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Abstract: Silver (Ag) containing nanomaterials were successfully prepared by varying synthesis
conditions to understand the influence of preparation conditions on the physicochemical and pho-
tocatalytic properties of these materials. Different analytical techniques such as X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FT-IR), Scanning electron microscopy (SEM), Dif-
fuse reflectance UV-vis spectra (DR UV-vis), X-ray photoelectron spectroscopy (XPS) measurements,
and N2-physisorption were used to investigate the physicochemical properties of synthesized Ag
containing nanomaterials. The samples (Ag-1 and Ag-2) prepared using AgNO3, NaHCO3, and
polyvinylpyrrolidone (PVP) template exhibited pure Ag metal nanorods and nanoparticles; the
morphology of Ag metal is influenced by the hydrothermal treatment. The Ag-3 sample prepared
without PVP template and calcined at 250 ◦C showed the presence of a pure Ag2O phase. However,
the same sample dried at 50 ◦C (Ag-4) showed the presence of a pure Ag2CO3 phase. Interestingly,
subjecting the sample to hydrothermal treatment (Ag-5) has not resulted in any change in crystal
structure, but particle size was increased. All the synthesized Ag containing nanomaterials were used
as photocatalysts for p-nitrophenol (p-NP) degradation under visible light irradiation. The Ag-4 sam-
ple (pure Ag2CO3 with small crystallite size) exhibited high photocatalytic activity (86% efficiency
at pH 10, p-NP concentration of 16 mg L−1, 120 min and catalyst mass of 100 mg) compared to the
other synthesized Ag containing nanomaterials. The high photocatalytic activity of the Ag-4 sample
is possibly due to the presence of a pure Ag2CO3 crystal structure with nanorod morphology with a
low band gap energy of 1.96 eV and relative high surface area.

Keywords: silver nanomaterials; synthesis conditions; photodegradation; p-nitrophenol; visible light

1. Introduction

At present, the world is facing enormous challenges in finding clean drinking water,
as many countries in the world are facing the problem of lack of healthy drinking water,
especially under-developed and developing countries [1]. Water pollution can cause many
problems in different sectors including public health, agricultural production, and industry,
as well as on the country’s economy [2]. Water pollution includes the pollution of water
sources on the Earth, whether fresh water, seawater, or groundwater [3]. Water pollution
by certain human activities enormously increased due to usage of agricultural fertilizers,
pesticides, food processing waste, heavy metals, organic and inorganic pollutants, chemical
waste, factory waste, etc. [4]. Inorganic and organic pollutants are the main contaminants in
wastewater [5]. Organic and inorganic pollutants from chemical industry are carcinogenic,
toxic, and non-biodegradable in nature [6]. Inorganic pollutants include some of heavy
metals such as chromium (Cr), mercury (Hg), cadmium (Cd), lead (Pb), arsenic (As), etc.,
whereas organic pollutants include phenols, chlorinated phenols, azo dyes, polyaromatic
hydrocarbons, polychlorinated biphenyls, polychlorinated dibenzofurans, etc. Nitrophe-
nols [for instance p-nitrophenol (p-NP)] are carcinogenic and toxic compounds [7,8], which
could cause disorder to the liver, kidneys, and blood of humans and animals and have been
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classified as one of the most dangerous pollutants in many countries. However, it is still
one of the most used pollutants in many products [8,9], such as pesticides, herbicides [10],
paints and synthetic dyes [11], and pharmaceuticals [12]. The p-NP has been detected in
natural water and wastewater due to its high solubility and water stability [13]. Therefore,
it is very important to develop an efficient method to reduce the levels of p-NP in water to
10 ng/L as per the Environmental Protection Agency (EPA) standards [14].

The adsorption and coagulation techniques focuses on removal of contaminants in
the water by transferring them to other stages, but the contaminants are still present in the
water and are not eliminated [15]. Other methods also used in water treatment such as
sedimentation, filtration, chemical, and membrane techniques can lead to toxic secondary
pollutants and high operating costs [16]. Photocatalysis is recognized as one of the best
methods used to degrade organic pollutants into harmless products such as water and
carbon dioxide [17]. Most other methods are either multi step, expensive, or involve special
instrumentation and produce toxic by-products. Photocatalytic technology has several
advantages (including utilization of sunlight as renewable resource), the most important of
which is complete mineralization and efficient removal of the organic pollutants, and sim-
plistic operation procedures [18,19]. Li et al. [20,21] synthesized Bi2O2CO3 nanostructures
with different morphologies using different synthesis methods. The photocatalytic activities
of nanomaterials were studied for photodegradation of MB and reduction of Cr(VI) ions
under simulated-sunlight. The authors observed that nanoparticles of Bi2O2CO3 exhibited
high photocatalytic activity.

