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In this study, chromium-substituted lithium-copper ferrites with the nominal composition LixCuj _xCryFez yOq4
(x=0.2;y=0, 0.2, 0.4) were prepared through the traditional ceramic route. X-ray diffraction (XRD) confirmed
the formation of a single-phase cubic spinel structure (space group Fd3m), with crystallite sizes in the
37.1-37.2 nm range. The microstructural features—including particle shape, grain connectivity and
porosity—were examined by scanning electron microscopy (SEM), while Fourier-transform infrared (FTIR)
spectroscopy revealed characteristic ferrite absorption bands, with the most prominent features appearing be-
tween 420-497 cm™! and 547-600 cm . The optical response of the materials, evaluated by ultraviolet-visible
(UV-Vis) spectroscopy, showed an increase in band gap upon chromium incorporation up to y = 0.2, followed by
a reduction at y = 0.4. X-ray photoelectron spectroscopy (XPS) confirmed the presence of chromium in the
lithium—copper ferrite system, while the specific surface area was evaluated using nitrogen adsorp-
tion-desorption measurements based on the Brunauer-Emmett-Teller (BET) method. Humidity-sensing behavior
was assessed by monitoring the electrical resistance of the samples over a broad relative humidity interval
(8.9-97%) at room temperature. All compositions exhibited the expected decrease in resistance with rising
humidity and maintained stable performance over a 90-day period. Among the investigated ferrites, the y = 0.2
sample displayed the most favorable characteristics, offering response and recovery times of 77.8 s and 88.5 s,
respectively. The experimental data over the entire humidity range were well fitted by the Freundlich adsorption
isotherm, providing additional insight into the humidity sensing mechanism.

1. Introduction operational range, minimal hysteresis during adsorption-desorption

cycles, and fast response and recovery characteristics.

Humidity is an environmental parameter that fluctuates continu-
ously, making its precise monitoring essential. Reliable humidity control
is crucial in applications ranging from human health and comfort to
industrial processes and household technologies [1], since the amount of
water vapor present in air influences numerous physical, chemical, and
biological phenomena. When moisture levels rise beyond acceptable
limits, both living conditions and manufacturing performance can
deteriorate, underscoring the need for dependable sensing systems. For
this reason, humidity sensors must offer high sensitivity over a broad

* Corresponding authors.

Humidity sensors encompass several operating principles, including
capacitive, resistive, gravimetric, optical, quartz crystal microbalance,
and surface acoustic wave designs [2-7]. Among these, capacitive and
resistive configurations are the most widely implemented, with resistive
sensors receiving particular attention because they typically offer high
sensitivity and require relatively simple electronic circuitry. A broad
range of functional materials—such as metal oxides, ceramics, poly-
mers, and composite systems—has been explored for humidity detection
[8-10]. Within this landscape, porosity is recognized as a critical
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Fig. 1. (a) XRD patterns of LCCFO—0, LCCFO—0.2, and LCCFO—0.4 ferrites. (b)
Magnified view of the most intense (311) peak from the corresponding
XRD patterns.

Table 1
Structural parameters of LCCFO—0, LCCFO—0.2 and LCCFO—0.4 spinel ferrites.
The crystallite size (D) values are reported with an estimated uncertainty of

+0.1 nm, derived from the variation in the FWHM used in the Debye-Scherrer

calculation.
Sample ad D dx_ray (8/ dex (g/ P% S (m%/
name (nm) cm®) cm®) g)
LCCFO-0 8.361 37.1 5.17 4.64 10.2 34.85
LCCFO-0.2 8.310 35.4 5.26 4.56 13.3 37.17
LCCFO-0.4 8.302 37.2 5.25 4.75 9.5 33.95

parameter, as it strongly affects the interaction between water vapor and
the sensing surface. Consequently, porous oxide-based materials have
attracted considerable interest due to their ability to facilitate enhanced
vapor adsorption and improved sensing performance.

A number of earlier investigations have underscored the suitability
of spinel-type oxides for humidity detection. Rezlescu and co-workers
[11] showed that Mg-based ferrites can display pronounced humidity
sensitivity, with their response influenced by factors such as composi-
tion, crystallite dimensions, surface area, and porosity. Kassas et al. [12]
examined porous Li-Mg-Ti-O-F ceramics and observed that their
sensitivity remained relatively low below about 55% relative humidity

Sensors and Actuators: A. Physical 409 (2026) 118061

Absorbance (a.u.)

