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Abstract

Silver oxide (Ag.0) nanoparticles have been successfully synthesized through several methods,
namely sol-gel, sonochemical, and biological methods. X-ray diffraction studies revealed that the
sonochemical method produces silver oxide with high phase purity, then the sol-gel method produces
another phase, namely silver crystals, while the biological method produces AgsPO4 phase from the
precursor media. The research showed that the sol-gel method had the smallest crystallite and particle sizes
of 9.5 and 232.7 nm, respectively, compared to sonochemical and biological methods. It is known that the
specific surface area of the sol-gel method has the largest value, namely 60.09 m?/g, compared to the
sonochemical and biosynthetic methods, which are 51.78 and 24.77 m?/g, respectively. Scanning electron
microscopy study showed homogeneous spherical nanoparticles of silver oxide in the sol-gel and
sonochemical methods, however, the biological method resulted in the formation of non-spherical silver
oxide nanoparticles in the form like flakes.
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Introduction

Nanotechnology has explored opportunities to create new materials that are nano-sized and have
unique chemical and physical properties that differ from their original state [1-3]. These unique properties
depend on the composition, structure, shape, and size of the nanoparticles [4-6]. Nanostructures or finely
dispersed nanoparticles are used in many applications such as drugs and medications [7], manufacturing
and materials, environment, electronics, energy harvesting, and mechanical industry [8,9].

In recent years, nano-sized metal oxides have shown unique chemical properties including optical,
magnetic, electrical, and catalytic properties, as well as a significant increase in physical properties such as
mechanical hardness and thermal stability depending on the shape and size of the particles [10,11]. Silver
oxide (Ag.0) is a semiconductor material that has high chemical stability and is non-toxic [12]. Silver oxide
nanoparticles have wide applications in the fields of fuel cells [13,14], photovoltaic cells [15], adsorption
and photocatalysis [16,17], sensors [18], optical data storage [19], and antibacterial [20].

Various methods of silver oxide synthesis have been carried out, including chemical methods such as
sol-gel synthesis [21,22], sonochemistry [23,24], solvothermal [25], and microemulsion methods [26,27],
and biological methods [28,29]. These methods have been applied to produce silver oxide in various
properties such as composition, crystallinity, structure, morphology, and size [30,31]. The synthesis of
nanoparticles with a bottom-up approach must be able to overcome the occurrence of agglomeration and
maintain the size distribution.

The sol-gel method has advantages because it can produce high-purity products, lower the synthesis
temperature, and produce sizes with high homogeneity [32]. Then, sonochemical synthesis methods have
been extensively studied to produce nanomaterials with unique morphology [33]. Previous studies reported
that dendritic, spherical, and rod-shaped nanoparticles were successfully synthesized using ultrasonic
irradiation [34]. In addition, in the synthesis of nanoparticles, efficiency in the use of materials and energy
must be considered. The biological method is an environmentally friendly application of green chemistry
and has received attention because it produces nanoparticles with diverse properties [35].
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In this study, we study a comparison of several chemical synthesis methods, namely sol-gel and
sonochemistry as well as biological methods to determine the properties of the silver oxide nanoparticles.
The synthesized silver oxide nanoparticles were characterized using X-ray diffraction (XRD), scanning
electron microscopy-energy dispersive spectroscopy (SEM-EDS), and particle size analyzer (PSA).

Materials and methods

Materials

The materials used in this study were distilled water, polyethylene glycol 6,000 (PEG, Sigma
Aldrich), silver nitrate (AgNOs, Sigma Aldrich), ethanol (CoHsOH, 96 %, Merck), sodium hydroxide
(NaOH, 99 %, Merck), Saccharomyces cerevisiae Al8, bacteriological peptone (LP0037, Oxoid),
ammonium sulphate ((NH4)2SO4, Merck), D-glucose (CsH1206, Merck), potassium dihydrogen phosphate
(KH2PO4, Merck), and yeast extract (LP0021, Oxoid). All ingredients were used without prior treatment.

