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This study presents a sustainable "waste-to-wealth” approach for synthesizing zinc oxide nanoparticles
(ZnO NPs) from discarded Zn—-C dry cell batteries. The recovered Zn shells of the batteries were
processed via a wet chemical route and calcination that yielded phase-pure wurtzite ZnO with
nanoscale crystallite size, as confirmed by XRD analysis. A comprehensive crystallographic analysis was
carried out to estimate crystallite size by exploiting various methods where Halder—Wagner and size—
strain plot methods showed best fit to the experimental data (35.10 nm size and R?> = 0.967). Band
structure analysis using XPS/UPS revealed valence and conduction band edges relative to the vacuum
level at —11.89 eV and —7.15 eV respectively, while the optical studies showed a wide band gap of
4.74 eV. FESEM analysis revealed assorted morphologies with an average particle size of 146 + 89 nm,
while TEM showed a more resolved average primary particle size of 40 + 27 nm, corroborating the XRD
analysis. Functional group analysis by FTIR and Raman spectroscopy confirmed the characteristic Zn-O
stretching and the E, (high) vibrational modes. The as prepared ZnO NPs displayed antibacterial activity
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Accepted 6th October 2025 against Gram-positive bacteria (Bacillus subtilis and Staphylococcus aureus). However, no significant
activity was observed against the tested Gram-negative strains. This work demonstrates a facile route to
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1 Introduction

The escalating global demand for portable electronic devices has
led to a surge in the production and consumption of disposable
batteries, with the global zinc-carbon (Zn-C) battery market
valued at over USD 1.2 billion."” Among these, zinc-carbon dry
cells are ubiquitous due to their low cost and wide availability.?
However, their short lifespan results in a massive volume of
hazardous waste. When improperly discarded in landfills, these
batteries corrode and leak heavy metals like zinc and manganese,
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along with corrosive electrolytes, into the soil and groundwater.
This contamination poses a significant threat to ecosystems and
human health.*® The release of zinc into soil and water systems
can cause excessive accumulation of zinc which ultimately
disrupts microbial communities, affects plant growth, and alters
soil chemistry.® In aquatic ecosystems, elevated zinc concentra-
tions are toxic to fish and other organisms due to bi-
oaccumulation and interference with enzymatic processes.” For
humans, chronic exposure to high zinc levels has been linked to
gastrointestinal distress, immune system dysfunction, and
interference with the metabolism of other essential trace
elements such as copper.*® Therefore, developing sustainable
methods to manage battery waste is a critical environmental
imperative. Although zinc is not considered to be a scarce metal
because of its abundance in Earth's crust and widespread use in
industries, the challenge lies in its recovery from hazardous
wastes. Instead of treating spent batteries as refuse, they can be
viewed as a valuable secondary resource. The concept of waste
valorization, or “waste-to-wealth,” offers a promising pathway to
mitigate pollution while creating value. Specifically, the zinc
casings from waste Zn-C batteries can be recycled and upcycled
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into high-value nanomaterials, such as zinc oxide nanoparticles
(ZnO NPs), creating a circular economy model that addresses
both waste management and resource scarcity.***

Nanotechnology, the manipulation of matter on an atomic
and molecular scale, has revolutionized numerous scientific
and industrial fields." Nanoparticles (NPs), materials with
dimensions typically between 1 and 100 nanometers, exhibit
unique physical, chemical, and biological properties compared
to their bulk counterparts due to their high surface-area-to-
volume ratio and quantum effects. Among the various types of
NPs, metal oxide nanoparticles have garnered immense
interest.’ Zinc oxide (ZnO) is a particularly important n-type
semiconductor with a wide direct band gap (~3.37 eV) and
large exciton binding energy.” Its properties, including high
chemical stability, piezoelectricity, biocompatibility, and low
toxicity, makes it a versatile material for a wide range of appli-
cations." These include its use in sunscreens, gas sensors,
photocatalysis for environmental remediation, and as a key
component in electronic and optoelectronic devices. Further-
more, the potent antimicrobial properties of ZnO NPs have
established them as a promising alternative to traditional
antibiotics in biomedical and agricultural sectors.*>*¢

This study is motivated by the dual goals of environmental
remediation and the sustainable synthesis of functional mate-
rials. We present a facile and cost-effective method to synthesize
ZnO NPs by utilizing zinc recovered from the discarded shells of
commercial Zn-C dry cell batteries. The novelty of this work lies
on its waste-valorizing approach as well as the comprehensive
structural characterization of the resulting nanomaterial. We
employed an extensive array of ten different analytical models,
including the Scherrer, Williamson-Hall (W-H), Halder-Wag-
ner (H-W), and Size-Strain Plot (SSP) methods, to meticulously
analyze the X-Ray Diffraction (XRD) data. This in-depth crys-
tallographic investigation provides a precise understanding of
key microstructural parameters like crystallite size, lattice
strain, and dislocation density, which are crucial for deter-
mining the material's performance. Furthermore, given the
growing concern over antibiotic resistance, we investigated the
antibacterial activity of the synthesized ZnO NPs against both
Gram-positive and Gram-negative pathogenic bacteria, aiming
to validate their potential for biomedical applications.

2 Materials and methods

2.1. Materials

Waste dry cells were collected locally (spent household) and used
as the primary source for Zn. Analytical-grade nitric acid (HNO3,
CAS: 7697-37-2) and sodium hydroxide (NaOH, CAS: 1310-73-2)
were purchased from Merck KGaA, Germany, and used without
further purification. Ethanol (CAS: 64-17-5) with a purity of
=99.5% was obtained from Sigma-Aldrich. Deionized (DI) water
was used throughout all synthesis and washing procedures.

2.2. Synthesis of ZnO from waste dry cell battery

First, a total of 6 AA type Zn-C waste dry cell batteries were
collected and manually disassembled with pliers to isolate the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Zn-containing components. The outer metallic casing (inside
the steel cover and plastic separator), which serves as the anode
in most Zn-C commercial dry cells, was identified as the
primary source of Zn. These Zn shells were carefully separated
from the inner components such as carbon rods, manganese
dioxide paste, and insulating materials. A typical zinc shell of
a Zn-C battery contains 98.0% of Zn as a new anode and 96.2%
of Zn as spent anode.”” The retrieved Zn shells were thoroughly
washed and scrubbed with tap water followed by acetone and DI
water to remove adhering electrolytes, manganese residues, and
carbon particles. To ensure complete surface cleaning, the
shells were then rinsed with ethanol and dried at room
temperature for 24 hours prior to further chemical processing.

Cleaned Zn shells (3 g) were cut into small pieces to increase
surface area for the reaction and slowly added to 50 mL of 10%
(v/v, 1.45 M) HNO; solution under constant stirring at room
temperature. This led to the formation of a clear zinc nitrate
solution [Zn(NOj3),] through the following reaction.

