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Silver nanoparticles (Ag-NPs) accompanied by zincite (ZnO) and hematite
(Fe2O3) (Ag-Z-H) at different annealing temperatures (as dried, 400�C) were
prepared using the Flash auto-combustion method. X-ray diffraction pattern
assured the cubic structure of Ag-NPs for both samples. The morphology using
atomic force microscopy assured the formation of nanoparticles with small
agglomeration. By increasing the annealing temperature, the crystallite and
particle sizes increased. Moreover, Fourier transforms infrared analysis as-
sured the bond formation of the nanoparticles. The magnetic measurement
indicated the increase of the coercivity (Hc) of (Ag-Z-H) nanoparticles at 400�C
by nine-fold compared with the as-dried sample. Contrarily, the as-dried (Ag-
Z-H) nanoparticles showed 1.8-fold larger saturation magnetization (Ms) than
at 400�C. The high-frequency application was studied from the magnetic
measurement and showed that both samples could be applied in the ultra-high
frequency microwave region in the P band. As a result of the antimicrobial
study, (Ag-Z-H) nanoparticles at 400�C showed stronger antimicrobial activ-
ities than the as-dried sample. Thus, the strong recommendation of as-dried
(Ag-Z-H) nanoparticles at 400�C could be used as an effective alternative
antibacterial drug, especially (Ag-Z-H) nanoparticles at 400�C.

INTRODUCTION

Scientists from various fields have become inter-
ested in nanoparticles because of their unique
physical and chemical properties. Silver nano-fer-
rite, -hematite, and -zinc oxide are all examples that
have been the subject of substantial research
because of their remarkable magnetic, electrical,
and antibacterial properties.1,2 Silver nanoparticles
are small particles composed of silver, characterized
by their nanoscale size, often falling within the 1–
100-nanometer range. Due to the unique properties
of silver nanoparticles, they are attracting consid-
erable interest in several domains, such as textile
printing, dyeing, and finishing. The combined inves-

tigation of silver and zinc nanoparticles has been
performed because of their potential to generate
effective antibacterial agents.

Furthermore, researchers are intensely inter-
ested in investigating the involvement of yeasts,
bacteria, viruses, and molds in human pathology.
An alarming increase in antibiotic resistance has
prompted researchers to look for new antibacterial
and antifungal nanomaterials.3–5 Moreover, the
many applications of nanomaterials have garnered
significant interest from several researchers.6–8

Silver nanoparticles (Ag-NPs) have been widely
used as antiviral, anticancer, antibacterial, antifun-
gal, and anti-inflammatory medicines.9,10 Accord-
ingly, an interesting and useful area of research for
this topic is the antibacterial properties of Ag-NPs
at different annealing temperatures. Physics, chem-
istry, and materials science researchers are inter-
ested in manufacturing Ag-NPs of different sizes(Received June 23, 2023; accepted January 12, 2024;
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and shapes. Several methods are available for
synthesizing silver nanoparticles (Ag-NPs), each
generating different morphologies and thus offering
many options for the material’s possible uses. The
current investigation used the flash auto-combus-
tion technique to synthesize silver nanoparticles
(Ag-NPs) characterized by their spherical morphol-
ogy. Several nanoparticles with different magnetic
characteristics and Ag-NPs have garnered much
attention recently.11 One of these nanoparticles
(diamagnetic behavior) is zincite (ZnO), a naturally
rare substance with a variety of industrial applica-
tions, particularly as a semiconductor crystal detec-
tor for dyeing and as antimicrobial nanomaterial.12

Hematite (Fe2O3) is a nanoparticle exhibiting fer-
romagnetic behavior. It is a naturally abundant
material that has been extensively studied in pre-
vious studies because of its many industrial appli-
cations and ability to enhance physical properties.13

This research aims to investigate the influence of
diamagnetic behavior (zincite) and ferromagnetic
behavior (hematite) when combined with Ag-NPs at
different annealing temperatures on their struc-
tural, magnetic, and antibacterial properties. A
fascinating result in the magnetic measurement
indicated the increase of the coercivity (Hc) of (Ag-Z-
H) nanoparticles at 400�C by nine-fold than the as-
dried sample. Contrarily, the as-dried (Ag-Z-H)
nanoparticles showed larger saturation magnetiza-
tion (Ms) by 1.8-fold than at 400�C. Therefore, the
examined samples have useful applications, espe-
cially in biomedical areas such as magnetic target-
ing and separators.

