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Abstract
A novel method employing atmospheric pressure discharge plasma has been developed to reduce supported Ag nanoparti-
cles (Ag NPs) and deposited on TiO2 powder without the use of any environmentally and biologically hazardous reducing 
chemicals. Ag/TiO2 nanocomposite was prepared by the atmospheric direct current plasma in water solution. Trisodium 
citrate and CMC was used as a capping agent for Ag nanoparticles. The nanocomposites were characterized using UV–Vis 
spectroscopy, X-ray diffraction, scanning electron microscopy. The results showed that Ag NPs with an average diameter of 
20–35.5 nm were uniformly distributed on the powders surface. The presence of nanosilver particles in TiO2 matrix is clearly 
visible. The bandgap of TiO2/Ag was confirmed (2.65–2.85 eV) through UV–vis DRS, which was lower than TiO2 (3.8 eV). 
The photocatalytic effect was conducted by methylene blue degradation test. The photocatalytic activity of a series of 2 wt. 
% Ag/TiO2 composites was evaluated in the degradation of MB (used as a model pollutant) in aqueous solution under solar 
light. The 2.0 mol % of Ag-doped TiO2 shows 96% degradation of methylene blue (MB) within 50 min under visible light 
irradiation and exhibit highest photocatalytic performance.
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Introduction

Water pollution is one of the most leading problems that 
badly affects the human as well as aquatic life (Guerra et al. 
2018). The main cause of water contamination is the dis-
charge of the industrial effluents that contain mainly toxic 
chemicals and pose a major threat to the living systems. It 
has been well known that these pollutants are mutagenic as 
well as carcinogenic in nature and their elimination through 
the traditional techniques is a difficult task. The advanced 
oxidation processes (AOPs) involving heterogeneous semi-
conductor photocatalysts have attracted enormous attention 
owing to their compatibility as a pollution mediator (Nahir-
niak at. al. 2018; Amin et al. 2014; Saikia et al. 2019). Due to 
its high efficiency, low toxicity, excellent physico-chemical 

stability, and low relative costs, titanium dioxide (titania, 
TiO2) is considered as the most promising photocatalyst for 
environmental purification. However, TiO2 possesses a wide 
bandgap which restricts its practical environmental applica-
tion under visible light irradiation which comprises a wide 
range of the solar spectrum.

Silver particle at nanoscale size is of particular interest 
as a novel excellent antimicrobial regent in recent years and 
have been widely investigated as an important enhanced 
phase in designing plasmonic metal–semiconductor photo-
catalysts since they may activate wide bandgap semiconduc-
tors (e.g. TiO2) towards visible-light (Berekaa et al. 2016; 
Dauthal et al. 2016). A number of synthesis procedures have 
been used for the preparation of Ag/TiO2 nanocomposite 
such as electrochemical hydrothermal method, electrochemi-
cal rout, chemical vapor deposition of precursors and solu-
tion synthesis method (Amruta et al. 2016; Chaturvedi et al 
2012; Giuseppina et al 2019; Seery et al 2007; Ling et al. 
2019; Sahoo et al. 2012). Despite the advantages of the men-
tioned techniques, they never achieve full industrial potential 
due to their expensive process and long process time (Ajmal 
et al 2014; Atarod et al 2016). In the meantime, plasma elec-
trochemical method has recently received much attention in 
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a wide variety of applications from bacterial inactivation 
to nanoparticle synthesis in liquid phases (Mahmoudabadi 
et al 2018; Cheng et al 2017). The main advantages of this 
method are related to its facility for any kind of complex 
structure, acceptable reaction times and more homogene-
ous reaction conditions with low temperature. Among 
plasma-chemical discharges, contact non-equilibrium low-
temperature plasma (CNP) is a promising option from the 
point of view of practical application (Pivovarov et al. 2015). 
This new class of plasma organization has some fascinating 
features such as small physical size, atmospheric pressure 
stability. It usually consists of ultraviolet (UV) radiation, 
excited species and charged particles which interact with the 
surface of the solution. The plasma-liquid interface becomes 
a reaction region where many particular chemical and physi-
cal processes occur under the electron /positive ion irradia-
tion from the plasma. Therefore, the plasma discharge is 
coupled with the electrochemical systems to induct reactions 
without using a solid electrode in the solution.

In our previous works the Ag NPs was synthesized by 
using the plasma-assisted electrochemical with different cap-
ping agents (Skiba et al. 2017, 2018a; b). The present study 
deals with the formation of stable silver nanoparticles using 
one-pot plasma-chemical assisted synthesis, doping of the 
prepared nanoparticles on TiO2 and application of Ag/TiO2 
as a catalyst in degradation of water pollutant.

