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ABSTRACT: Hematite (Fe,O;) nanoparticles were synthesized
using a hydrothermal synthesis route under different pH conditions
(pH ~8,10,11.5) (i.e, different ratios of H*/OH™ ions). The
sample synthesized at pH 10 had better motility toward the
bacterial surface due to having an overall positive charge (&-
potential = +11.10), leading to a minimal hydrodynamic size (D, =
186.6). The results are discussed in light of the relative ratio of H*/
OH™ that may affect bond formation by influencing the electronic
clouds of the participating ions that can modify the structure. This,
in turn, modifies crystallinity, strain, disorder, surface termination,
and thereby, the surface charge, which has been correlated to the
antibacterial properties of the nanoparticles due to the interaction
between the respective opposite charges on the nanoparticle
surface and bacterial cell wall. The structural modifications were correlated to all of these parameters in this work.
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Bl INTRODUCTION is being investigated on contemporary applications of Fe,Oj; in
different forms such as co-doped Fe, O3, nanocomposites of a-
Fe,0;-GO, rGO/g-C;N,/Fe,0;-heterojunctions, g-C;N,/a-
Fe,0;/V,0s, etc. to investigate ammonia sensing, photo-
catalytic degradation, H,-evolution reaction, photodegradation
performance of mixed pollutants and catalytic oxidation of
toluene.'*”"” Hematite is nontoxic, can be quickly produced,
and has good corrosion resistance and antibacterial proper-
ties.”” Among numerous solution/vapor-based techniques,
precipitation/hydrothermal synthesis can generate nanopar-
ticles of different shapes and morphology”' by altering the
temperature, pressure, ambient chemical conditions, precur-
sors, and pH of the solution.”” pH, being a precise measure of
the relative concentration of H* (a proton) and OH™ (a
hydroxyl) ions in the solution,”* can control the electronic
charge distribution of participating ions. Hence, it is an
essential factor affecting the nature and details of the formation
of bonds of synthesized materials, thereby modifying its
structure. Different surface terminations may lead to different

surface charges.”® Antibacterial properties depend on the

Simple oxide nanoparticles play essential roles in various fields
such as chemistry, physics, material science, and biology. Their
electronic properties make them suitable for various sensors,
conductors, and rectifiers.”” The low toxicity and biodegrad-
ability of these nanoparticles make them widely acceptable for
several biomedical applications,” like diagnosis, implants,
wound healing, sustained drug release, and antimicrobial
activity.*”” A leading interest is in the antibacterial properties.”
Atomic-level chemical modifications can modify the electronic
and optical properties of these materials.” The morphology and
size of these nanoparticles can be crucial toward the
applicability due to several reasons, including the surface
charge properties. Such modifications can alter the effective-
ness of these nanoparticles in bioapplications, especially related
to the interaction of these with bacteria and other
organisms.”'* Fe-oxides have been thoroughly studied in the
field of bioapplications."' Depending on the different
oxidation-states of Fe,'* synthesis and characterization of a-
Fe,O; nanoparticles by simple coprecipitation method,"’ the
literature is rich with reports on hematite (a-Fe,0,),

maghemite (Fe;0,), and magnetite (y-Fe;0,) having different Received:  August 11, 2023
crystal structures. ' Revised:  November 6, 2023
Hematite, a-Fe,O5, is an n-type semiconductor'® with a Accepted: December 11, 2023

bandgap corresponding to visible-light energy (E, = 2.1 eV). Published: December 29, 2023

Hematite is known for multiple important aspects and has
been the subject of intense investigation. One such critical area

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.3c05930

W ACS PUbl ications 464 ACS Omega 2024, 9, 464—473


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Farzana+Naushin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Srishti+Sen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mukul+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hemang+Bairagi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Siddhartha+Maiti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jaydeep+Bhattacharya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jaydeep+Bhattacharya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Somaditya+Sen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c05930&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05930?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05930?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05930?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05930?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c05930?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega http://pubs.acs.org/journal/acsodf

450°C_6hours ~ — Fe203ciffile

(on
[104)

Intensity (a.u.)'

