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This research focuses on the fabrication of novel ternary g-CsNg4/
Zng sNig sFe; gMng ,04/rGO  hybrid (NCs)
humidity sensing applications. The integration of carbon based two
dimensional (2D) materials—reduced graphene oxide (rGO) and
graphitic carbon nitride (g-C3N4)—with spinel ferrite nanoparticles

nanocomposites for

(Zno sNig sFe; gMng 204) in a ternary configuration aims to exploit their
distinct properties synergistically, enhancing humidity sensing capa-
bilities. Zng sNigsFe; gMng 204, Zng sNig sFe; gMng ,04/rGO, and g-
C3N4/Zng sNig sFe; gMng ;04 have been synthesized for comparison.
The study involves the synthesis process, structural characterization,
and evaluation of humidity sensing performance. X-ray peak profiling
reveals that the crystallite sizes of the composites are ~10-14 nm,
whereas the particle size range is 6—25 nm from transmission electron
microscopy. The XPS survey of the NCs has shown good interaction
with water molecules by adsorption processes, which indicates the
suitability of the materials for humidity sensing. The dielectric and
magnetic properties of the NCs were studied in detail. The fabricated
nanocomposites exhibit promising results, showing sensitivity to
varying humidity levels of 11-98% with good response and recovery
characteristics. The investigation into the nanoscale interactions
between different components seeks to elucidate the mechanisms
underlying the enhanced sensing properties, with potential applica-
tions in environmental monitoring, healthcare, and consumer elec-
tronics.

1. Introduction

The growing demand for precise humidity sensing technology has
surged across industries and scientific fields. Monitoring
humidity is vital for applications like environmental issues, agri-
culture, food preservation, industry, and healthcare.” Researchers
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are striving to create advanced humidity sensors with improved
sensitivity, rapid response, low power usage, and stability.**
Ternary nanocomposites are particularly notable due to their
synergistic effects, offering enhanced sensing performance and
garnering significant interest in humidity sensing research.’

As one of the major components of ternary nanocomposites,
nanoferrites, specifically the MFe,0, type (wWhere M represents
a bivalent transition metal cation), have garnered significant
attention because of their multifunctional characteristics and
potential in diverse fields. MFe,O, type nanoferrites exhibit
fascinating magnetic and electrical properties, chemical
stability, and low bandgap energy, which make them suitable
candidates for a wide range of applications such as magnetic
materials,®® gas sensors,” catalysts,’ photocatalysts,*™**
lithium battery materials, absorbent materials,”” and drug
delivery.'® These materials possess a cubic spinel crystal struc-
ture, composed of two distinct interpenetrating sublattices
(tetrahedral and octahedral sites), offering room for manipu-
lation and enabling tailoring of their properties through
compositional modifications.**°

Among the carbon based two-dimensional materials; firstly,
graphitic carbon nitride (g-C;N,) is a 2D material that has
sparked significant interest in various scientific disciplines.****
As a derivative of organic compounds, g-C;N, boasts a unique
structure composed of nitrogen-rich aromatic rings, resembling
a two-dimensional semiconductor.* The potential of 2D metal-
free materials, especially graphitic carbon nitride (g-C3N,), as
efficient photocatalysts is notable due to their excellent opto-
electronic properties, high thermal stability, and tunable
bandgap. While incorporating magnetic materials and
combining g-C;N, with metal oxides in heterojunction struc-
tures enhance photocatalytic performance, their application in
the sensing sector remains underexplored, requiring further
research.>” For humidity sensors, g-C;N, offers significant
potential as well. Its high surface area, tunable energy bandgap,
and stability in various media make it a suitable material for
sensing applications. By incorporating g-C;N, with metal oxides
or other semiconductors, it is possible to enhance its sensitivity
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and selectivity towards humidity changes. Additionally, the
tunable electronic properties and high conductivity of g-C;N,
enable faster response times in humidity sensing, making it an
excellent candidate for the development of advanced humidity
sensors that are efficient, stable, and cost-effective.

Secondly, reduced graphene oxide (rGO) is also a remarkable
derivative of graphene, a single layer of carbon atoms arranged
in a two-dimensional honeycomb lattice.”® With its unique
combination of exceptional conductivity, surface area, and
mechanical strength, rGO has gained attention across a spec-
trum of applications, from electronics and energy storage to
sensors and composite materials.>*=*

Hasan et al. investigated the humidity response of ZnFe,0,
and NiFe,O, obtained by a sol-gel auto-combustion route.**
According to their findings, ZnFe,O, nanoparticles are more
sensitive to humidity and exhibit excellent stability for 90 days.
Zhang et al. fabricated a ZnFe,0,/rGO gas sensor by a one-step
microwave-assisted solvothermal technique. They reported that
the ZnFe,0,/rGO sensor with a 4 h exposure time displayed
a better sensing response at 210 °C with good stability, quick
response, and recovery to ethanol due to its unique structure.*

In particular, the Zn, sNi, sFe,0, ferrite compound stands out
as a promising candidate due to its intricate combination of
transition metals and its potential to exhibit remarkable elec-
trical, magnetic, and catalytic attributes.’®***® Arjmand et al
investigated the multilayer structures of a Zn, sNij sFe,0,4/r1GO/
PVDF nanocomposite, proposing a novel electromagnetic inter-
ference (EMI) absorber utilizing a multilayer assembly of poly-
vinylidene fluoride sheets with rGO and ZnNiFe, demonstrating
a record-high absorption coefficient of 0.91 and attributing the
superior absorbance to multiple internal reflections and the
supermagnetic properties of ZnNiFe nanoparticles.*”

In this context, this research article delves into the fabrica-
tion and characterization of a unique class of nanocomposites,
specifically focusing on the synthesis of ternary g-C;N,/Zn, 5-
Niy sFe; gMn, ,0,4/rGO structures for humidity sensing applica-
tions. The integration of graphene-based nanomaterials (rGO),
metal oxide nanoparticles (Zn, sNiy sFe; sMn, ,04), and carbon
nitride (g-C3N,) in a ternary configuration holds the promise of
combining their distinct properties to create a multifunctional
material with improved humidity sensing capabilities.