Preparation of Ag–TiO2 nanocomposites

The Ag–TiO2 nanocomposites were synthesized by a one-
step deposition method. The commercial titanium oxide 
was immersed into AgNO3 and capping agent solution 
with certain concentration. The mixture was treated by 
plasma discharge in a homemade reactor. A schematic of 

the experimental configuration used for the preparation of 
Ag/TiO2 nanocomposite is shown in Fig. 1. The duration 
of the plasma treatment was limited to 5 min. The various 
publications about Ag/TiO2 indicated that 2.0 wt. % of Ag 
exhibited the highest photocatalytic activity (Amruta et al. 
2016; Stucchi et al. 2018; Giuseppina Cerrato et al. 2019; 
Seery et al 2007). Therefore, we decide to fabricate Ag–TiO2 
with 2.0 wt.% Ag. First, 0.0425 g AgNO3 was added into 
a 100 mL DI. Stabilizer agent was added 1:2 (molar ratio 
Ag+:Stab). As stabilizer agent was used Carboxy Methyl 
Cellulose (CMC) and sodium citrate (Cit). Then, the solu-
tion was magnetically stirred with 1.0 g TiO2 powder. The 
resulting mixture was placed in a plasma-chemical reactor. 
Impregnated TiO2 was then filtered, washed by distilled 
water and dried at room temperature for 12 h. The modified 
catalysts were labelled Ag-2.0/TiO2/CMC; Ag-2.0/TiO2/Cit.

Photocatalytic activity

The photocatalytic activity of the materials was evaluated by 
the degradation efficiency of MB solutions under sunlight 
60 mL of MB at 10 mg/L and 0.02 g of catalyst were mag-
netically stirred for 60 min in the dark for the equilibrium 
of the adsorption/desorption process of MB on the materials 
to be achieved. At the given time intervals, 5 mL of aliquot 
was withdrawn, then filtered it to remove the photocatalysts. 
Then the mixture was subjected to sunlight irradiation. The 
photocatalytic degradation of MB has been estimated from 
the reduction in absorption intensity of MB at the charac-
teristic lambda max 663 nm by employing UV–visible spec-
trophotometer. The absorption spectrum of the MB solu-
tion was regularly recorded fixed minutes of irradiation. The 
experiments were carried out from 10:00 to 13:00 o’clock on 
a sunny day in Ukraine. All the experiments were repeated 

Fig. 1   A schematic of the 
experimental configuration used 
for the preparation of Ag/TiO2 
nanocomposite by plasma-
chemical treatment. 1—firearm 
transformer; 2—voltage trans-
former; 3—cold water supply; 
4—drainage, 2, 3—electrodes; 
5—vacuum gauge; 6—reactor; 
7—discharge
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three times. The photocatalytic efficiency was estimated 
using the following expression: η (%) = 100 × (C0 − Ct)/C0, 
where C0 and Ct were the of MB before and t min after sun-
light exposure, respectively.

Experimental methods

Spectra of colloidal solutions were obtained using the spec-
trophotometer UV-5800PC and quartz cuvettes in the wave-
length range of λ = 190–700 nm (FRU, China). Particle size 
of TiO2 powder was determined by the particle size analyzer 
Zetasizer Nano-25 (Malvern Instruments Ltd., Malvern, 
England). Scanning Electron Microscopy REM 106I (Selmi, 
Ukraine) were used for characterization of particle’s size and 
morphology of the obtained samples. The X-ray diffraction 
analyses (XRD) were carried out with Bruker D2 Phaser 
X-ray diffractometer using Cu-Kα radiation (λ = 1.5406 Aº).

Results and discussion

Figure 2 illustrates the solution including Ag and TiO2 after 
plasma treatment. Changing the colors during plasma pro-
cessing in solutions at 120 mA during 4 min confirm the 
formation of Ag nanoparticles in solutions.

It studied the optical properties and effects of Ag light 
absorption deposited on TiO2. As the reference material, 
unmodified TiO2 was used. All metal-modified photocat-
alysts revealed an enhanced absorption of visible light in 
comparison to bare TiO2.

It was observed that the metal ions capping agent not 
strongly influences the shape of absorption properties. For 

plasma reduced photocatalysts in present sodium citrate and 
CMC (4 min treated), absorption bands were narrower with 
SPR at 415–425 nm, as shown in Fig. 3 a–b. The absorption, 
with a maximum near 415–425 nm, can be attributed to the 
plasmon absorption of spherical Ag nanoparticles (Skiba 
et al. 2018a, b; Guerra et al. 2018).

The bandgap of the pure TiO2 and Ag/TiO2 composite 
were calculated using a well-known Tauc’s plot method and 
the following relation (1):

where α, h, υ, E and A are the absorption coefficient, 
Planck’s constant, light frequency, bandgap and a constant, 
respectively. The index n relies on the type of electronic 
transition of semiconductor, where n = 2 for direct-gap semi-
conductor and n = 0.5 for indirect-gap semiconductor.

The optical band gap energy of pure and Ag NPs -doped 
TiO2 has been calculated by extrapolating the linear region 
of the plot of hν verses (αhν)2 as shown in Fig. 4. The energy 
gap values of the pure TiO2 and Ag-doped TiO2 were calcu-
lated to be approximately 3.8 eV and 2.65–2.85 eV respec-
tively. The variations of energy bandgap with type silver 
NPs doping Fig. 4 demonstrates that after doping with silver 
ions the bandgap energy decreases, which shows the red 
shift. Because of this red shift the recombination rate of 
photoinduced electrons and holes decreases which improved 
photocatalytic activity.

