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Abstract In present paper chemical route based synthesis
of Ag doped ZnO nanoparticles (NPs) by co-precipitation
method is reported to develop ZnO NPs for photo catalytic
application. XRD confirms the structural purity of ZnO
NPs. FESEM and TEM study reveals the surface and ultra
structure morphology of NPs. EDAX study confirms the
purity and homogeneity of NPs. The Ag/ZnO NPs with
different weight percentage of Ag relative to ZnO were
applied under visible light irradiation for evaluating het-
erogeneous photo catalytic degradation of methylene blue
(MB) and Brilliant blue (BB) respectively. The presence
of Ag in ZnO enhance MB and BB dye degradation effec-
tiveness from 96.78 to 98.66 and 82.15 to 97.36% for pure
ZnO and maximum Ag doped ZnO (x=0.1) respectively.
In comparison of MB and BB final degradation ability, MB
dyes have more effective photo catalytic efficiency towards
different oxidizing species to degradation process.
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1 Introduction

The organic dyes originated from different sources such
as textiles, dyeing, pharmaceutical, paper industry bring
organic pollutants to natural water, make it contaminated.
The toxicity and hazardous nature of different organic pol-
lutants in fresh water resources bring severe environment
and health problems. There are some physical and chemical
processes such as ultra-filteration, reverse osmosis, adsorp-
tion, precipitation etc. applied to remove toxic substances
from wastewater making it pure.These conventional tech-
niques for purification of waste water in due time transform
organic pollutants into other toxic substances [1].Semi-
conductor based photocatalysts addresses problem of dyes
removal from waste water very effectively. Therefore semi-
conductor based photocatalyst have attracted wide attention
of researcher for problem of waste water purification.
Different semiconductors have been used as photo cata-
lyst till now such as TiO,, ZnO, ZnS, WO;, CdS etc [2-6].
Among all, ZnO (Zinc oxide) is the best candidate for photo
catalysis due to its high efficiency, photochemical stability
and cost effectiveness. ZnO has importance as a industrial
material because of its semiconducting and inorganic base
that have structure as wurtzite [7]. Due to wide band gap
(3.30 eV), large exciton binding energy (60 meV) of ZnO
nanoparticles (NPs), their transparency to visible light and
absorbing capacity in the UV-light, will makes it justified
in water purification. In addition ZnO has many applica-
tions in field such as transparent electrodes [8], gas sen-
sor [9], light emitting diode [10], laser system [11], photo
catalytic processes [12, 13] etc. The pure ZnO may not give
desirable photocatalytic result due to high optical band gap
which do not absorb visible light, so dopants are used to
tune optical band gap of ZnO to match its energy with vis-
ible light energy. Different dopants such as transition metal
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doping [14] or noble metal doping [15] can be the best
option.

Doping with noble metals named as gold (Au), palla-
dium (Pd), silver (Ag) etc.in ZnO have major effect on its
photo-catalytic activity [16—18]. Silver (Ag) doping in ZnO
can be the best candidate to achieve the desired properties
by co-precipitation method [19, 20]. Reason to choose sil-
ver as dopant is due its ability to generate region of electric
field and improved electrical properties by optical vibration
of surface Plasmon [21]. Doping of Ag in ZnO matrix will
lead to induce oxygen vacancies [15], crystal defects [22],
higher light scattering [23] collectively contribute to the
enhanced efficiency of photo catalytic activity of ZnO NPs.

The main objective of this study is to investigate cause
for variable degradation abilities of Ag doped ZnO with
different dye. In order to fulfill this requirement the quality
ZnO nanoparticles have been produced for dye removal, to
utilize their effective structural and morphological proper-
ties. It has been observed that the photo-catalytic activity
of ZnO nanoparticles (NPs) is due to electron/hole (e /ht)
generation under illumination of light. More the separation
of electron/hole (e7/h*), leads to higher probability of for-
mation of superoxide radicals and holes which attack on
organic compounds [24].

There are lot of studies performed on photocataly-
sis activity of Ag doped ZnO with different organic dyes
(Methylene Blue, Brilliant blue, Methylene orange,
Napthol blue black, Rhodamine etc) [25-29], which still
being carried out for need further exploration in their deg-
radation mechanism. In present work we have carried out
the comparative study of methylene blue (MB) and brilliant
blue (BB) dyes degradation ability with Ag doped ZnO to
find unexplored aspects of their heterogenous photocataly-
sis mechanism and to make a comparasion study, which is
rarely found.

