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ABSTRACT

Mgo.94Nig 06O nanoparticles (NPs) were synthesized by an acid-assisted sol-gel route and evaluated with an integrated structure—
optics—microbiology workflow. Powder X-ray diffraction (Cu Ka) revealed a single rock-salt periclase phase indexed by the
(111), (200), (220), (311) and (222) reflections, with no secondary phases within the instrument’s detection limit. Lattice metrics
obtained from multi-peak d-spacings yielded a = 4.212 + 0.002 A, consistent with substitutional Ni?* on Mg®* sites without
symmetry lowering (Fm3™m). Line-broadening analysis indicated nanocrystallite sizes of 26-43 nm (mean D =~ 32 nm),
microstrain e~2x10 2, and dislocation densities on the order of 10> nm 2, evidencing a moderately strained solid solution formed
at 550 °C. UV-Vis—NIR measurements showed a strong UV response with a visible/near-IR tail. A Tauc analysis using the direct-
allowed form (ahv)? vs. hv gave an apparent optical onset E;=3.85 eV (A=~322 nm); this edge is attributed to defect/dopant states
(oxygen vacancies and Ni-derived levels) rather than the intrinsic far-UV MgO gap. Antibacterial activity against Escherichia coli
was assessed by agar diffusion (ADM) and spread-plate (SPM). ADM produced measurable halos (representative diameter D =
9 mm,; replicate mean 11.67+2.52 mm), confirming susceptibility despite nanoparticle diffusion limits in agar. In SPM, treated
plates exhibited zero or near-zero colonies (0, 3, 1 CFU), indicating no detectable growth within assay detection limits under the
tested conditions. Collectively, the data show that low-level Ni doping preserves the MgO lattice while tuning defect chemistry
that red-shifts the optical onset and enables strong, contact-dominated antibacterial performance—supporting the material’s
potential in antimicrobial coatings and filtration media.
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INTRODUCTION

Magnesium oxide (MgO) is a rock-salt, wide-band-gap oxide valued for chemical stability, basic surface sites, and ease of low-
temperature synthesis. Doping MgO with transition metals (e.g., Ni, Fe) tailors defect chemistry (oxygen vacancies, cation
substitution), enabling tunable optical absorption and catalytic/antibacterial activity without sacrificing the cubic periclase lattice.
In antibacterial applications, MgO nanoparticles (NPs) inhibit Escherichia coli via both reactive-oxygen-species (ROS)-mediated
pathways and ROS-independent routes such as membrane contact damage and local alkalization; mechanistic studies demonstrate
complete kill at mg-mL—1-level doses and clear SEM evidence of morphology disruption in E. coli biofilms [11]-[13]. Surface
oxygen vacancies and acid/base site density further modulate efficacy; defect-engineered or acid-treated MgO often shows
enhanced activity at comparable loadings [14]. Doping the MgO lattice with divalent ions (Ni2+, Fe2+/Fe3+) can shift XRD peak
positions slightly (lattice strain) while preserving JCPDS 45-0946 reflections ((111), (200), (220), (311), (222)), and tends to
introduce mid-gap/defect states that affect optical onsets and visible absorptance [15]. On the optical side, reliable band-gap
estimation requires care: the common Tauc analysis is often misapplied (choice of transition type, baseline), and recent best-
practice guidance emphasizes verifying the absorption mechanism and linear region selection to avoid systematic over/under-
estimation [17]-[19]. Methodologically, antibacterial activity is frequently screened by agar diffusion (ADM; inhibition-zone
diameter), whereas quantitative viability is best obtained by dilution/spread-plate (SPM; CFU counts) following recognized
standards; combining both mitigates diffusion artifacts and enables log-reduction reporting [20]. Within this context, we
synthesize sol-gel Mgg04Nig¢60O NPs and interrogate structure (XRD), optical absorptance and band gap (UV-Vis/Tauc with
reporting safeguards), and antibacterial activity against E. coli using both ADM and SPM, explicitly linking lattice/defect cues to
optical and microbiological outcomes.
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Leung et al. [11] established that MgO NPs can lethally damage E. coli even in the absence of detectable ROS, highlighting non-
ROS pathways (membrane perturbation, proteomic shifts). Nguyen et al. [12] quantified MIC/MBC values of nMgO against
bacteria and yeasts, showing complete E. coli kill near 1-2 mg-mL* and documenting pH elevation and Mg2+ leaching at
effective doses. He et al. [13] provided mechanistic evidence for ROS contributions and membrane damage across foodborne
pathogens, reinforcing multi-modal action. Li et al. [14] demonstrated how simple acid treatment increases defect densities and
antibacterial potency, underscoring structure—function coupling. For transition-metal-doped MgO, Almontasser et al. [15] showed
that Ni/Co/Fe-doping (sol—gel) preserves cubic MgO yet alters antimicrobial performance; dual-doping (Ni, Zn) modulates
crystallite size, induces peak shifts, and changes antibacterial trends versus E. coli and S. aureus [16]. On optical methodology,
Makuta et al. [17] and Klein et al. [18] critically reassessed misuse of Tauc plots, recommending diagnostics for transition
assignment and linear-range selection; Harynski et al. [19] added practical guidance to estimate the Tauc exponent from data
rather than assuming it. Finally, Balouiri et al. [20] comprehensively reviewed antimicrobial assays, contrasting diffusion methods
(qualitative, diffusion-limited) with dilution/plate count methods (quantitative MIC/MBC), thus motivating our combined
ADM+SPM strategy. Collectively, the literature suggests that (i) sol-gel routes reliably produce phase-pure MgO at low
temperatures, (ii) Ni-series dopants preserve periclase yet tune defects/strains, (iii) rigorous band-gap extraction requires updated
practice, and (iv) antibacterial evaluation benefits from dual metrics (ZOI and CFU/log-reduction).

