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A B S T R A C T

The immobilized AgCl@TiO2 photocatalytic thin films were fabricated via electrophoretic deposition method.
Affordability, scalability, and high chemical stability are some valuable characteristics making woven stainless
steel wire mesh a suitable substrate for fabrication of photocatalyst film. The photocatalytic degradation effi-
ciency of the thin film was investigated by removing hard-degradable methamphetamine under natural solar
light. The AgCl@TiO2 photocatalyst with AgCl content of about 5% showed the most photocatalytic degradation
efficiency. Using Mott-Schottky plots, the flat band potential of prepared photocatalysts was estimated. The flat
band potential showed that the conduction band of AgCl@TiO2 is a better candidate for production of super-
oxide radicals than TiO2. A film thickness of 1629 nm yields optimal photodegradation efficiency. A series of ten
sequential cycles for photodegradation of methamphetamine was conducted using thin film which caused nei-
ther significant destruction on photocatalytic substrate nor any considerable reduction in efficiency whatsoever.
The AgCl@TiO2 thin film-induced mineralization of methamphetamine was reported to be approximately
around 91 percent. The photoelectrochemical performance of TiO2 and AgCl@TiO2 thin film was evaluated by
LSV technique under solar light and results show that after incorporation of AgCl, the photocurrent density
corresponding to the oxygen evolution reaction significantly increased to 1.8 mA cm−2 at 1.23 V vs RHE.

1. Introduction

The photocatalysis technique is an effectual method for degrading
organic pollutants under the mild conditions due to its abundance, non-
pollution, and cleanliness (Hao et al., 2018). Most of the experimental
studies have been conducted on systems in which colloidal dispersion of
photocatalyst are irradiated, while catalysts will likely need to be im-
mobilized on fixed support materials (Adamek et al., 2019). The ad-
vantages of substituting colloidal dispersion with photocatalytic films
can be summarized as: low cost, low particle aggregation, simple usage,
high photodegradation efficiency, better light penetration in the ab-
sence of turbidity, thereby eliminating the need for photocatalytic re-
generation and recovery, and effective pathways for electron trans-
mission (Carbonaro et al., 2013).

In order to obtain broad-spectrum light-active photocatalysts, TiO2

has been tested as a basic material by many researchers (Anitha et al.,
2015; Elkoro et al., 2019; Monga et al., 2017; Tayebi et al., 2019). The

improvement of stabilizations of the photo-generated charge carrier is a
crucial issue for light-harvesting systems in both photocatalytic and
photovoltaic solar cells (Ganeshraja et al., 2018). Therefore, in order for
solar light energy to be optimally harvested, many researchers fabri-
cated modified TiO2 via doping and compositing visible-light-active
semiconductor nanoparticles on TiO2 nanostructures. The intrinsic
band structure of TiO2 can be remarkably affected by incorporation of
hetero-atoms into the crystal structure which, in turn, will broaden the
photo-absorption light region. Based on different doping elements, TiO2

doping with metals (cations) or nonmetal (anion) elements has been
broadly applied (Brindha and Sivakumar, 2017; Chang et al., 2016;
Hong et al., 2019; Yuan et al., 2017). More importantly, doping can
enhance photocatalytic activity through separation of photo-induced
electrons and holes. Silver halides due to some superior properties such
as their good visible light absorption ability (Lv et al., 2018), photo-
sensitivity property (Putri et al., 2016) (which attributable to their ionic
point defects and the electron trapping (Wang et al., 2008) of these
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compounds leading to improvement of this property) are a suitable
candidate for doping in TiO2. For example, the improved photocatalytic
activity of AgCl/TiO2 photocatalysts in comparison to pure TiO2 was
reported by Huo and coworkers (Huo et al., 2010). They described the
high efficiency prepared novel visible light-driven AgCl/TiO2 photo-
catalyst to enhance Rhodamine B photodegradation activity. They
suggested that in the presence of AgCl, the photodegradation efficiency
of Rhodamine B could be increased to 94.96% under visible light. Re-
cently, Yang and coworkers (Yang et al., 2018) demonstrated that the
photocatalytic activity of Ag/AgCl/TiO2 under irradiation for Rhoda-
mine B has a significant enhancement compared to TiO2 and Ag/TiO2

