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Effect of fuel content on nonlinear optical and antibacterial activities of Zn/Cu/Al2O4
nanoparticles prepared by microwave-assisted combustion method

ABSTRACT: Nonlinear optical nanoparticles of Zn/Cu/Al2O4 were synthesized by microwaveassisted combustion method with different fuel to oxidizer ratio. And, these nanoparticles were
characterized by various analytical techniques to examine their suitability in fascinating
applications. XRD results enunciate that the nanoparticle crystallizesin cubicspinel structure. The
morphology and quantitative chemical compositions of Zn, Cu, Al and O elements were obtained
from SEM with EDAX analysis. The prepared compound was confirmed by FTIR spectrum. The
optical energy bandgaps are studied from UV-Vis absorption spectra. The luminescence emission
peaks are observed at 371 nm (Violet), 425 nm (violet), 471 nm (blue) and 637 nm (red). In the
application point of view from the Z-scan technique, the third order nonlinear optical parameters
such as nonlinear refractive index (n2), nonlinear absorption coefficient (β), and third-order
nonlinear susceptibility (χ3) of title compound are calculated. For biological application, the
antibacterial activities were tested againstBacillus cereus, Staphylococcus aureus, Shigella
flexneri, and Vibrio cholerabacterial species by measuring the inhibition zone. Existing results
point out that the synthesized Zn/Cu/Al2O4 nanoparticles are possible candidates for photonics
devices, optical switches, optical limiting and also for pharmaceutical applications.
Keywords: Zn/Cu/Al2O4 nanoparticles; Combustion method; Optical properties; Luminescence;
Z-scan; Antibacterial activity

1. Introduction
At the moment, researchers working in the field of nanotechnology are focusing to find promising
materials for plenty of applications like telecommunication, optoelectronics, biological and
nonlinear optics (Rithesh Raj et al., 2015). Nonlinear optics has a great value and various
applications in optical switching, image transmission, data storage and signal processing (Zhang
et al., 2008). For the past two decades, number of studies was made on NLO properties of novel
materials because of its vital applications (Zhang and Wang, 2017). Recent research on nonlinear
optics directs on nanomaterial’s that will be used to fabricate advanced novel optical devices with
minimum expense and more efficiency (Yuvaraj et al., 2017). Many earlier findings revealed the
structural and physical characteristics articulated by ternary metal oxide complex with a spinel
structure (Mao et al., 2005). These spinel structure compounds showed high thermal and chemical
stability and low temperature sinterability. Also, showed low surface acidity, high quantum yields,
better diffusion and hydrophobic behavior gained much more attention in last two decades
(Zawadzki, 2006).The spinels are class of binary transition metal oxides of the form AB2O4 with
varied structural and potential uses in applications in the field of materials science (Zhang et al.,
2011). Among the various spinel structures, zinc aluminate (ZnAl2O4) has multidisciplinary
applications like optical materials, electrical, catalyst support, ceramic materials and optical
coating or host matrix (Pathak et al., 2014). ZnAl2O4 is a direct wide bandgap semiconductor (3.8
eV), which is used for wide range of applications especially in optoelectronic devices that are
operated in the UV region (Wang et al., 2005). Zinc aluminate nanoparticles can be prepared by
variety of methods as given by (Cornu et al., 2014). Compared to other methods, one interesting
and novel technique is the microwave-assisted combustion method to synthesize nanomaterials.
This method is eco-friendly, very high reaction rate, energy saving method, rapid heating and very