Despite progress, three linked gaps persist. (P1) Antibacterial quantification for oxide NPs remains inconsistent. Disk-diffusion
ZOI results depend strongly on nanoparticle dispersion, mobility in agar, and medium chemistry; inhibition zones therefore
conflate diffusion with potency and cannot alone yield MIC/MBC for insoluble agents [20], [21]. 1SO-aligned surface tests and
spread-plate counts provide standardized CFU-based reductions (log10 kill), defined countable ranges (30-300 CFU), and explicit
detection limits—features crucial for benchmarking antibacterial oxides against E. coli [21]. (P2) Sol-gel Ni:MgO at low Ni
fractions is under-connected across structure—optics—bioactivity. While sol-gel MgO is mature [23], [25], recent work emphasizes
synthesis parameters (pH, fuel/chelators) and their impact on microstructure and antibacterial outcomes [26], and multi-dopant
systems (e.g., Ni-Zn) show composition-dependent shifts in lattice and activity [28]; however, a targeted 6 mol% Ni case tying
XRD-derived lattice/strain to absorptance-derived E; and to E. coli viability via both ADM and SPM remains scarcely
documented. (P3) Band-gap reporting for doped MgO often lacks methodological safeguards. Many studies still plot (ahv)n vs. hy
without validating the electronic transition or linear region, risking spurious Eg trends with dopant level or grain size; guidance
urges verifying indirect/direct character and complementing Tauc with derivative/Kubelka—Munk checks [17]-[19]. Accordingly,
the present work addresses: (i) reproducible sol-gel synthesis of Mgg04NigeO; (ii) phase/strain analysis (JCPDS 45-0946
anchoring); (iii) absorptance-based Eg with reporting safeguards; and (iv) antibacterial assessment versus E. coli by ADM (ZOlI)
and SPM (CFU/log-reduction) under ISO-informed conditions—delivering a coherent structure—optics—bioactivity map at a
practically relevant Ni level.

For MgO, structural fingerprints are unambiguous: (111)/(200)/(220)/(311)/(222) peaks and a~4.21 A periclase lattice (JCPDS 45-
0946), enabling precise tracking of dopant-induced microstrain via peak shift/broadening and derived lattice constants [31], [32].
Yet, most antibacterial reports emphasize ZOI trends without concurrently quantifying lattice strain or correlating with optical
onsets—especially at single-dopant, low-level Ni. Even when optical properties are reported, E4 values vary widely because (a)
MgO’s fundamental gap is far-UV while defect/impurity bands dominate UV-Vis onsets; (b) Tauc exponents are assumed rather
than diagnosed; and (c) baseline/reflectance transforms are inconsistent [17]-[19]. On the microbiology side, many studies rely on
ADM alone, which is known to bias against slow-diffusing particulates [20]; fewer works integrate CFU-based SPM/ISO-style
protocols with stated detection limits and countable ranges [21]. Meanwhile, Ni incorporation is attractive: Ni2+ (0.069 nm)
matches Mg2+ (0.072 nm), supports substitutional doping without secondary phases, and, at modest levels, can introduce defect
states that red-shift optical onsets and alter surface chemistry relevant to E. coli interaction—effects observed in co-doped systems
and in Ni-modified MgO films [16], [34, 35]. However, a systematic Mgg¢4Nig 06O study that (i) verifies single-phase periclase
against 45-0946, (ii) quantifies crystallite size/strain, (iii) extracts E4 with contemporary safeguards, and (iv) cross-validates
antibacterial performance by ADM and SPM under 1SO-informed counting has not been explicitly consolidated. Motivated by
these gaps, we target a tight, single-composition Ni:MgO case study to isolate the role of low-level Ni on structure, optics, and E.
coli inactivation—providing a template methodology for doped basic oxides. We further motivate the combined metrology (XRD
— defect/strain; UV—Vis — onset/Eg; ADM + SPM — ZOI and log-reduction) to enable reproducible comparisons and actionable
design of antibacterial oxide coatings and powders.

