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Introduction

Synthesis of a hybrid material based on a
high-surface-area magnetic Fe;0,@TiO, core—
shell structure and immobilized Ni—PNP aliphatic
pincer complex: study of the structural, magnetic,
and antibacterial properties and nonenzymatic
electrochemical sensing of glucose

Fatemeh Ariaeinezhad, (2 ¢ Gholamhossein Mohammadnezhad, (&) *@
Oluseun Akintola > ° and Winfried Plass (2 *®

The present study reports a multistep synthesis of a hybrid material based on a Fez0,@TiO, core—shell
with an immobilized aliphatic nickel-PNP pincer complex. The Fes0,@TiO, core-shell structure was
obtained using an in situ method based on a controllable one-pot synthesis of TiO, on the surface
of the FesO,4 core. The hydrolysis of the molecular precursor titanium(v) ethoxide was carried out by
reaction in a mixture of ethanol, acetic acid, and water with a mole ratio of 1:25:0.1:4 at reflux tem-
perature, leading to a high surface area core structure with an amorphous shell. The formation of the
material and the immobilization of the complex were confirmed by FT-IR spectroscopy, XRD, FE-SEM,
TEM, TGA, DSC, CHN analysis, and XPS. The amount of the immobilized nickel complex was quantified
using ICP/OES analysis. The properties of the hybrid material were further investigated using UV-Vis
(DRS), VSM, and argon sorption analyses. The antibacterial properties of the material were evaluated
against two pathogenic strains of Staphylococcus aureus and Escherichia coli bacteria using the agar
well-diffusion method. The largest inhibition effect was observed against Staphylococcus aureus
(19 mm) by the immobilized nickel-PNP pincer complex, indicating the excellent ability of this com-
pound to be utilized as an antibacterial agent against pathogenic strains. Furthermore, the immobilized
aliphatic nickel-PNP pincer complex was used as a modified electrode for nonenzymatic glucose sen-
sing using cyclic voltammetry (CV) and differential pulse voltammetry (DPV) methods. The modified
electrode with Nafion exhibited linear ranges of 5 uM-0.1 mM and 0.1-7 mM with high sensitivities of
3692 and 276 pA mM~t.cm™2, respectively, with a low detection limit of 0.894 uM (S/N = 3) in an alka-
line medium for glucose determination. The results from the nonenzymatic glucose detection experi-
ments demonstrate that the Fez;O,@TiO,-PTES@NiIPNP/GCE is a suitable candidate for glucose
quantification.

donor atoms in the main backbones and form two-, five- or six-
membered rings.” In the past few decades, most investigations

The development of pincer metal complexes, due to their robust
architectures, has played a significant role in the improvement of
chemical processes over the past century and has contributed
significantly to global progress in medicine,"* gas sensors,>*
switching,>® and catalysis.”® Pincer ligands are generally described
as mer-tridentate ligands bound to the metal center through three

“ Department of Chemistry, Isfahan University of Technology, Isfahan, 84156-83111,
Islamic Republic of Iran. E-mail: mohammadnezhad@iut.ac.ir

b Institut fiir Anorganische und Analytische Chemie, Friedrich-Schiller-Universitdt
Jena, Humboldtstr. 8, 07743 Jena, Germany. E-mail: sekr.plass@uni-jena.de

986 | Mater. Adv., 2026, 7, 986-1005

have focused on the design and synthesis of pincer complexes
as effective homogeneous catalysts for chemical and biological
reactions, even under harsh conditions. Despite the success of
homogeneous catalysts, due to their high activity and selectivity in
many processes, they face challenges such as catalyst separation
and recycling, as well as the use of costly methods for the
purification of the products.”'® However, heterogeneous catalysts
have significant advantages, such as ease of catalyst separation
from the reaction mixture and high recyclability, but they have
poor catalytic selectivity.”™ The immobilization of an active
complex as a homogenous catalyst onto solid supports to produce

© 2026 The Author(s). Published by the Royal Society of Chemistry
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hybrid catalyst systems is an interesting strategy that is both selec-
tive and recyclable.”'® Therefore, the choice of a suitable solid
support plays an important role in the immobilization method
and performance for different purposes. Thus far, various pincer
ligands have been immobilized onto different types of organic and
inorganic solid supports, such as mesoporous silica, titania,
magnetic nanoparticles, metal-organic frameworks (MOFs),
polymers, and dendrimers.®**™*” Among various supports, tita-
nia, due to its low cost, high surface area, excellent chemical
stability, non-toxicity, antimicrobial, and high photocatalytic
activity,"®" and magnetic nanoparticles, due to their ease of
separation,”” have attracted much attention in the development
of hybrid catalyst systems.”'* Therefore, the core-shell struc-
tures obtained by combining TiO, nanoparticles and magnetic
nanomaterials of Fe;O, not only possess the advantages of
efficient catalyst recovery and desirable specific surface area
but can also be a promising method for decreasing the rate of
electron/hole recombination and improving their photocataly-
tic performance.’®?* The immobilization of pincer/metal com-
plexes on solid supports provides recoverability and reusability.
Another unique advantage of the immobilization of the pincer
complex is the low leaching of metal due to the strong ligation
of the pincer ligand, which results in improved catalytic
performance.>* However, the immobilization of aliphatic pincer
complexes based on phosphorus ligands onto solid supports has
rarely been reported. Liang et al. reported the immobilization of
the PNP pincer ligand bis[2-diphenylphosphinoethyllamine via
covalent attachment on a nanodiamond support. In this immo-
bilization method, the surface carboxyl groups selectively reacted
with the amino groups of the PNP ligands to form the PNP-ND
sample. Subsequently, the Rh species were coordinated with the
surface PNP ligand after adding an organic solution of the Rh
precursor to the PNP-ND and then were reduced under a hydro-
gen atmosphere at 120 °C for 2 h. Additionally, the catalytic results
showed that the immobilized pincer complex had catalytic per-
formance similar to that of its homogeneous counterparts in
styrene hydroformylation.®

Over the past decade, studies have shown that waterborne
diseases caused by pathogens, like E. coli and Enterobacter
aerogenes, account for 80% of reported diseases and up to
40-80% of infant mortality worldwide.”* Traditional water
disinfection methods, including advanced oxidation processes,
UV radiation,***® ozonation,**?®*” membrane bioreactors,>*?*®
and chlorination,>** are costly and generate harmful by-
products.”*?® Chlorination, though widely used, is ineffective
against resistant bacteria and generates carcinogenic
compounds.>**® Therefore, to develop safer, more efficient
disinfection and environmentally friendly strategies, research-
ers have explored nanomaterials and pincer complexes with
antibacterial properties.>**'* Among the nanoparticles, TiO,
exhibits strong antimicrobial effects without aggressive oxida-
tion against both Gram-positive and Gram-negative bacteria.
Surface modifications further enhance their antibacterial
efficiency.>*> Additionally, metal complexes exhibit significant
antimicrobial activity. The reported mechanism involves an
increase in the lipophilicity of metal complexes, making it
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easier for them to penetrate the cell membranes of micro-
organisms.*'**

Glucose is a vital carbohydrate that plays an essential role
in the human body.?® It is closely linked to numerous physio-
logical processes and is important in areas such as human
health and medical applications.>” Moreover, the accurate
measurement of glucose levels has been widely studied across
various disciplines, such as biotechnology, clinical diagnostics,
and the food industry.>®**° Due to considerable variations in
glucose concentrations across different biological samples
(such as sweat and saliva), there is a need for highly sensitive
nonenzymatic and enzymatic sensors to ensure precise detec-
tion. To address this need, researchers have developed a range
of electrochemical sensors utilizing nanomaterials.’®*" Among
these, nanomaterials based on nickel have garnered particular
attention due to their exclusive redox behavior (Ni"/Ni™), high
surface-to-electroactive area, and biocompatibility.*> Despite
numerous studies on different nickel-based nanomaterials,
the electrocatalytic behavior of immobilized aliphatic nickel-
PNP pincer complexes in glucose oxidation has not yet been
explored.

