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Water contamination is increasingly an important issue in developing and under developed countries. The main
cause ofwater contaminations are industrial dyes and toxic chemicals. Hencemany technologies are being devel-
oped to de-contaminate the toxic materials. The photocatalytic de-contamination of dyes is an effective and sim-
ple technology to purify water. Among various photocatalysts, the transition metal based oxides (TiO2, NiO and
ZnO)being the state-of art photocatalyticmaterial. But, themetal oxides have large band gap and suffers from the
fact that it predominantly absorbs the Ultra Violet region of irradiation. But, any viable photocatalytic technology
demands absorption in the visible light region, so as to utilize the cost-free sun light. Herein, we tune and utilize
the metal oxides through the integration of Ag metal nanoparticles. The synthesized materials were completely
analyzed by PXRD, HRTEM, UV, XPS and BET instruments. All TiO2/Ag, NiO/Ag and ZnO/Ag nanocomposites were
subjected to photocatalytic degradation using visible light. The nanocomposites acted as photocatalyst and de-
grade the colorful methyl orange and colorless toxic 4-chlorophenol. Among the aforementioned three samples,
TiO2/Ag exhibited best performance than ZnO/Ag and NiO/Ag. We attributed the enhancement of photocatalytic
activity due to Plasmons assistance and nanoscale regime of photocatalyst. In summary, we tuned the metal
oxide photocatalytic performance using the Ag nanoparticle surface Plasmon resonance.
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1. Introduction

The water sources contain various types of contamination including
biological contamination (pathogens-virus and bacteria) and chemical
contamination (industrial waste and pesticides) [1–3]. Among these
contaminants, biological contamination is less involved in water pollu-
tion because most of them can be removed by simple heating [4,5].
Hence, the chemical contaminants gained much attention in environ-
mental pollution and should be removed fromwater [6,7]. The growing
industrial evolution elevates the level of contaminants which leads to
increased risk of serious diseases in children including gastrointestinal
disorder, learning disorders, endocrine hormonal disruption, and un-
controllable cancer [8,9]. More than 75% of all diseases are affected to
humans due to poor water quality. Hence the contaminants must be
identified and removed from the water. The most common chemical
contaminants found in waters are the industrial discharge, dyes, pesti-
cides, drugs and cosmetics [10]. Since chemical contaminants are the
real concern to the society, many technologies and strategies are being
developed through-out the world to provide novel solution [11].
Among the various technologies, heterogenous photocatalysis is having
a bright future [12–18]. The photocatalysis is green and clean photo-
chemical method of water purification. In the photocatalytic process,
the semiconductor converts photon energy into chemical oxidation/re-
duction process which will further degrade the contaminants in water
through the free radical formation. As a result, the chemical contami-
nants are degraded by photochemical oxidation/reduction. Overall, the
photocatalyst basedwater purification is promising andwidely adopted
due to its simplicity, cost, robustness, solar energy as input, effective
with all types of contaminants and attractive efficiency [19].

Recently, appreciable efforts were focused on TiO2 or ZnO based
photocatalytic water purification and made substantial improvements
in sustainable water purification. However, the metal oxides have in-
trinsically low efficiency due to poor absorption if light is in visible re-
gion. The metal oxides absorb in Ultra Violet region and absorb less in
visible region (4%) due to band alignment (e.g. TiO2 - 3.2 eV for anatase)
[20]. The shifting absorption of photocatalysis from UV to visible light is
important because the visible light is naturally abundant and can be
cost-effective for water purification technology which was previously
done by several nanocomposite systems. Nanomaterials and especially
nanocomposites showed many advantages due to unique properties
and high surface area [21–27]. The nanocomposite systems are used
for various applications like solar cells, biosensors, antibacterial activity
including photocatalytic activity [28–35]. In the recent times, the inte-
gration of noblemetals withmetal oxides also suppresses the charge re-
combination due to shift in fermi level [36]. The key absorption process
of photocatalysis can be improved by severalways and one of the prom-
ising novel methods is plasmonic photocatalysis [37–43]. When the
plasmonic materials integrate with metal oxides, the wide band gap of
the semiconductor shifts to lower band gap and hence is in visible re-
gion. The phenomenon of surface Plasmons are the collective electrons
and surface charges in the conductivematerials which respond strongly
with the light. The noble metals such as gold, platinum and silver nano-
particles show tunable Plasmon resonance in the visible light region
[44]. Among that silver is desirable for plasmonic photocatalysis, be-
cause of its balanced stability and cost. Additionally, nano regime of
the plasmonic particles provide more toxic chemicals adsorption on
the surface. Silver nanoparticles supported metal oxides are expected
to be novel plasmonic photocatalyst. Recently, Ag integrated plasmonic
photocatalysts such as TiO2/Ag [45], AgCl/Ag [46], Cu2O/Ag [47] and
ZnO/Ag [48,49] were reported. In each case, absorption has shifted to
visible region and performance has been enhanced by Ag particles.
Clearly, when compared to conventional metal oxides, Ag integrated
metal oxides are expected to show increased performance through
the surface Plasmons assistance.