photocatalysts.
A newly known class of environmental pollutants that are gaining

considerable attention due to their environmental impacts and tox-
icological properties over the last decade are Pharmaceuticals products
(Azizi-Toupkanloo et al., 2019; Jones et al., 2002; Kates et al., 2014;
Ternes, 2001). Among the pharmaceutical pollutants, amphetamine-
type stimulants such as methamphetamine are among most widespread
pharmaceutical pollutants which are commonly abused as drugs; these
pollutants can easily transmit through environmental aqueous media
and be continuously consumed in an uncontrollable manner. Ongoing
investigations have shown that these drugs can infiltrate and remain in
aquatic environments (Kasprzyk-Hordern et al., 2009). For instance,
Boleda and coworkers (Rosa Boleda et al., 2011) reported that drinking
water in river Taff Italys and Lambro River, Spain, have been conations
of 3.22 and 2.1 ng L−1 of methamphetamine, respectively. Therefore,
the existence of psychoactive drugs such as methamphetamine in po-
table water can be considered as a life threatening problem. The re-
moval efficiency for these pollutants is low and they may remain in
treated wastewater even at low concentrations (Castiglioni et al., 2011;
Evgenidou et al., 2015). There are a few researches performed on the
degradation (Kuo et al., 2015) and biodegradation (Bagnall et al., 2013;
Wang et al., 2018) of methamphetamine using nanomaterials. For ex-
ample, Lin and coworkers (Lin et al., 2013) studied the photo-
degradation of methamphetamine using irradiated TiO2 nanomaterial.
It was found that, the UV-TiO2 system was most significant, receiving
99.9% elimination of methamphetamine. Also, Kuo and coworkers (Kuo
et al., 2015) evaluated the feasibility of removing methamphetamine by
UV-illuminated TiO2. They almost completely mineralized the me-
thamphetamine from 10 mg L−1 aqueous in 180 min with 0.1 g L−1 of
TiO2 at pH 5. The sustainability of these materials in drinking water or
wastewater, and also their non-removal by conventional methods, in-
dicates the notability of photocatalysis as a possible technique for de-
gradation of these materials.

The present study has three distinct features compared to other
works: First, it uses an immobilized system for heterogeneous photo-
catalytic degradation of a pollutant, which facilitates its application to
the semi-invasive scale photodegradation process. Second, an appro-
priate method, electrophoretic deposition, is used to deposit the pho-
tocatalyst on a suitable substrate, woven stainless steel wire mesh, with
high durability. Third, in this work methamphetamine was selected as a
hard-degradable contaminant which no reported for degradation with
this photocatalyst. Also, the number of articles on AgCl doped TiO2 as
photocatalyst is limited. Various parameters such as film thickness,
content percentage of AgCl in TiO2 structure, pH, and concentration of
methamphetamine were evaluated.

2. Experimental section

2.1. Chemicals

All chemicals including cetyltrimethylammonium bromide (CTAB,
99.0%, BDH), titanium isopropoxide (TTIP, 97.0%, Merck), ethylene
glycol (EG, 99.8%, Merck), hydrochloric acid (37.0%, Merck), silver
nitrate (99.0%, Merck), hydrochloric acid (37.0%, Merck), sodium
hydroxide (≥97.00%, Fluka), methamphetamine hydrochloride

(Merck), and ethanol (99.9%, Bidestan) were analytical graded and
used as received and no further purification was conducted.

2.2. Preparation of AgCl@TiO2 and AgCl

Hydrothermal method was used to prepare AgCl@TiO2 photo-
catalysts. This procedure includes addition of 1.2 mL TTIP into 10 mL of
HCl solution under stirring followed by adding 50 mL of EG (Bottle A).
A specific amount of AgNO3 was dissolved in 5 mL distilled water and
then, 1 g CTAB was dissolved in the solution (Bottle B) and stirred for
30 min. Solution Bottle B was added into solution A and stirred pow-
erfully for 1 h. Following this, this dispersion was transferred to an
autoclave and exposed to 150 °C heat for 20 h. The autoclave was
normally cooled down to ambient temperature. The fabricated
AgCl@TiO2 nanomaterials were centrifuged and washed with ethanol
and distilled water several times; a vacuum oven was used to dry the
sample at 80 °C overnight. The AgCl@TiO2 nanomaterials were pre-
pared with the AgNO3 contents of 0.005, 0.01, 0.03, and 0.05 g, de-
noted as 1-AgCl@TiO2, 3-AgCl@TiO2, 5-AgCl@TiO2, and 7-
AgCl@TiO2, respectively. The pure TiO2 nanoparticles (NPs) were
prepared via similar procedure with the exception that AgNO3 was not
added. For preparation of AgCl nanoparticles, 2 mmol AgNO3 dissolved
in 30 mL of deionized water followed by the addition of 4 mL HCl
(1 mol L−1) under stirring for 30 min to form a clear solution. After,
30 mL deionized water was added under stirring for 45 min, the solu-
tion was placed in a 100 mL teflon lined stainless autoclave and heated
to 150 °C and maintained for 20 h. The prepared powder was collected,
washed several times with distilled water and dried at 80 °C for 12 h.
The dried sample was calcined at 350 °C for 5 h in a muffle furnace.

