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ABSTRACT

In the present study, the ratio of reducing to oxidizing (F/O) elements as an indicator for maximum
oxygen interference during the solution combustion synthesis (SCS) process of ZnO particles was deter-
mined using simple mathematical calculations. The obtained result was called special point (S.P). To
interpret the role of S.P in the SCS reactions, ZnO particles were synthesized in the presence of citric acid,
hexamine, hydrazine, and urea with various F/O values (0.75, 1, 1.25). The correlations between the S.P,
physicochemical properties of the synthesized ZnO powders, and density functional theory (DFT) predic-
tions were investigated. X-ray diffraction results, band-gap values, oxygen vacancy data, DFT results, and
S.P points demonstrated the direct relation of these parameters. According to the S.P idea, it can be
affirmed that the structural defects, particle size, optical band-gap (E; = 3.06), the color of the products,
the magnetic properties (0.2 emu/g), and the antibacterial inhibitory (15.625 pug/mL) of the synthesized
particles were controlled via the interference of O, during the synthesis process. In fact, the S.P investi-
gation was suggested that the reaction rate of the combustion synthesis process could regulate the prop-
erties of ZnO particles.

© 2021 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction

Solution combustion synthesis (SCS) technique is a fast and
well-known process that is used widely for the synthesis of oxides
through an exothermic reaction between fuel(s) (e.g., glycine, urea)
and oxidizer (s) (e.g., Zn(NOs), Fe(NOs)) in an aqueous media [1-3].
The fuel type and the ratio of reducing to oxidizing elements (F/O)
directly affected on the thermodynamics properties of the SCS pro-
cedure, i.e., enthalpy, the highest reachable temperature (Tad), and
the time (rate) of the combustion reaction [4-7]. The term F/O
shows the total ratio of reducing to oxidizing elements. Molar frac-
tions of raw materials are calculated based on Eq. (1) and favorable
F/O as follows [8]:

F/O=
Z (coefficient of reducing elements) x reducing valency

xmolar fraction
(—1) 3 (coefficient of oxidizing elements)
x 0xidizing valency molar fraction (1)
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where reducing elements are hydrogen, carbon, and metallic
cations with the corresponding valance (v) of +1, +4, and v (e.g., v
is +2 for Zn?*), respectively. Besides, oxygen as an oxidizing agent
has a valency of —2 [8]. Accordingly, based on the different F/O val-
ues, Reaction I is obtained as follows:

(X)A(NO3)a1(s) + (y)Fuel (s) = AxOxnr (s) + fH,0(g) + gCO; (g)
+ hN,(g) + i0,(g) + heatReaction]

where d1 is the cationic capacity of oxidizer and x, y, f, g, h, and i are
the molar coefficients of the reactants. Besides, i0, is the amount of
interfered O, in the SCS reaction. The mentioned coefficient, i.e., X, y,
f, g, h, and i in Reaction I, were commonly represented as a function
of F/O value with a polynomial order of one or two. To avoid misun-
derstanding, it should be mentioned that based on Eq. (1) and Reac-
tion I, the term F in the F/O equation (Eq. (1)) is not just referred to
the molar fraction of fuel, i.e., y (Reaction I). In fact, it is referred to
the reducing elements.

In the SCS method, when F/O = 1, it means that theoretically the
combustion reaction does not need atmospheric oxygen and the
oxygen molecules of the reactants, i.e., oxygen molecules of the
NOs groups and other oxidant agents, would be sufficient for the
combustion process, i.e.,, combustion of fuels and oxidation of
nitrate(s) [8]. While, when F/O < 1 and F/O > 1, it means that the
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concentration of oxygen molecules is higher and lower than the
amount which is needed for the efficient combustion reaction,
respectively [8]. However, oxygen could be interfered in the SCS
reaction at all F/O values (F/O = 1, F/O < 1, and F/O > 1) [4,10]. To
synthesize Fe;0,4, Aali et al. [5,10] used different fuels type and F/
O values (F/O = 1, F/O < 1, and F/O > 1). The obtained results
showed that the Fe3O4 phase was not crystallized in any of the
designed systems, while, due to the interference of O,, FeO and
Fe,03 were crystallized. To overcome this problem, a vacuum sys-
tem was proposed to solve the oxidative condition, and finally
Fes0,4 was successfully synthesized. The main factor for the suc-
cessful synthesis of Fes04 was controlling the interference of O,
during the combustion reaction, which could not be controlled
completely only by changing the F/O values. As previously pub-
lished results have shown interference of O, could change thermo-
dynamics and the rate of the combustion reaction. As a result, the
properties of the synthesized particles could be changed. Under-
standing the changes in the function of i (Reaction I) or the amount
of interfered O, could help predict the properties of SCS reactions,
such as adiabatic temperature. Besides, different fuels with various
physicochemical properties directly affect the SCS reaction param-
eters and interference of O, [2,10]; investigation of the possible
changes in the function of y, which directly refer to the molar frac-
tion of fuel (Reaction I) could help in this regard. It can be hypoth-
esized that calculating the molar ratio of i to y (Reaction I) or
oxygen molar coefficient to fuel molar coefficient, that are both
could be represented as a function of F/O, provides some new
and helpful information about SCS reactions.

The published results of the previous studies imply the interest-
ing photocatalytic performance, antibacterial, and biological activ-
ities of the SCS products; the defects, especially oxygen vacancies
formed during the SCS reaction, improve products’ properties com-
pared to counterparts which were synthesized by other
approaches such as sol-gel [11,12]. The oxygen vacancies formed
on the surface of the synthesized oxide via the SCS approach due
to unusual conditions of the synthesis process, such as high vac-
uum (~1072° Pa). Previously, the effects of these parameters on
the concentration of oxygen vacancies were reported through a
simple thermodynamic model [9]. Verification of the previous
model using computational studies could provide valuable knowl-
edge about the SCS reactions for future studies. In this view, den-
sity functional theory (DFT) has been suggested as a powerful
structural modeling approach in particular atoms [13-15]. The
relation between the amount of interference of O, the previously
proposed thermodynamic model, and the DFT calculations could
be used to shed light on the effect of variation of the interference
of O, in the SCS reaction.