Figure 5 shows the DLS analyses made on TiO2 (Ag-
2.0/TiO2/CMC) particles of powder before and after the 
synthesis of silver nanoparticles. These analyses were used 
to probe whether silver nanoparticles were really attached 
to the surface of TiO2 particles. From Fig. 5a, the TiO2 

(1)h� = A(h� − Eg)n∕�

Fig. 2   Photographs of the solution including Ag and TiO2 after being plasma-treated: a without plasma irradiation, b after 4 min plasma irradia-
tion with trisodium citrate and CMC
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particles, before silver synthesis, have a mean diameter of 
273 nm; after silver synthesis their mean diameter slightly 
grows (309 nm) due to the presence of silver nanoparticles 
(Fig. 5b). This result confirms that silver nanoparticles really 
are attached to TiO2 particles; if this were not the case we 
would see two peaks in Fig. 5b, one corresponding to sil-
ver nanoparticles and the other one corresponding to TiO2 
particles.

The XRD analysis Ag NPs doped TiO2 (Ag-2.0/TiO2/Cit) 
was used for the identification of the crystalline structure of 
the samples and the evaluation of the solids phase purity. 
The XRD analysis results of 2.0% silver doped TiO2 catalyst 
is shown in Fig. 6. All obtained photocatalysts revealed a 
high level of crystallinity and consist of an rutile phase and 
metallic silver nanoparticles. The main peaks assigned to 
rutile phase due to the following planes and 2θ angles of 
(110), 27.4°, (101), 36°, (111), 41.2°, (210), 44.2°, appear in 
the pattern of sample. The XRD peaks at 32.16, 38.1,º46.1°, 
66.74°, and 76.84° correspond to 122, 111, 200, 220, and 
311 crystalline planes for cubic crystalline structure of 

metallic silver (JCPDS Card No. 04-0783). From the figure, 
it is clear that the silver present in TiO2 catalyst is not as 
oxide (Mohammadi et al. 2019).

SEM image of nanosilver doped TiO2 catalyst (Ag-2.0/
TiO2/Cit) and particle size distribution are shown in Fig. 7. 
It is observed from this figure that the silver nanoparticles 
are successfully immobilized on the surface of TiO2 support.

Thus Ag/TiO2 composite was successfully fabricated 
using a CNP plasma-assisted electrochemical. The use 
of the plasma in the synthesis of Ag/TiO2 composite in 
comparison with other methods accelerates the processes 
involved in the Ag/TiO2 composites synthesis. Compared 
with the conventional hydrothermal, wet chemical, or 
laser irradiation technique, approaches based on plasma 
are found to be simple because of the limited number of 
processing steps that do not require specific expertise. Fur-
thermore, plasma-based processes do not involve the long 
consumption time and the use of reducing agents, sim-
plifying further nanoparticle functionalization or surface 
treatments. The photocatalytic efficiency of as prepared 

Fig. 3   UV–visible spectra of pure and Ag NPs-doped TiO2

Fig. 4   Optical energy gap (Eg) of pure (a) and Ag NPs-doped TiO2 powder (b)
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composite has been investigated by measuring the decom-
position of MB as a model pollutant under solar light irra-
diation. The oxidized and reduced forms of MB have dif-
ferent absorption bands in the UV–Vis spectrum. Hence, 
the progress of decoloration or reduction reaction from 
MB to leuco MB (LMB) can be monitored by measuring 
the decrease in absorption of MB on UV–Visible spec-
trum at a λmax of 664 nm. The time-dependent electronic 

absorption spectrum of MB during solar light irradiation 
is presented in Fig. 8. After 10 min of irradiation under 
solar light in the presence of Ag co-doped TiO2 suspen-
sion, more than 98% of dye got degraded and the solution 
became colorless (Fig. 8b). Also, no new bands appeared 
in the UV–Vis spectrum, confirming the absence of reac-
tion intermediates during the degradation process.

Fig. 5   DLS analyses of sample TiO2 (Ag-2.0/TiO2/CMC): a before and b after the synthesis of silver nanoparticles
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Conclusions

A series of Ag-doped TiO2 composite were obtained 
by impregnation of the commercial powder TiO2 by 
plasma-chemically synthesized silver nanoparticles. The 
results showed that Ag NPs with an average diameter of 
20.0–35.5 nm were uniformly distributed on the powders 
surface. The presence of nanosilver particles in TiO2 matrix 
is clearly visible. The photocatalytic activity of pure and 
Ag-doped TiO2 catalyst was examined by performing the 
degradation of methylene blue dye. The experimental result 
exhibited that Ag-doped TiO2photocatalyst can effectively 
degrade MB under visible light irradiation and 2.0 mol % 
Ag-doped TiO2 showed the highest photocatalytic activity 
among all the samples.Fig. 6   XRD diagrams of catalysts Ag-2.0/TiO2

Fig. 7   SEM images of catalysts Ag-2.0/TiO2

Fig. 8    Change in UV–Vis absorption spectra of MB in the presence of Ag-doped TiO2 (a) and the time courses of catalytic degradation of MB 
in Ag/TiO2 composite under solar light (b)
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