Polymer Bulletin
https://doi.org/10.1007/500289-023-04788-4

ORIGINAL PAPER

®

Check for
updates

Fascinating study of elastic, FTIR, and antimicrobial
properties of silver nanochromite at different annealing
temperatures

W. M. Gamal' - Asmaa A. H. El-Bassuony’® - H. K. Abdelsalam?

Received: 15 September 2022 / Revised: 5 March 2023 / Accepted: 3 April 2023
© The Author(s) 2023

Abstract

In this work, Ag,sCr,s0, nanochromite is fabricated utilizing a simple process
(flash technique) at various annealing temperatures (room and 900 °C). The parti-
cle sizes of the materials under study were shown to be in the nanoscale range by
atomic force microscopy (AFM) and field emission scanning electron microscopy
(FESEM). Fourier transform infrared (FTIR) analysis was performed to verify the
fabrication of the examined nanosamples and evaluate the bands behavior. The tet-
rahedral A-site (622.9 cm™! for room temperature, 630.6 cm™! for 900 °C) and the
octahedral B-site (557.3 cm™' for room temperature, 563.1 cm™! for 900 °C) were
the two prominent bands measured by FTIR analysis. The elastic characteristics of
Ag sCr, 5O, nanoparticles were examined using FTIR measurements, revealing that
the interatomic bonding of the atoms at 900 °C is higher than at room temperature.
In addition, the elastic characteristics may be understood by analyzing the transverse
and longitudinal velocities. Both Gram-positive and Gram-negative bacteria were
effectively inhibited by the samples evaluated for antibacterial properties; however,
neither sample showed any antifungal activity. Therefore, it is highly suggested that
the investigated samples could be used in different applications, particularly biologi-
cal ones.
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Introduction

Silver is an example of a noble metal used in several industries, including electri-
cal, water treatment, antiviral/antibacterial research, and solar cell manufacturing
[1-5]. Nanochromites are very stable at high annealing temperatures, making them
suitable for various technological uses [6]. The study of the physical characteris-
tics of nanoparticles is vital for elucidating the sample’s behavior and determin-
ing the most appropriate use for the sample [7-10]. Selecting the best technique
for improving products is essential. In this research, nanoparticles were created
using a flash auto-combustion technique for excellent stoichiometric regulation. In
addition, it is a simple, low-cost, and quick procedure that saves time [6, 11]. The
recent irresponsible overuse of antibiotics has increased the urgency of finding
effective alternatives, leading to the rise in the popularity of silver complexes and
other antimicrobial applications [12—15]. Therefore, an antibacterial study used
both Gram-positive and Gram-negative bacteria in addition to fungi for testing.