This article aims to present a comprehensive exploration of
the fabrication process, structural characterization, and
humidity sensing performance of the hybrid nanocomposites.
By investigating the interactions between the different compo-
nents at the nanoscale level, the researchers seek to unravel the
mechanisms underlying the enhanced sensing properties
exhibited by these novel materials. The potential implications
of these findings extend beyond humidity sensing, encom-
passing diverse fields such as environmental monitoring,
healthcare, and consumer electronics.

2. Experimental
2.1. Chemicals and materials

All chemicals, including Zn(NO;),-6H,O (Merck, Germany),
Ni(NO;),-6H,O (Merck, Germany), Mn(NOj3),-4H,0 (Merck,
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Germany), Fe(NO;);-9H,0 (Merck, Germany), AgNO; (Wako,
China), graphite powder (BDH, UK), H,SO, (Merck, Germany,
98%), KMnO, (Merck, Germany), NaNO; (Merck, Germany),
melamine (Merck, Germany), and NH,OH (Merck, Germany)
were purchased as analytical grade and used as received.

2.2. Synthesis of graphitic carbon nitride (g-C;N,) and
graphene oxide (GO)

Bulk graphitic carbon nitride (g-C;N,) was produced by the
thermal polymerization of melamine. The melamine (6 g) was
ground in a mortar and pestle for half an hour and transferred
into a semi-closed alumina crucible that was annealed at 550 °C
for 3 h under static air. Graphene oxide (GO) was synthesized by
a “modified Hummer's method”.*” The detailed procedure is
given in the ESL{

2.3. Synthesis of Zn, ;Ni, sFe; sMng ,0,

The mixed spinel ferrite, Zn, sNig sFe; gMn,,04, wWas synthe-
sized by dissolving 0.5, 0.5, 0.2, and 1.8 mmol Zn(NO3),-6H,0,
Ni(NO3),6H,0, Mn(NO;),-4H,0, and Fe(NO3);-9H,0, respec-
tively, in 30 mL of DI water. Meanwhile, 25% NH,OH solution
was added to maintain the pH at ~ 10. Then, the mixture was
transferred into a polypropylene (PPL) autoclave (200 mL) and
kept at 190 °C for 24 h. After that, the autoclave was left to cool
to room temperature naturally. Then the precipitate was
collected and washed with DI water and ethanol. The product
was dried overnight at 70 °C to obtain Zn, 5Nig sFe; gMng 04
and marked as MF 1.

2.4. Synthesis of g-C;N,4/Zn, sNiy sFe; sMng ,0,/rGO

In a typical procedure, 0.0302 g of rGO (10 wt% of ferrite) and
0.0906 g of g-C3N, (30 wt% of ferrite) were dispersed in 80 mL of
DI water and ultrasonicated for 90 min. Zn(NOj3),-6H,0 (0.5
mmol), Ni(NO3),-6H,O0 (0.5 mmol), Mn(NOj3),-4H,O (0.2
mmol), and Fe(NO3);-9H,0 (1.8 mmol) were dissolved in 30 mL
of DI water. The solution was then added dropwise into the
above-mentioned suspension under vigorous stirring. Then,
25% NH,OH solution was added to maintain the pH at ~ 10.
Then, the mixture was transferred into a PPL autoclave (200 mL)
and kept at 190 °C for 24 h. After that, the autoclave was left to
cool to room temperature naturally. The precipitate was
collected and washed with DI water and ethanol. The product
was dried overnight at 70 °C and marked as MF4. Zn, sNig 5-
Fe; gMn, ,04/rGO and g-C3N,4/Zn, sNig sFe; sMn, ,0, were also
synthesized using the above-mentioned procedure and marked
as MF2 and MF3, respectively.

2.5. Fabrication of the humidity sensor

To achieve the desired configuration, the copper tape under-
went a masking process, resulting in the creation of an inter-
digitated finger electrode. In order to establish a consistent and
uniform thick film, a diluted paste of the sample, mixed with
ethanol, was uniformly spread onto the substrate. The prepared
substrate was then subjected to a drying period of one hour in
an oven set at 80 °C. The thickness of the fabricated films was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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measured using a profilometer (DektakXT, Bruker). This device
utilizes a diamond-tipped stylus to physically trace the surface
of the material. By scanning across a known step between the
film and the substrate, the profilometer accurately determined
the film thickness, which was found to be 123, 125, 122, and 127
um for the sensors fabricated with MF1, MF2, MF3, and MF4
nanocomposites, respectively.

