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Abstract

A green synthesis approach was utilized to prepare indium iron oxide (InFeO;) nanocomposites using coffee extract as
a reducing and capping agent. The structural, morphological, optical, and electrochemical properties of the synthesized
materials were systematically characterized through X-ray diffraction (XRD), small-angle X-ray scattering (SAXS), high-
resolution electron microscopy (HRTEM/HRSEM), Fourier-transform infrared spectroscopy (FTIR), UV—Vis spectroscopy,
photoluminescence (PL), vibrating sample magnetometry (VSM), and Mossbauer spectroscopy. XRD analysis confirmed the
formation of a rhombohedral InFeO; structure with an average crystallite size of 27 nm, while HRTEM revealed spherical
nanoparticles with partial agglomeration. SAXS and HRTEM data corroborated the nanoscale dimensions, with particle
sizes ranging from 24 to 38 nm. Optical studies demonstrated a reduced bandgap (2.85 eV) for the composite compared to
pure In,05 (3.3 eV) and Fe,05 (3.15 eV), attributed to charge transfer transitions between Fe** and In**. The nanocomposite
exhibited enhanced magnetic properties, with a saturation magnetization (Ms) of 18.48 emu/g, and Mdssbauer spectroscopy
revealed disrupted super-exchange interactions due to In** incorporation. Electrochemical analysis showed superior perfor-
mance of the InFeO;-modified electrode, characterized by a higher diffusion coefficient (9.72 X 107 cm? s!) and surface
concentration (4.62x 10”7 mol cm™?) compared to individual oxides, indicating improved charge transfer kinetics. These
results highlight the potential of green-synthesized InFeO; as a promising material for electrochemical sensing applications,
combining sustainability with enhanced functional properties.
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1 Introduction

The escalating demand for advanced sensor and biosensor
technologies is driving significant innovation in nanomateri-
als research. These materials, distinguished by their unique
physicochemical properties at the nanoscale, offer a compel-
ling pathway to miniaturization, cost-effective fabrication,
and enhanced sensing performance, crucial for diverse appli-
cations spanning environmental monitoring to point-of-care
diagnostics [1]. However, realizing the full potential of these
technologies hinges on the development of novel nanocom-
posites with precisely tailored functionalities. A key chal-
lenge lies in refining the optical, electrochemical, and mag-
netic properties of these nanocomposites to achieve optimal
sensor characteristics, including sensitivity and selectivity
[2, 3]. Indium oxide (In,03), a prominent n-type semicon-
ductor with a wide bandgap, is widely utilized in optical
and electrical devices due to its inherent chemical reactiv-
ity and high carrier conductivity [4]. Iron oxide (Fe,05)
nanoparticles present compelling advantages for biosens-
ing applications, including biocompatibility, non-toxicity,
thermal stability, and intriguing optical and magnetic behav-
ior, alongside their natural abundance [5-7]. Despite these
benefits, the synthesis of metal oxide-based sensors often
requires high operating temperatures, limiting their prac-
ticality [8]. To address these challenges, green synthesis is
an alternative, it offers a cost-effective and environmentally
benign approach to nanomaterial fabrication, employing
biological resources and mild reaction conditions to reduce
environmental impact [9]. Green synthesis uses plant-based
sources and involves the use of different parts of plants such
as roots, leaves, flowers, fruits, and seeds [10—12]. These
methods often utilize naturally derived reducing and cap-
ping agents, minimizing the use of hazardous chemicals and
energy consumption [13]. In this study, we employed a green
synthesis approach utilizing coffee extract as a reducing and
capping agent for the synthesis of InFeO; nanocomposites.
Coffee is a readily available and cost-effective agricultural
product and is rich in bioactive compounds such as poly-
phenols and organic acids [14]. These compounds can act as
effective reducing agents for metal precursors and facilitate
nanoparticle stabilization, offering a sustainable and eco-
friendly alternative to traditional chemical synthesis meth-
ods [15]. The use of coffee extract in nanomaterial synthe-
sis aligns with the principles of green chemistry, promoting
sustainable and environmentally responsible nanotechnol-
ogy. Incorporating metals and metal oxides with In,O; can
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lead to sensors with improved sensitivity, selectivity, faster
response, and recovery times, and crucially, reduced work-
ing temperatures [16, 17]. Notably, Fe,O; nanoparticles offer
distinct advantages in electrochemical sensing due to their
intrinsic electrical conductivity at room temperature, aris-
ing from rapid electron exchange between Fe>* and Fe**
ions [18]. Recent investigations have focused on transition
element (TE) doped indium oxide magnetic semiconductors,
with iron (Fe) doped In,O; attracting significant attention.
This interest stems from Fe-doped In,05’s excellent elec-
trical conductivity, high transparency in the visible spec-
trum, and the favorable incorporation of Fe into the In,0;
lattice [19, 20]. While research has explored the magnetic
properties of Fe-doped In,0;, revealing phenomena such as
room temperature ferromagnetism and paramagnetism [21,
22]. Our study addresses the critical gap in the literature by
focusing on the green synthesis of InFeO; nanocomposite
using coffee extract and conducting a comprehensive inves-
tigation of their structural, morphological, optical, and elec-
trochemical properties. To the best of our knowledge, this
work represents the first detailed electrochemical characteri-
zation of a green synthesized InFeO; nanocomposite mate-
rial, specifically evaluated as a modifier for glassy carbon
electrodes.

