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Synthesis and characterization of novel Ag/ZnO namumarticles for photocatalytic

degradation of methylene blue under UV and solar nadiation
M.F. Abdel Messih, M.A. Ahmed*, Ayman Soltan, SamySobhy Anis
Chemistry Department, Faculty of Science, Ain Shambniversity, Egypt

Abstract

ZnO containing various proportions of metallic siivnanoparticles (0-5 wt% AQ)
were synthesized by a combined sol-gel and chemézhiction method in which
chitosan acts as a steric stabilizer and enviromaignbenign reducing agent for
silver ions. Structural, morphological, texturahdaoptical properties of the prepared
nanoparticles were investigated by X-ray diffractidigh-resolution transmission
electron microscopy, nitrogen physisorption, diffuseflectance spectroscopy, and
photoluminescence spectroscopy. X-ray diffractiond aX-ray photoelectron
spectroscopy analyses revealed the successfulfdraraion of silver ions into
metallic silver nanoparticles (Ag) and suggestrang interaction between ZnO and
silver metal. Photoluminescence analysis indicaéibedpositive influence of metallic
silver in limiting electron-hole recombination. Thehotocatalytic performance of
Ag/ZnO nanoparticles was studied by our followihg photodegradation of the dye
methylene blue under UV and solar irradiation. Tierporation of an appropriate
amount of Ag (3 wt%) enhanced the photocatalytitvilg under UV and solar
irradiation. The enhancement of photocatalytic tigdg under UV irradiation was
attributed to the possible transfer of photogemeraelectrons from the ZnO
conduction band to the Ag Fermi level, which limglectron-hole recombination and
increases the degradation efficiency. However, ursddar irradiation, the higher
photocatalytic reactivity was attributed to surfgdasmon resonance of metallic Ag
nanoparticles. Photoluminescence analysis withofiserephthalic acid revealed that
incorporation of silver nanoparticles on the ZnOfate was accompanied by an
increase in the concentration of hydroxyl radicaldiich are considered a main
reactive species in dye degradation.
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1. Introduction

Synthetic dyes are used in various industries, siscthe textile industry, the leather
tanning industry, and the paper industry. Thesécteynthetic dyes are released in
significant amounts into the environment, causiragew pollution [1]. Photocatalysis
is a promising technology for complete destructidrorganic pollutants without the
formation of secondary pollutants that require Harttreatment [2]. Various metal
oxide semiconductors, such as 7i3], ZnO [4], and SnQ[5], are considered to be
promising photocatalysts for complete degradatioh ooganic pollutants to
environmentally friendly species [6]. ZnO is a pisimg semiconductor because of
the low cost of its metal precursors, its nontdyicand its high photosensitivity [7—
10]. However, the high recombination rate of phetwgrated electron-hole pairs [11]
and the wide band gap [12, 13] are the main drakebtmat limit the industrial use of
ZnO nanoparticles. ZnO exhibits low efficiency undelar irradiation because of its
wide band gap and rapid electron-hole recombinaf@jn Various recent research
studies indicate that the introduction of noble aheanoparticles, such as Pd [14], Pt
[15], Au [16], and Ag [17-27], on the ZnO surfacehances the photocatalytic
reactivity in degradation of various organic dy&song noble metals, metallic silver
nanoparticles exhibit high efficiency in enhancthg photocatalytic activity of ZnO
because of their appropriate price in comparisdh wiher noble metals such as Au,
Pt, and Pd [28]. The enhanced UV-light-driven phbatalytic efficiency was
attributed to efficient separation of the photogated electrons and holes in the
presence of Ag [11, 21, 24,]; however, the highsible-light-driven photocatalytic
efficiency was attributed to surface plasmon resoaaof Ag [17, 23, 26, 27]. It is
interesting to mention that the existence of anrgmpate amount of metallic silver
nanoparticles is a major factor in optimizing theofocatalytic reactivity. A small
amount of A is not sufficient to enhance the reactivity; hoee\a large amount of
silver metal acts as recombination centers thavgmtethe production of a large
amount of radicals and reduce the lifetime of thetpcatalyst. The homogeneous
dispersion of metallic silver nanoparticles on theO surface requires a mild
reduction process; however, most of the previowsearh work usually used a
vigorous reducing agent such as NaBldscorbic acid, or LiAllid These strong