In our previously published article, the nickel complex
[NiCI(P"N~P)|CI-EtOH was prepared based on a P N"P type
pincer ligand (P"N"P = bis[(2-diphenylphosphine)ethyl]amine),
and its electrocatalytic and anticancer activities were studied.
The results have shown that the pincer nickel complex is an
efficient electrocatalyst for hydrogen evolution at the potential
of the Ni(/1) couple, and the anticancer effect of this complex
depends on time and concentration.” In this work, we report a
controllable one-pot synthesis (hydrolysis) and an in situ
method to prepare Fe;0,@TiO, core-shell using titanium eth-
oxide as a single-source molecular precursor. Then, the immo-
bilization of a nickel complex prepared based on a P"N”P type
pincer ligand on Fe;O,@amorphousTiO, core-shell as a sup-
port via anchored attachments is described. The antimicrobial
properties of magnetite nanoparticles, amorphous TiO,, the
immobilized nickel(n) complex, and Fe;O,@amorphous TiO,
core-shell were investigated by applying the agar well-diffusion
method. Additionally, for the first time, the electrocatalytic
properties of the immobilized aliphatic nickel-PNP pincer
complex toward glucose oxidation were studied.

Experimental section

Materials and methods

Bis(diphenylphosphinethyl)amine hydrochloride (P*N~P-HCI,
the pincer ligand) and [Ni(P"N~P)CI|CI-EtOH were prepared
according to our previously published article and were char-
acterized by 'H and *C NMR.> Ferric chloride hexahydrate
(FeCl;-6H,0, Daejung, 97%), ferrous chloride tetrahydrate
(FeCl,-4H,0, Daejung, 98%), aqueous ammonia (NH; (aq), Dr
Mojallali, 25%), titanium(wv) ethoxide (CgH,,0,Ti, Merck,
>95%), glacial acetic acid (C,H;0,, Ameretat Shimi, 99.5-
100.5%), (3-chloropropyl)triethoxysilane (CPTES, CoH,;ClO;Si,
Merck, 95%), triethylamine (C¢H;sN, Merck, 95%), p-glucose
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(CeH1,06, Merck) and sodium hydroxide (NaOH, Merck, >97%)
were used without further purification. Toluene (CeHsCHs,
Dr Mojallali, 98%) was dried under reflux with sodium and
benzophenone, as an indicator, before use. Additionally, etha-
nol (C,HsOH, Bidestan, 99.5%) was dried over sodium and
distilled before use. All experiments were carried out using
standard Schlenk techniques under an argon atmosphere. All
samples, including the aqueous solutions, were prepared with
deionized water.

Fourier-transform infrared (FT-IR) spectra were recorded
using Tensor 27 (Bruker, Germany) at room temperature in
the wavelength range of 400-4500 cm ™. Routine powder X-ray
diffraction (PXRD) patterns to investigate the effect of the
immobilization process on the crystallinity and phase composi-
tion of the support material were collected using a Rigaku
MiniFlex diffractometer with a Cu Ko tube (1 = 1.541 A) in the
20 range of 10°-80°. Thermogravimetric analyses (TGAs) of the
samples were carried out under an air atmosphere using a
Netzsch STA 449F1 instrument (Germany) from room tempera-
ture to 800 °C at a heating rate of 10 K min~*. Elemental
analyses (EA, C, H, and N) were performed using Leco CHNS-
932 or an El Vario III elemental analyzer (Germany). Inductively
coupled plasma optical emission spectrometry (ICP-OES) was
performed using an Optima 7300 DV (PerkinElmer, American)
spectrometer. The UV-Vis diffuse reflectance spectra of the
solid samples (UV-Vis DRS) were recorded in the wavelength
range of 200-800 nm using a Shimadzu 2450 spectrophoto-
meter equipped with a diffuse reflectance unit and subse-
quently transformed into the absorbance coefficient using the
Kubelka-Munk function. Field emission scanning electron
microscopy (FE-SEM) with energy dispersive X-ray spectroscopy
(EDS) and transmission electron microscopy (TEM) images
were obtained using Quanta 450 FEG (FEI, USA) and Philips
CM 120 (Netherlands) devices, respectively. Argon adsorption-
desorption isotherms were recorded using an Autosorb-IQ
instrument from Quantachrome Instruments Corporation at
87 K with the aid of a CryoSync accessory. Pore size distribution
curves were calculated by fitting the experimental data using
a non-local density functional theory (NLDFT) kernel based
on adsorption models for Ar on zeolites/silica at 87 K with
cylindrical pores, which was provided by QUANTACHROME
Instruments.** The Brunauer-Emmett-Teller (BET) surface
areas for both materials were determined from the adsorption
data over different relative pressure ranges, all between 0.025
and 0.28, while ensuring compliance with the consistency
criteria (Table S1).** The magnetization of the samples was
measured using a vibrating sample magnetometer with an
applied magnetic field of £10 kOe at room temperature
(VSM, Meghnatis Daghigh Kavir Co., Kashan, Iran). X-Ray
photoelectron spectra (XPS) were recorded using a Bes Tec
(EA10, Germany) system with Al Ko X-ray as the excitation
source at 1486.6 eV. The binding energy was calibrated for
the C 1s signal at 284.8 eV. All electrochemical experiments
were performed using a SAMA500 electro-analyzer system (Iran)
and driven by SAMA software at room temperature. A conven-
tional three-electrode system was used, with a modified glassy
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carbon electrode (2 mm in diameter) as the working electrode,
platinum 99.99% (0.5 mm in diameter and 5 mm in length with
spherical tip) as the counter electrode, and saturated Ag/AgCl as
the reference electrode. During the three-electrode experiments,
charge flow (current density) primarily occurs between the work-
ing and counter electrodes, while the potential of the working
electrode is measured based on the reference electrode.

Preparation of the magnetic Fe;0,@TiO, core-shell
nanocomposite

Fe;0,4 nanoparticles, as magnetic cores, were prepared using a
facile co-precipitation method reported previously.*> The
Fe;0,@TiO, core-shell nanocomposites were obtained using
an in situ method of hydrolysis of titanium(iv) ethoxide accord-
ing to the following process. First, as-prepared Fe;O, nano-
particles (1.00 g) were dispersed through ultrasonic treatment
in anhydrous ethanol (35 mL) for 20 min under an Ar atmo-
sphere. Then, titanium(iv) ethoxide (5 mL) was added dropwise
into the above suspension under an Ar atmosphere and stirred
mechanically for 0.5 h. Subsequently, to achieve controlled
hydrolysis, a solution of deionized water (1.73 mL) and acetic
acid (0.14 mL) was added dropwise into the mixture at 78 °C
under vigorous stirring. The reaction mixture was stirred under
reflux overnight. Finally, the brown precipitate was magneti-
cally separated and dried under vacuum at 50 °C for 3 h.