2 Experimental procedure
2.1 Reagents and sample preparation

Indium (II) nitrate hydrate (99.9%), iron nitrate nonahy-
drate (99.99%), sodium dihydrogen phosphate monobasic
anhydrous (H,NaPO,) (99%), disodium hydrogen phos-
phate dibasic (HNa,PO,) (C98%), were purchased from
Sigma Aldrich, South Africa. Kilimanjaro ground coffee
was purchased from a local Woolworths shop. Lamivudine
and abacavir drug were also purchased from Sigma Aldrich,
South Africa. The alumina micro polishing pads and polish-
ing powder (0.05, 0.3 and 1.0 micron) were obtained from
Buehler, 26 LL, USA. 0.1 M phosphate buffer solution, pH
7.4 was prepared from disodium hydrogen phosphate dibasic
and sodium dihydrogen phosphate monobasic using Milli
Q water purification. Lamivudine and abacavir drugs were
used without any purification and dissolved in 0.1 M PBS pH
7.4, urine and plasma and the undissolved components were
removed using filtering through a Whatman polytetrafluoro-
ethylene syringe filter (pore size 0.3 pm). 0.1 M phosphate
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buffer solution (PBS) with pH 7.4 was prepared from
sodium phosphate monobasic dihydrate (H,NaO,P.,H,0)
and sodium phosphate dibasic dehydrate (HNa,O,P.,H,0);
was used as the electrolytic solution throughout the course
of this study unless stated otherwise. The PBS solution was
kept refrigerated at 4 °C when not in use.

2.2 Preparation of the coffee extract

An aqueous coffee extract was prepared to serve as a green
reducing and capping agent. 8 g of ground coffee was added
to 400 mL of deionized water. The mixture was heated to
80 °C and stirred for 1 h. After cooling, the solution was
filtered through Whatman filter paper (0.3 pm) to remove
solid residues. The resulting brown coffee extract solution
was stored at 4 °C.

2.3 Green synthesis of In,0;, Fe,0;, and InFeO;
nanomaterials

All nanomaterials were synthesized using a common pro-
cedure involving reduction in coffee extract followed by
freeze-drying and annealing.

¢ Synthesis of In,O5: 8 g of indium (III) nitrate hydrate
(In(NO3)3-xH,0) was dissolved into the prepared coffee
extract. The mixture was heated at 80 °C for 2 h with
constant stirring.

e Synthesis of Fe,O5: Iron (III) nitrate nonahydrate
(Fe(NO3);-9H,0) and the coffee extract were mixed in
a 1:2 volume ratio, then heated at 80 °C for 2 h with
constant stirring.

e Synthesis of InFeO; Nanocomposite: The compos-
ite was prepared by dissolving equimolar amounts of
In(NO3);-xH,0 and Fe(NO;);-9H,0 into the coffee
extract. The mixture was then heated at 80 °C for 2 h
with constant stirring.

For all preparations, the resulting solutions were freeze-
dried for 48 h to obtain a precursor powder. This powder
was then annealed in a furnace at 800 °C for 2 h. The 800 °C
annealing temperature was chosen based on the analysis of
coffee extract-derived precursors shows complete organic
residue decomposition occurs between 750 and 800 °C,
ensuring pure oxide formation without carbon contamina-
tion. The final products for all three materials were further
characterized using different techniques. The core reaction
mechanism involving the reduction of In** and Fe** ions by
polyphenolic compounds in the coffee extract, which act as
both reducing and capping agent, is shown in the schematic
Fig. 1.

2.4 Electrode preparation and modification

Before the electrochemistry analysis on the bare GCE and
modified GCE with In,0;, Fe,O; and InFeOj;, the working
electrode (i.e., GCE) was polished using alumina slurries.
The electrochemical features of the bare and modified elec-
trodes were investigated using cyclic voltammograms at 50
mVs~' in 0.1 M PBS, pH 7.4. Diffusion co-efficient and
surface charge were calculated using Eqgs. (4) and (5).

2.5 Characterization techniques

XRD in this study was used to study the structural proper-
ties, orientation of a single grain, phase structure and compo-
sition, crystallite size, and lattice parameters of the synthe-
sized nanomaterials. Measurements were performed using a
multipurpose X-ray diffractometer D8-Advance from Bruker
operated in a continuous a-a scan in locked-coupled mode
with Cu-Ka radiation. Ultraviolet—visible (UV-Vis) spec-
troscopy was carried out on a Nicolet Evolution 100 from
Thermo Electron Corporation, Altrincham, UK. The nano-
particles were dispersed in distilled water solution within a
wavelength range of 200-600 nm, the distilled water was
also used as a baseline. PL. measurements for this study were
obtained using NanoLog from Horiba Jobin Yvon, Edison,
NJ, USA. FTIR measurements for this study were performed
using FTIR spectrometer Spectrum Two (PerkinElmer,
Waltham, USA) in a spectral range of 500-4000 cm™!. The
solid sample was mixed with potassium bromide (KBr) to
make a pellet suitable for FTIR measurements using hand
press manual KBr tool. The FTIR background correction
was made using a reference blank potassium bromide pellet.
HRTEM images were taken using Tecnai G2 F20X-Twin
MAT 200 kV Field Emission Transmission Microscopy
from FEI (Eindhoven, The Netherlands). The analysis for
this study was done using Tescan MIRA3 RISE SEM from
Tescan, Brno, Czech Republic and elemental analysis was
done using FEI NovaNano SEM from FEI company, hills-
boro, OR, USA.

