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Abstract. The primary objective of this study is to synthesize Fe@Cu bimetallic nanoparticles (BNP’s) using the microemulsion
technique. Microemulsion techniques are widely employed for the controlled fabrication of nanoparticles with specific shapes
and dimensions. The synthesized nanoparticles were characterized using UV-Vis spectroscopy, Fourier Transform Infrared spec-
troscopy (FT-IR), and X-ray diffraction (XRD). X-ray diffraction analysis revealed that the crystallite sizes of the Fe @Cu bimetallic
nanoparticles fell within the range of 14.52 nm. The XRD graph also indicated the presence of copper peaks at (20) values of
34.52°, 42.60°, 50.60°, and 74.10°, as well as an iron peak at 43.70°. Additionally, we observed several oxide peaks for both
copper and iron particles at 24.50°, 29.20°, 30.00°, 31.40°, 33.10°, 37.00°, and 61.80°, suggesting that a minor portion of copper
had undergone oxidation and transformed into copper oxide. Peaks at 65.10°and 83.00°indicated the presence of iron oxide. UV-
Vis spectroscopy of the Fe@Cu bimetallic nanoparticles exhibited a maximum peak at (312 + 8.20) nm, with direct and indirect
band gap energies of (2.54 £+ 0.20) eV and (0.26 + 0.02) eV, respectively. Both the indirect and direct band gaps demonstrated
semiconductor behavior. Furthermore, UV-Vis spectroscopy revealed the surface plasmon resonance of Cu nanoparticles at (459
+ 1.13) nm. Fourier transform infrared spectroscopy of Fe@Cu bimetallic nanoparticles identified peaks at 680.87 cm~! and
607.57 cm™!, confirming the presence of Cu-O bonds, which align with Fe in the core and Cu on the shell. Moreover, this study
included the preparation of Cu@Fe bimetallic nanoparticles, as well as monometallic copper (Cu) and iron (Fe) nanoparticles. The
characterization of these materials involved UV-Vis spectroscopy and FT-IR spectroscopy.
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INTRODUCTION

ibly small, even smaller than bacteria, and nanoparticles
can be found in both natural and man-made materials.
Nanoparticles have a wide range of potential applica-

Approximately 13.8 billion years ago, the Big Bang led
to the formation of all the matter and energy in the uni-
verse [1, 2]. Nanoparticles and nanostructured materials
are thought to have originated from the Big Bang pro-
cess, when atoms and molecules condensed in the early
universe. These materials have been found in meteorites,
which are thought to have formed from the debris of early
stars [3]. The prefix “nano-" originates from the Greek
word “nanos,” which means “dwarf.” It refers to things
that are one billionth of a meter in size [4]. The Inter-
national Organization for Standardization (IOS) defines
a nanoparticle as a particle with a diameter of 1 to 100
nanometers [5]. This means that nanoparticles are incred-
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tions in medicine, energy, environmental remediation,
materials science, manufacturing, and consumer prod-
ucts [6]. The term “nanotechnology” was first used by
Norio Taniguchi in 1981, but the idea of working with
atoms and molecules was first thought of by Richard
Feynman in 1959 [7].

Microemulsion

Microemulsions exhibit both thermodynamic stability
and kinetic instability They are thermodynamically sta-
ble because, when a microemulsion forms, it represents
a state of lower Gibbs free energy, indicating a lower-
energy state compared to the initial, unmixed state of oil
and water. The presence of surfactants in microemulsions
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plays a crucial role by reducing the interfacial tension
between oil and water, thus lowering the free energy as-
sociated with the interface and contributing to the overall
stability of the system This thermodynamic stability is
vital, as without it, microemulsions would tend to phase
separate over time. However, microemulsions are kinet-
ically unstable because they require continuous energy
input to maintain their small droplet size and prevent co-
alescence [8].

Microemulsions are transparent, isotropic dispersions of
two immiscible liquids, such as water and oil, stabilized
by surfactant molecules at the water/oil interface. The
surfactant and co-surfactant molecules form a monolayer
at the water/oil interface. Microemulsions are composed
of water, oil, surfactant, and co-surfactant [9]. These
components are mixed in carefully controlled proportions
to form the microemulsion. The size of microemulsion
particles ranges from about 10 to 100 nanometers (nm).
This means that they are too small to be seen with the
naked eye [10].