Zn (s) + ZHNO; (aq) — Zn(NOs); (aq) + H; ()1

To this solution, 1 M NaOH was added dropwise with
constant stirring until the pH reached approximately 9.0. A
white gelatinous precipitate of zinc hydroxide (Zn(OH),) resul-
ted from this addition. The mixture was then stirred for an
additional 10 minutes to ensure complete precipitation. The
precipitate was then separated from the solution by vacuum
filtration, dispersed in DI water with constant stirring for
a thorough wash and filtered again. This was done several times
that allowed us to remove residual nitrate and sodium ions.
This is particularly a crucial step of the synthesis process and
skipping this may result in the presence of NaNO; in the final
product. The washed and filtered Zn(OH), was dried for 12
hours in an oven at 80 °C, followed by grinding into a fine
powder using a mortar-pestle. The amount of obtained Zn(OH),
powder was 3.95 g which was the precursor stock for ZnO and
stored in an air tight condition for future use. Finally, 1 g of the
Zn(OH), powder was transferred to a ceramic crucible and
calcined in a muffle furnace at 350 °C for 3 hours to obtain ZnO
NPs via thermal decomposition. After cooling, 0.80 g of white
ZnO NPs powder was obtained. Theoretically, 1 g of Zn(OH),
results in 0.82 g of ZnO and based on this approximation, our
yield% was more than 97%. Synthesis scheme of ZnO NPs by
utilizing waste Zn shells of Zn-C batteries is illustrated in Fig. 1.

2.3. Techniques of characterization

The synthesized ZnO NPs were examined for their structural
and morphological characteristics using a range of analytical
techniques. XRD patterns were obtained with Panalytical
Empyrean EMP3 XRD instrument equipped with Cu-Ka radia-
tion (A = 1.5406 A) and operated at 40 mA, 45 kV. X'pert High-
Score Plus software was used for analyzing the XRD data. The
presence of functional groups and bonding features was
assessed through FTIR and Raman spectroscopy. FTIR spectra
were recorded on a Shimadzu IR Prestige21 spectrometer fitted
with an ATR accessory, covering the 4000-400 cm™ ' region,
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Fig. 1 Synthesis scheme of ZnO NPs by utilizing Zn—-C battery waste.

averaging 30 scans at a resolution of 4 cm™'. Raman spectra
were acquired using a Horiba MacroRam spectrometer with
a 785 nm excitation laser, calibrated against the standard
silicon band near 520 cm . Surface morphology was investi-
gated using field emission scanning electron microscopy
(FESEM, JEOL JSM-7610F) and transmission electron micros-
copy (TEM, Talos F200X G2). For FESEM analysis, samples were
coated with platinum, while TEM specimens were prepared by
drop-casting ethanol-dispersed nano-powders onto carbon-
coated copper grids. Elemental composition was analyzed by
EDS attached to the FESEM, employing a 1 nA probe current
and ZAF correction for quantitative evaluation. The optical
properties were further characterized by UV-visible spectros-
copy using a Hitachi U-2910 spectrophotometer. Surface
chemistry analysis was carried out by Thermo Scientific K-Alpha
XPS instrument.

2.4. Protocol for antibacterial activity study

The in vitro antibacterial activity of ZnO NPs was determined by
agar-well diffusion method.*® The activity was tested against two
Gram-positive (Bacillus subtilis ATCC 6633 and Staphylococcus
aureus ATCC 29737) and two Gram-negative (Escherichia coli
ATCC 11229 and Pseudomonas aeruginosa ATCC 10145)
bacteria.” Briefly, 20-25 mL of sterile Mueller Hinton Agar
(MHA) was poured in 90 mm Petri plates and subjected to
solidification under sterile condition. Subsequently, 50 puL of
freshly cultured bacterial suspensions (~10°> Colony Forming
Unit (CFU) per 100 mL, ODgoo = 0.05) were spread on the agar
surface with sterile cotton swab. Afterward, 6 mm wells were
prepared with sterile cork-borer on the pre-inoculated agar
surface and 100 pL of 0.1-0.5 mg mL ™" solutions were placed on
the wells. Tetracycline disc was used as positive control for all
except Pseudomonas aeruginosa for which ciprofloxacin disc was
used and the negative control was the solvent (dimethyl sulf-
oxide (DMSO)). The plates were incubated for 24 h at 37 °C and
the zone of inhibition around each well was evaluated with
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a millimeter scale. The experiments were conducted three times
(n = 3) independently and the average value of these trials and
their standard errors were computed and represented as mean
+ standard deviation (SD).

3 Results and discussion

3.1. X-ray powder diffraction study

3.1.1. Phase identification. The XRD pattern of the
synthesized ZnO NPs (Fig. 2a) confirms the formation of
a highly crystalline hexagonal wurtzite structure, which is the
most thermodynamically stable phase of ZnO under ambient
conditions.” The diffraction peaks observed in the XRD pattern
match precisely with the ICDD (International Centre for
Diffraction Data) card no. 01-080-0074, which depicts the
successful synthesis of phase-pure ZnO.** The sharpest Bragg
peak was observed at a 26 value of 36.20°, corresponding to the
(101) crystal plane. This peak was accompanied by two other
sharp peaks at 26 values of 31.76° (100) and 34.42° (002),
respectively.” These planes are characteristic of the hexagonal
wurtzite crystal system with space group P6s;mc (186).>* Among
them, the (101) plane shows the highest intensity, suggesting
that the crystallites exhibit preferential growth along this plane.
This is consistent with previously reported studies on ZnO NPs
synthesized via wet chemical, sol-gel, hydrothermal or even
biosynthesis routes, where the (101) plane is often the most
prominent due to its lower surface energy.>**” The sharpness
and high intensity of the peaks reflect good crystallinity of the
ZnO NPs, indicating that the calcination temperature of 350 °C
was sufficient to transform the Zn(OH), completely into crys-
talline ZnO while minimizing sintering and subsequent particle
growth. Moreover, the absence of additional peaks confirms the
phase purity of the sample, with no detectable secondary phases
or residual impurities such as Zn(OH),, Zn(NO3),, or NaNO;
(from the used NaOH), which supports the effectiveness of the
washing and calcination steps. All the peaks detected and their

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD pattern of the synthesized ZnO NPs utilizing Zn-C battery waste; (b) ball-and-stick (c) polyhedral, and (d) space-filling crystal
structure; three major crystal planes (e) 101 (f) 100 and (g) 002 of ZnO as observed in the XRD pattern. CIF file of ZnO was taken from crys-
tallography open database which was then imported to VESTA 3.90.1a software. Lattice parameters were also inserted to customize the structure
in accordance with our calculated values from Table 2.