reducing agents lead to agglomeration of silveroparticles on the ZnO surface,



which inhibits light penetration and results in tedver nanoparticles acting as
recombination centers for the charge carriers.hia work, Ag/ZnO nanoparticles
with various amounts of silver (1, 3, and 5 wt%)rev@repared by an innovative
combined sol-gel and chemical reduction method hickv chitosan plays a dual role

as a template and a reducing agent. Wei and Qi@hdiributed the reduction of
silver ions by chitosan to oxidation of chitosan ‘@H shown in Fig. 1. The effect of

Ag on the photocatalytic efficiency of ZnO was istigated with methylene blue
(MB) as a cationic pollutant model. The resultsi¢ate that addition of Ag to the
ZnO matrix increases its photocatalytic efficienigypreover, a possible mechanism is
discussed and suggested.

2. Experimental

2.1. Materials

All the reagents, including zinc nitrate hexahydrén(NQ),- 6H,0; purity greater
than 99%), silver nitrate (AgN{) purity greater than 98%), 2-propanol
((CH3).CHOH; purity 99.7% or greater), low molecular wdigthitosan, glacial
acetic acid (CHCOOH; purity greater than 99%), ammonia solutioiM{8H; purity
32%), and MB (GsH1sCIN3S), were purchased from Sigma-Aldrich.

2.2. Preparation of pure and Ag-doped ZnO

A series of Ag/ZnO samples were prepared by owotiitng 18.22, 18.095, 17.729,
and 17.36 g of zinc nitrate in distilled water witt87, 23.62, and 39.37 ml of 1%
(w/v) AgNO;s to obtain 0, 1, 3, and 5 wt% metallic silver naadjgcles on the ZnO
surface (ZnAgl, ZnAg3, and ZnAg5, respectively)clEaolution was subjected to
vigorous stirring for 1 h, followed by addition 6fml of 2% (w/v) chitosan dissolved
in glacial acetic acid with constant stirring foragher 1 h. Then, drops of ammonia
solution were added until a turbid sol formed, wheas subsequently converted to a
viscous gel. The gel was left to age for 3 daysaly, the gel was filtered, washed
with distilled water, dried at 100 °C, and calcinad500 °C for 3 h to obtain the
desired materials. Pure ZnO was prepared by the sa@thod but without AgN$



2.3. Physicochemical characterization of the photatalysts

X-ray diffractograms of the prepared samples okerd range from 20to 106 were
obtained with a Philips X’PERT MPD diffractometeitivNi-filtered Cu Ko radiation

(A = 0.154 nm). The crystallite size of the prepasathples was estimated from the
line broadening of the wurtzite (101) peald (2 36.2°) with use of Scherrer’s

equation.

Micrographs of the samples, from which the size simape of the particles composing
the samples were obtained, were captured by a JROQO high-resolution
transmission electron microscope. The samples faroscopic analysis were

dispersed in water by an ultrasonicator and drogoea carbon-coated copper grid.

Nitrogen adsorption-desorption isotherms{&6.6 °C) were obtained with a NOVA
3200 surface area and pore size analyzer. Befalgsas, all samples were degassed

overnight at room temperature.

UV-visible diffuse absorption spectra were recordeth a Shimadzu UV-2600 UV-
vis spectrophotometer, from which the band gap gesrof the samples were
determined by the Tauc method with the followingiatppn [29]: f(R)lv = A(hv —
Ey)", where f(R) is the so-called Kubelka-Munk functidw is the incident photon
energy, A is an energy-independent constagtsEhe optical band gap, and n is a
constant that determines the type of optical tteors. For a direct allowed transition,

n = 1/2, while for an indirect allowed transition= 2.

Photoluminescence spectra were recorded with a haurflilorescence spectrometer
(Thermo Fisher Scientific), from which the electimband structures of the samples

were revealed.