ZnO is a bio-safe material with promising antibacterial activity,
optical properties, and photocatalytic performance [16-18]. Vari-
ous methods could be used to synthesis ZnO particles, such as
sol-gel, solution combustion, hydrothermal, wet chemical, and
physical vapor deposition [4,19]. Among these methods, the solu-
tion combustion synthesis (SCS) route is an efficient, straightfor-
ward, and fast method due to its low synthesis temperature,
precise control of the chemistry, and low cost [8]. Controlling the
parameter of the SCS method, i.e., type of fuel and the ratio of fuel
to oxidizer/s (F/O), directly impacts the self-sustained exothermic
process of SCS reaction. Besides, ZnO is a univalent oxide, and con-
trols of the SCS process parameters of its synthesis are simple, as
reported elsewhere [20-23].

The current study tried to investigate the effect of the variation
of the molar fraction of interfered O, to the molar fraction of fuels
as the function of the F/O ratio in the SCS reaction. The presented
theoretical studies provide a depth knowledge about the SCS reac-
tion and its relation with the experimental procedure. Besides, this
study attempts to investigate the correlation between the theoret-
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ical studies and the physicochemical properties and in vitro
antibacterial performance of the SCS synthesized ZnO particles.
The phase and the optical properties of SCS synthesized ZnO pow-
ders were predicted using DFT, and their correlations with the
interference of O, and the defects were clarified in the current
study.

Experimental procedure
Synthesis of ZnO particles

Zinc nitrate (Zn(NOs3),.6H,0 98.0%, M.W 297.49, Merck, Ger-
many), citric acid (CgHgO; 99.5%, M\W 192.124, Merk, Germany),
hydrazine (N,H4 64-65%, M.W 32.04, Merk, Germany), hexamine
(CeH12N4 99%, MW 140.19. Merk, Germany), and urea (CO(NH;),,
97%, M.W 94.07, Merck, Germany), were used as the raw materials.
As mentioned before, F/O values are determined using Eq. (1) (Eq.

(1) [8]:

Eq.(1): F/O = =

Z (coefficient of reducing elements) xreducing valencyxmolar fraction

1) Z (coefficient of oxidizing elements) xoxidizing valency molar fraction

The reducing and oxidizing valence of the reactants which were
used in the current study could be calculated based on the infor-
mation represented in Table 1.

The exact amounts of raw materials were calculated based on
the following steps:

Step 1: The coefficient of one (1) is considered for the oxidizing
agent (here Zn(NOs),), and the coefficient (n) is considered for the
reducing agents (here citric acid, hydrazine, hexamine, and urea).
For example, to synthesis ZnO powders in the presence of citric
acid, F/O is calculated as follows:

F (1(vZn) + 6+ 2(vH) + (6n(vC) + 8n (vH) 14+32n

0~ (—1)(6(v0,) + 6+ (v0;) + (7n(v0,) 24+ 14n

Step 2: n is calculated based on the favorable F/O value. This F/O
could be selected based on the literature reviews.

Step 3: The SCS reaction should be balanced based on the calcu-
lated value of n in step 2. It needs to be noted that to balance SCS
reaction at F/O > 1, O, should be added in the reactant side,
whereas when F/O < 1, O, should be added in the products side.
In this study, the reactions were balanced using the GEM module
of the HSC chemistry software package [24].

Table 2 shows the calculations mentioned above for the synthe-
sis of ZnO powders in the presence of citric acid, hydrazine, hexam-
ine, and urea as fuels.

After the reaction was balanced, the coefficient equations are
calculated based on the used F/O ratio (X), which is equal to
0.75, 1, and 1.25 in all systems and the obtained results are pre-
sented as follows:

Table 1
The reducing and oxidizing valence of the utilized reactants in this study.
Reactants Role Reducing valance Reducing
calculation valance
citric acid Reducing 6(+4)+8 (+1)+7 18
(CeHg07) agent (-2)=18
hexamine Reducing 6(+4)+ 12 (+1)+4 36
(CeH12N4) agent (0)=36
hydrazine Reducing 2(0)+4(1)=4 4
(N2Hy4) agent
urea (CO(NH;),) Reducing 1(+4)+1(-2)+2(0)+4 6
agent (1)=6
Zn(NO3), Oxidizing 1(+2)+2(0)+6 -10
agent (-2)=-10
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System I: (Fuel: citric acid)

Reaction II: Zn(NO3 ),.6H,0 + (1.419X2 — 1.004X + 0.1404) CsH30,
= Zn0 + (5.643X2 — 4.046X + 6.577)H,0 + N,
+ (8.547X2 — 6.086X + 0.8724)C0, + (—2.416X? —4.424X + 6.84)0,

System II: (Fuel: hexamine)

Reaction III: Zn(NO; ),.6H,0 + (—0.004X? + 0.6746X
~0.3926)CsH1,Ns = ZnO + (4X + 3.667)H,0 + (—0.008X>
+ 1.344X + 0.2148)N, + (—0.0016X> + 4.003X — 2.335)C0,
+ (0.004X2 — 6.007X + 6.003)0,

System III: (Fuel: hydrazine)

Reaction IV: Zn(NO3),.6H,0 + (6XX — 3.5) N;Hs = ZnO + (12X
—1)H,0 + (6X—2.5)N; + (6X—6)0,

System IV: (Fuel: urea)

Reaction V: Zn(NO3),.6H,0 + (1.524X* + 1.539X
—1.396)CH4N,0 = ZnO + (—4.136X? + 19.25X —5.778)H,0
+ (1.524X%? —1.539X — 0.396)N, + (1.524X? + 1.534X
—1.396)C0, + (5.346X% — 17.46X + 12.12)0,

In this study, the equations were calculated using MATLAB soft-
ware (R 2018b). In the curves fitting settings, the R-squared (R?) of
the equations was set to 1, and then the curves were fitted. It needs
to be noted that commonly the equation with polynomial order of
one or two with the maximum R? is recommended.

According to the chemical reactions in system I-IV, to obtain
0.01 mol of ZnO powder, 0.01 mol zinc nitrate was completely dis-
solved in 5 mL of deionized water (Cas number: 7732-18-5) using a
25 mL beaker under constant stirring (1000 rpm) in room temper-
ature. The appropriate amount of each fuel was dissolved in 5 mL
of deionized water in the 25 mL beaker, separately. According to
each reaction, the fuel-containing solution was added to the nitrate
solution with a drolp rate of 30 drops/min. Then, the obtained
solution was homogenized with continuous stirring with
1000 rpm for 10 min. Prepared solutions were transferred into
100 mL alumina crucible and then heated up to about 330 °C using
a digital hot-plate (Alfa, D500, Iran, plate diameter of 20 cm). Over
time, water was evaporated and the solution became viscous.