Here, it has been demonstrated the preparation of Ag Plasmon
enriched metal oxide nanoparticles. The ZnO/Ag, NiO/Ag and TiO2/Ag
nanocomposites were synthesized via solvothermalmethod. To analyze
the proposed strategy, TiO2, ZnO and NiO are chosen in which the wide
band gap materials are known for the photocatalytic performance for
30 years and shifted the band gap to the visible region. The materials
were completely characterized by PXRD, HRTEM, UV, BET and XPS anal-
ysis. The silver integration was established through the shift in the ab-
sorbance of metal oxides. The structural analysis showed that the
integration was successful and Ag integration did not alter the crystal
structure. Using the prepared photocatalysts, the degradation of colorful
contaminant methyl orange and colorless 4-chlorophenol was carried.
All Ag integrated metal oxides exhibited superior performance when
compared to pure metal oxides. Among the three metal oxide compos-
ites, TiO2/Ag exhibited best performance than ZnO/Ag and NiO/Ag. It is
to be noted that the performance of ZnO/Ag has showed comparable
performance with TiO2/Ag. The NiO/Ag photocatalyst displayed the
moderate degradation performance with both methyl orange and 4-
chlorophenol. This enhancement of photocatalytic activity is due to
Plasmon assistance and nanoscale of photocatalyst.

2. Experimental section

The following chemicals are purchased from Aldrich and utilized
without purification. All the solutions are used with an analytical
grade. The solvothermal method has been utilized to synthesize the
photocatalyst.

2.1. Preparation of TiO2/Ag nanocomposite

In this report, the TiO2@Ag nanocomposite was synthesized by
solvothermal method. Initially, 3 wt% of dissolved AgNO3 (in a 10 ml
of the distilled water) solution was mixed with 10 ml of titanium (IV)
isopropoxide solution and 50 ml of 2-propanol was added into the
above solution. Then 5 ml of acetic acid was added to the reaction
flask for gel formation. Finally, the prepared gel was transfer to auto-
clave and calcined at 160 °C for 24 h along with the heating rate of 4°/
min. After the reaction time, the reaction flask was cooled down to am-
bient temperature. The obtained precipitate was centrifuged and re-
peatedly purified with double distilled water and ethanol many times
to discard any undesired by-products from the reaction. After purifica-
tion, TiO2/Ag nanocomposite powder was obtained. To remove the
traces of water, the separated powder was evacuated at vacuum for
2 h before further analysis. The obtained nanoparticles were sensitive
to light and air, the composite was stored in argon-filled glove box for
long time use.

2.2. Preparation of ZnO/Ag composites

The ZnO/Ag nanocomposite was prepared via solvothermal method.
ZnO@Ag nanomaterials was synthesized via solvo-hydrothermal
method. Initially, 600 RPM stirring condition of 0.1mol of sodium pellet
was dissolved in 20 ml of water. On the other hand, 150 ml of ethanol,
0.2 g of citric acid, 3%wt of AgNO3weremixedwith 2.6 g of zinc acetate
in a beaker. The dissolved NaOH was mixed drop wise into the above
prepared solution. The entire reaction mixture was stirred 2 h and
transferred to autoclave and calcined at 160 °C for 24 h at a heating
rate of 4°/min. The obtained precipitate was centrifuged and repeatedly
purifiedwith double distilledwater and ethanolmultiple times. Further,
the material was evacuated at vacuum for 2 h, then finally obtained the
ZnO@Ag nanomaterial.

2.3. Preparation of NiO/Ag composites

The NiO/Ag nanocomposite was synthesized through solvothermal
method. Initially, for NiO@Ag preparation; nickel (II) nitrate was
mixed with 150 ml of ethanol, 3 wt% silver nitrate dissolved in 10 ml
double distilled water, and 0.2 g of citric acid and stirred for 2 h. The
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entire solution was stirred for 2 h and transferred to an autoclave and
calcined at 160 °C for 24 h at a heating rate of 4°/min. The obtained pre-
cipitate was centrifuged and repeatedly purified with double distilled
water and ethanol multiple times to discard any by-products from the
reaction. After purification, NiO/Ag nanocomposite powder was ob-
tained. To remove the traces of water, the purified powder was evacu-
ated at vacuum for 2 h before further analysis. The obtained
nanoparticles were sensitive to light and air, the composite was stored
in argon-filled glove box for long time use.