)

T T T T T T
3 20 30 40 50 60 70 80
100nm MEMSIITI 11/25/2022 10 2022 ———
15.0xV SEX SEM 15.0 3 % 15.0XxV SEX SEM 20 (degree)
SpHFe20; —Tobs 10pHFey0, lobs 1L5HF 0, I obs
* lecal * lcal * lcal
C S d e
- ———1obs-Ical R
Bragg position Bra ition| —_— 3
-~ 12 =1.307 —_ iz Bragg position|
2 wRp =0.0102 3 =1.646 22 =146
< =0.0081 < vRp=0.0111 | ~ =0.0107
z Rp=0 = Rp = 0.0084 = wRp =0.
g g s Rp=0.0083
2 4 -
) 2 S
= - =
=
I T T T 1

20 30 10 50 60 70 80 20 30 0 50 60 70 80
26(°) 26 (%) 26(°)

Figure 1. (a) FESEM images of the three samples revealing the reduced particle sizes of the samples from S8 to S11. These also reveal smaller
nanodots of the size <5 nm adhered to the surface of the nanoparticles. (b) XRD data revealing known peaks of structure. (c—e) Rietveld
refinement of XRD of the S8, S10, and S11 samples revealing excellent agreement between theory and experiment.

electrostatic forces between such surface charges and the persive X-ray Spectroscopy (EDX) Analysis. A SupraSS Zeiss
bacterial surface charge. Hence, the formation conditions may field emission scanning electron microscopy (FESEM) instru-
be correlated to such antibacterial properties, an exciting field ment” was used to obtain images at 15 kV with 15 K
of study.”* An attempt is being made to correlate such magnification to study the morphology and particle size. Two-
possibilities by taking a-Fe,0; nanoparticles and Escherichia dimensional (2-D) energy-dispersive X-ray spectroscopy
coli DHSa as a combination. This work emphasizes the (EDX) was performed using the same FESEM with an
correlation between the synthesis conditions influencing the attached EDX analyzer.
growth parameters, which thereby changes the crystallographic X-ray Diffraction (XRD) Study. XRD studies®® were
parameters, leading to changes in surface charge proportions performed using a Bruker D2 Phaser X-ray diffractometer.
that in turn control the antibacterial properties. Lattice parameters, bond lengths, and bond angles were
extracted from a detailed Rietveld refinement’® of the XRD
B METHODS data using GSAS software. The crystallite size was calculated

Synthesis of Nanoparticle. Hematite nanoparticles were using the Scherrer equation”’ D =094/ (B x C9S(€) ) (Vzghe“?ﬁ
synthesized via a precipitation method, using iron nitrate is the fwhm of XRD peaks and D is the c.rystalht.e .51ze) ;- while
(Fe(NO,);9H,0) (Alfa Aesar ACS 98—101%) (salt) and the l.attlczg strain was calculated using W1111a310n3510n—HaH
ammonium hydroxide (AR-grade NH,OH (SDFCL 25% Sp. equation: ™ Protal .(COS(Q)). = 0.94/D + 4esin(0)" (where
Gr 0.91)) (base/precipitating agent). Three samples were € is the latt.lce strain and A is the X-ray wavelength of Cu(Ka)).
synthesized, with the pH values of the synthesis solutions kept Dynamic Light Scattering [DLS] and Zeta-Potential [¢-

at 8, 10, and 11.52. These samples were named S8 for pH ~8, Potential] Measurements. The hydrodynamic size (D;)™ of
S10 for pH ~10, and S11 for pH ~11.52. For all samples, 12 g the nar;;)particles, along with their polydispersity ind%’i (PDI)
of iron nitrate was dissolved in 100 mL of double-distilled values,” were obtained from DLS measurements™ using
water and uniformly stirred on a magnetic stirrer at 250 RPM Malvern Zetasizer (Nano series). 1 mg/mL of each sample
for 45 min. Ammonium hydroxide was added dropwise to (88, 810, S11) was prepared in filtered MilliQ and sonicated
obtain the desired pH values while stirring. Precipitation for 30 min at 25 °C to form a homogeneous solution. For the
occurred at room temperature. Maximum yield was ensured by D, and PDI measurements, the homogeneous solution of each
heating the solutions to ~60 °C. The solutions were dried at sample was transferred to a disposable cuvette (ZEN040), and
60 °C to obtain the dried powders. These were calcinated for the {-potential (V¢)35_38 measurements, the samples were
thereafter at 450 °C in a muffle furnace for 6 h. transferred to specialized U-shaped {-cuvettes (DTS1070).
Characterization of Nanoparticle. Field Emission Manual readings were taken for six cycles, with three