Table 2
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Finally, the combustion reaction was ignited spontaneously, result-
ing in the formation of solid powders. It should be mentioned that
the yield of the SCS process in the current study was lower than
40% for all systems.

Combustion temperatures (T.) and reaction time (R;) of all reac-
tions were defined by USB-4718 (Advantech Co., Ltd) data acquisi-
tion. Besides, combustion enthalpy and adiabatic temperature (T,q)
were determined using the HSC chemistry® software package [24].

The special point (S.P) was calculated as follows:

Step 1: Plotting the homographic graph of Y versus X, in which
Y is equal to —2£ (Y = - 25)

where 0.C and F.C are oxygen and fuel molar coefficients in sys-
tems I-1V, respectively.

It should be mentioned that O.C and F.C are both calculated and
presented as the function of F/O.

Step 2: Determining the vertical asymptote(s) of the plotted
curves. Calculation of the vertical asymptote(s) can be considered
in two different cases:

*) The denominator of the fraction, i.e., the fuel molar coeffi-
cient, is zero. Although this assumption is mathematically correct,
the SCS process is not possible in this case.

**) The numerator of the fraction, i.e., the oxygen molar coeffi-
cient, approaches infinity. It means the interference of oxygen
could have a maximum value at this F/O value. In this study,
assumption ** was acceptable from mathematical and thermody-
namical points of view.

Accordingly, the obtained value from vertical asymptote(s) was
used to calculate the S.P; S.P value could be equal to the average of
the vertical asymptote values with the bellow rules. These rules
were used to define the mathematical homographic function by
considering the thermodynamic of SCS reactions.

(a) In the curves with two positive vertical asymptotes, the
average values of the vertical asymptote could be considered
as the S.P.

(b) In the curves with a negative vertical asymptote and a pos-
itive vertical asymptote, if the average of these vertical
asymptotes is a positive number, the average would be equal
to the S.P, while when the average of vertical asymptote is a
negative number, the S.P could not be defined.

(c) In the curves with a positive vertical asymptote, the S.P
value would be equal to the vertical asymptote value.

(d) In the curves with a negative vertical asymptote, the S.P
value could not be defined.

In the current study, each chosen fuel corresponded to one of
the rules mentioned above. It should be mention that when the
average of the vertical asymptote is a negative number, it means
the fuel(s) would be available as an impurity in the products of
the SCS reaction.

The results of the theoretical calculated fuel to oxidizer (F/O) ratio for conducting the solution combustion synthesis of ZnO powders.

Fuel Chosen F/O F/O n Balanced reaction
Citric acid 0.75 4220 0.180 Zn(NO3),*6H,0 + 0.18C¢HgO7 = ZnO + 1.08CO; + 6.72H,0 + N, + 1.690,
1 0.550 Zn(NO3),*6H,0 + 0.555CgHs07 = ZnO + 3.333CO, + 8.222H,0 + N,
1.25 1.103 Zn(NOs5),*6H,0 + 1.103C¢HgO7 + 2.4650, = ZnO + 6.620C0O, + 10.412H,0 + N,
Hexamine 0.75 14360 0.110 Zn(NO3),*6H,0 + 0.111CgH12N4 = ZnO + 0.666CO, + 6.666H,0 + 1.222 N, + 1.5010,
1 0.277 Zn(NO3),*6H,0 + 0.277CgH12N4 = ZnO + 1.662C0, + 7.662H,0 + 1.554 N,
1.25 0.440 Zn(NOs3),*6H,0 + 0.444C¢H15N,4 + 1.4690, = ZnO + 2.664C0O, + 8.664H,0 + 1.888 N,
Hydrazine 0.75 14224" 1.000 Zn(NOs5),*6H,0 + NyHy = ZnO + 8H,0 + 2 N, + 1.50,
1 2.500 Zn(NO3),*6H,0 + 2.5N;H4 = ZnO + 11H,0 + 3.5 N,
1.25 4.000 Zn(NO3),*6H,0 + 4N;Hy4 + 1.50; = ZnO + 14H,0 + 5 N,
Urea 0.75 %f}rg: 0.615 Zn(NO3),*6H,0 + 0.615CH4N,0 = ZnO + 0.615CO, + 7.23H,0 + 1.615 N, + 1.5770,
1 1.666 Zn(NO3),*6H,0 + 1.666CH4N,0 = ZnO + 1.666CO, + 9.332H,0 + 2.666 N,
1.25 2.909 Zn(NO3),*6H,0 + 2.909CH4N,0 + 1.8630, = ZnO + 2.909CO, + 11.818H,0 + 3.909 N,

3
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Characterization

Before the characterization steps, all synthesized samples were
ground in an agate mortar for 5 min. The phase compositions of the
synthesized powder were investigated by X-ray diffraction (XRD)
(Explorer GNR, Italy) by using monochromatic Cu-Ko radiation
over the 20 range of 20-70° with step size 0.02°, and time per step
1 s. Crystallite size of (101) plane of the synthesized powders was
estimated using Debey-Scherrer equation (Eq. (2)) [25]:

Dty = K2/ (B12 * cos(0)) (2)

where K is the shape factor, which is equal to 0.9, 4 is X-ray wave-
length, which is equal to 1.54, §;; is full-width at half-maximum
(FWHM), and 0 is the Bragg’s diffraction angle in degrees.

The micro-strain (&) of the (101) plane of ZnO was determined
by the below equation (Eq. (3)).

€= Py/,€08(0/4) 3)

where ¢ is the amount of micro-strain, and f,, is FWHM.

The particle size, polydispersity index (PDI), and the surface
charge of the particles were assessed using a particle size analyzer
(HORIBA Scientific, SZ 100, France). To evaluate the particle size,
zeta potential and PDI of ZnO particles, 0.01 g of particles were dis-
persed in absolute ethanol (99.95%) using ultrasonication process
(40 kHz, 400 W * 60%). The morphology of the gold sputter-
coated particles was characterized using field emission scanning
electron microscopy (FESEM) (MIRA3, TESCAN, CZ). Magnetic prop-
erties of the synthesized powder were explored using a vibrating
sample magnetometer (VSM) analysis at room temperature (Mag-
netic Danesh Pajoh Inst, Iran). The color coordination of the synthe-
sized powder in a wet state was determined using chroma meters
measuring head (CR-400 Head, Japan). The optical properties of the
synthesized powders were studied by a UV-Vis spectrophotometer
(Hitachi, U-3010, USA) with a scan rate of 100 nm/min. Before the
UV-VIS analysis, 0.01 g of CaPs were dispersed in 30 mL deionized
water by ultrasonication (40 kHz, 400 W * 40%) for 10 min.