To create controlled relative humidity (RH) conditions,
specially designed airtight chambers were employed.*® These
chambers were filled with saturated aqueous salt solutions,
including LiCl, MgCl,-6H,0, MgNO;-4H,0, NH,NO;, NaCl,
KCl, and K,SO,. Each solution maintained a specific RH level
within the range of 11% to 98% at a constant temperature of
25 °C. The internal air of the closed system was allowed to
equilibrate with the corresponding % RH by introducing the
salt solutions into the chambers, and the equilibrium condi-
tions were monitored using a hygrometer (as shown in Fig. S47).
To investigate the behavior of the thick film substrate in
response to varying humidity levels, the substrate was succes-
sively placed within the airtight chambers. During this process,
the uptake of water molecules by the substrate was measured,
and impedance variations were recorded with an impedance
analyzer (65120B, Wayne Kerr Electronics, UK) using a two-
probe kelvin fixture.

2.6. Characterization

The phase analysis of the as-prepared nanocomposites was
carried out with a powder X-ray diffractometer (SmartLab SE,
Rigaku, Japan) using high-intensity Cu Ko radiation (1 = 1.5406
A) in the range of 10-80° (26). The peak profile analysis proce-
dure and equation are illustrated in the ESL{ The chemical
composition and oxidation states of the synthesized nano-
composites were characterized using an X-ray photoelectron
spectrometer (K-alpha, Thermo Scientific, Czech Republic)
equipped with a monochromatic Al K-alpha X-ray source
(1486.69 eV). Survey scans were conducted over a 400 pm?” spot
size area with a pass energy of 200 eV, 5 scans and an energy
step size of 1.0 eV. High-resolution scans for specific elemental
analysis were performed with a pass energy of 50 eV, a step size
of 0.10 eV, and 15 scans to obtain detailed spectral information.
Fourier Transform Infrared (FTIR) spectra of the synthesized
NCs were obtained in the range of 4000-400 cm™' using
a Fourier transform infrared spectrometer (Model: IRAffinity-
1S, MIRacle 10, Shimadzu, Japan) in order to confirm the
spinel structure by making pellets with the assistance of KBr.
The microstructure and size distribution of the synthesized
nanocomposites were examined using transmission electron
microscopy (TEM, JEM-2100 Plus, JEOL, Japan). For TEM anal-
ysis, the nanocomposites were dispersed in ethanol with the
assistance of ultrasonication (Model: LUH-105, Labocon, UK)
for 30 minutes. The resulting dispersion was drop-cast onto
carbon-coated copper grids and dried in a silica gel desiccator
for 3 hours before imaging. The magnetic properties of the
obtained samples were studied at room temperature (RT) using
a Vibrating Sample Magnetometer (VSM-8600, Lakeshore, USA)
at a maximum applied field of 15 kOe. The dielectric and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrical features of the obtained materials were explored with
an impedance analyzer (65120B, Wayne Kerr Electronics, UK) in
the frequency range from 100 Hz to 20 MHz at RT using
a dielectric measurement fixture. The powder was homogenized
using a mortar and pestle with 5% polyvinyl alcohol aqueous
solution and the powder was pelletized at a 10 mm diameter
using a press machine with 5 KN pressure. To evaporate the
binder, the pellets were calcined at 300 °C.

For complex impedance analysis, the following equations are
utilized. Rg and Cg represent the resistances and capacitances
of the grains, and the impedance Z” of this equivalent circuit is
given by

z¢ =27 —jz (1)

where
7 = _ R (2)
1+ R G,
Z// Rgszg

- "8 778 3
1 —|—Rg2w2Cg2 )

For each sample, there is a notable concurrence between the
computed and observed complex impedance values.

3. Results and discussion

3.1. X-ray diffraction (XRD) analysis

Powder X-ray diffraction (XRD) patterns of the as-prepared
samples are depicted in Fig. 1. The presence of a diffraction
pattern at an angle of 11.8° for the (001) diffraction plane
confirms the creation of GO. However, following a hydro-
thermal treatment of the obtained GO, a new diffraction pattern
emerges at an angle of 24.9° for the (002) diffraction plane, and
the disappearance of the reflection at 11.8° provides clear
evidence of the transformation of GO into rGO.*® The XRD peak
of g-C3N,, observed at a 27.6° angle on the (002) diffraction

(400)
@22)
» 611
(440)
(533)

‘
|
{
| |

Intensity (a.u.)

LM,M
3 ~— ICDD No. 22-1012
| [ T I I
50 60 70 80
20 (degree)

Fig. 1 XRD pattern of GO, rGO, g-C3N4, MF1, MF2, MF3, and MF4
nanocomposites.
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plane, is attributed to the presence of an interlayer structure of
aromatic rings within the graphite material. The assessment of
the phase purity and crystallinity of the Zn, sNi, sFe; §Mng ,0,
nanocomposites was carried out using XRD patterns and the
observed angles at 26 values of approximately 30.04, 35.5, 43.01,
53.4, 57.01, 62.6, and 74.03° corresponded to the (220), (311),
(400), (422), (511), (440), and (533) crystal planes of Zn, 5Nij 5-
Fe; gMn, ,04, respectively. These findings align with the stan-
dard data (ICDD No. 22-1012) for the face-centered cubic spinel
ferrite structure, confirming the purity and crystalline nature of
the nanocomposites.

The XRD analysis also confirmed the successful synthesis of
the ternary nanocomposites. The retention of diffraction peaks
corresponding to the individual components suggests that the
crystal phases remained intact during the fabrication process.
The identification of the crystal phases provides a foundation
for understanding the structural characteristics of the nano-
composites. The absence of any additional peak confirms that
the samples possess a spinel structure characterized by a single
phase.