Silver (Ag)-based semiconductors are well-known photocatalysts with a distinctive
response to visible light, and a high photocatalytic performance for the degradation of
various organic contaminants, hence, these materials are considered as promising photocat-
alysts [22,23]. Various Ag-based materials such as AgSbO3 [24], Ag2CO3 [25], Ag3PO4 [26],
AgCl [27], Ag3VO4 [28], and Ag2O [29] have been utilized for photocatalytic applications.
It was previously reported that the characteristic properties such as crystalline structure,
size, morphology, and surface area play a crucial role in photocatalysis [28]. Therefore, in
this study, Ag based nanomaterials were successfully synthesized by adopting different
synthesis conditions to investigate their influence on physicochemical and photocatalytic
properties of the materials. Different analytical techniques such as XRD, FT-IR, SEM, DRUV-
vis, N2-physisorption, and XPS were used to investigate the physicochemical properties of
synthesized Ag nanomaterials. In addition, the synthesized Ag nanomaterials were used
as photocatalysts for degradation of p-NP under visible light irradiation. A correlation
between the synthesis conditions, physicochemical properties, and photocatalytic activity
of synthesized Ag containing nanomaterials was obtained.

2. Results and Discussion
2.1. XRD Analysis

The XRD patterns of synthesized samples are shown in Figure 1. All samples are
highly crystalline and exhibited sharp diffraction peaks. The XRD patterns of Ag-1 and
Ag-2 samples prepared with PVP-K36 template shown four major diffraction peaks at
2θ = 38.16◦, 44.26◦, 64.51◦, and 77.44◦ for Ag-1 and at 2θ = 37.76◦, 44.02◦, 64.10◦, and 77.11◦

for Ag-2 samples. All the diffraction peaks of Ag-1 and Ag-2 samples could be assigned to
the (111), (200), (220), and (311) planes of the face-centered cubic (fcc) structure of silver
metal (Ag0) crystallites [JCPDS file 04-0783]. No other diffraction peaks are detected in
both samples, indicating that the both Ag-1 and Ag-2 samples were composed of a pure Ag
metal phase.
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Figure 1. XRD patterns of synthesized Ag-containing nanomaterials. 
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Figure 1. XRD patterns of synthesized Ag-containing nanomaterials.

The average crystal sizes of the Ag metal phase in Ag-1 and Ag-2 samples are 19.8 nm
and 19.9 nm, respectively, as per the crystallite size calculated by the Scherrer equation
(Equation (1)).

D =
kλ

β cos θ
(1)

‘D’ is the crystal size, ‘k’ is the Scherer constant (' 0.9), ‘λ’ is the X-ray wavelength
(0.1546 nm), ‘β’ is the full width at half-maximum of the major XRD reflection in radians,
and ‘θ’ is the Bragg angle. It is interesting to note that the average crystal size of Ag metal
particles in the sample subjected to hydrothermal process is same as the crystallite size of
the sample without hydrothermal process, which means that the hydrothermal treatment
did not affect the crystallite size of Ag metal. The interaction mechanism of the silver nitrate,
PVP template, and sodium bicarbonate and thermal decomposition under hydrothermal
conditions to obtain nanosized Ag metal particles (Ag-1) without reducing agent is not very
clear. However, it is generally assumed that because of the formation of crystals due to the
poor thermal stability of silver carbonate precipitate, it easily decomposes into silver metal
under hydrothermal conditions [30]. Equation (2) shows the chemical reaction of the whole
process. As the reaction progresses, new silver atoms are gradually generated. When the
concentration of these silver atoms reaches critical supersaturation, they will nucleate, and
the formed silver crystal nuclei will grow to generate nanosized silver metal particles [31].

2Ag2CO3 → 4Ag + 2CO2 ↑ +O2 ↑ (2)

The PVP is known as a protective agent to prepare stable metal nanoparticles and it
has a very good stabilizing effect on controlling the generation of nanoparticles of a certain
size [32]. It is expected that the surface of the generated nanosized silver metal particles are
covered by a large number of PVP molecules, thus preventing the formation multi-layers
of Ag and preventing the agglomeration of Ag metal nanoparticles [32]. The Ag-2 sample,
which was prepared without hydrothermal treatment, also yielded Ag metal particles,
probably due to calcination of obtained product at 400 ◦C. The formed silver carbonate-PVP
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composite was decomposed into Ag metal nanoparticles due to high temperature treatment.
It was previously reported that PVP is widely used as a stabilizing and shape-directing
agent in metallic NPs such as Ag, Au, and Cu [33]. The reported observations are consistent
with the previous studies [34], which reported that the silver carbonate decomposed to
silver oxides from 180 ◦C to 250 ◦C and the silver oxide decomposed into silver at above
300 ◦C (Equations (3) and (4)). In addition to the chemical decomposition of silver carbonate
into silver metal at high temperatures, it is also possible that PVP influenced controlling
the rate of reduction of silver ions [35].