Scanning Electron Microscopy (FESEM) and Energy-Dis- measurements each.
465 https://doi.org/10.1021/acsomega.3c05930
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Figure 2. (a) Lattice parameter shortens considerably from S8 to S10 and nominally modifies for S11; lattice strain is minimal in S8, which enables
the crystallite size to be maximum for the samples. (b) Bond lengths decrease considerably with the increase of pH from 8 to 10; after that changes
nominally for the S11 sample. (c) Different planes of the Fe,O; structure showing different construction indicating terminations with either O or
Fe. (d) Typical FeOg octahedron revealing three longer Fe—O, bonds and three shorter Fe—O, bonds, indicating a noncentrosymmetric location of

the Fe atom.

UV-Visible Spectroscopy Analysis. The UV—vis diffuse
reflectance spectra were measured using a UV—vis (Research
India Spectrophotometer) for all of the samples in the range of
200—800 nm. The direct and indirect bandgap® and lattice
disorder (Ey, Urbach energy)40 were studied using the optical
reflectance, R, of the samples. The bandgap was determined
from these spectra using the Kubelka—Munk function: F(R) =
(1-R)*/2 x R,*" where R is the diffuse reflectivity of the
samples. The absorption coefficient, @, is close to the F(R).*
The diffuse reflectance increases drastically near the band edge.
A linear region is observed near the edge.”’ The optical
bandgap was calculated from energy-dependent optical
absorbance data using the Tauc method.** Tauc equation for
the bandgap energy determination is (ahv)'" = A(hv—E,),
where v is the photon’s frequency, h is Planck’s constant, A is a
proportionality constant, and E_ is the band gap. The nature of
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the transition is between the conduction band (CB) and
valence band (VB) determined by the power n; n = 1/2, 3/2,
2, and 3 for direct allowed, direct forbidden, indirect allowed,
and indirect forbidden transitions, respectively. The allowed
direct and indirect bandgaps were calculated using this
method. Lattice distortions can be responsible for the
induction of defects. These can modify the bandgap and
introduce states inside the gap.”** Depending on the location
of these defect states and the modification of the band edges,
there is a possibility of some tailing states near the band edge.
The energy associated with these states is defined as the
Urbach energy Ey and can be calculated from these tail
regions.”” The value of @ increases exponentially with energy E
= hv and is dependent on the value of Ey: a = a,exp(hv/
Ey)," where a, is a constant. Taking the natural logarithm of
both sides, one can achieve a linear relation between In(a) and

https://doi.org/10.1021/acsomega.3c05930
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Table 1. Lattice Parameters, Crystalline Size, and Strain

sample a=b(A) c (A)
S8 5.02925 + 0.00013 13.73285 + 0.00065
S10 4.97272 + 0.00014 13.57733 + 0.0007
S11 4.97302 + 0.00022 13.58262 + 0.00094

particle size [FESEM] (nm)

crystallite size [XRD] (nm) lattice strain

20—40 30.17 0.0042
20-3S 30.48 0.0041
10—-30 23.87 0.0053

E: In[a] = In[a,] + (E/E). This allows one to estimate Ej;
from the linear fitting of the linear region found in In a vs E
plots.

Antibacterial Property: Minimum Inhibitory Concen-
tration Calculation. The viability of Gram-negative bacteria,
namely, E. coli DHSa ATCC 25922, was examined for the
antibacterial application of the S8, S10, and S11 nanoparticles.
All nanoparticles were initially sterilized by using ethanol.
Bacterial cells were revived, and a master plate was prepared. A
single colony was picked and inoculated in Luria—Bertani
broth (LB). This primary culture was overnight incubated at
37 °C, at 200 rpm. From the primary culture, a secondary
culture was prepared with 0.5 optical density (OD). The
bacterial culture was then exposed to various concentrations of
nanoparticles, and only LB medium served as a negative
control. Nanoparticles alone served as a particle control. Plates
were incubated at 37 °C for 18 h; OD at 600 nm was
measured, and the percentage of cell viability was calculated.*’
All experiments were triplicated, and a one-way ANOVA test
was applied to check the statistical differences between the
control and the concentrations of particles.