2.3. Photocatalysis substrates fabrication

The prepared TiO2 and AgCl@TiO2 nanomaterials were amassed on
a smoothed commercial stainless steel mesh substrates with dimensions
of 2 × 2 cm2 through electrophoretic deposition (EPD). The EPD is a
reproducible, efficient, and simple method for the preparation of thin
film.

In order to polish the substrate, oxalic and sulfuric acids were used
as electrolyte mixture with emerge paper (grid from 200 to 1500), and
then the sample was drowned in ethanol and acetone for 15 min under
ultrasonic bath (BRANSON, 40 kHz), respectively. After 20 min of
dispersing 0.02 g prepared nanomaterials in 25 mL acetone under ul-
trasonic bath, the EPD procedure of the photocatalyst thin film on
woven stainless steel wire mesh substrates were performed. Then,
0.01 g of iodine was added to the prepared stabilized dispersion. This
dispersion was utilized for EPD. During EPD procedure, a platinum
plate was used as the counter electrode which separated from the
working electrode by a distance of 10 mm in the electrophoretic cell.
EPD was accomplished under potentiostatic modes using DC power
supply (TF 102, TERCO) at a bias voltage of 20 V for a specific time. The
obtained thin film was annealed in air at 450 °C for half an hour.

2.4. Photocatalytic experiments

The photocatalytic degradation of methamphetamine was per-
formed under solar simulator light and natural solar light irradiation
during sunny days in summer 2018 between 11 am and 2 pm
(N = 36°15′6.682″, E = 58°47′; 42.806″ GPS coordinates). In a typical
photocatalytic experiment, the fabricated substrates were immersed in
an aqueous solution of 30 mL methamphetamine followed by magnetic
stirring. The photocatalytic degradation setup was placed under direct
natural solar light. The experimental conditions such as time, con-
centrations of the methamphetamine (6–40 mg L−1), initial pH (3–11),
AgCl% in photocatalyst, and the thickness of electrodeposited photo-
catalyst film was varied according to different setups. The degradation
amount was measured according the λmax of methamphetamine (at
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208 nm), by UV–vis spectrophotometer. The equation given below can
be used to obtain the catalytic degradation efficiency (CDE) of me-
thamphetamine:

= − ×CDE C C
C

% 100o t

o (1)

In this equation, Co and Ct are the initial concentration and the
concentration of methamphetamine at time t, respectively. It is note-
worthy that at least three repeations was used for each measurement
and the mean value was used in the graphs and the error amount in
each case was represented by error bars.

The linear sweep voltammetry (LSV) experiments were performed
for the photoelectrochemical studies. A conventional three-electrode
electrochemical setup connected to a computer-controlled electro-
chemistry potentiostat was used under solar simulator irradiation. A
platinum plate, an Ag/AgCl electrode, and TiO2 or AgCl@TiO2 thin film
deposited on the woven wire mesh were utilized as the auxiliary, re-
ference, and work electrodes, respectively. The measured potential vs
that of the reversible hydrogen electrode (RHE) was calculated with the
Nernst equation:

= + + ×E E 0.197 V  0.059 pHRHE Ag/AgCl (2)

The photoelectrocatalytic activity of the prepared thin film photo-
anodes was measured in 0.5 M Na2SO4 (pH 6.5). The potential was
recorded from negative to positive potentials at a scan rate of
100 mV s−1.

2.5. Instrumentation

The powder phases analysis was determined by means of a Bruker/
D8 Advanced diffractometer at 2θ ranging from 10° to 80° by step of
0.04° with graphite monochromatic CuKα radiation (λ = 1.541 Å).
FESEM electron microscope and EDX analysis by MIRA3 TESCAN were
used respectively for performing morphology and elemental maps of
nanomaterials. The scanning tunneling microscopy (STM) images were
taken by STM SS1 with Pt/Ir STM tip, 1.7 nA constant current, and
0.23 V voltage. An Agilent photodiode-array spectrophotometer Model
8453 equipped with quartz cell of 1 cm path length was used to obtain
the UV–vis absorbance spectra of photocatalysts. A Shimadzu RF-1501
spectrophotometer was used to take the photoluminescence (PL)
spectra of the prepared photocatalysts. The zeta potential of the na-
nomaterials was determined by the Zeta sizer (Nano-ZS) Malvern in-
strument. To observe surface morphology and thickness of film Atomic
force microscopy (AFM) (JPK-NanoWizard II) was used. The determi-
nation of the total organic carbon (TOC) was performed using a 139
TOC analyzer (TOC-5000 A, Shimadzu). The Mott–Schottky plots were
measured using a three-electrode system at a preset frequency at scan
rate of 10 mV s−1 and frequency of 500 Hz in 0.5 M Na2SO4 aqueous
solution (pH = 6) by PG AUTOLAB model 302 N photoelectrochemical
device. The fabrication of work electrode was conducted using spin
coating of photocatalyst on the FTO.

