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ARTICLE INFO ABSTRACT

Keywords: In the present world, the development of room temperature humidity sensor materials has always been a very
Solution combustion method popular research field. Rare earth (RE) doped ferrites are considered as potential resistive humidity sensing
FTIR

material owing to its high remarkable surface morphology with high porosity. Recent studies have shown that
ferrite ceramics have good response in recovery time and have excellent humidity sensing behavior. With this in
mind, solution combustion synthesis was used to effectively prepare RE dysprosium (Dy>*) and holmium (Ho>")
doped Mn-Zn ferrite ceramics with the chemical formula Mng.5Zng sDyxHoyFes.404 (x = 0.005 to 0.03) (MZDHF)
(where x, y = 0.0, 0.01, 0.015, 0.02, 0.025 and 0.03). The MZDHF XRD pattern revealed the purity of the samples
without any secondary phase. The crystallite size MZDHF is in the nano range. Further, the calculated lattice
parameter of MZDHF is found to be increasing with the RE content. The two prominent major absorption bands
related to A-site and B-site were confirmed by FTIR spectra. The hysteresis loops of MZDHF are used to inves-
tigate the differences in magnetic properties with an Dy>"-Ho®' concentration. The remanence magnetization,
saturation magnetization, coercivity and anisotropy of the ferrites were determined. The saturation magneti-
zation decreases with increase of Dy>"-Ho®" concentration. The change in the surface resistance for all the
samples was studied. Among all the samples, Mng.5Zng 5Dyo.03H00. 03Fe1.9604 composite has shown a drastic
variation in resistance. And the corresponding sensing response for the same sample is found to be 99%. Along
with this, the sample has shown a least hysteresis and good stability. Also, the Mng.5Zng 5Dyo.03H00.03Fe1.9604
composite has shown a good timing behavior of 90 s and 18 s. The sensing mechanism for the prepared
Mny.5Zng sDyo.03H00 03Fe1.9604 composite was thoroughly discussed.

Humidity sensing
Saturation magnetization

1. Introduction everyday life, including energy-related applications, medical diagnosis,
photocatalysis and magnetic recording systems [9,10]. Science and
innovation nowadays rely heavily on sensing devices and materials.

Humidity sensor systems have a wide range of possible applications,

Nano-ferrites, which are currently being studied, have piqued curi-
osity on account of their remarkable magnetic and sensing properties.

Due to their extraordinary physical and chemical properties, spinel
ferrites nanoparticles have become a significant field of research in
nanotechnology, nanoscience, and nanoelectronics [1-6]. Spinel ferrites
nanoparticles are important materials in ferrofluid technology and data
storage devices [7,8]. Their applications also span almost every aspect of
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including medicine, chemical gas purification, agriculture, garment
manufacturing, and food packaging [11,12]. Ceramics, polymers, and
organic compounds can all be used to make humidity sensor materials.
With high stability and low hysteresis, sensing materials help their
sensing response and recovery time. Ceramic-based materials are
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Fig. 1. Schematic representation of Humidity sensing set-up.

discovered to be a preferred option over any remaining sensing mate-
rials due to their high mechanical power, mechanical and chemical
stability and low cost [13-15]. The spinel ferrites have a general formula
AB,04, where A and B denote the tetrahedral site and octahedral site,
respectively [16,17]. The general empirical formula for spinel ferrites is
MFe,0.4, where M is the divalent (+2) metal ions such as Mn?*, Zn?*,
Co%*, Mn?*, Ni%*, Mg?* and so on) [18,19]. Almost all properties of
spinel ferrites nanoparticles are tailored by the careful selection of metal
ions and their distribution between A-sites and B- sites. Since then, some
ferrites have been prepared using numerous methods such as solution
combustion method, co-precipitation, sonochemical method, micro-
emulsion, and so on [20-23]. Spinel ferrites are extensively researched
for their significant applications in the electronics field like sensors,
memory devices, data storage, inductors, power conversion,
high-frequency materials and also in the biosciences field like purifica-
tion, contrast agents, drug delivery systems and biomolecule separation
[24-29]. The spinel family includes Mn-Zn ferrite, a soft magnetic
substance of high saturation induction, low coercivity and high mag-
netic permeability. It also has a small hysteresis loop, low magnetic
losses, and low eddy-current losses, in addition to a variety of applica-
tions in medical diagnosis, drug delivery, and heat transfer [30-32].
Mn-Zn ferrites are additionally significant in industry in view of their
excellent magnetic properties, such as low magnetic loss and high initial
magnetic permeability [33-35].