Ag2CO3 → Ag2O + CO2 ↑ (3)

2Ag2O→ 4Ag + O2 ↑ (4)

Figure 1 also shows the XRD pattern of the Ag-3 sample prepared without PVP and
hydrothermal treatment. This sample exhibited the diffraction peaks at 2θ = 32.72◦, 37.98◦,
54.79◦, 65.34◦, and 68.59◦, corresponding to the (111), (200), (220), (311), and (222) planes
of cubic structure of Ag2O [JCPDS file 76-1393]. Initially formed Ag2CO3 precipitate is
transformed into Ag2O phase due to thermal treatment at 250 ◦C as per Equation (4) and
the average crystal size of Ag2O is found to be 29.1 nm based on the calculation using
the Scherrer equation. The XRD patterns of Ag-4 and Ag-5 samples (Figure 1) shows the
diffraction peaks at 2θ = 18.81◦, 20.60◦, 29.22◦, 32.71◦, 33.77◦, 37.35◦, 39.79◦, 41.90◦, 44.59◦,
47.27, 48.73◦, 51.58◦, 54.75◦, 56.21◦, and 58.08◦ were assigned to the (020), (110), (011),
(-101), (-130), (200), (031), (220), (131), (230), (211), (150), (-231), (231), and (060) planes of the
monoclinic Ag2CO3 structure [JCPDS file 26-0339]. The average crystallite sizes calculated
from Shearer’s equation for Ag-4 and Ag-5 samples are 45.3 nm and 49.4 nm, respectively.
It is interesting to note that the sample which was subjected to hydrothermal treatment
(Ag-5) possessed big size crystals compared to the sample without hydrothermal treatment.
This is probably due to the difference in the morphology of the samples.

2.2. SEM Analysis

Scanning electron microscopy (SEM) is used to obtain information about the morphol-
ogy of synthesized Ag-containing nanomaterials. From Figure 2, it can be observed that
the Ag-1 sample prepared by hydrothermal process with PVP template showed nanowire
morphology, while the sample prepared without hydrothermal treatment (Ag-2) exhibited
irregular spherical particles. On the other hand, the Ag-3 sample shows the presence of
near spherical morphology of Ag2O with random particle distribution. The SEM images of
Ag-4 and Ag-5 samples possessed tightly packed agglomerated rod-shaped particles with a
smooth surface, as can be seen in Figure 2. The particle sizes in the samples measured from
SEM analysis are compared with the crystallite sizes obtained using Shearer’s equation
(Table 1). Obviously, the particle sizes are higher compared to crystallite sizes due to fact
that the particles are composed of several grains and the grain is constructed of combination
of several crystallites.

Table 1. Data obtained from XRD, SEM, DR UV-vis, and N2-physisorption analyses.

Sample Crystallite
Size (nm) a

Particle Size
(nm) b

Band Gap
(eV) c

Surface
Area

(m2/g) d

Pore
Volume
(cc/g) d

Pore
Radius
(nm) d

Ag-1 19.8 30 2.46 29.9 0.029 2.45

Ag-2 19.9 40 2.45 42.5 0.039 2.45

Ag-3 29.1 42 2.29 46.0 0.045 2.84

Ag-4 45.3 58 1.96 56.4 0.053 2.84

Ag-5 49.4 75 2.17 48.5 0.049 2.84
a XRD, b SEM, c DR UV-vis spectroscopy, d N2-physisorption.
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Figure 2. SEM images of synthesized Ag-containing nanomaterials.

