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Abstract
Zinc oxide (ZnO) nanorod thin films were prepared by CBD onto glass and FTO/glass
substrates. Silver (Ag) nanoparticles were synthesized on the surface of the prepared ZnO
nanorod thin films using electrochemical methods. The scanning electron microscopy images of
the Ag/ZnO/glass core/shell nanostructure confirmed that the average particles size is 20 nm
while it was 41 nm for Ag NPs that synthesized onto ZnO/FTO NRs. The photocatalytic activity
of the prepared Ag/ZnO core/shell nanostructure was studied by analyzing the degradation of
methylene blue (MB) dye under visible light. Various pH values (6 and 10) and exposure time
(30–240) min were controlled to investigate the photocatalytic activity of as-prepared Ag/ZnO
core/shell nanostructure and that annealed at 200 °C and 300 °C for 1 h. It was observed that
when the pH was 6, the degradation rate increased with the annealing temperature and irradiation
time reaching 51% at the annealing temperature of 300 °C and exposure time of 240 min. In
other hands, when the pH was 10, and the sample was annealed at 200 °C, it showed a good
degradation rate of 100% at the irradiation time of 90 min. By contrast, the sample annealed at
300 °C required 180 min to degrade the MB dye completely. The photoelectrochemical cell
measurement based on photocurrent density revealed a slight response to light. Cycle
voltammetry (CV) measurement was conducted, and the CV curves of the Ag/ZnO core/shell
electrodes indicated nonfaradaic and pseudocapacitance behavior. The electrodes showed nearly
rectangular CV curves, which indicated the dominance of the nonfaradaic capacitance behavior.
The specific capacitance of the electrodes remained at approximately 99%. Mott–Schottky
analysis revealed that the semiconductor was an n-type with dependence on flat band potential
VFB deviation in the negative direction.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Zinc oxide (ZnO) nanostructure is considered as a promising
photocatalytic material due to its high catalytic activity, low

cost, environmental friendliness, chemical stability, and easy
synthesis in nanostructured forms. The main limitation of the
ZnO nanostructure in achieving a high photocatalytic effi-
ciency is the rabid recombination of charge carriers. Hence,
the design and modification of ZnO photocatalysts with high
sensitivity and reactivity has attracted increasing attention.
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Existing studies have found that photocatalytic performance
can be greatly improved by developing different composites
and structures based on ZnO [1, 2].

ZnO has a wide band gap of 3.37 eV and high exciton
binding energy of 60 meV. ZnO nanostructures such as ZnO
nanorods have excellent properties, such as high sensitivity to
surface oxygen adsorption, excellent electron transport, large
surface area-to-volume ratio and specific crystalline orienta-
tion [2–5]. However, the wide band gap of semiconductors
such as ZnO and TiO2 that are used as photocatalytic mate-
rials make them undesirable to use under UV light [6–8].
Therefore, replacing UV light with visible light to catalyze
organic pollutants has become an urgent requirement [6, 9].

The catalytic activity of ZnO under visible light can be
improved by modifying ZnO with noble metals [6], such as Cd
[10], Cu [11], Au [9, 10] Ag [11, 12], and Pt [13, 14]. Silver (Ag)
can be used to modify ZnO to enhance its photocatalytic activity.
Ag/ZnO being an important structure for the reduction of Ag+

due to the high consequent quantum yield of Ag nanoparticles
(NPs) [6, 7]. Metal/semiconductor core/shell structure such as
Ag/ZnO shows surface plasmon resonance (SPR) phenomena
and the coherent oscillation of free electrons in resonance with
the incident light; these property enhances photocatalytic effi-
ciency due to increasing light absorption and scattering in addi-
tion to inducing charge separation in semiconductors [15]. SPR
of Ag NPs is located at visible wavelength that lead to matches
the excitation light [16]. However, a Schottky junction can be
formed between metallic NPs and semiconductors. The equili-
brium alignment of the Fermi levels of metal and semiconductor
materials creates a built-in electric field in the space-charge
region near the interface, and this property can promote the
separation of photogenerated electrons and holes [17]. The
enhancement of photocatalysts is due to the generation of
numerous free holes in the valance band (VB) that lead to active
oxygen species, such as OH· radicals and -O ,2

· being generated
by electrons in the condition band (CB); these species are mainly
responsible for dye degradation [6, 18, 19] as shown in figure 1.

Photoelectrochemical cells (PECs) have attracted important
attention because of their potential to be adopted as sustainable
and renewable technology for harvesting and converting solar

energy and for their wide applications in water splitting [15]. The
photocatalyst absorbs photon energy larger than their band gap
energy, and it generates pairs of light-excited charging carriers.
The separated charges travel to different locations from the
photocatalyst surface without recombination. At these locations,
water and oxidation are reduced by the photoexcited charge
carriers to produce H2 and O2. The first two steps depend heavily
on the structural and electronic properties of the photocatalyst
while the third step is strengthened by the presence of a solid
catalyst [17]. In the present work, Ag/ZnO core/shell nanos-
tructures are prepared by chemical reduction, and their photo-
catalytic activity against methylene blue (MB) dye is investigated
under visible light with different pH values, annealing tempera-
tures, and PEC properties.