MB and BB dyes are the representative of organic con-
taminants in waste water, so their removal from water
could be one remedial alternative for water purification.
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In this respect the synthesized ZnO NPs with Ag doing
could be the best option among different material present
in market for water purification and lead to make waste
water useable for society.

2 Materials and methods

All chemicals used in the study (Zinc nitrate hexahydrate
99%, silver nitrate 99.8%, NaOH 98.56%) were AR grade
purchased from HiMedia, Mumbai, India. All reagents
were prepared by using deionized water.

2.1 Synthesis of Zn, _,Ag 0 (x=0, 0.02, 0.04, 0.06, 0.1)
NPs

Ag doped ZnO NPs were synthesized by the co-precipi-
tation method. Zinc nitrate hexa hydrate and silver nitrate
were used as precursor to prepare their NPs. Known
amount of Zinc nitrate hexa hydrate and silver nitrate
dissolved in distilled water under magnetic stirring for
30 min to make a homogeneous solution. In above solu-
tion 0.5 M NaOH was added dropwise with continu-
ous stirring. After complete addition of NaOH, the pre-
cipitated solution was left overnight and then decant the
supernatant liquid carefully into whatman qualitative fil-
ter having pore size 20-25 p without disturbing the pre-
cipitate. The precipitate was centrifuge at 5000 rpm and
dried at 110 °C for overnight, grind and calcined at 500 °C
for 3h. Finally ZnO NPs were obtained. Zinc oxide (ZnO)
with different concentration of Ag (X=0, 0.02, 0.04,
0.06, 0.1) were synthesized named as ZnOAg0, ZnOAg1,
ZnOAg2, ZnOAg3 and ZnOAg4 respectively. The Fig. 1
gives schematic representstion of synthesis and its reac-
tion mechanism respectively.

In(NO), 68,0 * NIOH + AgNO, _> In(OH), +Ag(OH),+NaNO5HH,0(Wash

three times with distilled water)

l "”‘"“"" —Yp- Zn(OH)tAg(OH) + Hy0(Wash threefmes vith acetone)

ZnO -Zn0 ‘Wash,dry and
gnnd the powder|
=- Y -
*ce%s Calcmcd at 500°
Ag -ZnO Nanoparticle Mngncmmrrcr

f final

pmdnct

500 degree

Y- L1(0H);#Ag(O0H), _> In0 +Ag,0+H,0
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Fig. 1 Schematic representation of synthesis and its possible reaction mechanism respectively
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2.2 Characterization methods

XRD was recorded with help of Panalytical make XPERT-
PRO (A = 1.54060A°). The UV-visible (UV-Vis) absorp-
tion spectra of different samples were recorded using Perki-
nElmer Model Lamda 750. FESEM-EDAX images and
spectrum were recorded by using Hitachi model SU8010.
TEM images were taken with Hitachi H-7500 instrument
with 120KV accelerating voltage. The photo catalytic reac-
tion was performed under 500 W Halogen lamp as the
source visible light (emission range ~400—800 nm).

3 Result and discussion
3.1 Structural properties

XRD peaks of pure ZnO were indexed by hexagonal
wurtzite phase of ZnO (JCPDS Card No. 36-1451) shown
in Fig. 2(left). Pure ZnO has peaks at 20 value of 31.65°,
34.47°, 36.26°, 47.67°, 56.64°, 62.90°, 66.49°, 68.03°,
68.80°, 72.45° and 77.23° corresponding to diffraction of
the (100), (002), (101), (102), (110), (103), (200), (112),
(201), (004) and (202) planes respectively. The highly
indexed ZnO peaks confirm the purity of ZnO phase and
nonexistence of the impurities. Broadened peaks of pure