0.0

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 2. UV-Vis absorption
LCCFO—0.4 ferrites.

spectra of LCCFO-0, LCCFO-0.2, and

(%RH). Kuang et al. [13] explored individual SnO2 nanowires and re-
ported favorable sensing features. Ferrite materials intended for hu-
midity applications have been produced through several synthesis
routes, including solid-state processing [14], chemical co-precipitation
[15], and other thermal methods [16]. For example, Manikandan et al.
[15] prepared lithium-substituted copper ferrite films via
co-precipitation and obtained a moderate sensitivity of 2.2 MQ/%RH.
Likewise, Kotnala et al. [14] investigated lithium-modified magnesium
ferrite fabricated by solid-state reaction and reported sensitivities
ranging from 165 to 2080 within the 10-80% RH window. Patil et al.
[17] reported cation distribution and magnetic properties in
Cr-substituted lithium ferrite, while Patange et al. [18] investigated the
electrical and magnetic properties of Cr>*-substituted nanocrystalline
nickel ferrite. Raju et al. [19] examined the effect of chromium substi-
tution on the structural and magnetic properties of cobalt ferrite. To
date, no studies have reported chromium substitution in the lith-
ium-copper ferrite system for humidity sensing applications.

Accordingly, the present study provides a comprehensive assessment
of the humidity-sensing performance of chromium-substituted lith-
ium-copper ferrites. The samples were subjected to precisely controlled
humidity levels, generated through saturated salt solutions in a sealed
chamber, enabling the determination of key sensing parameters such as
sensitivity, response time, and recovery time.

The originality of the present work lies in the design and compre-
hensive evaluation of chromium-substituted lithium-copper ferrites
(LixCuj _xCryFez_yO4) as resistive humidity sensing materials, a
composition that, to the best of our knowledge, has not been previously
reported for this application. In contrast to earlier studies on Cr-doped
single-cation ferrites (such as Li, Ni, or Co ferrites), a mixed Li-Cu
spinel system is investigated, in which the Cr>* content is systematically
varied (y =0, 0.2, 0.4) and correlated with structural parameters (lattice
constant, crystallite size, porosity), optical band gap, and humidity
sensing performance over a wide RH range. This study further distin-
guishes itself by combining detailed microstructural characterization
with quantitative humidity response analysis—including sensitivity,
response/recovery times, and long-term stability over 90 days—and by
interpreting the sensing behavior through the Freundlich adsorption
isotherm, providing deeper insight into the role of Cr-induced defects
and surface active sites in governing protonic conduction in spinel
ferrite-based humidity sensors.



T. Mandal et al.
(a) y=0
S
&
P
£
S
E,=1.20eV
0 1 2 3 4 5

Photon energy (eV)

Sensors and Actuators: A. Physical 409 (2026) 118061

(b) y=0.2
3
8
P
<
S
Eg =1.24eV
1 2 3 4 5

Photon energy (eV)

(c)

(ahv)? (a.u.)

E,=1.13eV

2 3 4 5
Photon energy (eV)

Fig. 3. Tauc plots of LCCFO—0, LCCFO—0.2, and LCCFO—0.4, used for the estimation of the optical band gap values.

2. Materials and methods
2.1. Synthesis and characterization of ferrite materials

Polycrystalline ferrites with the nominal composition LixCu;_xCry.
Fez yO4 (x = 0.2; y = 0, 0.2, 0.4) were synthesized through a conven-
tional ceramic route and are referred to as LCCFO—0, LCCFO—0.2, and
LCCFO—0.4, respectively. Analytical-grade oxide precursors—LisO
(99.5%, Thermo Fisher Scientific), CuO (99%, Alfa Aesar), Cry03 (99%,
Alfa Aesar), and Fe;O3 (98%, Alfa Aesar)—were weighed in stoichio-
metric proportions using a single-pan balance.

The mixed oxides were wet milled in acetone for 3 h and subse-
quently pre-sintered at 700 °C for 24 h with a heating rate of 80 °C/h.
The pre-sintered powders were then milled again under identical con-
ditions and finally sintered at 1000 °C for 48 h. After sintering, the
material was crushed to obtain fine powders.