2.3. FT–IR Analysis

The FT-IR spectra of all the synthesized samples are presented in Figure 3. The
spectra of all the samples exhibited intense and broad IR absorption bands in the range
of 3200–3550 cm−1 and 1648 cm−1 due to stretching and deformation vibrations of –OH
groups of adsorbed water molecules [36]. The samples also exhibited bands at 680 cm−1,
889 cm−1, and 1412 cm−1, which are characteristic bands for the CO−2

3 ions [37]. In ad-
dition, the bands appeared at 1061 cm−1, 1687 cm−1, and 590 cm−1 in the IR spectra of
the samples, which could be assigned to stretching of the C-O group [38] and Ag–O vibra-
tion [38], respectively. These observations indicate that all the synthesized Ag containing
nanomaterials have similar functionalities, however, the intensity of the peaks is different
for the samples due to the number of functionals group presented in the samples being
different. The Ag-4 and Ag-5 samples possessed a greater number of the –OH functional
groups compared to the other synthesized samples.

2.4. DR UV–vis Spectroscopy

Figure 4 shows the DR UV–vis absorption spectra for all the synthesized samples. The
Ag-1 and Ag-2 samples exhibited major UV light absorption peak at 320 nm, which could be
assigned to strong surface plasmon resonance (SPR) of Ag metallic nanoparticles [39]. The
less intense broad absorption peak in between 380–450 nm could be due to light absorption
by the Ag oxide. It is well reported that Ag metal and Ag oxide nanoparticles exhibit
SPR absorption peaks around 400 nm due to the combined vibration of electrons [40].
Fakhri et al. [41] studied the effect of annealing opto-electronic properties of Ag2O films.
The authors found that the incident light wavelength is directly related to the increase in
the oxidation temperature and is caused by the transformation of metallic Ag to Ag2O.
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The Ag-3 sample exhibited similar UV-vis absorption peaks as Ag-1 and Ag-2 samples,
except that the intense broad absorption peak was observed in between 350–500 nm due to
the light absorption by the Ag oxide. On other hand, the Ag-4 and Ag-5 samples, which are
composed of silver carbonate, exhibited an intense broad peak centered at 400 nm. It was
previously reported that Ag2CO3 powder could absorb solar energy with a wavelength
shorter than 480 nm [42]. It is clear from Figure 4 that the visible edge is steep in Ag-4 and
Ag-5 samples, indicating that the photoelectron transition from VB to CB is intrinsic due to
the visible light absorption by the Ag2CO3 nanoparticles.



Catalysts 2022, 12, 1226 7 of 17

The Figure 5 shows Tauc plots for all the samples to measure the band gap energy
(Eg). The band gap energy calculation of semiconductors is an important to know the
ability of a semiconductor in photocatalysis application. The Eg was determined by using
Equation (5).

αhυ =
(

Ahυ− Eg
)n (5)

where hυ is the energy of photon (1240/λ), α is the linear absorption coefficient, and n is 2
for indirect transition. The function of Kubelka-Munk (F(R)) is proportional to α, therefore,
Equation (5) becomes

F(R)hυ =
(

Ahυ− Eg
)n (6)

The Eg for all the samples were determined from the Tauc plots. The band gap of
the Ag-1 and Ag-2 samples is almost same (2.46 eV and 2.45 eV), while the Ag-3 sample
possessed the band gap of 2.29 eV. It is well known that Ag metal nanoparticles should
not have CB or VB. Although, both Ag-1 and Ag-2 samples were majorly composed of Ag
metal phase, and the surface of the samples was oxidized to form silver oxide (XPS results).
For this reason, the samples have CB and VB corresponding to silver oxide phase presented
on the surface of the Ag-1 and Ag-2 samples. The lowest band gap values were observed
for Ag-4 and Ag-5 samples: 1.96 eV and 2.17 eV, respectively. These results indicated that
the Ag-4 and Ag-5 samples, which contained a silver carbonate phase, could exhibit high
photocatalytic activity under visible light due to generation of more electron-hole pairs
under visible light irradiation. Further, the valence band (VB) and conduction band (CB)
potentials at the point of zero charge can be calculated using the band gap value, as seen in
Equations (7) and (8)

EVB = X− Ee + 0.5Eg (7)

ECB = EVB − Eg (8)

where X is the electronegativity of semiconductor and Ee is the free energy of electron on the
hydrogen scale (4.5 eV). The electronegativity of Ag, Ag2O, and Ag2CO3 is 1.93, 5.29, and
6.02, respectively. Scheme 1 shows CB and VB potentials for all the synthesized samples.
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2.5. XPS Analysis

To investigate the oxidation states of different elements and the surface chemical
composition of the prepared samples, XPS analysis was performed (Figure 6). The deconvo-
luted Ag3d XPS spectra for all synthesized Ag containing samples showed a major doublet
at 367.7 eV and 373.8 eV, and minor doublet at 374.8 eV and 368.6 eV, corresponding to
Ag3d5/2 and Ag3d3/2 components of Ag+ and Ag0 species, respectively [43], confirming that
all the samples contained both surface Ag0 and Ag+ species. Presence of a greater number
of surface Ag+ species compared to metallic Ag species in both Ag-1 and Ag-2 samples is
probably due to surface Ag0 transformation to Ag2O. Interestingly, presence of surface Ag0

species in Ag-4 and Ag-5 samples is due to decomposition of silver carbonate into silver
above 300 ◦C [44].