corresponding XRD-based information are presented in Table (Profex version 5.5.1) to confirm the phase purity and crystal
1. Crystal structure of the synthesized ZnO is illustrated in structure of the synthesized ZnO NPs. The refinement yielded
Fig. 2b-g. Rietveld refinement of the XRD data was performed a good fit with a weighted profile R-factor (R,,) of 12.88%, an

Table 1 XRD based crystallographic parameters of the synthesized ZnO NPs

Crystal 20 0 Cos ¢ d-spacing FWHM 1/FWHM o A Average crystallite
plane degree degree radian (A (B) degree  (1/8) radian Crystallite size, D = Bcos 0 (nm)  gize (nm)
(100) 31.76 15.88 0.9618 2.82 0.2283 250.9803 36.18 35.29
(002) 34.42 17.21 0.9552 2.61 0.1998 286.8346 41.64

(101) 36.20 18.10 0.9505 2.48 0.2568 223.0936 32.54

(102) 47.51 23.76 0.9153 1.91 0.3139 182.5311 27.65

(110) 56.55 28.28 0.8807 1.63 0.25682 223.0936 35.12

(103) 62.77 31.38 0.8537 1.48 0.25682 223.0936 36.23

(200) 66.33 33.16 0.8371 1.41 0.34243 167.3202 27.71

(112) 67.88 33.94 0.8296 1.38 0.22829 250.9803 41.95

(201) 69.00 34.50 0.8241 1.36 0.31389 182.5311 30.71

(004) 72.51 36.26 0.8064 1.30 0.22829 250.9803 43.16

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 38454-33469 | 38457
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expected R-factor (Rexp) Of 8.69%, and a goodness-of-fit (x*) of . . g8
. L Micro-strain, ¢ = (4)
2.1968. The refined XRD pattern is presented in Fig. 3a. 4 tan 0
3.1.2. Crystallographic analysis and microstructural
parameters. The XRD data was utilized for calculating the Crystallite size, D = k2 (5)
crystallographic and microstructural parameters of the synthe- B cos 0
sized ZnO NPs. As confirmed by the XRD analysis, the synthe- |
sized ZnO was hexagonal crystal structured and hence, Dislocation density, 6 = o (6)

following equations (eqn (1) to (8)) were employed for esti-
mating the lattice parameter, volume and density of unit cell,
micro-strain, crystallite size based on Scherrer's formula,
dislocation density and Zn-O bond length.

2 2
Zn — O bond length, L = (‘; + (% - u) cz> (7)
In the above equations, a, b, ¢ = dimensions of unit cell; &, k, [ =

. 1
Lattice parameter of hexagonal structure, 7
Miller indices used for crystal plane representation; d = inter-

2 2 2 .
_ ‘_‘(h + hk + k > + l_ 1) planar distance; 8 = angle between a and ¢; V = volume of
2 2 .
3 a ¢ hexagonal crystal structure; p = density; n = number of atoms
per unit cell (2 for ZnO NPs); A = atomic weight (81.38 g mol *
Volume of unit cell, V = ﬁa% (2) for ZnO); N, = Avogadro number (6.023 x 10** mol"); V¢ =
2 volume of unit cell calculated from eqn (2); ¢ = micro-strain; 8 =
nd full width half maxima (FWHM); § = diffraction angle; D =
Density of unit cell, p = NaV. (3)  crystallite size; K = form factor (0.9 for ceramic materials); A =
¢ wavelength of the generated X-ray (0.154060 nm for this
instrument); ¢ = dislocation density which was calculated
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(a) Rietveld refinement of XRD pattern of synthesized ZnO NPs; crystallite size analysis by linear fitting of the plots of (b) linear straight-line

method (LSLM), (c) Monshi—Scherrer method (M—-SM), Williamson—Hall method (W-HM): (d) Uniform Deformation Method (UDM), (e) Uniform
Stress Deformation Method (USDM), (f) Uniform Deformation Energy Density Method (UDEDM), (g) Halder—Wagner Method (H-WM), and (h)

Size—Strain Plot Method (SSPM).
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utilizing crystallite size from the Scherrer's formula; and u =
positional parameter in the wurtzite structure which is calcu-
lated by the following formula.*®

2
Positional parameter, u = % +0.25 (8)
¢

Within crystalline materials, relative intensity serves as
a quantitative measure for assessing the diffraction intensity
associated with specific crystallographic planes. It is typically
determined by calculating the ratio of the intensity of a desig-
nated plane to the aggregate intensity of other prominent
planes within the diffraction pattern. Additionally, the
phenomenon of preference growth provides insight into the
propensity of crystallites to exhibit alignment along particular
crystallographic planes during the process of material forma-
tion.>*** The following equations represent the formula for
calculating relative intensity and preference growth of the
synthesized ZnO NPs, respectively.

Relative intensity, R, o = Lo ©)
’ 0 1(100) + 1(002) + 1(110)
RI am —RI andar
Preference growth = ——umple % standard (10)

RIstandard

In the above equations, I 101y, L(100), {(002) and I(;10) Tepresent
intensities of the top four crystal planes in the decreasing order.
The RI calculated in such manner is then used for calculating
the preference growth (eqn (10)), where RI of the standard is
taken from the ICDD card #01-080-0074.

The quantitative representation of the degree of order,
known as crystallinity index (CI), can be calculated based on the
XRD data for our synthesized ZnO NPs. Following equations
represents the expression for crystallinity index calculation.

3
L K,
Crystallinity index, CI = X¢ = (11)
Bion
Crystallinity index, CI = Clygp
:ZH(IOO) + Hon2) + H110) (12)

Hg)
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In the mathematical expressions presented above, K, =
constant (taken as 0.24); fu01) = FWHM of the (101) plane
which is the most intense peak. H10), H{oo2), H(110), and H(ior)
are the heights of the peaks at the (100), (002), (110), and (101)
planes, respectively.

An idea of specific surface area (SSA) of the synthesized ZnO
NPs can be obtained from the following equation, which
assumes the particles to be spherical and non-porous. It also
neglects particle shape irregularities, porosity, and agglomera-
tion effects, making it an approximation rather than a precise
measurement.*"*

6

Specifi fi SSA =
pecific surface area, %D

(13)

Here, p is the density of unit cell of ZnO NPs as calculated using
eqn (3) and D is the crystallite size calculated from eqn (5). SSA
is expressed in m> g~ " unit.