ZnO XRD pattern authenticate the formation of nanocrys-
tals. As ZnO have wurtzite structure in which oxygen
atoms are arranged in hexagonal closed packing with Zinc
atom occupying half of tetrahedral sites. Zinc and oxygen
atoms are tetrahedrally coordinated to each other so have
an equivalent position. As we have doped the Ag phase
(X=0, 0.02, 0.04, 0.06, 0.1) into the ZnO structure, we got
Ag phase induced at angle 38.22 and 44.20° in ZnOAg3
(X=0.06) and ZnOAg4 (X=0.1) respectively. This sug-
gests Ag as the secondary phase present in the ZnO matrix.
The shifting in 101 peak positions can be due to difference
in ionic radii of Ag"™ (1.26 A) and Zn*2 (0.74 10\) respec-
tively. Up to X=0.04 doping level of Ag, there is no Ag
peak present in ZnO matrix directs its substitution mecha-
nism whereas for X=0.06 and 0.1, clear Ag peak in ZnO
lattice predicts Ag position at interstitial site. Ag position at
substitution or interstitial site in ZnO lattice can be ensured
by measurable peak shift to lower [30] and higher [31] 26
respectively. The same pattern was observed in Fig. 2(left)
of peak shifting of 101 peak to lower angle upto X=0.04
in ZnO (substitution of silver) and peak shifted to higher
angle for X=0.06 and 0.1 (Interstitial position of silver)
respectively. The shifting of 101 diffraction peaks and
change in Full width Half Maxima (FWHM (Table 1), indi-
cates change in crystallinity of ZnO through doping of sil-
ver [32].

Fig. 2 Left The XRD pat-
tern for pure ZnO NPs and ° Ag 1101 Peak
. ZnOAg4 \
Ag doped ZnO nanoparticles e l 1 LA L
(ZnOAg0, ZnOAg1, ZnOAg2, *
ZnOAg3 and ZnOAg4) and ZnOAg3 =
right enlarged region XRD - d o A [ <
pattern from 36.0° to 36.6° (26) = b
respectively « ZnOAg2 2z
=< I\ @
£ 5
E Ld ZnOAg1 ]
s A | W .5
e 100 |101
002 ZnOAg0
a lll oy Vo e
r ; r . r 360 363 366
20 30 40 50 60 70 80 20
20
Ta'?le 1 Cr ystallite size, micro- S. No. D (nm) Strain & (1074 Position of 101 peak with Intensity ratio of
strain,position and FWHM FWHM (°) 002 peak to 101
(101 peak) of Ag doped ZnO peak
nanocomposite
ZnOAg0 46.47 23.90 36.26 (0.18) 0.4553
ZnOAgl 44.44 27.85 36.20 (0.21) 0.4750
ZnOAg2 49.59 22.57 36.22 (0.17) 0.4441
ZnOAg3 51.74 22.40 36.22 (0.16) 0.4461
ZnOAg4 54.80 22.36 36.25 (0.15) 0.4891
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As ZnO crystallizes in wurtzite structure, the inter
planner spacing of given Miller indices h, k, 1, and dyy,
values of ZnO: Ag NPs were calculated by using Bragg’s
equation [33] as follows

2d Sinb,;; = nA (1)

where n is the order of diffraction (n=1) and A is X-ray
wavelength.

3.2 Crystallite size and strain

The average crystallite size of pure ZnO and Ag doped
ZnO nanocomposite calculated by Scherrer equation (2)
[33] summarized in Table 1.

D = kA/ By Cos(0) @)

where f,, is full width half maximum of diffracting peak,
k is constant equal to 0.90, A is X-ray energy of incident
source (A = 0.1540 nm), D is crystallite size and 0 is bragg
angle respectively.

Micro strain (¢) for prepared NPs is calculated by
using Eq. (3) [34],

By

©= Zan) )

where is the full width at half maximum of (101) peak and
(0) is the bragg angle.

From Table 1, it has been found with Ag doping in
pure ZnO, initially minor decrease in crystallite size to
44.44 nm from 46.47 and then increases to 49.59, 51.74
and 54.80 nm with increasing doping level of Ag from
x=0.02 to 0.1. The micro strain increases with decrease
in crystallite size and vice versa as mention in Table 1.
With addition of Ag in ZnO, the shifting in position
and change in FWHM value of 101 peak with respect to
ZnOAg0 is observed, which indicates structural changes
in Ag doped ZnO NPs with respect to pure ZnOAg0 as
mentioned in Table 1. In addition to study the effect of
silver in ZnO studied through intensity ratio of 002 peak
to 101 peak of different samples was calculated and
summarized in Table 1. The values of 002 peak to 101
peak intensity ratio are 0.4553, 0.4750, 0.4441, 0.4461
and 0.4891 for ZnOAg0, ZnOAgl, ZnOAg2, ZnOAg3
and ZnOAg4 respectively. From intensity ratio, the
clear changes in intensity ratio with doping of silver is
observed, which predict the alteration in ZnO structure
through silver.