Preparation of chloro-functionalized magnetic Fe;0,@TiO,
core-shell nanocomposite (Fe;0,@TiO,-CPTES)

The surface modification of Fe;O,@TiO, core-shell nanocom-
posites was performed using (3-chloropropyl)triethoxysilane
(CPTES), as described below. Briefly, the as-prepared magnetic
core-shell Fe;0,@TiO, (1.2 g) was added to dry toluene (15 mL)
and sonicated for 20 min at room temperature under an argon
atmosphere. Then, CPTES (3 mL) was added, and the mixture
was refluxed for 24 h under an argon atmosphere to produce
Fe;0,@TiO,-CPTES. Next, the as-prepared precipitate was
collected using a supermagnet and dried under vacuum at
50 °C for 3 h.

Preparation of the immobilized Ni-PNP aliphatic pincer
complex on Fe;0,@TiO,-CPTES (Fe;0,@TiO,-PTES@NiPNP)

[Ni(PAN~P)CI]|CI pincer complex was synthesized according to a
method reported in our previous study.” Then, the Fe;0,@
TiO,-CPTES support (0.2 g) was dispersed in dry ethanol (7 mL)
by sonication for 30 min under an argon atmosphere. Subse-
quently, triethylamine (0.5 mL) and [Ni(P*"N~P)CI]CI (0.1 g in
5 mL anhydrous ethanol) were added dropwise to the reaction
mixture and were refluxed for 12 h under an argon atmosphere.
The mixture was cooled to room temperature, and the product
was magnetically separated and washed three times with etha-
nol. The resulting brown powder was dried under a vacuum at
50 °C for 3 h and used for analysis and reactions.

Antibacterial assay using the well diffusion method

The antibacterial activities of Fe;0,, Fe;0,@TiO,, Fe;0,@TiO,-
CPTES, and Fe;0,@TiO,-PTES@NiPNP were determined using

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the well diffusion method against two species of bacteria: Gram-
negative Escherichia coli (ATCC 25922) and Gram-positive
Staphylococcus aureus (ATCC 25923). These were model bacteria
purchased from the Persian type culture collection. In this
study, 10 uL of the bacterial suspension with an optical density
equivalent to 0.5 MacFarland standards, corresponding to a
bacterial concentration of 1.5 x 10° CFU mL ™", were spread on
the surface of each sterilized Petri agar plate. The wells were
then created in the plates using a sterile cork-borer, and 40 mg
of the as-prepared nanostructures were transferred into each
well. In addition, a sterile disk containing 10 ng of standard
gentamicin was used as a positive control and placed in each
Petri dish at an appropriate distance from the wells to ensure
an accurate comparison and avoid cross-contamination.
Finally, the agar culture mediums were incubated overnight at
37 °C. After 24 hours, zones of growth inhibition were observed,
and their diameters (in mm) were measured and compared
with those of the control.

Preparation of a modified electrode for sensing glucose

Prior to the surface modification, the glassy carbon electrode
was abraded with emery paper to obtain a mirror-like surface,
and the washing treatment was performed with deionized water
in a sonication bath for 1-2 min. In order to prepare the GC
electrode modified with TiO,, Fe;0,@TiO,, and Fe;O,@TiO,-
PTES@NIiPNP, first, 3 mg of each sample was dispersed in 1 mL
of absolute ethanol and then sonicated for 10 min so that a
homogeneous suspension was formed. Then, 5 pL of each
suspension was pipetted onto the cleaned GCE surface, and
1 pL of a 2% Nafion solution was drop-cast on the modified
electrode surface and dried at room temperature (25 °C). The
prepared Fe;0,@TiO,-PTES@NiPNP/GCE-modified electrode
was used as a working electrode in all electrochemical
measurements.

Results and discussions

Fe;0,@TiO, core-shell nanostructures and the immobilization
of the nickel-PNP pincer complex

As shown in Scheme 1, the [Ni(P*"N~P)CI|CI pincer complex was
covalently attached to the modified magnetic Fe;0,@TiO,
support. To achieve this, a three-step synthesis procedure was
employed in which the pincer complex and magnetite nano-
particles were prepared according to previous reports.>*® In the
first step, an amorphous TiO, shell with a high surface area was
coated on a monodisperse, ethanol-dispersible magnetic core
by the controlled hydrolysis of titanium(iv) ethoxide using a
simple and surfactant-free method (in situ method) in a short
time. To obtain a uniform shell, the hydrolysis rate of titanium(wv)
ethoxide must be controlled. This was done by the addition of an
acetic acid/water solution to a solution of titanium ethoxide in its
parent alcohol (ethanol) at reflux temperatures, where the molar
ratio between the reaction components, alkoxide : ethanol : acid :
water, was 1:25:0.1:4.° In the second step, the reactive
(3-chloropropyl)triethoxysilane (CPTES) was covalently attached

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Step 1
OH
Titanium ethoxide (1 mol) ol
Anhydrous ethanol (25 r;;l)
Acetic acid (0.1 mol) OH
F€3O4 Water (4 mol)
Fe;0,@TiO,
Step 2
_-0
3-CPTES : Cl
—o0— Si ~ N
Dry toluene /
~0o
Fe;0,@TiO,-CPTES
P
-0 <
[NiCI(PNP#)]CLEtOH ~ . N_]\l“ cl
—_—> —o0—Six e~
Anhydrous ethanol /
EtN 0 P

SO

Fe;0,@Ti0,-PTES@NiPNP

Scheme 1 Preparation of the Fezs04@TiO, core—shell nanostructure and
the immobilization of the nickel-PNP pincer complex.

to the modified magnetic support (Fe;0,@TiO,) as a linker,
resulting in a chloro-functionalized magnetic support (Fe;0,@
TiO,-CPTES). In the third step, the chlorine groups on the surface
of Fe;0,@TiO,-CPTES were reacted with amine groups of the
PAN"P pincer complex in the presence of an excess amount of
triethylamine as a base. Finally, for the first time, the nickel-PNP
pincer complex was immobilized on the surface of Fe;0,@TiO,
core-shell under reflux conditions in the presence of triethyl-
amine as a base.

Fourier-transform infrared spectroscopy (FT-IR)

Fig. 1 shows the FT-IR spectra of Fe;0,4, Fe;0,@TiO,, Fe;0,@
TiO,-CPTES, and Fe;0,@TiO,-PTES@NiPNP in the range of
400-4000 cm ™. The weak absorption band at around 1630 cm™*
and the broad absorption band at around 3400 cm ™" present in
all samples correspond to the bending and stretching vibra-
tions of the hydroxyl groups or adsorbed water on the surface of
the samples.”®*®*” After coating the Fe;0, surface with a TiO,
shell to form Fe;O,@TiO, via the hydrolysis-condensation
processes, absorption bands are observed at 1539 and
1442 cm™ ', corresponding to the asymmetric and symmetric
stretching vibrations of the metal carboxylate, respectively.>%*”~*°
As reported in our previous study, the distance between these two
peaks reflects the nature of the interaction between carboxyl
groups and titanium. Here, the distance is about 95 cm™ ',
conforming to the formation of a chelating bidentate ligand,
which leads to the formation of small and well-dispersed parti-
cles in the early stages of the reaction.’*®>° Additionally, the
absorption peaks at 2854 and 2968 cm™ ' correspond to the
aliphatic stretching vibrations of CH,, and the absorption peaks
at 1031 and 1124 cm ™" represent C-O stretching vibrations due
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Fig. 1 FT-IR spectra of (a) FesO4, (b) Fes04@TIO,, (c) Fes0,4@TiO,-CPTES
nanostructures, and (d) the immobilized nickel-PNP pincer complex,
Fez04@TiO,-PTES@NIPNP.