3. Results and discussion

Powder XRD measurements were employed for confirmation of
crystalline structures of the prepared photocatalysts. In Fig. 1, the XRD
patterns of TiO2 and AgCl@TiO2 nanomaterials with different AgCl
content (1, 3, 5, and 7%) are shown. The diffraction peaks of TiO2 NPs
can be assigned to both anatase (major) and rutile (minor) phases. It is
found that there are the known diffraction peaks in 25.3, 37.8, 38.6,
48.0, 54.0, 62.7, 70.2, and 76.0° which indexed as the (1 0 1), (0 0 4),
(1 1 2), (2 0 0), (1 0 5), (2 0 4), (2 2 0), and (2 1 5) crystal faces of TiO2

anatase phase, respectively (Mu’izayanti and Sutrisno, 2018; Sangchay
et al., 2012). Furthermore, it can be noticed that there are lower peaks
in 27.2, 35.7, 40.9, 43.7, 56.1, and 68.3° that matched with the (1 1 0),
(1 0 1), (1 1 1), (2 1 0), (2 2 0), and (3 0 1) of TiO2 rutile crystal faces,

respectively (Mu’izayanti and Sutrisno, 2018). The XRD pattern of
AgCl@TiO2 sample contains the peaks of TiO2 NPs as well as AgCl. The
apparent diffraction peaks in 27.8, 32.2, 46.2, 54.8, 57.4, 67.4, 74.4,
and 76.7° were rightly matched with the (1 1 1), (2 0 0), (2 2 0), (3 1 1),
(2 2 2), (4 0 0), (3 3 1), and (4 2 0) reflections of a cubic crystal phase of
AgCl (PDF file No. 01-085-1355) (Cao et al., 2011; Mu’izayanti and
Sutrisno, 2018; Sangchay et al., 2012). The absence of any extra dif-
fraction peaks in the XRD patterns of photocatalyst certifies samples'
high level of purity (Karimi-Nazarabad et al., 2016). Moreover, the
diffraction peaks of AgCl over AgCl@TiO2 samples were slowly become
stronger as the AgCl content increased.

The morphological properties of the electrodeposited photocatalysis
substrates were investigated by means of the FESEM techniques. Fig. 2
shows FESEM images of TiO2 and AgCl@TiO2 photocatalysts and also
elemental mapping of AgCl@TiO2 thin film on the stainless steel mesh
substrate. As it is evident from this figure, doping of AgCl has not in-
fluence on the structure and morphology of TiO2 NPs. The elemental
mapping analysis of AgCl@TiO2 thin film on the stainless steel mesh
substrate was shown in Fig. S1. It vividly shows the homogenous dis-
tribution of titanium, oxygen, chlorine, and silver. The EDX analysis
demonstrates the AgCl content percentage in AgCl@TiO2 samples
which is 0.89, 2.76, 4.82, and 6.69% for 1-AgCl@TiO2, 3-AgCl@TiO2,
5-AgCl@TiO2, and 7-AgCl@TiO2, respectively. The nomination of
AgCl@TiO2 samples was done on this basis. The results further confirm
that the AgCl is incorporated in the TiO2 structure, which is in good
agreement with the XRD. For determining the surface roughness, STM
analysis of TiO2 and AgCl@TiO2 thin film on the stainless steel mesh
was employed (Fig. S2). It demonstrates the surface topography of TiO2

and AgCl@TiO2 consisting of a series of black and bright clusters with
the height of 12.4 and 11.3 nm, respectively.

The photoabsorption capability of the prepared photocatalysts was
evaluated by the UV–vis spectroscopy, which is shown in Fig. 3a. The
UV–vis spectra of 5-AgCl@TiO2 and 7-AgCl@TiO2 photocatalysts ex-
tend to the visible region in contrast to the pristine TiO2 and 3-
AgCl@TiO2 photocatalyst. Higher capability for visible-light absorption
by 5-AgCl@TiO2 and 7-AgCl@TiO2 photocatalysts leads to a better
photocatalytic activity in comparison to the pristine TiO2. Higher rates
of harvesting visible light leads to an enhanced photo-generation
charge carriers and therefore a superior photocatalytic activity would
be achieved (Ong et al., 2016). This red shift, especially for 5-
AgCl@TiO2 photocatalyst, is due to the positive synergistic effect be-
tween AgCl and TiO2 (Karimi-Nazarabad and Goharshadi, 2017). Due

Fig. 1. XRD patterns of TiO2 (anatase peaks were shown) and AgCl@TiO2

(cubic AgCl peaks were shown) photocatalysts.
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to the high content of AgCl in 7-AgCl@TiO2, Fig. 3a shows character-
istic absorption of AgCl in the range of 200–400 nm, in which the two
peaks about 220 and 290 nm should be attributed to the direct and
indirect exciton transitions of AgCl, respectively (Dong et al., 2013;
Tian et al., 2014).