2. Experimental

2.1. Ag/ZnO core/shell synthesis

ZnO nanorods were prepared by chemical bath deposition (CBD)
following two steps [20]. First, the ZnO seed layer solution was
prepared using 5mM of zinc acetate dihydrate [Zn(CH3CO2)2 ·
2H2O] dissolved in 50ml of ethanol with stirring for 3 h at room
temperature. The seed solution was casted on clean glass sub-
strates and FTO/glass and then dried at 50 °C. The seeded
substrates were annealed at 350 °C for 1 h to grow ZnO NPs and
were left to cool naturally to room temperature.

Second, ZnO nanorods were grown onto seed layers by
CBD. The seeded substrates were immersed vertically inside
a beaker containing 0.1 M each of zinc nitrate hexahydrate
[Zn(NO3)2.6H2O] and hexamine (C6H12N4) that were dis-
solved individually in 25 ml of distilled water at 70 °C. The
produced nanorods grown at 90 °C for 2 h were dried and
thermally annealed for 1 h at 350 °C.

To prepare Ag/ZnO core/shell thin films, ZnO nanorod
thin films were soaked for 5 h in a solution contains Ag
nanoparticles during preparation by electrochemical method
through two pure silver electrodes for cell electric. The ZnO
samples left in the solution for 19 h after power off. Then,
Ag/ZnO core/shell thin films were dried at room temper-
ature, and some samples were annealed at 200 °C and 300 °C
for 1 h. Schematic of preparation steps are shown in figure 2.

2.2. Photocatalytic activity measurements

The photocatalytic activity of the prepared Ag/ZnO core/
shell thin films was investigated using an aqueous solution of
MB dye prepared with a concentration of 9 ppm. The pre-
pared Ag/ZnO thin films were placed in a beaker containing
40 ml of MB dye solution and exposed to white light with an
intensity of 0.33 mW cm−2.

The degradation ratio of MB dye solution was deter-
mined using various pH values, temperatures and exposure
times. The degradation rate of MB dye was determined using
the following formula [21]:

=
-

´
A A

A
Degradation rate % 100%, 1o

o
( ) ( )

Figure 1. Proposed schematic illustrations of the band structure
related photocatalytic mechanism for the Ag/ZnO heterojunction.
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where Ao, A are the absorbance values before and after
exposure to white light for several minutes, respectively.

The pH value of the MB dye solution was set using
NaOH and a few drops of HNO3 acid. The pH value deter-
mines the surface charge of the photocatalytic material, that
is, the surface charge is positive in an acidic medium and
negative in a basal medium [1]. In this experiment, the
pH was set to 6 for the acidic medium and 10 for the alkaline
medium. The degradation kinetics (k) of the MB dye can be
described using pseudo first-order kinetic model given by [9]

= -
C

C
ktln , 2

o

⎛
⎝⎜

⎞
⎠⎟ ( )

where t is the reaction time, Co is the initial concentration of
the MB dye, C is the concentration after of exposure, and k is
the first-order constant of the degradation reaction. The con-
centration is calculated according to Beer–Lambert’s law
given by [22]:

e=A C l, 3( )

where A is the absorbance, ε is the molar absorptivity, and l is
the UV light path length (1 cm).

2.3. PEC measurement

Ag/ZnO/FTO was characterized using PEC consisting of three
electrodes: working electrode measuring (1.5×2.5) cm, counter
electrode made of Pt plate measuring (1×1) cm, and a reference
electrode made of Ag/AgCl (KCl saturated). Exactly 1.0M of
KOH solution with pH of 13.6 was used as the electrolyte, and
the working electrode was illuminated by white light with an
intensity of 0.33mWcm−2 from the front in all measurements.

The three electrodes of the cell were connected to an
electrical circuit for PCStrace5 version 5.6, lamSens compact
electrochemical interfaces.

2.3.1. Electrochemical performance measurement. Several
measurements, including linear sweep voltammetry (LSV)
and cycle voltammetry (CV), were performed to evaluate the
cell performance.

The positive and negative potential windows were
+0.5 V to −0.5 V versus Ag/AgCl. LSV measurement
(J−V curves) was performed under light and dark conditions
with a scan rate of 0.05 V s−1 to measure the J–V
characteristics in the electrolytes of 1 M of KOH.