3 Results and discussion
3.1 XRD analysis

The structural and phase characteristics of the synthesized
In, 03, Fe,0;, and InFeO, materials were thoroughly investi-
gated using X-ray Diffraction (XRD). Figure 2a presents the
XRD patterns, confirming the crystalline nature and phase
purity of the synthesized materials. For In,0O;, the diffraction
pattern exhibits characteristic peaks corresponding to the
(222), (400), (440), and (622) planes, among others, which
are in excellent agreement with the standard reference data
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for cubic In,0; (JCPDS No. 06-0416) [23], thus confirm-
ing the formation of single-phase, crystalline indium oxide
with a cubic structure. Similarly, the XRD pattern of Fe,0;
displays diffraction peaks at 20 positions consistent with the
(012), (104), (110), (024), (116), (214), and (300) planes,
unequivocally indexed to the rhombohedral hematite struc-
ture of Fe,0;, as corroborated by JCPDS No. 33-0664, in
line the study by Prerna et al. [24]. The absence of any addi-
tional diffraction peaks in both In,O; and Fe,O; patterns
indicates the high phase purity and lack of detectable impu-
rities in the individual oxide materials. The XRD pattern of
the InFeO,; nanocomposite in Fig. 2a exhibits a superposi-
tion of diffraction peaks from both In,0; and Fe,O; phases,
suggesting the successful formation of a biphasic composite
material. The InFeO; diffraction pattern was matched against
JCPDS No. 41-0038 standard data, further supporting the
coexistence of both constituent phases within the compos-
ite. While a visual inspection suggests an equal contribu-
tion of In,O5 and Fe,O5 phases, the (101) reflection in the
InFeOj; pattern shows a significantly enhanced relative inten-
sity, indicating a preferential crystallographic orientation,
possibly suggesting anisotropic growth of the In,O; phase
within the composite. This preferential orientation could be
related to the synthesis conditions or the interfacial interac-
tions between the In,0; and Fe,O; phases. Furthermore, a
subtle but noteworthy shift in the peak positions of InFeO,
toward higher 26 values is observed in comparison to the
peaks of pure In,O; This peak shift is indicative of a lattice
contraction within the In,O; phase in the composite. This
contraction is likely induced by the partial substitution of
larger In** ions (0.800 A) by smaller Fe>* jons (0.645 A)
at octahedral sites. Consistent with the findings of previous
studies on similar InFeO; composites where ionic substitu-
tion led to lattice distortions [25, 26], our observation sup-
ports the hypothesis of Fe*™ ions partially incorporating into
the In** lattice. To estimate the average crystallite size (D),
the Debye—Scherrer equation [27] was used:

D = K2/(pcos) 0

where K is the Scherrer constant (0.89), 4 is the X-ray
wavelength, 0 is the Bragg angle, and £ is the Full Width at
Half Maximum (FWHM) of the diffraction peak in radians.
Using the FWHM of the (222) peak for In,05, (104) peak
for Fe, 05, and (101) peak for InFeO,, the average crystal-
lite sizes were estimated to be approximately 34 nm, 38 nm,
and 28 nm, respectively. These values suggest a reduction
in crystallite size in the InFeO; composite compared to the
individual oxides, which could contribute to the enhanced
peak intensity observed in the composite. Figure 2b illus-
trates the crystal structures of In,0;, Fe,03, and InFeO,
nanoparticles. In,O5 is depicted with a cubic structure, a
complex arrangement within its unit cell characterized by

two non-equivalent indium positions within oxygen octa-
hedral and trigonal prismatic coordination [28]. Fe,O; is
shown with a rhombohedral structure of the corundum type,
where Fe®* ions occupy two-thirds of the octahedral sites in
a close-packed oxygen lattice [29]. The InFeO, composite
is represented with a hexagonal crystal structure, featuring
both octahedral and trigonal bipyramidal coordination envi-
ronments. In this structure, Indium atoms are in octahedral
interstices of oxygen layers, while Fe atoms are coordinated
in a trigonal bipyramidal manner within hexagonal layers
[30]. The differences in crystallite size observed in the com-
posite could be related to the distinct coordination structures
and growth mechanisms of In,0; and Fe,O;.

3.2 HRTEM of the composite material

The morphological characteristics and particle size dis-
tributions of the synthesized of In,03, Fe,0;, and InFeO,
nanoparticles were investigated using High-Resolution
Transmission Electron Microscopy (HRTEM). Figure 3a,
d, g displays representative HRTEM micrographs of In,0;,
Fe,0;, and InFeO; nanoparticles, respectively acquired at
a 50 nm magnification scale. The HRTEM micrograph of
In,O5 NPs (Fig. 3a) reveals a morphology characterized by
well-dispersed, predominantly spherical particles with an
average particle size of 31.9 nm. The image also suggests
some degree of particle interaction, evidenced by darker
areas potentially indicating regions of proximity or aggre-
gation of smaller particles leading to the formation of larger
entities. Figure 3d for Fe,O; nanoparticles appear less uni-
formly spherical and exhibit a more irregular, somewhat
plate-like or faceted shape. While some degree of aggrega-
tion is also visible, the overall particle morphology is more
angular and less smoothly rounded than the In,O; particles.
In the case of InFeO; (Fig. 3g), the nanoparticles also exhibit
a generally spherical morphology, although with a notice-
able degree of agglomeration. This agglomeration may be
attributed to the high annealing temperature of 800 °C used
during synthesis, which promoted particle sintering and
reduced surface energy by forming larger aggregates [31].
While this agglomeration might be considered a drawback in
some applications, it could also be advantageous in others,
such as sensor applications, where enhanced magnetic inter-
actions between nanoparticles within aggregates may lead to
improved device performance, as suggested in previous stud-
ies [32, 33]. Selected Area Electron Diffraction (SAED) pat-
terns were acquired for each sample to assess their crystal-
linity, as shown in Fig. 3b, e, h for In,05, Fe,0;, and InFeO,,
respectively. The SAED pattern for In,O5 (Fig. 3b) exhibits
continuous diffraction rings, characteristic of a polycrystal-
line material. The rings are indexed to specific crystallo-
graphic planes of cubic In,0;, consistent with the XRD find-
ings. Similarly, the SAED patterns for Fe,O; (Fig. 3e) and
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Fig.3 HRTEM images, SAED and particle size distribution histogram of In,0; (a—c), Fe,O; (d and e) and InFeO; (h and i)