During the formation of a microemulsion, there is typi-
cally a negative change in Gibbs free energy (AG). This
negative AG signifies that the process is thermodynam-
ically stable and that the resulting microemulsion rep-
resents a lower-energy state compared to the unmixed
components. This negativity of AG is a fundamental
characteristic of microemulsion behavior and is integral
to their stability [8]. Microemulsions can be classified
into three different types based on their compositions and
structural characteristics. In oil-in-water microemulsion,
the droplet of oil phase is dispersed in water phase. These
microemulsions usually contain a higher fraction of wa-
ter, a lower fraction of oil, and appropriate surfactant and
cosurfactant concentrations. O/W microemulsions are
commonly used for drug delivery, pharmaceutical for-
mulations, and in the food and cosmetic industries [11].
In the water-in-oil microemulsion, the droplet of water
phase is dispersed in oil phase. These microemulsions
usually contain a higher fraction of oil, a lower fraction
of water, and appropriate surfactant and co-surfactant
concentrations. W/O microemulsions are often used in
the formulation of cosmetic and personal care products
[12]. However, bicontinuous microemulsions have both
oil and water droplets dispersed in a continuous phase of
surfactant and cosurfactant [13].

PREPARATION OF SOLUTION

Preparation of Microemulsions (ME) for
BNP’s

FIGURE 1: Preparation of Transparent microemulsion
solution

—

‘ 2023/7/23 12:39

FIGURE 2: Preparation of a microemulsion solution
containing FeSO4 - 7H;0.

In this work, we prepared a water-in-oil microemulsion,
where a water phase is dispersed in an oil phase. To cre-
ate the microemulsion, we combined 138 ml of hexane
as the oil phase with 7.8 ml of distilled water, 2.4 grams
of sodium lauryl sulfate as a surfactant, and 40.2 ml of
iso-amyl alcohol as a co-surfactant in a 250 ml conical
flask. The mixture was then placed on a magnetic stirrer
and stirred for 30 minutes, then a clear and transparent
186 ml of microemulsion solution was obtained.

Figure 2 illustrates the preparation of a microemulsion
solution containing FeSO4-7H,0. This solution is pre-
pared by utilizing one-third of the solution described in
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FIGURE 3: Preparation of a microemulsion solution
containing CuSOy4 - 5SH>0.

FIGURE 4: Preparation of a microemulsion solution
containing NaBHj.

Figure 1. To create this solution, a magnetic stirrer is em-
ployed. The magnetic stirrer generates a magnetic field,
which serves as the energy source in this process. We then
use the magnetic stirrer to mix FeSOy4 - 7H, 0 for 30 min-
utes, resulting in FeSO4 - 7H,0 being transformed into a
soluble form within the solution.

Figure 3 shows the preparation of a microemulsion so-
lution containing CuSO4-5H>0. To prepare this solu-
tion, one-third of the solution from Figure 1 is used. A
magnetic stirrer is used to mix the solution, which gener-
ates a magnetic field that serves as the source of energy.
The magnetic stirrer is run for 30 minutes to dissolve the
CuSO4 -5 HZO.

Moving on to Figure 4, it illustrates the preparation of
a microemulsion solution containing sodium borohydride

(NaBHy4). To create this solution, one-third of the solu-
tion described in Figure 1 is utilized. In this process, a
magnetic stirrer is not employed. Instead, an ice bath is
utilized for the dissolution of NaBHy. This decision is
driven by the fact that sodium borohydride is a highly po-
tent reducing agent. The dissolution of NaBHy in water
is an exothermic process, meaning it generates heat. The
use of an ice bath serves the purpose of rapidly dissipating
this heat, effectively preventing the solution from becom-
ing excessively hot. An ice bath offers a controlled and
secure environment for this dissolution process.

Preparation of Fe@Cu BNP’s from
Microemulsion (ME) Solution

Total amount of microemulsion
solution: 186 mL

ME (1): 62 mL ME (Il): 62 mL
| \ |

‘ 0.60 gm of CuS04.5H.0 | 0.75 gm of FeS04.7H,0 ]‘-' 0.15 gm of NaBH,

Mixing of ME (1l) and ME (IIl) with stirring
Fe precipitate

Fe@Cu bimetallic
nanovarticles

Centrifuged and washed with water

Sample for characterization

FIGURE 5: Procedure for the synthesis of Fe@Cu
BNP’s.