The texture coefficient (TC) of our synthesized ZnO NPs was
also measured. This TC refers to the preferred orientation of
crystallites in a polycrystalline material. It is calculated by
comparing the relative intensity of a specific diffraction peak to
standard reference data. It indicates which crystallographic
planes are more prominently oriented in the sample.**** The
formula of TC is presented below.*

Isample (hkl) /Istaudard (hkl)

N
N Z (Isample (hkl)/lstandard (hkl))
n=1

TC(hkl) = (14)

In this mathematical expression, Isample (rxr) a0d Iseandard (rkz) are
the measured intensity of the (hkI) reflection of ZnO sample and
standard intensity of the (hkl) reflection from the reference
(ICDD card #01-080-0074), N = total number of considered
reflections.

The crystallographic parameters obtained from the above
discussed expressions are tabulated in Table 2, except for the
texture coefficient values which is shown separately in Table 3.

As shown in the presented data Table 2, the calculated lattice
parameters are closely matching the ICDD reference data which
indicates high phase purity and successful synthesis of ZnO
without significant lattice distortion. Values of crystallinity
index indicate moderately high crystallinity, which is

Table 2 Microstructural parameters of the Zn—C waste battery derived ZnO NPs

Parameters

ZnO NPs ICDD file #01-080-0074

Unit cell dimensions (A) of the hexagonal crystal structure

Volume of unit cell, v (%)

Density of unit cell, p (g cm™?)
Micro-strain, ¢

Crystallite size based on Scherrer equation, D (nm)
Dislocation density, 6 (nm™?) x 107°
Zn-0 bond length, L (A)

Relative intensity, Rlzno

Preference growth

Crystallinity index (CI = X)
Crystallinity index (CI = Clxgp)
Specific surface area, SSA (m* g™ )

© 2025 The Author(s). Published by the Royal Society of Chemistry

a=>b=3.2535
¢ =5.2151

a=>b=3.2537
¢ = 5.2107
47.77 47.81
5.66 5.65
0.19 —
32.54 —
0.94 —
1.98 —
0.68
—0.88 —
0.82 —
1.48 —
32.58 —
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Table 3 Texture coefficient calculations of the synthesized ZnO NPs
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N Orientation
Lample  Istandard  Tsample Average, > Tsampie (k1) /Tstandara (1) Texture (TC > 1 preferred TC < 1
Crystal plane (hki) (hki) (hkl]/lstandard (hki) n=l coefficient (TC) suppressed TC = 1 random)
(100) 2380 60.66 39.24 321.06 13922 1.00 Random
(002) 2096 53.44 39.22 7 ' 1.00 Random
(101) 3923 100 39.23 1.00 Random
(102) 871 22.20  39.23 1.00 Random
(110) 1333 33.98  39.23 1.00 Random
(103) 1106 28.19 39.23 1.00 Random
(112) 877 22.36 39.22 1.00 Random
advantageous for maintaining structural integrity while does not differentiate between size and strain effects. This leads

providing adequate surface defects for reactivity. An interesting
point of analysis arises when comparing the preference growth
and TC values. The preference growth calculation yielded
a value of —0.88, which typically suggests a suppressed crystal
orientation. However, the more comprehensive TC analysis for
all major diffraction planes resulted in TC values of approxi-
mately 1.0, indicating a random crystallite orientation. This
apparent discrepancy can be attributed to the different meth-
odologies. The preference growth formula is based on a limited
set of four peaks and is highly sensitive to the RI standard value
of the reference powder, which in this case is high (5.44). In
contrast, the TC calculation normalizes the intensity ratios
across seven different planes. Given that the Iimpie/Istandard
ratio is consistently ~39.2 across all planes, the TC analysis is
considered more robust. Therefore, we conclude that the
synthesized ZnO NPs possess a random crystallite orientation,
and the negative preference growth value is an artifact of
comparing our sample to a standard with a particularly strong
texture along the (101) plane. Crystal structure of ZnO at
different orientations and formats are illustrated in Fig. 2b-g.

3.1.3. Crystallite size estimation. The estimation of crys-
tallite size from X-ray diffraction data is critical for under-
standing the nanoscale structure of materials. A variety of
analytical approaches have been developed to estimate crystal-
lite size. Each method has its own level of complexity and
assumptions regarding the broadening of peak. The crystallite
size of our synthesized ZnO NPs was estimated by ten different
methods, out of which three were direct calculation methods
(Scherrer method, the Scherrer equation average method, and
the straight line passing through origin method) and the rest
seven were linear fit-based methods (linear straight-line
method, Monshi-Scherrer method, Halder-Wagner method,
Williamson-Hall methods (including uniform deformation,
uniform stress deformation, and uniform deformation energy
density), and the size-strain plot method).

3.1.3.1. Scherrer method (SM). Scherrer method is a funda-
mental technique for estimating crystallite size from X-ray
diffraction peak broadening. It assumes that instrumental
broadening and strain effects are negligible and that all
observed broadening is due to crystallite size. The method
originated from Paul Scherrer's work in 1918.°*%” The Scherrer
equation has been presented in eqn (5). A major limitation of
this method is that, it only accounts for size broadening and

38460 | RSC Adv, 2025, 15, 38454-38469

to an underestimation of crystallite size if strain is present. It
also requires careful subtraction of instrumental broadening
and is most reliable for crystallite sizes below 100 nm. The
estimated crystallite size of ZnO NPs through SM is presented in
Table 1.

3.1.3.2. Scherrer equation average method (SEAM). This
method involves the exploitation of Scherrer equation to
multiple diffraction peaks and then averages the calculated
crystallite sizes.” With such tactic, this method attempts to
provide a more representative average crystallite size by
considering different crystallographic directions. The principle
is the same as the single Scherrer equation, but D is averaged
over multiple peaks. Similar to Scherrer's method, it also
doesn't account for strain broadening. Additionally, averaging
multiple peaks can sometimes disguise variations in crystallite
size anisotropy if present, or lead to misleading averages if some
peaks are significantly affected by strain. Estimation of crys-
tallite size by SEAM is presented in Table 1.

3.1.3.3. Linear straight-line method (LSLM). The linear
straight-line method refers to the graphical approach where
a linear relationship is built to separate size and strain contri-
butions to peak broadening. This method plots certain func-
tions of peak broadening against other variables to extract
crystallite size and strain from the slope and intercept.*® Typi-
cally, it involves plotting of cos # versus 1/8 and the linear fitting
results in the slope which is equal to KA/D. The crystallite size
can be inferred from this.