InFeO; (Fig. 3h) also display ring patterns, further confirm-
ing their polycrystalline nature, which aligns well with the
polycrystalline structures inferred from XRD analysis. How-
ever, in the SAED patterns of Fe,O5; and InFeO;, the pres-
ence of superimposed bright diffraction spots alongside the
rings suggests the existence of larger, more ordered crystal-
lites or regions of preferred orientation within the polycrys-
talline matrix [34, 35]. This observation indicates a degree of
textural heterogeneity in these materials, which could influ-
ence their macroscopic properties. Particle size distribution
histograms, derived from TEM image analysis, are presented
in Fig. 3c, f, i for In,0;, Fe, 04, and InFeOj; respectively. The
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histograms, fitted with Gaussian distributions, reveal average
particle sizes of 31.9 nm for In,05, 36.7 nm for Fe,0;, and
34.8 nm for InFeO;. These TEM-derived particle sizes are
in reasonable agreement with the crystallite sizes estimated
from XRD using the Debye—Scherrer equation (reported as
approximately 34 nm, 38 nm, and 28 nm for In,0;, Fe,0;,
and InFeOj; respectively). The slight discrepancies between
TEM particle size and XRD crystallite size measurements
could arise from several factors. XRD measures the size of
coherently diffracting domains (crystallite size), which may
be smaller than the actual particle size observed in HRTEM,
especially if the particles are polycrystalline aggregates of
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smaller crystallites. Furthermore, HRTEM provides a direct
measurement of particle dimensions, while XRD-derived
crystallite size is an average estimate based on peak broad-
ening. The overall agreement between the two techniques,
however, validates the nanoscale dimensions of the synthe-
sized materials.

3.3 Morphological properties of the composite
material

The surface morphology and elemental composition of
the synthesized In,0;, Fe,05, and InFeO5; materials were
further characterized using High-Resolution Scanning

Electron Microscopy (HRSEM) coupled with Energy Dis-
persive X-ray Spectroscopy (EDS). Figure 4a, c and e pre-
sents HRSEM micrographs and corresponding EDS spectra
with elemental composition insets (b, d, f) for In,05, Fe,0,,
and InFeO; respectively. The HRSEM micrograph of In,0;
nanoparticles (Fig. 4a) reveals a morphology character-
ized by near-spherical particles with a relatively uniform
size distribution. These particles appear to be moderately
aggregated, forming clusters but still maintaining discern-
ible individual particle boundaries. To assess the elemen-
tal purity and stoichiometry, EDS analysis was performed.
The EDS spectrum Fig. 4b and the inset table demonstrate
the presence of indium (In) and oxygen (O) as the primary
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Fig.4 HRSEM, EDS and elemental composition (inset) of In,O5 (a and b), Fe,0; (¢ and d), and InFeO; (e and f) NPs annealed at 800 °C
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elemental constituents. Quantitative analysis from EDS
indicates a weight percentage of 80.48% for indium and
19.52% for oxygen. This elemental ratio is in close agree-
ment with the stoichiometric proportions expected for
In,0;, confirming the high purity and chemical identity of
the synthesized indium oxide nanoparticles. The HRSEM
image of Fe,O; nanoparticles (Fig. 4c) shows a distinct
morphology compared to In,05. Fe,0; particles appear to
have a more irregular, clustered shape, with less defined
individual particle boundaries and a more interconnected
network-like structure. EDS analysis (Fig. 4d) of the Fe,0;
sample confirms that iron (Fe) and oxygen (O) are the domi-
nant elements. The inset table provides a weight percent-
age of 81.5% Fe and 18.5% O, which is consistent with the
expected elemental composition of Fe,O;, indicating the
successful synthesis of high-purity iron oxide nanoparticles.
The HRSEM micrograph of the InFeO,; composite mate-
rial (Fig. 4e) displays agglomerated particles that appear
to be nearly spherical but form larger, irregular clusters
with noticeable voids and inter-particle spaces within the
agglomerates. The observed agglomeration in InFeO;, simi-
lar to that seen in Fe, O3, could be attributed to factors such
as a relatively small volume of stabilizing agent used during
synthesis, leading to a high surface area to volume ratio
and consequently stronger inter-particle attractive forces
[32]. EDS analysis of the InFeO; sample (Fig. 4f) confirms
the presence of indium (In), iron (Fe), and oxygen (O) as
the major elemental components. The inset table quantifies
the elemental weight percentages as approximately 41.26%
for indium, 31.6% for iron, and 22.52% for oxygen. The
presence of both indium and iron in significant proportions
confirms the successful co-incorporation of these elements
into the synthesized InFeO; composite. A minor carbon
(C) signal is also detected in the EDS spectrum of InFeOs;,

-15 0 15 0 45 60

r(nm)3

which could be attributed to residual carbon from the syn-
thesis process or from the carbon coating typically used
for SEM sample preparation to enhance conductivity and
reduce charging effects.

3.4 Internal structure of the composite material

Small-Angle X-ray Scattering (SAXS) was used to inves-
tigate the particle size, shape, and internal structure of the
synthesized nanoparticles in the size range of 1-100 nm.
This technique, utilizing a model-free approach, allows for
the determination of geometric parameters directly from the
scattering intensity curve, providing insights into particle
volume, molecular mass, forward scattering, radius of gyra-
tion, surface area per unit volume, largest dimension, and
the pair distance distribution function (PDDF) [36, 37]. The
scattering process is characterized by the scattering vector,
g, defined by Eq. 2:

q = (4rsin(9))/ 4 )

where A is the wavelength of the incident X-ray radia-
tion (Cu-Ka, A=0.15406 nm), and @ is half the scattering
angle. To validate the internal structures of the nanopar-
ticles, model-free PDDF profiles and size distributions by
intensity were analyzed, as presented in Fig. 5a and b. Fig-
ure Sa illustrates the PDDF curves for In,0;, Fe,05, and
InFeO;. The PDDF curves for all three materials exhibit
asymmetrical, bell-shaped characteristics, indicative of pre-
dominantly spherically shaped nanoparticles. The maximum
radii (r) derived from the PDDF curves, representing the
longest dimension within the majority of the nanoparticles,
are approximately 26 nm for In,0;, 27.8 nm for Fe,O;, and
25.2 nm for InFeO;. Furthermore, the PDDF curves also