2.4. Characterization details

The crystal structure of the prepared nano composites were ana-
lyzed using PXRD analysis. The PXRD experiments were carried out by
D5000 diffractometer, Siemens, USA with Cu Kα (λ = 1.5406 Å) radia-
tion and operated with 40 kV and 30 mA. The analyses were carried
out between 20 and 80° with step size of 0.02° along with the scan
rate of 0.5 s/step. The sizes of the nanoparticles were calculated using
the Scherrer equation and complemented by TEM analysis. X-ray
photoelectron spectroscopy (XPS) was utilized to study the surface
composition of nanomaterials and oxidation of elements present in
nanocomposite. The XPS measurements were carried out using Scien-
tific Escalab 250Xi spectrometer with monochromated Al Kα =
1486.68 eV radiation alongwith the spot size of 650 μm. TheXPS spectra
of samples were carried out with 20 eV radiation. The binding energies
were manually referenced with C 1 s value of adventious carbon with a
value of 284.6 eV. The XPS analysis was conducted using Casa XPS soft-
ware. The particle size of nanocomposites was analyzed by TEMmicro-
graphs. Themicrographs were taken by FEI TITAN G2 Titanmicroscopes
operated at 300 keV. The samples were sonicated in ethanol and dis-
persed in copper grids. The particles were assumed as spherical and cal-
culations were carried out. The samples were in nanosize and surface
area was calculated using Micromeritics ASAP 2020 porosimeter. The
samples were subjected to high vaccum at 120 °C for 2 h prior to analy-
sis. The band gap of synthesized Ag nanocomposites was derived from
UVanalysis. TheUVmeasurementswere conductedusing the Shimadzu
UV-3600 UV/Visible spectrometer. The samples were blended with UV-
grade barium sulphate, and the reflectance was measured. The repro-
ducibility of all the analysis was examined by repeating experiments
for at least three times and error with in the acceptable limit (±5%).

2.5. Photocatalyst testing

All the prepared three nanocomposites were photocatalytically ac-
tive and analyzed using representative color dye methyl orange and
representative colorless dye-4 chlorophenol. The samples were in the
aqueous solution and visible radiation was used to carry out the degra-
dation. The visible light source of photocatalytic performance was ana-
lyzed using solar simulator SCIENCETECH of AM 1.5 G filter. The
degradation studies were followed using UV–Visible spectral analysis
and the spectrum was obtained using Perkin Elmer Lambda 35 spec-
trometer. The photocatalysis reaction suspensions were prepared
using 500 ml methyl orange or chlorophenol solution with the concen-
tration of 50mg/L. After the preparation of the reaction solution 1 g/L of
nanocomposite was added. The reaction solutionwas agitated before ir-
radiation under dark condition to establish adsorption and desorption
equilibrium. The resultant reaction solution was aqueous suspension
and irradiatedwith the visible light under constant stirring. The reaction
environments were maintained at room temperature to avoid thermal
assistance in photocatalytic degradation. For the time dependent analy-
sis of degradation, the samples were collected at regular intervals of
time. Before UV analysis, the samples were centrifuged and filtered to
avoid any residual floating catalytic particulates. The degradation was
followed using 464 nm peak for methyl orange and 223 nm and
280 nm for 4-chlorophenol respectively. The decrease in the corre-
sponding peak intensity is used as a measure of the degradation. The
degradation was expressed as percentage using η =
(1 − C/C0) × 100, where C0 is the concentration of before degradation
and C is the concentration after the degradation of methylene blue or
4-chlorophenol.