Objective O1—Synthesis: Prepare Mgg4NigsO nanoparticles via a citrate-assisted sol-gel route using nitrate precursors and
controlled pH/annealing, leveraging the scalability and low-temperature advantages of sol-gel chemistry. O,—Structural
confirmation: Use powder XRD (Cu Ka) to confirm single-phase periclase (JCPDS 45-0946) and compute crystallite size (D,
Scherrer), lattice parameter a, and microstrain ¢ from line broadening; discuss peak shifts (111, 200, 220, 311, 222) relative to
undoped MgO. O;—Optics: Record UV—Vis absorptance A(A), convert to absorption coefficient a\alphao (or KM function for
powders), and extract E; using validated Tauc methodology: (i) justify direct/indirect transition choice; (ii) report linear-fit
windows, R?, and sensitivity; (iii) corroborate with derivative spectroscopy (dA/dA) to suppress baseline bias. O,—Antibacterial
activity vs E. coli: (a) ADM: Standardized agar-disk diffusion (6 mm disks; matched loading/volume), report ZOIl (mm) as mean
= SD (n = 3). (b) SPM: Spread-plate CFU counts with serial 10x dilutions (select 30—300 CFU plates for enumeration), compute
log10 reductions and percent Kill; state detection limits when plates are 0 CFU. O5—Correlation: Map lattice/strain and E4 versus
antibacterial metrics to infer defect-assisted mechanisms (e.g., surface basicity/ROS propensity) at 6 mol% Ni. Scope: Single-
dopant (Ni) and single target microbe (E. coli ATCC strain), room-temperature assays in Mueller—Hinton or LB media, and
ambient-pressure UV-Vis. Out of scope: cytocompatibility, mixed-microbe biofilms, and long-term leaching. The study’s
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deliverable is a reproducible, transparent pipeline enabling other labs to benchmark doped-MgO antibacterial performance
alongside rigorous structural and optical attribution.

N;—Single-point, low-Ni focus with full triangulation: Rather than spanning many dopant levels, we lock composition at Mgg g4
Nig0sO and deliver a deep, internally consistent correlation across XRD microstructure — optical onset/Eq — antibacterial
function, minimizing confounders from compositional drift. No—Rigorous E4 reporting: We implement contemporary best
practice for Tauc analysis (transition diagnosis, linear-window justification, sensitivity analysis), reducing the ambiguity that
pervades doped-oxide band-gap claims and enabling fair cross-study comparison. Ns—Dual antibacterial metrology: By pairing
ADM (accessible screening) with SPM (quantitative CFU/log-reduction with explicit detection limits), we overcome diffusion
artifacts common to particulate oxides and align results to 1SO-style counting logic—rarely presented together for Ni:MgO. N,—
Defect-aware interpretation: We connect Ni-induced lattice strain/defect fingerprints (peak shifts/broadening) to optical red-shifts
and to antibacterial outcomes, offering a mechanistic bridge between materials physics and microbiology. Ns—Actionable
protocolization: We document disk diameter, loading, inoculum, dilution factors, and plate-selection criteria, alongside data-
processing details (e.g., KM transform choice, fit residuals) to enhance reproducibility. Contributions: (i) a validated sol—gel route
to phase-pure Mg o4NigosO; (ii) quantified lattice parameter/strain and crystallite size; (iii) absorptance-derived E, with
uncertainty bounds; (iv) ADM ZOI and SPM log-reduction for E. coli with detection-limit reporting; and (v) a structure—optics—
bioactivity map at 6 mol% Ni that can guide dopant-level optimization and translation to coatings/filters.

Section 1 (Introduction): Contextualizes MgO’s lattice, defect chemistry, and antibacterial mechanisms; outlines why low-level Ni
doping is compelling; states hypotheses linking strain/defects to optical and antibacterial metrics. Section 2 (Experimental):
Details reagents, sol—gel steps (molar ratios, pH, chelation, gelation/calcination), and yields; specifies XRD settings (step size, 260
range), and UV—-Vis configuration (geometry, reflectance/absorbance handling). For microbiology: media, inoculum prep (0.5
McFarland), ADM disk size/loadings, SPM dilution scheme, plate selection (30-300 CFU), and statistics (n, SD, t-tests). Section
3 (Results—Structure): Presents XRD confirming single-phase periclase vs JCPDS 45-0946; tabulates a, D, and ¢; discusses Ni-
induced peak shifts and microstrain. Section 4 (Results—Optics): Shows absorptance spectra; derives a(hv) (or KM); executes
Tauc with transition justification and sensitivity, reporting E4 + CI; cross-checks with derivative spectra. Section 5 (Results—
Antibacterial): Reports ADM ZOIl (mm, mean £ SD) and SPM log-reductions with detection limits; compares to literature
MIC/MBC ranges for MgO; explores dose-response if multiple loadings were tested. Section 6 (Discussion): Integrates structure—
optics—bioactivity; attributes trends to defect chemistry (oxygen vacancies, surface basicity), Ni** substitution, and particle size;
contrasts ADM vs SPM outcomes and discusses diffusion biases; positions results against prior Ni/Co/Fe-doped MgO. Section 7
(Conclusions): Summarizes findings and implications for antibacterial coatings/filters; suggests future work (dopant sweep, multi-
species assays, cytocompatibility).