2.4. Photocatalytic activity test

In the photocatalytic reactor shown in Fig. 2, gietoactivity of the samples was
investigated through photodegradation of 2 x> M MB aqueous solution. The
photocatalytic degradation of MB over each samplefase was followed by
spectrophotometric measurements using the followipgocedure: In  the

photocatalytic reactor, 0.1 g of sample was mix&t W00 ml of as aqueous solution



of the dye, and the mixture was stirred for 30 mnirthe dark to obtain adsorption-
desorption equilibrium of the dye on the samplefam@. After equilibration, the
concentration of dye in terms of absorbance wassared with a Thermo Scientific
Evolution 300 UV-vis spectrophotometer, and theugalvas taken as the initial
concentration (g) of the dye. Then, a mercury UV lamp operating3@ nm was

switched on over the suspension, and at differeadiation time intervals 5 ml of dye
solution was withdrawn and analyzed with the UV-wpectrophotometer to
determine the residual concentration)(®f the dye. Finally, the percent

photocatalytic activity of each sample was caladdty the following equation:
Photocatalytic activity (%) = [1 — (€o)] x 100.

The photocatalytic reactivity of ZnO and ZnAg3 undesible light was estimated
with use of a xenon lamp with an intensity of 100 &id a cutoff filter was used to

remove UV radiationX(< 420 nm).

3. Results and discussion

3.1. Physicochemical characterization

3.1.1. Structural analysis

3.1.1.1. X-ray diffraction

X-ray diffraction (XRD) patterns of ZnO containingrious proportions of metallic
silver nanoparticles are shown in Fig. 3. As shawifig. 3, all samples exhibited
diffraction peaks at@= 31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.8°, 6667,9°, 69.1°,

72.6°, and 76.9°, corresponding, respectivelyh#o(L00), (002), (101), (102), (110),
(103), (200), (112), (201), (004), and (202) criyptanes of ZnO wurtzite phase with
lattice parameters a = 3.249 A and ¢ = 5.206 A P€Rard no. 03-065-3411). On
careful examination of the XRD patterns, one caticeothe existence of three
prevailing diffraction peaks, at02= 38.1°, 44.2°, and 64.4°, which correspond to the
(111), (200), and (220) crystal planes of Ag mégPDS card no. 00-004-0783).
The existence of metallic silver nanoparticles dom the successful role of chitosan
in reducing silver ions to silver nanoparticles.eT¢rystallite sizes of pure and Ag-

doped ZnO nanocrystalline powders were determimeth fthe broadening of the



Wurtzite (101) peak @= 36.2°) with use of Scherrer’'s equation and awvergin
Table 1. The average crystallite size for all tamples was 55.7 nm, with a standard

deviation of 6.5 nm, giving a range of 47.5-61 nm.

3.1.1.2. High-resolution transmission electron mi@scop

Fig. 4a—d showhigh-resolution transmission electron microscopémages of ZnO,
ZnAgl, ZnAg3, and ZnAg5. The images reveal the terise of hexagonal ZnO
nanoparticles with size ranging between 32 andmillhis interesting to notice the
homogeneous dispersion of metallic silver nanosggghen the ZnO surface for ZnAgl
and ZnAg3. However, the silver nanoparticles préfesegregate as a single phase
when the silver content is increased to 5 wt%hasstlver nanoparticles seem to form
an outer layer coating ZnO particles. For ZnAg3). Bie shows a d spacing of 0.256,
corresponding to the (101) plane of ZnO, and oB88,Zorresponding to the (111)
plane of metallic silver nanoparticles,4 and iltagts the hybrid interaction between

AgP on ZnO nanoparticles

3.1.2. Textural analysis by the nitrogen physisorpbn method

Fig. 5 shows M adsorption—desorption isotherms of ZnO, ZnAgl, gBAand
ZnAg5. According to IUPAC [30], the adsorption isetms are classified as type I,
exhibiting an H3 hysteresis loop that arises frbm éxistence of slit-like mesopores.
A type Il isotherm is a characteristic of weak -ga$id interactions that cause the
uptake at low relative pressures to be small; mgeoa gas molecule has become
adsorbed, the adsorbate-adsorbate forces will peoitine adsorption of further gas
molecules—a cooperative process—so the isotherniisb&come convex to the
pressure axis. Thus in systems that give risetigpa Il isotherm, the multilayer is
being built up on some parts of the surface, wiieemonolayer is still incomplete on
other parts. The incorporation of 1 and 3 wt% A@aesompanied by a reduction in
sample porosity due to deposition of metallic silvanoparticles inside the pore
structure, and the two samples seems to be corpletmporous. However, an
increase in silver content is accompanied by séparaof metallic silver