3. Result and discussion

3.1. TEM analysis of nanocomposite

The Ag/metal oxide nanocomposite shape, morphology and crystal
structure were analyzed using TEM analysis. TEM analysis showed
that the composite consists of small Ag particles attached with the big-
ger metal oxide nanoparticles (Fig. 1). Representatively, Fig. 1c′ un-
doubtedly exhibit Ag nanoparticles deposited on the TiO2

nanoparticles surface and both Ag and TiO2 nanoparticles are nearly
spherical shape. All the metal Ag and metal oxide particles were nearly
spherical in nature. The composite aggregated and formed the cluster of
Ag and metal oxide nanoparticles. Due to electron density differences,
the bright phases are metal oxide nanoparticles and dark phases are
Ag nanoparticles. Through HRTEM analysis, through lattice spacing, it
was found that small particles are Ag and larger particles are the
metal oxides. In the ZnO/Ag sample, TEM micrograph showed that
ZnO particles have 10 nm and the Ag particles has 6 nm. In the
HRTEM, ZnO nanoparticles were identified thought the (1 0 1) plane
with a d value of 2.48 Å and Ag nanoparticles were identified through
the (1 1 1) plane with a d value of 2.35 Å. The clear lattice fringes indi-
cated the single crystalline nature of the composite. In the NiO/Ag sam-
ple, TEMmicrograph showed that NiO particles have 20 nm and the Ag
particles has 10 nm. In HRTEM, NiO nanoparticles were identified
through the (220) plane with a d value of 1.47 Å and Ag nanoparticles
were identified through the (1 1 1) plane with a d value = 2.35 Å. The
clear lattice fringes indicated the single crystalline nature of the com-
posite. In the TiO2/Ag sample, TEMmicrograph showed that TiO2 parti-
cles have 8 nm and the Ag particles has 4 nm. In HRTEM, TiO2

nanoparticles were identified through the (1 0 1) plane (d value =
3.52 Å) and Ag nanoparticles were identified through the (1 1
1) plane (d value= 2.35 Å). The clear lattice fringes indicated the single
crystalline nature of the composite. The interfacial planes and lattice
mismatch between Ag and metal oxide remains unclear at present
and will be explored in near future. In summary, TEM and HRTEM con-
firmed the crystal structure, shapes of the nanocomposite and compos-
ite formation between Ag and metal oxide nanoparticles.

3.2. PXRD analysis of nanocomposite

PXRD analysis has been utilized to confirm the crystal structure of
prepared ZnO/Ag, NiO/Ag and TiO2/Ag nanoparticles. The XRD image
of ZnO/Ag, NiO/Ag and TiO2/Ag nanocomposites were displayed in
Fig. 1a, b, c respectively. In the image, silver peaks are identified and rep-
resented in orange color separately. The PXRD has shown the combined
spectra of metal and metal oxide crystal structures (Fig. S1). The ZnO
nanoparticles had hexagonal crystal structure with JCPDS card number
079-02098 and the crystal parameters are a = b = 3.225 Å; c =
5.201 Å. The (1 0 1) plane of ZnO exhibited dominance in the PXRD pat-
tern of ZnO/Ag nanocomposite. The NiO nanoparticles had cubic crystal
structure with JCPDS card number 47-1049 and the crystal parameters
are a = 4.188 Å. The (2 0 0) plane of NiO exhibited dominance in the
PXRD pattern of NiO/Ag nanocomposite. The TiO2 nanoparticles had tet-
rahedral crystal structure with JCPDS card number 21-1272 and the
crystal parameters are a = b = 3.783 Å; c = 9.531 Å. The (1 0
1) plane of TiO2 exhibited dominance in the PXRD pattern of TiO2/Ag
nanocomposite. All ZnO/Ag, NiO/Ag and TiO2/Ag nanocomposites had
silver crystal structure of cubic with JCPDS card number 89-3722.

It is to be noted that any new peak or shift in the peaks of metal ox-
ides are not observed in the PXRD analysis (Figs. 2 and S1). The relative
intensity of Ag and metal oxide peaks did not alter during composite



Fig. 1. (a) TEMmicrographs of ZnO/Ag aggregatednanocomposites. (a′)High resolution TEM imageof ZnO/Agnanocomposites. (b) TEMmicrographsofNiO/Agnanocomposites. (b′) High
resolution TEM image of NiO/Ag nanocomposites. (c) TEMmicrographs of TiO2/Ag nanocomposites. (c′) High resolution TEM image of TiO2/Ag nanocomposites.
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formation. When compared with pure metal oxide formation, nano-
composite peaks are similar which can be attributed to that silver did
not incorporated in to the crystal lattice of the metal oxides. Hence it
is clear that Ag integration of the composite did not alter the crystal
structure of metal oxides or Ag doped with metal oxides. Cho et al. ex-
plained that the composite formation of Ag with metal oxide was due
to large ionic radii of Ag ion which cannot penetrate the metal oxide
with small ionic lattice [50]. Hence from the PXRD patterns, it is con-
cluded that Ag metallic phase was effectively grown on the surface of
all the three metal oxides. Since, the Ag and all metal oxides have dis-
tinct diffraction peaks, the composite nature of prepared nanocompos-
ite were confirmed. The PXRD analysis was used to identify the
average nanoparticle size by Scherrer formula (Table 1). The particle
sizeswere considered as spherical and the sizeswere calculated accord-
ingly. The sizes of the particles were 18, 30, 12 nm for ZnO/Ag, NiO/Ag
and TiO2/Ag respectively. Along with TEM and PXRD studies duly con-
firmed the crystal structure and Ag composite formation.
3.3. XPS analysis of nanocomposite