The Ag-1 sample showed two deconvoluted O1s peaks at 530.7 eV and 531.3 eV. On
the other hand, Ag-2 and Ag-3 samples showed three deconvoluted O1s peaks at 531.1 eV,
532.7 eV, and 535.6 eV and 530.7 eV, 532.0 eV, and 533.4 eV, respectively. The O1s peaks
positioned in the range of 530–532 eV could be attributed to lattice oxygen, while the peak
in the range of 532.2–533.5 eV and in the range of 533.5–536 eV corresponding to the oxygen
species present in the surface absorbed the oxygen species and surface hydroxyl groups,
respectively [44]. The presence of lattice oxygen in Ag-1 and Ag-2 samples indicates the
presence of silver oxide, which was covered on the surface of silver metal nanoparticles.

The O1s spectra of Ag-4 and Ag-5 samples also exhibited two peaks at binding energies
of 530.8 eV and 531.2 eV, corresponding to lattice oxygen of silver carbonate and in OH−

or H2O species, respectively [45]. It can be clearly seen that the Ag-4, and Ag-5 samples
(Ag2CO3) showed additional C1s species. The C1s spectrum of Ag-4 sample deconvoluted
into four peaks at 288.7 eV, 288.1 eV, 284.6 eV, and 284.9 eV, while the C 1s spectrum of
the Ag-5 sample showed similar peaks, however, with a small shift at 288.6 eV, 287.4 eV,
284.5, eV, and 286.4 eV, and these peaks could be assigned to aliphatic C-C [46], C=O [47],
and C-O-C [48] functional groups, respectively. The observed results clearly indicate the
structural and electronic differences between the synthesized Ag-containing nanomaterials.
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Figure 6. Deconvoluted XPS spectra for synthesized Ag-containing nanomaterials.

2.6. N2-Physisorption Measurements

The data from N2-physisorption experiments provide information about the textural
properties of the samples such as surface area, pore volume, and pore radius. Figure 7
shows the N2 adsorption-desorption isotherms and pore size distribution patterns (inset)
of the samples. All the synthesized samples (Ag-1, Ag-2, Ag-3, Ag-4, and Ag-5) showed a
type IV adsorption–desorption isotherm with an H3-type hysteresis loop, which reveals
that the samples possess mesopores with a wide distribution of pore size as per IUPAC
classification [49].

The pore size distribution patterns indicated that both Ag-1 and Ag-2 samples have
pores with a radius of 2.45 nm, while it is 2.84 nm for Ag-3, Ag-4, and Ag-5 samples. The
formation of mesopores is probably due to the aggregation of silver metal nanoparticles
in Ag-1 and Ag-2 samples as shown in the SEM analysis, while the Ag-3, Ag-4, and Ag-5
samples were majorly composed of Ag oxide and carbonates. The BET surface area is
calculated as 29.9, 42.5, 46.0, 56.4, and 48.6 m2/g for Ag-1, Ag-2, Ag-3, Ag-4, and Ag-5,
respectively (Table 1). The Ag-4 and Ag-5 samples possessed a high surface area and pore
volume, probably due to the presence of silver carbonate nanorods in these samples.
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2.7. Photocatalytic Degradation of p-Nitrophenol (p-NP) over Ag Containing Nanomaterials

