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A simple electrochemical synthesis was successfully used for the growth of Ag-doped ZnO nanorods on
fluorine-doped tin oxide to investigate the photocatalytic degradation activity. Photoluminescence (PL)
spectroscopy and UV-Vis absorbance spectra at normal atmospheric conditions were used to examine
the optical characteristics of the nanorods. Composition and morphology were investigated using
energy-dispersive X-ray spectroscopy (EDX) and field emission scanning electron microscopy
(FESEM). FESEM images show the synthesized Ag-doped ZnO nanostructures possess very high-
density rod-shaped morphologies. UV-visible spectroscopy indicates a red shift in absorption peaks
centered at 376 nm for Ag-doped ZnO nanorods in comparison to undoped ZnO nanorods. Pl results
reveal that initially as the Ag doping is done, the vision emission intensity decreases. Photocatalytic
analysis of the samples shows the degradation rate increases by doping Ag ions into ZnO lattice
structures which show much higher photocatalytic degradation rates.
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1. INTRODUCTION

For decades, Semiconductors have been a significant topic for research in various applications.
Some of them include nanocomposites made of semiconductors along with dielectrics, polymer or
another semiconductor, doped and co-doped semiconductor nanocrystals and so on. Another topic under
frequent investigation is semiconductor photocatalysts under irradiation which includes metal oxides
like ZnO, SnO2 and TiO2 [1-3]. ZnO with a wide band gap (3.37 eV), tops among them as a futuristic
choice for Organic pollutant degradation as it is low in cost, friendly to the environment.

The photocatalytic efficiency is affected by a disadvantage of ZnO, the rapid recombination of
photoexcited hole and electron pairs. To overcome this disadvantage, the recombination rate of the pair
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must be slowed down and the surface charge transfer must be improved. A number of methods have
been devised to alter these and one of them is doping the ZnO photocatalysts with a transition metal,
which can result in alteration of electrical, magnetic and optic properties of ZnO. It also results in
decreased band gap energy, the formation of electron traps to increase the charge separation and better
photo catalysis activity of ZnO. Doping of ZnO is widely done by either using transition metals such as
Ni, Mn, Fe, Cu, and Ag [4-6]. This enables the formation of electron traps that decrease the pair
recombination rate. It has been found that doping is an effective process in the photocatalytic activities
only when added in optimum concentrations. Not all metal ions resulted in progression, some decreased
the photocatalytic activity by increasing the electron-hole recombination rate due to the formation of
centres for recombination by making use of some of the photo induced electrons by multivalent metal
ions.

RF magnetron sputtering [7], chemical vapor deposition [8], sol-gel method [9], spray pyrolysis
[10], and DC magnetron sputtering [11] are some of the several techniques used to dope ZnO. But these
techniques need a harsh reaction environment, which is expensive. Their selectivity to impurities is also
low. However, the electrochemical preparation of ZnO on the ZnO seed layer using thermal
decomposition procedure of zinc acetate is a simple, cheap, easily controllable process that uses readily
available raw materials and has high selectivity to impurities. These advantages make this technology
highly suitable for producing ZnO nanorods. However, studies on the synthesis of Ag-doped ZnO
nanorods by the electrochemical process have not been published yet.

This current work reports the preparation and characterization of Ag-doped ZnO nanorods.
Further focuses on the photocatalytic and optical properties of Ag-doped ZnO nanorods.

2. MATERIALS AND METHOD

In a typical electrochemical process, 0.1M zinc nitrate hexahydrate (Zn(NOz3)2.6H20) and 0.05M
silver nitrate (AgNOs3) were added to DI water and subjected to 30 min vigorous stirring. 0.1M
hexamethylenetetramine (HMTA) is dissolved in 25 ml DI water and then was added to the previous
solution. The resultant was subjected to 30 min stirring. A few drops of ammonium hydroxide (NH4OH)
were added to adjust the pH to 10. A homogenous mixture was made by stirring it for 20 min. The
aqueous solution (25 mM) was put into a galvanic cell. The anode, platinum electrode, and the cathode,
ZnO seed layer coated on fluorine-doped tin oxide (FTO) films, were placed inside the solution.
Vertically aligned nano tapered ZnO structures were produced with 1 mA/cm? current density, 1-hour
growth time and 80 °C growth temperature. DI water and nitrogen gas were used to wash and dry the
sample respectively after growing the nanostructures. The samples were characterized by Field Emission
Scanning Electron Microscopy (FE-SEM, FEI Sirion 200) attached with energy dispersive X-ray
spectroscopy (EDX) for elemental analysis. The optical properties were investigated by
photoluminescence (PL) spectroscopy (Horiba Jobin Yvon Inc. Edison, NJ, USA) at room temperature.
The UV-Vis absorbance spectra were conducted with a UV-Vis Spectrophotometer (Shimadzu UV-
2600). Electrochemical impedance spectroscopy (EIS) was used to examine the charge transfer and
recombination processes with a potential of 10 mV at frequencies range from 0.1 Hz to 0.1MHz. In
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typical measurement, Ag-doped ZnO nanorods grown on FTO substrates were used as the working
electrodes. A Ag/AgCIl and platinum wire were used as the reference and counter electrodes,
respectively. 0.1 M Na2SOs aqueous solution was used as the electrolyte in this experiment. The
photocatalytic performance of Ag-doped ZnO nanorods was assessed by the degradation of methylene
blue (MB) dye under UV irradiation. The photocatalytic activities of Ag ions doped ZnO nanorods were
evaluated by MB, a basic aniline dye. The evaluation of the nanorods was done under UV light (>254
nm).