X-ray examination of Ag,sCr, sO, nanoparticles at room temperature and 900 °C
revealed a cubic structure, as described in our previous work [16, 17]. The nature of
the binding forces in solids may be elucidated by measuring elastic constants such
as Poisson’s ratio, Young’s modulus, rigidity, and bulk modulus. FTIR analysis may
be used to learn about elastic properties, and it can reveal the Debye temperature
and the longitudinal velocity, among other elastic constants. Moreover, the X-ray
diffraction pattern parameters, combined with those of FTIR spectroscopy, are sig-
nificant when calculating certain elastic moduli, such as shear and sound veloci-
ties [18, 19]. This enables the measurement of elastic characteristics to estimate the
interatomic bonding strength. According to the authors’ knowledge, no previous
study has been conducted on the elastic properties of Ag,sCr, ;O, nanochromite. It
is reported from our previous work that silver chromite with the chemical formula
Ag,Cr,0, nanoparticles with the ratio of Ag/Cr ion (1:1) at room temperature is
stronger than Ag,Fe,O, nanoparticles with the ratio of Ag/Fe ion (1:1) [20]. Also,
when comparing silver chromite with different chemical formulas AgCrO, with the
ratio of Ag/Cr ion (1:1) at room temperature gave high strength than AgFeO, with
the ratio of Ag/Fe ion (1:1) [21]. This indicates that chromium ions possess more
elasticity than iron ions, which could be used in various applications. The author
chose to add chromium to silver over iron because chromium’s elasticity is higher
than iron’s. The authors decided to increase the ratio of chromium to silver by 5:1
to ensure that when the element of chromium is increased over iron, the elastic-
ity will increase, and this has already been confirmed in this research. The authors
also studied the mechanical properties of the investigated material with increasing
temperature. Thus, the authors study the mechanical properties of silver chromite
by increasing the chromite concentration (Cr, 5) at the expense of decreasing silver
ion concentration (Ag,s) with the ratio of Ag/Cr ion (1:5) compared with previous
work (Ag,Cr,0, and AgCrO,) with the ratio of Ag/Cr (1:1) [20, 21]. Moreover, the
authors studied the effect of the investigated samples with various temperatures, and
they found that by increasing the annealing temperature, the elasticity of the nanosa-
mple increased.
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Consequently, this research aims to explore the FTIR analysis of Ag,sCr,s0,
nanochromite, the elastic properties derived from infrared analysis at various anneal-
ing temperatures, and the antibacterial application of the investigated materials. The
study of the elastic properties of the investigated samples is novel, and this is the
first time to illustrate the mechanical properties of Ag,sCr, sO, nanoparticles at dif-
ferent annealing temperatures from FTIR analysis. An illustration of elastic proper-
ties can give a complete description of the samples that could be appropriately used
in many technological applications.

Experimental approaches
Preparation and analysis

Nanochromite (Ag,sCr,s0,) was synthesized by a simple technique (flash tech-
nique). Nitrate salts, such as chromium nitrate (100.04 g Cr (NO;)5) and silver nitrate
(8.49 g AgNO;), are the starting materials. Urea (20 g) and some distilled water
were added to the mixture, as shown in Fig. 1. The mixture is then heated to 250 °C
to become a powder. The powder used in the analyses was annealed for 2 hours at
two different temperatures (room temperature and 900 °C) as the last stage in this
experiment. The FTIR (Fourier transform infrared) analysis was performed between
400 and 4000 cm™! using a spectrometer manufactured in Japan called a Jasco FTIR
300 E. The Wet-PM-9600, a Japanese-made atomic force microscopy instrument,
was used at room temperature to take the measurements in a non-contact mode. The
field emission scanning electron microscopy (FESM) was measured using a 250
FEG quanta model.

Antimicrobial measurement

The Kirby-Bauer technique [22] with a modified disk was used for the in vitro exam-
ination of the antibacterial activity. Staphylococcus aureus ATCC 12,600, Bacillus
subtilis ATCC 6051, and Streptococcus faecalis ATCC 19,433 were Gram-positive
bacteria strains examined and analyzed. The Gram-negative bacteria tested were
Pseudomonas aeruginosa ATCC 10,145, Escherichia coli ATCC 11,775, and Neis-
seria gonorrhea ATCC 19,424. Candida albicans ATCC 7102 and Aspergillus fla-
vus link were also tested for their fungal properties. The nanosample Ag, sCr, ;0,
was used against the tested bacteria and fungi. A 100 pl of tested bacteria or fungi
were spread on the agar surface to form a colony, and then the investigated sample
was added to it. The Petri plates were cultured at 30° C for 24 and 48 h. The inhibi-
tion zone diameters were measured to assess the efficacy of the substances tested
against the bacteria and fungi utilized in the experiment. Ampicillin and Ampho-
tericin B were considered as antibacterial and antifungal control to be compared
with them.
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Fig. 1 Preparation method of Ag, sCr, sO, at room temperature and 900 °C
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Results and discussion
AFM study

Figure 2a—c shows the atomic force microscopy (AFM) study of the surface mor-
phology of Ag,sCr, sO, nanoparticles at 900 °C. The figures show that agglom-
eration occurred in the tested sample due to no surfactant used during the prepa-
ration of the nanoparticles [23, 24], as shown in Fig. 2a. Table 1 shows the values
of the particle size and roughness. The AFM micrograph was analyzed using the
image editing tool ImageJ to generate the average particle size histogram and a
roughness histogram, as shown in Fig. 2b, c, respectively. Finally, the average
particle sizes of the examined samples were found to be on the nanoscale.