Photoconversion efficiency was estimated as [23]

h =
´ -J V

P

1.23
, 4

ph b

total

( )
( )

Figure 2. Schematic of photocatalysis process experiment.
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where Jph, Ptotal, and Vb are the photocurrent density, power
density of light irradiation, and applied voltage versus
hydrogen reference electrode, respectively. The CV test
under dark conditions was conducted six times using scan
rates of 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 V s−1 for two cycles.

2.3.2. Mott–Schottky measurement. The Mott–Schottky plot
was measured under dark conditions to determine the charge
carrier density (ND) for the photoanode and the flat band
potential (VFB) of a thin film photoelectrode. Mott–Schottky
theory is used to analyze the interfacial capacitance of the
semiconductor-liquid junction through the following equation
[24]:

ee
= - -

C e N
V V

KT

e

1 2
, 5A2

0 D
FB⎜ ⎟⎛

⎝
⎞
⎠ ( )

where C, ε0, ε, e, VA, k, and T represent the space charge
capacitance (F cm−2), vacuum permittivity (8.854×
10−14 F cm−1), dielectric constant of semiconductor (10 for
ZnO) [24], electron charge (1.6×10−19 C), applied potential,
Boltzmann constant (1.38×10−23 J K−1), and temperature
( =kT e 0.026 V/ at room temperature), respectively. The
Mott–Schottky measurements were performed using applied
bias voltage with different frequencies of 100, 1000, and
10 000Hz.

Donor density Nd can be calculated from the Mott–
Schottky plot on the basis of the slope using the following
equation [22, 23]:

ee
= -N

e
d C dV

2
1 , 6D

0

2 1[ ( ) ] ( )

= -V V 0.026. 7AFB ( )

Depending on the value of ND, the space charge layer width
(W), also called the depletion layer at the semiconductor/
electrolyte interface, was calculated by [21, 24]

ee
=

-
W

V V
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2
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/

The Fermi level (EF) was calculated with the following
equation [25]:

= -E eV 9F FB ( )

On the basis of the values of EFB and band gap Eg, the
conduction band minima (ECB) and valence band maxima
(EVB) can be calculated using the following equations:

= -E E kT
N

N
ln , 10

C
CB F

D⎛
⎝⎜

⎞
⎠⎟ ( )

= -E E E , 11g CB VB ( )

where NC represents the effective density of the states at the
bottom of the conduction band; it is given by

p
=N

m kT

h
2

2
, 12C

n
2

3 2*⎛
⎝⎜

⎞
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where mn
* is the electron effective mass (mn

*=0.24mo for
ZnO) [26]. Through ND, the Debye length (LD) of the charge

carriers, also known as the diffusion lengths of charge
carriers, for the photoanode is [27]

ee
=L

kT

e N
. 13o

D 2
D
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⎝⎜

⎞
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2.3.3. Electrochemical impedance spectroscopy (EIS). EIS
was performed to determine the electrical properties of the
prepared Ag/ZnO core/shell thin films by using the same
electrochemical workstation. EIS was measured under
irradiation by white light for all electrodes. The AC voltage
capacity was 0.01 V, and the DC voltage was 0.0 V. The
frequency range was between (106) Hz and (0.1) Hz in dark
and light conditions.

3. Results and discussion

3.1. Morphology and optical properties

Figure 3 shows the FESEM image of the Ag/ZnO core/shell
thin film that grown onto glass and FTO/glass substrates. The
FESEM images in figure 3 confirmed that ZnO nanorods are
grown vertically onto surfaces of substrates. Further, the
deposition of Ag NPs on ZnO nanorods revealed the core/
shell structure were Ag NPs are covered ZnO NRs surface.

Figures 4(A) and (B) show the particle size distribution
of the Ag NPs prepared by the electrochemical method and
deposited on ZnO/glass NRs and ZnO/FTO thin films,
respectively. The particle size of Ag that prepared onto ZnO/
glass ranged from 3.5 to 41.7 nm with average particles size is
20 nm while it was ranged from 3.2 to 99 nm for Ag NPs that
synthesized onto ZnO/FTO NRs with average size of 41 nm.
Furthermore, Ag nanoparticles can be prepared using che-
mical reduction or green-synthesis to obtain average size
around 50 nm for using as a catalyst to grow silicon nano-
wires [16]. However, electrochemical method could be led to
prepare Ag nanoparticles with average particles size less than
other methods.

Figure 5(A) shows the absorbance spectra for the as-
prepared via CBD of Ag/ZnO/glass thin films and that
annealed at 200 °C and 300 °C. All prepared samples are
appeared high absorption to wavelengths in the UV region
(<400 nm). As shown in figure 5(B), the band gap value
for as-prepared Ag/ZnO and with annealing at 200 °C and
300 °C was 3.19, 3.22, and 3.25 eV, respectively. Pourshaban
et al prepared ZnO nanorods onto soda lime glass substrates
via CBD method and they found the energy band gap was
3.2 eV that closed with our obtained value [28]. However,
increasing the band gap with increasing annealing temper-
ature is could be due to increasing the oxygen ratio in the ZnO
nanorods [29].

