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Abstract—Removal of organic dyes from wastewater has become an important issue because of their carcinogenic and
mutagenic effects. In this study, we prepared Ag-doped ZnO (Ag_ZnO) photocatalysts containing various amounts of
Ag (0.05-0.5 mol%) by a hydrothermal process followed by calcination at 500 °C and evaluated the photocatalytic degra-
dation of methylene blue (MB) under sunlight irradiation. The incorporation of Ag into the ZnO lattice and the hexago-
nal wurtzite structure of the prepared catalysts could be confirmed by X-ray photoelectron spectroscopy and powder X-
ray diffraction analysis. BET analysis shows that the pore volume and pore size was increased with doping Ag into ZnO.
The photocatalytic degradation of methylene blue followed a pseudo-first-order kinetics and the rate constant for dye
degradation with 0.1% mol Ag was almost three-times bigger than that with bare ZnO. Our study shows that the photo-
catalytic activity of ZnO toward MB degradation under sunlight can be effectively enhanced by doping with Ag.
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INTRODUCTION

Water pollution due to uncontrolled release of industrial toxic
organic dyes has become a major cause of environmental pollu-
tion. Dyes are considered industrial organic pollutants because they
are very toxic, carcinogenic, and mutagenic [1]. Photodegradation
of dyes with suitable active catalysts has economical merits because
abundant natural solar energy can be used in such processes. Vari-
ous semiconductors have been used for the photocatalytic degra-
dation of environmentally hazardous organic dyes [2]. Semicon-
ductor-based photocatalysis is a green and feasible technology that
uses direct conversion of solar energy into chemical energy, thus
driving many kinds of chemical transformations. This technology
has attracted considerable attention in recent years in the remedia-
tion of environmental pollution [3]. Metal oxide photocatalysts, such
as zinc oxide (ZnO), titanium dioxide (TiO,), iron oxide (Fe,O;),
and zirconium oxide (ZrO,), have been used extensively in the
degradation of organic pollutants in water and air because of their
ability to generate charge carriers stimulated by solar energy [4,5].
ZnO is a representative n-type semiconductor with a wide band gap
of 3.37 eV that shows photocatalytic activity under UV light [6]. It
has many great optical and electrical properties that can be used as
photochemical sensors and catalysts. Among various metal-oxide
photocatalysts, ZnO has shown excellent chemical and photochem-
ical stability, non-toxicity, low production cost, and a large exciton
binding energy [7]. However, its major drawback is that it is sus-
ceptible to deterioration upon exposure to UV irradiation in aque-
ous solutions, a phenomenon usually referred to as photocorrosion
[8]. Doping of transition metal into ZnO can increase the photo-
catalytic activity by introducing charge traps for the photogene-
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rated carrier and suppressing charge carrier recombination [9]. Ag
is a stable, non-toxic metal that has the highest electrical conduc-
tivity of all metals [10]. There have been several reports on the syn-
thesis of nanosized metal oxides via a variety of synthetic routes
such as hydrothermal, microwave, and sol-gel syntheses. Among
them, the hydrothermal method is widely used because of the low
cost, low operational temperature, and high yield involved and the
control over the shape and dimension of nanomaterials it offers
when the reaction time, temperature, and capping agent are tuned
[11]. Herein, we report the preparation of Ag doped ZnO by a
hydrothermal process and the photocatalytic decomposition behav-
ior of methylene blue under irradiation by sunlight. A dye degra-
dation ratio (C/Co) of 92.9% was achieved by 0.1% Ag_ZnO.

EXPERIMENTAL

1. Preparation of Ag ZnO

All chemicals were of analytical grade and used as received with-
out further purification. Typically, a 0.15M zinc nitrate hexahydrate
(Zn(NO3),-6H,0) solution was prepared in 40 mL of ethanol. After-
wards, silver nitrate (AgNO;) was added to prepare 0.1, 0.2, 0.3,
0.4 and 0.5 mol% silver doped ZnO. The solution was stirred vig-
orously for 30 min, and a 1 M sodium hydroxide (NaOH) etha-
nol solution was added dropwise to the above mixture to maintain
the pH at 11. After complete dissolution, the solution was sealed
in a 100 mL Teflon-lined autoclave reactor and heated for 3h at a
constant temperature of 200 °C. Then, the autoclave reactor was
cooled to room temperature and the reacted solution was centri-
fuged at 8,500 rpm for 10 min. The precipitate was collected, washed
with distilled water and ethanol several times to remove any impuri-
ties, and dried overnight at 70 °C. Finally, the Ag ZnO product
was calcined at 500 °C for 2 h using a ramping rate of 10 °C/min.
2. Photocatalytic Measurements