short reaction time. Investigation about large nonlinear optical properties of these spinel structure
nanomaterials is still one of the important works concerning nonlinear optical applications (Panoiu
et al., 2018).
Hence, microwave-assisted combustion method was used to synthesize Zn/Cu/Al2O4
nanoparticles with different fuel to oxidizer ratio. These synthesized nanoparticles were
characterized by various analytical methods and also tested antibacterial activity. The novelty of
this work is to determine the nonlinear properties of Zn/Cu/Al2O4 nanoparticles in order to confirm
their suitability in optical limiting device and also to test the antibacterial activity against
foodborne pathogens.
2. Experimental Procedures
Materials
Starting metal precursors which are used in this experiment are Zinc nitrate hexahydrate (Zn
(NO3)2·6H2O), Copper nitrate hexahydrate (Cu(NO3)2·6H2O), and Aluminum nitrate nonahydrate
(Al (NO3)3·9H2O) which act as oxidizer and glycine (NH3 COOH CH2) as a fuel.
Methods
The Zn0.96Cu0.04Al2O4 nanoparticles were prepared via microwave-assisted combustion method
with various fuel to oxidizer ratio such as, stoichiometric (S), fuel lean (L), and rich (R). The
constituents in the desired fuel to oxidizer ratio in stoichiometric conditions were suspended in
double distilled water (15 mL). The mixture was vigorously stirred at 90℃ for 30 mins until it
forms a highly viscous gel, then it was kept in a microwave oven with the output power of 800
Watts. In the early stage, the gel was effervescence and burst into flames with enormous amount
of gases which result in yielding of foamy and porous structure. Finally, the yield was collected

and calcination was done at 700oC for 6 hours. The same experimental procedure was continued
for the remaining fuel to oxidizer ratios like fuel lean and rich.
2.1. Combustion mechanism
Bypropellant chemistry, microwave-assisted combustion synthesis relies on an exothermic redox
reaction between glycine and metal nitrate. In this combustion process, metal nitrates like Zn, Cu
and Al nitrate function as oxidizers, whereas glycine functions as a reducer. Typically, valency for
the elements are Zinc (+2), Copper (+2), Aluminum (+3), Hydrogen (+1), Carbon (+4) and Oxygen
(-2). Generally, element nitrogen is assumed to be zero. Hence, equivalent capacity are Zinc nitrate
(-10), Copper nitrate (-10), Aluminum nitrate (-15) and glycine (+9). For a stoichiometric ratio,
we need 0.96 (-10) + 0.04 (-10) + 2 (-15) + n (+9) =0, which provides n=4.44 mole of glycine. Jain
et al. (1981) have calculated the nitrate to glycine ratio which is represented by (∅𝑒) using the
relation,
Σ(coefficient of oxidizing elements) × (valency)

∅e = ( ―1) Σ( coefficient of reducing elements)

× (valency)

(1)

The coefficients of reducing element for the oxidizer to fuel ratios are (∅e > 1)for fuel lean, ∅e <
1) for fuel rich and (∅e = 1) for stoichiometric. The combustion reaction to prepare
Zn0.96Cu0.04Al2O4 reaction is expressed as follows.
1. Fuel lean (∅𝑒 = 0.5, Fuel/Nitrate ratio= 0.74)
0.04 Cu(NO3)2.3H2O + 0.96 Zn(NO3)2.6H2O + 2 Al(NO3)3.9H2O + 2.22 NH2 COOH CH2
Zn0.96Cu0.04Al2O4 + 4.44 CO2↑+ 29.43 H2O↑+ 5.11 N2↑+ 5.005 O2(2)
It shows that more amount of oxygen released to the surrounding environment.
2. Fuel stoichiometric (∅𝑒=1, Fuel/Nitrate ratio = 1.48)

∆

0.96 Zn(NO3)2.6H2O + 0.04 Cu(NO3)2.3H2O + 2 Al(NO3)3.9H2O + 4.44 NH2 COOH CH2
Zn0.96Cu0.04Al2O4 + 8.88 CO2↑+ 34.98 H2O↑ + 6.22 N2↑

∆

(3)

From the reaction, it is very clear that oxidizing fuel reacts with the oxygen from metal nitrate
completely and for the complete reaction, no heat exchange is generally required.
3. Fuel rich (∅𝑒=1.5, Fuel/Nitrate ratio = 2.22)
0.04 Cu(NO3)2.3H2O + 0.96 Zn(NO3)2.6H2O + 2 Al(NO3)3.9H2O + 6.66 NH2COOHCH + 4.982
∆