The value of the band-gap energy (E,) is obtained according to
Eq. (VI) [4].

ohv = B (hv — Eg)" (VD)

where E; and n are band-gap energy values and 0.5, respectively.
The E; was achieved from (ohv)? versus ho plot.

Computational studies

The effect of the concentration of the oxygen vacancy defects
and impurity on the structural and optical properties of the synthe-
sized particles was evaluated using the density functional theory
(DFT) via the CASTEP (Cambridge Enterprise Limited, registered
number 1069886). For this, ZnO with a hexagonal structure, a
space group of P63/mc, and cell parameters of a = 3.2494 A and
c/a = 1.6014 were built. The calculations were performed based
on the generalized gradient approximation (GGA) and PBEs, with
the Hubbard U method as the exchange-correlation potential
[26]. The plane-wave cutoff energy and k points mesh was set at
550 eV and 5*5%5, respectively, using the Monkhorst-Pack scheme
[27,28]. The geometry convergence of structure with 0.01 eV/A
maximum force (M-F), 0.0005 A maximum atomic displacement
(M-D), and 0.02 GPa maximum stress (M-S) was optimized with
the Broyden-Fletcher-Goldfarb-Shanno (BFGS) method [27]. The
oxygen vacancy was simulated by reducing an oxygen atom from
a2 x 2 x 12Zn0 supercell and adding a Zn atom. Besides, for sim-
ulating the crystalline structure of N-doped ZnO, first,a 2 x 2 x 1
hexagonal wurtzite ZnO supercell was built, and an N atom
replaced an O atom. The Hubbard parameters were adjusted as fol-
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lows: Ugzn = 10.5, Upp = Upn = 7 eV. The effect of oxygen vacancy
and doping of nitrogen (N) atom in the structure of the ZnO pow-
ders on the XRD peak position were studied using the Mercury 3.8
(The Cambridge Crystallographic Data Centre (CCDC)).

It should be mentioned that the standard computational meth-
ods may not be sufficient for ZnO systems, as reported elsewhere
[29,30]. Besides, the electronic properties of ZnO can be quite sen-
sitive to basic functions used to calculate ZnO systems. The men-
tioned parameters are beyond the generalized gradient approach,
which was used in this study.

In vitro antibacterial activity

Bacterial cell preparation

The Gram-negative bacterium Escherichia coli (E. coli) (PTCC:
1330) and gram-positive bacterium Staphylococcus aureus (S. aur-
eus) (PTCC: 1112) were cultured in the nutrient broth (NB) in the
incubator with 5% CO, at 37 °C for 24 hours. UV-Vis spectropho-
tometer was employed at 630 nm to measure the optical density
(OD) of the overnight cultured bacteria. Subsequently, the over-
night culture was diluted using the NB medium to obtain an OD
ranged between 0.08 and 0.1 (1.5 x 10° CFU/ mL).

Assessment of cell viability

ZnO particles were dispersed in a solvent. The solvent was com-
posed of deionized water, dimethyl sulfoxide (DMSO), and glycerol
with a volume ratio (4:1:1). Then, 100 pL of the obtained suspen-
sion with the desired concentrations of 250, 125, 62.5, 31.2, 15.6,
7.8, 3.9, and 1.95 pg/ml along with 100 pL of NB culture medium
was transferred in a 96-well microplate. The diluted culture was
then seeded into the microplate and incubated at 37 °C for 24 h.
The OD at the wavelength of 630 nm was measured using an ELIZA
microplate reader (Synergy HT, BioTek, USA). The microplates
without the powder and the microplates containing solvents
media were considered as a negative control. The antibacterial test
was performed three times for each sample, and all of the data
were reported as mean * standard deviation.

Statistical evaluations

The results of particle size, zeta potential, and PDI values were
statistically evaluated using a one-way analysis of variance
(ANOVA). Probability values less than 0.05 were considered signif-
icant (*p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001) (Graph-
Pad Prism 8.02 (263), San Diego, California, USA).

Results and discussion
Thermodynamic aspects

Calculation of the special point (S.P)

The S.P points (or the F/O values which resulted in the maxi-
mum interference of O, in the combustion reaction) in the pres-
ence of different fuels were calculated according to the proposed
calculation rules (see Section 2.1), and the data are presented in
Table 3 and Fig. 1A-D.

According to data, citric acid had two positive vertical asymp-
totes (0.190, 0.520), and the average of them is 0.355. Accordingly,
the S.P for citric acid would be 0.355. When fuel was hexamine, the
curve had a positive vertical asymptote (0.580); therefore, the S.P
would be equal to the vertical asymptote (0.580). When fuel was
hydrazine, the curve had a negative vertical asymptote (—0.580),
and the S.P could not be defined according to the proposed rules.
Finally, when the fuel was urea, the curve had a negative



E. Garmroudi Nezhad, F. Kermani, Z. Mollaei et al.

Table 3

The results of the calculated special point (S.P) for the utilized fuels.
Fuel Vertical Asymptote Average S.P
Citric acid 0.19, 0.52 0.355 0.355
Hexamine 0.58 - 0.580
Hydrazine —-0.58 - Not defined
Urea -1.59, 0.58 —0.505 Not defined

(—1.590) and a positive (0.580) vertical asymptotes with an aver-
age of —0.505; thereby, the S.P value could not be defined.

The normalized (comparable) values of S.P (or nS.P, 0 < nS.P
< 1) for the synthesized samples in the presence of citric acid
and hexamine for the various F/O ratios were calculated, and the
data were presented in Table 4. The calculated data in Table 4 were
used throughout the study to investigate S.P’s effect on the proper-
ties of the synthesized particle. Besides, for the synthesized particle
in the presence of hydrazine and urea fuels, which had not a
defined S.P value in the current study, the effect of F/O values on
the final properties was investigated.