KA
cosf = — x

= (15)

| -

3.1.3.4. Straight line passing through origin method (SLPOM,).
The SLPOM method is a variant of LSLM where the linear fit is
constrained to pass through the origin which simplifies the
analysis under certain assumptions. According to this method,
if all broadening were due to strain and uniform, a plot of cos ¢
versus 1/6 would pass through the origin. Conversely, if only size
broadening were present, it would be a horizontal line. The
values of 1/3 are taken as x, and the values of cos ¢ as y. This
leads to an equation that determines the slope of the straight
line passing through the origin.*

X1V + X2y + X3Y3 + .o+ XV
X[z + X22 + X32 + ...X;12

Slope = (16)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Extracted values of 1/8 as x and values of cos § as y from LSLM for calculating the crystallite size of synthesized ZnO NP using SLPOM

250.98
0.9618

286.83
0.9552

223.09
0.9505

182.53
0.9153

Values of x
Values of y

The slope of this equation is equal to KA/D. From this rela-
tionship, crystallite size can be estimated easily. The values of x
and y are obtained from LSLM and is presented in Table 4.

3.1.3.5. Monshi-Scherrer method (M-SM). In 2012, Monshi
et al. introduced a modification to the conventional Scherrer
equation to improve the accuracy of nanocrystallite size deter-
mination.”* The original Scherrer equation often shows
a systematic increase in calculated nanocrystallite size as the
interplanar spacing decreases and the diffraction angle
increases, since the product of peak broadening and the cosine
of the Bragg angle does not remain constant. To address this,
Monshi et al. proposed a linearized form of the Scherrer equa-
tion as shown below.

1
cos 0

(17)

lnﬁ:ln%—i—ln

This modified approach involves a linear plot of In 8 against
In(1/cos §) using data from multiple diffraction peaks. The
intercept of the resulting linear fit corresponds to In(KA/D).
Exponentiation of this intercept yields KA/D, from which a more
accurate value for the crystallite size can be determined. This
method offers an advantage by reducing the overall error in
crystallite size estimation compared to applying the Scherrer
equation to individual peaks.

3.1.3.6. Williamson-Hall method (W-HM). The Scherrer
equation primarily focuses on XRD peak broadening caused by
crystallite size. However, it does not account for broadening due
to microstrain within the crystal lattice. Microstrain can arise
from various lattice imperfections which are common in

223.09
0.8807

(R + 1 + )

223.09
0.8537

167.32
0.8371

250.98
0.8296

182.53
0.8241

250.98
0.8064

Uniform Stress Deformation Method (USDM), and the Uniform
Deformation Energy Density Method (UDEDM). Each of these
methods provides a specific framework for analyzing the
interplay between crystallite size and strain in diffraction peak
broadening.

3.1.3.6.1. Uniform deformation method (UDM). The UDM,
also known as the uniform strain method, is the simplest W-H
method, assuming that the strain is uniform in all crystallo-
graphic directions. This implies that the strain contribution to
broadening is isotropic. The mathematical expression of this
method is as follows.

KA .
B cos 6 = 3+4e sin 6 (19)

A graph is created by plotting (6 cos ¢ on the y-axis against 4
sin @ on the x-axis. The resulting linear fitted plot provides
valuable information where the y-intercept directly corresponds
to the crystallite size, while the slope of the line represents the
strain within the material.

3.1.3.6.2. Uniform stress deformation method (USDM). The
USDM considers that the stress is uniform in all crystallo-
graphic directions which implies that the strain varies with the
elastic moduli of the material in different directions. This also
addresses the anisotropic nature of the materials elasticity.
According to Hooke's law, strain (¢) is related to stress (o) by, 0 =
Yiuu X €, where Yy is Young's modulus in the (kkl) direction.
Young's modulus (Ej) can be calculated from the following
equation based on the hexagonal ZnO structure.

Yiu =

nanocrystalline materials. To address the limitations of the
Scherrer equation and simultaneously determine both crystal-
lite size and intrinsic strain, the W-HM method is employed.
This method acknowledges that the total physical broadening
(Btotal) of an XRD peak is a combination of broadening due to
crystallite size (Bsie) and broadening due to microstrain
(5strain)'39'41

6tota1 = ﬂsize + ﬂstrain

(18)

The W-HM can be applied using different models, which
assume various conditions for a material's deformation. These
models include the Uniform Deformation Method (UDM), the

© 2025 The Author(s). Published by the Royal Society of Chemistry

Si (h4 +k* 4+ hzkz) + (2812 + Se6) Pk* + (2513 + 544)) (/12 + kz)lz + Sul4

(20)

Here, S11, Si2, S13, S33, Sas, and Sge are referred to as elastic
compliance whereas C;1, C1z, C13, C33, C44, and Cee refer to as
the elastic stiffness constants. These values are taken from the
cited ref. 42. Putting the value of ¢ in eqn (19), the following
equation can be obtained.

K2 sin 6
cos ) = —+4o
6 D Y/zkl

(21)

Linear fitting of 8 cos 6 versus 4 sin 0/Yy, plot results in the
intercept which is equal to KA/D and thus, crystallite size is
calculated.
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3.1.3.6.3. Uniform deformation energy density model
(UDEDM). The UDEDM is utilized to investigate anisotropic
energy within materials. This method incorporates the concept
of lattice energy density (LED), which quantifies the amount of
elastic energy stored per unit volume within the crystal lattice.
In this model, it is assumed that the volumetric LED is directly
related to a crystal's effective stiffness along different crystal-
lographic directions. According to the principles of Hooke's law,
LED can be determined from the microstrain (¢) and Young's
modulus (Yy) specific to a given crystallographic plane (Zkl)
using the following relationship.*

Y,
LED = ¢ 24 (22)
2LED
or,e=ga Yo, (23)

By substituting this expression for strain into the general
Williamson-Hall equation (eqn (17)), the UDEDM leads to the
following equation.

2LED

hil

K2
Bcos b= 34-40 sin ¢ (24)

The crystallite size can be calculated from the linear fitted
plot of 8 cos 6 versus 4 sin 8/(Yyu/2)* where the size is equal to
the intercept.

3.1.3.7. Halder-Wagner method (H-WM). The H-WM refines
the analysis of XRD peak broadening by modeling the peak
profiles as a Voigt function. This function is a convolution of
two components: a Lorentzian function, which primarily
accounts for crystallite size-induced broadening, and
a Gaussian function, which primarily accounts for strain-
induced broadening. This approach improves the accuracy of
crystallite size estimation, especially in nanocrystalline mate-
rials, by assuming a symmetric Voigt profile for the broadened
peaks. The H-WM thus offers a more precise alternative
compared to simpler techniques like the Scherrer equation. The
FWHM of a Voigt profile (8,) is related to the FWHM of its
Lorentzian (8;) and Gaussian (8g) components by the following
equation.*

Bu” = BL % B + BG” (25)

The H-WM specifically focuses on regions of the diffraction
pattern where peak overlap is minimal and thus giving more
weight to Bragg peaks at lower and mid-angles. The relationship
between crystallite size and lattice strain in the H-WM is
described by the following equation.