nanoparticles as a separate phase, and the Zn@aréoles retain their porosity. The



surface area calculated by the Brunauer-Emmeteifetjuation and the pore volume
and pore diameter estimated by the Barrett-Joyraderdla method are given in Table
1. The specific surface area ranges between 4 2ndff, influenced by the amount
of silver in each sample. Consequently, use ofBhaauer-Emmett-Teller equation
is not the most suitable method for evaluationhef tnonolayer capacity and specific

surface area of solids with a type Il isotherm.

3.1.3. X-ray photoelectron spectroscopy analysis

The surface elemental composition and the surfa&ton state of Zn, O, and Ag of
ZnAg5 nanopatrticles were analyzed by X-ray photied® spectroscopy (XPS). It is
evident from the full survey spectrum presentedrign 6 that the sample contains
three elements—Zn, O, and Ag—confirming the sampleity. In the spectra
obtained, Zn was identified through its charactieriswo fitted peaks at binding
energies of 1020 and 1043 eV, corresponding to [&p and Zn 2py,, respectively,
representing the existence of the’Zoxidation state. Lattice oxygen in ZnO was
detected through its specific Gaussian-fitted dea&ted at a binding energy of 529.5
+ 0.2 eV. In Fig. 6¢ the peaks at 367 and 373 &/ adiributed to Ag 3gh and Ag
3d,, respectively, corresponding to metallic silveg{A[1-3]. The peaks for bulk
silver slightly shifted to lower binding energy mefed in the literature (368.2 for Ag
3dspand 374.2 for Ag 3b) are attributed to the strong interaction betwZe® and
metallic silver nanoparticles and electron tran$ietween the ZnO conduction band

(CB) and the metallic silver nanoparticles [31-33].

3.1.4. Optical analysis

3.1.4.1. Diffuse reflectance spectra

The absorption spectra for ZnO containing variouspprtions of metallic silver
nanoparticles are illustrated in Fig. 7, showingt@ng absorption edge in the UV
region (200—400 nm) due to charge-transfer absorgtom the valence band (VB) to
the CB of ZnO. Incorporation of metallic silver mgarticles was associated with a
shift of the photocatalytic response to the visilbégion. In particular, ZnAg5
exhibited the highest absorption edge in the \asitegion because of the surface



plasmon absorption of Ag [34]. As seen in Fig. & band gap energy {Fof the
samples was determined from the {}tversus photon energyvhplot through the
intercept of its linear region with the x-axis (Tal). g for pure ZnO was 3.22 eV,
and on doping with Ag metal, the band gap energy wealuced to 3.18 eV, which

causes a shift of the absorption edge to longeeleagth.

3.1.4.2. Photoluminescence spectra

Fig. 9 shows the photoluminescence spectra of Zn@® ZnAg3 for an excitation
wavelength of 325 nm. For ZnO, the presence ofltaads, at 333 and 390 nm, due
to band edge emission and defect-related emissespectively [35], is clearly
observed. The pronounced reduction in photolumerese intensity on introduction
of metallic silver nanoparticles was attributed godecrease in the electron-hole

recombination rate [36-37].

3.2. Photocatalytic degradation of MB over pure andAg-doped ZnO

3.2.1. Kinetics of MB degradation

Fig. 10 illustrates the photocatalytic degradat@inMB over ZnO photocatalysts
containing various proportions of metallic silveanoparticles after 240 min of UV
irradiation with a catalyst loading of 0.1 g/100.nilhe degradation of MB was
evaluated by our following the gradual reduction iofensity of the maximum
absorption peak at 664 nm with time. To estimagpghotocatalytic reactivity of the
samples with regard to degradation of of MB, cdialgarameters such as the percent
photocatalytic activity and turnover rate (numb&nmmles converted or produced per
gram of photocatalyst per unit time) were calcuaf@able 3). Two facts can be
extracted from the results in Table 3: the firsthe low photocatalytic activity and
turnover rate of ZnO, which can be attributed tec&bn-hole recombination; the
second is the increase in ZnO photocatalytic dgtighd turnover rate on silver
doping, which can be attributed to the transfeplabtogenerated electrons from the

ZnO CB to silver nanoparticles, which limits electrhole recombination [38—42].