The XPS analysis is performed to explore the surface composition
and oxidation state of the elements present in the Ag and metal oxide
nanocomposite. In Fig. 3, first row represents ZnO/Ag nanocomposites.
The Zn, Ag and O profiles are observed in the surface of the nanocom-
posites. The Zn spectrum consists of two peaks at 1043.3 and
1020.3 eV and attributed to the Zn 2p1/2 and Zn 2p3/2 respectively. The
difference between two peaks is 23 eV and it was attributed to 2+ oxi-
dation state of Zinc. The Ag spectrum had two peaks at 373.8 and
367.8 eV and assigned to the Ag 3d3/2 and Ag 3d5/2 respectively. The dif-
ference between two peaks is 6 eV and could be attributed to 0 oxida-
tion state of silver. The oxygen spectrum consists of one peak at
527.8 eV and attributed to the O 1s electron. Notably, the shoulder at
the O 1s peak represents the OH radical. It is to be mentioned that the
growth of Ag on ZnO did not modify the chemical states of the ZnO
nanoparticles when compared to pure ZnO. The results also confirmed



Fig. 2. PXRD analysis (a) Observed patterns of ZnO/Ag nanocomposites. (b) Observed patterns of NiO/Ag nanocomposites (c) Observed patterns of TiO2/Ag nanocomposites.
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that there are no other Ag oxidation state existed in the Ag nanoparti-
cles. Hence both ZnO and Ag existed with own identity in ZnO/Ag
nanocomposites.

In Fig. 3, second row represents NiO/Ag nanocomposites. We could
observe the Ni, Ag and O profiles in the surface of the nanocomposites.
The Ni spectrum consists of two peaks at 853.3 and 871.7 eV and
assigned to the Ni 2p3/2 and Ni 2p1/2 respectively. The difference be-
tween two peaks is 18.4 eV and it attributed to 2+ oxidation state of
nickel. The Ag spectrum had two peaks at 373.4 and 367.4 eV and
assigned to the Ag 3d3/2 and Ag 3d5/2 respectively. The difference be-
tween two peaks is 6 eV and could be attributed to metallic silver. The
oxygen spectrum consists of one peak at 527.9 eV and attributed to O
1 s electron. It is to be mentioned that the growth of Ag on NiO did
notmodify the chemical states of theNiO nanoparticleswhen compared
to pure NiO. The results also confirmed that there are no other Ag oxida-
tion state existed in the Ag nanoparticles. Hence both NiO and Ag
existed with own identity in NiO/Ag nanocomposites.
Table 1
The measured properties of Ag/Metal oxide composites.

S. no Pure metal oxide surface area of (m2.g−1) Composite metal oxide/Ag surface area

1. 58.0 (ZnO) 56.0 (ZnO/Ag)

2. 34.0 (NiO) 30.2 (NiO/Ag)

3. 74.0 (TiO2) 68.2 (TiO2/Ag)
In Fig. 3, third row represents TiO2/Ag nanocomposites. We could
observe the Ti, Ag and O profiles in the surface of the nanocomposites.
The Ti spectrum consists of two peaks at 456.8 and 462.5 eV andwas at-
tributed to Ti 2p3/2 and Ti 2p1/2 respectively. The calculated difference
between two peaks is 5.7 eV and it was attributed to 4+ oxidation
state of titanium. The Ag spectrum consists of two peaks at 373.7 and
367.7 eV and attributed to the Ag 3d3/2 and Ag 3d5/2 respectively. The
difference between two peaks is 6 eV and could be attributed to 0 oxida-
tion state of silver. The oxygen spectrum consists of onepeak at 529.4 eV
and attributed to the O 1s electron. It is to be mentioned that, the
growth of Ag on TiO2 did not modify the chemical states of the TiO2

nanoparticles when compared to pure TiO2. The results also confirmed
that there are no other Ag oxidation state existed in the Ag nanoparti-
cles. Hence both TiO2 and Ag existed with own identity in TiO2/Ag
nanocomposites.