Figures 6(A) and (B) show the absorbance spectra and
(αhυ)2 versus hυ of the Ag/ZnO/FTO core /shell and that
annealed at 200 °C and 300 °C. The absorbance of the as-
prepared Ag/ZnO core/shell appeared higher compared by

4

Nanotechnology 32 (2021) 195706 M J Kadhim et al



those annealed at 200 °C and 300 °C. Note that the absor-
bance spectrum of the as-prepared Ag/ZnO return reason
increase edge in state Ag/ZnO with annealing at 200 °C and
300 °C, which is comparable to the energy band gap reported
by Tarwal and Patil [30]. Figure 6(B) shows that the energy

band gaps of the as-prepared Ag/ZnO core/shell and that
annealed at 200 °C and 300 °C was 3.05, 3.1, and 3.13 eV,
respectively. However, obtained values of energy gap of
Ag/ZnO core/shell nanostructure is close to Ag/TiO2 nanos-
tructure that effectively used as a photocatalyst material [7].

Figure 4. Statistical distribution of particles size of Ag NPs on (A) glass and (B) FTO/glass substrates.

Figure 3. FESEM images of grown Ag/ZnO core–shell thin film (A) and (B) onto glass substrates, (C) and (D) onto FTO/glass substrate.
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3.2. Photodegradation of MB dye

Figures 7(A)–(C) shows the absorbance of MB dye for the
three samples of as-prepared Ag/ZnO and those annealed
under 200 °C and 300 °C given a pH value. Figures 8(A)–(C)
show the absorbance of MB dye for the three samples of as-
prepared Ag/ZnO and those annealed at 200 °C and 300 °C
under a pH value of 10 and under various exposure times
(30–240 min). The effect of pH on the rate of degradation was
studied for the MB dye, with the pH value playing an
important role in the efficiency of photocatalytic degradation.
The absorbance of MB dye decreases with increasing irra-
diation time, thereby increasing the degradation efficiency of
photocatalysts [31].

The degradation rates (%) of MB dye under the effect of
Ag/ZnO thin films at pH 6 and 10 are shown in figures 9(A)
and (B), respectively. The degradation rate increased under an
alkaline medium because of the increase in hydroxyl ions that
stimulate the formation of hydroxyl radicals OH· in alkaline
conditions [32]; this change leads to the degradation of MB

dye on the surface of reduced catalytic materials [33]. The
degradation rates of MB dye under exposure time of 240 min
and pH of 6 for the as-prepared Ag/ZnO and those annealed
at 200 °C and 300 °C were 71%, 41%, and 51%, respectively.
At pH 10, the degradation rates were 98% for the as-prepared
Ag/ZnO thin film, 100% for Ag/ZnO annealed at 200 °C for
90 min, and 100% for Ag/ZnO annealed at 300 °C for
180 min. The results are aligned with those of T J Whang et al
who reported degradation rates of 35%, 41%, and 92% for
pH values of 4, 7, and 11 and exposure time of 8 h [34]. For a
pH of 7, the degradation rate at 1 h was 97% [35]; by contrast,
Fageria et al obtained a degradation rate of 40% at 2 h under
the same pH [35]. However, other compounds such as
N-doping Ta2O5 NFs can be used for degradation MB dye
under white light [19].

In the heat treatment of Ag/ZnO annealed at 200 °C and
300 °C under a pH of 10, good degradation catalytic of AgO
formation it can produce holes in light leading to hydroxyl
radicals that break down the dye. This result might be due to

Figure 5. (A) UV–vis spectra for Ag/ZnO thin film onto glass substrate (B) the plot of (αhυ)2 versus photon energy.

Figure 6. (A) Effect of annealing temperature on the UV–vis spectra of Ag/ZnO thin films onto FTO/glass substrate (B) the plot of (αhυ)2

versus photon energy.
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the presence of AgO, a metal oxide, in the system [6, 31]. But
Ag/ZnO with annealed 200 °C degradation rate rabid thin
film with 300 °C, where it is expected that the bonds Ag–O
will weaker than the bond Ag–Ag as the temperature increase.
Furthermore, to evaluate stability of as prepared ZnO/Ag
core–shell thin films in alkaline and acidic solution the
degradation of MB dye measurement was repeated for three
times using same sample after remove the dye from the sur-
face of thin films by ethanol. The obtained results are
excellent were we found that degradation rate is just
degreased from 71% to 68% (4.2%) when pH is 6 and it was
degreased from 98% to~94% (3.7%) when the pH is 10. This
point is very important because the sample can be used more
than times without needing to filter solution as when nano-
powder is used. Other important view point, wide area of
ZnO/Ag thin films onto glass substrates can be used for
degradation oil stain that could pollute ocean or seas.