Figure 3 depict the change in values of crystallite size
(D) and stain (¢) at different content of Ag in ZnO. All
these alteration in structural parameters of Ag doped ZnO
with reference to pristine ZnO, confirm the presence of Ag
in ZnO matrix [34].
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Fig. 3 Change in crystallite size and residual stress of un-doped and
Ag doped ZnO NPs

3.3 Optical study

The Fig. 4(left) shows the absorption spectra as a func-
tion of wavelength for undoped and Ag doped ZnO NPs.
The absorption spectra of pure ZnO (ZnOAg0) we got
maximum absorption at 373.2 nm. Further with Ag addi-
tion x=0.1 (ZnOAg4), absorption edge shifted to higher
wavelength (377 nm) with respect to pure ZnO. This shift
in absorption edge may be attributed to incorporation of Ag
in ZnO matrix.This will lead to narrowing the optical band
gap with Ag doping in ZnO as shown in Fig. 4(2) [35] and
values are summarized in Table 2. The decrease of optical
band gap of ZnO with silver can be due to induced band
gap renormalization effect [36]. The factor responsible for
the renormalization of band gap is due to exchange inter-
action (sp-d) in band electrons and localized d-electrons of
Ag*. After the possible exchange interaction, there will be
modification in band gap of different Ag doped ZnO with
reference to pure ZnO.

In case of direct band gap transition, optical band gap
and absorption coefficient are correlated by Eq. 4 [10].

ahv = [A(hy — Eg)]“/z) 4)

where A is constant, hv is photon energy and E, is optical
band gap.

The optical band gap decreases from 3.13 to 2.75 eV for
pure ZnO to ZnO with Ag, x=0.1 (ZnOAg4) respectively.
The decrease in band gap with Ag doping in ZnO may be
due to presence of oxygen vacancies which makes the path
of electrons easy from valance band (VB) to conduction
band (CB) [10]. The calculated values are summarized in
Table 2. This may be correlated that when concentration
of oxygen vacancies is increased, impurity states become
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more delocalized and overlap with valance band edge of
ZnO leads to decrease the final band gap. Collectively the
overall decrease in band gap can be due to Ag content and
oxygen vacancies incorporation in pure ZnO leads its vis-
ible absorption red shifted as shown in Fig. 4(1).

In addition the optical band gap can also be defined in
terms of localized states, in which the absorption coeffi-
cient a (w) calculated through the Urbach formula as men-
tion in Eq. 5 [37]

(@) = ay exp(%) (5)

where o, constant and AE is energy which is correlated as
width of localized states in forbidden band gap.
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The reciprocal of slope of straight line of Eq. 5, will
gives the values of AE. The calculated value of AE con-
tributed to optical band gap (E,,) of ZnO. The presence of
localized states in band gap will lead to change the mobility
gap. Higher the value of AE means higher localized states
(defects) in material leading to more possibility in altera-
tion in optical properties.

3.4 FESEM study

The FESEM images of synthesized ZnO NPs are shown in
Fig. 5. Figure 5a shows the agglomerated nano-particles
of pure ZnO. In Fig. 5b, c, with Ag doping in ZnO i.e.
ZnOAgl (x=0.02) and ZnOAg4 (x=0.1) shows decrease

0 H——T—T b
22 24 26 28 3.0 3.2

hv(eV)

Fig. 4 Left absorption spectra of ZnOAg0, ZnOAgl, ZnOAg2, ZnOAg3, ZnOAg4 and right optical band gap for corresponding absorption pat-

terns

Table 2 The absorption maxima and optical band gap values (E,,) for ZnOAg0, ZnOAg1 ZnOAg2, ZnOAg3 and ZnOAg4 respectively

Name of Sample ZnOAg0 ZnOAgl ZnOAg2 ZnOAg3 ZnOAg4
Absorption maxima (nm) 373.2 374.2 374.5 374.9 377
Optical band gap (eV) E 3.13 3.07 2.98 2.88 2.75

Fig. 5 FESEM images.
a ZnOAg0, b ZnOAgl, ¢
ZnOAg4
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in agglomeration of nano-particles due to doping of silver.
In addition to this, doping of silver into ZnO will also lead
to give regular shape to final NPs as compare to pure ZnO
NPs as shown in Fig. 5b, ¢ by arrow marks. Least agglom-
eration and regular organization of Ag doped ZnO based
final NPs can lead to new outcomes in dye degradation
application.