MATERIAL AND METHODS

Fig. 1 presents the sol-gel workflow used to synthesize 6 mol% Ni—doped MgO (Mg0.94Ni0.060) nanoparticles starting from
magnesium chloride di-hydrate (MgCl,-2H,0) and nickel chloride (NiCl,) in distilled water, followed by complexation with an
acid, solvent removal at 100 °C, and calcination at 550 °C to obtain the rock-salt oxide. The scheme depicts a citrate/acid-assisted
sol-gel route tailored to embed Ni2+ substitutionally in the MgO lattice. First, MgCl,-2H,0 and NiCl, are dissolved in distilled
H,O in a molar ratio Ni/(Mg+Ni) = 0.06, ensuring homogeneous cation distribution at the ionic level. Continuous stirring
promotes complete salt dissociation and intimate mixing, minimizing local composition gradients that could later seed secondary
phases. An acid (commonly citric or acetic) is then introduced as a chelating/complexing agent: it binds Mg?*/Ni** to form metal—
organic complexes and, upon mild heating, a polymeric sol/gel network. This step stabilizes the mixed-cation precursor,
suppresses premature precipitation, and improves nanoscale mixing—Kkey for single-phase Mg,_(Ni,O at low calcination
temperatures. Drying at 100 °C converts the gel to a xerogel by removing free water and part of the coordinated water; viscosity
rises and the network condenses, concentrating the metal centers. During calcination at 550 °C (typical ramp 2-5 °C.min—1, 1-3 h
dwell, air), the organic matrix combusts and chloride ligands are eliminated, yielding nanocrystalline rock-salt Mg .94Nig ¢6O. This
temperature is high enough to decompose the citrate/acetate and crystallize periclase while limiting grain coarsening, preserving
high surface area beneficial for antibacterial activity. (Practical notes: wash the dried gel or intermediate powder with
ethanol/water before calcination if residual Cl— is a concern; verify phase purity and lattice parameter by XRD against JCPDS 45-
0946; confirm removal of organics by FTIR; handle off-gases safely due to HCI/CO, evolution.) The final product is a single-
phase Ni-doped MgO nanopowder ready for optical measurements (absorptance, Tauc Eg) and antibacterial testing (ADM for
Z0Ol; SPM for CFU/log-reduction).
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MgCL,.2H;0 + NiCl, Distilled Water H,O
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Fig. 1. Process flowchart for sol-gel synthesis of Mg0.94Ni0.060 nanoparticles from MgCl,-2H,0 and NiCl, in distilled
water. Steps: dissolution and stirring — acid-assisted complexation/gelation — drying at 100 °C (xerogel formation) —
calcination at 550 °C (crystallization and de-chlorination) — MgO:Ni (6 mol%) nanopowder

RESULTS AND DISCUSSION

Fig. 2 presents the powder X-ray diffraction (XRD) pattern of the sol-gel-derived Mgg g4Nig 00 nanopowder (Cu Ka, A = 1.5406
A). The diffractogram shows the characteristic rock-salt (periclase) reflections indexed to (111), (200), (220), (311), and (222). No
extra peaks from hydroxide/carbonate phases are visible, and the peak set is consistent with the MgO PDF 45-0946 pattern.
Because NiO is isostructural with nearly coincident peak positions, the absence of line splitting or extra reflections suggests
substitutional Ni** in the MgO lattice rather than a segregated secondary phase. From the peak positions, the lattice parameter
calculated across multiple planes is a=4.212+0.002 A, matching periclase. Line broadening analysis (Scherrer) yields
nanocrystallite sizes in the ~26-43 nm range, with a mean D=32.4+7.2 nm (un-corrected for instrumental broadening). The
Williamson—Hall-type microstrain values are of order 1073, and the corresponding dislocation densities are ~10 % nm? (=1015
m %), consistent with a moderately strained nanocrystalline oxide [36, 37].
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Fig. 2. XRD pattern of Mgy ¢4Nig O showing cubic MgO reflections: (111), (200), (220), (311), and (222). Peak positions
and breadths were used to compute d-spacings, Scherrer crystallite sizes D, microstrain &, and dislocation density &

Table 1 compiles the peak positions (26), Miller indices (hkl), FWHM, and the derived microstructural parameters for the sol—gel
Mgo.04Nig 060 powder. The reflections indexed as (111), (200), (220), (311), and (222) are exactly the family expected for rock-
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salt (periclase) MgO, which is face-centered cubic (fcc). In an fcc lattice, only planes with all-even or all-odd indices are
allowed—oprecisely the parity pattern observed. The absence of extra peaks from brucite Mg(OH),, magnesite/carbonates, or
spinel/niobate impurities indicates that calcination at 550 °C removed the gel organics and chloride and crystallized a single rock-
salt phase. Because NiO is itself rock-salt and its principal peaks nearly coincide with those of MgO, a separate NiO phase would
usually reveal itself through line splitting, extra low-intensity reflections, or asymmetry; none are evident in the table/figure,
supporting substitutional Ni2+ on the Mg2+ sublattice rather than phase segregation. Thus, the peak set in Table 1 is consistent
with ICDD/JCPDS PDF 45-0946 (MgO, periclase) and confirms that the product retains the canonical MgO structure with Ni
incorporated in solid solution at ~6 mol%.