O2 Zn0.96Cu0.04Al2O4 + 13.32 CO2↑+ 40.53 H2O↑ + 7.33 N2↑(4)
It is very clear, to finish the combustion process, further oxygen is needed from the atmosphere.
2.2. Instrumentation
The PXRD analysis was performed to characterize the synthesized nanoparticles using
XPERTPRO X-ray powder diffractometer system. The 2θ range analyzed between 10º-80º, the
scan speed was set as 0.1 min-1 The morphologies were observed by SEM (Make: CAREL ZEISS,
Model: EVO 18). FTIR spectra were analyzed using a Perkin–Elmer spectrophotometer in the
range of 400-4000cm-1 at room temperature. The linear optical absorption and electronic transition
of the nanoparticles were investigated using a UV-Visible spectrophotometer (scan range: 200 to
800 nm). The luminescence spectra was recorded in the spectrofluorophotometer (shimadzu/RF
6000).
2.3. Z-Scan measurement
In this experiment, Zn0.96Cu0.04Al2O4 nanoparticles were investigated for third order nonlinear
optical properties using CW laser (532nm, 100 mW) as excitation source. Initially, the prepared
Zn0.96Cu0.04Al2O4 nanoparticles were dispersed in ethylene glycol by ultra-sonication with
transmittance nearly 65%. The dispersed solution was taken in 1 mm cuvette and was mounted on

a translation stage that was slowly shifted into the laser propagation pathway. The corresponding
far field transmittance was observed by a photodetector.
2.4. Antibacterial activity
Nanoparticles were subjected for antimicrobial activity studies using disc diffusion method
(Vijayalakshmi and Dhanasekaran, 2018) against various bacterial pathogens on Mueller Hinton
agar plate. The medium that supports the growth inhibition of bacterial cultures were maintained
at 37℃using an incubator. The sterilized petri dish that was used in the experiment was inhibited
at 120℃for 30 mins. The synthesized nanomaterial was dispersed in deionized water. The
dispersed solution was loaded on sterile dishes on Mueller Hinton agar plate seeded with bacteria.
The petri plates were incubated for 18 h. After 18 h, the results were observed and the diameter of
the zone was measured (mm).
3. Results and Discussions
3.1. PXRD analysis
The XRD patterns obtained for the Zn0.96Cu0.04Al2O4 nanoparticles are described in Fig.1 (a, b, c).
It is clear that the diffraction peaks corresponding to the crystallography planes of (220), (311),
(400), (331), (422), (511), (440), (620), and (533) are in accordance with JCPDS data (Card No:731961). These characters confirmed the presence of cubic spinel structure. However, PXRD pattern
did not show any secondary phase diffraction peaks. Debye-Scherrer’s formula was used for the
determination of the mean crystallite size (D) as suggested by Pathak et al. (2016).
D = kλ βCOSθ

(5)

Where, 𝑘 is the shape factor, 𝜆 denotes wavelength (WL) of X-ray radiation (𝜆=0.15406 nm), θ
denotes diffraction angle and 𝛽 denotes full width half maximum (FWHM) of the observed peak.
The mean crystallite sizes for different fuel ratio are 25 nm (L), 30 nm (S)and 32 nm (R), which

shows good crystallinity. Thus the estimated average crystallite size responds significantly with
the fuel to oxidizer ratio. The lattice parameter of as-prepared materials from the most intense peak
(311) plane was calculated using the following formula as suggested by Yadav et al. (2018).
𝑎 = dhkl h2 + k2 + 𝑙2

(6)

where dhkl denotes inter planar distance, and miller indices are termed as, h, k and l. The analyzed
values of lattice parameter were found to be 8.0542 Å (L), 8.05167 Å (S), and 8.0491 Å (R)for asprepared Zn0.96Cu0.04Al2O4 nanoparticles, respectively.
3.1.1. Williamson - Hall analysis
Williamson-Hall (W-H) equation, to calculate the lattice strain is,
βcosθ = 4εsinθ + Kλ/D

(7)