In figures 10(A) and (B), which shows the—ln (C/Co)
plot versus irradiation time, the linear lines show that the
photodegradation of MB dye by Ag/ZnO nanorods followed
the k first-order kinetic reaction regardless of the annealing
temperature and pH value used. The highest values of kinetic
reaction (k) were noted in the samples of Ag/ZnO thin films
in alkaline media annealed 200 °C and 300 °C and in the as-
prepared Ag/ZnO under irradiation times of 90, 180, and
240 min are 0.0668 min−1, 0.0286 min−1 and 0.0165 min−1,
respectively. While in state the acidic medium, the kinetic

reaction k values were for the as-prepared Ag/ZnO, Ag/ZnO
annealed at 200 °C, and Ag/ZnO annealed at 300 °C for
240 min are 0.0046, 0.0022 and 0.0029 min−1 respectively.
The reason of low k values in acidic medium is at a high pH,
dye adsorption increases as the amount of adsorption becomes
proportional to the concentration of the substrate. In this case,
the total rate is the same as the rate of adsorption of the
substrate molecules, thereby resulting in surface reactions
[36] and quick separation processes. This condition leads to
increased reaction kinetics in alkaline media.

3.3. Photoelectrochemical properties

The J–V study was carried out on the Ag/ZnO core/shell
nanorod photoelectrodes in dark and light states versus Ag/
AgCl applied voltage. Figures 11(A) and (B) shows the LSV
(J–V ) result of the Ag/ZnO core/shell thin films under dark
and white light illumination. The Ag/ZnO thin films showed
the slight effect of light.

Under dark, the current density under 0.1 V bias voltage
of the as-prepared Ag/ZnO core/shell and those annealed at
200 °C and 300 °C was 0.021, 0.015, and 0.066 mAcm−2,
respectively. Under white light irradiation, the photocurrent
densities of the as-prepared Ag/ZnO core/shell and
those annealed at 200 °C and 300 °C were 0.029, 0.018, and
0.026 mA cm−2, respectively.

Figure 7. UV–vis spectra of MB dye of pH 6 effect photocatalytic degradation of (A) as prepared (B) with annealing 200 °C (C) with 300 °C
Ag/ZnO/glass thin films.
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The photoconversion efficiency (η) of the prepared ZnO
nanorods and Ag/ZnO core/shell under illumination by
white light is shown in figure 12 and is derived according to
equation (4) at 0.1 V applied bias versus Ag/AgCl.

The as-prepared Ag/ZnO showed a η value of 0.1 while
those annealed at 200 °C and 300 °C showed the same η

value of 0.06. These results are in accordance with those of
previous research under white light (table 1).

The CV experiment under dark conditions was repeated
six times using different scan rates of 0.05, 0.1, 0.2, 0.3, 0.4,

and 0.5 V s−1. Figures 13(A) and (B) show the CV curves of
the Ag/ZnO core/shell nanorod electrodes, which exhibited
nonfaradaic and pseudocapacitance behavior. The CV curves
showed reversible peaks and a nearly rectangular shape,
which indicated the dominance of the nonfaradaic capacitance
behavior because the charge is stored in the electrolyte dis-
solved interface. However, under 0.3 V s−1 (figure 13(C)), the
cathodic peak occurred near 0.0 V versus Ag/AgCl in the
positive potential due to the faradaic reaction. The as-pre-
pared Ag/ZnO core/shell nanorods demonstrated good

Figure 8. UV–vis spectra of MB dye of pH 10 effect photocatalytic degradation of (A) as prepared (B) with annealing 200 °C (C) with
300 °C Ag/ZnO/glass thin film.

Figure 9. Degradation rate% of MB under effect Ag/ZnO/glass thin films at (A) pH 6 (B) pH 10 influence.
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capability, good cycling performance, and fast charging
process. According to Al-Asadi et al the absence of oxidation
and reduction peaks is due to several reasons, including short
lifetime separations, rapid reaction for redox process, and

reversibility. In the case of good electrical conductivity, the
redox sites are electrically coupled and provide most of the
sites on the surface to circumvent solid ion diffusion. The
electrodes are charged and discharged quickly at pseudo-
constant rates through the perfect voltammetric cycle [39].

From real capacitance Cs measured stability of the elec-
trodes according to [40]

=
D

C
SV V

area under cycle

2
, 14s ( )

where S is the area of the photoelectrode, V is the scan rate,
and V∆ is the potential window for the electrolyte. All
synthesis electrodes were measured for 250 cycles within the
mounted potential windows. The scan rate was 0.5 V s−1, and
the step size was 0.05 V for the areal capacitance (figure 14).
The areal capacitance of the electrode remained at approxi-
mately 99% for the as-prepared Ag/ZnO and those annealed
at 200 °C and 300 °C. Hence, the initial value after 250
charge and discharge cycles explained the excellent long-term
cycling stability of the electrodes.

