only, which was
ascribed to O–H in-plane bending vibration; a peak at
1010 cm�1 might be due to out-of-plane bending vibration of
O–H of phenolic group.22 Moreover, aer biogenically depos-
iting AgNPs onto the ZnO surface, the fundamental character-
istic peaks for ZnO remain unchanged.

Scheme 2 depicts the plausible reaction mechanism of the
preparation of nanocomposites. The active ingredients present
in fennel seeds are mostly ortho-dihydroxy compounds such as
polyphenolic acids (chlorogenic acid, rosmarinic acid, etc.) and
avonoids (apigenin and quercetin).23 These dihydroxy
compounds exhibit antioxidant potential;24 they synergistically
donate electrons to Ag+ ions adsorbed onto the ZnO nano-
structures and reduce them to Ag0 and are concomitantly
oxidized to corresponding quinones.25,26 This BDP approach for
the preparation of noble metal–metal oxide binary hetero-
junctions does not involve the use of any toxic chemicals or high
energy input. Moreover, the entire process occurs smoothly in
an aqueous solvent at room temperature; thus, it is a cost-
effective and green method for nanomaterial fabrication. The
biogenic preparation of Ag–ZnO nanocomposites further
Fig. 5 FT-IR spectra of bare ZnO NPs and 1 and 3 wt% Ag–ZnO
nanocomposites.

1040 | Nanoscale Adv., 2019, 1, 1035–1044
emphasizes the signicance of this strategy for the preparation
of various binary or ternary hybrid heterosystems. Another
advantage is that the metal–semiconductor heterojunctions
prepared using this protocol develop a strong and efficient
Schottky junction, which facilitates easy transfer of charge
carriers through the interface. Therefore, this ligand-free BDP
approach is highly useful and shows clear superiority over other
reported conventional methods for the preparation of efficient
highly active materials for visible-light photocatalysis.
3.2. Photocatalytic efficacy of biogenic Ag–ZnO catalysts

The photocatalytic efficacy of biogenic Ag–ZnO catalysts (1 and
3 wt%) was examined for photodegradation of Rh-B dye and
chlorpyrifos pesticide under sunlight irradiation as model
photocatalytic reactions. The UV-visible spectra obtained for the
photodegradation of Rh-B dye using 3 wt% Ag–ZnO, 1 wt% Ag–
ZnO, and bare ZnO NPs catalysts are presented in Fig. S4a–c,
(ESI†), respectively. Before illumination under sunlight, the
aqueous solution of dye with each catalyst was subjected to an
incubation period of dark condition for 30 min. During this
period, equilibrium between adsorption and desorption
processes was maintained between pollutant dye and the cata-
lyst. Upon exposure to bright sunlight, the prominent absorp-
tion peak of Rh-B at 553 nm diminished gradually, which
indicated effective dye degradation under sunlight in the pres-
ence of catalysts. In the presence of 3 wt% Ag–ZnO, complete
degradation (�98.3%) of Rh-B dye was accomplished in 18 min
(Fig. S4a, ESI†), whereas it degraded to �82% in the presence of
1 wt% Ag–ZnO (Fig. S4b, ESI†). The experimental investigations
shown in Fig. S4c (ESI)† reveal that in the presence of bare ZnO
photocatalyst, only 68% degradation of Rh-B dye occurred in the
same period, conrming the signicant role of the plasmon
resonance of AgNPs and fast transfer of charge carriers over the
catalytic surface through Schottky junction. The kinetic curves
of sunlight-driven Rh-B degradation over each catalyst are
depicted in Fig. 6a and b and show that the degradation of Rh-B
dye follows pseudo rst order kinetics. Using 3 wt% Ag–ZnO as
the catalyst, the half-life of dye was calculated using intersection
between the curve of degradation efficiency (1 � Ct/Co) and dye
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Comparative photocatalytic degradation of Rh-B dye using bare ZnO NPs and 1 and 3 wt% Ag–ZnO, (b) ln(Co/Ct) vs. time (min) curve
for photodegradation of Rh-B, (c) half-life estimation curve for degradation of Rh-B dye using 3 wt% Ag–ZnO, and (d) reusability of 3 wt% Ag–
ZnO photocatalyst for decomposition of Rh-B dye for three consecutive cycles.
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concentration (Ct/Co) and it was estimated as 7.36 min (Fig. 6c).
In addition to efficacy, the stability and reusability of photo-
catalytic materials are also signicant. It is considerably rele-
vant here because active phytoconstituents present in the F.
vulgare seed extract may be adsorbed on the composite surface
during preparation. These adsorbed phytochemicals may be
degraded during photocatalysis; if phytochemicals are present,
they can hinder stability and reusability. Therefore, the dura-
bility of 3 wt% Ag–ZnO hybrid was studied through repeated
use. The catalyst was used in the photodegradation of dye
according to the standard protocol and aer the rst run, the
catalyst was separated from the reaction mixture by centrifu-
gation. The recovered catalyst was then reused to degrade Rh-B
in a fresh solution. Fig. 6d depicts the photocatalytic degrada-
tion of Rh-B solutions in successive three runs using a single
batch of 3 wt% Ag–ZnO. No signicant change in the degrada-
tion rate was observed, which indicated the high stability of
prepared nanocomposites.