Preparation Ag20 using chemical sol-gel method

The method used in this synthesis is the method of Yong et al. [36] modified. A total of 20 g of PEG
was dissolved in 950 mL of distilled water until the solution was homogeneous. Then, added 0.5 g of
AgNO;3 which has been dissolved in 50 mL of distilled water. Then, 0.5 mol/L NaOH was added dropwise
to a pH of 9.8. Thereafter, the solution was stirred for 1 h at 50 °C. Then the precipitate was separated by
centrifugation, washed with distilled water and ethanol, and dried at 50 °C for 24 h. The synthesized Ag,O
for sol-gel method was named AgNP-Sol.

Preparation Agz20 using chemical sonochemical method

A total of 45 mL of 0.1 mol/L AgNO3 was placed in ultrasonic (GB0102, 40 kHz 60W). Then, added
0.1 mol/L NaOH dropwise as much as 45 mL. Then, the solution was sonicated for 2.5 h [37]. The
precipitate formed was then centrifuged, washed with distilled water and ethanol, and dried at 50 °C for 24
h. The synthesized Ag,O for sonochemical method was named AgNP-Son.

Preparation Agz0 using biological method

Yeast culture of Saccharomyces cerevisiae was prepared on yeast extract peptone dextrose (YEPD)
media, with yeast extract (0.5 %), bacteriological peptone (0.5 %), ammonium sulphate (0.3 %), potassium
dihydrogen phosphate (0.3 %), and D-glucose (20 %) which have been sterilized by autoclave. The cultures
were inoculated in sterile YEPD media and incubated at room temperature with shaking at 180 rpm for 24
h, then centrifuged and the supernatant was collected.

The supernatant obtained was taken as much as 48 mL, then added with 32 mL of sterile distilled
water and 8 mL of 0.2 mol/L AgNOs. The mixture was then stirred at 180 rpm for 24 h. The resulting
precipitate was then centrifuged at 10.000 rpm for 15 min. The precipitate formed was then centrifuged,
washed with distilled water and ethanol, and dried at 100 °C for 3 h. The synthesized Ag.O for biosynthesis
method was named AgNP-Bio.

Materials characterization

The crystalline phase of the synthesized samples was identified using X-ray diffraction (XRD,
Rigaku/MiniFlex 600, Tokyo, Japan) measured at room temperature using Cu Ko radiation (A = 1.5418)
with scans performed in the range of 20 = 20 - 80 °. Then, to determine the surface morphology and atomic
composition, the samples were analyzed using scanning electron microscopy-energy dispersive X-ray
spectrometry analysis (SEM-EDS, Hitachi SU-3,500, Tokyo, Japan) with a voltage of 5.00 kV at a
magnification of 5,000x. Finally, particle size was determined using a particle-size analyzer (PSA, Horiba
SZ-100, Kyoto, Japan).

Results and discussion

XRD analysis

The phase structure of the sample was observed from the XRD pattern shown in Figure 1. The XRD
pattern was compared with the Inorganic Crystal Structure Database (ICSD) 98-028-1041 for Ag,O crystals
which had a cubic structure with a space group Pn-3m [38], Ag crystals were compared with ICSD 98-018-
0878 which has a cubic structure with a space group of Fm-3m [39], and AgsPQO, crystals were compared
with ICSD 98-020-1363 which has a cubic structure with a space group of P-43n [40]. The structure of
Ag.0 has a peak at 20 = 32.8 ° (111), 38.0 ° (002), 54.8 ° (022) and 65.3 ° (113), while the structure of Ag
has a peak at 20 = 38.0 ° (111), 44.2 ° (002), 64.3 ° (022) and 77.2 ° (113). Then, the structure of AgsPO,
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has a peak at 20 = 29.5 ° (002), 33.1 ° (012), 36.4 ° (112), 47.5 ° (013), 52.4 ° (222), 56.9 ° (123), 61.3 °
(004) and 71.4 ° (124).

From Figure 1 it can be seen that the sol-gel method is formed Ag.0O and Ag. This shows that the
presence of polyethylene glycol (PEG) encourages some of the Ag* to be reduced to Ag® [41,42].
Meanwhile, in the sonochemical methods, almost all phases are formed into Ag2O. In the biosynthetic
method, there is a peak originating from AgsPO. which is probably sourced from the precursor media. The
peak at 26 = 32.8 ° indicates Ag,0 crystals with hkl planes (111), 26 = 38.0 ° indicates Ag crystals with hkl
planes (111), and 26 = 29.5 ° indicates AgsPO. crystals with hkl planes (002) (Figure 2).
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Figure 1 X-ray diffraction pattern of (a) AgNP-Sol, (b) AgNP-Son, (c) AgNP-Bio, (d) Ag-0 ICSD 98-028-
1041, (e) Ag ICSD 98-018-0878, and (f) AgsPO. ICSD 98-020-1363.