For pellet preparation, a 5% polyvinyl alcohol (PVA) solution was
incorporated as a binder. Pellets with a diameter of 10 mm and thickness
between 1 and 1.5 mm were pressed under 10 tons and later sintered at
700 °C for 10 h (heating rate: 80 °C/h).

The structural properties of the synthesized ferrites were character-
ized by X-ray diffraction (XRD) using a Rigaku D/Max—2400 diffrac-
tometer with Cu-Ka radiation (4 = 1.5406 A), operating at 40 kV and
30 mA, with a step interval of 0.02° over the 26 range of 20-70°. Surface
morphology and elemental composition were analyzed using a JEOL
JSM—-6360 scanning electron microscope (SEM) equipped with an

energy-dispersive X-ray (EDX) system. Optical measurements were ob-
tained using a Jasco V—770 ultraviolet-visible (UV-Vis) spectropho-
tometer, while Fourier transform infrared (FTIR) spectra were recorded
using a Jasco FT/IR—6100 instrument to evaluate metal-oxygen vibra-
tions and the presence of adsorbed water or atmospheric COs. Bru-
nauer-Emmett-Teller (BET) analysis was performed on the ferrite
samples using Quantachrome TouchWin v1.11 to determine the specific
surface area and pore size distribution. X-ray photoelectron spectros-
copy (XPS) was carried out using a Thermo Scientific K-Alpha system to
investigate the chemical composition of the samples.

2.2. Humidity sensing measurements

Controlled humidity environments were generated using saturated
aqueous solutions of NaOH, CaCly-6 Hy0, K5CO3, Mg(NO3),, NaNOg,
NaCl, KCl, and K3SO4, producing relative humidity (RH) levels of 8.9,
31, 43, 52, 63, 75, 86, and 97%, respectively [20-24]. The RH values
were confirmed using a calibrated hygrometer.

The direct current (DC) electrical resistance of the pelletized samples
at different humidity levels was measured via the two-probe method.
Conductive silver paste was applied to both pellet surfaces to ensure
ohmic contact, and the samples were interfaced with a Keithley 2450
(6'4-digit) source meter. All measurements were carried out at room
temperature, with each sample allowed to equilibrate at the target RH
until saturation. Response and recovery characteristics were evaluated
over the full 8.9-97% RH range.
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Fig. 4. SEM micrographs and corresponding grain size distributions of (a,d) LCCFO—O0, (b,e) LCCFO—0.2, and (c,f) LCCFO—0.4 ferrites. The histograms with
Gaussian fitting curves represent the grain size distribution obtained from ImageJ analysis.
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Fig. 5. EDX spectra of (a) LCCFO—0, (b) LCCFO—0.2, and (c) LCCFO—0.4 ferrites.

3. Results and discussion
3.1. X-ray diffraction

The structural characteristics of the LCCFO—0, LCCFO-0.2, and
LCCFO—0.4 ferrites were examined by XRD. All compositions exhibited
a single-phase cubic spinel structure belonging to the Fd3m space group.
The diffraction patterns contained reflections corresponding to the
(220), (311), (222), (400), (422), (511), and (440) planes (Fig. 1a),
consistent with the Joint Committee on Powder Diffraction Standards
(JCPDS) reference card no. 40-1120.

A progressive decrease in lattice constant was observed as the
chromium content increased from y =0 to y = 0.4 (Table 1). This

contraction reflects the substitution of Fe®* ions (0.67 f\) with the
slightly smaller Cr®" ions (0.64 A). The shift of the (311) peak toward
higher 26 values further confirms the reduction in lattice parameter
resulting from Cr incorporation (Fig. 1b). The Cr>* ions exhibit a strong
preference for octahedral sites in the spinel lattice [17,18,25,26].
Crystallite sizes (D), determined using the Debye-Scherrer equation,

092

" B cosf M

were found to lie between 37.1 and 37.2 nm, as summarized in Table 1.
Here, 1 = 1.5406 A corresponds to the Cu-Ka radiation, g is the full
width at half maximum (FWHM) of the principal diffraction peak (in
radians), and 6 is the associated Bragg angle.
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Fig. 6. XPS spectra of LCCFO—0.2: (a) survey spectrum and high-resolution spectra of (b) C 1s, (c) O 1s, (d) Fe 2p, (e) Li 1s, (f) Cu 2p, and (g) Cr 2p.