8\ _ K1
tand) D

A linear plot of (8/tan 6)* versus (8 cos 6/sin> #) can be con-
structed where the slope is related to the crystallite size, and the

B cos 0

— + 16¢°
sin” 6

(26)
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intercept provides information about the microstrain. This
method proves particularly useful for materials where both
crystallite size and strain significantly contribute to peak
broadening, requiring their accurate separation.

3.1.3.8. Size-strain plot method (SSPM). The SSPM offers an
alternative approach for analyzing XRD peak broadening by
simultaneously considering both crystallite size and strain
effects in a single graphical representation. This method oper-
ates on the assumption that broadening due to crystallite size
can be described by a Lorentzian function, while strain broad-
ening follows a Gaussian distribution. Based on these
assumptions, the relationship between peak broadening and

diffraction angle can be expressed as the following equation.***
&2
4

(dB cos 6)* = % x (d*B cos ) + (27)

A linear relationship is obtained by plotting (dg cos 6)*
against @@ cos f, where d is the interplanar spacing. In this
plot, the slope is related to the crystallite size, specifically being
equal to KA/D, while the intercept provides information about
the strain.

Linear fitted plots of the models that are used in calculating
the crystallite size are presented in Fig. 3b-h and the resulting
crystallite size and corresponding dislocation density values are
compiled in Table 5.

Most of the models, such as SM, SEAM, SLPOM, M-SM, H-
WM, and SSPM, yielded crystallite sizes in the range of 32-
36 nm, indicating a consistent nanoscale dimension. The W-
HM analysis showed slight variations, with the UDM giving
34.6 nm, while USDM and UDEDM gave larger values of 40.8 nm
and 42.7 nm, respectively. In contrast, the crystallite size ob-
tained from the LSLM (259.47 nm) shows a significant deviation
from the values calculated by other models. This discrepancy
might be arising due to the poor regression coefficient (R*> =
0.337) that reflects a weak linear fitting of the diffraction data.
Such poor fitting likely arises from peak broadening contribu-
tions due to lattice strain and defects which are not effectively
accommodated in this method. The consistency among most
methods confirms that the synthesized ZnO NPs possess
a nanoscale crystallite size (~30-40 nm), with low dislocation
density, suggesting good crystallinity.

3.2. XPS surface chemistry analysis

The XPS analysis of the synthesized ZnO NPs provides detailed
insights into the elemental composition, chemical states, and
electronic structure of the material. Fig. 4a shows the survey
scan that confirms the presence of Zn and O as the primary
elements, along with a minor C signal attributed to surface
contamination or adventitious carbon commonly observed in
XPS measurements.” The prominent Zn peaks include Zn 2p,
Zn 2s, Zn 3d, and Zn Auger peaks (Zn LM series), while the O 1s
signal is also clearly visible.

The ultraviolet photoelectron spectroscopy (UPS) results
(Fig. 4b-d) provide information on the energy levels relative to
the vacuum level. From the UPS cut-off region, the secondary

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Calculated crystallite size and dislocation density of the synthesized ZnO NPs by different methods

FS-ATB
Method CS (nm) R 6 (mm>) x 107*
Scherrer's method (SM) 32.54 — 9.44
Scherrer equation average method (SEAM) 35.29 £ 5.70 — 9.59
Linear straight-line method (LSLM) 259.47 0.337 0.15
Straight line passing the origin (SLPOM) 36.03 — 7.70
Monshi-Scherrer method (M-SM) 32.14 0.319 9.68
Williamson-Hall method (W-HM) Uniform deformation method (UDM) 34.58 0.007 8.36
Uniform stress deformation method (USDM) 40.78 0.377 6.01
Uniform deformation energy density method 42.66 0.333 5.49
(UDEDM)
Halder-Wagner method (H-WM) 35.10 0.967 8.12
Size-strain plot method (SSPM) 35.10 0.967 8.12
z n
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Fig. 4 XPS surface chemistry analysis of the synthesized ZnO NPs: (a) survey spectrum; ultraviolet photoelectron spectroscopy (UPS) showing
the (b) valence band spectrum, (c) cut-off region, (d) onset region; (e) Zn 2p narrow scan spectrum, and (f) O 1s narrow scan spectrum.

electron cut-off energy (E.uworr) Wwas determined as 12.66 eV.
Using the relation E¢ = Ecyeofr —21.22 €V, the Fermi level (Ef) was
calculated to be —8.56 eV on the vacuum energy scale. The
valence band maximum (Eygy,) was further calculated from the
onset energy using the relation Eygy = Ef — Eonset, yielding an
Eypm of —11.89 eV (vacuum scale). The optical band gap (E,)
obtained from UV-visible spectroscopy and Tauc plot analysis
was 4.74 eV. Accordingly, the conduction band minimum
(Ecem) was determined using Ecgm = Evpm t Ey, resulting in
—7.15 eV relative to the vacuum level. These negative values
indicate that the energies are referenced to the vacuum level,
with the conduction band lying closer to the vacuum than the
valence band.*®

The high-resolution Zn 2p spectrum (Fig. 4e) displays two
distinct peaks at 1021.88 eV and 1044.88 eV, corresponding to
Zn 2psz, and Zn 2p,,, respectively. The observed spin-orbit
splitting of 23.0 eV is consistent with reported values for Zn>* in

© 2025 The Author(s). Published by the Royal Society of Chemistry

ZnO,* confirming the +2 oxidation state of zinc and the absence
of metallic Zn or other zinc species. The sharpness of the peaks
further indicates the well-defined chemical state of Zn in the
NPs.

The deconvoluted O 1s spectrum (Fig. 4f) reveals three
components located at 530.38 eV, 531.68 eV, and 532.48 eV. The
peak at 530.38 eV is attributed to lattice oxygen (O”>7) in the
wurtzite ZnO structure, while the peak at 531.68 eV corresponds
to oxygen vacancies or defect-related oxygen species. The higher
binding energy component at 532.48 eV is associated with
surface hydroxyl groups or adsorbed molecular oxygen
species.*®

3.3.
TEM

Morphology and elemental analysis with FESEM and

The morphological analysis of the synthesized ZnO NPs was
carried out using FESEM and TEM techniques. The FESEM

RSC Adv, 2025, 15, 38454-38469 | 38463
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images (Fig. 5a and b) reveal that particles of ZnO possess an
assorted morphology including irregularly shaped flakes
(angular and medium sphericity), flat oval shapes, irregular
polyhedron, and hexagonal platelet-like structures.** The
particles appear faceted and compact with clear and sharp
edges devoid of surface roughness, which is characteristic of
ZnO structures formed via thermal decomposition of precur-
sors.”® The corresponding particle size histogram (Fig. 5c) was
generated from FESEM images using Image] software (the
protocol is detailed in our previous work**) based on FESEM
images, shows a broad size distribution with an average particle
size of 146 + 89 nm. Despite some particles exceeding the
nanoscale threshold of 100 nm, majority of them fall within the
nanometer regime that justifies their classification as NPS.
Moreover, individual crystallites observed in the FESEM images
often appear fused, contributing to an apparently larger particle
size due to agglomeration or sintering effects during calcination
at 350 °C.