B RESULT AND DISCUSSION

FESEM and EDX. The FESEM images (Figure 1a) revealed
agglomerated spherical nanoparticles of size 20—40 nm, with a
few of them having a larger size. However, upon close
inspection, all particles, irrespective of size, can be observed to
be composed of further smaller nanodot-like structures of size
<$ nm. Hence, the primary nanoparticles for all three samples
are of size ~ 4—5 nm. The average size of the agglomerated
particles for S10 seems smaller than the S8 sample. However,
the S11 sample revealed much smaller particles of 10—30 nm.
The dotlike surface morphology was present in the S11 sample
but was less detectable due to the charging nature of the
sample. This revealed a lesser conductive nature of the SI11
sample.

2-D EDX scans revealed the presence of only Fe and O and
the absence of any other elements, proving the phase purity of
the samples.

XRD. XRD studies revealed a crystalline trigonal hematite a-
Fe,0; [space group R3c] structure for all of the samples
(Figure 1b—e). The XRD patterns reveal reflections from the
following crystallographic planes: [012] at ~24.5° [104] at
~33.4°, [110] at ~35.94°, [113] at ~41.2°, [024] at ~49.8°,
[116] at ~54.4°, [018] at ~57.9°, [214] at ~62.8°, [300] at
64.4°, [119] at ~72.3° and [220] at ~75.8°. These peaks are
commonly observed for all hematite samples, but their relative
intensities seem to be modified, which generally can be
correlated to the preferential exposure of certain crystallo-
graphic planes. Rietveld refinement™ of the XRD data was
performed using GSAS software to extract the structural details
(Figure 2a). The lattice parameters a = b were found to be
maximum for S8 (~5.02925 A) than a much smaller S10
(~4.97272 A) and S11 (~4.97302 A) (Figure 2a). The lattice
parameter 'c’ revealed a minimum for S10 (~13.57733 A) with
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a comparable but larger S11 (~13.58262 A) and a much larger
S8 (~13.73285 A) [Table 1].

Hence, the unit cell volume of S10 is the least followed by
S11, compared to a much larger S8. Therefore, the density is
the highest for $10. The structure is affected by the pH of the
preparation solvent. Such subtle changes bear their roots in
changing the bond lengths and bond angles, which are
dependent on the properties of the electronic hybridization
during the bonding process.

The refined Crystallographic Index Files (CIF)' were
analyzed using Mercury software. Bond lengths and angles
were extracted. The structure of Fe,0; is an arrangement of
FeOg octahedra with an O-lattice and a Fe-lattice.

The O-lattice consists of O-planes, with each Fe atom being
connected to neighboring six O-atoms, thereby creating four
longer bonds (O—0); and two shorter bonds (O—0), (Figure
2b). The Fe atoms are in a staggered plane between two O-
planes (Figure 2d).

The Fe—Fe bonds within the same plane, (Fe—Fe),, are
2944 A (S8) and 2911 A (S10 and S11). The Fe—Fe
interplanar bonds, (Fe—Fe), between subsequent Fe-layers,
are shorter than (Fe—Fe)P. A significant decrease of (Fe—Fe);
from 2.777 A (S8) to 2.745 A (S10) and 2.746 A (S11) is
observed (Figure 2b). The O,—Fe—O; bond angle in FeOq
octahedra is comparable to ~89.09° for S8 and 89.1° for S11
but is much smaller for S10 ~87.24°. However, the other two
angles, i.e., O—Fe—0; (~82.28°) and O,—Fe—0, (~99.95°)
[Table 2], show nominal changes and can be considered

Table 2. Bond Angles

sample O,—Fe—-0O; O,—Fe-0, O,—Fe—0O,
S8 89.09° 82.28° 99.94°
S10 87.24° 82.28° 99.95°
S11 89.10° 82.27° 99.94°

unaffected by pH. The O,—Fe—O; angle is the least for S10,
saying that the FeO4 octahedra are most distorted and the
hexacoordinated Fe is most off-centered in the O4-cage. Two
sets of three Fe—O bonds are observed with three shorter Fe—
O, bonds in one plane and three longer Fe—O; bonds in the
adjacent O-plane (Figure 2d). The distortion can also be
revealed from these bond lengths. The values of Fe—O; are
2.111 A for both S10 and S11 but are longer for S8 ~2.13S A,
while Fe—O, keep reducing from 1.928 A in S8 to 1.908 A in
S10 and 1.906 A in S11 [Table 3].