T, and the R, and their correlation with S.P

The measured T, and R; values are presented in Table 4. The
relation between T, and R; with nS.P data are presented in
Fig. 2A and B, respectively. According to T, data, during the synthe-
sis process in the presence of citric acid, hexamine, and hydrazine,
the highest combustion temperatures were 690 C and 724 C,
respectively. The T, in these systems increased with increasing
the F/O ratio. The increasing trend of T, in the mentioned samples
could be related to the interference of O, during the combustion
process. In the synthesized particles in the presence of urea, T, con-
stantly decreased when the F/O ratio was increased. The urea fuels
(S.P = —0.505) and hydrazine (S.P = —0.580) might be remained in
SCS products.

The time of reaction in the synthesized samples in the presence
of citric acid and hexamine was increased when nS.P increased
(Fig. 2B); this relation might be associated with the diluent role
of the fuels in the reaction as well as the low amount of interfer-
ence of O, in the combustion reaction at the high S.P values. The
reaction time increased in the synthesized samples with hydrazine
and urea when F/O increased, as well.
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Tqq and oxygen vacancy concentrations

To calculate the concentration of oxygen vacancy in the differ-
ent systems, combustion enthalpy (AH®;9g) and its corresponding
T.q of the reactions in system I-IV (see Section 2.1) were calculated
and the data were presented in Table 4. As seen in Table 4, the dif-
ference between the thermodynamic properties of systems highly
depends on the physicochemical properties of fuels and F/O. It
should be noted that the formation enthalpy of citric acid, hexam-
ine, hydrazine, and urea are —1390, 125.5, 93.242, —351.375 KJ/-
mol, respectively [24]. Besides, as shown in Table 4, the highest
T.q in each system is related to the reaction, which is occurred in
stoichiometric F/O value, i.e., F/O = 1. As reported elsewhere, the
difference between theoretical T,q and the measured T, is related
to the interference of O, and energy loss incurred during the com-
bustion process [10].

Based on the Kermani model [9], the relative theoretical con-
centration of oxygen vacancies was calculated, and the obtained
data were presented in Table 4. As shown in Table 4, in the synthe-
sis systems in the presence of different fuels, the concentration of
oxygen vacancies increased by decreasing the F/O ratios. The indi-
rect relation of the concentration of the oxygen vacancy defects
and S.P is illustrated in Fig. 3; conducted synthesis process with
low nS.P values and reaction time (see section 3.1.2) increased
the concentration of oxygen vacancy defects. It should be men-
tioned that according to the previously published results, little dif-
ference between the concentration of oxygen vacancies in the
various systems could cause a significant difference in physical
properties [9,31-34].

The relation of S.P and XRD results

XRD patterns of the synthesized samples are depicted in Fig. 4A.
The result of the calculation of the crystallite size and micro-strain
values are also shown in Table 5. According to the standard ICDD
reference pattern of (36-1451), ZnO with hexagonal structure
and space group of P63/mc was crystallized almost in all systems.
Some minor levels of impurities were detected in the synthesized
system in the presence of urea at F/O = 1.25, which could be due
to the remained urea in this sample. The combustion reaction pro-
cess in the presence of urea at F/O = 1.25 was not completed;
thereby, the presence of impurities was expected. As shown in
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Fig. 1A. The homographic function of oxygen to fuel molar coefficient (O.C/F.C) versus fuel to oxidizer ratio (F/O) in system I for citric acid fuel.

5



E. Garmroudi Nezhad, F. Kermani, Z. Mollaei et al.

(0.C/F.C)

(B)

Journal of Industrial and Engineering Chemistry xxx (xXxx) xxXx

| Vertical Asymptote
x = 058

—104

20+

Sl

Fig. 1B. The homographic function of oxygen to fuel molar coefficient (0.C/F.C) versus fuel to oxidizer ratio (F/O) in system II for hexamine fuel.
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Fig. 1C. The homographic function of oxygen to fuel molar coefficient (0.C/F.C) versus fuel to oxidizer ratio (F/O) in system III for hydrazine fuel.

Table 5, when F/O was increased from 0.75 to 1.25, the crystallite
size was increased in all systems. The smallest crystallite size of
(100) reflection (38 nm) is related to the synthesized sample using
citric acid at F/O = 0.75. Besides, the highest crystallite size (96 nm)
is related to the synthesized sample with hydrazine at F/O = 1.25.
The crystallite size values increased with increasing the S.P values
(Fig. 4B); the formation time of particles with high nS.P is longer
due to the low concentration of interfered O, in these systems
(see Section 3.1) and as a result of which the particle size
increased.

The formed lattice during the SCS methods contains super-
lattice defects due to the explosive nature of the combustion reac-
tion [35]. The calculated micro-strain values in the synthesized
ZnO particles are represented in Table 5. The highest micro-
strain is value about 0.084 % in the synthesized powder in the pres-
ence of hexamine as fuels at F/O = 0.75. The difference between the
crystallite size and micro-strain values of the synthesized samples
in the presence of different fuels could be related to the different
rates of the combustion process and the combustion temperatures.

Fig. 4C demonstrated the indirect relation of micro-strain and S.P
values. According to the represented relation in Fig. 4C, it can be
said that when the amount of interference of O, in the combustion
reaction increased (samples with low S.P values and reaction time),
the micro-strain values increased. Besides, as reported elsewhere,
the different micro-strain values of the formed lattice in the SCS
reaction might be due to the structural defect [9,23,36]. These mat-
ters could have a beneficial effect on the ZnO properties (e.g.,
antibacterial inhibitory).

The correlation between S.P, XRD peak position, and the concentration
of oxygen vacancy defects

The XRD peak position relied on the phase properties (e.g.,
micro-strain) and the structural defects [1]. The surface oxygen
vacancy defects significantly affect the XRD peak position in the
SCS approaches, as well [1,9]. The XRD peak shift associated with
Fig. 4A is illustrated in Fig. S1 (see supplementary information).
The different peak shift values for the synthesized samples in the
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Fig. 1D. The homographic function of oxygen to fuel molar coefficient (O.C/F.C) versus fuel to oxidizer ratio (F/O) in system IV for urea fuel.

Table 4
The results of normalized special point (nS.P), combustion temperature (T), reaction time (R;), enthalpy of reaction (AH°,qg), adiabatic temperature (T,q), and the theoretical
concentration of oxygen vacancy defects values. (#These values are relative and could not be compared for different fuels).