Fig. 11 illustrates the first-order kinetics for Miggradation [43—45]:



In G =In G —kt.

The rate constant, k, was estimated from the stdphe straight line of the InC
versus time plot. Moreover, the half-life,stcan be calculated from the following

equation:
tip= In 2/k.

The kinetic parameters are listed in Table 4. Hte constants follow the sequence
ZnAg3 > ZnAg5 > ZnAgl > ZnO, in agreement with tlesults for percent
photocatalytic activity.

The results reported in Section 3.1.3.1 indicated incorporation of metallic silver
nanoparticles shifted the photocatalytic respomseisible light. Consequently, to
ascertain the capability of Ag/ZnO nanocompositasphotodegradation of organic
pollutants in the visible region, photocatalytiqgdedation of MB over ZnAg3 under
solar irradiation was studied. From Fig. 12, 96%aB was removed, and by our
taking into account the 40% photolysis of MB, ZnAgas found to remove 56% of

MB by photodegradation under solar irradiation.

3.2.2. The proposed mechanism for Ag/ZnO photocataic activity

3.2.2.1. Under UV irradiation

The photocatalytic process under UV irradiation Ag/ZnO can be investigated by
the following suggested mechanism (as shown in E8). On exposure of ZnO
nanoparticles to UV light with energy higher tharequal to the band gap energy, an
electron (8 from the VB is transferred to the CB, creatingade () in the VB (Eq.

1) [39, 41, 46-49]. Then, the photogenerated alastin the ZnO CB are transferred
to the Fermi level of silver nanopatrticles (Eq.&hich is energetically favorable and
suppresses electron-hole recombination. Then Aapé&a electrons and ZnO trapped
holes react with the preadsorbed oxygen (Eq. 3)samfhce-bound hydroxyl groups
(-OH) (Eq. 4), respectively, to generate hydroxgtlicals. Finally the hydroxyl
radicals degrade MB by hydrogen abstraction andseqguent oxidation processes
(Eg. 5) [35].



ZnO + v (UV) — hg" + ecs” (1)
ZnO (&) + Ag— ZnO-Ag (e) (2)
ZnO-Ag (€) + O, »ZnO-Ag + O, H 2HO, — H,0,B°0OH + OH + 0,  (3)
ZnO (hg*) + OH™ — ZnO +'OH (4)

MB + ‘OH — H,O + MB™ — degradation products (5)

3.2.2.2. Under solar irradiation

The photocatalytic process under solar irradiatmnAg/ZnO can be understood by
the following suggested mechanism (as shown in Ep. On exposure of silver
nanoparticles to solar irradiation, electron-hokirg are generated as a result of
absorption of visible light through surface plasm@sonance (Eq. 6). Then the
plasmon-induced electrons of silver nanopartickes quickly injected into the ZnO
CB (Eq. 7). Then ZnO trapped electrons and Ag tdppoles react with the
preadsorbed oxygen (Eq. 8) and surface-bound hytrgroups (—OH) (Eq. 9),
respectively, to generate hydroxyl radicals. Finathe hydroxyl radicals degrade MB
by hydrogen abstraction and subsequent oxidatiategsses (Eq. 5) [11, 17].
Consequently, Ag/ZnO nanocomposite samples appedrave different electron

transfer directions under UV irradiation and sateadiation.

Ag + hv (visible light)— h" + € (6)
Ag (€) + ZnO— ZnO (&) + Ag () (7)
ZnO (&) + O, —»Zn0O + Q1 2HO,— HyO0,05°0H + OH™ + O, (8)
Ag (h") + OH™ — Ag + ‘OH 9)

3.2.2.3 The concentration of hydroxyl radicals
The concentration of hydroxyl radicals, which abesidered a major reactive species
in dye degradation, was monitored by the terepltthatid photoluminescence

probing technique. Terephthalic acid is non-fluoesg; however, it can react with



hydroxyl radicals to give fluorescent 2-hydroxyfanehalic acid. On careful
examination of Fig. 15, one can notice that tereglit acid, being non-fluorescent,

does not give any peak, while a pronounced peakap@t 423 nm for ZnAg3.