3.5 EDAX and mapping study

EDAX spectrum of ZnOAg0O (a) and ZnOAg4 (b) are
shown in Fig. 6. In Fig. 6a, presence of zinc (Zn), oxygen
(O) elements peaks confirms the purity of ZnO NPs. The
presence of silver (Ag) peak in ZnO (ZnOAg4) matrix
gives the presence of Ag in ZnO matrix. The intensity
of Ag peak depend on the content level of silver in ZnO
matrix. Further to confirm the homogeneity of content of
synthesized nanoparticles the NPs were analyzed with
EDAX in mapping mode whose data is summarized in
Fig. 7. This study strongly supports and confirms the Fig. 6
results as the Fig. 7a—c, al—cl gives mapping mode based
representation of ZnOAg0 and ZnOAg4 respectively.

3.6 TEM study

The morphology of pure ZnO and Ag doped ZnO NPs were
observed with Hitachi H-7500 TEM. Images of ZnOAgO0,
ZnOAgl and ZnOAg4 are shown in Fig. 8a—c respectively.
TEM confirms the monodisperse and uniform particle size
of NPs. With Ag doping to pure ZnO NPs, we find clear
contrast enhancement in Fig. 8b, ¢ as compare to Fig. 8a.
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This clearly confirms the presence of Ag in ZnO matrix
which fully supported by EDAX study. In Fig. 8a, b, the
particle size decreases from 47 to 46 nm, and then increases
to 58 nm in Fig. 8c, which matches with XRD result. The
uniform, regular shape of NPs may directly affect the effi-
ciency of nanoparticles in their applications.

3.7 Photo degradation study

The photo degradation efficiency of ZnO and Ag doped
ZnO were investigated on methylene blue (MB) and Bril-
liant blue (BB) dyes. The dye concentration used in reac-
tion was 20 ppm and 25 mg content of different NPs series
were added in dye solution for specific reaction time under
specific condition. The absorption patterns of different
NPs were recorded corresponding to maximum absorption
wavelength of MB and BB using UV-Visible Spectros-
copy. According to Beer—Lambert law, concentration of
dye is proportional to its absorbance, so its % degradation
efficiency can be calculated by Eq. 6 [38, 39]

C,—-C A —
0 x 100% = —2
0 AO

R =

A
x 100% (6)

where C, C, A, A are concentration and absorbance of dye
at reaction condition time (0) and (t) minute respectively.
The percentage dye degradation of different NPs are cal-
culated with Eq. 6. All values are summarized in Tables 3
and 4 and their corresponding absorption spectra are
shown in Figs. 9 and 10 respectively. Absorption spectra in
Fig. 9(left), shows the intensity of diminished MB dye with
irradiation time of visible light exposure. The diminishing

cps/eV

1 (b)

121

10

Zn Ag Zn

Fig. 6 EDAX spectrum of a Pure ZnO (ZnOAg0). b Ag doped ZnO (ZnOAg4)
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Fig. 7 EDAX mapping left
ZnOAg0. a Mapped area,

b zinc, ¢ oxygen and right
ZnOAg4. al Mapped area,
b1 zinc, ¢l oxygen, d1 silver
respectively

Fig. 8 TEM images. a
ZnOAg0, b ZnOAgl, ¢
ZnOAg4 respectively

effect of absorbance (at wavelength maxima ~662 nm) of
MB was pronounced after 80 min exposure time of NPs
with dye. The percentage MB degradation efficiency of
pure ZnO and different concentration of Ag (X=0.02,
0.04, 0.06, 0.1) in ZnO rises from 41.55 to 96.78%, 43.70
to 97.59, 44.24 to 97.72, 44.77 to 97.83 and 45.58 to 98.66
for 20-180 min irradiation time respectively. In continu-
ation the degradation efficiency (at wavelength maxima
~550 nm) of BB under same condition shown in Fig. 10
(percentage BB dye degradation rises from 17.95 to 82.15,
32.76 to 94.12, 58.62 to 95.23, 59.43 to 94.62 and 55.38
to 97.36 for same series). BB shows drastic increase after
20 min irradiation time exposure (~20% degradation) which

200um

2in

200um
204

100 nm

are summarized in Table 4, whose reason mention in deg-
radation mechanism study. Further on comparing MB and
BB degradation behavior in Table 4, MB % degradation
rises to ~30% from 80 to 120 min irradiation time exposure
whereas BB rises to only ~5%. which is an effort to explore
mechanism part of dye degradation. The saturation of per-
centage dye degradation values for MB and BB at 180 min
irradiation time can be due to agglomeration of NPs, which
lead to violate the generation of electron/hole theory [40,
41]. Due to agglomeration of ZnO NPs may lead to short
circuiting the reaction without generating active species
retard the reaction and leads to non avilaibility of proper
sites for further creation mechanism of electron/hole ion
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different samples at different timings respectively

[42]. In addition with increasing content of silver to ZnO
may lead to give localized cluster which makes inhomog-
enous distribution leads to reduction of surface aviliability
for adsorption of light and reactant [43].