Since magnetic permeability is proportionate to saturation magne-
tization (Mg) square and coercive fields (H,) is inversely proportionate to
saturation magnetization (Mg), high saturation magnetization is like-
wise one of the crucial obligations for magnetic soft materials to save
energy and achieve system miniaturization. Unfortunately, due to their
ferrimagnetism, Mn-Zn ferrites have a low MS. Ions substitution is
commonly used in the synthesis of Mn-Zn ferrites to improve the MS.
The improvement is, however, restricted [36-39]. In the current work,
the Mno.5Zng sDyyHoyFe; ,O4 (x = 0.005 to 0.03) NPs were synthesized
by solution combustion method. Synthesized nanoparticles were studied
through XRD, FTIR, VSM and humidity sensing studies to investigate the
structural, magnetic and sensing properties.

2. Synthesis method and characterizations

Stoichiometric quantities of oxidizers such as manganese nitrate,
zinc nitrate, ferrous nitrate, dysprosium nitrate, holmium nitrate and
fuels as stoichiometry quantities of fuels glucose and urea were mixed in
30 ml of distilled water, and the combined solution was taken in a glass

beaker. Then the combined solution was continuously stirred for 1 h to
achieve a homogeneous solution. At 450 °C, this homogeneous solution
was kept in a box style muffle furnace that had been preheated. The
solution boils, froths, and then burns with a smoldering flame at first.
The combustion process will be completed within 20 min.

The XRD was characterized by utilizing CuK, radiation (A = 1.5406
A) and the 20 diffractogram was run from 10° to 80° with a stage size of
0.02 We can deduce crystalline phase and structure from XRD patterns.
The vibration modes of the sample were estimated using FTIR spectra
(IR-100 Shimadzu) in the range of 4000 to 400 cm-1. A PPMS, Quantum
Design Inc. Device was utilized to study the magnetic properties at room
temperature.

2.1. Humidity sensing set-up

The pellet of the sample was prepared using a hydraulic press to
perform the humidity sensing studies. The silver was pasted on it to get
the electrical contact and heated in an oven for 2 h at 55 °C. The pre-
pared sample was placed within the probes of the electrode. The ends of
the electrode were connected to the digital multimeter and interfaced
with the computer to measure the resistance by using AC mode. Each
resistance value was determined by enclosing the pellet in the electrode
in each flask containing a different saturated salt solution [40]. The
schematic humidity setup was represented in Fig. 1.

3. Results
3.1. Structural analysis

The X-ray diffractometer (XRD) is a well-known instrument for
investigating the structure of prepared materials. Fig. 2 shows the
refined XRD pattern of MZDHF. The single-phase cubic structure was
verified for all samples, and the pattern matched data card
ICDD#10-0319 perfectly. The miller indices (hkl) suggested a spinel
cubic structure without the appearance of secondary phases (Fig. 3). The
lattice constant (a) values were estimated from Rietveld refinement. For
x =y = 0.005 to 0.03 concentration, the values of ‘a’ were found 8.3964
to 8.4245 10\, respectively (see Table 1). Equation (1) was utilized to
estimate the crystallite size of MZDHF using the Debye Scherrer equa-
tion [41,42];

D=k \/Bcosd
The “A” denotes the X-ray wavelength, the “p” denotes the FWHM
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Fig. 2. The XRD patterns of Mng.sZng sDyxHoyFes..yO4 (x = y = 0.005 to 0.03) nanoparticles.

value, k is the Scherrer constant and 0 denotes the diffraction angle. The
crystallite sizes measured ranged from 11.88 to 6.44 nm for x = 0.005 to
0.03, respectively. The large ionic radius of rare-earth ions increases the
lattice parameter value while decreasing the average crystallite size,
which is a popular trend [43]. However, in some cases, such as in our
investigation, the researchers found different actions. The introduction
of the Dy>*-Ho>" ions cause increases in the lattice parameter in our
analysis. As the large ionic radius of Dy>* (0.912 A) and Ho®* (0.901 A)
ions replaces the small ionic radius of Fe®t (0.645 f\) ion at the B-site
position, the lattice structure becomes asymmetric [44].