—l—1In,0, 28 b
204 —@—Fe,0, .F‘
—e—InFeO, ""
r
| |

r (nm)

Fig.5 Pair distance distribution functions (a) and size distribution by intensity (b) of In,0O5, Fe,05, and InFeO5 annealed at 800 °C
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display minor shoulders or extended tails at larger radii val-
ues, specifically around 53 nm for In,05, 54.6 nm for Fe, 0,
and 54 nm for InFeO;. These features suggest the presence
of some larger agglomerated particles within each sample,
consistent with the agglomeration observed in HRTEM and
HRSEM images. Figure 5b presents the size distributions by
intensity for In,0;, Fe,0;, and InFeO;. These distributions
reveal that the nanoparticles are polydisperse, exhibiting a
range of particle sizes. The peak positions in the size distri-
bution by intensity, which are weighted towards larger parti-
cles due to the scattering intensity being proportional to the
sixth power of the particle size [38], indicate average radii
of approximately 28 nm for In,05, 24 nm for Fe,O;, and
27 nm for InFeO;. Additionally, smaller secondary peaks are
observed in the size distributions, notably at around 16 nm
and 20 nm, suggesting the presence of a sub-population of
smaller particles, particularly evident in the In,0; and Fe,0O4
nanoparticles. Compared to other techniques (XRD and
HRTEM), the average radii derived from SAXS (25-28 nm
based on peak positions in size distribution by intensity) are
generally smaller than the average particle sizes estimated
from HRTEM (31.9 nm for In,05, 36.7 nm for Fe,0;, and
34.8 nm for InFeO;). However, the maximum radii from
PDDF (25-28 nm) are in closer agreement with the XRD
crystallite sizes 34 nm, 38 nm, and 28 nm for In,0;, Fe,0;,
and InFeO;, respectively, as shown in Table 1. These appar-
ent differences can be attributed to several factors. SAXS is
sensitive to the overall size and shape of the particles in solu-
tion or powder form, and the size distribution by intensity
is weighted towards larger particles. HRTEM, on the other
hand, directly visualizes individual particles and their aggre-
gates, potentially capturing a broader range of particle sizes
and agglomerates, leading to slightly larger average particle
sizes. XRD, using the Debye—Scherrer equation, estimates
the crystallite size, which represents the coherently diffract-
ing domain within a particle. If particles are polycrystal-
line (as indicated by SAED), the crystallite size from XRD
would be expected to be smaller than the overall particle size
observed in TEM. However, in this case, the XRD crystallite
sizes are somewhat comparable to or even slightly larger
than the SAXS radii. SAXS radii are somewhat smaller than
HRTEM particle sizes and could be related to the core—shell
structure of nanoparticles or to the presence of a surface
layer with different scattering properties, which SAXS might

Table 1 Summary and comparison of particle size obtained from
XRD, HRTEM and SAXS

Material XRD (nm) HRTEM (nm) SAXspace (nm)
In, 04 34 31.9 27.6

Fe,04 38 36.7 24

InFeO; 27.3 34.8 27

not fully capture in the same way as the TEM imaging [39].
Additionally, the polydispersity of the samples, as evidenced
by both SAXS size distributions and HRTEM images, com-
plicates direct size comparisons between different tech-
niques, as each method is sensitive to different aspects of
the size distribution. Despite these differences, the SAXS,
HRTEM, and XRD data collectively confirm that the syn-
thesized materials consist of nanoparticles in the nanoscale
regime, with average dimensions in the range of 25-38 nm,
and exhibit a degree of polydispersity and agglomeration.

3.5 Structural features of the composite material

The FTIR spectra showing several significant absorption
peaks is shown in Fig. 6. FTIR was used to validate the
major functional groups that were involved in the synthesis
and stabilization of the synthesized NPs. The absorption
around 3000-3400 cm~! observed for all three NPs, are
attributed to the OH stretching vibrations of polyphenolic
groups from the coffee extract. The absorption bands
observed below 1000 cm™! wavenumber in are responsi-
ble for the inter atomic vibrations and this region is called
the fingerprint region of the FTIR spectra [40]. 1018 cm™!
for the InFeOj; can be attributed to In-Fe broadening. The
absorption peak around 607, 565 and 429 cm™! are char-
acteristic of cubic In,0;. to the lattice vibration of In-O
in In,0; [41, 42]. Bands around 1380 & 1630 cm™' can
be attributed to the nitrate group and bend deformation of
water molecules. The band peak observed at 1562 cm™!
was assigned as the C-O stretching vibration mode the
appearance of CO band was due to the association of the
extract unit with indium ions (In**) to produce a longer
chain and facilitate self-assembly to become an orderly
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Fig.6 FTIR spectra of In,O; Fe,0; and InFeO, annealed at 800 °C
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shape through van der Waals interactions [43]. The band
around 2375 cm™' is due to the absorption of CO,, which
may be due to the moisture absorption from the atmos-
phere after annealing [41]. Fe,O; exhibited an absorption
band around 578 cm™! which is attributed the deforma-
tion of Fe—O in the octahedral and tetrahedral region of
a hematite [44, 45]. Bands located at 1570-1520 cm™!;
assigned to coupling between N-H bend and C-N stretch
[46]. The InFeO; had peaks like In,03, and Fe,05, around
584 and 436 cm™'. However, the slight shift and the sharp-
ness in the peak at 584 cm™'confirmed the changes in the
bonding environments [47].