The photocatalytic efficiencies of the ZnO and Ag_ZnO photo-
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catalyst samples were evaluated by measuring the optical absor-
bance of a methylene blue solution with the prepared photocatalysts
under sunlight irradiation. A 100 W halogen lamp (JB-420, Nantong
Haisheng Optical Co,, Ltd., Shanghai, China) was used as the sun-
light irradiation source to activate the photocatalytic reaction. Typ-
ically, 50 mg of the prepared photocatalyst was dispersed in 100 mL
of a 10-ppm methylene blue dye solution in a 500 mL glass bea-
ker. To maintain the adsorption-desorption equilibrium, the mix-
ture was continuously stirred for 30 min in the dark without light
irradiation, and then light was switched on. Every 30 min, 3 mL of
the sample solution was pipetted out and centrifuged to discard
the photocatalyst. Finally, the extent of photodegradation was ana-
lyzed by measuring the decrease in the absorbance intensity of meth-
ylene blue using a UV-vis spectrophotometer.
3. COD Measurements

COD was measured by open reflux method: 20 ml of dye solu-
tion was mixed with sulfuric acid, silver sulfate, and 0.005 M potas-
sium permanganate solution in a round bottom flask. The reaction
mixture was refluxed for 30 min and allowed to cool naturally at
room temperature. Then, 0.0125 M sodium oxalates solution was
added into the mixture. Finally, COD was measured by titration of
0.005 M of potassium permanganate solution.
4. Characterization

The morphology of the Ag ZnO samples was studied by field-
emission scanning electron microscopy (FE-SEM, S-4700, Hitachi)
at Smart Materials Research Center for IoT (SMRCI) in Gachon
University. The crystal structure of the samples was studied by pow-
der X-ray diffraction (XRD) with an Ultima IV diffractometer using
Cu K as the X-ray source; the 2-theta range was set at 2-90°. The
surface electronic states of the photocatalysts were analyzed by X-
ray photoelectron spectroscopy (XPS, Multilab-2000) with a twin

ASI0KY 12 2mm x30.0k

anode (Al Ko, hv=1486.6eV). The absorbance spectra were
recorded using a UV-vis spectrophotometer (Varian Cary 100).
The specific surface area was determined from the nitrogen ad-
sorption/desorption isotherms using the BET (Brunauer-Emmett-
Teller) method (3 Flex Physisorption).

RESULTS AND DISCUSSION

1. Crystal Structure and Morphology of Ag ZnO Photocata-
lysts

Powder XRD analysis was performed to identify the crystal struc-
ture, lattice parameter, and crystallite size of the pure ZnO and
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Fig. 1. XRD patterns of (a) bare ZnO, (b) 0.1% Ag ZnO, (c) 0.2%

Ag 7nO, (d) 0.3% Ag ZnO, (e) 0.4% Ag ZnO, and (f) 0.5%
Ag 7ZnO photocatalyst.
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Fig. 2. FE-SEM images of (a), (b) bare ZnO and (c), (d) 0.1% Ag_ZnO photocatalyst.
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Ag 7ZnO nanoparticles. The X-ray diffraction patterns of ZnO, and
Ag 7ZnO photocatalysts are shown in Fig. 1. The peaks obtained
for ZnO and Ag ZnO photocatalyst at 20=31.8, 344, 36.3, 47.5,
56.6, 62.9, 66.3, 67.9, and 69.0 matched with the lattice planes
(100), (002), (101), (102), (110), (103), (200), (112), and (201),
respectively [12,13]. The lattice plane (101) demonstrated anisotro-
pic nature and suggested the direction of crystallinity [14]. Thus,
the XRD results confirmed that the samples could exhibit a hexag-
onal wurtzite structure, which was in good agreement with JCPDS
card no 36-1451 [15]. Among the samples, 0.1% Ag_ZnO showed
XRD peaks with strong intensity. This implies a strong hexagonal
wurtzite structure. The XRD pattern also shows that, on doping with
Ag into ZnO, the hexagonal wurtzite structure of ZnO did not
change.