The photocatalytic degradation of p-NP aqueous solution under visible light by using
synthesized silver-containing nanomaterials was performed. To study the efficacy of
the synthesized catalysts, the p-NP degradation reaction was performed at pH 4 using
100 mL of 33 mg·L−1 p-NP solution, and 100 mg of catalyst for 120 min. As shown in
Figure 8, the Ag-4 and Ag-5 samples exhibited the highest visible light photocatalytic
activity than Ag-1, Ag-2, and Ag-3 samples. The degradation efficiency of Ag-1, Ag-2,
and Ag-3 samples is around 2.3%, 7.1%, and 12.1%, respectively, after 20 min of reaction
time, but the p-NP degradation efficiency of these catalysts remained constant with a
further increase of reaction time. On other hand, the Ag-4 and Ag-5 samples exhibited
a p-NP degradation efficiency of 73.28% and 48.33%, respectively. The UV-vis spectra of
p-NP solution obtained during the photodegradation experiments are provided in the
electronic Supplementary File. These results are consistent with the band gap energy of
the synthesized Ag nanomaterials, as the Ag-4 sample possessed the lowest band gap
energy (1.96 eV) among the synthesized samples. The photoactivity of the Ag-4 sample
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is better than the Ag-5 sample. In addition to the low band gap energy, the particle size
also influences the photocatalytic degradation, where the smaller particles (Ag-4 = 58 nm
and Ag-5 = 75 nm) show higher photocatalytic activity because of the enhanced interfacial
charge carrier transfer on the semiconductor surfaces [50].
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Figure 8. (A) Photocatalytic efficiency (B) percentage degradation of p-NP over synthesized Ag
nanomaterials under visible light.

The preliminary photocatalytic activity measurements indicated that the Ag-4 sample
is highly active for degradation of p-NP among the synthesized Ag containing nanoma-
terials; hence, it was chosen to study the influence of different reaction parameters under
visible light. The first parameter is the pH of the p-NP solution; a different solution with
a pH of 4, 7, and 10 were used for the experiments by keeping the reaction temperature
(25 ◦C), mass of Ag-4 catalyst (100 mg), and p-NP concentration (33 mg·L−1) constant. The
effect of pH on p-NP degradation was studied by adjusting the pH with dilute HNO3
(0.1 M) or NaOH (0.1 M) solution. The pH plays an important role in the adsorption or
degradation of p-NP over the surface of the catalyst [51].

Figure 9A shows the p-NP degradation efficiency of the Ag-4 catalyst at different pH
levels, and the efficiency was increased with increase of pH of solution (from 4 to 7) and
then decreased at a high pH (10) (Table 1). At pH 7, the C/C0 is lower in the beginning
of the reaction, however, p-NP degradation increased with time. The p-NP is negatively
charged and the Ag-4 catalyst could attain a negative charge under alkali conditions and
electrostatic repulsions play an important role in interactions between the reactive surfaces
of Ag-4 and p-NP molecules. Therefore, the photodegradation is lower when the pH of the
solution is high.

The second reaction parameter studied is the dose of the Ag-4 catalyst (100, 75, and
50 mg), the experiments were carried out using p-NP solution (concentration of 33 mg·L−1;
pH = 7) at 25 ◦C. The results obtained by changing the dose of the Ag-4 catalyst on the
degradation efficiency of p-NP are shown in Figure 9B and Table 2. As the catalyst dose
decreased from 100 to 75 mg, the degradation efficiency of the Ag-4 catalyst decreased
slightly from 75.47% to 72.69%. Following a further decrease from 75 to 50 mg, the p-NP
degradation efficiency of the Ag-4 catalyst is decreased to a lower value (39.94%). An
increase in degradation efficiency with an increase of catalyst dose is due to the production
of photo electrons in the CB, which increases with an increase in the dose of the Ag-4
catalyst [52]. Several p-NP solutions were prepared by changing the p-NP concentrations
ranging from 16 to 33 mg·L−1 to investigate the influence of p-NP concentration on the
p-NP degradation efficiency of the Ag-4 catalyst. Figure 9C shows the influence of the
p-NP degradation efficiency with reaction time. With an increase of p-NP concentration,
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the degradation efficiency of the Ag-4 catalyst decreased (Table 2), and this is probably due
to fact that more catalytically active centers are available when the p-NP concentration is
low [53], hence, photocatalytic efficiency is increased with a decrease of p-NP concentration.
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Table 2. Degradation efficiency, correlation coefficients (R), and rate constants (K) of p-NP degradation
at different parameters.

Reaction Parameters R2 K (k/min−1)
Photodegradation

Efficiency (%)
10.0 0.99 0.00862 67.91
7.0 0.98 0.01203 75.47pH
4.0 0.99 0.01036 73.28

100 mg 0.98 0.01203 75.47
75 mg 0.99 0.01082 72.69Catalyst

Dose 50 mg 0.99 0.00375 39.94
33 mg·L−1 0.98 0.01203 75.47
25 mg·L−1 0.98 0.01240 80.14p-NP