As Ag doping in ZnO increases from Zn,_,OAg,,
x=0to 0.1 M, a decrease in optical band gap from 3.13 to
2.75 eV is observed, which directly lead to more absorption
of visible light and more efficiently transfer of photo gener-
ated electron from excited dye to ZnO surface through Ag

@ Springer

NPs. This leads to higher dye degradation [44]. The Ag*
in ZnO captures the photo induced electron which further
act as electron trap and decrease the recombination of elec-
tron—hole. On basis of aviliability of charge carriers will
lead to generate more reactive oxygen sites (ROS) which
further break and degrade the dye into degraded product.
In contrast of XRD (crystallite size) and TEM (particle
size) study, the increased dye degradation behavior with
increased crystallite size and particle size of ZnO NPs can
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be possibly due to their increase crystallinity. The increase
in crystallinity of Ag doped ZnO NPs can be confirmed
with decrease in FWHM value for 101 peak were shown in
Table 1[45]. The increased crystallinity of ZnO NPs may
possibly lead to reduction of capturing of electron by dif-
ferent defect sites resulting in high efficiency of electron
transfer in bulk NPs [46]. Different defects in Ag-ZnO
broadly includes-singly ionized oxygen, oxygen antisite,
zinc vacancy etc [47].

In continuation, Fig. 11a, b shows the pictorial represen-
tation of percentage dye degradation data for MB and BB
dye respectively. The photo catalytic activity of MB and
BB with ZnO NPs was also checked under dark environ-
ment to find the effect of adsorption. MB and BB does not
show prominent effect due to adsorption in photo catalytic
reaction.

The increased MB percentage degradation by NPs with
time is also related with rate constant for different samples
and can be described by following kinetic model [48]:

Rate = _dc _ kK€

dt ~ 1+KC )

where C is concentration of dye (mg/L) at any time t, t is
irradiation time, k is first order constant of reaction and
K is adsorption constant of pollutant on NPs. Further this
equation can be simplified to pseudo-first-order-equation
[49]:

C
Ln<F> = —kKt =k, t 8)

0

where k, is observed first order rate constant of reaction.
The first order rate constant for degradation reaction

(Kops) of MB and BB were calculated by plot of Ln (C/C)

versus irradiation time for different ZnO NPs in Fig. 12a,

(a)
100

b and inset figure gives their corresponding linear fit. In
Fig. 12a kg, for MB increases from 0.022, 0.023.0.023,
0.024 and 0.026 and BB from 0.013, 0.017, 0.017, 0.018
and 0.019 for pure ZnO and different concentration of Ag
(X=0.02, 0.04, 0.06, 0.1) in ZnO respectively. High rate
constant for catalyst with MB (0.022-0.026/min) as com-
pare to BB (0.013-0.019/min) have justify the higher %
removal of MB as compare to BB.Rate constant values for
NPs catalyst for MB and BB were summarized in Tables 3
and 4.

3.8 Mechanism of photo-catalytic reaction

The degradation behavior of dye (MB and BB) under vis-
ible light irradiation can have two possible mechanisms.
One is ability of ZnO based photo catalyst to generate
electron -hole pair. In presence of oxygen defects or metal
nanoparticles on ZnO NPs surface leads to enhancement of
the separation of photo generated electron—hole pair [50]
which are major factor for color fading of dye. Other mech-
anism is based on excitation of dye in which dye act as the
sensitizer will transfer electron to electron acceptor sites
and itself becomes cationic free radical. Unstable dye will
further lead to self degradation or degradation by oxidizing
species, as shown in Fig. 13(right).