to ester formation from the reaction of acetic acid with
ethanol.>*%*! Fe,0,@TiO, spectrum shows an absorption
peak at around 400-700 cm ', attributed to the stretching
vibration of O-Ti-O and Ti-O, and was relatively broader due
to overlapping with the Fe-O peak compared with the Fe;O,
spectrum.’>**>* Due to the influence of the TiO, shell,
the characteristic band intensities of Fe;O, at 445, 630, and
565 cm ' became broader.”>* Additionally, the intensity of
the band associated with hydroxyl groups on Fe;0,@TiO, is
higher than that on Fe;0,. The results could be an indication
of TiO, formation on the surface of the Fe;O, and the success-
ful preparation of Fe;0,@Ti0,.>* After the modification of the
surface of the magnetic Fe;0,@TiO, with CPTES groups, the
band intensities increased at around 3400 cm ™ *, 1622 cm ™, and
2858-2962 cm™ ', which are related to O-H vibration mode from
Si-OH, twisting vibration mode of adsorbed water HO-H and
the C-H stretching vibrations of the anchoring propyl groups,
respectively.>™” The absorption bands located in the regions
of 470, 870 cm™ ", and 1000-1100 cm ' were assigned to the
bending vibrations of the Si-O-Si band and the stretching
vibrations of the Si-O band.”>>® The absorption band at 570 cm ™"
was attributed to the Si-O-Ti, which overlapped with the Ti-O
vibration.”®*® However, the stretching vibration of unreacted C-Cl
bands and the stretching vibration of Si-C bands cannot be
detected in this spectrum because their bands are completely
covered by the strong peaks of Si-O-Si and Ti-O-Ti bonds."*>*>°
In the spectrum of the immobilized nickel-PNP pincer complex,
the absorption bands are related to CH at around 3100 cm ™"
and C—C of the aromatic rings of diphenylphosphine at around
1400 and 1600 cm ‘. The absorption bands related to the
stretching and bending vibrations of aliphatic CH and CH, of
bis(ethylamine) moieties at around 2923 and 1438 cm™ " overlap
with the peaks in other samples, respectively.” A new band
appears at around 1260 cm ' and can be assigned to the C-N
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stretching vibrations of the pincer ligand and the newly formed
band by the immobilization process.

Powder X-ray diffraction (PXRD) pattern

Powder X-ray diffraction (PXRD) patterns were used to investi-
gate the effect of the immobilization process on the crystallinity
and phase composition of the support materials. Fig. 2(a)
illustrates the powder diffractograms of the Fe;O, nanoparticles
by a series of diffraction peaks at around 260 = 18.52°, 30.1°, 35.45°,
37.14°, 43.08°, 53.45°, 56.98°, 62.57°, 70.99°, 74.02°, and 76.64°,
which correspond to the (020), (220), (311), (222), (400), (422),
(511), (440), (533), (444), and (642) planes of the cubic Fe;0,
crystal structure, respectively (JCPDS CAS no. 00-019-0629).*> After
the coating of magnetite with TiO, nanostructures by the hydro-
lysis process to form a core-shell structure, no additional diffrac-
tion peaks were detected, indicating the amorphous phase of TiO,
(Fig. 2(b)). Additionally, no difference was observed between the
powder diffractograms for other materials before and after graft-
ing of the nickel-PNP pincer complex on Fe;O0,@TiO,-CPTES,
indicating that the immobilization process neither changed the
phase composition nor the crystalline structure (Fig. 2(c) and (d)).
However, the reflexes related to magnetite decreased after each
step, indicating that the modification processes were successful.
The average sizes of the Fe;O, nanoparticles before and after the
TiO, coating and immobilization of the nickel complex were
calculated from the full width at half maximum (FWHM) of the
major peaks by Debye-Scherer’s equation (eqn (1)):

K.
" Bcosl

ey

where D is the average size, k is the Debye-Scherrer constant taken
as 0.9, / is the wavelength of X-ray radiation (Cu Ko, 1 = 1.5406 A),
f is the FWHM of the diffraction line, and 0 is the diffraction
angle.”® The average crystallite sizes of the Fe;O4, Fe;0,@TiO,,
Fe;0,@TiO,-CPTES, and Fe;0,@TiO,-PTES@NiPNP samples

Fe;0,@Ti0,-PTES@NiPNP
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=
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Fig. 2 PXRD patterns of (a) FesO,4, (b) Fes04@TIO,, (c) Fes04@TiO,-
CPTES, and (d) the immobilized nickel-PNP pincer complex.
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were determined from the (311) diffraction peak, as the major
peak with the highest intensity, and were calculated as 10.6, 8.2,
7.6, and 7.6 nm, respectively. This decrease in crystallite size was
also observed previously and could be attributed to the deagglo-
meration of Fe;O, upon coating, surface reconstruction, lattice
contraction, and macro-strain enhancement by the surface
modification process.®

UV-visible diffuse reflectance spectroscopy (UV-Vis DRS)

The optical properties of Fe;0,, Fe;0,@TiO,, Fe;0,@TiO,-
CPTES, and Fe;0,@TiO,-PTES@NiPNP were investigated using
UV-visible diffuse reflectance spectroscopy (DRS). The results
are depicted in Fig. 3(a). The magnetic Fe;O, nanoparticles
exhibited broad absorption bands in both ultraviolet and
visible light regions.®® However, for pure as-prepared TiO,
nanostructure, according to our previous work, the absorption
is limited to the ultraviolet light region.>® The Fe;0,@TiO,,
Fe;0,@TiO,-CPTES, and Fe;0,@TiO,-PTES@NiPNP nanos-
tructures display three specific high-energy bands in the UV
region at around 210-320 nm. These bands are assigned to the
n-n* and n — ©* transitions, which can be interpreted as intra-
ligand electronic charge transfer in the complex and Fe;0,@
TiO, support.'* Moreover, the ligand-metal charge transfers of
0°" 2p — Fe**(Ti**) 3d occur with the absorption of light in the
UV region."*®>% The absorption edge in the Fe;0,@TiO,
support shows a red shift close to the visible region (around
350 nm), and the absorption intensity increases compared to
the as-synthesized TiO, nanomaterials in our previous research
(used to be at ~330 nm).”® This can be attributed to iron ion
insertion into the structure of titanium dioxide, which creates
an intermediate layer of energy between the valence and con-
duction bands in titanium dioxide, resulting in a decrease in
the band gap of TiO, and shifting the absorption towards the
visible region.®> The appearance of two new peaks in the
Fe;0,@TiO, sample, before and after the immobilization of
the nickel-PNP pincer complex at around 400 and 500 nm
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regions, can be assigned to the inter-ligand charge transition
and the d — d transitions in metal centers (iron and nickel),
respectively.'*%*

Moreover, absorption intensity after the immobilization of
the nickel-PNP pincer complex was enhanced in comparison
with the magnetic Fe;0,@TiO, support at around a wavelength
of 350-800 nm. This result indicates that the immobilization of
the nickel-PNP pincer complex can promote the absorption of
visible light. The band gap of these samples was calculated
using the Tauc plot (F(R)A)Y? vs. hv, assuming that the
Fe;0,@TiO, sample after the immobilization of the nickel-
PNP pincer complex is a semiconductor with an indirect band
gap (Fig. 3(b)). It can be observed that the band gaps of Fe;0,,
Fe;0,@Ti0,, Fe;0,@TiO,-CPTES, and Fe;0,@TiO,-PTES@
NiPNP are 1.65, 2.42, 2.36, and 2.16 eV, respectively, which
are lower than that of TiO, (3.2 €V),*® indicating the high
potential of samples for visible light absorption. The decrease
in the band gap compared to TiO, could be due to providing
new energy levels below the conduction band after the immo-
bilization of the nickel-PNP pincer complex or the presence of
iron and oxygen vacancies in the Fe;0,@TiO, structure.™