Concentration 16 mg·L−1 0.98 0.01785 86.24

The p-NP degradation over the Ag-4 catalyst at different reaction parameters such as
pH, concentration of p-NP, and the dose of catalyst was well-fitted with the pseudo-first-
order reaction (Equation (9));

ln
C0

C
= Kt (9)
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where ‘K’ is the rate constant, ‘C’ is the p-NP concentration solution at sampling time,
and ‘C0’ is initial concentration. In all cases, the values of R2 (correlation coefficient) are
higher than 0.98, which confirm the proposed kinetics for p-NP degradation at investigated
reaction conditions and follows pseudo-first-order reaction kinetics as shown in Figure 10.
The values of R2 and k at different parameters are listed in Table 2 and the k value increases
with the decreasing of p-NP concentration from 33 to 16 mg·L−1. In addition, the value of
K decreases with the decrease of a dose of Ag-4 catalyst and increases when the pH value
was increased from 4 to 7 and decreased with a further increase to 10.
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Figure 10. Derivation of the pseudo-first-order rate constants of Ag-4 catalyst at different parameters
(pH, p-NP conc., Ag-4 catalyst dose) under visible light by linear regression.

The possible reaction mechanism of p-NP degradation over synthesized Ag-containing
nanomaterials could be explained based on the physicochemical characterization results.
The transition of photo electrons from VB to CB could occur in silver carbonate semicon-
ductors under visible light irradiation. The photogenerated electrons could reduce Ag
species and the reduced Ag species on the surface can be re-oxidized through the reaction
with oxygen to generate superoxide radical (.O2

−). The .O2
− radical can react with H2O

molecules to form .OH radicals [52]. The generated .OH and .O2
− radicals are active species

to degrade p-NP molecules under visible light.

3. Methodology
3.1. Materials

The chemicals used for current work are silver nitrate AgNO3 (> 99.8%, Chem-
Lab), sodium bicarbonate NaHCO3 (99%, BDH Laboratory Chemicals Ltd., Poole, UK),
polyvinylpyrrolidone PVP-K36, methanol (BDH Laboratory Chemicals Ltd.), ethanol (>99%,
Fisher Chemical), p-nitrophenol (Koch-light Laboratory, Haverhill, UK), and deionized
water. The chemicals were used as received.

3.2. Synthesis of Ag Containing Nanomaterials

Different synthesis conditions which were used in the preparation of Ag-based nano-
materials are tabulated in Table 3. The Ag-1 sample was prepared by using template-
assisted solvothermal synthesis method. Typically, AgNO3 solution (50 mL, 0.5 M) was
mixed with PVP-K36 by magnetic stirring to form a clear solution. Then, NaHCO3 solution
(50 mL, 0.25 M) was added dropwise to the previous solution with stirring. After the drop-
ping finished, it was stirred for 2 h. The precipitate was introduced into an autoclave and
heated at 100 ◦C for 24 h. After that, the sample was washed three times with deionized
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water and ethanol by centrifuge, then dried at 50 ◦C overnight and named. The Ag-2
sample was prepared using the above method, except it was not subjected to solvothermal
treatment and the precipitate was washed three times with deionized water and ethanol by
centrifuge directly after stirring, then dried at 50 ◦C overnight. Finally, both samples were
calcined at 400 ◦C for 4 h at a heating rate of 2 ◦C/min.

Table 3. Different synthesis conditions adapted to prepare silver containing nanomaterials.

Sample
Synthesis Conditions

Template Solvent pH (by
NaHCO3)

Hydrothermal
Treatment

Calcination
Temp. (◦C)

Ag-1 PVP-K36 MeOH:EtOH: H2O 8 100 ◦C, 24 h 400

Ag-2 PVP-K36 MeOH:EtOH: H2O 8 — 400

Ag-3 — MeOH:EtOH: H2O 8 — 250

Ag-4 — MeOH:EtOH: H2O 8 — 50

Ag-5 — MeOH:EtOH: H2O 8 100 ◦C, 24 h 50

The Ag-3 sample was prepared by the following method; initially, 4.24 g of AgNO3
was dissolved in 10 mL of deionized water and 50 mL of ethanol. To this solution, a solution
containing 1.05 g of NaHCO3 in 25 mL of deionized water and 25 mL of methanol was
added dropwise with vigorous stirring. The stirring was continued for 2 h, and then the
obtained precipitate was washed three times with deionized water and ethanol. The sample
was separated by centrifugation, and it was dried at 90 ◦C for 12 h. Finally, it was calcined
at 250 ◦C under air for 2 h at heating rate of 2 ◦C/min. The Ag-4 sample was prepared
by subjecting the Ag-3 sample thermal treatment at 50 ◦C under ambient conditions. The
Ag-5 sample was prepared by following the same procedure as Ag-3 except the sample was
prepared by subjecting the Ag-3 sample to solvothermal treatment at 100 ◦C for 24 h. The
obtained product was washed three times with deionized water and ethanol and separated
by centrifugation. Finally, it was dried at 50 ◦C for 12 h.