The UV-visible spectra of degradation of the colorless
pollutant chlorpyrifos using biogenic Ag–ZnO composites as
well as bare ZnONPs are displayed in Fig. S5a–c (ESI).† To set up
equilibrium between adsorption and desorption processes of
pesticide molecules onto ZnO surface, the reaction mixtures
with catalysts were stirred in dark for about 30 min. On
This journal is © The Royal Society of Chemistry 2019
exposure to bright sunlight, the absorption peak of pesticide at
293 nm decreased gradually and a new peak at around 321 nm
was observed, which could be due to the formation of an
intermediate product. This intermediate product further
decomposed, indicating effective degradation of pesticide
under sunlight in the vicinity of catalysts. In the presence of
3 wt% Ag–ZnO, �90% degradation of pesticide was accom-
plished in 40 min (Fig. S5a, ESI†). With 1 wt% Ag–ZnO and bare
ZnO NPs, �75% and �65% degradations, respectively, were
observed in the same period (Fig. S5b & c, ESI†). The kinetic
curves of sunlight-driven pesticide degradation over each cata-
lyst are depicted in Fig. 7a and b, and they show that the pho-
todegradation of pesticide follows pseudo rst order kinetics.
Using 3 wt% Ag–ZnO as the catalyst, the half-life of pesticide
was calculated using intersection between the curve of degra-
dation efficiency (1 � Ct/Co) and dye concentration (Ct/Co) and
was estimated as 14.1 min (Fig. 7c). The above investigations of
decomposition of Rh-B and chlorpyrifos reveal that 3 wt% Ag is
the best precipitation amount for anchoring onto ZnO surfaces.

The photoluminescence (PL) spectra were recorded to
investigate the migration of charge carriers and efficiency of
recombination in Ag–ZnO hybrid composites compared to that
for bare ZnO NPs. The intensity of photoluminescence is
directly related to the rate of recombination of photogenerated
Nanoscale Adv., 2019, 1, 1035–1044 | 1041
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Fig. 7 (a) Comparative photocatalytic degradation of chlorpyrifos pesticide using bare ZnO NPs and 1 and 3 wt% Ag–ZnO, (b) ln(Co/Ct) vs. time
(min) curve for photodegradation of chlorpyrifos, and (c) half-life estimation for degradation of pesticide using 3 wt% Ag–ZnO.
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e–�h+ pairs and inversely related to photocatalytic efficiency of
semiconducting nanomaterial. Fig. 8 depicts the PL spectra of
biogenically prepared Ag–ZnO nanocomposites and bare ZnO
NPs analyzed at excitation wavelength (lexc) ¼ 350 nm. The PL
intensities of both nanocomposites (1 and 3 wt% Ag–ZnO) were
lower than that of bare ZnO NPs, suggesting the phenomenon
of Stern–Volmer quenching.27 A decrease in PL intensity implies
Fig. 8 PL spectra of bare ZnO NPs and 1 and 3 wt% Ag–ZnO
nanocomposites.