The areal capacitance decreased as the scan rate
increased from 0.05 to 0.5 V s−1 for the Ag/ZnO thin films.
The highest Cs was achieved at a scan rate of 0.05 V s−1. For

Figure 10. Variation of −ln (C/Co) with irradiation time at (A) pH 6 (B) pH 10 of Ag/ZnO/glass thin films.

Figure 11. Linear sweep voltammetry (I–V ) of Ag/ZnO/FTO thin film at (A) dark (B) light conditions.

Figure 12. Photoconversion efficiency as a function to potential of
Ag/ZnO/FTO thin film.
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ZnO, Cs was 224 F cm−2; for the as-prepared Ag/ZnO, Ag/
ZnO annealed at 200 °C, and Ag/ZnO annealed at 300 °C,
the Cs values were 164, 135, and 278 F cm−2, respectively.

The areal capacitance decreased with increasing scan rate
due to the slow ion diffusion and increased scan rate that
caused a rapid decrease in the concentration of electrical ions
on the electrode surface. The area of the inner surface of the
electrode has an important role in this process as the area of
the lower surface is involved in electrochemical processes at
high scan rates [41].

The result of the Mott–Schottky measurement is shown in
figures 15(A)–(C), where the Mott–Schottky in equation (5) is
plotted as a function of the applied bias voltage.

Figure 15(A) presents the Mott–Schottky plots of the
Ag/ZnO core/shell thin films under a frequency of 100 Hz.
The figure shows that not all plots are linear but that linearity

Table 1. Approach for previous publications.

Photoanode Electrolyte Con. (M) P (mW cm−2) η VBais(V) Substrate References

Ag/ZnO KOH 0.1 1 0.26 0.4 ITO [37]
Ag/Co-ZnO KOH 0.1 1 0.73 0.6 ITO [37]
Ag/ZnO Na2SO4 0.5 100 0.81 0.29 PET [38]
As prepared Ag/ZnO core/shell KOH 1 0.33 0.1 0.1 FTO This study
Ag/ZnO with annealed 200 °C KOH 1 0.33 0.06 0.1 FTO This study
Ag/ZnO with annealed 300 °C KOH 1 0.33 0.06 0.1 FTO This study

Figure 13. CV of (A) as prepared (B) annealed at 200 °C (C) 300 °C Ag/ZnO/FTO thin film electrode using different scan rate.

Figure 14. Percent capacitance retained by Ag/ZnO/FTO thin film
electrode 250 cycles.
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appears after an interval of approximately −0.3 to 0.5 V
versus Ag/AgCl. Through the data in the linear part of all
samples, the flat band potentials (VFB) of the photoanode
electrodes could be estimated. The flat band potentials were
−0.13, −0.22, and −0.26 for the as-prepared Ag/ZnO core/
shell thin films and those annealed at 200 °C and 300 °C,
respectively.

From the linear part, the slope representing the donor
density (ND) for each sample. The ND values were 1.8×1023,
6.2×1022, and 6.6×1022 cm−3 for as-prepared Ag/ZnO
core/shell thin films and those annealed at 200 °C and 300 °C,
respectively. These results are consistent with those of Ortega
et al [42], who reported an ND equal to 13.07×1022 cm−3.
Further, the positive Mott–Schottky slope indicated that the
semiconductor was n-type [42]. Figure 15(B) shows the Mott–
Schottky plots of the Ag/ZnO core/shell thin films under a
frequency of 1000Hz and the linearity appeared after an
interval of approximately −0.25 to 0.5 V versus Ag/AgCl. The
flat band potentials were −0.097, −0.25, and −0.32 for the as-
prepared Ag/ZnO core/shell thin films and those annealed at
200 °C and 300 °C, respectively. Moreover, the ND values were
high at 1.0×1023, 2.4×1022, and 9.6×1021 cm−3 for the as-
prepared Ag/ZnO core/shell thin films and those annealed at
200 °C and 300 °C, respectively. Figure 15(C) shows the Mott–
Schottky plots of the Ag/ZnO core/shell thin films under a
frequency of 10 000 Hz. For this sample, the linearity appeared
after an interval of approximately −0.25 to 0.5V versus Ag/
AgCl and the estimated VFB values are −0.01, −0.27, and

−0.33 for the as-prepared Ag/ZnO core/shell thin films and
those annealed at 200 °C and 300 °C, respectively. In addition,
the ND values were high at 2.4×1022, 5.3×1021, and
1.9×1021 cm−3 for the as-prepared Ag/ZnO core/shell thin
films and those annealed at 200 °C and 300 °C, respectively.