3.2. FTIR analysis

In FTIR spectra, spinel ferrites are characterized by two strong bands
of Metal-Oxygen (M O). The higher frequency band v; related to A-site
(tetrahedral site) stretching vibrations in the 600-500 cm ! range, while
the lower frequency band v; related to B-site (octahedral site) stretching

vibration in the 500-400 cm ™! range. Fig. 3 shows the FTIR spectra of
MZDHF. These spectra were taken in the 380-4000 cm™! wavenumber
range. Both vibrational frequencies such as v; and vq for Dy3+—Ho3+
doped samples showed a steady shift to the lower frequencies side with
increasing of Dy>*-Ho®* concentration, as shown in the spectra. The
following is a breakdown of how the bands are shifting. The addition of
Dy>*-Ho®" ions to B- sites (octahedral sites) causes Mn?*-Zn* jons to
migrate to A-sites [44]. This will unwind the strain by transporting Fe3t
ions from A-site to B- site. The strong ionic radii of tetrahedral sites are
due to the enhanced dwelling of Mn?*-Zn*" ions. Similarly, Dy**-Ho®*
ions content increasing at octahedral sites results in enhanced ionic radii
at octahedral sites. Actually, these migrations cause an increase in the
ionic radii of the A-site and B-site, resulting in a gradual shifting of
vibrational frequencies i.e., v; and v, to lower frequencies side [45].
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Fig. 3. FTIR spectra of Mng.5sZng sDyxHoyFe» 04 (x = y = 0.005 to 0.03)
nanoparticles.

Table 1
Structural parameters of Mng.s5Zng sDy,HoyFes .04 (x = y = 0.005 to 0.03)
nanoparticles.

Dy-Ho Lattice Crystallite Size Volume Hoping length A
content parameters (A) D in (nm) (A3)
La Lg
x = 0.005 8.3964 11.88 591.94 3.6357 2.9685
x = 0.01 8.4044 10.65 593.63 3.6392 2.9714
x = 0.015 8.4067 8.001 594.12 3.6402 2.9722
x = 0.02 8.4157 7.80 596.03 3.6441 2.9753
x = 0.025 8.4193 7.97 596.79 3.6456 2.9766
x = 0.03 8.4245 6.64 597.90 3.6479 2.9785
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Fig. 4. M — H loop of Mng.5ZngsDyHoyFe; 04 (x = y = 0.005 to 0.03)
nanoparticles.

3.3. Magnetic study

Magnetic hysteresis loops for all samples calibrated at room tem-
perature with an applied magnetic field of 15000 Oe are shown in Fig. 4.
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Table 2

The magnetic parameters, Mg (saturation magnetization), M, (remanent
magnetization, S (reduced remanence), Hc (coercivity), K. (cubic anisotropy)
and K, (uniaxial anisotropy).

Dy-Ho Mg M, S H, Kc (erg/ Ku (erg/
content (emu/g) (emu/g) (Oe) Oe) Oe)

x = 0.005 6.362 0.1318 0.0207  16.24 161.43 104.89
x =0.01 5.945 0.1285 0.0216  18.2 169.06 109.84
x = 0.015 2.386 0.0465 0.0194 16.43 61.25 39.79

x =0.02 0.797 0.0138 0.0173  16.56 20.62 13.39

x = 0.025 0.652 0.0068 0.0104  14.96 15.24 9.90

x =0.03 0.507 0.0053 0.0104  15.23 12.06 7.83

With enhancing Ho-Dy doping, the Mg (saturation magnetization)
clearly decreased. The saturation magnetization values for all the sam-
ples were calculated as follows: a straight line was extrapolated towards
the magnetization axis from the linear region of the magnetization
curve. The saturation magnetization was calculated as the crossing point
of this line with the magnetization axis. Table 2 shows the Mg values for
all of the samples. A maximum saturation magnetization value was
obtained for the x = y = 0.005 sample, indicating the existence of
superparamagnetic and single-domain particles [46]. The values of Mg
in the Ho-Dy doped samples were found to decrease even more as the
Ho-Dy content increased. This reduction in saturation magnetization
values may be identified with the decreasing size with increase of Dy-Ho
content, as shown by the XRD results (Table 2). Besides, the 4f electrons
of Ho>* and Dy>" ions have no exchange contact with 3d electrons of
Fe>' ions. As a result, at room temperature, the magnetic moments
(magnetic dipoles) of Ho®>" and Dy>" ions, originating from the 4f
electrons are arbitrarily focused. They are isolated and occupy the B site
as “paramagnetic-like-defect” atoms [47,48]. The coercivity varies with
Dy3+-Ho3+ concentration. Table 2 shows the M, (remanent magnetiza-
tion) values obtained from the M — H loop’s intercept on the magneti-
zation axis. The remanent magnetization values decrease with the
increase of Dy3+—Ho3+ concentration in the samples, as can be seen [46].
The sample with 0.03 mol% doped Dy®>"-Ho®* sample had the lowest
remanent magnetization value, indicating that the sample has “higher”
superparamagnetic-like behavior due to a minor doping of the
Dy>*-Ho®" ions [47]. The uniaxial and cubic anisotropy values were
estimated and tabulated in Table 2.