(a)

(a) 900°C

100 1so
Particle size (mun)

556.43
[nm]

Roughness

Fig.2 a 3D, b plane image of Atomic Force Microscopy (AFM) of Ag, sCr, sO, at 900 °C. b The histo-
gram of the average particle size estimated from AFM of Ag sCr, 50, at 900 °C. ¢ The histogram of the
roughness estimated from AFM of Ag, sCr, O, at 900 °C

Table 1 The values of the molecular weight M, crystallite size from XRD, particle size from AFM, parti-
cle size from FESEM, and roughness of Ag, sCr, s0, at room temperature and 900 °C

Samples M Crystallite size XRD  Particle size Particle size Roughness (pm)
(nm) [16, 17] AFM (nm) FESEM (nm)

Room 247.922 72.61 - 79.9 -

900 °C 47.9 93.9 65.1 1.52
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FESEM and EDX study

Figure 3a, b shows the field emission scanning electron microscopy (FESEM)
study of the investigated samples at various annealing temperatures. Table 1
shows that the particle size of both samples estimated from the FESEM image
was in the nanoscale range. The agglomeration appears in Fig. 3a, b, especially at
Ag, sCr, 50, nanoparticles at 900 °C, since the surfactant was not added during
the synthesis of the samples [25]. Thus, the FESEM test assured the nanoscale
range of the investigated samples.

Figure 3c and Table 2 show energy-dispersive X-ray analysis (EDX) of
Ag, sCr, sO, nanoparticles at room temperature. The values showed the homo-
geneity mixing of Ag, O, and Cr atoms. Moreover, there is a good agreement
between theoretical and experimental composition values of weight percentage
(Wt%) and atomic percentage (at.%) of the investigated sample.

FTIR Study

In general, in solids, ion vibrations in the crystal lattice are attributed to infrared
bands [26]. Fourier transform infrared spectroscopy (FTIR) is utilized to exam-
ine the structural modifications of Ag,sCr, O, nanoparticles at room tempera-
ture and 900 °C in the wave number range of 400-4000 cm™', as shown in Fig. 4
and Table 3. One of the primary strong absorption bands in the FTIR spectra
of both materials is at approximately 500 cm™' (peak 1), while the other is at
around 600 cm™! (peak 2). The shorter distance between Cr** and 0%~ atoms in
octahedral complexes, relative to tetrahedral complexes [27-30], may account for
the observed band position differences. As the annealing temperature is raised,
the crystallinity is improved. The tetrahedral absorption peak of the Ag,sCr, s0,
nanoparticle at 900 °C shifts slightly toward the higher frequency side relative to
that at room temperature. The C—O—-C asymmetric stretching vibration causes the
spectral peak at location (3). The band at peak (4) suggests that C=C stretching
vibration occurs. The stretching vibration of the C=0 and carboxyl groups may
also be responsible for the band at peak 5. The band at peak (6) is assumed to be
generated by the absorption of atmospheric CO, on the surface of the nanoparti-
cles during the FTIR test. The band at peak (7) may be related to the stretching
vibration of the C-H group. The strong band at peak (8) may be attributed to
water symmetric stretching vibration and NH group.