T. Mandal et al.

—vy=0
——y=0.2

Transmittance (a.u.)

A -
A W
W\/
. ' '
0 a0 s 50 60
Wavenumber (cm)

Transmittance (a.u.)

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm-)
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enlarged view of the 385-610 cm ™ region.

The theoretical X-ray density was calculated using:

8 M
dX—ray = W (2)

where M denotes the molecular weight of the composition, N is Avo-
gadro’s number, and a is the lattice constant. The experimental density
was obtained from the mass-to-volume ratio:
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Mass of the sample 3)
Volume of the sample

dex =
Porosity (P%) was then estimated through the relation:

P% = (w) x 100 4

dX —ray

where dx_rqy and dex correspond to the theoretical and experimental

densities, respectively.
Finally, the specific surface area (S) was estimated using the relation:

6000
~Dd, (5)

As shown in Table 1, the difference between the X-ray and experi-
mental densities confirms the presence of porosity in the samples [27].
The bulk density first decreases and then increases with chromium
content, resulting in a corresponding increase and subsequent decrease
in porosity, consistent with the inverse relationship between bulk den-
sity and porosity [28]. The reduction in porosity at higher Cr content
may be associated with enhanced densification during sintering. The
specific surface area increases with chromium substitution due to the
reduction in crystallite size. Smaller crystallite sizes provide a larger
number of surface atoms, thereby increasing the available surface area

[29,30].

S

3.2. UV-Visible spectroscopy

The UV-Vis absorption spectra of the chromium-substituted lith-
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Fig. 8. BET analysis of LCCFO—0.2: (a) nitrogen adsorption—desorption isotherm, (b) pore volume vs. pore radius distribution, (c) pore surface area vs. pore radius,

and (d) BET linear plot.
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Fig. 9. Variation of electrical resistance with relative humidity for LCCFO—O0,
LCCFO—0.2, and LCCFO—0.4 samples.

ium—copper ferrites are presented in Fig. 2. The optical band gap (E;) of
the LCCFO—-0, LCCFO-0.2, and LCCFO—-0.4 samples was extracted
using Tauc analysis, based on the absorbance-wavelength data obtained
from the spectrophotometer. More in detail, band gap estimation was
performed by plotting (ahv)? as a function of photon energy (hv) and
extrapolating the linear portion of the curve to the energy axis, as
illustrated in Fig. 3. The relation employed for this purpose is:

(ahv)? = A(hv — Ey) (6)

where a denotes the absorption coefficient, h is Planck’s constant, v
represents the photon frequency, and A is a proportionality constant.
The resulting band gaps were found to be 1.20 eV for LCCFO—O0,
1.24 eV for LCCFO—-0.2, and 1.13 eV for LCCFO—0.4. The moderate
widening of the gap at y = 0.2 is attributed to the introduction of
additional charge carriers associated with chromium substitution,
consistent with the preferential occupation of Fe®* sites by Cr®* ions in
the spinel lattice. This behavior can be explained by a Burstein—Moss-
type effect [31,32], in which the population of states near the conduc-
tion band leads to a shift of the Fermi level toward higher energies [33,
34]. At higher Cr content (y = 0.4), the decrease in band gap is likely
linked to the formation of oxygen vacancies at grain or particle

H
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interfaces, which introduce localized states within the band structure
and increase structural disorder, thereby reducing the effective band gap
[35-38]. All synthesized ferrites exhibit semiconducting characteristics.

3.3. Surface morphology

The surface features of the synthesized materials were examined
using SEM, as illustrated in Fig. 4a-c. The micrographs display aggre-
gates composed of irregularly shaped, cube-like particles with somewhat
indistinct boundaries. A broad distribution of grain sizes is evident, a
characteristic often favorable for humidity sensing. Such heterogeneous
microstructures typically contain interconnected pores and void net-
works that promote water vapor penetration and, consequently,
improve sensing performance.

Quantitative grain size analysis was carried out on the SEM micro-
graphs using ImageJ software (Fig. 4d-f). The average grain size of the
LCCFO—0 sample was found to be approximately 1.36 pm, while the Cr-
substituted samples LCCFO—0.2 and LCCFO-0.4 exhibited smaller
average grain sizes of about 1.06 pm and 1.08 pm, respectively. This
trend is consistent with the observed microstructure, indicating that
chromium substitution induces a moderate grain refinement without
significantly altering the overall morphology. The reduction in grain
size, together with the increased porosity and specific surface
area—particularly for LCCFO—0.2—suggests a higher density of surface
active sites, which can enhance water vapor adsorption and diffusion,
thereby contributing to the improved humidity sensing performance.