To further substantiate this, TEM analysis (Fig. 5d and e) was
conducted, which offers better contrast and resolution for
particle size estimation. The TEM images clearly show well-
dispersed particles with quasi-spherical to slightly elongated
shapes, significantly smaller in size compared to those observed
in FESEM. The size distribution histogram based on TEM

View Article Online

Paper

measurements (Fig. 5f) indicates an average particle size of 40 +
27 nm, reaffirming the nanoparticulate nature of the sample.
This discrepancy between FESEM and TEM-derived sizes can be
attributed to the higher resolution of TEM and its ability to
resolve individual particles even within agglomerates. Thus,
despite the larger apparent size from FESEM, the particles are
correctly described as NPs based on the true primary particle
size observed under TEM. The selected area electron diffraction
(SAED) pattern (Fig. 52) presents a series of concentric diffrac-
tion rings, which confirms the polycrystalline nature of the ZnO
NPs. The well-defined diffraction rings indicate that the NPs
exhibit good crystallinity, consistent with the thermal decom-
position route used for synthesis.**> The smaller size observed
by TEM compared to FESEM might be due to the agglomeration
of particles during calcination and the limitations of FESEM in
resolving closely packed nanoparticles. Before TEM imaging,
the samples were ultrasonicated in ethanol before drop-casting,
which promoted dispersion and enabled measurements of
individual crystallites.

Elemental composition analysis was carried out by using
EDX, coupled with both TEM and FESEM techniques. The EDX
spectrum obtained from the TEM (Fig. 5h) indicates the pres-
ence of Zn (45.27 atom%), O (35.45 atom%), C (3.53 atom%),
and Cu (15.32 atom%). The Cu signal is likely due to the copper

Average
Particle Size
146 £ 89 nm

N=69

J [
100 200 300 400 500 600 700 8

Particle Size (nm)

Average
Particle Size
40 + 27 nm
N=115

T30 0 30 60 90 120 150 180 290 240

Particle Size (nm)

Fig. 5

(h) S () O /et Atom% |
Element | Atoms [ Zn 2757
; Zn 45.27 : o 49.75
I, o 35.45 c 22.68

C 3.53 Pt Omitted

Cu 15.32

s i ' T

(a and b) FESEM images, (c) particle size distribution histogram based on FESEM image, (d and e) TEM images, (f) particle size distribution

histogram based on TEM image, (g) SAED pattern, (h) EDX spectrum and elemental composition based on TEM and (i) EDX spectrum and
elemental composition based on FESEM. Imaged software was used for particle and SAED ring size measurements.
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TEM grid used for sample support, while the small C content
may be attributed to residual surface carbon species or
contamination. The EDX data from FESEM (Fig. 5i) also
confirms the presence of Zn (27.57 atom%), O (49.75 atom%),
and C (22.68 atom%). The higher carbon content in the FESEM-
EDX may result from carbon tape used for sample mounting
and environmental hydrocarbon contamination. Particularly,
difference in atomic percentages between the two techniques
may have resulted due to the differences in sampling volume,
resolution, and instrument sensitivity. While TEM-EDX probes
a thinner, localized region with greater sensitivity to light
elements, FESEM-EDX captures a bulkier surface region,
potentially leading to compositional averaging and higher
background interference.

3.4. FTIR analysis

The FTIR spectrum of the synthesized ZnO NPs displays
(Fig. 6a) distinct absorption bands that provide insight into the
functional groups present on the NP surface. The slightly broad
absorption band at 3495 cm™ ' can be attributed to the
stretching vibrations of -OH group, which is an indication of
adsorbed moisture on ZnO surface.® NPs with high surface area
typically show affinity towards water molecules to be adsorbed
onto their surface. The peak at 1041 cm™ ' may arise from
residual surface-bound hydroxyl species or trace carbonate
groups formed via atmospheric CO, adsorption during sample
preparation. The band at 902 cm ™' is likely associated with
bending vibrations of Zn-O or possibly out-of-plane C-H
deformation from organic remnants.*® Prominent peaks
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observed at 719 and 547 ecm ' are characteristic of Zn-O
stretching vibrations, which confirm the formation of ZnO with
a wurtzite crystal structure. These absorption bands are widely
reported as fingerprints for Zn-O bonds in ZnO nanostructures
and typically appear in the range from 400 to 600 cm™*.%* The
peak at 547 cm ™" in particular is strongly characteristic for the
Zn-O stretching mode, corroborating the successful synthesis
and purity of ZnO NPs.*® Additionally, the band near 719 cm ™"
may indicate lattice vibrations involving oxygen and zinc atoms,
supporting the presence of well-crystallized ZnO NPs.*’

3.5. Raman analysis

The Raman spectrum of the synthesized ZnO NPs exhibits
several distinct peaks that are consistent with the hexagonal
wurtzite crystal structure of ZnO (Fig. 6b). The sharp band
observed at 440 cm ' corresponds to the E, (high) phonon
mode, which is a characteristic vibrational feature of crystalline
ZnO and is associated with the oxygen atom sublattice in the
wurtzite lattice.”® The prominent peak at 102 cm ™" is assigned
to the E, (low) mode, which relates to the vibration of the zinc
sublattice.® A strong band at 1071 cm™* may be attributed to
a multi-phonon scattering process or second-order Raman
scattering, often observed in ZnO nanostructures due to reso-
nance effects. The bands at 187 cm ' and 725 em ™ are indic-
ative of defect-related or surface phonon modes, which
commonly arise from oxygen vacancies, zinc interstitials, or
other structural defects introduced during synthesis, especially
in NPs derived from recycled or chemically treated sources.*
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Fig. 7 Assessment of antibacterial activity of ZnO NPs against (a) Bacillus subtilis (b) Staphylococcus aureus, (c) Escherichia coli and (d) Pseu-

domonas aeruginosa.