Fuel F/O (X) Special point (S.P) (F/O)*(S.P) Normalized (S.P) T.(°C) R¢(sec) AH°yg(k]/mol) T.,q(°C) Oxygen vacancy concentration * 1077 (#)
Citric acid  0.75 0.355 0.266 0.367 554 148 —433.866 1199 2.64
1 0.355 0.490 641 174 —533.197 1411 2.62
1.25 0.444 0.612 690 193 —506.021 1353 2.61
Hexamine 0.75 0.580 0.435 0.600 580 186 —261.976 882 2.64
1 0.580 0.800 625 228 —515.350 1471 2.62
1.25 0.725 1.00 764 253 —343.710 1072 2.60
Hydrazine 0.75 Not defined - - 605 109 —600.274 1476 2.63
1 - - 714 136 —819.826 1916 2.62
1.25 - - 888 154 —660.561 1597 2.61
Urea 0.75 Not defined - - 610 193 —280.293 1007 2.67
1 - - 573 224 —378.435 1264 2.65
1.25 - - 541 369 —315.044 1098 2.64
800 260
(A) —— Citric acid (B) —— Citric acid
—=— Hexamine —=— Hexamine
750 4 240

220
700

200

Rate of reaction (R,)(sec)

180

Combustion temperature (T)("C)

160

550

T T T T T 140 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Normalized S.P (nS.P) Normalized S.P (nS.P)

Fig. 2. The correlation between combustion temperature (T¢) (A) and the rate of the SCS reaction (R,) (B) with the special point (S.P).
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Fig. 3. The correlation between the calculated concentration of oxygen vacancy
defects and special point (S.P). # These values are relative and could not be
compared for different fuels.

presence of different fuels could be associated with different lattice
disordering as a result of high concentration of vacuum in the SCS
process and different thermodynamic characteristics of fuels (e.g.,
combustion enthalpy). The prediction of the XRD peak position
as the function of the concentration of the oxygen vacancy defects

F/O

Citric acid Hexamine

Journal of Industrial and Engineering Chemistry xxx (xXxx) xxXx

is shown in Fig. 5A. According to the DFT results in Fig. 5A, the XRD
peak positions shifted to higher degrees when the concentration of
oxygen vacancies increased. The linear relation between the XRD
peak position and DFT was estimated by about y = 0.322x, where
y is the concentration of oxygen vacancies, and X is the peak shift
compared to the standard ICDD reference pattern of ZnO (36-
1451). Comparing the obtained results from the Kermani model
(Table 4) and the XRD peak position of Fig. S1, which is shown in
Fig. 5A, interestingly showed a similar result with DFT methods.
According to Fig. 5A, in the synthesized samples in the presence
of citric acid, hexamine, and urea as fuels, when the concentration
of oxygen vacancies increased, the (101) peak was shifted to higher
degrees. While in the synthesized sample in the presence of hydra-
zine, the (101) peak was shifted to lower degrees; this matter
might be related to the doping of nitrogen atom(s) in the ZnO
structure, as shown in Fig. S2. Fig. 5B is shown the relation
between S.P and XRD peak shift; when the amount of interference
of oxygen in the synthesis reaction was increased, the amount of
peak shift was enhanced. Comparing Fig. 5A and Fig. 5B demon-
strated that the high rate of the synthesis reaction, which resulted
from the interference of O,, could increase the concentration of
oxygen vacancy defects and, as a result, change the XRD peaks
positions.

Particle size, zeta potential, and PDI

The SCS method, regarding its fast and explosive nature, pro-
vides a good opportunity to miniaturize the particle size [37,38].
The results of the particle size, zeta, and PDI of the synthesized
powders are presented in Table 6. Significant change in the synthe-
sized samples at F/O = 0.75 and F/O = 1.25 compared to sample
synthesized at F/O = 1 was marked in Table 6 *p < 0.05,
**p <0.01, **p <0.001, and ****p < 0.0001). As presented in Table 6,
overall, the samples synthesized at F/O = 0.75 have a smaller par-
ticle size compared to samples synthesized at other F/O values. The
lowest particle size (39 nm) is related to the sample synthesized
using citric acid at F/O = 0.75. Increasing the F/O values increased
the particle size up to 75 nm. The obtained results of the particle
size distribution of the synthesized ZnO with the SCS method
(without any treatment) are considerable compared to other tech-
niques. The relation between S.P and the particle size in Fig. 6A
illustrated that the synthesized samples with the lower S.P, i.e.,
the synthesized powders with higher interference of O, and the
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Fig. 4A. X-ray diffraction results of the synthesized ZnO particles.
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Table 5

The results of the calculated crystallites size, micro strain, crystallinity, and lattice constant of synthesized ZnO particles in different systems.
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Fig. 4B and C. The correlation between the calculated crystallite size (B) and micro strain (C) with special point (S.P) values.

Fuel F/O Crystallite size of (101) reflection nm Average crystallite size of (101), (100), and (002) reflections Nm Micro strain * 1072 %
Citric acid 0.75 38 46 3.5
1 43 53 2.1
1.25 Amorphous phase is higher than 75%
Hexamine 0.75 48 56 8.4
1 51 59 2.2
1.25 66 68 1.2
Hydrazine 0.75 50 49 1.6
1 70 68 03
1.25 96 93 0.1
Urea 0.75 88 89 0.8
1 91 99 0.4
1.25 Contains impurities
0.6 0.28
(A) (B) | ——Citric acid
et DFT .
== ==Predicted based on DFT 0.26 —=— Hexamine
0.5 === Citric Acid ¢ —_
E _._::;3?:::2 Kermani model Ve § 0.24
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Fig. 5. The correlation between the density functional theory (DFT), X-ray diffraction data of the synthesized ZnO, and the calculated concentration of oxygen vacancy defects

with the Kermani model [9] (A). The correlation between the observed peak shift value and special point (S.P) (B).
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Table 6

The results of particle size, zeta potential, and PDI of the dispersed ZnO particles in the alcohol *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). (The data of the amorphous

samples (>70%) or the samples with impurities were not presented).