These subtle changes in the bond lengths and bond angles
not only distort the FeOg octahedra but also have

Table 3. Bond Lengths

Fe—0, Fe—O, Fe,—Fe;, Fe—Fe, 0O-0; 0,-0,

sample  (A) (4) (4) (4) (4) (4)
S8 2.135 1.928 2.944 2.777 2,952 2.809
S10 2.111 1.908 2911 2.745 2919 2.778
S11 2.111 1.906 2911 2.746 2919 2.778

https://doi.org/10.1021/acsomega.3c05930
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consequences on the surface terminations of different
crystallographic planes (Figure 2c). The XRD data was
investigated for this purpose in a different light. A comparative
study was performed on subtle changes in the peak intensities
of the different lattice planes. The relative peak intensities were
the weakest for S8 but were comparable for S10 and S11. The
peak intensities were normalized with respect to the most
intense (104) peak. The relative strengths of different peaks
were analyzed. Several peaks were observed corresponding to
O terminations [104 (024) (214) (012)] and Fe terminations
(110). In some of the planes, both O and Fe were present
[(113) (116) (018) (300) (1010) (220)].

These mixed anion-cation combinations are unlikely to
contribute to surface charge. Hence, the intensity ratios of the
Fe/O-terminated planes were critically analyzed. It was
observed that the (214) continuously decreases in intensity,
revealing a decrease of the negative surface charge with
increasing pH. However, all other O-planes were observed not
to be affected by the pH change from 8 to 10. When the pH is
raised from 10 to 11.52, the intensity of all of these oxygen
planes increases. These intensity changes are nominal. On the
other hand, the Fe terminated plane, i.e.,, (110), is unaffected
for a pH change from 8 to 10 but sharply decreases for pH
11.52. There needs to be detailed theoretical work following
this observation to supplement this claim.

The d-spacings of the lattice planes were also found to vary.
Thus, it is evident from the structural analysis described above
that the pH does modify the hybridization of the participant
ions. This alters the bond lengths and bond angles, modifying
the structure and preferential termination of the nanoparticles.
These factors, in turn, change the surface charges of the
materials.

The strain in the S8 sample is 0.0042, which nominally
decreases for S10 to 0.0041 and, after that increases noticeably
to 0.0053 for S11 (Figure 2a). Such changes can now be
correlated to the fact that the most difference in the
crystallographic planes is observed for the S11 sample. Because
of strain, the average crystallite size increased nominally from
~30.17 nm for S8 to 30.48 nm for S10 and, after that, reduced
to a much smaller size of ~23.87 nm for S11 [Table 1]. It is
noteworthy that despite the largest crystallite size of S10, the
D, of the same is the minimum among the three samples. This
will be discussed in the following DLS measurement sections.
This may be the consequence of the changing nature and
magnitude of the surface charge due to the different modes of
surface terminations. This seem to be correlated to the
modifying bond lengths of the materials.

UV-Visible Spectroscopy. Fe,O; has been reported in
the literature to have both a direct and indirect bandgap. The
direct and indirect bandgap®” and lattice disorder (Ey, Urbach
energy)40 were studied using the optical reflectance, R, of the
samples using a UV—vis (Research India Spectrophotometer).
In this study, the direct bandgap (Eg_direct) was found to
continuously increase from 2.127 eV (S8) to 2.173 eV (S10)
to 2.198 eV (S11). The indirect bandgap (Eg indirec;) Was found
to decrease from 1.917 eV (S8) to 1.873 eV (S10) and 1.807
€V (S11) [Table 4]. However, the errors were high for both
E-direct and Eg-indirect to add any meaningful change in E,
(Figure 3a). However, the Urbach energy reduces from 21.80
meV in S8 to 11.86 meV in S10 and, after that, increases
drastically to 56.14 meV in S11 (Figure 3b). Such changes are
also consistent with the changes in structural studies.
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Table 4. Bandgap Analysis

sample direct E, (eV) indirect E, (eV) urbach energy (meV)
S8 2.127 + 0.0863 1.917 + 0.08769 21.80 + 1.14415
S10 2.173 + 0.0752 1.873 + 0.12022 11.86 + 0.969S.
S11 2.198 + 0.1284 1.807 + 0.07372 56.14 + 1.08007