The surface morphology of ZnO and Ag ZnO photocatalysts
was studied by FE-SEM. Fig. 2 shows the SEM images of ZnO
and 0.1% Ag_ZnO photocatalysts. Fig. 2(a) and (b) show that ZnO
powders were either spherical or short and rod-shaped [16]. 1%
Ag 7ZnO (Fig. 2(c), (d)) showed particles a little larger than bare
ZnO but had a hexagonal structure with a [0001] facet [17]. This
coincided with the XRD results, which showed that 0.1% Ag ZnO
exhibited strong XRD peaks. The morphology of bare ZnO and
Ag 7ZnO photocatalysts was different but both exhibited a short
rod-shaped structure. 0.1% Ag doped ZnO shows decrease in
agglomeration compared to bare ZnO, which leads to more regu-
lar shape [18]. There is a possible mechanism of change in shape
by doping Ag into ZnO, where Ag" affected the growth tendency
of ZnO. When Ag" ions are added to the reaction solution, Ag"
and OH' will first interact to generate AgOH precipitation which
consumes a part of the alkaline ions in the solution, then the ZnO
tends to grow in hexagonal structure. [19]. This decrease in agglom-
eration and regular organization of ZnO by Ag doping can im-
prove the photocatalytic activity. According to the SEM micrographs,
it was evident that the morphology of ZnO changed to a clear hexag-
onal shape on doping with Ag [20].

2. BET Surface Area Analysis

The surface area of bare ZnO and 0.1%Ag ZnO was deter-

mined using BET analysis. Larger surface area of the photocatalyst
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Fig. 3. N, adsorption-desorption isotherms of ZnO and 0.1%Ag
ZnO.
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can have enhanced photocatalytic activity because it can provide
more active site to adsorb pollutants [21]. Fig. 3 shows surface areas
of ZnO and 0.1%Ag_ZnO photocatalysts which were determined
by N, adsorption-desorption isotherm. The BET surface area of
ZnO and 1%Ag ZnO is 63141 m’/g and 7.4929 m’/g, respec-
tively. BET surface of 0.1%Ag_ZnO is higher than the bare ZnO.
Table 1 shows the BET surface area, total pore volume and pore
size. Total pore volume and pore size of ZnO are 0.0160 cm’/g and
101.2736 A, whereas those of 0.1%Ag_ZnO are 0.0212 cm’/g and
113.1293 A, respectively. The BET analysis shows that total pore

Table 1. Surface properties of ZnO and 0.1%Ag_ZnO

Properties ZnO 0.1%Ag_ZnO
BET surface area 63143 m’/g 74929 m*/g
Total pore volume 0.0160 cm*/g 0.0212 cm’/g
Pore size 1012736 A 113.1293 A
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Fig. 4. High-resolution XPS profiles of (a) Zn 2p, (b) O 1s, and (c)
Ag 3d for 0.1% Ag_ZnO photocatalyst.
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Fig. 5. UV-vis absorption spectra of ZnO and Ag ZnO photocata-
lysts with various Ag concentrations.
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volume and pore size of ZnO were increased by doping with Ag,
which in turn increased the surface active sites of catalysts [22].
3. Chemical State of Ag ZnO Photocatalysts

XPS was conducted to analyze the distribution and oxidation
state of the constituent elements in Ag_ZnO. Fig. 3 shows the high-
resolution XPS spectra of Zn 2p, O 1s, and Ag 3d. As seen in Fig.
4(a), Zn 2p of Ag ZnO shows two peaks at 1,022.1 and 1,045.3
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eV, which could be ascribed to Zn 2p3/2 and Zn 2p1/2, respec-
tively [23]. In Fig. 4(b), the O 1s peak position at the binding energy
of 530.6 eV could be assigned to O* ions involved in Zn-O bonds
of the wurtzite structure of ZnO [24]. A peak at 531.8 eV sufficiently
indicates Ag-O bond formation in Ag ZnO [25]. It was noted that
Ag was doped into ZnO, which contributed to enhancing the photo-
catalytic activity. A peak at 532.5eV could be attributed to oxygen
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Fig. 6. (a) C/C, vs time plot showing degradation of methylene blue (MB) dye in the presence of bare ZnO and Ag ZnO photocatalyst under
sunlight irradiation up to 210 min; (b) kinetic plot of photocatalytic degradation of MB; (c), (d) gradual decrease in the absorption of
MB with time in the presence of ZnO and 0.1% Ag_ZnO photocatalyst, respectively; (e), (f) C/C, vs time plot showing degradation of
MB and final degradation % of MB with various amounts of 0.1% Ag_ZnO; (g), (h) degradation with time and final degradation % of
various concentrations of MB with 0.1% Ag_ZnO.
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on the surface hydroxyl group [26]. In Fig. 4(c), two peaks can be
seen at 369.4 and 374.4 eV, which can be attributed to Ag 3d5/2 and
Ag 3d3/4, respectively [27]. Furthermore, these two peaks indi-
cate the presence of AgO and Ag,0 along with metallic silver [28].
The incorporation of metallic Ag into the ZnO crystal lattice was
thus confirmed by high-resolution XPS analysis.
4. Optical Bandgap Study