3.6 Optical properties of the composite
UV-visible absorption spectroscopy was widely used to
examine the optical properties of the NPs. Figure 7a shows

absorption bands of InFeOj;, In,O, and Fe,0; NPs which
are found to be around 322 nm, 340 nm, and 320 nm,

1.5

a —e8— InFeO,]
—E—1n,0,
—&—Fe,0,

-
o
'

Absorbance

e
(2]
i

0.0 v T T T 1
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Wavelength (nm)

-0 G

E,=2.94 eV

2.8 3.0 3.2 34 36 3.8
Energy (eV)

respectively. The bands were generated from transition of
electrons from the valence band to the conduction band,
these values are consistent with some existing literature
[48, 49]. The absorption band at 320 nm results from the
ligand to metal charge transfer transitions from the Fe** d-d
ligand field transitions. Similar results were reported for the
preparation of a-Fe,0; nanoparticles by oxygenating pure
iron, where the absorption band was found at 310 nm and
was assigned to the °A; -* T, (*P.) [50, 51]. As observed in
Fig. 7a, the absorption wavelength of the InFeO; compos-
ite relayed more to the wavelength of Fe,O;, the absorp-
tion band obtained for Fe,O; NPs at 320 nm red-shifted
to 322 nm by the InFeO;, which could have resulted from
coupling the Fe,05; with In,O; NPs. This may be due to the
d-orbitals overlapping, that is consisting of the 5 s or Fe
3d orbitals. The difference in the band gap of a-Fe,0; and
In,0; will cause the realignment of the conduction band
(CB) and valence band (VB) in the energy band structure of
InFeO; resulting in the red-shift observed for the absorption

®—InFeO,

E,=3.15eV

T T T

26 28 30 32 34 36 3.8
Energy (eV)

204 Fe, O, d

2.0 25 3.0 3.5 4.0
Energy (eV)

Fig.7 a UV-Vis spectra of In,0;, Fe,0, and InFeO5 and Tauc plots of b In,0;, ¢ Fe,05 and d InFeO; annealed at 800 °C
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spectra of the composite [51]. The appearance of the single
band at 322 nm for the composite, confirmed the contribu-
tion of both metals (In &Fe) in the formation of the InFeO,
composite. The optical band gaps of the NPs were deter-
mined using Tauc Eq. 3

ahv" = A(hv — E,) (3)

where £ is Planck’s constant, v is frequency, A is a constant,
E, is the band gap and n=2 for direct band gap [52]. The
optical band gap was determined by extrapolating the plot
of ahv? vs hv to x-axis equal to zero. Figure 7b, ¢ and d
shows the energy band gap energy values of 2.9, 3.3, and
3.15 eV which are associated with In,0;, Fe,O5 and InFeO,,
respectively. The incorporation of two materials to form a
composite increases absorption, leading to a reduction in
the energy band gap due to charge transfer transitions and
therefore an increase in optical conductivity [25, 53]. This
red shift may be referred to the sp-d exchange between the
band electrons of In,O; and localized d-electrons related to
the doped Fe ions. The p-d and s-d exchange interactions
cause to a positive and a negative correction to the valence
band and the conduction band edges, namely the conduction
band and valence band is lowered or raised, resulting in the
small decrease or increase of the optical band gap [54]. The
reduction in the bandgap energy of the composite is more
conducive to the transition of electrons when exposed to vis-
ible light, leading to an enhanced catalysis performance This
reduction in energy band gap can be attributed to the mobile
electrons contained in the nanoparticles, and new excita-
tion energy levels created below the regular band gap due to
charge transfer from the nanoparticles [55]. This could also
suggest that nanoparticles can increase conductivity, and
hence the possibility of using the nanocomposites in elec-
trochemical devices and sensing platforms can be explored.

3.7 Photoluminescence of the composite material

The room-temperature photoluminescence (PL) spec-
tra revealing distinct optical emission characteristics for
In,03, Fe,05 NPs, and InFeO; nanoparticles is presented
in Fig. 8. The PL spectrum of In,0; exhibited dual emis-
sion bands: a weak ultraviolet (UV) emission at 338 nm,
attributed to near band edge transitions, and a stronger,
broad visible emission at 439 nm, associated with defect-
related recombination, likely involving oxygen vacan-
cies or indium interstitials. The presence of the two PL
emission bands at 338 nm and 439 nm is related to the
quantum size effect and agrees with reported research
[52]. Fe,O; displayed a weaker UV emission at 336 nm
and a more prominent broad band at 398 nm, attributed
to electron—hole recombination, potentially influenced by

£ 3,}
1 1

Intensity (10%a.u)
w

400 450 500 550
Wavelength (nm)

300 350

Fig.8 PL spectra of In,05, Fe,O; and InFeOj; annealed at 800 °C

excitonic or defect states [56]. The exciton state of Fe,0O;
arises from excitation between the valence band, consist-
ing of a mixture of Fe (3d) and O (2p) states, and the
conduction band derived primarily from Fe (4 s) states.
Under excitation of 348 nm irradiation, an electron was
excited from the valence band to the conduction band,
leaving a hole (+) in the valence band. The InFeO; nano-
composite spectrum was dominated by a single broad
emission peak at 435 nm, exhibiting a slight blue shift
from the In,O; visible emission and suppression of the UV
emission features observed in the individual oxides, sug-
gesting a modification of the electronic environment upon
composite formation [56]. Only one emission band can be
observed for InFeO;, with an excitation of 362 nm. The
broad emission peak can be observed to be leaning more
toward the In,O; matrix. However, there was a blue shift
from 439 to 435 nm. This blue shift may have originated
due to the transition from the interstitial indium level to
the valence band and/or the transition from the bottom of
the conduction band to the interstitial oxygen level [57].
The corresponding energy band gaps were calculated from
the maximum wavelength as 2.82 eV for In,05, 3.12 eV
for Fe,0; and 2.85 eV for InFeOj;. The lesser values of
the energy band gaps observed for PL can be explained
by Stokes’s shift, which explains the difference between
the positions of the band maxima of the absorption and
emission spectra of the same electronic transition [58, 59].