Thermogravimetric and elemental analyses (TGA, CHN, and
ICP-OES)

Fig. 4 shows the thermal analysis curves of the as-prepared
samples in the immobilization process of the nickel-PNP
pincer complex on Fe;O,@TiO,. The weight loss observed for
all samples from room temperature to below 200 °C (Fe;0,@
TiO,: 12.6 Wt%, Fe;0,@TiO,-CPTES: 9.0 wt%, and Fe;0,@TiO,-
PTES@NIiPNP: 4.7 wt%) is attributed to the removal of physi-
cally adsorbed water or solvent molecules."**° The weight loss
observed at about 200-550 °C (Fe;0,@TiO,: 10.7 wt%, Fe;0,@
TiO,-CPTES: 13.0 wt%, and Fe;0,@TiO,-PTES@NiPNP: 12.5 wt%)
can be attributed to the thermal degradation of the organic groups.
Additionally, three exothermic peaks were observed in the DSC
curves of these samples at around 260, 360, and 420 °C, which are

b
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Fig. 3
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(a) UV-vis DRS spectra and (b) Tauc plots of FezO4, Fes04@TIO,, Fes04@TiO,-CPTES, and Fez04@TiO,-PTES@NIPNP.
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consistent with the weight losses associated with the removal of
organic compounds (including unhydrolyzed ethoxo groups, resi-
dual acetate ligands, chloropropyl groups, and PNP pincer ligands)
and the phase change in the TiO, from amorphous to anatase.'**°
The low weight loss of up to 550 °C for all samples can be attri-
buted to the further combustion of carbonaceous species and the
high thermal stability of the samples.”* In addition to TGA,
elemental analysis (EA) was also used to calculate the percentage
of immobilized organic compounds onto Fe;0,@TiO,. CHN ana-
lysis showed that after the reaction of CPTES with Fe;0,@TiO,
and then with the nickel-PNP pincer complex, the weight percent
of carbon and nitrogen increased, demonstrating the successful
attachment of the nickel-PNP pincer complex to Fe;O0,@TiO,-
CPTES. In this regard, weight losses were also calculated based on
the results of EA (C, N, and H values) and the amount of Cl based
on the theoretical CI/N ratio (see Table 1). The weight losses
determined from elemental analyses and TGA measurements for
the individual immobilization steps on Fe;0,@TiO, are in good
agreement (Table 1, columns 5 and 6). According to this calcula-
tion, it can be assessed that the loading amount of chloropropyl
groups and the nickel-PNP pincer complex on the surface of
Fe;0,@Ti0, are around 0.82 and 0.22 mmol g, respectively.
The amount of nickel present in the immobilized nickel-PNP
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(@) Thermogravimetric and (b) differential scanning calorimetry curves of FezO,4 Fez04@TIO, FezO4@TiO,-CPTES, and Fez04@TiO,-

pincer complex after the final immobilization step was determined
by inductively coupled plasma optical emission spectrometry (ICP-
OES) analysis. The results showed that this sample contained
0.14 mmol g~ of nickel; in fact, about 60% of the nickel-PNP
complex was immobilized on the surface of Fe;0,@TiO,.

Field emission scanning and transmission electron
microscopies (FE-SEM and TEM)

The surface characteristics, morphology, and size distribution
of the nanostructures prepared in each step were monitored by
field emission scanning electron microscopy, energy dispersive
X-ray spectroscopy and transmission electron microscopy (FE-
SEM, EDS, and TEM). As can be observed in Fig. 5(a)-(d), SEM
images of all the materials consist of interconnected quasi-
spherical nanostructures, indicating that the initial quasi-
spherical morphology of Fe;O, was preserved. Additionally,
the surface of the samples was much rougher than that of
Fe;0,4, which showed that the TiO, nanostructure was coated
on the surface of Fe;0,4, and the nickel-PNP pincer complex
was immobilized onto the surface of Fe;O0,@TiO,. Moreover,
the energy-dispersive X-ray spectroscopy (EDS) analysis (Fig. 6)
of Fe;0,@TiO,-PTES@NIiPNP reveals the existence of elements
such as Fe, Ti, Ni, C, Cl, N, P, and O, which confirms the

Table1 Results for elemental analysis (EA) and experimental TGA- and EA-based weight loss with the calculated values for loading amounts of organic
compounds after functionalizing Fes0,@TiO, and immobilization of the nickel-PNP pincer complex

TGA weight EA weight Theoretical Overall Grafting
Sample C (%) H (%) N (%) loss® (%) loss” (%) weight loss® (%) yield” (%) (mmol g )
Fe;0,@TiO, 7.57 2.07 — 10.72 9.64 — — —
Fe;0,@TiO,-CPTES 10.53 2.47 — 13.25 15.92 14.73 100 0.82°
Fe;0,@TiO,-PTES@NiPNP 11.49 2.48 0.31 14.28 15.65 20.51 73 0.22"

“ Weight loss between 200 and 550 °C is related to the immobilized organic groups.  Summation of the experimental amounts of C, H, and N, and
the calculated amounts of Cl and P. The amounts of Cl and P are calculated based on the theoretical Cl: C and P:N ratios; the amount of C is
derived from the difference in the weight percentages of C before and after modification. ¢ The values were calculated based on the following
formula: theoretical weight loss (%) = (mass of the initial organic content + mass of the added organic content)/(100 + mass of the added part) x
100. Notably, for Fe;0,@TiO,-PTES@NiPNP, the Cl values should be deduced from the “mass of the initial organic content.” 4 The coverage
achieved with (3-chloropropyl)triethoxysilane (CPTES) is set as 100%. The other value was calculated based on the average experimental weight loss
(TGA and EA) relative to the theoretical weight loss. ¢ The amount of chloropropyl group loading is calculated based on the difference in the carbon
content from CHN analysis. ¥ The amount of complex loading is calculated based on the nitrogen content from the CHN analysis.
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Fig. 5 FE-SEM images of (a) FezOg4, (b) Fez04@TiO,, (c) Fes04@TiO;,-
CPTES, and Fez0,@TiO,-PTES@NIPNP.

Element Weight% Atomic%

CK 2796 4619
NK 0.57 031
OK 2697 3345
SiK 3.9 268
PK 445 2385
CIK. 0.86 048
TK 1675 694

FX 1735 617

NK. 19 044
LN .

8s 102 19 136 153
Energy (keV)

Fig. 6 EDS patterns of Fes04@TiO,-PTES@NIPNP; the immobilized

nickel-PNP pincer complex onto the surface of the Fes0,@TiO, core—

shell.

formation of Fe;0,@TiO, and the immobilization of nickel-
PNP pincer complex on the surface of the Fe;0,@TiO, nanos-
tructures. The EDS mapping of this sample (Fig. 7) shows the
homogeneous distribution of all these elements. The distribu-
tion of Ti and Fe is denser than that of the other elements,
which is due to the higher content of TiO, and Fe;0,, respec-
tively. In addition, the presence of red (N) and light-gray (Ni)
dots proved that the nickel-PNP pincer complex was success-
fully immobilized onto the surface of Fe;0,@TiO,. The corres-
ponding TEM images depicted in Fig. 8(a)-(d) confirm the
quasi-spherical morphology of the Fe;O, and the core-shell
Fe;0,@TiO, nanostructures. As shown in Fig. 8(b) and (c),
these Fe;0O, cores are covered by approximately 13 nm amorphous
TiO, layers. The lattice fringes were measured to be 0.25 nm,
which can be attributed to the (311) plane of cubic Fe;0, (JCPDS:
00-019-0629). In addition, after the immobilization of the nickel-
PNP pincer complex, a significant change in the morphology of the
Fe;0,@TiO, core-shell was not observed.