1042 | Nanoscale Adv., 2019, 1, 1035–1044
a lower rate of recombination of e�–h+ pairs and an extended
lifespan of the photogenerated charge carriers.28 The effective
segregation and restriction in the recombination process of
charge pairs by MNPs are promising steps for extending the
photocatalytic efficacy of semiconducting nanoparticles.
Therefore, it can be stated here that biogenic precipitation of
silver onto ZnO nanostructures can efficiently restrict the
recombination of e�–h+ pairs during photocatalytic reactions.

3.3. Mechanism of photodegradation of pollutants using
biogenic Ag–ZnO nanocomposites

Scheme 3 illustrates the possible mechanism of photo-
degradation of wastewater pollutants using biogenic Ag–ZnO
nanocatalysts under solar light irradiation. The extended visible
light-assisted photocatalytic competence of biogenically
prepared hybrid composites (compared to that of bare ZnO
nanopowder) can be elucidated because of the difference in
work functions of Ag (4.2 eV) and bare ZnO NPs (5.2 eV).29,30 It
has been reported in literature that a Schottky junction is
developed when two substances having considerable difference
in their work functions are joined. Furthermore, the process of
electron transport occurs from the substance of lower work
function to that having a higher work function until both attain
an equilibrium position for the creation of a Fermi level.29,31 The
equilibrated position of this new Fermi energy level generates
an electric eld at the boundary connecting Ag and ZnO NPs,
This journal is © The Royal Society of Chemistry 2019
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Scheme 3 Plausible mechanism for solar light-assisted photocatalytic
mineralization of Rh-B and chlorpyrifos using biogenic Ag–ZnO
nanocomposites.
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thus enhancing the segregation of photo-excited e�–h+ pairs
and increasing the photocatalytic efficacy.32 On illumination
under visible light, Ag–ZnO composites are excited because of
SPR of metallic AgNPs and generate e�–h+ pairs at the NP
surface. The hot excited electrons from AgNPs can transfer
rapidly to CB of ZnO NPs through the interface between ZnO
and AgNPs.31,33 These relocated electrons in CB of ZnO are
captured by O2 molecules dissolved in H2O and yield highly
reactive radicals such as cO2

� anions and HOc radicals.34 The
evidence of the formation of these free radicals has been re-
ported by various research groups.35–37 On the other side, the
photo-generated holes on the AgNP surface can also be
entrapped by OH� ions and form HOc radicals. These visible-
light-generated (cO2

�) and (HOc) radicals are extremely strong
oxidative species, which are responsible for complete mineral-
ization of hazardous pollutants.7,18 Moreover, the photocatalytic
efficiency might have constructive linkage with the degree of
radical formation, i.e., more rapid frequency of active radical
formation causes higher photocatalytic activity of catalyst.10,28

Overall, the experimental investigations indicate that AgNPs
anchored on ZnO surfaces assist in producing highly oxidative
radical species and thus accelerate efficient degradation of
wastewater pollutants.

4. Conclusions

The study presented in this paper demonstrates a novel biogenic
deposition-precipitation (BDP) method for the preparation of
highly active Ag–ZnO photocatalysts at ambient reaction condi-
tions using FSE without employing any toxic chemicals such as
organic solvents and external chemical stabilizing agents. The
development of an efficient Schottky junction at the boundary
connecting AgNPs and ZnO NPs indicates that biomolecules
available in FSE can be excellent materials for the preparation of
hybrid photocatalysts. The fabricated Ag–ZnO catalysts exhibited
exceptional photocatalytic efficacy for the mineralization of
This journal is © The Royal Society of Chemistry 2019
colored (Rh-B) as well as colorless (chlorpyrifos) pollutants under
visible-light irradiation. Furthermore, the fennel seeds utilized in
the preparation of Ag–ZnO hybrids are cheap, easily available,
safe and environmentally friendly and therefore not harmful to
humans and other animals in our ecosystem. In addition, the
biogenic deposition-precipitation approach reported in the
present research can be used in the preparation of various binary,
ternary or even quaternary hybrid composite materials for
different environmental or green energy-related applications.
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