Vo D, and PDI Measurements. DLS, also known as
photon correlation spectroscopy or quasi-elastic light scatter-
ing, is a technique that primarily measures three critical
parameters related to the Brownian motion of macromolecules
in solution that arises due to the bombardment of solvent
molecules: V;, D,, and PDIL The motion of the nanoparticles is
related to D,, which is the size of the cluster of nanoparticles
inside a specific fluid medium. The V; is an estimate of the
surface charge of crystals, while the PDI is a measure of the size
distribution of the particles in a sample. V; can be employed to
understand the physical stability of nanosuspensions.”® If — 10
mV < V; < + 10 mV, then particles are approximately neutral,
while for V; > + 30 mV, particles are strongly cationic, whereas
for V; < — 30 mV then nanoparticles are strongly anionic. A
significant positive or negative value of V; of nanocrystals
indicates good physical stability of nanosuspensions due to the
electrostatic repulsion of individual particles. For a range of —
30 mV < V; < + 30 mV, the repulsive forces are generally
considered insufficient to attain excellent physical colloidal
stability.’> On the other hand, a small Ve value can result in
particle aggregation and flocculation due to the Van der Waals
attractive forces acting upon them. These may result in
physical instability.”” It is the potential that is generated at the
slipping plane. The slipping plane is between the fluid layer,
which is electrostatically attached to the nanoparticle, and the
first layer, which is part of the dynamic fluid. The values of V
were — 4.85 + 0.90 mV (S8), + 11.10 + 0.10 mV (S10), and +
22.10 = 1.00 mV (S11) (Figure 3c). Hence, all three samples
displayed physical colloidal instability, resulting in particle
aggregation and flocculation. Note that the value of V;
continually increases from a low negative value, as in the
case of S8, to a low positive value in S10 and further to a
moderate positive value in S11. The V; value is the average
value of the surface charge of the nanoparticles, which is the
result of all surface terminations. Hence, surfaces terminating
with negative O-planes dominate in S8, while the relative
amount of surface terminations with positive Fe-planes
increases with increasing pH. This is a remarkable result that
modifies the possible surface construction due to the more
fundamental nature of the ambient solution.

D, is the effective spherical size of the particles, which
provides the same friction in the fluid as the particle itself.
Mathematically, one can express D, = kT/3znD, where T =
temperature, k = Boltzmann constant, and D = diffusion
coefficient. Hence, D, is the diffusivity of the nanocrystals
within a fluid.**">® The D, of the S8 sample was the largest
~467.1 + 43.3 d'nm as compared to a smaller S11 ~265.9 +
154 d:nm and yet smaller S10 sample ~186.6 + 2.5 d-nm
(Figure 3c). On revisiting the crystallite size one can be
reminded that the sizes were ~30.17 nm for S8, ~30.48 nm for
S$10, and ~23.87 nm for S11. The V,, being ~4 mV for S8, is
nearly chargeless, resulting in an ample chance of aggregation
and flocculation. Hence, the D, value of ~467 nm can be
justified. On the other hand, the S11 sample had a V; of ~ +22
mV, which is large yet less than 30 mV. Hence, the
aggregation/flocculation process cannot be avoided. As a
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Figure 3. (a) Direct and indirect bandgaps were found to follow opposite changing patterns. (b) The Urbach energy reduces nominally from S8 to
S10 but increases considerably for the S11 sample. The trend is similar to the lattice strain, indicating that the disorder is a source of strain in the
lattice. (c) D, and PDI of the samples showed a minimum for the $10 sample, whereas the V of the S8 sample showed a negative value but that of

the S10 and S11 samples revealed a positive value.

result, we see smaller D, values for S10 and S11. The particle
sizes of these nanoparticles and their aggregation morphology
must play essential roles in the final values of D,.