In general, the as-prepared and annealed Ag/ZnO core/
shell thin films showed that flat band potentials VFB do not
depend on oxidation temperature and all obtained values were
negative, as shown tables 2–4. This result fulfilled the Nernst
equation and indicated the good performance of the photoanode
electrode in the easy charge separation of photogenerated
charge carriers and improvement of water splitting [43].

The as-prepared and annealed Ag/ZnO core/shell thin
films showed low donor densities when frequencies increased to
from 100 to 10 000Hz (tables 2–4). The high donor density at
low frequencies is aligned with the data on the capacitance from
surface states at such frequencies reported by Akikusa and
Khan, who also attributed the condition to the high number of
oxygen vacancies within the crystallites formed at a high oxi-
dation temperature [44]. Dielectric relaxation of semiconductors
has been considered to be responsible for such a phenomenon
and because they were considered of the origin dependent of
frequency for the M–S plot has not well known [44]. The
increase in donor density is considered as the degree of band
bending at the nearness of the semiconductor surface, leading to
the improvement of charge separation efficiency, which
enhances photocurrent density under irradiation [45].

Figure 15. Mott–Schottky plots of the pristine Ag/ZnO/FTO at a frequency of (A) 100 Hz (B) 1000 Hz (C) 1000 Hz in the dark.
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An increase in donor density leads to the conversion of a
semiconductor material into a conductor material in a process
called metallization of semiconductors. This metallization
process decreases the width of the space charge region where
the field drop exists, consequently lowering the photocurrent
density [44]. The calculated width of space charge region (W)
from equation (8) depended on ND at 100 Hz and was equal to
0.04, 0.08, and 0.08 nm for the as-prepared Ag/ZnO and
those annealed at 200 °C and 300 °C, respectively. At
1000 Hz, the calculated space charge region was equal to
0.05, 0.13, and 0.08 nm for the as-prepared Ag/ZnO and
those annealed at 200 °C and 300 °C, respectively. At
10 000 Hz, the calculated space charge region was equal to
0.08, 0.28, and 0.50 nm or the as-prepared Ag/ZnO and those
annealed at 200 °C and 300 °C, respectively. All results are
shown in tables 2–4.

Hence, the Fermi energy EF calculated from equation (9) at
100 Hz was (2.1, 3.5, and 4.1)×10−20 eV for the as-prepared
Ag/ZnO and those annealed at 200 °C and 300 °C, respec-
tively. At 1000 Hz, the Fermi energy EF was (1.6, 3.9, and
5.2)×10−20 eV for the as-prepared Ag/ZnO and those
annealed at 200 °C and 300 °C, respectively. At 10 000 Hz, the
Fermi energy EF was (8, 4.3, and 5.3)×10−20 eV for the as-
prepared Ag/ZnO and those annealed at 200 °C and 300 °C,
respectively. The conduction bands at 100 Hz calculated from
equation (10) were −1.609, −1.581, and 1.583 eV for the as-
prepared Ag/ZnO and those annealed at 200 °C and 300 °C,
respectively. At 1000Hz, the conductions bands were −1.594,

−1.557, and −1.533 eV for the as-prepared Ag/ZnO and those
annealed at 200 °C and 300 °C, respectively. At 10 000 Hz, the
conduction bands were−1.557, −1.518, and−1.491 eV for the
as-prepared Ag/ZnO and those annealed at 200 °C and 300 °C,
respectively. The valence bands at 100 Hz calculated from
equation (11) were −4.629, −4.621, and −4.653 eV for the as-
prepared Ag/ZnO and those annealed at 200 °C and 300 °C,
respectively. At 1000 Hz, the valence bands were −4.614,
−4.597, and −4.603 eV for the as-prepared Ag/ZnO and those
annealed at 200 °C and 300 °C, respectively. At 10 000 Hz, the
valence bands were −4.577, −4.558, and−4.561 eV for the as-
prepared Ag/ZnO and those annealed at 200 °C and 300 °C,
respectively.

The calculated Debye length LD at 100 Hz was (0.9, 2,
and 2)×10−9 cm for the as-prepared Ag/ZnO and those
annealed at 200 °C and 300 °C, respectively. At 1000 Hz, the
calculated Debye length LD was (1.2, 2.4, and 4)×10−9 cm
for the as-prepared Ag/ZnO and those annealed at 200 °C and
300 °C, respectively. At 10 000 Hz, the calculated Debye
length LD was (2.4, 5.2, and 9) ×10−9 cm for the as-prepared
Ag/ZnO and those annealed at 200 °C and 300 °C, respec-
tively. The highest Debye length among all compound
nanostructures was observed at high frequencies. According
to Nazarov et al the Debye length for ZnO is assumed
accepted that about 0.07 μm [46] while Asha et al the Debye
for ZnO samples are (1.31–1.84) nm [47].

The electrochemical impedance spectra (Nyquist plot) of
all the samples are shown in figures 16(A)–(C).