3.2.2.4 Photocatalytic degradation of MB under visile light:

The photocatalytic reactivity of the samples unaletenon lamp of 100 W intensity
and with a cutoff filter to remove UV radiatiol. € 420 nm) was studied to
investigate the role of metallic silver nanopadgclin shifting the photocatalytic
response to the visible region. The results retrestl MB degradation increased from
28% to 76% on incorporation of 3 wt% Agn the ZnO surface during 2 h of
irradiation (Fig. 16).

4. Conclusion

ZnO nanoparticles containing various proportionsnetallic silver were prepared by
an innovative combined sol-gel and chemical redacthethod. Chitosan was used as
an environmentally benign reducing agent to avbel toxicity of traditionally used
reducing agents. XPS and XRD analyses revealecexistence of metallic silver
nanoparticles on the ZnO surface. Photoluminescaemzke XPS studies provided
evidence for strong interaction between ZnO anfl Abe photocatalytic degradation
of MB increases with increasing silver content o3 twt%, followed by reduction for
the sample containing 5 wt% Ag. The ease of eladiransfer between CB electrons
of ZnO and the Fermi level of metallic silver naadjles, which in turn limits
electron-hole recombination, is the main cause ofhaacement of the

photodegradation of MB under UV and solar radiation
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Fig. 1. The proposed mechanism for reduction of silvesiby chitosan.

Fig. 2. The photocatalytic reactor used in the study of ghetocatalytic activity of
the samples.

Fig. 3. X-ray diffraction patterns of ZnO and various AgZipowders.

Fig. 4. High-resolution transmission electron microscopag®s of ZnO (a), ZnAgl
(b), ZnAg3 (c), and ZnAg5 (d), and lattice spaci@nAg3 (e).



Fig. 5. N, adsorption—desorption isotherms of ZnO (a), ZnAlgll ZnAg3 (c), and
ZnAg5 (d).

Fig. 6. X-ray photoelectron spectroscopy core level spedftézn 2p (a), O 1s (b), and
Ag 3d (c) regions for ZnAg5.

Fig. 7. Absorption spectra of pure and Ag-doped ZnO powdisenples.
Fig. 8. (Ahv)? versus photon energyv(ffor pure and Ag-doped ZnO samples.
Fig. 9. Photoluminescence spectra of pure ZnO and ZnAg3.

Fig. 10. Photocatalytic degradation of methylene blue oveDZa), ZnAgl (b),
ZnAg3 (c), and ZnAg5 (d).

Fig. 11. Pseudo-first-order kinetics of methylene blue dégtian over ZnO, ZnAg1,
ZnAg3, and ZnAg5.

Fig. 12. Photocatalytic degradation of methylene blue oveAg3 under solar

irradiation.

Fig. 13. Ag/ZnO photocatalytic mechanism under UV light. G&nduction band,
VB valence band.

Fig. 14. Ag/ZnO photocatalytic mechanism under sunlight. €&jduction band; VB

valence band.

Fig. 15.Fluorescence spectral changes obsedegthg illumination of ZnAg3 in 5 x
10° M NaOH solution of terephthalic acid (excitation at 315)nm

Fig. 16. Photocatalytic degradation of methylene blue ove® ZAand ZnAg3 under a

halogen lamp.

Table 1.The crystallite size, surface area, pore volumd,@ore diameter of pure and

Ag-doped ZnO nanocrystalline powders.

Ag (wt%) Crystallite size Surface Pore Pore diamete




(nm) area(rfilg) | volume(ml/g)
0 61 7.8 0.039 17.6
1 61 6.5 0.036 16.3
3 53.6 5.2 0.034 15.8
5 47.5 4.7 0.033 154

Table 2.Band gap energy and the corresponding absorptiga efdthe samples.