For a monodisperse sample, the PDI value must be less than
0.05, whereas extremely polydisperse materials have a PDI >
0.7. If PDI is in the range of 0.08 < PDI < 0.7, then the
material is said to have midrange polydispersity, whereas
samples with 0.05 < PDI < 0.08 are nearly monodisperse. PDI
values of the samples were found to be 0.540 + 0.059 (S8),
0.386 + 0.026 (S10), and 0.570 + 0.048 (S11) (Figure 3c)
[Table S]. All of the samples reveal midrange polydispersity.
The lowest value for S10 may be correlated to the highest
value of D, for this sample.

Table S. D,, Polydispersity Index, and {-Potential

average D, average polydispersity index average V
sample (d-nm (PDI) (mV)
S8 467.1 £ 43.3 0.540 + 0.059 —4.85 + 0.90
S10 186.6 + 2.5 0.386 + 0.026 11.10 + 0.10
S11 2659 + 15.4 0.570 + 0.048 22.10 £+ 1.00

Antibacterial Study. The previous section discussed
changes in the structural and electronic properties of the
materials. An electrostatic interaction between the opposite
charges of the cell walls and the nanoparticles can lead to cell
wall rupture.”” Hence, the changes in the electronic properties
can be a source of modifications in the antibacterial properties
of these materials. 50% of cell viability (ICy,) was observed at a

concentration of 738.91 + 116.7 pg/mL for S11, 418.99 + 7.3

469

pug/mL for S10, and 766.05 + 70.19 ug/mL for S8, respectively
(Figure 4a). In this study, S10 revealed the lowest ICg, value,
i.e, maximum antibacterial properties.

The negative charge of the S8 samples and the high positive
charges of the S11 sample are averse to the nanoparticle-cell
wall interaction. In contrast, S10, with a reasonable charge and
a smaller D,, seems most effective as an antibacterial material.

Hence, the effect of different pH values of the ambient
solution while synthesizing the Fe,O; nanoparticles is
noteworthy. The different ratios of H" and OH™ ions modify
the electronic clouds of the cations and anions and, thereby,
alter the bonding.

From the structure aspect, it is observed that the unit cell
volume decreases, i.e., density increases, as the pH is raised
from 8 to higher values. This phenomenon occurs due to the
contracting bond lengths of the FeO4 octahedra. These
changes affect the lattice strain, which is a minimum for S10.
As a result, the crystallite size is at a maximum for S10. This
results in the crystalline disorder being the least for S10. The
changes in the bond lengths are such that one of the angles
O—Fe—O0; is drastically less for S10, which may be correlated
to the monodisperse nature of the sample. These changes lead
to modifications of the off-centering of the Fe atom in the
FeOyg octahedra. The surface charge of the nanoparticles were
observed to change from negative to positive while pH
changed from 8 to 10 and kept increasing with increasing pH.
Changes in bond lengths and bond angles bring subtle changes
to the surface charge and are close to a neutral value in
between a pH of 8—10, where the angle is slightest. The
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Figure 4. (a) E. coli cell viability at different concentrations of Fe,0; nanoparticles synthesized at pH 8, 10, and 11.52. The data sets are represented
as mean = standard error of the mean (n = 3); one-way ANOVA test, ****P < 0.000. (b) Correlation between the O,—Fe—O; bond angle and the
PDI and MIC of the samples indicating a possible mechanism of how modifications in the structure may lead to changes in the physical properties
thereby affecting the biological process. (c) A similar probable correlation between lattice parameters, crystallite size, and hydrodynamic size.

negligible positive surface charge may be correlated to the
monodisperse nature and nominal D, despite the maximum
crystallite size of S10. Such a property allows more particles to
be associated with the negatively charged E. coli bacterial cell
surface, forming electrostatic interactions. The negative charge
of S8 should repel the bacterial surface. Despite a higher
charge, the polydisperse nature of S11 has a lesser chance of
interaction.

A combination of charge properties along with the smaller
D, (increases the population of nanoparticles on the bacterial
surface, promoting greater mobility) and smaller PDI (ensures
shorter separation, enabling bacterial interaction) makes S10 a
better antibacterial agent than S8 and S11.

Thus, subtle changes in the chemical environment during
synthesis alter bond lengths, thereby modifying factors such as
surface charge and the dispersive nature of the particles, further
altering antibacterial properties. This new observation needs
attention from theoretical aspects and is particularly important
from the biophysics interfaces of physics/chemistry.