The predictable value of the band gap (Eg) of the photocatalysts
could be calculated using Tauc equation (Ghanbari et al., 2017):

= −αhν A hν E( )g
n 2 (3)

where h, α, A, and ν are Planck’s constant, absorption coefficient, a
constant, and light frequency, respectively. The n values of 1 and 2 can
be attributed to direct and indirect transitions, respectively. The value
of 1 was assigned to TiO2 and AgCl@TiO2 nanomaterials (Yin et al.,
2016). The evaluated values of Eg including 3.30, 3.42, 2.79, and 2.98
were assigned to the TiO2, 3-AgCl@TiO2, 5-AgCl@TiO2, and 7-
AgCl@TiO2, respectively (Fig. 3b). Consequently, the value of energy
band gap for 5-AgCl@TiO2 photocatalyst illustrates a significant re-
duction which in turn, improves the visible light absorption ability and
the photocatalytic performance of TiO2.

PL spectroscopy can be considered as an applicable tool to assess the
charge carrier's efficiency which is related to a number of factors in-
cluding trapping, migration, and transfer, and also comprehending the
charge carrier lifetime in semiconductor since PL emissions result from
the recombination of free photo-generated charge carriers (Karimi-
Nazarabad et al., 2019; Lim et al., 2015). The PL spectra of prepared
photocatalysts are shown in Fig. 3c. Strength factor aside, the PL
spectra for the four samples are almost identical. Due to the fast re-
combination of the photo-induced charge carriers, the higher PL in-
tensity was attributed to TiO2. The PL intensity of 5-AgCl@TiO2 de-
monstrates a meaningful decrease compared with that of the other
semiconductors. It indicated that the incorporation of AgCl in the
structure of TiO2 decreases the electron-hole recombination process.
Therefore, since the 5-AgCl@TiO2 photocatalyst possesses a longer
carrier lifetime, a decrease in the PL intensity was observed, thereby
photo-generated electron-hole pair separation is justified. Therefore, it
is an important reason for the excellent photocatalytic performance of
the hard-degradable methamphetamine removal. This can be attributed
to the creation of a Schottky barrier at the Ag and TiO2 interface, which
could act as an electron sink to impressively halt the electron-hole re-
combination process (Lim et al., 2015). The lower PL intensity for 5-
AgCl@TiO2 in relation to TiO2, demonstrates its superior separation
capacity instigated by an interaction among AgCl and TiO2. Further-
more, an additional peak of TiO2 (at about 430 nm), belongs to the self-
trapped excitons of TiO6 octahedral would be observed (Klaysri et al.,
2017).

The photodegradation of methamphetamine was investigated on the
thin film stainless steel mesh substrates as photocatalysis under solar
light irradiation. The solar light-responsive photocatalytic activity of
methamphetamine degradation was observed for all of the AgCl doped
TiO2, as shown in Fig. 4. As shown in this figure, no photocatalytic
degradation was observed for pure AgCl. The photocatalytic perfor-
mance of AgCl@TiO2 thin film was further enhanced by loading AgCl.
The results show no photocatalytic degradation enhancement of me-
thamphetamine in low AgCl doped (1%), indicating that the high AgCl
doped percent was required. With further increasing the amount of
AgCl from 1 to 5%, the photocatalytic degradation is increases quickly,
and the performance achieves a maximum level when the amount of
AgCl is about 5%. The enhancement of the photocatalytic efficiency of
AgCl@TiO2 thin film than TiO2, is ascribed mainly to the effective se-
paration of photo-generated electron–hole pairs which it was supported
by comparing the PL spectra of TiO2 and AgCl@TiO2 photocatalysts
(Fig. 3c). However, with a further increase in doped AgCl, a subsequent
decrease of the photocatalytic degradation was observed. Overloading
AgCl leads to growth and agglomeration of AgCl NPs in the TiO2

structure, and some active sites of the TiO2 structure could be shielded.
The flat band potentials of semiconductor photocatalyst can be at-

tained from the x-axis intercept of the linear part fitted to the
Mott–Schottky plot. Below Mott–Schottky equation is presented:

= ⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

− − ⎤
⎦⎥C e εε N

V V k T
e

1 2 ( )
d

fb
B

2
0 0 0 (4)

where C is the specific capacitance (F cm−2), eo is the electron charge
(1.602 × 10−19 C), ε is the semiconductor dielectric constant (18.9 for
TiO2 (Wypych et al., 2014)), ε0 is the vacuum permittivity
(8.854 × 10−14 F cm−1), Nd is the carrier density, V is the electrode
applied potential, kB is Boltzmann constant, Vfb is the flat band poten-
tial, and T is the absolute temperature. In Fig. 5 the Mott–Schottky plots
of the TiO2 and 5-AgCl@TiO2 is shown. The 0.15 and 0.05 were eval-
uated as flat band potential values for TiO2 and 5-AgCl@TiO2, respec-
tively. Since the semiconductors are n-type, the slope of the Mott-
Schottky plots are positive (Jiang et al., 2013; Karimi-Nazarabad et al.,
2019). A more negative shift can be observed for AgCl@TiO2 than TiO2.
Therefore, there is a greater carrier concentration in the hetero junction
and more effectual charge transfer for AgCl@TiO2 compared with TiO2

(Liu et al., 2014).
Generally, the Vfb of a semiconductor corresponds to its Fermi level

(EF) and is located under the conduction band (CB) edge for n-type
semiconductors. The CB edge could be specified by Vfb. The equation
given below can be used to calculate the CB energy level (when Ag/
AgCl electrode is the reference) (Li et al., 2006; Mahvelati-Shamsabadi

Fig. 2. FESEM images of TiO2 and 5-AgCl@TiO2 photocatalysts.
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et al., 2019):

= − +E e V(4.71 )CB fb (5)

where e stands for the reduced electron charge which is equal to 1. The

EVB = ECB − Eg relation can be assigned as valence band edge potential
(EVB). Fig. 6 exhibits the band diagrams of TiO2 and 5-AgCl@TiO2

photocatalysts. As it can be seen from band diagrams of semi-
conductors, the CB of AgCl@TiO2 has the appropriate situation to
produce superoxide radicals for the photodegradation. On the other, the
less band gap energy value for AgCl@TiO2 increases solar light har-
vesting efficiency. Hence, the AgCl loading could significantly enhance
the photo-generated charge carriers which lead to a greater photo-
catalytic degradation.

The electrostatic properties of the photocatalyst and the pollutant
molecules were affected by solution pH. To evaluate the pH effect on
ionization state of the photocatalyst surface, zeta potential variations
were characterized as a function of different pH. The results of zeta
potential analysis are shown in Fig. S4. The zero point charge (ZPC) for
TiO2 and 5-AgCl@TiO2 was identified at pH = 3.3 and 4.1, respec-
tively. At pH above pHzpc, the zeta potential is negative showing that
the surface charge of NPs is negative. The positive values for zeta po-
tential observed in high acidic suspension at a pH lower than pHzpc

(Goharshadi et al., 2013; Azizi-Toupkanloo, et al., 2019). On the other,
the dissociation constant (pKa) of methamphetamine is 10.1 (Pavlova

Fig. 3. (a) UV–vis spectrum, (b) Tauc plot, and (c) PL spectra of TiO2 and
different AgCl@TiO2 photocatalysts dispersed in H2O.

Fig. 4. Methamphetamine photodegradation in the presence of AgCl@TiO2

with the different percentage of AgCl (pH = 7, t = 120 min, Co = 20 mg L−1).

Fig. 5. Mott-Schottky plots of TiO2 and 5-AgCl@TiO2 electrodes at frequency of
500 Hz and scan rate of 10 mV s−1.

H. Azizi-Toupkanloo, et al. Solar Energy 196 (2020) 653–662

657



and Petrovska-Jovanovic, 2007), and hence, it is predicted that at pH
values of about 4 to 10, methamphetamine adsorption can be com-
pleted on the photocatalyst surface. Fig. 7 shows the pH factor on the
methamphetamine photodegradation for different initial pHs between 3
and 11. The maximum photodegradation was performed at the pHs of 7
and 9, which was predictable. Also, in all of the initial pHs the photo-
degradation by 5-AgCl@TiO2 thin film is greater than other photo-
catalysts.