Fig. 5 shows UV-vis absorption spectra of ZnO and Ag ZnO
photocatalysts UV-vis absorption spectrum represents the avail-
able change in the energy gap [29]. The optical bandgap (Eg) can
be obtained from 4,,,, by Eg=1240/4,,,, [30]. The peaks of bare ZnO
and 0.3, 0.05, 0.4, 0.5, 0.2 and 0.1% doped ZnO were observed at
376, 377, 377, 377, 379, 379 and 381 nm, which correspond to opti-
cal bandgap of 3.30, 3.29, 3.29, 3.29, 3.27, 3.27 and 3.25 €V, respec-
tively. The absorption peak at 376 nm of bare ZnO indicates wurtzite
crystal structure [31]. As the Ag dopant concentration is increased,
the absorption peak is red shifted, which coincides with the previ-
ous report [32]. The decrease in the optical band gap with dopant
concentration is due to enhancement in the carrier species in valence
band and conduction band [33].
5. COD Measurement

The chemical oxygen demand can estimate the organic strength
of methylene blue dye in terms of total quantity of oxygen required
for the oxidation of organic matter to CO, and water [34]. It has
been observed that the COD of the methylene blue solution de-
creases from 28 mg/L to 4 mg/L after photodegradation, indicating
that about 85% of dye is completely degraded. The large reduction
in COD clearly is consistent with the photodegradation results meas-
ured by UV absorption [35].
6. Photocatalytic Degradation of Methylene Blue under Sun-
light

Fig. 6(a) shows the photocatalytic performance of undoped ZnO
and Ag_ZnO photocatalysts toward the degradation of methylene
blue under sunlight irradiation. It shows the variation in C/C, (where
C, is the initial concentration and C is the present concentration)
of methylene blue with respect to time in the presence of various
amounts of photocatalysts. As observed, at 210 min, the amount
of dye degradation was the highest for the samples with the 0.1%
Ag 7ZnO photocatalyst. The final dye degradation percentage with
bare ZnO, 0.3%, 0.05%, 0.4%, 0.5%, 0.2% and 0.1% Ag ZnO was
61.8, 81.5, 82.6, 85.2, 86.8, 87.9, and 92.9% respectively. Kinetic
studies were performed to evaluate the dye degradation rate em-
ploying the Langmuir-Hinshelwood kinetics model. Fig. 6(b) shows
the plot of In C,/C vs time [36]. The photocatalytic degradation of
methylene blue followed a pseudo-first-order kinetics, which could
be modeled by the following equation

G

IHE =kt @
where k (min™") is the pseudo-first-order rate constant [37]. The
rate constant was calculated to be 0.0123, 0.0096, 0.0971, 0.089,
0.080, 0.080 and 0.0044 min™" with 0.1, 0.2, 0.5, 0.4, 0.05, 0.3%
Ag 7ZnO0, and bare ZnO, respectively. More importantly; the rate
constant for dye degradation with 0.1% mol Ag was almost three-
times bigger than that with bare ZnO. Fig. 6(c) and (d) show the
gradual decrease in the methylene blue absorption peak intensity
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in the presence of ZnO and 0.1% Ag ZnO, respectively. The fig-
ures show significant degradation of methylene blue for the 0.1%
Ag 7ZnO photocatalyst compared with that obtained using pure
ZnO. This means that the photocatalytic efficiency was significantly
enhanced by doping Ag into the ZnO lattice. Fig. 6(e) shows plot
of C/C, vs time for different amount of catalyst and (f) shows plot
of degradation efficiency vs photocatalyst amount for the degrada-
tion of methylene blue dye with 0.1% Ag ZnO. The final dye deg-
radation percentage with 30, 50, 100, 150 and 200 mg of 0.1%
Ag 7ZnO was 70.9, 92.9, 944, 96.0, and 70.9%, respectively. With
the increasing photocatalyst amount, the degradation efficiency was
increased and 150 mg catalyst shows highest degradation efficiency.
However, above 150 mg, the degradation efficiency was decreased,
which may be due to the scattering of light. Fig. 6(g) shows plots
of C/C, vs time for different concentration of dye and (h) shows a
plot of degradation efficiency vs photocatalyst amount for the deg-
radation of methylene blue dye with 0.1% Ag_ZnO. The final deg-
radation percentage of dye of 5, 10, 15 and 20 ppm was 95.9, 92.7,
75.3 and 70.1, respectively. With increasing dye concentration, de-
gradation efficiency was decreased and dye of 5 ppm shows high-
est efficiency.