Total amount of microemulsion
solution: 186 mL

ME (1): 62 mL ME (1): 62 mL
| \ |

ME (Ill): 62 mL

[ 0.75 gm of FeS0..7H.0 I ‘ 0.60 gm of CuS04.5H;0 ]-—' 0.15 gm of NaBH4

Mixing of ME (1) and ME (Il1) with stirring
Cu precipitate

Cu@Fe bimetallic
nanoparticles

Centrifuged and washed with water

Sample for characterization

FIGURE 6: Procedure for the synthesis of Cu@Fe
BNP’s.
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Total amount of microemulsion
solution: 124 mL

ME (Il): 62 mL

ME (I): 62 mL

0.15 gm of NaBH,

0.75 gm of FeS04.7H.0

Fe precipitate

Centrifuged and washed with water

Sample for characterization

FIGURE 7: Procedure for the synthesis of Iron (Fe)
MNP’s.

Total amount of microemulsion
solution: 124 mL

ME (Il): 62 mL

ME (I): 62 mL

0.15 gm of NaBH,

0.60 gm of CuS04.5H:0

Mixing of ME (1) and ME (1) with stirring

Cu precipitate

Centrifuged and washed with water

Sample for characterization

FIGURE 8: Procedure for the synthesis of Copper (Cu)
MNP’s.

The total microemulsion solution of 186 mL was divided
into three equal parts: ME (I) contained 62 mL, ME (II)
contained 62 mL, and ME (III) also contained 62 mL
of microemulsion solution. In ME (I), we added 0.75
grams of the compound form of FeSOy4-7H,0, which
was dissolved by stirring on the magnetic stirrer for 30
minutes. The resulting solution, representing the liquid
form of FeSO4-7H,0. In ME (II), we added 0.6 grams
of the compound form of CuSOy - 5H>0, which was also
dissolved by stirring on the magnetic stirrer for 30 min-
utes. The resulting solution, representing the liquid form
of CuSOy4-5H>0. Another microemulsion (III) was pre-
pared by dissolving 0.15 grams of NaBHy, in an ice bath
without using a magnetic stirrer. Then, the NaBHy4 mi-
croemulsion solution and the FeSOy4 -7H;0O microemul-
sion solution were gradually mixed with constant stirring
using a burette while maintaining constant stirring. This
mixing process led to the formation of a precipitate in the
form of iron (Fe) nanoparticles. Finally, the remaining
CuSOy4 -5H,0 microemulsion solution was added drop-
wise using a burette to obtain an iron-precipitated solu-
tion. A reddish brown bimetallic nanoparticle (BNP’s)
appeared, signifying the formation of Fe@Cu bimetallic

nanoparticles (BNP’s). The prepared bimetallic nanopar-
ticles (BNP’s) were washed several times in a centrifuge
and dried in a convection oven at 40 °C for 1 hour. Fi-
nally, the dried samples were transferred to sealed vials
for further use.

The flowchart for the synthesis of Fe@Cu bimetallic
nanoparticles using microemulsion is shown in Figure 5.
Additionally, in our research, we also prepared Cu@Fe
bimetallic nanoparticles, as well as iron (Fe) and copper
(Cu) monometallic nanoparticles. The preparation pro-
cesses for these nanoparticles are depicted in the given
flowcharts.

RESULTS AND DISCUSSION

UV-Vis Absorption Analysis of Fe@Cu,
Cu@Fe, Copper (Cu), and Iron (Fe)
Nanoparticles

UV-Visible spectroscopy is based on the principle of elec-
tronic transitions, where the absorption of UV-Visible
light by electrons provides information about the elec-
tronic structure and concentration of absorbing species in
a sample. In this section, we have plotted UV-Visible
graphs for bimetallic Fe@Cu and Cu@Fe nanoparti-
cles as well as monometallic copper (Cu) and iron (Fe)
nanoparticles.

The UV-Vis absorption data of the synthesized Fe@Cu
bimetallic nanoparticles, with iron (Fe) in the core and
copper (Cu) on the shell, reveal that UV light directly
interacts with the copper nanoparticles. As anticipated,
the absorbance peak of copper nanoparticles broadly in-
creases starting from the 539 nm region, attributable to
the surface plasmon resonance (SPR) of copper nanopar-
ticles. Additionally, a band centered at 345 nm aligns with
reference values for the absorption band of Cu nanopar-
ticles [14, 15]. The absorbance value exceeds 1.5 due to
high sample concentration; dilution during UV exposure
would decrease the absorbance peak to less than one, an
ideal scenario.