Elastic Study

Elastic constants are essential in measuring the resistance of a crystal to an externally
applied stress. Thus, the elastic properties of nanoparticles play an essential role in
industrial applications [26, 31]. FTIR analysis was used to examine the elastic prop-
erties of Ag,sCr, 0, nanoparticles at room temperature and 900 °C, as reported by
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Fig.3 FESEM microscopy of Ag,sCr,sO, at a room temperature, b 900 °C, ¢ EDX analysis of
Ag sCr, s0, at room temperature
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Table 2 EDX analysis

Elements  Weight percentage (wt%) Atomic percentage (at.%)
of Ag, sCr, 5O, at room

temperature Theoretical From EDX Theoretical From
analysis EDX
analysis
AgL 21.8 23.8 7.1 7.7
CrK 524 49.2 35.7 33.1
OK 25.8 27.1 57.1 59.2
120
S—To0m
—900 oC
110

60
400 700 1000 1300 1600 1900 2200 2500 2800 3100 3400 3700 4000 4300

wave number (cm™)

Fig.4 FTIR spectra of Ag, sCr, ;0, at room temperature and 900 °C

Table 3 FTIR peaks of Ag,sCr, 0, at room temperature and 900 °C

No. of Peaks 1 2 3 4 5 6 7 8
Room 557.327 622.895 888.059 143574 1629.55 2367.19 2914.88 3430.74
900 °C 563.112  630.609 891916 1114.65 1631.48 237491 - 3434.6

Modi et al. [31]. The tetrahedral and octahedral force constants, K, and K, were calcu-
lated by the following equations [28]:

K, =7.62XM, X v x 107'N/m 1)

K, = 1062 x 2B 512 5 1077
, = 10. XTXVZXIO N/m 2)
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where “M,” denotes the tetrahedral A-site molecular weight and “Mp” is the octa-
hedral B-site molecular weight. The reported values for the force constants K, and
K, are shown in Table 4. It has been shown that K, values are higher than K values.
Table 4 shows that the values of the force constants K, decrease and K increase as
the crystallite size increases owing to fluctuations in cation-oxygen bond lengths at
the A- and B-site [28].

To determine the conduction mechanism of the tested samples, the Debye tem-
perature D should be calculated as follows [32]:

0 =hcvav 3
D ks 3)
v, +V,
Vavzf (4)
h
h=—
. (5)

where ¢ represents the speed of light (3% 10'° cm/s), kg represents the Boltzmann
constant, v,, represents the average frequency, h represents the Plank constant, and
v, and v, represent the frequencies of the tetrahedral A-site and the octahedral B-site,
respectively. As can be observed, the values of the Debye temperature play a signifi-
cant role in determining the conduction mechanism of these nanoparticles.

It can be shown that the slightly higher 6, values occurred from increasing the
annealing temperature of the investigated samples. From Anderson’s formula [33],
we obtained the following formula for calculating the Debye temperature:

1

3N 3

or = I (22 ) sy ©)
D ky Az V

VA=<%>/Q @)

where V, stands for the mean atomic volume, M for the molecular weight, g for
the number of atoms in one unit of the formula (¢=7), and N, for the Avogadro
number. It was found that increasing the annealing temperature of the nanosamples
caused an increase in 6. This increase is described according to the increase of
mean wave velocity V,,. The equation to compute the bulk modulus B of solids [34]
is:

1
B = 3 [Cyy +2Cy,] @)

where C;, and C,, are the constants used to measure stiffness. From the following
relation [35], it can be shown that there is a linkage between the average force con-
stant K and the stiffness constant C;:

@ Springer



Polymer Bulletin

K =aC, 9)

Also, the values of the longitudinal elastic wave velocity, also known as V),
the transverse or shear elastic wave velocity, also known as V,=V,, and the mean
elastic wave velocity, known as V,,, are provided by the following relations [36]:

y = (Cu v 1
=\p (10)

V,=—L
V3 (11)

1/3
111 2
Vo=-|—=+= 12

In addition to this, the values of the longitudinal modulus (L), Young’s modu-
lus (E), rigidity modulus (G), and Poisson’s ratio (¢) may be determined using the
following relations [37]:

L=D,V’ (13)
G=D\V? (14)
o= £22C (15)
2(L - G)
E=(C), —Cp)(Cy +2C),) (16)