Where, ε denotes the lattice strain of materials. Fig. 2 (a, b, c) exhibits the plot drawn for 4sinθVs
βcosθ. The calculated lattice strain values are -4.80 (L), 1.17 (S) and 5.66 (R). As fuel to oxidizer
ratio increases, the lattice strain values changes from negative to positive strain (Fig. 2). The
negative strain value indicates the presence of compressive strain and positive values specify
tensile strain in the material. The equation 𝛿 = 1 𝐷2 was used to calculate dislocation density (Aly
et al., 2016) and values forfuel lean, stoichiometricand rich are 1.6000 x1015, 1.1111 x1015
and9.7656 x1014 (Lines/m2).
3.2. Morphological studies
The morphology of the nanoparticles are analyzed using SEM and are shown in Fig. 3 (a, b, c).
The nanoparticles are accompanied by agglomeration and coalescence. In Fig. 3a, it is seen that
cubic structure is formed with some nanoparticles deposited on the structure. In Fig. 3b, cubic
spinel structure is obtained with some agglomeration. Fig. 3cshows the spongy network

structureformed in the nanoparticles. SEM images, reveals slight morphological difference in
different size agglomerates covered by smaller particlesdue to selection of fuel.
3.3. Compositional analysis
EDAX was carried out to confirm the elemental composition in the synthesized nanoparticles for
fuel (L, S & R) is depicted in the Fig. 4 (a, b, c). The corresponding peaks of the elements O, Al,
Zn and Cu were determined for the synthesized nanoparticles. The elements are well distributed
and without any characteristic impurity peak indicating the purity of prepared materials. The
content of Zn, Cu, Al and O differs with fuel to oxidizer ratio. Moreover, the atomic ratio
significantly decreases with increase in the fuel to oxidizer ratio.
3.4. FTIR analysis
The chemical bonding and functional groups of synthesized nanoparticles were identified by FTIR
spectrum. The infrared spectra of the prepared sample are depicted in Fig. 5 (a, b, c). The
absorption band at 3443 cm-1 and 1633 cm-1 could be assigned to O-H stretching vibration due to
water (H2O) adsorption (Theophil Anand et al., 2019). A band observed at 2924 cm-1 could assign
to C-H stretching vibration. Also observed a band at the wave number 2340 cm-1 could attributed
to stretching vibration modes of CO2 molecule in the air. The peak at 1712 cm-1 is due to the C=O
carbonyl group. In this present work, metal-oxygen stretching frequencies appear as three main
peaks between 400 and 800 cm-1. The bands observed at 667 cm-1, 558 cm-1and 501 cm-1 are mainly
attributed to intrinsic metal stretching vibration of the Mtetra ―Ositeand stretching Moctra ―Osite
(Ahmed et al., 2011). These bands in the formation of crystallite phase spinel structure which is in
accordance with the XRD results.
3.5. Optical studies

The optical absorption spectra are shown in Fig. 6a for the prepared nanoparticles havemaximum
absorption edge around 331 nm (L), 335 nm (S) and 337 nm (R). There are small variations in the
absorption edges and also intensity of edges increase with increase in F/O ratios of glycine. The
optical energy bandgapwere calculated by the Tauc’s equation (Bhaumik et al., 2014),
αhυ = A(hυ ― Eg)n

(8)

Where, 𝐸𝑔 is the energy bandgap, ℎ𝜐 is the incident photon energy, n= 2 and 1/2 for indirect and
direct transitions respectively. The optical bandgap of the nanoparticles are given in Fig. 6b. In the
present case, optical bandgap values are found to be (L) 3.74eV, (S) 3.71eV and (R) 3.68 eV
respectively.The energy bandgap is high for the smaller crystallite size compared to high crystallite
size. These wide bandgaps reveal that the synthesized nanoparticles are highly suitable for various
uses as, nonlinear, optoelectronic and photocatalysis applications (Mobeen et al., 2019).
3.6. Luminescence analysis
Luminescence spectra analysis was performed and the results were shown in Fig. 7. The entire
sample exhibiting emission peaks at 371, 425, 471 and 637 nm are found in the luminescence
spectra under the excitation wavelength of λexc=330 nm. In this study, violet emission peaks were
observed at 371 and 425 nm and this characteristic emission peaks were previously determined by
Devi and Velu (2016). The blue emission peaks were observed near 471 nm and this kind of blue
emission peak was previously reported by Vijayaprasath et al. (2015). A red emission peak was
observed at 637 nm mainly due to surface state and deep trap emission. The luminescence emission
intensity is observed to significantly decrease with high increase in fuel to oxidizer ratio and there
is also a slight peak shift as depicted in the spectrum. The luminescence emission peak shiftis due
to the variation positon of the defect levels within the bandgap. These results indicate that, it has a