X-ray photoelectron spectroscopy (XPS)

The chemical and oxidation states of elements on the surface of
Fe;0,@TiO, core-shell modified with immobilized nickel-PNP
pincer complex (Fe;0,@TiO,-PTES@NiPNP) were evaluated by
XPS analysis. The XPS survey spectrum of the Fe;O,@TiO,-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 EDS mapping images of Fezs0,@TiO,-PTES@NIPNP; the immobi-
lized nickel-PNP pincer complex onto the surface of the FesO,@TiO,
core-shell.

PTES@NIiPNP is depicted in Fig. 9(a), showing the character-
istic binding energies of C 1s, Ti 2p, P 2p, Si 2p, Cl 2p, O 1s, N
1s, and Ni 2p. In the high-resolution spectrum of C 1s, the three
peaks centered at 284.6, 285.9, and 287 €V are assigned to sp®
and sp® carbon atoms in different chemical environments, such
as carbon in C-C/C—=C, C-N, and C—O (mainly carboxyl
groups), respectively (Fig. 9(b)).*>*® Furthermore, the existence
of C—O possibly originates from the acetate group after
hydrolysis onto Fe;O, nanoparticles to prepare the Fe;0,@TiO,
core-shell. Similarly, the high-resolution O 1s spectrum can be
resolved into four peaks, which correspond to Oy, Ti-O-Fe,
C=O0, and O-H with binding energies of 528.3, 531.1, 532.1,
and 534.3 eV, respectively (Fig. 9(c)).'**”*®* The oxygen

Mater. Adv,, 2026, 7, 986-1005 | 993
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Fig. 8 TEM images of (a) FezOy, (b) Fes04@TiO,, (c) Fes04@TiO,-CPTES,
and (d) Fez04@TiO,-PTES@NiPNP.

vacancies can be attributed to the presence of structural defects
in the amorphous shell of TiO, on Fe;0, and to the coexistence
of Ti**/Ti*" states, which should be related to the partial loss of
oxygen at the surface."*®® Consequently, the high-resolution
XPS spectrum of Ti 2p exhibits two peaks at binding energies of
459.4 and 465.2 eV, which are attributed to Ti 2p3/, and Ti 2p4 s,
respectively. The difference in peak position (5.8 eV) indicates
an oxidation state of Ti*".”° Moreover, the peak at 463.2 eV
belongs to Ti 2py/, associated with an oxidation state of Ti**
(Fig. 9(d)).”® The high-resolution Si 2p spectrum shown in
Fig. 9(e) can be deconvoluted into four peaks at around 100.0,
102.4, 108.1, and 110 eV. These peaks are attributed to silicon

994 | Mater. Adv., 2026, 7, 986-1005

View Article Online

Paper

in Si-C, Si-0,, Si-OH, and Si-O-Si, respectively, confirming
the successful functionalization of the Fe;O,@TiO, core-shell
surface with CPTES.”"”* The XPS spectrum of Ni 2p depicted in
Fig. 9(f) exhibits two peaks at 856.9 and 863.2 eV, which are
attributed to the binding energies of Ni 2p;/,, and two peaks at
874.4 and 880.2 eV, which are attributed to Ni 2p,,, all of which
can be indexed to the oxidation state of Ni*" in the immobilized
complex.”>”* Moreover, in the Cl 2p spectrum, two character-
istic peaks at 199.3 and 200.9 eV correspond well with Cl 2p;),
and Cl 2p,,, respectively, and indicate the presence of chlorine
as Cl™ in the immobilized complex (Fig. S1).”>”® From the TGA,
CHN, XPS, and EDS-mapping analyses, it is clear that the
immobilization of the nickel PNP pincer complex on the
Fe;0,@TiO, core-shell surface is partially successful.

Argon sorption analysis

To gain information on the porous and surface properties of the
Fe;0,4, Fe;0,@TiO,, and Fe;0,@TiO,-CPTES nanostructures
and the immobilized nickel-PNP pincer complex (Fe;0,@TiO,-
PTES@NiPNP), the argon adsorption-desorption isotherms
were acquired at 87 K. The isothermal sorption plots of all the
materials up to relative pressures near 0.99 are depicted in
Fig. 10. The Fe;O, nanoparticles exhibit a type-IVa isotherm
with an H2(b) hysteresis loop (Fig. 10(a)), which is commonly
characterized by the appearance of a plateau at high enough P/P,
values.”” However, in this case, the formed plateau is quite short
and slightly ascending, which might suggest some type II charac-
teristics. The appearance of its hysteresis suggests the occur-
rence of pore blockage, in which a wide distribution of pore
diameters exists in the network.

For the other samples, the isotherms recorded, although
still type IVa isotherms, seem to have a more type II character,
as there is even less of a plateau at higher relative pressures,
in addition to the rise in the adsorption isotherm being even
more modest. Nonetheless, they show hysteresis loops albeit
narrower than those found in the Fe;0, nanoparticles, which
may be classified as H4. This form of pore organization is
typically found in mesoporous materials, where there is an
overlap between monolayer and multilayer coverage. Addition-
ally, the increased uptake at low pressures suggests the occur-
rence of micropores, which allows the isotherm to possess
some type I character.””

The specific surface areas and total pore volumes for all
samples were calculated using the Brunauer-Emmett-Teller
(BET) theory and a single-point calculation acquired at P/P,
near 0.99, respectively, as summarized in Table 2. The BET
surface area of the amorphous TiO, precursor was previously
reported as about 320 m* g~ '.%° After coating the Fe;0, cores
with an amorphous TiO, layer, the specific surface area and
pore volume increased from 110 to 330 m* g " and 0.25 to
0.28 em® g7, respectively, indicating a uniform layer of
amorphous TiO, on the surface of Fe;O,. As expected, after
chloro functionalization and immobilization of the nickel-
PNP pincer complex, the specific surface area and pore volume
of the samples decreased to 320 and 270 m”> g~' and to
0.21 and 0.18 cm® g™, respectively. This reduction in surface

© 2026 The Author(s). Published by the Royal Society of Chemistry
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area and pore volume is consistent with literature reports

and can be attributed to the presence of additional chloro-
propyl groups and the immobilized nickel-PNP pincer
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complex on the internal and external pore surface of the
Fe;0,@TiO, core-shell, restricting probe access during sorp-
tion experiments.”®
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Fig. 10 Argon sorption isotherms for the (a) FesOy, (b) Fes04@TiO,, (c) Fes04@TiO,-CPTES nanostructures and (d) the immobilized nickel-PNP pincer

complex at 87 K.

Table 2 Calculated BET surface areas and pore volumes for the FezOy,,
Fez04@TiO,, Fes04@TiO,-CPTES nanostructures and the material with
the immobilized nickel-PNP pincer complex based on argon adsorption
experiments at 87 K

Sample BET (m”> g ') P.V. (cm® g7 )
Fe,0, 110 0.25
Fe;0,@TiO, 330 0.28
Fe;0,@TiO,-CPTES 320 0.21
Fe;0,@TiO,-PTES@NiPNP 270 0.18

To gain further insight into how immobilization affects pore
size distribution, the isotherms were fitted using a non-local
density functional theory (NLDFT) kernel based on adsorption
models for argon on zeolites/silica at 87 K with cylindrical pores
provided by Quantachrome Instruments.** The distribution
plot for Fe;O, shows that there is a much wider distribution
of pore widths ranging from about 4 to 30 nm (Fig. 11a). This is
consistent with the nature of H2(b) hysteresis. For the three
functionalized materials, pore widths in the microporous range
(<2 nm) were observed, which agrees with the type I character
of their adsorption isotherm (Fig. 11b-d). This is consistent

996 | Mater. Adv., 2026, 7, 986-1005

with the expected reduced access to the pores due to coating
Fe;0,4 with amorphous TiO, and successful immobilization of
the nickel-PNP pincer complex onto the Fe;O0,@TiO, core-
shell surface.