All the values of the elastic parameters that were measured on the samples
under investigation are shown in Tables 4, 5. Raising the annealing temperature
of the investigated samples shows that the values for L, G, B, and E increased.
The concept of interatomic bonding may be used to explain this phenomenon.
This indicates that the interatomic bonding of the atoms at 900 °C is much
stronger than that at room temperature. In addition to this, the values of Pois-
son’s ratio (o) remain constant by increasing the annealing temperature of the
investigated samples (0 =0.25), and they are in good agreement with the theory
of isotropic elasticity, which had a range that went from — 1 to 0.5 [38]. Finally,
studying the mechanical properties of Ag sCr, s0, nanoparticles with the ratio of
Ag/Cr (1:5) gave more elastic behavior than that of previous work with a ratio of
Ag/Cr (1:1) [21]. Moreover, by increasing the annealing temperature of the inves-
tigated samples to 900 °C, an enhancement happened in the mechanical proper-
ties, especially in the elasticity of the nanosample.
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Antimicrobial study

Figure 5a, b illustrates the nanoparticles of the investigated sample Ag, ;Cr, ;O, nan-
oparticles at room temperature in vitro. These figures depict Gram-positive, Gram-
negative, and fungal microorganisms and the diameters of their inhibition zones, as
described in Table 6. This table demonstrates that Ag,sCr, 0, nanoparticles had
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Fig.5 a Antimicrobial diagram of Ag,sCr,sO, at room temperature. b Antimicrobial diagram of

Ag sCr, 50, at room temperature and ampicillin
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Table 6 Inhibition zone parameters values of Ag ;Cr, O, at room temperature and ampicillin

Samples Inhibition zone diameter /mm

Bacteria Fungi

G+ G-

Bacillus  Staphy- Strepto- Escher- Neisseria  Pseu- Asper- Candida

subtilis  lococcus coccus ichia gonor- domonas  gillus albicans

aureus faecalis coli rhoeae aeruginosa flavus

Room 9 12 11 12 10 12 0 0
Ampicillin 22 24 23 31 27 27 0 0
Ampho- 0 0 0 0 0 0 16 19

tericin B

a good antibacterial impact against Gram-positive microbes and Gram-negative
microorganisms compared to the antibacterial antibiotic ampicillin. It is observed
from Table 6 that the tested bacteria Staphylococcus aureus, Streptococcus faeca-
lis, and Pseudomonas aeruginosa show higher efficacy than the other tested bac-
teria. When the studied material was added to the tested microorganisms, the cell
membrane of the bacteria was disrupted [39—47] due to the presence of toxic silver
and chromium ions. Adding Ag sCr, sO, nanoparticles, on the other hand, had no
impact on fungal germs. Our earlier research [17] showed the antibacterial prop-
erties of Ag,sCr, sO, nanoparticles at 900 °C in detail. Compared to Ag,sCr, O,
nanoparticles at 900 °C from our previous study [17] and Ag sCr, sO, nanoparticles
at room temperature from the current work, Ag, sCr, sO, nanoparticles at 900 °C
were stronger against Gram-positive and Gram-negative bacteria than that at room
temperature. This may be due to the smaller crystallite size at 900 °C than at room
temperature. On the other hand, both samples did not affect the tested fungi. Thus,
the investigated samples are highly recommended as an antibacterial agent, particu-
larly against the tested Gram-positive and Gram-negative bacteria.

Conclusion

1. We effectively prepared Ag, sCr, O, nanoparticles at various annealing tempera-
tures using a simple and inexpensive technique.

2. The morphology reveals that the crystallite size and particle size of Ag, sCr, 50,
nanoparticles are in the nanoscale range.

3. From the elastic study, Ag, sCr, 0, nanoparticles at 900 °C showed a higher
elasticity than at room temperature.

4. Both samples showed effective behavior against tested Gram-positive and Gram-
negative bacteria.

5. Ag5Cr, sO, nanoparticles at room temperature and 900 °C are innovative materi-
als that have the potential to be incorporated into a variety of medications.
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6. In conclusion, the sample Ag, sCr, ;O, nanoparticles at different annealing tem-
peratures are strongly recommended to be applied in biomedical applications.
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