In the synthesis of Cu@Fe bimetallic nanoparticles, where
copper (Cu) forms the core and iron (Fe) the outer shell,
UV light directly interacts with the iron (Fe) nanoparti-
cles. Interestingly, no broad peak formation is observed in
the copper-associated region, indicating exclusive inter-
action of the light source with iron particles. Furthermore,
the absorbance values for iron exhibit a significant shift
by 280 nm, still falling within the established 280-350
nm range for iron nanoparticle absorption. Notably, no
discernible sharp absorption bands are observed within
the copper absorption range. These observations strongly
suggest the formation of iron particles in the shell, with
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FIGURE 9: UV-Vis analysis of bimetallic (up) and
monometallic (down) nanoparticles.

copper predominantly in the core. The absence of sharp
absorption bands in the copper range further supports this
conclusion. Generally, an absorbance value below 0.8
indicates high sample concentration and significant light
absorption [14]. The broad absorption peak of copper

nanoparticles, located at (459 + 1.13) nm, is attributed
to the surface plasmon phenomenon [16, 17]. The UV
spectrum of iron nanoparticles exhibits a peak at (340 £
9.60) nm. Notably, dilution of the sample will result in a
decrease in high absorbance.

Tauc plot Analysis of Copper (Cu) and Iron
(Fe) MNP’s

The optical band gap (E,) of a nanomaterial can be de-
termined using the Tauc and Davis-Mott relation [18, 19],
which establishes a connection between the optical ab-
sorption coefficient (&) and the band gap energy (Eg).
The relation is expressed as: (ahv)? =A(hv —E,) Where
(v) is the photon’s frequency, h is Planck’s constant, ¢ is
the absorption coefficient, A is a constant, and Ej is the
band gap energy [20].

Direct band gap: cu

(nthu)2

2
Photon energy (eV)

Direct band gap: Fe

Indirect band gap: Fe

-3
[=]

T
(ah

5

E=235eV
] | |

3.5 4

2 25 3
Photon energy (eV)

FIGURE 10: Direct and indirect band gaps of Copper
(up) and Iron (down) monometallic nanoparticles.

The direct and indirect band gap energies of copper
monometallic nanoparticles are approximately (1.75 =+
0.06) eV and (0.67 &= 0.01) eV, respectively. These band
gap values suggest that the sample likely behaves as a
semiconductor, which can be attributed to the presence
of oxygen (oxidation). When metals undergo oxidation,
they typically transition from being conductors to semi-
conductors or insulators [21, 22]. Similarly, for iron
monometallic nanoparticles, the direct and indirect band
gap energies are approximately (2.35 £ 0.24) eV and
(0.61 £ 0.06) eV, respectively. These values indicate that
iron nanoparticles also exhibit semiconductor behavior,
similar to that of a wide-range semiconductor [23].
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Tauc plot Analysis of Fe@Cu and Cu@Fe
BNP’s
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FIGURE 11: Direct and indirect band gaps of Fe@Cu
bimetallic nanoparticles.
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FIGURE 12: Direct and indirect band gaps of Cu@Fe
bimetallic nanoparticles.

The Tauc plot analysis of Fe@Cu bimetallic nanoparti-
cles, with band gap energies of (2.54 £ 0.29) eV and
(0.26 £ 0.02) eV, suggests that the material exhibits char-
acteristics of both insulators and semiconductors. These
band gaps (2.54 + 0.29) eV and (0.26 & 0.02) eV are in-
dicative of p-type semiconductor properties [24]. In the
case of Cu@Fe bimetallic nanoparticles (BNP’s), the di-
rect and indirect band gaps measured (2.22, 3.76, 4.84)
eV and (4.35 £ 0.30, 5.38 £ 0.30) eV, respectively. These
band gap values suggest that the sample exhibits wide-
range semiconductor behavior. This behavior can be at-
tributed to the presence of oxygen in the sample, causing
it to take on an oxide form and exhibit such characteris-
tics. If the sample were created in an inert atmosphere, it
would likely reduce the band gap range, transforming it
into either a conductor or a pure semiconductor [25].

FT-IR SPECTROSCOPY ANALYSIS OF
COPPER (CU) AND IRON (FE) MNP’S

The peak at 601.79 cm~! indicates the presence of Cu
monometallic nanoparticles. According to the literature,
the main absorption stretch for copper nanoparticles is
typically found between 615 and 619 cm™! [26]. Ad-
ditionally, other studies have reported strong absorption
bands for Cu-O at 421, 520, and 598 cm~! [21]. In the
range of 4000-3500 cm~!, three distinct bands at 3882.70,
3736.12, and 3610.74 cm~! have been identified. These
bands correspond to the O-H group, which is indicative of
free alcohols such as hexane and iso-amyl alcohol. Fur-
thermore, the well-defined peak at 677 cm~! is attributed
to the presence of iron-oxygen (Fe-O) bonds, confirming
that the synthesized nanoparticles include iron oxide. Lit-
erature also reports the appearance of an Fe-O peak at
approximately 631 cm~'. Additionally, small peaks at
3873, 3726, and 3522 cm™! are observed, which are due
to the stretching of the hydroxyl O-H group. This group
is commonly found in water molecules, which are often
present on the surface of nanoparticles [27, 28].