Saturation magnetization experiments

Room temperature magnetization measurements were performed
on the as-synthesized Fe;0,, Fe;0,@TiO,, Fe;0,@TiO,-CPTES
nanostructures, and the material with immobilized nickel-PNP
pincer complex using a vibrating sample magnetometer (VSM)
with an applied field ranging from —10 to 10 kOe. The
magnetization plots shown in Fig. 12 confirm the magnetic
nature of all the materials and display saturation above 300 mT.
The saturation magnetization (Ms) values for Fe;0,4, Fe;0,@
TiO,, Fe;0,@TiO,-CPTES nanostructures, and the material
with the immobilized nickel-PNP pincer complex are approxi-
mately 53, 20, 18, and 15 emu g™, respectively.

The observed reduction in saturation magnetization corre-
lates nicely with the relative increase in the non-magnetic
component, ie., the amorphous TiO, shell on the surface of
Fe;0,4, as well as the introduction of chloropropyl groups and
the immobilized nickel-PNP pincer complex. Among the four

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Pore width distribution plots for (a) FezOy, (b) Fes04@TIO,, (c) Fes0,4@TiO,-CPTES nanostructures and (d) the immobilized nickel-PNP pincer
complex obtained using a non-local density functional theory (NLDFT) kernel based on the adsorption models for argon on zeolites/silica at 87 K with

cylindrical pores (see text for notation).

materials, only the Fe;O, nanoparticles exhibit a significant
hysteresis loop. Although the Fe;0,@TiO, and the material
with the immobilized nickel-PNP pincer complex also display
some forms of hysteresis, they exhibit lower coercivity and
remnant magnetization values. Interestingly, the Fe;0,@TiO,-
CPTES nanostructure displays a butterfly shape with no rem-
nant magnetization or coercivity. The observed hysteresis
suggests that a reduction in magnetite content leads to
a gradual diminution in the ordering of the iron centers.
Consequently, the ability to retain magnetization is expected
to decrease correspondingly. Overall, these results are consis-
tent with the decreased Fe;O, content stemming from the
inclusion of TiO, and the subsequent immobilization of the
pincer complex.

Antibacterial activities

The disc diffusion method was used to test the antimicrobial
activity of the prepared Fe;O4, amorphous TiO,, Fe;0,@TiO,,
and the immobilized nickel-PNP pincer complex (40 mg)
against two types of Staphylococcus aureus and Escherichia coli
bacteria. The antibacterial activities of synthesized nanostruc-
tures against pathogenic strains are displayed by measuring the

© 2026 The Author(s). Published by the Royal Society of Chemistry

inhibition zone (mm). As shown in Fig. 13, the immobilized
nickel-PNP pincer complex on the surface of Fe;0,@TiO, core—
shell was potentially effective in suppressing Gram-positive
bacteria growth, while against Gram-negative bacteria growth,
it did not have an inhibitory effect. The maximum zone of
inhibition was observed against Gram-positive Staphylococcus
aureus (19 mm), while the other nanostructures did not show
any antibacterial activity against the two pathogenic strains of
Staphylococcus aureus and Escherichia coli bacteria. The differ-
ences in the effects of the immobilized nickel-PNP pincer
complex against Escherichia coli and Staphylococcus aureus
may be derived from the structural differences in the cell walls
of Gram-positive and Gram-negative bacteria and the electro-
static charge of the bacterial cell wall and nanostructures.
According to recent reports, the mechanism of the antibacterial
effect is that the nanostructures act as a positive charge, and
the microbes act as a negative charge, creating an electrostatic
attraction between the microbes and the surface of the nanos-
tructure, resulting in damage to the bacterial cell wall.”®™8!
Thus, the antibacterial action of the immobilized nickel-PNP
pincer complex on the surface of Fe;0,@TiO, core-shell com-
pared to other nanostructures indicates the excellent ability of
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this compound to be utilized as an antibacterial agent against
pathogenic strains.

Electrochemical behavior of the modified GCEs

The electrochemical behaviors of the TiO, NPs, Fe;0,@TiO,
core-shell, and Fe;0,@TiO,-PTES@NiPNP hybrid were studied
using cyclic voltammetry (CV). Fig. 14 illustrates the CV curve of
the glassy carbon electrode (GCE) and modified GCEs in 0.1 M
NaOH electrolyte at a scan rate of 100.0 mV s~ and a potential
range of 0-0.6 V. As shown in Fig. 14, the characteristics of CV
curves are similar for GCE, TiO,/GCE and Fe;O0,@TiO,/GCE,
and no redox peaks were observed in the blank solution.
Moreover, Fe;0,@TiO,-PTES@NiPNP/GCE exhibits a pair of
redox peaks with E,, = 0.5 and Ep. = 0.42 assigned to the
electron transfer of Ni**/Ni** redox couple vs. Ag/AgCl in the
alkaline blank solution.®” The results show that in TiO,/GCE
and Fe;0,@TiO,/GCE, due to the poor electrical conductivity of
TiO, NPs at room temperature, the electron transfer ability
of the GCE electrode was weakened, and the redox peak was
not observed.®® Moreover, immobilizing nickel-PNP pincer
complex onto the Fe;O,@TiO, surface as an electroactive
substance leads to the improvement of the electron transfer

998 | Mater. Adv., 2026, 7, 986-1005

ability in the electrode surface and observation of the electrical
signal of the sensor.®* Therefore, the prepared Fe;O,@TiO,-
PTES@NiPNP/GCE-modified electrode was used as a working
electrode in all electrochemical measurements. To improve the
adhesion of the hybrid system while maintaining long-term
stability and biocompatibility, a conductive polymer or membrane,
such as Nafion, was used. However, Nafion is known to adversely
influence conductivity and electron transport to some extent.®>*

Response of Fe;0,@TiO,-PTES@NiPNP/GCE to glucose

The electrochemical response of the Fe;O0,@TiO,-PTES@
NiPNP/GCE as a function of glucose concentration is depicted
in Fig. 15. After the addition of different concentrations of
glucose (1, 10, 100, and 1000 puM), the Fe;0,@TiO,-PTES@
NiPNP/GCE electrode exhibits a remarkable increase for both
anodic and cathodic peak current densities (A/p, = 1010 pA cm >
and AJ,. = 376 pA cm ™2, respectively), indicating the excellent
electrocatalytic activity of Fe;0,@TiO,-PTES@NiPNP for glu-
cose oxidation in alkaline solution. In a neutral electrolyte,
such as phosphate-buffered saline (PBS), the absence of hydro-
xyl ions required for the generation of Ni** species inhibits
the interaction between nickel and glucose; consequently, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Zone of inhibition observed against E. coli (a), (b) and S. aureus (c),
(d) for FezO4, amorphous TiO,, FezO4@ TiO, core—shell and the immo-
bilized nickel-PNP pincer complex.
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Fig. 14 Cyclic voltammograms of the bare GCE, TiO, nanostructure/GCE,

Fez0,4@TiO, core—shell/GCE, and Fes0,@TiO,-PTES@NIPNP hybrid/GCE in
0.1 M NaOH at a scan rate of 100 mV s %,

modified electrode is not active toward glucose oxidation in a
neutral solution.?” The oxidation of glucose to gluconolactone
is catalyzed by the Ni(m)/(u) redox couple according to the
following reaction mechanism:

Ni" + OH™ - Ni'"'+ e~
Ni"" + glucose — Ni'"" + gluconolactone
In the initial electrochemical recognition processes, after the

adsorption of glucose on the modified electrode, the Ni" species
were first oxidized to Ni'" species in an alkaline solution on the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with Nafion in the presence of different concentrations of glucose (1, 10,
100, and 1000 pM) and 0.1 M NaOH at a scan rate of 100 mV s,

electrode surface. Pre-adsorbed glucose was then oxidized to
gluconolactone by the reduction of Ni'™
simultaneous regeneration of the Ni" species.