The content of rGO and g-C;N, in the composites is signifi-
cantly lower compared to that in the predominant spinel ferrite
Zn, sNiy sFe; gMng ,0,. This low concentration results in weaker
diffraction signals from rGO and g-C;N,, which may fall below
the detection limit of the XRD instrument. Furthermore, the
layered materials are highly dispersed within the ferrite matrix,
leading to extensive exfoliation. This high degree of dispersion
disrupts the long-range crystalline order required for sharp XRD
peaks, causing the characteristic peaks of rGO and g-C;N, to
diminish or become undetectable.*®* The XRD results are
presented in Fig. 1, while the calculated lattice parameters are
succinctly outlined in Table 1.

The crystallinity of the composite materials increases
because the layered materials (rGO and g-C3N,) act as nucle-
ation templates, promoting orderly crystal growth of the spinel
ferrite nanoparticles. These materials provide enhanced nucle-
ation sites and reduce lattice strain and defects, leading to
larger and more uniform crystalline domains. They also prevent
nanoparticle agglomeration by offering physical barriers,
allowing individual particles to grow independently into well-
crystallized grains. Strong interfacial interactions and
controlled thermal conditions during synthesis further enhance
crystallinity by facilitating stress relaxation and reducing
imperfections.”** Evidence from characterization techniques
like XRD and TEM, along with supporting literature, confirms
that the incorporation of rGO and g-C3;N, results in composites
with improved crystallinity compared to pure spinel ferrite.
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X-ray peak analysis was carried out using the Classical Scherrer
(C-S) equation, Modified Scherrer (M-S) equation, Size-Strain Plot
(SSP), and Halder-Wagner (H-W) method and the results are
depicted in Fig. S1-S3.7 The crystalline size of all samples is
recorded in Table 1 and the detailed X-ray peak analysis equation
and methods are reported in our previous work.*

Further, the microstructural distortion that emerged in the
samples throughout the synthesis procedure is assessed
through SSP and H-W techniques. A negative strain value
signifies a compressive attribute, whereas a positive value
denotes a tensile characteristic of the strain.**

3.2. X-ray photoelectron spectroscopy (XPS) analysis

X-ray Photoelectron Spectroscopy (XPS) has demonstrated its
effectiveness in determining the oxidation state of various
elements. The XPS spectra depicted in Fig. 2 and S5t provide
insights into the surface chemical composition and electronic
state of the MF3 and MF4 nanocomposites. Examination of the
survey spectra highlights the existence of energy regions cor-
responding to Zn 2p, Fe 2p, Ni 2p, Mn 2p, C 1s, O 1s, and N 1s.
In Fig. 2, the high-resolution Zn 2p spectrum displayed two
prominent fitting peaks with centers at 1044 and 1021 eV. These
peaks were designated as Zn 2p,,, and Zn 2p;,, respectively,
signifying the Zn>" oxidation state in MF3.* Regarding the Fe 2p
spectrum, the binding energies observed for Fe 2p;/, at 715.6
and 710.5 eV align with the tetrahedral and octahedral sites,
respectively.*® Conversely, the presence of a peak at a binding
energy of 724.2 eV corresponds to Fe 2p;,,. Additionally, the
presence of shake-up satellite signals at 732.8 eV implies the
exclusive existence of Fe*" in the MF3 and MF4 nanocomposite
samples.””*® These assessments provide conclusive evidence of
the Fe’* oxidation state in the ferrite of MF3 and MF4 samples.

The XPS analysis findings for Ni 2p are illustrated in Fig. 2,
revealing two distinct peaks, Ni 2p;, and Ni 2p;5,, located at
872.6 eV and 855 eV, respectively. The observed variance in the
valence states of nickel ions is primarily attributed to chemical
interactions during the heating process, with Ni** and Ni**
manifesting in the Ni 2p3/, region. These outcomes align with
earlier discussions on valence states and primary peaks, vali-
dating the consistency of the results.*>*

Fig. 2 and S57 illustrate the deconvoluted XPS spectra for the
2p region of Mn. The effective incorporation of Mn cations into
MF3 and MF4 nanocomposites is substantiated by the distinc-
tive XPS spectra of Mn, displaying core-level peaks at 641.5 and
652 eV, corresponding to the Mn 2p;/, and Mn 2p;, states. This
deconvolution outcome verifies the presence of Mn in two

Table 1 Record of the crystallite size, lattice parameter, and strain of the materials

c-S M-S Ssp H-wW
Lattice parameter — I
Sample ID A) Des Dyis Dssp essp X 1075 Duw e X 107°
MF1 8.41 10.3 14.0 13.7 4.8 13.6 8.4
MF2 8.40 11.2 13.8 13.1 8.8 13.3 5.6
MF3 8.38 12.1 11.0 12.2 -3.5 13.2 —5.8
MF4 8.39 9.9 12.6 13.2 71 12.9 6.6
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Fig. 2 XPS spectra of Zn, Fe, and Ni in MF3 nanocomposites.

oxidation states, namely Mn** and Mn®*, across all Mn-doped
samples.”* The existence of both nickel and manganese in
two different oxidation states Ni** and Ni** and Mn** and Mn**

may be due to the charge neutralization of the spinel crystal.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The O 1s spectrum (depicted in Fig.
three distinct peaks at 530.4, 531.8, and 532.8 eV. The O 1s
binding energy at 530.4 eV is attributed to lattice oxygen
binding with Fe and Zn, denoted as Fe-O and M>**-O.