Fuel F/O Particle size Zeta PDI
nm mV
Citric acid 0.75 39+ 10 —31+3 0.3790 + 0.011
1 43+6 " —28+4* 0.3101 £ 0.013 *
1.25 - - -
Hexamine 0.75 54+10 " —26+2" 0.3760 £ 0.011
1 60+ 6 —25+4 0.2130 £ 0.015
1.25 66+12* 242" 0.1740 + 0.001 ™
Hydrazine 0.75 45+9* —28+4"" 0.3490 + 0.019 ™"
1 53+7 —22+1 0.3550 + 0.008
1.25 76 £13 77 —20+2" 02713 £0.013
Urea 0.75 64+4* —19+4 0.2600 + 0.013 *
1 55+9 —21+5 0.2710 + 0.023
1.25 - - -

higher reaction rate, had smaller particle sizes than samples with
higher S.P. As reported in the previous studies, the small particle
size could change the surface charge and PDI of particles [39].
Besides, the increasing concentration of oxygen vacancies, which
is commonly related to the outer surface of particles, could alter
the surface charge of defective particles [39]. The results of zeta
potential and PDI of the particle are presented in Table 6. Besides,
the relation of zeta and PDI with S.P is shown in Fig. 6B and Fig. 6C,
respectively. According to the data, the highest zeta potential
(=31 mV) and the highest PDI values (0.3790) belong to the sample
with the smallest particle size, i.e., the synthesized sample using
citric acid at F/O = 0.75, which had the lowest S.P.

Optical properties

UV-visible spectra

UV-visible absorption spectroscopy is one of the most valuable
techniques to determine the optical characteristics of semiconduc-
tor materials [4]. As reported in the previous studies, the synthe-
sized ZnO particles with the SCS method with different fuels and
F/O ratios have a wide range of band-gap (E) values from 3.06 to
3.47 [8]. As literature shows, the synthesis method, particle size,

10

and structural defect concentrations could affect the band-gap val-
ues [40-42]. The estimated values of E, of the synthesized samples
using citric acid, hexamine, hydrazine, and urea are presented in
Table 7. According to the data, in all samples, increasing the F/O
ratio decreased the Eg values. In good agreement with Anitha
et al. study [43], the Eg increased when the particle size increased
(Table 6). The highest obtained E, value was about 3.47 eV for the
synthesized sample in the presence of hexamine at F/O = 1.25.
Whereas the lowest E, is about 3.06 eV for the synthesized sample
using citric acid at F/O = 0.75. Besides, the difference between the
band-gap values for synthesized ZnO powders in the presence of
different fuels could be related to the remained fuels and partially
doping of the structural groups of the fuels to ZnO structure, as
reported in [4].

The relation between S.P and the E; data in Fig. 7A, along
with its relation with particle size in Fig. 6A, confirmed that
in each group, the sample with the smallest particle size,
which had the lowest nS.P, had the lowest value of Eg, as well.
Another critical reason which reduced the E; in samples with
the low nS.P was the high concentration of oxygen vacancy
defects in these samples. This subject is investigated in section
3.5.2.



E. Garmroudi Nezhad, F. Kermani, Z. Mollaei et al.

Table 7
The results of estimated band-gap energy and magnetization saturation values of ZnO
particles.
Fuel F/O Eg M
Citric acid 0.75 3.06 0.01
1 3.32 0.01
1.25 - -
Hexamine 0.75 3.11 0.05
1 3.34 0.08
1.25 3.47 0.20
Hydrazine 0.75 3.13 0.01
1 3.15 0.11
1.25 3.28 0.11
Urea 0.75 3.04 0.01
1 3.08 0.08
1.25 - -

The correlation between Eg, the concentration of oxygen vacancy

The structural defects, especially the oxygen vacancies, could
change the optical properties of the semiconductors [44-46]. The
correlation between the optical band-gap and the concentration
of the oxygen vacancies was predicted using the DFT method
(Fig. 7B). According to the results, Eg values steadily decreased
when the concentration of oxygen vacancies increased. The
obtained data from the Kermani model (Table 4) and the E, data
demonstrated the same results; the synthesized samples with a
high concentration of oxygen vacancies (low S.P) had low ban-
gap values. This relation could also be explained by considering
the possibility of creating a new trap band in ZnO particles contain-
ing oxygen vacancies (Fig. 7C).

Magnetic measurements

The M; values of synthesized ZnO powders are shown in Table 7.
According to Table 7, it can be said that the synthesized ZnO par-
ticles had a weak magnetic property. The results indicated that
increasing the F/O ratios in all systems improved the M; values.
The M; value of combusted samples was in the range of 0.01-
0.2 emu/g. The highest M; (0.2 emu/g) belongs to the synthesized
sample in the presence of hexamine at F/O = 1.25 (see Fig. 8A).

The obtained M values in this study are interestingly higher
than the previously reported results. Ma et al. investigated the

Journal of Industrial and Engineering Chemistry xxx (xXxx) Xxx

effect of oxygen-deficient ZnO on the magnetic properties, which
were synthesized via the sol-gel route. Different annealing pro-
cesses for adsorption and desorption of oxygen have been done
to synthesis an oxygen-deficient ZnO structure. The maximum
reported Ms value was about 0.001 emu/g at room temperature
[47]. Such enhancement in the M; values could be explained by
the results of Sections 3.1-3.3, along with the results of previous
studies [9]. It is documented that oxygen vacancies, as well as
the other defects, are the crucial factors that affect the M; values
[5]. Referring to the thermodynamic aspects (see Section 3.1) and
the results of the concentration of oxygen vacancy evaluation, it
can be inferred that the intense combustion process accompanied
by a rapid cooling process results in the enhancement of M; value
to 0.2 emu/g. Different values of M; for the synthesized samples in
the presence of various fuels could be related to partially doping of
structural groups of fuels to ZnO structure (e.g., N-doping ZnO,
Fig. S2) that could be changed the magnetic moments. Besides,
the atomic Zn might be partially doped to ZnO structure and/or
substituted with O atom (Zn;.+xO1_x), resulting in the magnetiza-
tion of ZnO due to Bohr magneton of metallic Zn?* atom(s).

According to the direct relation of S.P and M; values (Fig. 8B),
and comparing the results with Section 3.1-3.3, it can be said that
when the concentration of interfered O, decreased, the M values
increased.