Table 2. Mott–Schottky parameters of Ag/ZnO core/shell nanorods at frequency of 100 Hz.

Sample ND (cm−3) VFB (V) W (nm) EF (eV) ECB(eV) EVB(eV) LD(cm)

As prepared Ag/ZnO core/shell 1.8×1023 −0.13 0.04 2.1×10–20 −1.609 −4.629 9×10–10

Ag/ZnO 200 °C 6.2×1022 −0.22 0.08 3.5×10–20 −1.581 −4.621 2×10–9

Ag/ZnO 300 °C 6.6×1022 −0.26 0.08 4.1×10–20 −1.583 −4.653 2×10–9

Table 3. Mott–Schottky parameters of Ag/ZnO core/shell nanorods at frequency of 1000 Hz.

Sample ND (cm−3) VFB (V) W (nm) EF (eV) ECB(eV) EVB(eV) LD(cm)

As prepared Ag/ZnO core/shell 1.0×1023 −0.097 0.05 1.6×10–20 −1.594 −4.614 1.2×10–9

Ag/ZnO 200 °C 2.4×1022 −0.25 0.13 3.9×10–20 −1.557 −4.597 2.4×10–9

Ag/ZnO 300 °C 9.6×1021 −0.33 0.22 5.2×10–20 −1.533 −4.603 4×10–9

Table 4. Mott–Schottky parameters of Ag/ZnO core/shell nanorods at frequency of 10 000 Hz.

Sample ND (cm−3) VFB (V) W (nm) EF (eV) ECB (eV) EVB (eV) LD(cm)

As prepared Ag/ZnO core/shell 2.4×1022 −0.05 0.08 8×10–21 −1.557 −4.577 2.4×10–9

Ag/ZnO 200 °C 5.3×1021 −0.27 0.28 4.3×10–20 −1.518 −4.558 5.2×10–9

Ag/ZnO 300 °C 1.9×1021 −0.33 0.50 5.3×10–20 −1.491 −4.561 9×10–9
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Figures 16(A)–(C) present the Nyquist plots under dark
and white light irradiation of the as-prepared Ag/ZnO and those
annealed at 200 °C and 300 °C, respectively. The spectra shows
an intercept at a high frequency for the resistance of the elec-
trolyte Re on the intersection with the real axis Z′, followed by
the high-to-middle frequency range and the low frequency
range to 0.1 Hz, which indicated an inclined line. The impe-
dance spectrum is likely to be shaped like a semi-infinite
Warburg [48]. The inclined line may be attributed to the dif-
fusion of the ions into the electrode material in the process
called the Warburg diffusion [49]. The figure shows that the
photoanode has a clear response under light.

The values of the Re parameter of the EIS spectra for the
as prepared Ag/ZnO thin films under dark and light condi-
tions are 3.437 and 3.395 Ω, respectively, while Ag/ZnO
annealed at 200 °C under dark and light are 4.632 and 4.491
Ω, respectively. In state annealed at 300 °C under dark and
light are 3.908 and 3.934 Ω.

4. Conclusions

The prepared Ag/ZnO nanorods core/shell samples appeared
high photocatalytic activity for MB dye under low intensity of
white light. High photocatalytic efficiency was observed for the
sample annealed at 200 °C where degradation rate reached to
100% at short irradiation time of 90min. The reason of the high

degradation rate is surface area of prepared samples and great
number of active surface sites at incident visible light on the Ag
surface. Consequently, the photocatalysis process involved in a
redox reaction such that the content of electrons, peroxide
oxygen, and hydroxyl rote as strong oxidation were to lead
interact with the pollution making it an effective photocatalyst.
In the LSV measurement (J–V ), the photocurrent density under
light irradiation exceeded that under dark conditions, and
response slightly photoanode deference between dark and pho-
ton light. The CV experiment under dark conditions was repe-
ated six times using different scan rates of two cycles. Ag/ZnO
nanorods core/shell electrodes exhibited nonfaradaic and pseu-
docapacitance behavior. Mott–Schottky measurements were
performed for all photoanodes prepared under 100, 1000, and
10 000Hz. Through these measurements, we observed the flat
band potentials VFB of all photoanodes of Ag/ZnO. The nega-
tive flat band potential fulfilled the Nernst equation and indicated
the good performance of the photoanode electrode in the easy
charge separation of photogenerated charge carriers and
improvement of water splitting. The donor density value of the
photoanode Ag/ZnO nanorod core/shell at 100Hz was greater
than that at 1000 and 10 000Hz. Hence, the preferred frequency
is 10 000 Hz, at which point the so-called metallization
phenomenon occurs. Metallization leads to a decrease in the
width of the space charge region where the field drop exists,
consequently lowering the photocurrent density.

Figure 16. The impedance spectra of (A) as prepared (B) with annealing 200 °C (C) 300 °C Ag/ZnO/FTO thin film.
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