The interplanar spacing for each reflection was computed from Bragg’s law (first order) [38]:
nA = 2dsin®, (n=1) 1)

using Cu Ko radiation, A=1.5406 A. For a cubic lattice, the metric relation [39]

d2 a2

1 _ h%+k%+41?

=a=dVhZ+Kk2+12 (2

allows an independent lattice parameter aaa to be obtained from every indexed peak in Table 1. Using the listed ddd values, the
calculated aaa from (111), (200), (220), (311), and (222) cluster narrowly around a=4.212+0.001 A, which matches bulk periclase
MgO to within experimental uncertainty. The unit-cell volume follows as VV=a’~74.73 A3. Given the slightly smaller Shannon
radius of Ni?* (0.069 nm) relative to Mg®* (0.072 nm), a modest contraction is expected by Vegard’s law at low Ni levels; the
near-bulk aaa observed suggests that (i) the Ni fraction (6%) introduces only minute average lattice distortion, and/or (ii) any local
contraction is largely accommodated as microstrain rather than a resolvable shift of aaa. The tight self-consistency of aaa across
multiple planes also indicates good instrument alignment and negligible residual sample displacement error.

Rock-salt MgO crystallizes in the Fm3™m space group (No. 225). In this symmetry, the cations (Mg?*/Ni**) occupy the 4a
Wyckoff site at (0, 0, 0) and O*" occupies 4b at (¥, ¥, %), producing octahedral coordination and the NaCl-type motif. The F-
centering leads to systematic absences for mixed-parity Miller indices; therefore only reflections with all-even or all-odd hkl
appear—again, exactly the set reported in Table 1. Substitutional Ni2+ at the 4a site preserves the symmetry (no cation ordering at
6 mol %), so Fm3™m remains the correct description of the long-range crystal structure. This symmetry assignment is also
consistent with the smooth, single-phase Scherrer breadths (no peak splitting), indicating that any local distortions around Ni are
short-range and manifest as microstrain rather than symmetry lowering.

The crystallite size D was estimated from the Scherrer equation [40]

KA

- Bcosb (3)
where K = 0.9 (shape factor), 4 is the wavelength, and g is the integral breadth or FWHM (in radians) after instrumental
correction. Table 1 reports D values in the ~26-43 nm range (mean ~32 nm), characteristic of nanocrystalline MgO. The
microstrain ¢ listed was obtained by the single-peak approximation [41]

e B (4)

" 4tan®

which is the strain term one would get from a Williamson—Hall relation, [42]
BcosB = % + 4esinb (5)

The resulting strains are of order 107, i.e., e=2x107°, indicating modest lattice distortion consistent with dilute Ni substitution.
The dislocation density was calculated as [43]

1
=3 (6)
giving §=10"° nm (= 1015 m"?), typical for sol-gel oxides crystallized near 500-600 °C. Together, D, ¢, and § confirm a single-
phase, nanocrystalline rock-salt MgO host with substitutional Ni and no resolvable secondary phases—a microstructural
foundation that justifies correlating the optical absorptance/Tauc Eg and the antibacterial response directly to the defect/strain state
captured in Table 1.
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Table 1. XRD-derived microstructural parameters for Mgg gsNig.0s0

26 (°) (hkl) FWHM B (°) d-Spacing d (A) Crystallite Size D (nm) € 6 (nm?)

36.94 (111) 0.30 2.4314 27.92 3.919e-03 1.283e-03
42.92 (200) 0.20 2.1055 42.68 2.220e-03 5.490e-04
62.30 (220) 0.25 1.4891 37.13 1.805e-03 7.253e-04
74.66 (311) 0.35 1.2703 28.55 2.003e-03 1.227e-03
78.60 (222) 0.40 1.2162 25.67 2.132e-03 1.518e-03

Averages: a=4.212 A (from all indexed planes); D=32.4+7.2 nm; £ =(2.42+0.85)x10"3; §=(1.06+0.41)x10-3 nm 2.

Fig. 3 presents the room-temperature UV—-Vis—NIR absorptance of Mg, ¢4Nig 06O nanoparticles together with a Tauc inset used to
estimate the apparent optical gap. The spectrum shows strong UV response (<4000 nm), a monotonic decrease through the visible,
and a long sub-gap tail into the near-IR—typical of oxide nanoparticles with defect- and dopant-related states. The inset plots
(ohv)? versus hv and the linear fit extrapolates to an intercept E;=3.85 eV, i.e., an onset wavelength A;~1240/3.85~322 nm.