EXPERIMENTAL METHOD

Synthesis of Nanoparticles

Figure 1 shows a flow chart of the preparation
method of Ag-NPs accompanied by zincite and
hematite nanoparticles at different annealing tem-
peratures (as-dried—400�C) by the Flash auto-com-
bustion method. The utilized raw materials were
1.5289 g silver nitrate (AgNO3), 0.5950 g zinc
nitrate (Zn (NO3)2Æ6H2O), 19.7960 g iron III nitrate
(Fe (NO3)3Æ9H2O), and 8.0120 g urea from Fisher
Co. They were mixed with a small amount of
distilled water with constant stirring for half an
hour. After that, the mixture was put on a heater at
250�C till a fine powder was produced. The as-
prepared sample was ground for half an hour; the
other sample was then annealed at 400�C for 2 h.
Finally, the resulting sample was ground for half an
hour after annealing.

Characterization

The x-ray diffraction pattern (XRD) was mea-
sured using the PANalytical XPert PRO device (Cu-
Ka = 1.54 Å). Fourier transforms infrared (FTIR)
analysis was carried out on a Jasco FTIR 300 E
spectrometer. FESEM was measured using an SEM

Model Quanta 250 FEG with an energy dispersion
x-ray analysis (EDX) unit. Furthermore, atomic
force microscopy was performed utilizing the Non-
Contact Mode Wet—SPM-9600. Magnetic measure-
ments were made using a Lake Shore 7410 vibrat-
ing sample magnetometer (VSM).

Preparation of Antimicrobial Tests

Using a modified Kirby-Bauer disc diffusion tech-
nique,14 nanometric (Ag-Z-H) at different annealing
temperatures (as dried, 400�C) were evaluated
in vitro against several Gram-positive, Gram-nega-
tive, and some fungal bacteria. After incubating the
material of interest with the studied microorgan-
isms at 30ºC for 24–48 h, the widths of the
inhibitory zones were recorded. Antimicrobial discs
were compared to standards made of ampicillin (an
antibacterial drug) and amphotericin B (an antifun-
gal agent). Negative control was created using filter
discs saturated with 10 ll of solvent (deionized
water, chloroform, DMSO).

RESULTS AND DISCUSSION

XRD Study

Figure 2 displays x-ray diffraction patterns (XRD)
of as-dried Ag-NPs at 400�C accompanied by zincite
(ZnO) and hematite (Fe2O3) nanoparticles (Ag-Z-H).

Fig. 1. Schematic diagram of as-dried (Ag-Z-H) nanoparticles at
400�C by Flash autocombustion method.
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The figure showed that by increasing the annealing
temperature at 400�C the crystallinity increased,
and the intensity of the peaks increased. This
means that the effect of diamagnetic behavior
increased at 400�C, which affected on the decrease
of the magnetization as discussed below, because of
the increase in the intensity of the peaks of Ag-NPs
and zincite (ZnO). The diffraction peaks were
indexed using ICDD cards of the cubic structure of
Ag-NPs (04-004-6434), hexagonal structure of zin-
cite (04-006-2073), and rhombohedral hematite (04-
005-4425). The wideness of the peaks is an indica-
tion of the small crystallite size, and their values are
reported in Table I. Moreover, the crystallite size
increased by increasing the annealing temperature
because of the increase of the crystallinity. The
crystallite size was determined using Debye Scher-
rer’s formula:15

D ¼ kk
b cos h

ð1Þ

where k is the wavelength of Cu-Ka = 1.54 Å, shape
factor k = 0.9, and b is the full width at half
maximum (FWHM) in radians. Table I displays
the values of the crystallite sizes, lattice

parameters, and unit cell volume calculated based
on the cubic structure of Ag-NPs. The lattice
parameters with the cubic structure of Ag-NPs
agreed with earlier reports.2,16

FTIR Study

The results of the FT-IR (fourier transforms
infrared) measurements on the samples under
study are shown in Fig. 3 and Table II. In as-dried
Ag-NPs and at 400�C, the bands 3432.7 and
3435.6 cm�1 (peak 8) were allocated to the stretch-
ing vibration of the OH group, whereas bands
1630.5 and 1629.6 cm�1 (peak 5) were allocated to
the C=O vibration group. Other bands at 1376.9 and
1383.7 cm�1 (peak 4) were attributed to C-N
stretching vibration because of the metal nitrate
utilized in their manufacture.16 Moreover, the
bands at 1117.5 and 1118.5 cm�1 (peak 3) were
ascribed due to C=C stretching vibrations. The band
2377.8 cm�1 was also identified as the frequency of
the C-O-C stretching vibration (peak 6). The bands
2931.3 and 2921.6 (peak 7) were used to identify the
C-H vibration group. The bands 449.3 and
467.7 cm�1 (peak 1) were used to identify the
octahedral site in both samples, whereas the bands

Fig. 2. XRD pattern of as-dried (Ag-Z-H) nanoparticles and at 400�C.