O Silver o Oxygen O Phosphorus

Figure 2 Crystal structure of Ag.O and AgO with hkl planes (111), and AgsPO4 with hkl planes (002).

The percentage of crystal structure was calculated using Rietveld refinement using HighScore Plus
software (PANalytical 3.0.5) [43], while the coefficients of shifted polynomial functions were used to
match the background. In Table 1, it is known that the sol-gel method with the addition of PEG produces
Ag crystals, namely 13.1 %. While the biosynthetic method does not contain Ag crystals at all. Then, the
goodness of fit (GoF) value is calculated to confirm the accuracy of the Rietveld refinement. GoF is a
statistical model which describes how well the experimental results are obtained with a series of

observations [44] and calculated using the Eq. (1).

GOF = (Rup/Rexp)? 1)
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where Rwp (weighted profile R-factor) is the simplest difference index and Rexp (expected R-factor) is the
expected “best Rwp” quantity. Table 1 shows that the GoF value for AgNP-Sol is the smallest, which means
that the percentage calculation is accurate. On the other hand, the highest GoF value for AgNP-Son
indicates low accuracy.

Table 1 Percentage of phase composition and rietveld refinement parameters of the samples.

Crystal phase (%) Rietveld refinement parameters
Sample Ag20 Ag AgsPO4 Rexp Rwp GoF
AgNP-Sol 86.90 13.10 0.00 3.45 9.77 8.03
AgNP-Son 99.80 0.20 0.00 5.08 18.18 12.81
AgNP-Bio 82.50 0.00 17.50 3.27 9.58 8.56

The unit cells of the sample are shown in Table 2. Ag.O crystals synthesized by the sonochemical
method have the smallest lattice volume and therefore the largest density. Based on the results of the study,
the volume of AgNP-Son lattice was 104.4 A3, while in AgNP-Sol and AgNP-Bio the volume increased to
106.9 and 108.4 A3, respectively. This indicates that the biological synthetic method will produce Ag,O
crystals with low density than chemical methods.

Table 2 Crystal lattice parameters of the samples.

Ag20 Ag AgsPOq4

Sample “a=p=¢ Vv a=b=c , A% p a=b=c Y p
A) (A% (glemd) A) (g/cm?) A) (A% (glem?)

AgNP-Sol  4.747 106.9 7.200 4.085 68.170 10.51 - - -

AgNP-Son 4709 1044 7.370 - - - - - -

AgNP-Bio 4.768 108.4 7.100 - - - 6.001 2162 6.43

The crystallinity of the composite was calculated from the XRD pattern by comparing the crystalline
and amorphous peaks. Then, the crystallite size was calculated using the Debye-Scherrer Eq. (2) of all
peaks averaged [45].

D = (KL)/(Bcosb) 2

where D is the crystallite size, K is the Scherrer constant (0.94 for cubic) [46], A is the wavelength of X-ray
radiation (Cu Ka = 0.15418 nm), B is the value of the full width at half maximum (FWHM) peak (radians),
and 0 is the diffraction angle (radians). Then, the strain (¢) of the lattice crystal was evaluated using Eq. (3)
of (111) planes of Ag20 crystals [47,48]. The value of this strain can be obtained from the resulting peak
broadening. The strain of each sample can be different because there are different defects, such as
interstitials, vacancies, dislocations, and layer fractures, which leads to different strain in the crystals.