Transmittance (a.u)

o |601.7

L L L L L L
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Transmittance (a.u)

1 L "
4000 3000 2000 1000

Wavenumber (cm™)

FIGURE 13: FT-IR spectrum of Copper (Cu) and Iron
(Fe) nanoparticles synthesized through hexane oil phase.
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FT-IR SPECTROSCOPY ANALYSIS OF
CU@FE AND FE@CU BNP’S

Figure 14 and Figure 15 show the FT-IR analysis of
Cu@Fe bimetallic nanoparticles synthesized with differ-
ent concentrations of NaBHy, specifically 0.15 grams and
0.35 grams. For the sample with 0.15 grams of NaBHy4,
a peak at 601.79 cm~! was observed, indicating the pres-
ence of Fe-O bonds. For the sample with 0.35 grams of
NaBH4, peaks at 439.77 cm~! and 605.54 cm~! were
observed, corresponding to the stretching vibrations of
Fe-O bonds in iron oxides. According to literature, Fe-O
absorption bands are typically found at 465 cm™!, 551
cm !, 455cm™!, 575 cm™!, and 631 em ™! [27].
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FIGURE 14: FT-IR spectrum of Cu@Fe BNP’s with
NaBHj, 0.15 grams
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FIGURE 15: FT-IR spectrum of Cu@Fe BNP’s with
NaBHy4 0.35 grams

Figure 16 and Figure 17 represent the FTIR analysis of
Fe@Cu bimetallic nanoparticles synthesized with vary-
ing concentrations of NaBHy4, specifically 0.15 grams and
0.35 grams. In the sample with 0.15 grams of NaBHy4, a
peak was observed at 680 cm~!, indicating the presence
of Cu-O bonds. In the sample with 0.35 grams of NaBH4,
a peak corresponding to the Cu-O bond was observed at

Microemulsion Method
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FIGURE 16: FT-IR spectrum of Fe@Cu BNP’s with
NaBH4 0.15 grams
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FIGURE 17: FT-IR spectrum of Fe@Cu BNP’s with
NaBH4 0.35 grams.

607.57 cm™!, which falls within the literature range of
(615-619) cm™! [26].

The most prominent peaks are at 3863 cm™! , 3724.50
em~! | 3522.01 cm™! from Figure 16, and peaks at
3857.63 cm~!, 3620.38 cm™! from Figure 17 correspond
to the stretching vibrations of the O-H bonds in water.
The peak at 2991.59 cm~! is due to the C-H asymmet-
ric stretching. The peak at 2322.29 cm™! corresponds to
the stretching vibration of the C=0 bond. The peaks at
1529.55 cm™!, 1390.67 cm~!, and 1116.70 cm™! corre-
spond to the stretching vibrations of the C=C, C-O, and
C-OH bonds.
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X-RD ANALYSIS OF FE@CU BNP’S

X-ray diffraction (XRD) patterns are a valuable tool for
assessing the phase purity, crystallinity, and approximate
size of crystallites in a sample. Figure 18 displays the
XRD patterns of Fe@Cu bimetallic nanoparticles. The
sample exhibits distinct XRD peaks at approximately
29.20°, 30.00°, 31.40°, 34.00°, 36.70°, 42.60°, 43.70°,
50.60°, 61.80°, 64.90°, and 74.10°(26).
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N
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=
o

Intensity (a.u.)

20

FIGURE 18: X-ray diffraction patterns of Fe@Cu
bimetallic nanoparticles [29]

Specifically, the (20) values of 42.60°, 43.70°, 50.60°,
and 74.10°correspond to the (1 1 1), (1 1 0), (2 0 0),
and (2 2 0) peaks, respectively [30]. These peaks at
(20) = 34.52°, 42.60°, 50.60°, and 74.10°are indicative
of a face-centered cubic (fcc) structure, typically asso-
ciated with copper [31-33]. However, it’s worth noting
that a smaller peak is observed at around 24.50°, 29.20°,
30.00°, 31.40°, 33.10°, 37.00°, and 61.80°, suggesting
that a minor portion of copper has oxidized and trans-
formed into copper oxide. In the literature, the peak at
61.80°is commonly attributed to the cuprite form of cop-
per [34]. Furthermore, peaks at 65.10°and 83.00°indicate
the presence of iron oxide. The emergence of a second
prominent peak at 43.70°corresponds to the formation of
iron particles. These values align with literature-reported
values of 44.50°or 44.80°for iron peaks [35, 36].