2) can be resolved into
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Furthermore, the peaks at binding energies of 531.8 and
532.8 eV are assigned to surface-absorbed oxygen species, such
as O,  ads and O™ ads, and the presence of residual oxygen-
containing groups bonded with C atoms in graphene (C-O
and C=O0) and C atoms in nitride (C-N and C=N),
respectively.***°® The chemisorbed oxygen on the MF NC surface
represents the most active oxygen, playing a crucial role in the
oxidation reaction.””

The XPS survey spectrum reveals two prominent peaks at
binding energies of 398.7 and 284.8 eV, corresponding to the N
1s and C 1s spectra, respectively (refer to Fig. 2). The high-
resolution C 1s spectrum was subjected to deconvolution,
resulting in three Gaussian peaks at binding energy values of
284.8, 286.5, and 286.8 eV. The peaks for the C 1s signals of the
original GO/g-C;N, were deconvoluted into several signals,
representing C-C and C=C (non-oxygenated) bonds at 284.7 eV,
the C-O (epoxy and hydroxyl) bond at 285.6 eV, the C=0 bond
at 287.4 eV, and the O-C=0 (carboxylate) bond at 288.9 eV.>**°

As depicted in Fig. 2, the XPS spectrum of N 1s could be
separated into three peaks, centered at 401.5, 400.3 and
398.7 eV. These peaks can be ascribed to C-N-H, N-(C); and
C-N-C groups in g-C3N, respectively.®>® The elemental
compositions of MF3 and MF4 are listed in Table 2.

3.3. FTIR spectroscopy analysis

The FTIR spectra of g-C3N,, GO, and rGO are provided in Fig. S6
in the ESI section.} These spectra offer detailed insights into the
vibrational modes and functional groups present in each
material, allowing for a clear distinction between the structures
of graphitic carbon nitride (g-C3N,), graphene oxide (GO), and
reduced graphene oxide (rGO).

Fig. 3 depicts the FTIR spectra of the MF1, MF2, MF3, and MF4
powders within the range of 4000-400 cm ™. The presence of two
prominent absorption bands in MF, labeled as »; (570-600 cm ™)
and v, (420-480 cm '), in all the examined samples is a shared
characteristic of all spinel ferrites.* These absorption bands can be
attributed to the stretching vibration modes of the Fe**-O*"
complex, which occur in the tetrahedral and octahedral sites,
respectively.®> Additionally, distinct peaks at 1170-1200, 1600-
1680, 3350-3450, and 1400-1620 cm ' are associated with the
stretching vibrations of C-O, C=0, O-H, and C=C, respectively.>”

Furthermore, the FTIR spectra of the magnetic samples
reveal vibration frequency peaks at 400-700, 1410, 1600-1700,

Table 2 Elemental concentrations (atomic%) of MF3 and MF4 ob-
tained from XPS

Atomic%
Element MF3 MF4
C1s 10.08 14.98
N 1s 0.94 1.17
O 1s 58.86 58.24
Mn 2p; 3.79 2.61
Fe 2p, 11.88 10.85
Ni 2p3 4.49 3.95
Zn 2p 7.61 7.05
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Fig. 3 FTIR spectra of MF1, MF2, MF3, and MF4 nanocomposites.

and 3400-3800 cm ' The presence of these characteristic
peaks provides confirmation of the formation of a well-
crystallized Zn, sNig sFe; sMny,0, spinel phase, which was
previously verified through XRD analysis. However, following
the incorporation of rGO or g-C3N, onto ferrites, the distinct
oxygen functional group peaks and certain other peaks become
either undetectable or less pronounced. This suggests that
hydrothermal synthesis has effectively resulted in the formation
of composites with rGO or g-C;N,.>®

3.4. TEM analysis

Transmission electron microscopy (TEM) analysis was con-
ducted to enhance the understanding of the morphological and
structural characteristics of the MF1, MF2, MF3 and MF4
nanocomposites, as shown in Fig. 4. Fig. 4(a and b) present two
different magnified TEM images of the MF1 nanoparticles,
revealing that the final product consisted of multiple nano-
spheres with diameters ranging from 6 to 24 nm. In contrast,
Fig. 4(c and d) show TEM micrographs indicating that MF2
adhered densely to the surface of graphene sheets, with an
average particle diameter of 6-26 nm. The morphology of the
MF3 nanocomposite is shown in the Fig. 4(e and f) and MF4
nanocomposites in the Fig. 4(g and h). The diameters of the
MF3 and MF4 nanocomposites ranged from 8 to 24 nm and 6 to
24 nm, respectively.

These TEM images confirmed the tightly integrated structure
of the nanocomposites, where NigsZngsFe; gMn,,0, nano-
particles were positioned on top of large rGO and g-C;N, sheets.
This observation suggests that the aggregation of the crystalline
Nig.sZn,y sFe; gMn, ,04 nanoparticles was restricted due to their
direct interaction with the hierarchically stretchable rGO and g-
C;3N, sheets. Notably, there was significant proximity between
the Ni, 5Zny sFe; gMn,,0, nanoparticles and the rGO sheets,
indicating excellent adhesion even after using a sonochemical
method to prepare the samples for TEM analysis.