Emission color

The previous studies indicated that the formation of structural
defects could change the color of synthesized oxide particles in a
wide range, i.e., from white to black [11]. The colorimetry test
was performed using Commission International del’ Eclairage
1931 (CIE 1931) functions. The CIE 1931 graphs of the synthesized
ZnO particles are shown in Fig. 9A and B. Table 8 also shown the
corresponding CIE coordinates and correlated color temperature.
All sample coordination’s are almost match with the expected
white light-emitting region. It is noted that the area with coordina-
tion of x = 0.28-0.35 and y = 0.30-0.37 is related to the region with
balanced white light [4]. According to the presented data in Fig. 9,
the color hue was changed from white to pink and yellow-red via
increasing the F/O vales in all samples. Considering Fig. 9 and S.P
data in Table 4, it can be said that for each fuel, the samples, which
were synthesized at lower nS.P, had a darker color than the sam-
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Fig. 7A. The correlation between the band gap (Eg) values and the special point (S.P) (A). The correlation between the density functional theory (DFT), E; data of the
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synthesized ZnO, and the calculated concentration of oxygen vacancy defects with the Kermani model [10] (B).
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Fig. 7C. The different conduction band energy levels of ZnO particles with different concentrations of oxygen vacancy defects, which was calculated using density functional

theory (DFT).

ples synthesized at higher nS.P. The observed color difference
could be due to the different concentrations of structural defects
in different samples. The synthesized samples at lower S.P con-
tained a higher concentration of oxygen vacancies than the sam-
ples synthesized at higher S.P values, as shown in Section 3.1.2.

The morphology of synthesized samples

Particles that are produced by the SCS method commonly have
porous structures with non-uniform shapes [48]. The morphology
of ZnO powders, synthesized at F/O = 1 with citric acid, hexamine,
hydrazine, and urea, are shown in Fig. 10A-D, respectively.
Agglomerated ZnO particles with flower-like morphology were
seen in Fig. 10 in all synthesized ZnO powders. As the literature
showed, ZnO with a nano flower structure is suggested as a
promising candidate as an antibacterial agent [49-51].

Antibacterial activity evaluations

ZnO is considered a non-toxic and biocompatible antibacterial
agent according to the previous in vitro and in vivo results
[52,53]. The antibacterial activity of the SCS synthesized ZnO par-
ticles might be altered regarding different morphology, particle
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Fig. 8A. Vibrating-sample magnetometer results of the synthesized ZnO particles in
the presence of hexamine at F/O = 1.25.
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size, crystallinity, and concentration of defects of the SCS products.
Consequently, the antibacterial activity of the samples should be
clarified. Accordingly, the inhibitory effects of synthesized ZnO
particles against Gram-negative bacteria (E. coli) and Gram-
positive bacteria (S. aureus) were studied using the MIC method,
and the results are presented in Fig. 11A--F-. According to
Fig. 11A, the highest E. coli death is related to the treated bacteria
with the synthesized samples at F/O = 0.75. The E. coli growth-
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Table 8
The results of CIE coordinates and correlated color temperature of the ZnO particles.

Fuel F/O CIE coordinates
X y
Citric acid 0.75 0.3246 0.3394
1 0.3475 0.3565
1.25 - -
Hexamine 0.75 0.3338 0.3338
1 0.3528 0.3593
1.25 0.3406 0.3551
Hydrazine 0.75 0.3299 0.3567
1 0.3506 0.3511
1.25 0.3585 0.3547
Urea 0.75 0.3490 0.3612
1 0.3551 0.3502
1.25 - -

inhibitory of the synthesized samples with citric acid and hexam-
ine is about 88 and 80%, respectively, in the concentration of
15.625 pg/ml. According to Fig. 11B and C, the E. coli growth-
inhibitory of the synthesized sample at F/O = 1 and F/O = 1.25 is
significantly reduced. The highest antibacterial activity against
E. coli in the synthesized sample at F/O = 1 and F/O = 1.25 is related
to citric acid, which was equal to 49 and 37%, respectively. Besides,
the highest growth inhibitory against S. aureus at F/O = 0.75, 1, and
1.25 was equal to 100, 84, and 74%, respectively, in the synthesized
sample in the presence of citric acid. The most important mecha-
nism of antibacterial activity of ZnO powder is the generation of

Citric acid Hexamine

2 m|

reactive oxygen species (ROS) (e.g., 0,*, OH*, and H,0,) on the sur-
face. In this mechanism, produced ROS is penetrated to bacteria’s
cell wall, resulting in the bacteria cell devastation [45,54]. Besides,
the release of Zn?* in the biological environment and direct contact
of ZnO with the cell membrane of bacteria could reduce the surface
tension of bacterium plasma and destroyed the bacteria cell wall
[54].

The comparison of the presented antibacterial data in Fig. 11
and the S.P data (Table 3) demonstrates a remarkable result as
follows:

Synthesized samples in the lower nS.P in each group have more
potential for antibacterial activity against Gram-negative and
Gram-positive bacteria. According to the data, the synthesized
samples with the lower nS.P have a higher concentration of oxygen
vacancy defects (see Section 3.1.3), smaller particle size, higher
surface charge (see Section 3.4), and lower band-gap values (see
Section 3.5) in comparison to the synthesized samples with the
lower nS.P. Accordingly, these samples (synthesized sample at
the lower S.P) could possess’ higher antibacterial activity. The
lower antibacterial inhibitory in the presence of hydrazine and
urea might be related to the residual fuels in these systems with
negative values of S.P in comparison to other samples.

It’s noted that the Gram-negative bacteria have more resistance
than the Gram-positive bacteria against the synthesized ZnO pow-
ders. Many previous studies also indicated the better influence of
ZnO against Gram-positive bacteria [54]. This subject stems from
the different cell wall structures, cell physiology, and metabolism
death of Gram-positive and Gram-negative bacteria [54].

Hydrazine

Fig. 10. Scanning electron microscopy (SEM) images of the synthesized ZnO particles in F/O = 1.
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Fig. 11. The results of minimum inhibitory concentration (MIC) of the synthesized ZnO particles.
Conclusion

In this study, some theoretical calculations were used to deter-
mine the special ratio of reducing to oxidizing elements (S.P),
which led to the maximum interference of O, during combustion
reaction. The relation between S.P and the properties of different
SCS synthesized ZnO powder was explored. The correlation of S.P
and the concentration of oxygen vacancy defects, which are com-
monly available in the SCS products, was surveyed via the DFT
method. The most desirable properties of the synthesized sample
belonged to the ZnO powders, which were synthesized in the pres-
ence of citric acid with an S.P of 0.355. The mentioned sample had
promising crystallite size (48 nm), particle size (39 nm), zeta
(=31 mV), PDI (0.3760), band-gap (3.06 eV), and MIC against
E. coli and S. aureus (15.625 pg/mL) values. The calculation of S.P
before the synthesis process could provide a general overview of
the SCS products’ properties.
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