In order to review the reaction kinetics of the Fe;0,@TiO,-
PTES@NiPNP/GCE electrode surface, CV curves were recorded
with Nafion in 0.1 M NaOH electrolyte containing 0.1 mM
glucose at different scan rates (30-300 mV s '). Fig. 16(a)
illustrates that the anodic peak (Jp.) shifts towards more
positive values and the cathodic peak (/,c) moves towards more
negative values with the increase in scan rate.®” The result
shows that the current densities of both the anodic and
cathodic peaks increase linearly with the scan rate, indicating

species, resulting in the
85,86

that the electrochemical catalytic process on the Fe;0,@TiO,-
PTES@NIiPNP/GCE electrode surface is a diffusion-controlled
process, which is ideal for the quantitative analysis of glucose
determination (Fig. 16(b)).%*

To study the accurate qualification of the Fe;0,@TiO,-
PTES@NiPNP/GCE electrode for glucose detection and to
numerically investigate its detection limit and sensitivity, dif-
ferential pulse voltammetry (DPV) measurements were carried
out at various concentrations of glucose. DPV was used as a
highly sensitive electrochemical technique for glucose detec-
tion. Fig. 17(a) shows the DPV of the Fe;0,@TiO,-PTES@
NiPNP/GCE electrode at different glucose concentrations ran-
ging from 5 pM to 7 mM in 0.1 M NaOH, which is a wide range
with high sensitivity and low detection limit. Fig. 17(b) shows
its corresponding calibration curve as linear ranging from
5 UM to 0.1 mM and 0.1 mM to 7 mM glucose concentrations
following the regression equations of J, = 3.69 Cg, + 584.74
(R = 0.944) and J, = 0.28 Cg, + 1042.68 (R = 0.989)
(Cg1u: glucose concentration, pM, and J,,: peak current density,
pA cm™?).

According to the data, the detection limit is calculated to be
0.894 pM (S/N = 3), while the sensitivities for the 5 pM-0.1 mM
and 0.1 mM-7 mM ranges are 3692 and 276 pA mM ' cm ™,
respectively. As observed, with increasing glucose concentration,
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calibration curve (for 5-2500 pM, the J values were acquired at +0.525 V).

the calibration curve deviates from linearity, accompanied by a
noticeable decrease in sensor sensitivity. This behavior can be
attributed to the adsorption and accumulation of electrocatalytic
reaction intermediates (such as gluconolactone) on the electrode

Table 3 Comparison of the analytical performance of the Fes0,@TiO,-PTE
based nonenzymatic glucose sensors
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(a) DPV diagrams of the Fez0,@TiO,-PTES@NiPNP/GCE with Nafion at different glucose concentrations in 0.1 M NaOH; (b) its corresponding

surface. The adsorbed species hinder the diffusion of glucose
molecules and hydroxide ions toward the electroactive sites,
leading to blockage and eventual saturation of the catalytically
active sites.*> Compared with glucose sensors reported in the

S@NiPNP/Nafion-modified electrode with some previously reported nickel-

Electrode Linear range Limit of detection Sensitivity Ref.
NiONF-rGO 2.0 tM-0.60 mM 0.77 uM (S/N = 3) 1100 p)A mM ' em™? 88
CPO-27-Ni"! 0.04-6 mM 1.46 M (S/N = 3) 40.95 pA mM ! 89
NiCeO,/MWCNTSs 0.007-0.466 mM, 0.466-3.44 mM 1.8 uM (S/N = 3) 271.53, 429.95 pA mM ' em? 90

NiO HHs 0.1-5 uM 1.2 pM (S/N = 3) 1052.8 pA mM ' em? 91
NiO/Pt/ERGO 0.05-5.66 mM 0.2 uM (S/N = 3) 668.2 pAmM ! em > 92
Ni/NiO-r1GO 0.03-6.44 mM 1.8 uM (S/N = 3) 1997 pA mM ' em? 93
Ni(PDA)MOF@CNF 10-3000 M 0.053 UM (S/N = 3) 9457.5 pA mM ' em? 94
NiO/SiC 0.004-7.5 mM 0.32 uM (S/N = 3) 2.037 mA mM ' cm ™2 95
Fe;0,@TiO,-PTES@NiPNP 5 uM-0.1 mM, 0.1 mM-7 mM 0.894 UM (S/N = 3) 3692 pAmM ' em? This work

1000 |
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276 pAmM ' em?
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literature (Table 3), the Fe;0,@TiO,-PTES@NiPNP-based sensor
in the presence of Nafion exhibits comparable performance,
showing lower detection limits and satisfactory sensitivity. We
believe this might be due to the synergistic effects of the Ni-PNP
aliphatic pincer complex and the Fe;0,@TiO, support. Further-
more, the unique structure of Fe;0,@TiO,-PTES@NiPNP with its
high specific surface area, controllable morphology, and architec-
ture of support, in addition to the presence of a Ni complex,
functions to effectively increase the electrochemical specific sur-
face area of the hybrid and reduce the electron transfer resistance,
which is overall beneficial. As a result, the existence of many
catalytically active sites in a hybrid structure to accommodate
glucose molecules is expected to improve the range of linearity for
glucose molecule detection.

Conclusions

In summary, a hybrid material based on the Fe;O0,@TiO, core—
shell with an immobilized aliphatic nickel-PNP pincer complex
was successfully fabricated by multistep synthesis. The
Fe;0,@TiO, core-shell structure was prepared as a support
by the hydrolysis of titanium(wv) ethoxide in a mixture of
ethanol, acetic acid, and water with molar ratios (1:25:0.1:4)
on the surface Fe;0, core at reflux temperature. The core-shell
morphology, band gap, magnetization, and surface area could
be controlled by hydrolysis, and these physical characteristics
changed after immobilizing the aliphatic nickel-PNP pincer
complex. The immobilized aliphatic nickel-PNP pincer
complex shows high antibacterial activity (maximum zone of
inhibition 19 mm) against Gram-positive pathogenic strains
compared to other samples due to an electrostatic attraction
between the microbes (negative charge) and the immobilized
aliphatic nickel-PNP pincer complex (positive charge), which
leads to damage to the bacterial cell wall. Finally, the modified
electrode with the immobilized aliphatic nickel-PNP pincer
complex exhibited a wide linear range of 5 uM to 0.1 mM and
0.1 to 7 mM and high sensitivities of 3692 and 276 pA mM " cm >
with a low detection limit of 0.894 uM (S/N = 3) in the alkaline
medium for nonenzymatic glucose determination. The suitable
performance of the sensor is attributed to its unique hybrid
structure, such as its high surface area and rich redox-active sites
for charge transfer and glucose oxidation.
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