Additionally, Fig. 4 shows a high-resolution TEM image of
MF, which revealed that the spacings between the crystal lattice
planes (111), (400), and (311) of MF crystals were 0.48, 0.21, and
0.25 nm, respectively. Fig. 4(i-1) show selected area electron

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TEM images of MF1 (a and b), MF2 (c and d), MF3 (e and f), and MF4 (g and h) nanocomposites at different magnifications, along with the
corresponding SAED patterns (i and 1).

diffraction (SAED) patterns. The well-resolved lattice fringes in Furthermore, the presence of Zn, Ni, Fe, Mn, C, and O elements
these patterns indicated that the Niy sZng sFe; gMn,,04 nano- in the nanocomposite was confirmed through energy dispersive X-
spheres possessed a high degree of crystallinity. ray spectroscopy (EDS) patterns, as shown in Fig. S6(a—c).T
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Fig. 5 Room temperature VSM plots of MF nanocomposites.

3.5. Vibrating sample magnetometer (VSM) analysis summarized in Table 3. The ratio (M,/M;) serves as an indicator
of the squareness of the hysteresis loop, reflecting the intricate
behavior of the ferrites. In this investigation, the (M,/M;) ratio is
notably low, suggesting that the materials analyzed are catego-
rized as soft magnets. This ratio serves as a key parameter in

To confirm the magnetic properties, Vibrating Sample Magne-
tometer (VSM) analysis of the prepared NCs was performed.
Fig. 5 displays the magnetic hysteresis patterns of the MF NP
system at room temperature (RT). The saturation magnetization
remains largely consistent across all NCs, except for MF2, which
exhibits a variance due to rGO integration. The linear magne-
tization curves with an ‘S’ like shape of MF at 15 kOe with nearly
zero coercivity and remanence indicates the superparamagnetic
nature of all the samples. Saturation magnetization (M) is
determined from the hysteresis curve at its maximum (Hax),
while remanent magnetization (M;) is derived from the same
curve at H = 0.00 Oe. The magnetic characteristics are

identifying inter-grain exchange interactions among nano-
particles within magnetic materials. According to Stoner and
Wolforth (1948), a (M,/M;) ratio of 0.5 signifies non-interacting
randomly oriented nanoparticles, while values below 0.5 indi-
cate magnetostatic interactions between particles. Analysis of
Table 2 reveals that the (M,/M;) ratio is significantly below 0.5
for all samples. Coercivity diminishes with cobalt doping in the
lattice, although no specific trend is observed, contrasting with
the observations in Table 1 regarding crystallite size. Typically,
the transition from a single domain to a multi-domain structure

. . . . . . s e
Table 3 Magnetic properties of the synthesized MF samples with an increasing particle size results in decreased coercivity.

Sample ID M, (emug ') M,(emug ) M/M;x 10> H,(Oe)

3.6. Dielectric properties

MF1 49.9 0.048 0.0961924 0.389 . . L . .

MF2 45.6 0.22 0.4824561 1.790 Fig. 6 illustrates the variation in the dielectric constant of the
MF3 48.9 0.16 0.3271984 1.348 materials studied across a wide frequency range (20 Hz-20
MF4 49.3 0.22 0.4462475 1.698 MHz). The data show a rapid decrease in the dielectric constant
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(c) Nyquist plots of experimental and calculated data (equivalent circuit is shown in the inset).

up to 1 kHz, followed by a gradual decline as the frequency
increases. At higher frequencies, around 10 kHz, the dielectric
constant stabilizes, indicating a state of dielectric dispersion.
The higher dielectric constant observed at lower frequencies is
attributed to heterogeneous conduction in composite materials.
The trend of decreasing dielectric constant with increasing
frequency implies a similarity between the polarization
behavior of ferrite and the conducting pathway. This phenom-
enon is connected to the local movement of electrons within the
electric field's influence, facilitated by the exchange of electrons
between Fe®" and Fe*" ions.*

This motion governs the polarization of the ferrite material.
It is widely acknowledged that polarization diminishes the
strength of the electric field within the medium. It is possible
that the inability of the electronic interaction between Fe*" and
Fe** ions to synchronize with the alternating field at different
frequencies contributes to the decrease in polarization as the
frequency rises.*

Consequently, there is a substantial decline in the dielectric
constant as the frequency increases. This dispersion, in line
with the Maxwell-Wagner model of interfacial polarization, can

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

be conceptually explained by referencing Koop's phenomeno-
logical theory.®*-*® This occurs due to the presence of free-charge
carriers within the material. With increasing frequency, the
polarization caused by space charge diminishes because these
free charge carriers are unable to keep up with the changes in
the electric field. As a result, only dipolar polarization remains,
which explains the consistent value of the real component of the
dielectric properties within the frequency range of 10 kHz to 20
MHz.* The addition of rGO results in an increase in the
dielectric constant, likely due to its superior conductivity.
Similarly, the inclusion of g-C;N, also leads to a significant rise
in the dielectric constant. This could be due to enhanced
polarization and conductivity within the MF3 nanocomposites,
thereby improving their dielectric properties.”®”*

Fig. 6(b) illustrates the frequency response of the dissipation
factor or dielectric loss tangent (tan ) for the obtained mate-
rials under investigation. The behavior of tan ¢ closely resem-
bles that of the dielectric constant, decreasing as the frequency
increases due to reduced polarization at higher alternating
current (ac) fields. The values of tand stabilize at higher
frequencies, particularly at 8 kHz. This change in tan § with