3.3. Photocatalytic Evaluation

Photodegradation experiments were performed with a photocatalytic reactor system.
Different concentrations of p-nitro phenol (p-NP) (50 mL) and different doses of photocata-
lyst (g/L) were used to optimize the reaction conditions. Initially, the p-NP aqueous solution
was magnetically stirred for 60 min in the dark to establish the adsorption–desorption
equilibrium between p-NP and the surface of the photocatalysts. Then, the solutions were
exposed to visible light irradiation under stirring using a mercury lamp (Philips, 90 W).
Around 2.5 mL of p-NP sample was collected every 10 min by using a syringe with a filter
(0.45 µm) to remove the photocatalyst particles. Then, the collected sample was analyzed
using an Evolution 220 UV-vis spectrophotometer to record the maximum absorbance of
p-NP solution. The efficiency of degradation was calculated using (Equation (10));

Degredation e f f iciency % =
C0 − C

C0
× 100 (10)

where ‘C0’ is initial p-NP concentration, and the ‘C’ is final p-NP concentration at sampling time.

3.4. Characterization

The X-ray diffraction (XRD) patterns were recorded using a (Bruker D8 advance, Karl-
sruhe, Germany) diffractometer with CuKα radiation (λ = 1.54059 Å) and the experiments
were performed from 5 to 80◦ at 2θ values and all diffraction patterns of silver materials
were compared with patterns from the JCPDS database. For Fourier transform infrared
spectroscopy (FT-IR) analysis, the sample was mixed with KBr and pressed in the form
of a disc with a thickness of 1 mm and the analysis was carried by scanning the sample
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through a wave number range of 4000 to 400 cm−1 using a PerkinElmer FT-IR Spectrome-
ter (Waltham, MA, USA). A scanning electron microscopy (SEM) was used to study the
morphology of the surface using a field emission scanning electron microscopy (JEOL
JSM-7500 F microscope, FESEM, Tokyo, Japan). The diffuse reflectance UV-vis spectra (DR
UV-vis) were obtained using a Thermo UV-vis spectrophotometer, Waltham, MA, USA. The
specific surface area (SABET) was measured by applying the Brunauer-Emmett-Teller (BET)
equation from a nitrogen adsorption-desorption isotherm using a (NOVA touch Win™
version 1.2, Quantachrome Instrument, Boynton Beach, FL, USA). X-ray photoelectron
spectroscopy (XPS) measurements were performed on K-ALPHA with monochromatic
X-ray Al Kα radiation from −10 to 1350 eV at pressure 10-9 mbar with spot size 400 µm at
50 eV with full spectrum pass energy 200 eV (Themo Fisher Scientific, Waltham, MA, USA).

4. Conclusions

In conclusion, silver-containing nanomaterials were synthesized by varying the synthe-
sis conditions but using the same precursor, precipitating, and templating agents (AgNO3,
Na2CO3 and PVP etc.). Different techniques such as XRD, FT-IR, SEM, DR UV-vis, XPS, and
N2-physisorption were used to investigate the physicochemical properties of synthesized
Ag-containing nanomaterials. Among the synthesized samples, the sample composed
of a pure Ag2CO3 phase with nanorod morphology possessed low bandgap energy and
displayed superior photocatalytic efficiency for p-NP decomposition in comparison with
other silver nanomaterials (Ag metal and Ag2O contained) under visible light. The p-NP
photodegradation rate for the Ag-4 catalyst is the best when the pH of the p-NP aqueous
solution is neutral. The p-NP degradation rate over the Ag-4 catalyst increased with a
decrease of p-NP concentration and decreased with a decrease of the amount of catalyst.
The degradation rate could be described as pseudo-first-order over the synthesized silver-
containing nanomaterials. The high photocatalytic activity of Ag-4 sample is possibly due
to the presence of a pure Ag2CO3 crystal structure with nanorod morphology with low
band gap energy of 1.96 eV and relative high surface area.
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spectra for photocatalytic degradation of p-NP over synthesized Ag-2 nano-material under visible
light, Figure S3: UV-vis spectra for photocatalytic degradation of p-NP over synthesized Ag-3 nano-
material under visible light, Figure S4: UV-vis spectra for photocatalytic degradation of p-NP over
synthesized Ag-4 nano-material under visible light, Figure S5: UV-vis spectra for photocatalytic
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