3. RESULTS AND DISCUSSION

FESEM was used to characterize and examine the synthesized Ag-doped ZnO samples. As
shown in Figure 1, the diameters of ZnO nanorods had increased when Ag ions doped in ZnO structures.
It can be seen that the morphology of the synthesized undoped and Ag-doped ZnO nanomaterials are
very high-density rod-shaped structures, from the FESEM images, that these structures are made of high
width to height ratio Ag-doped ZnO nanorods. The typical length and width of these Ag-doped ZnO
nanorods are approximately 2 um and 150 nm, respectively. As OH ions are corrosive, at higher
concentrations, amphoteric ZnO undergoes partial hydrolysis [12].
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Figure 1. FESEM images of (a) undoped and (b) Ag-doped ZnO nanorods grown on FTO glass using
electrochemical method at 1 mA/cm? current density and 80 °C growth temperature.

Thus, as reported, the synthesis of dense homogenous ZnO structures with a high aspect ratio is
effective when done by electrochemical method, which holds good for photocatalytic applications that
have high sensitivity and selectivity.

Energy dispersive X-ray spectroscopy (EDX) attached with FESEM was used in order to
determine the elements present and the purity of synthesized rod-shaped Ag-doped ZnO nanostructures.
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Fig 2 clearly shows that the synthesized nanorods consist only of Zn, Ag, and O, proving that Ag-doped
ZnO nanostructures do not have any impurities or contaminations. It also denotes that they are pure.
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Figure 2. EDX analysis of Ag-doped ZnO nanorods grown on FTO glass using electrochemical method
at 1 mA/cm? current density and 80 °C growth temperature.

UV-visible spectroscopy was used to study the changes in the optical properties of the nanorods
when Ag was doped. The UV-visible absorption spectra of undoped and Ag-doped ZnO nanorods are
shown in Fig 5. The undoped and Ag-doped ZnO nanorods exhibit band gap absorption peak centered
at 374 nm (3.31 eV) (related to Wurtzite ZnO crystal) and 376 nm (3.29 eV) respectively. It is clear that
the peak has undergone red shifting for doped nanorods, which can be explained by quantum size effects.
This phenomenon can be observed in the FESEM images where the diameter of nanorods increase with
Ag doping. This is further supported by the literature in which it is clear that the doping of Ag ions into
Zn sites of ZnO nanorods will cause the absorption peak in the typical band gap to have a redshift [13].
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Figure 3. Optical absorption of undoped and Ag-doped ZnO nanorods grown on FTO glass using
electrochemical method at 1 mA/cm? current density and 80 °C growth temperature.
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Fig. 4 represents the PL spectra of the undoped and doped samples at normal atmospheric
conditions. An intense narrow emission band is centered at 380 nm in the UV spectral range for both
types of samples. These emissions generally refer to the free excitonic recombination in ZnO [14]. No
change can be seen in the UV band position for doped samples. Another wide emission band is seen at
the visible range centered at 580 nm. Several intrinsic and extrinsic defects are referred to cause these
multicomponent visible emissions in ZnO. As shown in Fig 4, It can be easily understood that the visible
emission intensity decreases as the doping of Ag into the nanorods occur. The substitution of Zn ions
and Interstitial forming are the two ways in which Ag* ions can be added or doped into the ZnO
nanostructures. Most of the Ag+ ions had been added through substitution because as the number of Ag
ions added through substitution increased, more lattice defects were formed. This is clearly understood
by the fact that the number of defects increase as Ag concentration increase.
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Figure 4. PL spectrum of undoped and Ag-doped ZnO nanorods grown on FTO glass using
electrochemical method at 1 mA/cm? current density and 80 °C growth temperature.