Nanoscale Adv., 2025, 7,1489-1504 | 1497
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frequency is attributed to the conduction process in ferrites,
which aligns with the empirical model proposed by Koop.”>”
The loss factor curve is believed to be influenced by domain wall
resonance. When the motion of domain walls is suppressed in
accordance with Rezlescu's model, losses are minimized at
higher frequencies. At lower frequencies, a minor irregularity
was noticed. According to Rezlescu's model, both positive (p)
and negative (n) charge carriers could have independently
influenced the relaxation peak. This phenomenon is also
influenced by the electrical interactions between Fe*" and Fe®",
Additionally, the dielectric loss tangent is contingent upon
conductance, whereby higher conductance corresponds to
increased dielectric losses.®*’* Furthermore, it is recognized
that dielectric loss, which can result from grain boundaries,
impurities, and defects in the crystal lattice, occurs when the
polarization lags behind the applied alternating field.*>”*

Fig. 6(c) displays Nyquist impedance plots for MF1, MF2,
MF3, and MF4. These plots illustrate the influence of ferrites’
low conductivity on grain boundaries. This conductivity limi-
tation hinders the movement of Fe*" and Fe*" ions at lower
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frequencies. As the applied field's frequency increases,
conductive grains become more responsive, facilitating ion
movement. Understanding this conduction process is vital for
identifying its primary source, whether it originates from the
grain itself, the grain boundary, or stray charges within the
electrode. Impedance spectral analysis is a valuable tool for
distinguishing between the contributions of the bulk (grain)
and grain boundary to overall conductivity.

In the plots, a single semicircular arc in the high-to-medium
frequency range and a slanted line in the low-frequency region
can be noticed. These correspond to charge transfer resistance
(Rcy) and Warburg impedance (W), respectively.*® When exam-
ining ferrite impedance spectra, a trend emerges: semicircle
diameters decrease with the introduction of rGO and g-C;N,.
This decrease indicates an increase in conductivity upon
incorporating these materials, aligning with our previous
analysis. The semicircle size reflects interfacial charge transfer
resistance. A smaller diameter suggests a faster charge transfer
rate and reduced charge recombination, significantly
enhancing catalytic activity.*>®
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Impedance changes at different RH levels and frequencies for the investigated sensors.
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To assess the recorded impedance spectrum, the results are
commonly replicated using an appropriate corresponding
circuit composed of a resistor denoted as R, and a capacitor
denoted as Cg. The analysis and simulation of impedance
spectra were performed using EIS Spectrum Analyzer software.
As intergranular or grain-boundary impedances are commonly
found in polycrystalline materials, they can be represented by
the equivalent circuit shown in Fig. 6(c).

3.7. Humidity sensing

To explore the moisture-detecting capabilities of the fabricated
sensors using MF1, MF2, MF3 and MF4 composites, tests by
monitoring changes in electrical impedance were conducted.
The thicknesses of the films were 123, 125, 122, and 127 um for
the sensors fabricated using MF1, MF2, MF3, and MF4 nano-
composites respectively used in the experimental section. The
size of the films was 20 x 40 mm?”. These tests involved sub-
jecting the sensors to various levels of relative humidity (RH)
ranging from 11% to 98% at different operating frequencies, as
illustrated in Fig. 7.

The impedance exhibited a gradual decrease as the RH level
increased, but this trend was observed only when the operating
frequency was less than 3 kHz. Among the tested frequencies,
100 Hz consistently demonstrated the most exceptional
responsiveness to changes in humidity for all the sensor types.
Specifically, at 100 Hz, as the humidity increased from 11% to
98% RH, the impedance dropped significantly. For the MF3 and
MF4 sensors, the impedance decreased from 407.4 kQ to 84.3 Q
and 160.3 kQ to 110.4 Q, respectively, under these conditions.
The MF1 and MF2 sensors displayed similar RH response
patterns, although their impedance changes were not as
pronounced as those of the MF3 sensor.

The observed phenomenon can be attributed to the
adsorption of water molecules on the sensitive materials’
surface, which promotes a polarization effect and leads to an
increase in the dielectric constant. Consequently, this causes
a reduction in sensor impedance as the relative humidity levels
rise. However, it is worth noting that the impedance curves
began to level off beyond 10 kHz, suggesting that changes in

30 x10°
—o—o— 9
25 — = —&— MF1
Humidity 33% o— MF2
SRy (a) —a— MF3
o —0—MF4
g
=
= 1.5
L
=%
£
-
1.0
Q—O—H__Q
0.5 4 —Q— -
D
0 2IO 4I0 GIO 8I0 1C|10 150

Time (days)

Fig. 8 Long-term stability of the sensor at (a) 33% RH and (b) 98% RH.
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relative humidity had a minimal impact on the sensors’
performance at frequencies above this threshold. This behavior
can be explained by the rapid change in the electrical field's
orientation, which hinders the polarization of water molecules
adsorbed on the sensitive materials' surface.

Following a 120 day exposure to ambient conditions at room
temperature, no significant deviations were detected in
impedance measurements. Fig. 8 illustrates the time-dependent
evolution of impedance values for the MF sensors when
measured at humidity levels of 33% and 98% RH. These results
confirm the excellent long-term stability of the device for
humidity detection, indicating its reliability and durability
under extended operating conditions.

Fig. 9 shows the SEM images of the fabricated humidity
sensor electrode. The SEM images (MF1 to MF4) reveal
a homogeneous and dense distribution of ferrite particles
across the electrode surface, indicating successful deposition
via the dispersion method. Each image shows the granular
nature of the ferrite, with micro-sized agglomerations that
suggest strong adhesion to the interdigitated electrode struc-
ture. Visible cracks and pores, particularly in MF1 and MF3,
likely result from drying processes and may influence the
sensor's humidity sensitivity by affecting its surface area. The
relatively rough surface morphology across all images could
enhance the electrode's interaction with water molecules,
improving the sensor's performance under humid conditions.
Overall, the images demonstrate that the ferrite coating is
uniform, with some textural variations that could contribute to
sensor efficiency.