Additionally, peaks at 35°and 65°are associated with cop-
per oxide and iron oxide on the surface of the synthesized
nanoparticles, respectively [37]. The presence of both
Cu and Fe phases in the XRD patterns indicates that the
Fe @Cu bimetallic nanoparticles are successfully formed.
The size of the nanoparticles can be estimated using the

Scherrer equation: D = f(’}ga, where D is diameter of

the particle, K is Scherrer constant (0.98), 0 is diffrac-
tion angle, 8 is Full Width at Half Maximum (FWHM),
A (1.5406 A) is the wavelength of X-ray [38].

TABLE I: Crystallite size of Fe@Cu BNP’s using
Scherrer equation

Angle Theta () FWHM (rad) Size(D) nm AVG. of D (nm)
(20)

36.74° 18.37° 0.51 17.24
42.54° 21.27° 0.64 13.86
43.46° 21.73° 1.24 7.21 14.52
50.70° 25.35° 0.54 17.12
61.75° 30.87° 0.56 17.15

Table I was used to calculate the average crystallite size
of Fe@Cu BNP’s, which was recorded as 14.52 nm, in-
dicates that the BNP’s do not possess perfect spherical
symmetry. Instead, they exhibit a range of sizes, with
an average diameter of 14.52 nm. Furthermore, it is ob-
served that no additional particles are attached together in
the sample.

To calculate the crystallite size of Fe@Cu BNP’s, we em-
ployed the angle of diffraction (20) and utilized Origin
software to determine the full width at half maximum
(FWHM). FWHM is a critical parameter in X-ray diffrac-
tion (XRD) analysis with multiple applications, including
phase identification, crystallite size determination, strain
assessment, and the examination of microstructural fea-
tures in materials.

TABLE II: Diffraction angles, d-spacing, and Miller
indexes of Fe@Cu BNP’s

A (A°) Angle (20) Theta (0) d-spacing (A°) index (hkl)

36.74° 18.37° 2.44 (110)
42.54° 21.27° 2.12 (111)
1.54 50.70° 25.35° 1.80 (200)
61.75° 30.87° 1.52 (210)
74.10° 37.05° 1.29 (220)

Table II shows the interplanar spacing (d-spacing) and
Miller indices (hkl) for a cubic crystal. D-spacing is the
distance between two adjacent planes of atoms in a crys-
tal, and Miller indices are a set of three numbers that
define the orientation of a plane of atoms in a crystal.
Miller indices and d-spacing are essential components
of Bragg’s law, which explains how X-rays interact with
crystals to produce diffraction patterns [39].
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CONCLUSIONS

The research aimed to synthesize Fe@Cu nanoparticles
using the microemulsion technique, a versatile method for
producing nanoparticles with controlled size, morphol-
ogy, and composition. UV-Vis spectroscopy of Fe@Cu
BNP’s showed a maximum peak at (312 £+ 8.20) nm,
with direct and indirect band gap energies of (2.54 +
0.20, 0.26 £ 0.02) eV, where both the indirect and di-
rect band gaps showed semiconductor behaviors. Fur-
thermore, Fourier Transform Infrared spectroscopy of
Fe@Cu bimetallic nanoparticles with peaks at 680.87
cm™! and 607.57 cm~! confirmed the presence of Cu-O
bonds, consistent with Fe being in the core and Cu on
the shell. The X-ray diffraction (XRD) patterns further
reinforced the crystalline nature of the nanoparticles, with
crystallite sizes falling within the range of 14.52 nm. The
XRD graph also exhibited copper peaks at (26) = 34.52°,
42.60°, 50.60°, and 74.10°, which are indicative of a face-
centered cubic (fcc) structure. Additionally, the peak at
43.70°corresponded to the formation of iron particles.
Notably, we also observed several oxide peaks for cop-
per and iron particles at 24.50°, 29.20°, 30.00°, 31.40°,
33.10°, 37.00°, and 61.80°, suggesting that a minor por-
tion of copper had oxidized and transformed into copper
oxide. Peaks at 65.10°and 83.00°indicated the presence
of iron oxide.
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