The film thickness was evaluated under applied electrodeposited
time in the range of 0–360 s by the following equation:

=d m
Aρ (6)

where ρ, m, A, and d are the density of TiO2 (3.9 g cm−3), deposition
mass, surface area (4 cm2), and thickness of photocatalyst film, re-
spectively. The anodic electrodeposited mass of the photocatalyst was
calculated by Hamaker’s equation (Collini et al., 2017; Fang et al.,
2015):

=m t fμCAEt( ) (7)

where f is the efficiency of the process (assuming f = 1), μ is the

electrophoretic mobility (m2 V−1 s−1), E is the electric field (V m−1), C
is the particle mass concentration (mg m−3), and t is the deposition
time (s). For calculating the electrophoretic mobility, the Smo-
luchowski’s mobility equation was used (Makino and Ohshima, 2010):

=μ ε ε
η

ζr o

(8)

where εr is the relative permittivity (for TiO2 is 18.9), η is the elec-
trolyte solution viscosity (0.000316 N sm−2 for acetone), εo is the
permittivity of a vacuum (8.854 × 10−12 F m−1), and ζ is the zeta
potential. The electrophoretic mobility was obtained as
1.32 × 10−8 m2 V−1 s−1. It has been found that by increasing time,
deposition weight increased linearly. In Table 1 the effects of the time
parameter on the film thickness of the photocatalysts is shown. From
this table, we can conclude that as time increases, the electrodeposited
photocatalyst mass increases as well and, at a constant loading con-
centration, leads to increase of the film thickness. The surface mor-
phology and thickness of bare stainless steel mesh and AgCl@TiO2

electrodeposited thin film for 300 s EPD were shown in Fig. S3. The
thickness of photocatalyst film is 1480 nm which found to be in a
reasonable agreement with the data in Table 1. This figure shows high
surface roughness of the electrodeposited film which indicates growing
branches from the depth of the deposited layer on the substrate.

Fig. 8 shows that increasing the film thickness of electrodeposited
photocatalyst, as a significant parameter in the immobilized photo-
catalyst process, increases the efficiency of photocatalytic degradation.
Enhancement of the photocatalytic degradation was continued until
certain film thickness of photocatalyst is achieved and then no further

Fig. 6. The scheme of energy bands diagram of TiO2 and 5-AgCl@TiO2 semi-
conductors.

Fig. 7. Degradation of methamphetamine at different initial pH values for TiO2

and AgCl@TiO2 photocatalysts (Co = 20 mg L−1, t = 120 min).

Table 1
The calculated anodic electrodeposited
film thickness and mass of photocatalyst
on the stainless steel mesh.

t (s) d (nm)

0 0.0
30 162.9
60 325.7
120 651.5
180 977.2
240 1302.9
300 1628.7
360 1954.4

Fig. 8. Photodegradation efficiency of methamphetamine by 5-AgCl@TiO2 film
with different film thickness of the photocatalyst (pH = 7, t = 120 min,
Co = 20 mg L−1).
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changes would happen. The optimal efficiency of photodegradation was
attained in the film thickness of 1629 nm. It seems that the surface of
the stainless steel mesh as a substrate was completely coated by pho-
tocatalyst within 300 s from the onset of the electrodeposition time.
Actually, as the film thickness increases, the enhancing of the active
sites on the surface of photocatalyst thin film was observed and,
therefore, more radical species will be produced. Besides, it causes the
film resistance to increase, hence the electron transport routs are pro-
longed and recombination of photo-generated charge carrier are en-
hanced (Zargazi and Entezari, 2019).

The photocatalysts are commonly employed as powder. In the
aqueous dispersion, there are some difficulties such as low photo-
degradation efficiency and low recovery of the photocatalyst which
poses some significant restrictions on their application. In order to
overcome the problems, deposited photocatalyst was immobilized on
the desired green substrate which shows excellent photocatalytic per-
formance in comparison with powders. The degradation of metham-
phetamine by reported different catalysts and present fabricated
AgCl@TiO2 film was compared as shown in Table 2. The AgCl@TiO2

film with a smaller amount of catalyst was able to degrade a higher
concentration of methamphetamine in the presence of natural solar
light.

For scale up photocatalytic degradation, reusability, durability, and
endurance of photocatalyst films are considered as significant para-
meters (Li et al., 2016). For a long period of time, a cost-effective
photocatalyst performance should not be decreased (Adamek et al.,
2019). To study these issues, the degradation of methamphetamine was
repeated ten successive cycles using different photocatalysts thin films,
as shown in Fig. 9. During each cycle, the washing and drying of thin
film was applied, and reused in fresh methamphetamine solution while
being exposed to solar light irradiation. The photocatalysts thin films
are capable of removing hard-degradable methamphetamine at any

time without any significant reduction of efficiency. Therefore, the
photocatalysts are neither destroyed nor separated from the substrate
surface. It shows that photocatalysts thin films were stable in the pre-
sence of solar light irradiation and TiO2 or AgCl@TiO2 attached pow-
erfully on the stainless steel mesh. Hence, the photocatalyst thin film
has the high-performance for hard-degradable contaminants and could
be utilized for high-scale photodegradation. Most photodegradation
efficiency was observed for 5-AgCl@TiO2.