3.8 VSM analysis of the composite
The field (H) dependence of magnetization (M) curves, M
vs. H for In,03, Fe,0; and InFeO; were measured at room

temperature and are presented in Fig. 9. The derived val-
ues of magnetic parameters obtained from the hysteresis
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Fig.9 M-H hysteresis loops of In,0;, Fe,0;, and InFeO5 annealed at
800 °C

Table 2 Values of He, Ms, and Mr obtained from the M-H hysteresis
loops for In,0;, Fe,0; and InFeO,

Material H, (kOe) M, (emu g~ 1) M, (emu g™}
In,0, 0.071 11.94 -

Fe,0, 0.34 26.78 2.89

InFeO, 0.074 18.48 0.64

loops are presented in Table 2 coercivity (H_), remanence
(M,), and maximum magnetization (M,). In,O; NPs can be
observed to exhibit diamagnetic behavior with Mr=0 and a
low value of M =11.9 and previous studies reported on the
same results, neither the nanocrystalline character nor the
high oxygen vacancies concentration seem to be sufficient to
lead to magnetic ordering in In,O; [60-63]. The magnetiza-
tion for Fe,O; increased with the increase in the magnetic
field and saturated (Ms) at 26.78 emu/g, a value greater
than the commercial a-Fe,O; nanoparticles. This observa-
tion can be attributed to the superparamagnetic properties,
which were corroborated by the average size (38 nm) of
the synthesized Fe,O; obtained by XRD. In addition, this
magnetization value may be due to the external surface dis-
ordered spin under the applied magnetic field, as reported
in the literature [64]. A Similar kind of superparamagnet-
ism behavior of Fe,0; has been reported for the preparation
of hematite nanoparticles by Prabhu et al. [65] and Vinay-
agam [66]. InFeO; exhibited a M value of 18.48 emu/g and
M, of 0.64 emu/g. The magnetic ordering can be explained
by different mechanisms in the In,O; and Fe,O; systems.
Krishna et al. [67] reported the observed ferromagnetism at
room temperature whereby the exchange interaction occurs
between dopant cations (Fe*™) through oxygen vacancies

@ Springer

in the In,0; matrix. Coey et al. [68] first reported the oxy-
gen vacancies based on ferromagnetic exchange interaction
which also correlated to bound magnetic polarons. The mag-
netization curve was found to be sigmoidal for the InFeO,
composite with a decrease in coercivity from 0.34 to 0.007
kOe and resembled a characteristic of superparamagnetic
material [69]. The saturation magnetization Ms was meas-
ured as 18.480 emu/g. The decrease in saturation magneti-
zation of the as can be explained by the presence of a non-
magnetic material (In) on the surface which may have led
to the weakening of exchange interactions in the magnetic
core and hence lowered energy of magnetization [70]. The
of H; value indicated the soft nature of InFeO; composite
suggesting that these synthesized ferrites might be useful
for the fabrication of switching, sensors, and many other
electronic devices.

3.8.1 Mossbauer spectroscopy of the composite material

To probe the local atomic environment and magnetic order-
ing of the iron sites, °’Fe Mdssbauer spectroscopy was per-
formed at room temperature (Fig. 10), showing evidence of
the successful incorporation of indium into the iron oxide
lattice. The reference spectrum for the pure Fe,O; sam-
ple displays a well-defined magnetic sextet characteristic
of crystalline hematite (a«-Fe,05) with a large hyperfine
magnetic field (HMF) indicative of strong Fe—O-Fe super-
exchange interactions [71]. Conversely, the spectrum for the
InFeO; nanocomposite reveals a significant transformation,
accurately fitted with two distinct components: a magneti-
cally split sextet with broadened lines and a central para-
magnetic quadrupole doublet. The broadening and reduction
of the HMF in the sextet, as shown in Table 3, is direct
evidence of the substitution of non-magnetic In** ions into
the Fe sites, causing a disruption to the magnetic super-
exchange pathways and weakening the overall magnetic
order [72]. To emphasize this, there is the emergence of the
central doublet, representing a sub-population of Fe** ions
that are in a paramagnetic state due to being surrounded
by a high number of non-magnetic In** ions. This feature,
characterized by a quadrupole splitting (A) of 0.384 mm s,
confirms the coexistence of Fe** and In** within the InFeOj,
composite structure [71, 73]. The coexistence of a magneti-
cally weakened sextet and a distinct paramagnetic doublet
provides conclusive, atomic-level proof that a true InFeO,
nanocomposite was formed, rather than a simple physical
mixture of separate In,O; and Fe,O5 phases. The VSM anal-
ysis confirms this by a significant reduction in saturation
magnetization for InFeO; (18 emu g~") compared to pure
Fe,05 (25 emu g~ 1. Ultimately, this strategic integration of
tunable magnetism validates the nanocomposite’s ability and
establishes it as a superior material for developing sensors.
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Fig. 10 %’Fe Mossbauer spectra room temperature of Fe,O; and
InFeO;

Table 3 Isomer shifts (8), hyperfine magnetic fields (H), line widths,
quadrupole splitting A (LW) and fraction population (f) of Fe,O; and
InFeO;

Material ~ H (kOe) A (mms™)) A (mms™) LVIV (mm (%)
s7)

Fe, 05

Sextet1 518 0.372 0.072 0.166 40.6
Sextet2 456 0.345 0.08 0.538 59.4
InFeO;

Sextet 1 511 0.359 0.107 0.197 54.7
Doublet 1 — 0.364 0.72 0.214 453

4 Electrochemical properties
of the composite material

4.1 Cyclic voltammetry studies
Cyclic voltammograms for GCE/In,05, GCE/Fe,0;, and

GCE/InFeO; electrodes in 0.1 M PBS (pH 7.4) at 50 mVs™!
are presented in Fig. 11. Figure 11a, shows an overlay of all