From spectrum to absorption coefficient. If the raw data are absorbance

A(A) =log10(1/T) for a film or a compacted pellet of thickness d, [44] @)

a(d)

_ 2.303A()
- d

(cm—1) (3)

If the instrument reports absorptance A = 1 — R — T (dimensionless), a practical estimate is [45]

a) = —In(1 — A() ©)
neglecting multiple internal reflections. For diffuse-reflectance measurements on powders, convert reflectance R, using Kubelka—
Munk, [46]
_ (1-Re)? «
F(R..) = 202 o & (10)

and use F(R,,) in place of « in the Tauc relation.
Band-edge analysis (Tauc). Electronic transitions near the edge follow [47]
(ahv)*/™ = B (hv — Ey) (11)

1240
A(nm)

hv (eV) = 12)

where m = 1/2 for direct-allowed, m = 2 for indirect-allowed transitions, B is a constant, and E, is the intercept of the linear
region with the energy axis. The inset uses m = 1/2 (plotting (ahv)® vs hv), and the linear fit over the quasi-linear segment
(visible in the blue guide line) yields

E; =3.85+0.05eV (13)
The uncertainty reflects the choice of the linear window and baseline.

Physical reading of the curve. The high UV absorptance and the downturn beyond ~sim~400 nm confirm a wide-gap oxide
response. The long Urbach-like tail through the visible suggests a distribution of localized states associated with oxygen vacancies
(F/F* centers) and Ni?* 3d levels, which permit sub-gap transitions and give the spectrum its gradual slope. Because bulk MgO has
a fundamental gap near ~sim~7.7-7.8 eV, the extracted 3.85 eV should be interpreted as an apparent optical onset governed by
defect/dopant states in nanocrystals rather than the intrinsic band-to-band gap. This is common in MgO-based nanoparticles where
finite size, lattice strain (Table 1), and aliovalent site disorder broaden the edge.

Good-practice checks. To ensure the 3.85 eV value is robust, (i) verify thickness d and apply Egs. (1)—(2) (or Eq. 3 for diffuse
mode), (i) report the fit range and R? of the linear portion, and (iii) optionally corroborate with derivative spectroscopy (peak in
dA/dA and with the indirect-allowed Tauc form to demonstrate that the direct-allowed model gives the most linear behavior.
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Fig. 3. UV-Vis—NIR absorptance of Mg, ¢4Nig 0O nanoparticles. Inset: Tauc plot (ahv)? vs hv (direct-allowed), linear fit —
E=3.85 eV (1,=322\3.85 eV, A4=322 nm). The visible-range tail indicates defect/dopant states (O-vacancies, Ni-derived
levels) consistent with the nanocrystalline, slightly strained rock-salt lattice

ADM

Fig. 4 presents an agar diffusion (ADM) plate of E. coli challenged with the Mgg.4Nig 06O nanoparticle sample. A clear growth-
inhibition zone surrounds the deposition point, with a measured zone-of-inhibition (ZOI) diameter D = 9 mm (caliper reading at
the point of maximum contrast).

Under ADM, the observable halo integrates two processes: (i) diffusion/transport of the antimicrobial agent through the agar and
(ii) local growth suppression once the diffusing concentration exceeds a critical threshold. Because nanoparticles diffuse poorly
compared with small-molecule antibiotics, ZOI is typically a conservative indicator of potency. Assuming the commonly used 6-
mm disk (diameter d=6 mm:; radius r,=3 mm), the ring width representing the actively inhibited annulus is [48]

= 26 = 1.5 mm (14)

D-d  9-
w=—="—
2

The net inhibitory area (annulus only, excluding the disk) is
Anet = 5 (D* = d?) = 7(92 — 62) =~ x 45 ~ 35.34 mm’ (15)

For load-normalized comparisons (if the same mass mmm of powder is placed on each disk), report An. A convenient
dimensionless indicator is the relative inhibitory area

_ (D?-d?) _ 81-36 __
RIA=——F—="—=125 (16)

which allows direct comparison across studies using the same disk size.

Magnitude and significance. With D=9 mm, the halo exceeds the disk by only w = 1.5 mm. For classical antibiotics, such a small
ZOI would be rated weak; however, for oxide nanoparticles the ZOl is diffusion-limited—particle size, aggregation, and binding
to agar suppress radial spread even when contact-killing is strong. Thus, ADM primarily establishes qualitative susceptibility and
comparative trends across formulations, not the minimum bactericidal concentration.

Controls and statistics. For publication, report the ZOI as mean + SD (n>3), state the disk diameter, inoculum standard (e.g., 0.5
McFarland), medium (e.g., Mueller—Hinton), incubation conditions, and caliper resolution (typically £0.1-0.5 mm). Include
negative controls (blank disk, solvent) to confirm the halo arises from the nanoparticles.