Ag (wt%) E (eV) Absorption edge (nm)
0 3.22 385
1 3.22 385
3 3.18 389.9
5 3.18 389.9

Table 3. Catalytic parameters for each photocatalyst.

Sample| Ag (wt%)| Photocatalytic activity Moles of MB TOR (removed molis/g
of sample for MB converted catalystmin)
degradation (%)

ZnO 0 65.6 1.312 10° 5.46x 10"
ZnAgl 1 79.5 1.5% 10° 6.62x 10"
ZnAg3 3 82.6 1.65% 10° 6.88x 10’
ZnAg5 5 81.2 1.624 10° 6.76 x 10

MB, methylene blue; TOR turnover rate.

Table 4. Kinetic parameters for methylene blue photocatalgiégradation by each

photocatalyst.
Sample k (min™) t1> (Min)
ZnoO 0.0043 161.2
ZnAgl 0.0067 103.5
ZnAg3 0.007 99
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ZnAg5 0.0068 102




Caption to figures

Fig. 1 The proposed mechanism for reducing silver ionshiosan

Fig. 2 Schematic illustration of the photocatalytic reaatsed in testing the prepared

samples photocatalytic activity.
Fig. 3 XRD patterns of ZnO and various Ag/ZnO powders.
Fig. 4 HRTEM images of ZnO (a), ZnAgl (b), ZnAg3 (c), atAg5 (d).

Fig. 5 N, adsorption—desorption isotherms of ZnO (a), ZnAlgll ZnAg3 (c), and
ZnAg5 (d).

Fig. 6 XPS patterns of ZnAg5

Fig. 7 The absorption spectra for pure and Ag doped Zn@dpoed samples

Fig. 8 (Ahv)? vs. photon energy {h plots for pure and silver doped ZnO samples.
Fig. 9 PL spectra for pure and 3 wt. % Ag doped ZnO.

Fig. 10 Photocatalytic degradation of methylene blue ovaOZa), ZnAgl (b),
ZnAg3 (c), and ZnAg5 (d).

Fig. 11 The pseudo first order kinetics of methylene blegrddation over ZnO,
ZnAgl, ZnAg3 and ZnAgb.

Fig. 12 Photocatalytic degradation of methylene blue oveA@3 under solar

irradiation.

Fig. 13 Fluorescence spectral changes obsedegthg illumination of ZnAg3 in 5 x

10° M NaOHsolution of terephthalic acid (excitation at 315)nm

Fig. 14 Photocatalytic degradation of MB dye over ZnO and ZnAg3 under
halogen lamp

Fig. 15 Schematic of Ag/ZnO photocatalytic mechanism unddight.
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Fig. 6
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Caption to tables

Table 1. The crystallite size of pure and Ag doped ZnO raysialline

powders.
Ag wt. % crystallite size (nm)
0 61
1 61
3 53.6
5 47.5

Table 2. Band gap energy and the corresponding absorptiga eflithe

prepared samples.



Ag wt.% E (eV) absorption edge (nm)
0 3.22 385
1 3.22 385
3 3.18 389.9
5 3.18 389.9
Table 3. Catalytic parameters for each photocatalyst
sample Ag wt.% Photocatalytic Moles TOR

activity of each
sample for MB
degradation %

converted of| (removed mQs/gca:Min)
MB

ZnO 0 65.6 1.312 10° 5.46x 107
ZnAgl 1 79.5 1.5% 10° 6.62x 10’
ZnAg3 3 82.6 1.65% 10° 6.88 x 10’
ZnAg5 5 81.2 1.624x 10° 6.76 x 10

Table 4. Kinetic parameters for MB photocatalytic degradatiy each

photocatalyst.
sample K (minute) t,» (Minute)
Zn0O 0.0043 161.2
ZnAgl 0.0067 1035
ZnAg3 0.007 99
ZnAg5 0.0068 102




Highlights

* Ag/ZnO nanoparticles were synthesized by the sol-gel route.

» Chitosan facilitates reduction of silver ionsto metallic silver nanoparticles.

* The photocatal ytic degradation of methylene blue increases with increasing
silver content up to 3 wt%.

«  XPSrevealing the existence of Zn and Ag°