Fig. 7 shows the mechanism of the charge transfer process oc-
curring in the Ag ZnO photocatalyst during photodegradation of
methylene blue under sunlight illumination. In the presence of
oxygen defects or metal nanoparticles on ZnO surface, the separa-
tion of photo generated electron-hole pair is enhanced. Ag pro-
moted the charge transfer of photogenerated charge carriers [38].
When the Ag ZnO was exposed to solar irradiation, the sunlight
excited the electrons of the photocatalyst to the conduction band
leaving the valence band to form holes through surface plasmon
resonance [39]. Then the plasmon-induced electrons of silver dop-
ants were quickly injected into the ZnO conduction band, then
ZnO trapped electrons and Ag trapped holes reacted with the pre-
adsorbed oxygen and hydroxyl group (-OH) [40]. Photoelectrons
were adsorbed to O, and turned oxygen to a superoxide anion (O-?).
And the photogenerated holes turned water molecule to strong
hydroxyl radicals (-OH) [41]. These superoxide anion (O- ) and
hydroxyl radicals ((OH) can degrade methylene blue to smaller
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Fig. 7. Schematic illustration of photocatalytic charge transfer pro-
cess in Ag_ZnO photocatalyst.
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Table 2. Comparison of the photocatalytic performance of Ag ZnO in photodegradation of dyes

Degradation Degradation

Synthesis method Dye time efficiency (%) Ref.
Chemical co-precipitation Methyl oranse, methylene blue, 4 hours 85 [42]
and 4-nitrophenol
Chemical precipitation Methylene Blue 300 min 95 [43]
Laser-induction Methylene Blue 8 hours 90 [44]
Spray coating Methyl orange 7 hours 60 [45]
Sol-gel Methylene blue 5 hours 67 [46]
Hydrothermal microwave heating synthesis Methylene blue 5 hours 40 [47]
Polymer-assisted freeze-drying method Methylene blue 5 hours 90 (48]
Wet synthesis method Phenol 240 min 50 [49]
Hydrothermal Methylene blue 210 min 92 This Work
species. In degradation product, -OH radical can break various REFERENCES

bonds in the dye (C-N, C=N, C-S, N=N, C-C etc), which leads to
the conversion of dye into CO, and inorganic ions (NH;, NO;
etc) [38]. With this process, Ag ZnO provided better photocata-
Iytic effects for the degradation of methylene blue compared to bare
ZnO.

Table 2 shows the comparison of photocatalytic dye degrada-
tion with Ag ZnO previously reported and the present work. Var-
ious methods were used for the preparation of Ag ZnO including
chemical precipitation, laser induction, spray coating, sol-gel, hydro-
thermal microwave heating synthesis, polymer-assisted freeze-drying
method, wet synthesis method and hydrothermal process. Among
them, the present work shows the shortest degradation time for
dye degradation over 90%.

CONCLUSION

Silver-doped ZnO photocatalysts were prepared by a low-tem-
perature hydrothermal process followed by calcination. Ag doping
into ZnO can enhance the photocatalytic degradation of methy-
lene blue under sunlight irradiation. The doping of Ag into the
ZnO lattice was confirmed by XPS. The SEM images showed that
the as-prepared Ag ZnO had a hexagonal structure. The dye deg-
radation percentage with bare ZnO and 0.3, 0.05, 0.4, 0.5, 0.2, and
0.1% Ag ZnO photocatalyst was 61.8, 81.5, 82.6, 85.2, 86.8, 87.9,
and 92.9, respectively. The photocatalytic degradation of methy-
lene blue followed pseudo-first-order kinetics. The rate constant
for dye degradation with 0.1 mol% Ag was almost three-times big-
ger than that with ZnO. Thus, doping Ag into ZnO provided bet-
ter photocatalytic activity for the degradation of methylene blue
compared to that of bare ZnO.
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