When ZnO NPs are exposed to visible light the elec-
tron—hole are generated, the electron from the conduction
band and hole from valance band, separate on the surface
of catalyst.The photoexcited electron may lead to pro-
duce super oxide anion radical O, which further generate
H,0, and OH. Radicals [51]. Hole leads to creating reac-
tive hydroxyl group through water. The oxygen vacan-
cies act as traps for photoinduced electrons which further
restrain temporarily the recombination of photogenerated
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Fig. 11 a, b Pictorial representation of % dye removal for MB and BB dye respectively
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Fig. 12 a, b Plots of Ln (C/Co) versus irradiation time for photo degradation of MB and BB in presence of ZnOAg0, ZnOAgl, ZnOAg2,
ZnOAg3 and ZnOAg4 under visible light (Inset figures gives corresponding linear fit)

Table 3 % Dye degradation of

: Name of sample Irradiation time (min) Rate
MB with ZnOAg0, ZnOAgl, constant
ZnOAg2, ZnOAg3, ZnOAg4 20 min 40 min 60 min 80 min 120 min 180 min (min~ 1)
with irradiation time and their
corresppnding rate constant Degradation efficiency (%) for MB
respectively ZnOAg0 41.55 42,63 56.30 63.00 90.08 96.78 0.022
ZnOAg1 43.70 45.31 58.71 67.02 90.35 97.59 0.023
ZnOAg2 44.24 46.65 65.68 68.36 91.69 97.72 0.023
ZnOAg3 44.77 46.54 58.98 69.17 92.49 97.83 0.024
ZnOAg4 45.58 64.08 65.95 71.85 93.30 98.66 0.026
0, 2 H 0:> Dye
1 oH P @
- 1m0 N ZnO + Visible Light —® h"+¢
wo /Dy (O cB 1 . @
c e e e ZnOAg(x) + Visible Light —3w= h" +¢”
/ OH+h* —— = ©OH @)
ZnO 0, + ¢ ; oy (iv)
A Dye + OH/O; — 3= Degraded Product \)
H,0/00. VB (COy+H,0+NH, "
- 2- -
Ol > Dye NO;+S04-+CI')

Fig. 13 Left schematic representation of dye degradation in presence of ZnO NPs (catalyst). Right proposed photo-catalytic reaction mechanism

for same

electron—hole.The photogenerated electron further attack
the dissolved oxygen and create surface bound superoxide
anion along with hydroxyl ion which is further responsi-
ble for dye mineralization for photocatalytic reaction [52].
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The generated OH. radical is enough to break the dif-
ferent bond in the dye (C-N, C=N, C-S, N=N, C-C etc)
and lead to covert dye into CO, and inorganic ions (NH,*,
NO;~, SO,*"etc). The irradiation leads to formation of
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more O,  and OH. radicals which further degrade the dye
completely.

On the basis of mechanism depicted in Fig. 13, following
outcomes can be concluded (1) ZnO NPs serve as a source
of electron and hole for dye degradation process under irra-
diation of visible light (Eq. i); (2) Dye can also acts as the
source of electron under for ZnO as excitation by visible
light leads to transfer delocalized m electron to CB of ZnO,
which enriches electron density in ZnO (Fig. 13 schematic
diagram); (3) the oxygen vacancy defects (see Eq. iv) and
Ag NPs on ZnO surface act as sink for electrons (shown in
schematic diagram Fig. 13). Oxygen vacancy defects and
Ag on ZnO surface acts as the traps for electron and pre-
vent the recombination of electron-hole pair. (4) the photo
induced hole may be easily trapped by OH™ and converted
into hydroxyl radical ((OH) (Eq. iii); (5) the generated
photo induced electron may be trapped by electron acceptor
species like adsorbed O, leads to form super oxide radical
anion (O,") (Eq. iv); (6) finally generated hydroxyl radical
(OH) and super oxide radical anion (O,”) may have sig-
nificant role in overall photo catalytic reaction (Eq. v). In
diagram Fig. 13, we have found the colored and decolored
dye before and after photo catalytic reaction follow the
predicted mechanism of dye degradation [53]. Overall, all
these facilitation of dye degradation mechanism of MB and
BB, are only possible through structural, optical and mor-
phological tuning of Ag incorporation in ZnO matrix.