Elemental composition was assessed through EDX analysis
(Fig. 5a—c). For the LCCFO—0 sample, the spectra indicate the presence
of copper, iron, and oxygen, whereas the LCCFO—0.2 and LCCFO—0.4
samples additionally exhibit clear chromium signals. These results
confirm the successful incorporation of Cr ions into the Lig 2Cu gFej g§O4
lattice.

3.4. X-ray photoelectron spectroscopy

XPS was employed to investigate the elemental composition and
chemical states of the chromium-substituted lithium-copper ferrite.
Fig. 6a-g presents the survey and high-resolution spectra for the
representative LCCFO—0.2 sample. The survey spectrum (Fig. 6a) con-
firms the presence of all constituent elements (C, O, Fe, Li, Cu, and Cr),
indicating successful incorporation of chromium into the ferrite lattice.
The high-resolution C 1s spectrum (Fig. 6b) shows a main peak at

H H

\

o //Second physisorbed layer
\
H H

(I-)i Ia . Chemisorbed layer
| |

Fig. 10. Schematic representation of the Grotthuss proton-hopping mechanism responsible for charge transport at high humidity levels.
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Table 2
Comparative sensitivity of LCCFO—0.2 with other ferrite-based humidity
Sensors.

Ferrite compound Sensitivity Reference
Li-CuFe,04 2.2 MQ/%RH [15]
MgFe;04 (230 £11) % [20]
NiFe;04 (249 £ 20) % [20]
CuFe,04 (267 + 8) % [20]
CoFey04 590% [24]
LCCFO-0.2 595% Present study
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Fig. 12. Hysteresis curves of LCCFO—0, LCCFO—0.2 and LCCFO—0.4 ferrites.

~284.87 eV, attributed to adventitious carbon species. The O 1s spec-
trum (Fig. 6¢) exhibits two components: the peak at ~529.87 eV cor-
responds to lattice oxygen, while the peak at ~531.43 eV is associated
with surface hydroxyl groups [39,40], indicating the presence of
surface-active sites. The Fe 2p spectrum (Fig. 6d) shows characteristic
peaks at ~711.19 eV (Fe 2p3/2) and ~724.75 eV (Fe 2p1/2), confirm-
ing the presence of Fe3* ions in the spinel structure [41,42]. The Li 1s

Sensors and Actuators: A. Physical 409 (2026) 118061

peak (Fig. 6e) is observed at ~56.02 eV, consistent with lithium incor-
poration [43]. The Cu 2p spectrum (Fig. 6f) displays peaks at
~933.80 eV (Cu 2p3/2) and ~953.76 eV (Cu 2pl/2), along with a
satellite feature at ~941.91 eV, characteristic of cu®t species [44,45].
The Cr 2p spectrum (Fig. 6g) shows peaks at ~576.52 eV (Cr 2p3/2) and
~586.72 eV (Cr 2p1/2), confirming the presence of Cr>* ions in the
spinel lattice [46]. Overall, the XPS analysis confirms the successful
incorporation of chromium and supports the modification of the elec-
tronic structure and defect chemistry discussed in the previous sections.

3.5. FTIR analysis

The FTIR spectra of the sintered LCCFO—0, LCCFO-0.2, and
LCCFO—-0.4 samples, recorded over the 400-4000 em! range, are
shown in Fig. 7. The most prominent features appear in two regions:
420-497 cm™ and 547-600 cm™. These bands correspond to metal-
—oxygen stretching vibrations associated with octahedral and tetrahe-
dral coordination sites, respectively. Shifts in the positions of these
bands reflect variations in Fe-O bond lengths within the spinel lattice, a
behavior commonly observed in ferrite systems [47].

Additional spectral features occur at higher wavenumbers. A peak
near 2360 cm-! is attributed to C=0 stretching from ambient CO5 [48],
while the band around 1630 ecm™! arises from O-H bending vibrations of
adsorbed water molecules [48]. A broad absorption near 3500 cm! is
also present, which corresponds to H-O-H stretching and bending
modes associated with physisorbed or weakly bound water [49].