Fig. 10 illustrates the humidity sensor's response and
recovery times using the MF3 ternary composite film. The
sensor demonstrated response and recovery times of 43 and 38
seconds, respectively. The prolonged response and recovery
times are likely attributed to the increased stable adsorption of
water molecules due to the large pore volume in the MF3 ternary
composite film. To improve the response and recovery kinetics
in future studies, it is advisable to explore reducing the
dimensions of structures in the MF3 ternary composite film.
Comparative studies are given in Table 4.
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Fig. 10 Graphical representation of the response—recovery activity of
MF3.

Table 4 Comparative response—recovery activity of ferrite-based
materials

Materials Response (s) Recovery (s) Reference
C;3N,/Fe;0, 24 16 77
rGO-MoS, 30 253 78
rGO-Fe,05 63 48 79

CuFe; ¢7Bij.0304 73 36 80

Ni, ,MgFe,0, 20 45 81
ZnFe,0, 330 80 82

ZnFe; osLUg.0504 35.6 6.5 83

Mgy oRbo 1 Fe,0, 20 30 3

MF3 43 38 This work

1500 | Nanoscale Adv., 2025, 7, 1489-1504

While some binary composites in Table 4 exhibit faster
response and recovery times, our MF3 material system offers
a balanced combination of performance metrics that make it
a strong candidate for practical humidity sensing applications.
Its advantages in terms of environmental friendliness, cost-
effectiveness, long-term stability, and ease of fabrication are
significant factors that favor its use over materials with
marginally better response times but potential drawbacks.

The selectivity of our sensor devices towards humidity is
ensured by the hydrophilic nature of the nanocomposite
materials, the specific adsorption mechanisms of water mole-
cules, and the frequency-dependent impedance response. The
combination of these factors minimizes the influence of other
species or gases on the sensor's performance.

3.7.1. Humidity sensing mechanism. In the investigation
of the humidity sensing mechanism of MF nanomaterials,
several key insights and challenges have emerged. While the
nanomaterials demonstrate promising humidity sensing capa-
bilities, their specific mechanism remains a subject of debate.
The humidity sensing mechanism of MF nanomaterials is
attributed to the adsorption and desorption of water molecules
on their surface.** There are two categories of adsorbed water
molecules: chemisorbed and physisorbed. The initial layer is
chemisorbed, and once it is established, it becomes resistant to
removal and remains unaffected by changes in humidity levels.
Higher humidity conditions lead to the accumulation of phys-
isorbed layers on top of the chemisorbed layer. Lowering
humidity levels facilitates their smooth removal. The formation
of the initial chemisorbed layer takes place at low relative
humidity (RH), where water molecules adhere to the sensor's
outermost surface through double hydrogen bonding.** The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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existence of these discrete water layers constrains the mobility
of water molecules. Nevertheless, the conduction mechanism
relies on the movement of protons within the layer, and since
a substantial amount of energy is required for proton charge
conduction, it results in a notably high impedance being
observed at low RH levels.

Conversely, as the RH increases, a shift occurs, where single
hydrogen bonds start forming between the water molecules that
have adsorbed in multiple layers. This results in the mechanism
bearing a stronger resemblance to the bulk liquid phase of
water.*> Furthermore, at elevated RH levels, the physisorbed
water molecules acquire charges and generate hydronium ions
(H;0") when subjected to an electric field, which serve as charge
carriers. Under high humidity conditions, protons are produced
when these H;0" ions undergo hydration (H;0" — H,O0 + H'),
making it easier for them to move within the proximity of
adjacent water molecules.’>®

The high surface area and porous nature of the nano-
materials provide ample sites for water molecule adsorption.
Analysis of the nanomaterials’ surface functional groups
revealed the presence of hydroxyl (-OH) groups, which are
known to interact strongly with water molecules. This interac-
tion influences the electrical and chemical properties of the
nanomaterials. As water molecules are adsorbed onto the
surface, they introduce additional charge carriers, leading to
changes in electrical conductivity. This change in conductivity
is utilized as the basis for humidity sensing. The possible
mechanism of the fabricated sensor is shown in Fig. 11.

4. Conclusion

This study successfully fabricated and characterized novel ternary
2-C3N,/Zn, sNig sFe; Mn, ,0,/rGO hybrid NCs with a particle size
range from 6 to 25 nm. The incorporation of graphene-based
nanomaterials, spinel ferrite nanoparticles, and carbon nitride
in a ternary configuration enabled enhanced humidity sensing
capabilities. The fabricated nanocomposites exhibited very good
sensitivity between RH 11 and 98% humidity levels, particularly
notable at a frequency of 100 Hz. The investigation into the

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

nanoscale interactions between different components provided
insights into the mechanisms responsible for the enhanced
sensing properties following chemisorption and physisorption of
water. The long-term stability of the sensors over a 120 day expo-
sure to ambient conditions further underscores their reliability for
practical applications. The multifunctional nature of these nano-
composites opens avenues for diverse applications in environ-
mental monitoring, healthcare, and consumer electronics.
Overall, this research contributes to the advancement of humidity
sensing technology through the development of innovative
nanomaterials with improved performance and stability.
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