As indicated in Fig. 10, the photodegradation of methamphetamine
was evaluated in the 6–40 mg L−1 range of concentration, in the pre-
sence of solar light. The photodegradation time was increased when the
methamphetamine concentration increases. The longer degradation
time is ascribed to the decrease of the active sites on the photocatalysts
surface and the amount of produced radical species versus the number
of methamphetamine molecules. Therefore, the initial concentration of
pollutant can be found as one of the important factors on the photo-
catalytic performance of photocatalyst thin film.

In order to determine the level of mineralization, TOC of metham-
phetamine and photodegraded sample by TiO2 and AgCl@TiO2 thin
films were measured after being irradiated in the presence of solar light
for 180 min. Fig. 11 shows the residual ratio TOC/TOCo for photo-
degradation of methamphetamine. The TOC/TOCo value is lower for 5-
AgCl@TiO2 thin film compared to other thin films. This implies that,
the mineralization of methamphetamine by 5-AgCl@TiO2 thin film is
about 91%. Consequently, these results suggest that the doping of AgCl
in the TiO2 NPs facilitate the separation of holes and electrons, thereby
increasing the TOC degradation under solar irradiation. It could be
concluded that methamphetamine could be completely degraded with
less residues of transformation products formed during the photo-
catalytic process.

The photoelectrochemical performance of TiO2 and AgCl@TiO2 thin
film deposited on the woven wire mesh as photoanodes was considered
by means of the LSV technique under solar simulator irradiation

Table 2
The catalytic performance comparison of different systems for methamphetamine degradation.

Catalyst Amount of catalyst (g L−1) Concentration of methamphetamine (mg L−1) Energy source Degradation efficiency (%) Ref.

ZnO 0.01–1 0.1 UV lamp 100 (Lin et al., 2013)
Degussa P25 0.01–1 0.1 UV LED 100 (Lin et al., 2013)
Degussa P25 0.1 10 UV lamp 100 (Kuo et al., 2015)

Er3+:YAlO3/Nb2O5 1.0 10 Ultrasound 82 (Wei et al., 2018)
Er3+:Y3Al5O12/WO3-KNbO3 1.0 10 Ultrasound 68 (Zhang et al., 2017)

AgCl@TiO2 film 0.085 20 Solar light 100 Present work

Fig. 9. The reusability of TiO2 and AgCl@TiO2photocatalysts in consecutive
cycles (pH = 7, t = 120 min, Co = 20 mg L−1).

Fig. 10. The photocatalytic degradation of methamphetamine by 5-AgCl@TiO2

under solar light irradiation at pH = 7.
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(Fig. 12). The higher photocurrent density supplies a strong driving
force for the photoelectrochemical device in the water splitting process
(Karimi-Nazarabad et al., 2019). The small current density was ob-
served for all thin film photoanodes in the dark. According to the TiO2

thin film electrode results, a photocurrent density of 0.85 mA cm−2 at
1.23 V vs RHE corresponding to oxygen evolution reaction were
achieved. After incorporation of AgCl in the TiO2 structure, the pho-
tocurrent density significantly enhanced to 1.8 mA cm−2 demon-
strating that the photoelectrocatalytic performance of TiO2 toward the
oxygen evolution reaction has improved.

4. Conclusions

AgCl@TiO2 electrodeposited thin film on woven wire mesh was
presented as an efficient treatment configuration for removing hard-
degradable methamphetamine from the water under natural solar light.
Among the prepared photocatalysts, the 5-AgCl@TiO2 had the highest

photocatalytic activity in degradation of methamphetamine. The
Mott–Schottky plots analysis demonstrates a greater carrier con-
centration in the hetero junction and hence more effectual charge
transfer for AgCl@TiO2 compared with TiO2. Film thickness and pH
were two factors affecting photodegradation process the most. A film
thickness of 1629 nm yields the optimal photocatalytic activity.
Additionally, after ten consecutive cycles, the durability and stability of
thin film has not been changed in photocatalytic process. It is worth
noting that; a rather more complete mineralization (> 90%) of me-
thamphetamine was obtained with 5-AgCl@TiO2 photocatalysis sub-
strate after 180 min. A photocurrent density of 1.8 mA cm−2 at 1.23 V
vs RHE corresponding to oxygen evolution reaction were achieved for
5-AgCl@TiO2.
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