3.6. BET analysis

BET analysis was performed to evaluate the specific surface area and
pore characteristics of LiyCu;_xCryFes_yO4 (x = 0.2, y = 0.2). Nitrogen
adsorption—desorption measurements were carried out at 77 K, and the
corresponding results are shown in Fig. 8a-d for the representative
LCCFO—0.2 sample. The adsorption—desorption isotherm (Fig. 8a) ex-
hibits a type-IV profile, indicative of a mesoporous structure. The pore
size distribution (Fig. 8b) confirms the presence of mesopores, with an
average pore radius of approximately 7.86 nm. The variation of pore
surface area with pore radius (Fig. 8c) further supports the dominant
contribution of mesoporous features. The BET linear plot (Fig. 8d) was
used to determine the specific surface area, which was found to be
30.72 m%/g. The corresponding pore volume was estimated to be
0.0142 cm®/g. These results indicate that LCCFO—0.2 possesses a well-
developed mesoporous structure, which is expected to enhance water
vapor adsorption and facilitate charge transport during humidity
sensing.

3.7. Humidity sensing response

In this study, the humidity-sensing behavior of LiyCu;_xCryFes yO4
(x =0.2;y =0, 0.2, 0.4) was examined over a relative humidity range of
8.9-97% RH. Fig. 9 illustrates the change in electrical resistance as a
function of humidity for all compositions. A clear trend is observed in
which the resistance decreases progressively with increasing RH.

At low humidity levels (8.9-31% RH), the initial drop in resistance is
attributed to chemisorption. In this regime, a primary layer of hydroxyl
species forms as water molecules dissociate on the ferrite surface,
generating protons and hydroxyl ions (H20 — H* + OH"). The hydroxyl
groups bind to cationic sites, while the increased surface energy of the
crystallites favors dissociative adsorption [50-53].

In the intermediate humidity region (31-63% RH), the adsorbed
protons interact with additional water molecules to produce hydronium
ions (H* + Hy0 — H30%). As humidity rises further, physisorbed water
layers build upon the initial chemisorbed layer, increasing the number
of mobile charge carriers and producing a corresponding decrease in
resistance.

At high humidity (63-97% RH), multiple physisorbed layers
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Fig. 13. Response and recovery times of (a) LCCFO—0, (b) LCCFO—0.2, and (c) LCCFO—0.4 sensors under humidity cycling between 8.9% RH and 97% RH.

accumulate and capillary condensation becomes significant. Under
these conditions, hydronium ions may undergo dissociation (H3O* — H*
+ H0), releasing protons that transfer between adjacent water mole-
cules. This proton-hopping process, commonly referred to as the Grot-
thuss mechanism [54], provides an efficient pathway for charge
transport and results in a more pronounced resistance drop. A schematic
representation of this mechanism is shown on Fig. 10.

Sensitivity is a key figure of merit for any humidity sensor, since
dependable performance requires a pronounced and measurable
response across the full range of operating conditions. The sensitivity
S (%) of the LCCFO-0, LCCFO—0.2, and LCCFO—0.4 samples was
determined using the expression:

Rgo — R
=89 X100 @)
Ry

S (%) =
where Rgo denotes the resistance measured at the lowest relative hu-
midity (8.9% RH), and R, corresponds to the resistance recorded at a
given humidity level [23,55,56].

Fig. 11 shows the sensitivity of LCCFO—0, LCCFO-0.2, and
LCCFO—0.4 as a function of relative humidity. Among the three com-
positions, LCCFO—0.2 demonstrates the strongest response, reaching a
maximum sensitivity of 595%. This improvement is closely linked to its
microstructural characteristics, particularly its porosity and crystallite
dimensions. Higher porosity increases the number of accessible
adsorption sites for water molecules, promoting more efficient vapor
diffusion and enhancing the overall sensing response. Likewise, smaller
crystallite size contributes additional surface-active regions that support
adsorption—desorption processes.

To contextualize its performance, the sensitivity of LCCFO—0.2 was

compared with previously reported values for ferrite-based humidity
sensors. A summary of this comparison is provided in Table 2.