Diffuse-reflectance measurements were done in the UV-vis region at room temperature to
calculate the energy gap by studying the interaction of electrons that were present closer to the optical
band. The band gap of transition metals ion-doped ZnO specimens were determined from the diffuse-
reflectance spectra using a Kubelka—Munk function by the following equation [15]:

F(R)=(1-R)%/2R 1)

where R is the detected reflectance in UV-vis spectra, v is the light frequency and h is Planck’s
constant. The band gap energy is represented by the intercept formed by the graph plotted between
[F(R)hv]? and hv (Fig. 5). The estimated band-gaps in the visible spectrum are found to be 3.19 and 3.13
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eV for undoped ZnO and Ag-doped ZnO nanorods respectively. This change in band gap energies in the
experimental results show the doping of Ag™ ions.
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Figure 5. Ddiffuse-reflectance spectra of undoped and Ag-doped ZnO nanorods grown on FTO glass
using electrochemical method at 1 mA/cm? current density and 80 °C growth temperature.
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Figure 6. Nyquist plots of undoped and Ag-doped ZnO nanorods in 0.1 M Na2SQO4 aqueous solution as
electrolyte.
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The interface properties and charge transfer efficiency of samples had been investigated by
electrochemical impedance measurement [16]. Figure 6 shows Nyquist diagrams between a real and
imaginary impedance for undoped ZnO and Ag-doped ZnO nanorods. The arc radius reveals the
resistance of interface layer at the electrode surface. As the charge transfer efficiency is reduced, the
radius of arc increases. The Ag ions doping decrease the resistance of the interface layer, revealing the
developed interfacial charge-carrier separation and efficiency of charge transfer on the ZnO surface.
These findings demonstrate that doping Ag ions in ZnO nanostructures can cause higher free-electron
carriers which accelerate charge transfer and decrease the resistance, it is beneficial for the enhancement
of the ZnO photocatalytic activity.

MB was selected, in the current work, as a synthetic basic dye for assessment of the Ag ions
doped ZnO nanorods photocatalytic efficiency in photocatalysis [17]. The MB has been widely used to
be the thotocatalytic activity index. The photocatalytic degradation rates of MB (30 mgl™?) on Ag ions
doped ZnO nanostructures can be seen in Fig. 7. It can be seen from Fig. 7 that the degradation rate
increases by doping Ag ions into ZnO lattice structures which show higher rates of photocatalytic
degradation. 95% and 100% of MB was removed in <30 min and 60 min respectively in Ag-doped ZnO
nanorods. This clearly shows that the doping of Ag™ ions has an improving effect on the photocatalytic
degradation activities of ZnO nanorods.
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Figure 7. The degradation rates of the undoped and Ag-doped ZnO nanorods evaluated by Methylene
blue dye under UV light
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Table 1. Overview of the Ag-doped ZnO nanorods with their synthesis techniques and photocatalytic

performances.
Dopant Synthesis method Pollutant Time (min) Deg. (%0) Ref.
Ag Solid state milling Methyl 120 ~43 [18]
method violet
Ag Sol-gel method Methylene 120 ~95 [19]
blue
Ag borohydride reduction Congo Red 60 ~81 [20]
method
Ag Hydrothermal method Tartrazine 90 ~99 [5]
Ag Electrochemical method | Methylene 60 ~100 This work
blue

The photocatalytic activity of the ZnO may decrease due to higher surface doping, which covers
the surface of ZnO and prevents light absorption and pollutant adsorption. Table 1 presents Ag transition
metals influence on the photodegradation of various dyes according to previous researches [5, 18-20].
In comparison with previous reported works containing Ag transition metals as doping materials, Ag-
doped ZnO photocatalyst in this study has the highest photocatalytic activity under UV light. According
to Table 1, Ag-doped ZnO nanorods may be a good choice for wastewater treatment.

4. CONCLUSION

Ag-doped ZnO nanorods have been synthesized at low-cost and convenient electrochemical
techniques. The structural results exhibit the growth of rod-like ZnO single crystal along the vertical
direction. Room temperature PL spectra showed UV emissions with center at 381 nm and broad
emissions in the visible range of 465 nm to 690 nm. The sharp feature that appeared in the UV emission
region indirectly shows the narrow distribution of the nanorods, which has good accordance with the
FESEM results. The band-gap energies of the undoped ZnO and Ag-doped ZnO nanorods by Kubelka—
Munk function are found to be 3.24 and 3.15 eV respectively, relating to the visible spectrum. These
clearly show that the photocatalytic activities of Ag-doped ZnO nanorods are higher than undoped ZnO
under UV light. The development of Ag-doped ZnO photocatalysts might be considered an advance in
the large-scale operation of heterogeneous photocatalysis by UV radiation to address aqueous
contamination.
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