potential application in monochromatic laser and other optoelectronic devices (Karthik et al.,
2017).
3.7. Z-Scan analysis
This technique has been developed by Sheik-bahae et al. (1989) to determine both the nonlinear
absorption coefficient and nonlinear refractive index for the prepared nanoparticles. The recorded
closed aperture and open aperture Z-Scan curves are described in Fig. 8a and Fig. 8b respectively.
In this study, open aperture Z-Scan curves were determined. This observation revealed that the
sample exhibit the self-defocusing nonlinearity and reverse saturable absorption (RSA). The
nonlinear optical parameters are calculated using standard relations (Yuvaraj et al., 2017). The
third order nonlinear optical susceptibility (χ(3)) can be estimated using,
Re χ(3) =

(3)

Im χ

=

10 ―4(ε0C2n20n2)
π
10 ―2(ε0C2n20λβ)
4π2

(cm2/W)

(9)

(cm/W) (10)

Hence,𝜀0 is the permittivity of vacuum (8.854 × 10-12 F/m), 𝑛0 is the linear refractive index of the
nanomaterial and c is the velocity of the light in vacuum (3 × 108 m/s). Then, the third order
nonlinear optical susceptibility(χ(3)) of the prepared nanoparticles can be calculated from
χ(3) = (Re χ(3))2 + (Im χ(3))2 (11)
The analyzed parameters of third-order nonlinear optical nonlinearity are described in Table 1.
The open aperture Z-Scan curves of this study clearly illustrate decrease in transmission with
significant increase in the input intensity. This finding indicates the availability of RSA and has
been previously reported by Henari (2001). The obtained results confirm that Zn0.96Cu0.04Al2O4
nanoparticles are suitable material for optical limiting device applications.

3.8. Antibacterial activity
The synthesized nanoparticles were evaluated against foodborne bacterial pathogens such as,
Staphylococcus aureus, Bacillus cereus, Shigellaflexneri, Vibrio cholerae bacteria. Nanoparticles
showed activity against these bacterial pathogens (Fig. 9). Photograph of antibacterial activity of
Zn0.96Cu0.04Al2O4 nanoparticles is shown in Fig. 10. By the formation of zone of inhibition, the
results prove that the samples have good antibacterial activity. The important mechanism of metal
oxide in antimicrobial property is the disruption of cell wall by various mechanisms, including
generation of reactive oxygen species (ROS) which causes cell disruption (Karthik et al., 2019a).
Fig.11 illustrates the antibacterial mechanism of Zn/Cu/Al2O4 nanoparticles. The process
involved attraction of positive charged heavy metal ions (Zn2+, Cu2+ and Al3+) with negative
charged cell wall and penetrate into the cell wall. Certain bacteria produce ROS production in host
organism, including human and may cause cancer (Sadiq et al., 2009). Zn/Cu/Al2O4 nanoparticles
have the capacity to inhibit the production of ROS in bacteria and protect mammalian cell damage
(Parham et al., 2016). Hence, the synthesized nanoparticles are efficient material against the
foodborne pathogens which are suitable for medical devices and paramedical applications (Karthik
et al., 2019). The prepared Zn/Cu/Al2O4 nanoparticles have potential antibacterial activity than
other metal oxides (Table 2).
4. Conclusion
In our study, Zn0.96Cu0.04Al2O4 eco-friendly microwave-assisted combustion method was used for
the synthesis of nanoparticles. These were characterized by various analytical techniques and
antibacterial activities were assayed. The synthesized nanoparticles showed cubic spinel structure.
The morphological and elemental composition was confirmed by SEM and EDAX. The optical
bandgap is found to be 3.74 eV (L), 3.71 eV (S) and 3.68 eV (R) with absorption wavelength at