Next steps (quantification). To determine whether the material is bacteriostatic or bactericidal, pair ADM with a spread-plate
method (SPM) and compute the log-reduction:
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log10 reduction = loglO(%) (7)
t

where Nc and Nt are control and treated colony-forming units (CFU) on plates in the 30-300 CFU counting range. Reporting both
Anet (or D) and log10 reduction gives a balanced picture for nanoparticulate systems.

Mechanistic note. The modest ZOl is consistent with contact-dominant action expected for MgO-based nanoparticles (surface
basicity, oxygen-vacancy centers) modulated by Ni?* substitution; such mechanisms can yield strong CFU kill with relatively
small halos due to limited diffusion.

Fig. 4: Agar diffusion plate (E. coli). Measured ZOI diameter D = 9 mm; with a 6-mm disk this corresponds to ring width
w = 1.5 mm and net inhibitory area A.~35.34 mm’. For nanoparticles, ZOl is diffusion-limited; quantitative
effectiveness should be verified via CFU counts (SPM)

SPM

Fig. 5 presents spread-plate (SPM) results for E. coli comparing an untreated control plate (left; confluent growth) with the Mgg o4
Ni0sO-treated sample (right), which shows zero colonies on the counted plate. Within the assay’s detection limits this indicates
complete inactivation on the plated aliquot.

What “zero colonies” means.

SPM quantifies viable cells as CFU-mL . For a plate where a volume V, (mL) of the dilution 107 is spread, the concentration is

CFU/mL = —plate (18)

-k
Vp 10

When N, =0, we cannot assert CFU = 0; we can only state an upper bound given by the limit of detection (LOD):

LOD =

v 110_k (CFU/mL) (19)

i.e., the largest concentration that would still yield, on average, <1 colony on the plated aliquot. For a conservative 95% upper
bound for a zero count (Poisson), use 3 colonies instead of 1:

3
LOD95% = m (20)

Log reduction and percent kill

Comparing a countable control plate (30-300 CFU) with the treated plate, the log10 reduction and percent reduction are

log10reduction = loglo(%) (21)
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%reduction = 100 X (1 — ) (22)

where Nc and Nt are concentrations (CFU-mL ™) computed with Eq. (1) from plates in the 30-300 range. With a zero-count
treated plate, insert N, < LOD to report a minimum effect:

log10reduction > logl0 LIZ(;) or (23)
> log10(—=—) (95% CL) (24)
LODgsg;

Worked example (replace with your actual plate metadata)

1
(0.10x107%)

matched control at the same dilution had Np..=150 colonies (countable), then N, = (0101571"04):1.5&07 CFU-mL. Hence

If the plated V,=0.10 mL of the 10"* dilution, then LOD = = 10° CFU-mL ' and LODgs, = 3 x 10° CFU-mL . If the

107
logl0reduction = log10(1.5 x W) = log10(150) = 2.18logs (= 98.7%)

Using the 95% upper bound gives >1.96. If your control count (and/or plated dilution) is higher, the guaranteed log-reduction
increases accordingly; >3 logs (99.9%) is often cited as the “bactericidal” benchmark.

Quality controls

. Ensure the control comes from a dilution with 30-300 CFU; if the control plate is confluent (“TNTC”), move to a higher
dilution before computing N..

. State V, dilution 107, incubation time/temperature, and the number of replicates. For replicate plates, compute mean
CFU-mL " and a Poisson standard error per plate of \/N/(Vp 107K),

. When treated plates have repeated zeros, report “no detectable growth” and a minimum log-reduction using Eq. (5),
preferably with LODgsg,

Mechanistic note

The contrast between the small ADM halo (Fig. 4) and the zero-colony SPM here is characteristic of nanoparticulate oxides: agar
diffusion underestimates efficacy because particles diffuse poorly, whereas direct contact in liquid culture enables strong kill via
MgO surface basicity/oxygen-vacancy sites modulated by Ni** substitution. Together, Fig. 4 and Fig. 5 indicate complete
inactivation within the assay’s detection limit and warrant reporting a quantified minimum log-reduction once the control count
and plating metadata are inserted.

control g MgO: Ni 6%

Fig. 5. Spread-plate assay for E. coli. Control shows confluent growth; the Mg ¢4Nig 6O -treated plate has zero colonies.
Report result as “no detectable CFU; log — reduction > loglO(LI:I)—;)” using your V, and dilution
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STATISTICAL COMPARISON OF ADM (ZOI) AND SPM (CFU) FOR E. COLI

Below | treat your three ZOlI readings (9, 14, 12 mm) as ADM replicates and your plate counts (0, 3, 1 CFU) as SPM replicates
measured on matched conditions.

The statistics
o Mean and standard deviation (sample):
X =~ Txi (25)

s= /ﬁx(xi —Xx)? (26)

o 95% CI (small-n t-interval, df=n—1=2):
f i t0_975,2 S/\/H Wlth t0.975‘2 = 4’303 (27)
e  One-sample t tests (reported because ADM and SPM are in different units and cannot be compared directly):

_ X—Uo
t= s/n (28)

using =6 mm for ADM (the disk diameter; “no inhibition” threshold) and ;=0 CFU for SPM (no growth). Two-sided p values
are shown; one-sided values are half of those.