Importance of ROS. Reactive Oxygen Species (ROS)
mediated bactericidal effect is a well-known phenomenon for
iron oxide nanoparticles. The Fe,O; samples had a moderate
bandgap of ~2.13 eV. This energy corresponds to a greenish-
yellow light. An illumination of UV or white light consisting of
more energetic components of light such as green, blue, violet,
can hence promote an electron in the valence band (VB) to
the conduction band (CB), overcoming the bandgap of the
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Fe,O; material, thereby leaving a hole in the VB. It is a light-
assisted mechanism of the formation of an electron—hole pair
in the material. The hole generated in the VB has a robust
oxidizing nature. Thus, there is a light-assisted creation of
oxidizing sites. These can oxidize H,O or OH™ to produce
robust oxidizing species. A redox chain reaction follows. ROS
are formed, e.g., hydroxyl radical (*OH), hydroperoxide radical
(*H,0,7), and superoxide radical anion (O,*”). These are the
pathways of the bactericidal action. Thus, ROS generation
from Fe,O; samples can induce oxidative stress in the bacterial
cell. Thus, e—h pair generation is an important aspect. Hence,
the electronic properties of these nanoparticles should play a
significant role in ROS generation and thereby affect their
antibacterial activities. Mostly, the higher the ROS, the more
the antibacterial property.

However, the trends of changes in the bandgap, either direct
or indirect, follow a particular trend of either decreasing or
increasing. On the other hand, S10 showed the lowest ICs,
value, ie, maximum antibacterial properties. From the V;
studies, one can observe positive values of the surface charge
for the S10 and S11 samples. The opposite charges between
the negatively charged cell membranes and the positive charges
of the surface of the S10 and S11 samples result in attractive
electrostatic forces. The electrostatic gradient between these
two units damages the cell membranes. Hence, one can justify
the response of the S10 and S11 samples toward the
annihilation of the E. coli DHSa. A destabilization mechanism
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of the charges present in the bacterial cytoplasmic membrane
may happen due to electronic excitation and rupture of the
membrane.

H' ions move across the cell membrane and generate an
electrochemical gradient. It is generally observed that smaller
nanoparticles can move freely over the membrane surface, and
thus, the electrostatic interactions are better. Thus, the smaller
D, of the S10 sample may be a possible reason for the better
movement of these particles, and the moderately positive
surface charge of ~11.1 mV is most likely the reason for a
higher probability of membrane rupture.

Thus, the enhanced antibacterial property of S10 is
correlated to the positive surface charge and smaller hydro-
dynamic size of the particles, which is a consequence of the
influence of alkalinity on the structural properties (Figure
4b,c). Further, the lowest E; hints at a less disordered lattice,
which enables the annihilation of the disorder-related tail states
of the band edges, thereby raising the indirect bandgap. This
less disordered lattice enables easier phonon-assisted e-h pair
generation upon illumination of white light, leading to higher
Reactive Oxygen Species formation.

Hence, the probable explanation of differences in ROS
behind changes in antibacterial properties may not be
necessary to support that S10 is the most antibacterial.>®

B CONCLUSIONS

The atmosphere of hydrothermal synthesis of hematite
nanoparticles were varied with pH ~8, 10, and 11.5. The pH
affects the bonding nature of the Fe—O bonds in the FeOgq
building blocks of the a-Fe,O; structure. Most of the Fe—O
bonds shorten as the pH is increased from 8 to 10 and
thereafter alter nominally to 11.5. Due to such bond
contraction, the unit cell also contracts and thereby increases
the density. The lattice strain is the least for S10, thereby
modifying the crystallite size, which is the largest for S10. From
the O—Fe—O bond angles, an Fe-off-centering is considered
minimum for the S10 sample. This bond angle seems to
influence the surface terminations and thereby modifies the
surface charge from a negative value in S8 to a positive value in
S10, thereby becoming higher for S11. The nominal positive
charge of S10 samples is most likely the reason for the smaller
D, and hence provides better movability of the nanoparticles in
the media and, hence, approach the bacterial surface,
enhancing the chance of bonding between negatively charged
bacterial surfaces and positively charged S10 nanoparticles.
Thus, the chances of bacterial cell rupture increases.
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