331 (L), 335 (S) and 337 nm (R) respectively. The luminescence nature of the nanoparticles was
studied by luminescence spectra which can be effectively used in monochromatic laser and also in
optoelectronic devices. The third order NLO properties results enunciate that the sample can be
used in nonlinear optical limiting device applications. The sample inhibits the growth of various
foodborne pathogens and exhibits potential activity against both Gram-positive and Gram-negative
bacteria. The above experimental result reveals that, Zn0.96Cu0.04Al2O4 nanoparticles provide
potential applications inphotonic devices and antibacterial activity which restricts theselected
bacterial growth confirms the suitability in pharmaceutical applications.
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Table 1

Third order measurement values of prepared Zn0.96Cu0.04Al2O4 nanoparticles for different fuel to
oxidizer ratio.
Fuel
Fuel
Fuel
Parameters
Lean
Stoichiometric
Rich
Linear absorption coefficient (α)
85.441
81.756
75.999
Linear refractive index (n0)
1.3602
1.3526
1.3412
―9
2
Nonlinear refractive index n2 × 10 cm /W
2.4615
2.1503
1.4224
―4
Nonlinear absorption coefficient (β) × 10 cm/W
1.2949
0.6632
0.5803
Real part (χ)(3) × 10 ―7esu
1.1557
0.9984
0.6493
(3)
―8
Imaginary part of (χ) × 10 esu
2.5752
1.3042
1.1221
Third order nonlinear susceptibility (χ)(3) × 10 ―7esu 1.1840
1.0068
0.6589
Table 2
Antibacterial activities of Zn/Cu/Al2O4 nanoparticles were compared with various metal oxide
nanoparticles.
Bacteria species

Materials

Staphylococcus aureus

Bacillus cereus

Vibrio cholera

Shigellaflexneri

References

NiO

Zone of inhibition (mm)
± standard deviation
10

Al2O3

12

(Manyasree et al., 2018)

MgO
CuO

12±0.10
9±0.8

(EL-Moslamy et al., 2018)
(Yugandhar et al., 2017)

ZnO

11±0.23

(Zare et al., 2017)

Ni-ZnO

12

(Brintha et al., 2016)

Al-ZnO

12

(Brintha et al., 2016)

NiFe2O4

6.4

(Allafchian et al., 2016)

NiFe2O4@Ag

12.5

(Allafchian et al., 2016)

Zn/Cu/Al2O4

19

Present work

MgO

15±0.03

(EL-Moslamy et al., 2018)

Ni-ZnO

8

(Brintha et al., 2016)

Al-ZnO

12

(Brintha et al., 2016)

NiFe2O4

6.4

(Allafchian et al., 2016)

NiFe2O4@Ag

11.5

(Allafchian et al., 2016)

Zn/Cu/Al2O4

18

Present work

ZrO2

12

(Karthik et al., 2019c)

CdO

12

(Karthik et al., 2017)

CdO-MgO

12

(Karthik et al., 2019a)

Zn/Cu/Al2O4

15

Present work

Ta2O5

10± 0.2

(Nagaraju et al., 2019)

MgO

10± 2.3

(EL-Moslamy et al., 2018)

(Karthik et al., 2018)

TiO2

12

(Karthik et al., 2019d)

Zn/Cu/Al2O4

16

Present work

Fig. 1-3. Thesynthesis Zn0.96Cu0.04Al2O4 nanoparticlesfor differentfuel ratios (a) Fuel lean, (b) Fuel
stoichiometric (c) Fuel rich: (1) XRD pattern (2) W-H plots (3) SEM images (4) EDAX spectra.

Fig. 5-8. Thesynthesis Zn0.96Cu0.04Al2O4 nanoparticlesfor differentfuel ratios (a) Fuel lean, (b) Fuel
stoichiometric (c) Fuel rich: (5) FTIR spectra (6a)UV-Vis absorption spectra (6b)Optical bandgap
(7)Emission spectrum (8a)Closed aperture (8b)Closed aperture Z-scan analysis.

Fig. 9-11. The antibacterial activity of synthesized nanoparticles for differentfuel ratios (a) Fuel
lean, (b) Fuel stoichiometric (c) Fuel rich: (9)zone of inhibition(10)Antibacterial activity plate
photos and (11)antibacterial mechanism.