Table I. Values of the crystallite size, particle size from FESEM, particle size from AFM, roughness, lattice
parameter a, unit cell volume of as-dried (Ag-Z-H) nanoparticles, and at 400 �C

Samples Crystallite size (nm) Particle size AFM (nm) Roughness (lm) a (Å) V (Å3)

As dried 14.6 106.8 2.02 4.092 68.5
400�C 26.5 116.93 1.8 4.081 67.9
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565 and 560.2 cm�1 (peak 2) were used to identify
the tetrahedral site in the investigated samples.
Results from FTIR were in accord with those from
other studies.17,18

AFM Study

Figure 4a is an atomic force microscopy (AFM)
micrograph depicting the morphology of the exam-
ined nanomaterials. The morphology displays
agglomeration owing to the lack of surfactant
during preparation. The histogram of the average
particle size and roughness of the studied nanoma-
terials, as derived from the AFM micrograph, is
shown in Fig. 4b, and their respective values are
listed in Table I. The (Ag-Z-H) nanoparticles at
400�C have a greater particle size than the as-dried
(Ag-Z-H) nanoparticles. This was ascribed to
increasing the annealing temperature, crystallite,
and particle sizes. Moreover, the sample at 400�C
showed excess Ag-NPs on the micrograph’s surface,
which act as a decoration of the diamagnetic Ag-
NPs on the sample’s surface. There is a correlation
among the roughness, size, and surface activity of
nanoparticles; the smaller the size of the nanopar-
ticles, the higher the roughness and surface activ-
ity. Finally, the tested morphology using AFM

confirmed that the investigated samples were in
the nano-size range.

Magnetic Study

Figure 5a displays the M-H curve for as-dried
(Ag-Z-H) nanoparticles at 400�C. Table III shows
the computed values for the magnetic characteris-
tics of the samples, including saturation magneti-
zation (Ms), coercivity (Hc), residual magnetization
(Mr), squareness (R), and magneto-crystalline ani-
sotropy constant (k).

The magneto-crystalline anisotropy constant (k)
was determined using the following formula19:

k ¼ MsHc

0:98
ð2Þ

The squareness was determined using the follow-
ing Eq. 20:

R ¼ Mr

Ms
ð3Þ

The squareness value was used to identify the
nature of the nanoparticle interactions. With a
squareness value of< 0.5 (R< 0.5), the investiga-
tion samples assigned that the interaction between

Fig. 3. FTIR spectra of as-dried (Ag-Z-H) nanoparticles at 400�C.

Table II. Values of FTIR spectra of as-dried (Ag-Z-H) nanoparticles at 400�C

No. of peaks 1 2 3 4 5 6 7 8

As dried 449.3 565.0 1117.5 1376.9 1630.52 2377.8 2931.3 3432.7
400�C 467.7 560.2 1118.5 1383.7 1629.6 – 2921.6 3435.6
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nanoparticles for as-dried (Ag-Z-H) nanoparticles
and at 400�C was magnetostatic. By raising the
annealing temperature to 400�C, the saturation
magnetization (Ms) was reduced by 1.8-fold while

the coercivity (Hc) rose by 9-fold compared to the as-
dried (Ag-Z-H) nanoparticles. The decrease of Ms of
(Ag-Z-H) nanoparticles at 400�C may be attributed
to the increase in the crystallinity of the silver
nanoparticles that agglomerate at the grain size.
This agglomeration made a decoration of diamag-
netic material on the sample’s surface at 400�C as
shown in the AFM micrograph, which decreased the
Ms. Therefore, the influence of Ag-NPs and hematite
on magnetism was the most significant, increasing
the saturation magnetization of as-dried (Ag-Z-H)
nanoparticles. In contrast to as-dried (Ag-Z-H)
nanoparticles, the saturation magnetization Ms is
lower in (Ag-Z-H) nanoparticles that have been
annealed at 400�C because of the well-ordered
crystal and the effect of two diamagnetic nanopar-
ticles (silver and zincite). The increase in Hc of (Ag-
Zn-H) at 400�C was 9-fold compared with that of as-
dried because of the increase of the magneto-
crystalline anisotropy constant (k) by 5-fold and
the decrease of the Ms by 1.8-fold of the sample at
400�C than that at as-dried according to Eq. 2.