The hysteresis behavior of the sensing elements was evaluated by
first increasing the relative humidity from 8.9% to 97% RH and then
reducing it back to 8.9% RH, while recording the resistance at each step.
Hysteresis reflects the difference between adsorption and desorption
pathways during humidity cycling. Fig. 12 shows the hysteresis curves
obtained for the LCCFO—0, LCCFO—0.2, and LCCFO—0.4 samples.

The hysteresis error (H,) was calculated using the relation:

ARmax

H, =+ 8
e 2 Frs ®

where AR ax represents the maximum deviation between the adsorption
and desorption branches, and Frs denotes the full-scale output [23,57,
58]. This parameter provides insight into the reliability and stability of
the sensing response. The hysteresis curves indicate that the adsorption
and desorption paths nearly overlap for all samples. The maximum H,
for LCCFO—0 was observed at 86% RH with a value of 1.04%, while
LCCFO—-0.2 exhibited a lower value of 0.53% at 63% RH. For
LCCFO—0.4, the maximum H, reached 1.33% at 31% RH. The relatively
low H, values (< 1-1.3%) indicate good reliability and repeatability of
the sensing behavior [39].

The response and recovery times provide insight into how quickly a
sensor can react to changes in ambient humidity. In this work, the
response time was defined as the interval required for the resistance to
reach 90% of its total change when the humidity was increased from
8.9% to 97% RH. Conversely, the recovery time corresponds to the
period needed for the resistance to return to 90% of its initial value when
the humidity was reduced from 97% RH back to 8.9% RH. Fig. 13
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Fig. 14. Long-term stability of (a) LCCFO—O0, (b) LCCFO—0.2, and (c) LCCFO—0.4 sensors monitored over 90 days under different humidity conditions.

presents the response and recovery characteristics of the LCCFO-O0,
LCCFO—0.2, and LCCFO—0.4 samples.

Among the compositions, LCCFO—0.2 exhibited the fastest dy-
namics, with response and recovery times of 77.8 s and 88.5 s, respec-
tively, during a full adsorption-desorption cycle. This improved
performance is attributed to its higher concentration of open and
interconnected pores, which accelerates water vapor diffusion
throughout the material.

Stability is another important criterion for evaluating long-term
sensor performance [59,60]. To assess this property, the resistance of
each sample was recorded at various humidity levels over a 90-day
period, with measurements taken every 10 days. The long-term stabil-
ity profiles of LCCFO—0, LCCFO—0.2, and LCCFO—0.4 are shown in
Fig. 14.

3.8. Relative deviation in resistance and Freundlich adsorption isotherm
model

The relative deviation in resistance (ARy) provides a quantitative
measure of the sensor response under varying humidity conditions and
is particularly relevant for evaluating device performance during tran-
sitions between different RH environments. Fig. 15a shows the variation
of ARy as a function of relative humidity for all compositions, revealing
the presence of two distinct regions. This behavior is associated with the
underlying conduction mechanism, where the region before and after
the transition point (T.) corresponds to conduction dominated by
chemisorbed and physisorbed water layers, respectively. The different
slopes observed in the ranges 8.9-52% RH and 52-97% RH further
support the existence of two conduction regimes.

10

The relative deviation in resistance was calculated using the relation:

RLH

%ARy; = ~ Ru

LH

x 100 )

where Ry is the resistance measured at the lowest humidity level (8.9%
RH), and Ry is the resistance at a given humidity.

When the sensor is exposed to a wide humidity range, a new
adsorption—desorption equilibrium is established. This behavior can be
attributed to van der Waals interactions and hydrogen bonding between
adsorbed water molecules and surface active sites [23,61]. Ferrite ma-
terials are known to possess a large number of adsorption sites in the
form of multi-cation centers; therefore, the Freundlich adsorption
isotherm is appropriate for describing the surface adsorption mechanism
in humidity sensors. The relationship between ARy (representing the
sensor response) and the relative humidity C (related to water vapor
concentration) can be expressed as:

ARy = kC* 10)
where k and «a are constants representing the adsorption capacity and
adsorption strength, respectively [61-63].