In summary, XPS analysis showed that Ag in the nanocomposites
existed in the metallic form (Ag0). In the oxides, zinc, nickel, titanium
of (m2.g−1) Band gap (eV) AVG crystalline size (nm) TEM predicted size (nm)

2.87 (ZnO/Ag) 18 (ZnO/Ag) Ag = 6
ZnO = 10

2.95 (NiO/Ag) 30 (NiO/Ag) Ag = 10
NiO = 20

2.78 (TiO2/Ag) 12 (TiO2/Ag) Ag = 4
TiO2 = 8



Fig. 3.XPS signature of preparednanoparticles. First row represents ZnO/Agnanoparticles.
Second row represents NiO/Ag nanoparticles. Third row represents TiO2/Ag nanoparticles.

6 H. Karimi-Maleh et al. / Journal of Molecular Liquids 314 (2020) 113588
existed in the 2+, 2+ and 4+ respectively. As predicted by XRD, metal
oxides existed in ZnO, NiO and TiO2. The XPS results duly confirmed the
formation of the composite structure and successful synthesis of
nanocomposites.
Fig. 4. DRS spectrum of the prepared nanocomposites. We analyzed optical properties
based on the influence of Ag integration in metal oxides.
3.4. BET analysis of nanocomposite

The specific surface area of the prepared nanoparticle was predicted
using Brunauer Emmett Teller (BET) method and described in Table 1.
The pure ZnO has the surface of 58.0 m2g−1 and Ag integration of ZnO
had 56.0 m2g−1. The pure NiO has the surface of 34.0 m2g−1 and Ag in-
tegration of NiO had 30.2 m2g−1. The pure TiO2 has the surface of
74.0 m2g−1 and Ag integration of TiO2 had 68.20 m2g−1. From the
Table 1, it is clear that surface areawas not much influenced by Ag inte-
gration. Due to agglomeration of nanocomposite particles, the surface
area was not influenced by Ag integration. Among the prepared com-
posites, TiO2 has more surface area and ideal for surface dependent ap-
plication. The more surface may be attributed to the high Ag content
when compared to other NiO and ZnO. Hence, the prepared
nanocomposites were in the nano regime and ideal for the photocata-
lytic degradation process.

3.5. UV analysis

The effect of Ag deposition is observed on metal oxides band gap
through theDifferential reflectance spectroscopy (DRS) surface analysis
(Fig. 4, Table 1). The absorption distribution region of the irradiation is a
crucial part in photocatalysts even irrespective of the quantum yield. As
expected, all three metal oxides were absorbed in the visible region and
red shift (higher wave length) is predicted in the band gap of the metal
oxides. The band gap of ZnO/Ag nanoparticles is identified as 2.87 eV,
NiO/Ag = 2.95 eV and TiO2/Ag = 2.78 eV. It is to be noted that pure
metal oxides have wide band gap ZnO = 3.2 eV, NiO = 3.6 eV and
TiO2 = 3.2 eV [51,52]. The modification of band gap was assigned to
the Ag deposition on the surface of the metal oxides nanoparticles.
The nanocomposite materials showed longer wavelength due to SPR
phenomenon. The strong interfacial coupling between (TiO2, ZnO and
SnO2) and the adjoining Ag in metallic state. The rich electrons occupy-
ing in the Ag are transferred to (TiO2, ZnO and SnO2)which is the reason
behind the red-shift [18].

Hence, undoubtedly, the integration of silver into the metal oxide
system modifies the band gap from ultra violet region to the visible re-
gion. This observation also duly confirmed that Ag is anchored on the
surface metal oxides by TEM micrographs. It should be noted that Ag
Plasmonic peak is not observed due to the surface dampening by
metal oxide nanoparticles. The metal oxide nanoparticles interact with
the surface of Ag dampen the Plasmons on the surfaces. The band gap
shifts from UV to visible region also validated the proof that silver has
the interaction with the metal oxide nanoparticles. In summary, the
Ag integration on metal oxides nanoparticles shift the band gap to the
visible region and tuned the nanocomposite suitable for the photocata-
lytic degradation.