Figure 5b displays the magnetic susceptibility
(v = dM/dH) field dependency of (Ag-Z-H) nanopar-
ticles at different annealing temperatures. Consis-
tent with the prior research, the magnetic
susceptibility is greatest at zero fields. As seen in
this figure, the increase in the distance between the
two lines of the (Ag-Z-H) nanoparticles at 400�C was
owing to the increase in coercivity (Hc) compared to
the as-dried (Ag-Z-H) nanoparticles. In addition, the
saturation magnetization (Ms) of as-dried Ag-NPs
increased, resulting in a value of magnetic suscep-
tibility that was 1.9-fold higher than that of (Ag-Z-
H) nanoparticles at 400�C as shown in Table IV. As
a result, the examined samples have useful appli-
cations, especially in biomedical ones such as mag-
netic targeting and separators.

High-Frequency Application

Figure 6 and Table IV display the predicted oper-
ating frequency response of the examined samples
based on magnetic measurements. The as-dried (Ag-
Z-H) nanoparticles had a much higher operating
frequency than (Ag-Z-H) nanoparticles annealed to
400�C. The nanomaterials’ magnetism and devices’
shape are only two aspects impacting the usable
frequency ranges. The operating frequency of equip-
ment may be used as a useful performance indica-
tor. To determine the operating frequency (x), the
following relationship21–24 was used.

x ¼ 8p2cM ð4Þ

where M is the sample magnetization and
c = 2.8 MHz/G is the gyromagnetic ratio. Conse-
quently, the as-dried (Ag-Z-H) nanoparticles (846
MHz) and (Ag-Z-H) nanoparticles at 400�C (474
MHz) detected ultra-high frequency (UHF) in the
microwave range of the P band.

Fig. 4. (a) (1, 3) The 3D and (2, 4) plane image. (b) The histogram of
the particle size and roughness of as-dried (Ag-Z-H) nanoparticles at
400�C.
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Antimicrobial Application

Figure 7a–c and Table IV illustrate the results of
tests conducted on gram-positive, gram-negative,
and fungal strains using (Ag-Z-H) nanoparticles
both as-dried and at an annealing temperature
400�C. Both substances were ineffective against the
tested fungus. However, the findings indicated that
gram-positive bacteria such as Bacillus subtilis

(ATCC 6051), Streptococcus faecalis (ATCC 19433),
and Staphylococcus aureus (ATCC 12600) and
gram-negative bacteria like Neisseria gonorrhoeae
(ATCC 19424), Escherichia coli (ATCC 11775), and
Pseudomonas aeuroginosa (ATCC 10145) offered
remarkable treatment efficacy. The most efficient
data are for the investigated sample at 400ºC
against gram-positive bacteria (B. subtilis, S.

Fig. 5. (a) Magnetic measurements and (b) magnetic susceptibility of as-dried (Ag-Z-H) nanoparticles at 400�C.
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Fig. 5. continued

Table III. Magnetic parameters of as-dried (Ag-Z-H) nanoparticles at 400�C

Magnetic
parameters Hc (G)

Ms

(emu/
g)

Mr

(emu/
g)

Squareness
R

Magnetocrystalline
anisotropy constant k

(erg/g)

Magnetic
susceptibility v (emu/

g. G) 3 1024
X

(GHz)

As dried 20.741 3.8209 0.0121 0.0032 80.87 5.94 0.846
400�C 187.20 2.1533 2.1456 0.0283 411.32 3.16 0.474
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faecalis, and S. aureus) than that of the gram-
negative bacteria. Furthermore, the treatment effi-
cacy of (Ag-Z-H) nanoparticles at 400�C was greater
on all tested strains than on as-dried (Ag-Z-H)
nanoparticles. Due to the increase in crystallinity
and intensity of the sample at 400�C according to
XRD study, the combined toxicity of silver nanopar-
ticles (Ag-NPs), zinc oxide (ZnO), and hematite
(Fe2O3) is increased. Thus, the large effect of high-
crystallinity nanoparticles against the studied bac-
teria led to an increase in toxicity for (Ag-Z-H)
nanoparticles at 400�C compared to that of the as-
dried sample. Therefore, the antibacterial activity of
the Ag-NPs at 400�C is greater than that of the as-
dried (Ag-Z-H) nanoparticles. A synergistic effect
among Ag-NPs, zincite, and hematite had a strong
ability to destroy the culture of the bacterial genetic
material for as-dried samples. Moreover, the
antibacterial properties increased for the sample
at 400�C because Ag-NPs were being decorated at
the surface of the sample as shown in the AFM
micrograph, which increased the efficiency of Ag-
NPs in destroying the bacterial cell. In addition, the
Ag-NPs in both samples, with the zincite and
hematite, effectively eliminated the bacterial DNA.
It has been shown that the tested samples [(Ag-Z-H)
nanoparticles at different annealing temperatures]
impact the cell surface, which in turn destroys the
bacterium’s genetic material, killing it.25–40 There-
fore, both samples are highly suggested as alternate