£ = (Bcosd)/4 3)

Based on Table 3, the size of the Ag-O crystals synthesized using the chemical method was smaller
than the biological method, with the smallest being the sol-gel method. The size of the crystallites in AgNP-
Sol and AgNP-Son did not differ significantly, namely 9.52 and 11.10 nm, however, the biological method
has doubled in crystallite size, namely 23.18 nm. This can be understood because in the biological synthesis,
the crystal formation process runs slowly and the crystals become larger. While in the sol-gel and
sonochemical methods, NaOH is added and assisted by a stirring process that crystals can form quickly and
make the crystallite size relatively smaller.
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In contrast to the size of the crystallites, the smallest strain value was obtained by the biosynthetic
Ag20. The strains of lattice for AgNP-Sol, AgNP-Son, and AgNP-Bio were obtained 0.00353, 0.00249,
and 0.00138, respectively. Then the crystallinity of the sample is determined because the degree of
crystallinity will determine the ability to flow electrons and applied for properties of electrical conductivity,
dielectric constant, and photocatalysis [49,50]. It is known that the sol-gel method has the lowest
crystallinity of 57.35 %, followed by biological method of 63.37 %, and the highest is the sonochemical
method with crystallinity of 77.40 %.

Table 3 Crystal properties of the samples.

Sample Crystallite size (nm)* Crystal_s;gain/s Crystallinit SSZA 156 ,
Agz0 Ag AgsPO4 (107) y (%) (m%g)  (10®m™)
AgNP-Sol 952+0.28 14.60x1.69 - 3.530 57.35 60.09 11.10
AgNP-Son 11.10+£1.93 - - 2.490 77.40 51.78 8.12
AgNP-Bio 23.18 + 1.60 - 22.16 £1.83 1.380 63.37 24.77 1.86

ausing Scherrer method from average all peaks in mean * standard deviation
bcalculated from 20 = 32.8 ° (111) for Ag20 crystals

Specific surface area (SSA) is a material property of particular importance in terms of adsorption [51],
heterogeneous catalysis [52], and reactions at the surface [53]. In this study, the calculated SSA is
crystalline SSA with the definition as surface area (SA) of crystals per mass of crystals. SSA can be
calculated by Sauter’s formula (Eq. 4), where SSA is the specific surface area of Ag,O crystals (m?/g), D
is the crystallite size of Ag,O (m), and is the density of synthesized Ag.O crystals (g/m3) [54].

SSA = 6/(D.p) (4

The sol-gel method had the highest SSA value, followed by the sonochemical and biosynthetic
methods. This SSA value is directly proportional to the size of the crystallite obtained. The SSA values
from the sol-gel, sonochemical, and biosynthetic methods were 60.09, 51.78 and 24.77 m?/g, respectively.

Dislocations are crystallographic defects, or irregularities that greatly affect many material properties
in the crystal structure. The mechanism of dislocation formation is established with the help of grain
boundary initiation, homogeneous nucleation, lattice and surface interfaces, precipitates, dispersed phase,
or reinforcing fibers [55]. The dislocations in the sample will inhibit the movement of each other, which
will then add to the greater hardness. The value of dislocations is expressed in dislocation density, where
dislocation density is a measure of the number of dislocations in a unit volume of a crystalline material
[56]. The dislocation density was calculated using Eq. 5, where is the dislocation density (m™2) and D is the
crystallite size (m) [57]. The dislocation density values of Ag.O synthesized by sol-gel, sonochemical, and
biosynthetic methods were 11.1x10%, 8.12x10% and 1.86x10%® m2, respectively. The strength of the
material and the magnitude of the dislocations increase with decreasing crystallite size.

8= 1/(D? (5)

SEM-EDS analysis

The morphology of particles was studied using SEM. Figure 3 shows that the material synthesized
by the chemical method has homogeneous spherical particles. However, some particle agglomeration
occurs in both sol-gel and sonochemical methods. Meanwhile, biochemical methods produce particles
shaped like flakes. In the sol-gel method, less agglomeration occurs compared to the sonochemical method.
This shows that the sol-gel with the addition of PEG surfactant well prevents agglomeration. Generally, at
the nanometer scale, metals tend to nucleate and grow into twinned particles. Ag particles are also known
to have a tendency to agglomerate due to their high surface energy and high surface tension [52]. Smaller
particle sizes will produce a large surface which will increase the catalytic activity of the material.
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Figure 3 SEM image with of (a) AgNP-Sol, (b) AgNP-Son, and (c) AgNP-Bio.