the modified electrodes for comparison purposes. As seen
in Fig. 11a, InFeO; produced the highest current responses
compared to the individual materials. GCE/In,05, showed
enhanced current compared to the GCE, exhibiting two
anodic peaks at 0.01 V and 0.05 V, potentially due to irre-
versible In,0; oxidation or surface hydroxide processes, and
a cathodic peak at —0.54 V, indicating a complex reduction
process. Figure 11b, GCE/Fe,0;, displayed a more defined
redox couple attributed to Fe**/Fe?*, with an anodic peak
at—0.11V, a cathodic peak at—0.44 V, an Ipa/Ipc ratio of 1.2,
and a peak separation (AEp) of 0.58 V, suggesting kinetic
limitations. Notably, Fig. 11c, presenting GCE/InFeOj,
exhibited the most pronounced response with oxidation and
reduction peaks at 0.01 V and —0.45 V respectively, and sig-
nificantly higher peak currents compared to GCE/In,05 and
GCE/Fe,0;. Figure 11d provides a comparative overlay of
the electrochemical responses of In,05, Fe,05, and InFeOs,
highlighting that the oxidation potential region for InFeO,
was like In,O; but shifted from Fe,O;, indicating contri-
butions from both components within the nanocomposite.
This enhanced current in GCE/InFeO; suggests a synergistic
improvement in electrochemical activity. Therefore, GCE/
InFeO; will be the preferred electrode for further studies.

4.2 Diffusion coefficient and linear plot studies

The electrochemical performance of the modified elec-
trodes was investigated using Cyclic Voltammetry (CV) to
understand the electroactivity properties of the synthesized
nanomaterials. Figure 12 displays the CVs for glassy carbon
electrode modified with In,O; (a), Fe,05 (c), and InFeO; (e)
recorded at scan rates from 10 to 100 mVs~!. This scan rate
range was strategically chosen to be fast enough to generate
well-defined peaks for these quasi-reversible systems, pro-
viding clear insight into their kinetic and diffusion behav-
ior, while avoiding the dominance of capacitive background
currents often seen at very high scan rates [74]. While the
process is diffusion-controlled, the kinetics of electron trans-
fer were assessed by analyzing the peak potentials. With
increasing scan rate, the anodic peaks (Epa) shift to more
positive potentials and the cathodic peaks (Epc) shift to more
negative potentials. The peak-to-peak separation (AE) was
0.32 V for InFeOj at a representative scan rate 50 mVs™' a
significantly larger value than the theoretical 59/n mV for an
ideal Nernstian system. This behavior is characteristic of a
quasi-reversible system, indicating that the rate of electron
transfer is finite and not instantaneous [75].

The redox peaks for the individual oxides are attrib-
uted to the In**/I* (In** +2e¢~ <> In™) and Fe?*/Fe?* (Fe*
+ e~ <> Fe?"), respectively [76, 77]. Notably, the InFeO,
nanocomposite (Fig. 11e) exhibits a further enhanced cur-
rent response compared to the individual components as
shown in Table 4. A proportional increase in peak current
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Fig. 11 Cyclic voltammograms of In,0;, Fe,0; and InFeO; @ 50 mVs~

with increase in scan rate was observed, highlighting a
synergistic effect that promotes superior electrochemical
activity and is shown in Fig. 11b, d, and f. To quantify
this enhancement, the diffusion coefficient (D) and elec-
troactive surface concentration (I'*) were calculated using
the Randles-Sevcik (4) and Brown—Anson (4) equations,
respectively [78, 79].

I, = 2.69 x 10513/2AD' 2 Cy'/? )
and
IP/v = (wFAT") J4RT) ®

The InFeO;-modified electrode yielded a substantially
higher diffusion coefficient and a greater surface concen-
tration compared to the pure In,O; and Fe,O; confirm-
ing that the InFeO; nanocomposite provides a more con-
ductive and reactive interface, facilitating more efficient
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in 0.1 M PBS. pH 7.4 as a supporting electrolyte

charge and mass transport. The combined results establish
the green-synthesized InFeO; nanocomposite as a superior
material for electrochemical applications.

5 Conclusion

Green synthesis of In,0;, Fe,O; and InFeO; was success-
fully achieved by using coffee extract as a reducing agent.
The optical band gap of the NPs was found to be within
2.19-3.3 eV range for which was confirmed by UV-Vis
and PL. The difference in the band gap of the compos-
ite that of In,O5 and Fe,O; NPs indicated the existence
of strong quantum confinement. HRSEM measurements
revealed that most of the nanoparticles are quasi-spherical
grains agglomerated together. The nanoparticles’ spheri-
cal morphology was observed because of the annealing
process. This morphology of the nanoparticles agreed with
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Fig. 12 Cyclic voltammograms for In,0;, Fe,0; and InFeOj at different scan rates from 10 to 100 mVs~! (a, ¢, and e), and the corresponding

linear plots (b, d, and f)

Table 4 Summary of the calculated parameters from CV

2

Nanoparticle Diffusion coefficient (cm~ Surface
s7h concentration
(mol cm™2)
In,0, 523 %107 1.28x 1078
Fe,0, 8.45x 107 3.25x 1077
InFeO, 9.72 x 107 4.62 x 107

the images obtained from TEM. EDX showed the presence
of both In and Fe and O elements in the InFeO; elemental
analysis, confirming the formation of the composite. FTIR
confirmed the existence of the In-O, and Fe—O vibrational
bonds in the synthesized composite. The XRD measure-
ments confirmed a pure and crystalline phase for In,03,
Fe,0; and InFeO;. This observation agreed with the SAED
images obtained from the HRTEM measurements. From
the Scherer equation, the average particle size was esti-
mated from XRD data to be 34, 38, and 27.3 nm for In,0;,
Fe,0; and InFeO,, respectively. The particle size deduced
from HRTEM was 31.9, 36.7, and 34.8 nm and the particle
size estimated from SAXS was 27.6, 24, and 27 nm In,0;,
Fe,0;, and InFeOs;, respectively. The particle size seemed
to vary from each instrument but was in close agreement.
The electrochemical properties of InFeO; were success-
fully studied. The results revealed quasi-reversibility for a

one-electron transfer reaction. The nature of the reaction
taking place at the electrode surface was confirmed to be a
diffusion-controlled process. The electrochemical param-
eters examined revealed that the composite can be a good
candidate for the sensor application.
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