Fig. 6. Operating frequency of as-dried (Ag-Z-H) nanoparticles and
at 400�C.

T
a
b
le

IV
.
T
h
e
in

h
ib

it
io
n

z
o
n
e
p
a
r
a
m
e
te
r
s
o
f
a
m
p
ic
il
li
n
,
a
s-
d
r
ie
d
(A

g
-Z
-H

)
n
a
n
o
p
a
r
ti
c
le
s,

a
n
d

a
t
4
0
0
�C

S
a
m
p
le
s

In
h
ib

it
io
n

z
o
n
e
d
ia
m
e
te
r
(m

m
/m

g
)

B
a
c
te
r
ia

F
u
n
g
i

G
+

G
2

B
a
c
il
lu

s
su

b
ti
li
s

S
ta

p
h
y
lo
c
o
c
c
u
s

a
u
r
e
u
s

S
tr
e
p
to
c
o
c
c
u
s

fa
e
c
a
li
s

E
sc

h
e
r
ic
h
ia

c
o
li

N
e
is
se
r
ia

g
o
n
o
r
r
h
o
e
a
e

P
se
u
d
o
m
o
n
a
s

a
e
r
u
g
in

o
sa

A
sp

e
r
g
il
lu

s
fl
a
v
u
s

C
a
n
d
id

a
a
lb
ic
a
n
s

A
s

d
ri

ed
1
2

1
5

1
3

1
3

1
3

1
3

0
0

4
0
0
�C

2
0

1
9

2
0

1
8

1
8

1
7

0
0

A
m

p
ic

il
li

n
2
2

2
1

2
3

2
5

2
7

2
6

0
0

A
m

p
h

ot
er

ic
in

B
0

0
0

0
0

0
1
6

1
9

Tuning the Physical Properties of Ag and ZnO Nanoparticles to be Applied in Various
Applications

2139



Fig 7. Antimicrobial diagram of (a) as-dried (Ag-Z-H) nanoparticles (b) at 400�C; (c) ampicillin, as-dried (Ag-Z-H) nanoparticles, and at 400 �C.
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antibacterial nanomaterials, particularly (Ag-Z-H)
nanoparticles at 400�C.

CONCLUSION

The Flash auto-combustion method was used to
synthesize silver nanoparticles (Ag-NPs) in combi-
nation with zincite (ZnO) and hematite (Fe2O3) (Ag-
Z-H) nanoparticles at different annealing tempera-
tures (as-dried—400�C). The x-ray diffraction (XRD)
patterns of both samples confirmed the presence of a
cubic structure in the Ag-NPs. Using atomic force
microscopy (AFM) facilitated the morphological
examination, which confirmed the production of
nanoscale particles exhibiting agglomeration. As
the annealing temperature increased, the crystallite
and particle size increased. In addition, Fourier
transform infrared (FTIR) analysis confirmed the
bond formation of investigated samples. The mag-
netic measurement revealed that the coercivity (Hc)
of (Ag-Z-H) nanoparticles at 400�C increased nine
times compared to the as-dried sample, which could
be applied in sensors. On the other hand, the
saturation magnetization (Ms) of the nanoparticles
(Ag-Z-H) in the as-dried sample exhibited a 1.8-fold
increase compared to the nanoparticles heated at a
temperature of 400�C, which could be used in
magnetic targeting and separators. The high-fre-
quency applications were determined by magnetic
measurements, indicating that both samples are
suitable for utilization within the ultra-high fre-
quency (UHF) P-band microwave spectrum. The
results of the antimicrobial investigation indicated
that the antibacterial activity of (Ag-Z-H) nanopar-
ticles was stronger when heated to a temperature of
400�C compared to the as-dried sample. Therefore,
it is highly suggested that both samples of (Ag-Z-H)
nanoparticles, especially those annealed at a tem-
perature of 400�C, be considered a promising
antibacterial therapy option.
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