Furthermore, a qualitative analysis of EDS was carried out to determine the composition of the
sample. This analysis is based on X-ray radiation emitted from the atoms in the sample. Table 4 shows the
results of the sample EDS analysis. Based on the results, the largest percentage of Ag atoms was indicated
by AgNP-Sol which confirmed the presence of Ag crystal phases other than Ag,O crystal. In the AgNP-
Son result, it was observed that the concentration of Ag was smaller and O was higher than the ratio of the
Ag.0 compound. This was associated with O uptake during loading into the microscope. The EDS results
can only give approximate compositions, thus the accuracy of EDS results depends on several factors such
as matrix, background, peak interference, energy, electron beam quality, and calibration [58]. Then, AgNP-
Bio synthesized using biological methods contained other atoms, namely P, N, and S of 13.85, 7.43 and
4.41 %, respectively. It is understood that the biosynthetic method yielded AgsPO4 as shown in the XRD
results. In addition, other elements such as N and S derived from the media used can also precipitate.

Table 4 Percentage of atoms in the sample from the EDS analysis.

Atomic (%)

Sample
Ag o] P N S
AgNP-Sol 64.78 35.22 - - -
AgNP-Son 59.22 40.78 - - -
AgNP-Bio 33.07 41.24 13.85 7.43 4.41

Particle Size Analysis (PSA)

The particle size distribution of Ag.O was tested using a particle-size analyzer based on light
scattering. Figure 4 shows that the particle size distribution of Ag.0 is relatively homogeneous, which is
characterized by only one peak formed. The results showed that the chemical method (sol-gel and
sonochemistry) showed smaller particle sizes than the biological method, with the smallest size being the
sol-gel method with a size of 247 nm. This is understandable because the sol-gel method uses PEG
surfactant as a capping agent to prevent the agglomeration process [36]. The presence of hydrophobic poles
on the capping agent causes the formation of steric barriers that can control particle growth. This reduces
the surface energy of the particles, and aggregation can be avoided [59,60]. In the sonochemical method,
ultrasonic waves are used to prevent agglomeration resulting in a particle size of 279 nm. Meanwhile, in
the biosynthetic method, compounds produced from bacterial metabolism, such as proteins, can also act as
natural capping agents [61].
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Figure 4 PSA results for Ag-0 particle size distribution.

From the data in Table 5, it can be seen that the chemical synthesis method has a smaller z-average
or mean particle size than the biological method. In addition, the particle size that occurs the most is
observed from the mode value. The mode values of each Ag.O resulting from sonochemical, sol-gel, and
biosynthetic methods were 232.7; 262.1; and 335.7 nm, respectively. The value of the polydispersity index
(PI) is a measure of the distribution of the molecular mass in the sample. It is expressed as the average
molecular weight of the weight divided by the sum of the average molecular weights [62]. The smallest PI
value is in the sonochemical method which indicates that the particle size is evenly distributed and
homogeneous. Reducing the size will increase the surface area so as to increase the reactivity as an
application in the field of adsorbents [63], catalysts [64], etc.

Table 5 Data measurement results using particle size analyzer.

Particle size (nm)

Sample
Mode Mean Median Z-average Pl
AgNP-Sol 232.7 340.8 278.7 203.4 0.551
AgNP-Son 262.1 317.4 278.9 237.6 0.469
AgNP-Bio 335.7 462.9 389.0 239.8 0.862
Conclusions

Silver oxide nanoparticles have been successfully synthesized by chemical methods, namely sol-gel
and sonochemistry, as well as biological methods. The sol-gel method showed that there were two crystals
formed, namely silver and silver oxide with crystallite sizes of 14.6 and 9.5 nm, respectively. The
sonochemical method showed that 99.8 % of silver oxide was formed with a crystallite size of 11.1 nm.
Meanwhile, an impurity phase was formed from the precursor media, namely AgsPOs with a crystallite size
of 22.2 nm, and the largest crystallite size of Ag.O is 23.2 nm. From this research, it is also known that the
sol-gel method has the largest specific area, which is 60.09 m?/g compared to the sonochemical and
biosynthetic methods, which are 51.78 and 24.77 m?/g, respectively. From the SEM results, it is known that
the chemical method (sol-gel and sonochemistry) has a homogeneous and agglomerated spherical shape,
while the biosynthetic method has a flakes-like shape. Silver oxide nanoparticles synthesized using the sol-
gel method with PEG surfactant showed the smallest particle size of 232.7 nm, compared to 262.1 nm for
the sonochemical method, and 335.7 nm for the biosynthetic method.
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