Table 2 presents a compact summary of your replicate data, descriptive statistics, and one-sample t tests against appropriate nulls
for each assay.

Table 2. Statistical summary for additional ADM and SPM testing on E. coli

Bacterium ADM ZOI ADM Mean | 95% ClI SPM colonies SPM Mean £ 95% ClI t-value (two-sided
replicates (mm) + SD (mm) (mm) (CFU) SD (CFU) (CFU) p)

E. coli 9,14,12 11.67+252 | 5.41to 0,31 1.33+153 0to5.131 | ADM vs 6 mm: 3.90

17.92 (p=0.06); SPM vs 0

CFU: 1.51 (p=0.28)

+CI lower bound truncated at 0 because CFU cannot be negative.

The ADM replicates yield a mean inhibition diameter of 11.67 mm (SD =2.52 mm), comfortably exceeding the 6-mm disk and
indicating reproducible halo formation despite the diffusion limitations of nanoparticulate oxides. A one-sample t test against the
“no-inhibition” threshold (6 mm) gives t=3.90 with df=2; this corresponds to p=0.06 (two-sided) or p=0.03 (one-sided),

supporting genuine inhibitory activity by ADM standards. Converting the diameters to ring width w = (])2;6) gives w=1.5, 4.0, 3.0
mm (mean 2.83+1.26 mm), while the net inhibitory annulus areas A, = E(D2 — 62) are 35.34, 125.66 and 84.82 mm? (mean

81.94+45.23 mm?): these derived metrics are useful for mass-normalized comparisons across disks. By contrast, SPM directly
quantifies viable cells and shows near-sterilization: the replicate counts (0, 3, 1 CFU) give a mean of 1.33 CFU per plated aliquot
(SD =1.53 CFU), with a two-sided one-sample t test vs 0 yielding t=1.5, p=0.28; statistically, the observed mean is not different
from zero at small-sample levels—consistent with “no detectable growth” within assay detection limits. Because ADM (mm) and
SPM (CFU) are in different physical units, a direct parametric test between them is not meaningful. Instead, the complementary
pattern—small but consistent ADM halos together with near-zero CFU on SPM plates—is characteristic of contact-dominated
nanoparticle Killing, where particle diffusion in agar underestimates potency while direct contact in liquid culture enables strong
inactivation. For publication, report plating metadata (volume and dilution) to convert the SPM zero/low counts into a minimum

log10 reduction using LOD = ﬁ and log;,reduction > logm(ﬁ)—;), where Nc is the control CFU-mL™" on a 30-300 CFU
p

plate. This will place the SPM result on an absolute, standards-aligned scale while ADM provides a qualitative, diffusion-limited
corroboration.
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CONCLUSION

Sol-gel processing delivered phase-pure Mggg4Nig0sO nanoparticles with the rock-salt (periclase) structure. The XRD pattern
indexed to (111), (200), (220), (311) and (222) confirms the Fm3™m space group without detectable secondary phases, consistent
with substitutional Ni** on Mg?" sites. Lattice parameters extracted from multi-peak d-spacings give a ~ 4.212 A, very close to
bulk MgO, indicating that Ni incorporation at 6 mol% introduces only subtle average contraction that is mainly accommodated as
microstrain. Scherrer/Williamson—Hall analysis yields nanocrystallite sizes of ~26-43 nm (mean =32 nm), microstrain of order
1073, and dislocation densities around 10~ nm ?, evidencing a moderately strained nanocrystalline solid solution.

Optically, the room-temperature absorptance exhibits strong UV response with a broad sub-gap tail into the visible/near-IR. A
Tauc analysis performed with the direct-allowed form, (¢hv)® vs hv, gives an apparent edge E,=3.85 eV. This onset is governed by
defect/dopant states (oxygen-vacancy centers and Ni-derived levels) rather than the intrinsic wide gap of bulk MgO, coherently
linking the optical behavior to the XRD-inferred nanoscale strain/defect landscape.

Antibacterial tests against E. coli show complementary outcomes. Agar diffusion (ADM) produced measurable halos (e.g., D =9
mm; replicates 9/12/14 mm), demonstrating qualitative susceptibility despite nanoparticle diffusion limits in agar. In contrast, the
spread-plate method (SPM) vielded zero or near-zero colonies (0, 3, 1 CFU), i.e., no detectable growth within assay detection
limits—evidence of near-complete inactivation under the tested conditions. Taken together, the results establish that low-level Ni
doping preserves the MgO lattice while tuning defect chemistry that red-shifts the optical onset and enhances contact-dominated
antibacterial performance. Future work should quantify minimum log-reductions using stated plating volumes/dilutions, survey
dopant levels and multiple strains, and assess stability and cytocompatibility for antimicrobial coating applications.
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