4. Degradation of pollutants

The photocatalytic response of the synthesized Ag/metal oxide
nanocomposites were examined through the degradation of methyl or-
ange (MO) and 4-chloro phenol (4CP). Since the absorption tuned to
visible region, visible light is used for the degradation process. The MO
dye is chosen as colorful representative dye and 4CP is used as colorless



Fig. 5.Degradation of themethyl orange using prepared nanocomposites. (a) Time dependent degradation process ofmethyl orange with all three nanocompositeswhere C is absorption
peak intensity and C0 initial absorption peak intensity (b) Comparison of performance of All three nanocomposites. TiO2/Ag nanocomposite showed the effect performance among the
prepeared nanocomposites.
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representative pollutant. The MO degradation results were exhibited in
Fig. 5 and 4CP degradation results in Fig. 6. In the degradation analysis, y
axiswas plotted by C/C0 where C is the absorption peak intensity and C0
is the initial absorption peak intensity. X axis was plotted with irradia-
tion time of the reaction solution. The degradation has been followed
till 3 h with constant intervals of 30 min sampling.

4.1. Degradation of methyl orange

Methyl orange dye was degraded with all ZnO/Ag, NiO/Ag and TiO2/
Ag nanocomposites (Fig. 5). The degradation was followed at 464 nm
peak of dye absorption spectra and the peak intensity was decreased
with the time along with discoloration. To establish the effectiveness
of Ag integration, the control experiments were performed using pure
metal oxides under visible light (Fig. 5a). The pure metal oxides as ob-
served did not have any photocatalytic response under the visible
light and no discoloration was occurred (b5%). After the silver integra-
tion with ZnO, NiO and TiO2, we observed considerable photocatalytic
activity andmethyl orange degradation (Fig. 5b). The ZnO/Ag nanocom-
posite has degraded 78% methyl orange in 180 min duration. The NiO/
Ag nanocomposite has degraded 42% methyl orange in 180 min
Fig. 6. Degradation of the 4-chlorophenol using prepared nanocomposites. (a) time dependent
intensity and C0 initial absorption peak intensity (b) Comparison of performance of All three nan
nanocomposites.
duration. The MO degradation was gradual and constant degradation
was observed. The TiO2/Ag nanocomposite has degraded 86% methyl
orange in 180 min duration. The degradation was almost had linear re-
sponse with the irradiation time. Among all three Ag/metal oxide nano-
composites, TiO2/Ag has an effective performance with respect to
degradation time and MO concentration also which hold superior deg-
radation rate comparable with previous reports [53,54]. The reason be-
hind the high performance of TiO2/Ag nanocomposite is due to the high
surface area 68.2 m2.g−1 when compared to ZnO/Ag (56.0 m2.g−1) and
NiO/Ag (30.2 m2.g−1). As expected, due to surface area, ZnO/Ag is hav-
ing better performance than the NiO/Ag. It should be noted that the ab-
sorption capability of different metal oxide/Ag were different and it
could also contribute to photocatalytic performance. In summary, the
prepared metal oxide/Ag nanocomposites had photocatalytic activity
and degraded the MO and among all the nanocomposites, TiO2/Ag had
high performance.

4.2. Degradation of 4-chlorophenol

The methyl orange is a colorful dye and colorant toxic chemicals in
textile industry. Similarly, 4-chorophenol is a colorless toxic chemical
degradation of 4-chlorophenol with all three nanocomposites where C is absorption peak
ocomposites. TiO2/Ag nanocomposite showed the effect performance among the prepared
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and subjected to photocatalytic degradation with prepared Ag/metal
oxide composites. The 4-chlorophenol was degraded with all ZnO/Ag,
NiO/Ag and TiO2/Ag nanocomposites (Fig. 5). The degradation was
followed at 223 and 280 nm peaks of 4CP absorption spectra and the
peak intensity was decreased with the time along with discoloration.
To establish the effectiveness of Ag integration, the control experiments
were performed using puremetal oxides under visible light (Fig. 6a). As
observed, the puremetal oxides did not have any photocatalytic activity
under visible light and less 4CP degradation was observed (b5%). After
the silver integration with ZnO, NiO and TiO2, considerable photocata-
lytic activity was observed and 4CP degradation (Fig. 6b). The degrada-
tionwas almost had linear response with the irradiation time. The ZnO/
Ag nanocomposite has degraded 60% 4CP in 180min duration. The NiO/
Ag nanocomposite has degraded 32% 4CP in 180min duration. The TiO2/
Ag nanocomposite degraded 68% 4CP in 180 min duration. Among all
three Ag/metal oxide nanocomposites, TiO2/Ag has effective perfor-
mance with respect to degradation time and 4CP concentration at the
end. The reason behind the high performance of TiO2/Ag nanocompos-
itewas due to high surface area 68.2m2.g−1. when compared to ZnO/Ag
(56.0 m2.g−1) and NiO/Ag (30.2 m2.g−1). As expected, due to surface
area, ZnO/Ag is having better performance than NiO/Ag. It should be
noted that absorption capability of differentmetal oxide/Agwere differ-
ent and it could also contribute to photocatalytic performance. In sum-
mary, the prepared metal oxide/Ag nanocomposites had photocatalytic
activity and degraded the 4CP and among all the nanocomposites, TiO2/
Ag had high performance.