3.6. Optical property analysis

The optical properties of the synthesized ZnO NPs were inves-
tigated using UV-Vis spectroscopy in the range of 200-800 nm.
As shown in Fig. 6c, a strong absorption peak is observed at
370 nm, which is characteristic of the intrinsic band-to-band
transition of ZnO and is consistent with the reported values
for nanoscale ZnO materials.*** This absorption behavior
confirms the semiconductor nature of ZnO and suggests the
presence of nanoscale crystallites, as the absorption edge tends
to shift slightly due to quantum confinement effects in nano-
particles.® The optical band gap energy (E,) of the synthesized
ZnO NPs was determined by using the Tauc plot method, as
presented in the following equation.®®

ahv = A(hy — Eg)" (28)
Here, o = absorption coefficient, iv = photon energy, A =
constant, and n = exponent that depends on the nature of the
electronic transition. For ZnO, which exhibits a direct allowed
transition, the value of n is taken as 2.°” The Tauc plot (Fig. 6d),
obtained by plotting («hv)* versus hv, reveals a linear region
whose extrapolation to the energy axis gives the optical band
gap. The optical band gap of the synthesized ZnO NPs was
determined to be 4.74 eV from the Tauc plot analysis (Fig. 6d),
a value significantly larger than that of bulk ZnO (~3.37 eV).*®
This substantial blue shift is primarily attributed to the

38466 | RSC Adv, 2025, 15, 38454-38469

quantum confinement effect which is characteristic of nano-
scale materials. However, the magnitude of this shift is excep-
tionally large for the observed average particle size of ~40 nm.
Therefore, it is likely that other factors are contributing to this
value. The Tauc plot method is highly sensitive to the selected
linear region for extrapolation, and an extrapolation from the
steep, high-energy portion of the absorption spectrum may
result in an overestimation of the band gap. Furthermore,
microstrain within the crystal lattice, which was inferred from
XRD analysis, and the presence of surface defects inherent to
the wet chemical synthesis route can also alter the electronic
band structure, contributing to the observed widening of the
band gap.®**

3.7. Antibacterial activity study

The antibacterial activity of the synthesized ZnO NPs against
both Gram-positive and Gram-negative bacteria is shown in
Fig. 7. The results (Table 6) indicate that the ZnO NPs exhibited
a concentration-dependent inhibitory effect against the Gram-
positive strains, with the zone of inhibition (ZOI) increasing
from 1.1 £ 0.21 cm to 1.5 + 0.55 cm for S. aureus and from 0.9 £
0.21 cm to 1.7 + 0.16 cm for B. subtilis as the concentration was
raised from 0.2 to 0.5 mg mL~". For comparison, earlier studies
on chemically synthesized ZnO NPs were considered that re-
ported varying antibacterial activity depending on concentra-
tion. Against S. aureus, inhibition zones were observed in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Evaluation of antibacterial activity of battery waste-utilized ZnO NPs by agar well diffusion assay”

Zone of inhibition in cm

Gram positive bacteria

Gram negative bacteria

S. aureus B. subtilis E. coli P. aeruginosa

Samples Concentration ATCC 29737 ATCC 6633 ATCC 11229 ATCC 10145
ZnO 0.1 mg mL ™" — — — —
0.2 mg mL ™" 1.1 +0.21 0.9 £ 0.21 — —
0.3 mg mL ™" 1.2 £ 0.16 1.2 £+ 0.23 — —
0.4 mg mL " 1.3 +0.52 1.5 + 0.19 — —
0.5 mg mL ™" 1.5 £ 0.55 1.7 £+ 0.16 — —

Positive control 30 and 5 pg disc of tetracycline (TE) and
ciprofloxacin (CIP) respectively

Negative control — —

3.3 + 0.15 (TE)

3.1 + 0.15 (TE) 2.2 + 0.53 (TE) 2.9 + 0.17 (CIP)

“ Tetracycline and ciprofloxacin disc was used as positive control and DMSO solvent as negative control.

range of 1.4 to 2.4 cm, with specific reports noting 2.4 +
0.035 cm at 4 mg mL~ ', 1.76 £ 0.26 cm at 25-50 ug mL ™')™
1.4 cm at 10-20 pg mL™ %72 2.3 cm at 0.5 mg mL™',”* and 1.8 cm
at 50 ug mL~".”* In the case of B. subtilis, reported zones of
inhibition include 0.9 cm at 50 ug mL™",”® 2.3 cm at 30 mg
mL ", and 1.6 + 0.17 ¢cm at 0.5 mg mL ™ *.”’

In contrast, no significant inhibition was observed against
the Gram-negative strains at our tested concentration. The
positive controls (tetracycline and ciprofloxacin) displayed
significantly larger ZOIs for all strains, while the negative
control (DMSO) showed no inhibition.

These findings are consistent with previous studies where
ZnO NPs exhibited stronger antibacterial activity against Gram-
positive bacteria compared to Gram-negative strain.”®®*" The
greater resistance of Gram-negative bacteria is attributed to
their outer membrane containing lipopolysaccharides, which
act as an additional barrier, limiting nanoparticle penetration
and reactive oxygen species (ROS) interactions. Conversely,
Gram-positive bacteria have a thicker peptidoglycan layer but
lack this protective outer membrane, making them more
susceptible to ZnO-induced damage.®*

The antibacterial mechanism of ZnO NPs is multifaceted
and has been widely reported in the literature. Firstly, ZnO NPs
can adhere to bacterial cell walls, leading to physical disruption
and increased membrane permeability. Secondly, under physi-
ological conditions, ZnO can generate ROS such as hydrogen
peroxide (H,0,), hydroxyl radicals ("OH), and superoxide anions
(0,7), which cause oxidative stress and damage to cellular
components including lipids, proteins, and DNA. Thirdly, the
dissolution of Zn>* ions from ZnO contributes to the disruption
of bacterial enzymatic systems and metabolic pathways. Finally,
NPs can penetrate cells, interfering with intracellular processes
and ultimately leading to cell death.®*-*

4 Conclusion

This research successfully demonstrates a simple, cost-effective,
and environmentally benign method for synthesizing crystal-
line ZnO NPs from a hazardous waste source: the zinc shells of

© 2025 The Author(s). Published by the Royal Society of Chemistry

spent dry cell batteries. The synthesis, involving acid digestion
and subsequent calcination at a relatively low temperature of
350 °C, proved effective in converting waste zinc into a high-
value nanomaterial. The comprehensive characterization
confirmed the formation of phase-pure ZnO with a hexagonal
wurtzite crystal structure. An extensive crystallographic analysis
using ten distinct models provided a reliable average crystallite
size in the range of 32-40 nm, with the Halder-Wagner and
size-strain plot methods showing the best fit to the experi-
mental data. Morphological analysis by TEM confirmed this
nanoscale dimension. Crucially, the waste-derived ZnO NPs
exhibited significant antibacterial activity, showing a clear dose-
dependent inhibitory effect against the Gram-positive bacteria
B. subtilis and S. aureus. The lack of activity against Gram-
negative bacteria suggests a selective mechanism of action,
highlighting the importance of bacterial cell wall structure in
determining susceptibility. This study not only presents a viable
route for the valorization of toxic battery waste but also validates
the potential of the resulting ZnO NPs as effective antibacterial
agents for applications where targeting Gram-positive patho-
gens is desired.
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