Fig. 15b presents the log-log plots of ARy vs. relative humidity for
LCCFO—-0, LCCFO-0.2, and LCCFO-0.4, together with the corre-
sponding Freundlich fits. Two linear regions are clearly observed, cor-
responding to low (8.9-52% RH) and high (52-97% RH) humidity
ranges. The transition humidity (T.) was determined from the inter-
section of the two linear fits. The T, values were found to be 45.70%,
42.65%, and 44.15% for LCCFO—0, LCCFO-0.2, and LCCFO-0.4,
respectively. The lower T, observed for LCCFO—0.2 indicates an earlier
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Fig. 15. (a) Relative deviation in resistance (ARy) as a function of relative
humidity for LCCFO—0, LCCFO—0.2, and LCCFO—0.4 samples. (b) Log-log
plots of ARy vs. relative humidity, showing the linear fitting of the Freundlich
adsorption model in the low (8.9-52% RH) and high (52-97% RH) humidity
regions, along with the corresponding transition humidity (T.) values.

Table 3

Freundlich adsorption parameters for LCCFO—0, LCCFO—0.2 and LCCFO—0.4 in
the low (8.9-52% RH) and high (52-97% RH) humidity regions. The constants k
and a represent the adsorption capacity and adsorption strength, respectively,
while R? denotes the goodness of fit of the linear regression.

Sample name RH range (%) k a R?
LCCFO-0 8.9-52 1.24 £0.32 2.39 +0.22 0.98
52-97 6.86 + 0.07 0.50 + 0.04 0.98
LCCFO—-0.2 8.9-52 1.81 + 0.57 2.52 +0.38 0.96
52-97 13.61 +0.12 0.33 £ 0.06 0.93
LCCFO—-0.4 8.9-52 1.77 £ 0.54 2.49 +0.37 0.96
52-97 12.11 + 0.06 0.20 £ 0.03 0.91

onset of physisorption-dominated conduction, which is beneficial for
humidity sensing performance.

The Freundlich parameters k and a obtained for both regions are
summarized in Table 3. The values of @ are greater than unity in the low
humidity region, indicating strong adsorption due to chemisorbed water
layers. In contrast, a decreases significantly in the high humidity region,
reflecting weaker adsorption associated with physisorbed multilayers.
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The overall trend of the parameters suggests that chromium substitution
enhances the density of surface active sites, particularly for LCCFO—0.2,
leading to improved adsorption behavior.

The Freundlich model thus provides a consistent interpretation of the
sensing mechanism. At low humidity levels, charge transport is pri-
marily governed by electronic conduction, as protons remain localized
within chemisorbed and initial physisorbed layers. At higher humidity
levels, the formation of continuous physisorbed water layers enables
proton transport via the Grotthuss mechanism, leading to dominant
protonic conduction and a significant decrease in resistance. Addition-
ally, previously adsorbed and ionized oxygen species may influence the
adsorption—desorption processes occurring at the sensor surface.

4. Conclusions

Polycrystalline LiyCu; _xCryFey_y04 ferrites (x = 0.2;y = 0, 0.2, 0.4)
were successfully prepared through a conventional ceramic synthesis
route. XRD analysis verified the formation of a cubic spinel structure
with nanometer-scale crystallite sizes, while SEM observations revealed
a mixture of grain morphologies and a porous microstructure that is
advantageous for humidity sensing. FTIR spectra showed the charac-
teristic vibrational modes of ferrites, and UV-Vis measurements indi-
cated that chromium substitution influences the optical band gap,
producing a slight increase at y = 0.2 followed by a reduction aty = 0.4.
XPS analysis confirmed the incorporation of Cr®" ions and provided
insight into the chemical states and defect structure, while BET mea-
surements revealed a mesoporous structure with enhanced specific
surface area.

Humidity-sensing tests carried out between 8.9% and 97% RH at
room temperature confirmed that all samples displayed a decrease in
resistance with increasing humidity. Among the investigated composi-
tions, LCCFO—0.2 demonstrated the most promising performance, of-
fering rapid response and recovery times (77.8 s and 88.5s), high
sensitivity (595% at 97% RH), and stable operation over a 90-day
monitoring period. These advantages are attributed to its enhanced
porosity and microstructural features that promote efficient water vapor
adsorption and transport.

To further elucidate the adsorption-desorption processes occurring
at the sensor surface, the experimental data were analyzed using the
Freundlich adsorption isotherm model. The results provide additional
insight into the role of surface active sites and confirm the suitability of
LCCFO—0.2 as a reliable humidity-sensing material capable of operating
effectively over a wide relative humidity range.
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