In summary, performance of the degradationwaswith respect to the
subjected toxic chemicals methyl orange and 4-chlorophenol. The
methyl orange has degraded effectively by Ag/metal oxide composite
in the photocatalytic degradation process. The methyl orange exhibited
the high-performance over 4-chlorophenol due to its simple structure.

4.3. Mechanism of degradation

The mechanism describing electrons-hole population generation is
depicted in Fig. 7. In thismethod,metal Ag and semiconductormetal ox-
ides (ZnO, NiO, TiO2) were composited each other. Such a specific com-
bination, metal and metal oxide interface are created which establish
Schottky barrier [17,18]. The fermi levels of Ag and metal oxide (ZnO,
NiO, TiO2) combine to form new equilibrium Fermi level. During the
Fig. 7. Schematic diagram of Ag/metal oxide nanocomposites. The silver nanoparticles
visible light irradiation, the collective electrons are shifted from new
fermi level to conduction band of metal oxides via surface Plasmon
which increase the photoelectron population. The photoelectrons pro-
mote the degradation process of methyl orange and 4-chlorophenol in
the visible region.Hence, plasmonic Ag photocatalyticmechanismdom-
inated over the semiconductor metal oxide photocatalysis. The nano-
scale nature of Ag/metal oxide composite provides more surface area
and more interfaces which offered more oxygen vacancies. Hence
both Ag integration and nanoscale nature of the composites synergisti-
cally increase the effectiveness of the photocatalyst bymore photoelec-
tron creation. The degradation process was started with photo
absorption by Ag/metal oxide nanocomposite (equation in Fig. 8). The
absorption process promotes the electrons from valence band to the
conduction band in the metal oxides. The photogenerated electron ini-
tiate the degradation process. The photogenerated electron reduce the
oxygen and forms the O2•− radical. Then, the radical has reacted with
H+ ions present in the solution and forms HO2•. Then the generated
HO2• radicals combined to form H2O2 molecule. The H2O2 reacted
with O2•− radical and forms OH• radical. The OH• radical is important
active species and degrade the methyl orange and 4-chlorophenol.
The entire degradation process of both methyl orange and 4-
chlorophenol described in Fig. 8 with the support of GC–MS outcomes.
The OH• generation was evident in all Ag/metal oxides nanocomposites
which degrade the methyl orange and 4-chlorophenol.

5. Conclusion

In this report, the degradation enhancement is possible by tuning
the TiO2 by Ag nanoparticles. The generality of the method was
established by tuning the ZnO and NiO absorption spectra from UV re-
gion to the visible region. The materials were completely characterized
by PXRD, HRTEM, UV, BET and XPS analysis. The TEM and PXRD studies
confirmed the crystal structure and composite formation. TEM micro-
graphs clearly showed that Ag nanoparticle has grown on the surface
of metal oxide nanoparticles. The XPS analysis proved that both TiO2

and Ag existed with own identity in TiO2/Ag nanocomposites without
any new state of elements. Through UV analysis, the band gap of ZnO/
Ag = 2.87 eV, NiO/Ag = 2.95 eV and TiO2/Ag = 2.78 eV and all band
gaps were notably shifted to visible region due to new Ag and metal
oxide interface. BET analysis explained that agglomeration of
influence the band gap of metal oxide and assisted the charge carrier generation.



Fig. 8. Schematic diagram of degradation pathway of methyl orange and 4-chlorophenol. The OH free radical generated in photoreaction of catalyst and OH radical was initiated and
conducted the degradation.
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nanocomposite particles occurred and the surface area was not influ-
enced by Ag integration. Among the prepared composites, TiO2 has
more surface area and ideal for surface dependent photocatalytic degra-
dation. All TiO2/Ag, NiO/Ag and ZnO/Ag nanocompositeswere subjected
to photocatalytic degradation under visible light irradiation and de-
graded the colorful methyl orange and colorless toxic 4-chlorophenol.
Among the three, TiO2/Ag exhibited best performance than ZnO/Ag
and NiO/Ag with both methyl orange and 4-chlorophenol. This en-
hancement of photocatalytic activity is due to Plasmons assistance and
nanoscale of catalyst.
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