¢

2

8

Methylene Blue (MB)

3.9 Comparison of degradation ability between MB
and BB

The factor responsible for the color of any dye broadly
depend on chromophore group present in its structure. MB
and BB differ in their molecular structure, functional group
and extent of ionization in aqueous solution. Due to com-
mon basic nature (cationic) of both dyes, the rest factor
i.e. functional group and extent of ionization will decide
the result. Degradation ability of MB and BB dye with
ZnO NPs correlated with number of chromophoric sites
and their destabilization through free radical generation by
photo catalysis reaction. In Fig. 14(left), MB structure has
four possible chromophoric site present (shown by arrow)
and four methyl group (shown by box) whereas in BB (left)
has seven active sites (shown by arrow) for the photo-cat-
alytic reaction. Attacking species generated in ZnO NPs
(OH or O, etc) under visible light (shown in Fig. 13),
lead to break or destabilize the present chromophoric sites
[54] in dye (MB or BB). On comparison of degradation of
MB and BB, MB has additionally four methyl group hav-
ing +Inductive effect, which further protect the dye from
destabilization. This explanation can be directly correlated
with slow MB degradation from 20 to 40 min (Table 3)
as compare to BB degradation in same irradiation time
(Table 4) respectively. Further from 80 to 120 min irradia-
tion time exposure, MB dye leads to drastically enhanced

T Brilliant Blue(BB) T

Fig. 14 Left structure of methylene blue dye (MB). Right brilliant blue respectively

Table 4 % Dye

. . Name of sample Irradiation time (min) Rate
degradation of BB with constant
ZnOAgO,ZnOAgl,Zn'OAgZ, 20 min 40 min 60 min 80 min 120 min 180 min (min~ 1)
ZnOAg3, ZnOAg4 with
irradiation time and their Degradation efficiency (%) for BB
f:srgzzlt’i‘\’/‘;?;“g rate constant ZnOAg0 17.95 39.15 63.69 6450 7890 82.15 0.013

ZnOAgl 32.76 68.76 74.75 87.63 91.38 94.12 0.017
ZnOAg2 58.62 71.50 82.56 90.87 95.13 95.23 0.017
ZnOAg3 5943 71.60 72.92 88.48 89.08 94.62 0.018
ZnOAg4 55.38 66.43 71.10 72.41 76.41 97.36 0.019
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the % degradation (~20%) as compare to BB dye (~10%).
This may be possibly due to prominent effect of incident
energy (enriches with oxidizing species responsible to deg-
radation) for MB dye to break or destabilize its structure
as compared to BB. Finally both dye after 180 min irradia-
tion exposure, leads to degrade 41.55-96.78, 45.58-98.66
and 17.95-82.15, 55.38-97.36 after 20-180 min exposure
for ZnOAg0 and ZnOAg4 respectively. Conclusively from
above study MB degradation efficiency is more as compare
to BB in presence of Ag doped ZnO. This can be possibly
due to reason that MB dye has less chromophoric site as
compared to BB dye.

4 Conclusion

Ag doped ZnO modified NPs were synthesized under co-
precipitation method. XRD study confirmed the structural
purity of ZnO NPs. In XRD the calculated crystallite size
increases from 46.67 to 54.80 nm, lattice strain changes
from 23.90 to 22.36x 10~* with respect to pure ZnO and
different Ag doped ZnO NPs respectively. XRD, EDAX
and UV-Vis study clearly confirms the presence of Ag in
ZnO matrix. TEM and FESEM have given morphologi-
cal quality of synthesized nanoparticles. The heterogene-
ous degradation efficiencies of ZnO semiconductor NPs
under visible light irradiation are enhanced by co-precip-
itation synthesis method and silver (Ag) doping into ZnO
matrix. The % MB, BB dye degradation rises from 41.55
t0 96.78, 43.70 to 97.59, 44.24 t0 97.72, 44.77 to 97.83 and
45.58 to 98.66 and 17.95 to 82.15, 32.76 to 94.12, 58.62
to 95.23, 59.43 to 94.62 and 55.38 to 97.36% for ZnOAgO0,
ZnOAgl, ZnOAg2, ZnOAg3 and ZnOAg4 respectively.
Final MB dye degradation efficiency is high as compared
to BB dye which is confirmed by high rate constant of MB
(0.022-0.026) as compared to BB degradation rate con-
stant (0.013-0.019) respectively. Although initially MB dye
degradation proceed slowly as compared to BB dye due to
presence of +I effect sites (-CH; group) in MB structure
which resist the structure from destabilization by oxidiz-
ing agent in photo catalysis. As the exposure time of visible
light with NPs increases, MB dye structure get destabilize
through chromophoric site (only four site) as compare to
BB dye (having seven site). Due to less chromophore site in
MB as compare to BB dye will bring effective and efficient
dye degradation ability of MB with NPs. The co-precipi-
tation based induced Ag /ZnO photo catalyst in this work
proposes one of effective and efficient candidate to treat the
polluted water from textile industry and other organic pol-
lutant of water under visible light irradiation.
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