3.4. Humidity sensing studies

The variation in the surface resistance with different humidity was
depicted in Fig. 5. MZDHF was tested for the humidity sensing behavior
at the room temperature. The variation in the resistance was maximum
for the highest composition sample. It is noteworthy that, as the content
of the dopants increases, the resistance variation enhances and the hu-
midity sensing response goes on increase. The sensing response (Sr) for
all the samples was calculated using equation (2).

|R. — Ry

L

Sp= x 100% 2
where, Ry is the resistance at lower % RH and Ry are the resistance at
higher % RH.

The variation in the sensing response with the % RH of all the
composites is represented in Fig. 6. As the dopants increases, the linear
variation in the resistance increases. In turn, the sensing response in-
creases. For the highest composition, the sensing response has reached
the epitome of 99%. The bar graphs show the increase in the sensing
response for each relative humidity clearly. The crystallite has
decreased, leading to the improvement in porosity and an increase in the
surface area, which provides more active sites for the water adsorption,
which helps for the enhancement in the humidity sensing behavior [49].
Since the highest composition sample has shown the maximum variation
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Fig. 6. Variation of Sensing response with the % RH.

in the resistance and the sensing response is good. Thus, the other hu-
midity sensing parameters were performed only for the highest

composition sample.

3.4.1. Timing behavior
The response and recovery behavior for the

Mny.5Zng 5Dy 03H0o.03Fe1.9604 composite was shown Fig. 7. For the
measurement of the timing behavior two flasks with lower of 11% RH
and higher humidity of 97% RH was considered. The holder containing
the testing sample was places in the flask at 11% RH, with in the time
gap of 1 s suddenly the sample was moved to the flask containing 97%
RH. The response time was recorded by moving the sample from 11%
RH to 97% RH and the recovery time was recorded by moving the
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Fig. 7. Humidity response and recovery behavior of the composite.

sample from 97% RH to 11% RH, then the response and the recovery
time was recorded. Since the increase’s porosity and larger surface area
the highest composition sample has shown a response time was found to
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be 90 s and the recovery time recorded to be 18 s. It is noteworthy that,
as the composition of the dopants increases the surface sites for the
water adsorption increases in turn helps for humidity sensing [50].

3.4.2. Humidity hysteresis

The variation in the absorption and desorption behavior of the
composition is considered as the humidity hysteresis. The humidity
hysteresis for the higher composition of the sample was shown in Fig. 8.
The humidity hysteresis can be calculated by using Equation (3) [51].

The humidity hysteresis was calculated using Eq. (3),

(Yab - Ya()

% Hysteresis = x 100% 3

Yoin = Yinax)

where, Yo and Y, are the highest and least value of Y at the mean of the
%RH. The humidity hysteresis was found to be 9% for the highest
composition sample.

28619



A. El-Denglawey et al.

@ —) MuZu Dy Ho

[ \
N % Water molecule (] I:f

When kept in saturated
salt solution

| % Hydroxyl group

H* lon

Ceramics International 47 (2021) 28614-28622

}'f .\ Hydrogen honding
/ between Hydroxyl
groups

Sccond step of Physisorption

Increasing
Relative
Humidity

First step of Physisorption
(%)

Chemisorption

Fig. 10. The Humidity sensing mechanism.

3.4.3. Humidity stability

Stability is the most important parameter to judge the potentiality of
the sensor. For every one weak the sensing response of the sample was
measured for 33% and 97% RH. The humidity stability for the sample
was given in Fig. 9. The standard deviation for the 33% RH was 0.29 and
for the 97% RH it was found to be 0.42. This represents that at lower
humidity the sensor was more stable and efficient [52].

The enhanced variation in the surface resistance, humidity sensing
response, good response and recovery behavior, least hysteresis and
more stability make this sensor more potential and can be used for larger
production.

3.4.4. Humidity sensing mechanism
The sensing mechanism can be analyzed in to 3 steps:

1. Chemisorption,
2. Physisorption and
3. Condensation [53].

Rare earth metals (Dy & Ho) brings the porosity in the ceramic
material and increases the surface to volume ratio (see Fig. 10). These
critters help in the hopping of the protons on the surface and increase the
conductivity, intern helps in enhancing the humidity sensing response.
In the beginning of the first step, due to strong charge density the water
molecule undergoes dissociation to for H and OH™ ions [11,54].

H,O&H"+0H @

As the amount of water content increases, the hydroxyl ions adsorb
on the active site, forming the chemisorbed layer. As the relative hu-
midity further enhances, the two hydroxyl ions make the H-bond with
the one water molecule forming bulk water [55]. The bulk water is more
unstable in nature; thus, it undergoes ionization to form water and an HT
ion. Due to the release of the H' ions the conductivity becomes
maximum. This prompted the development of the first physiosorbed
layer.

2H,0 — H;0" + OH~ %)

H;0" - H,0+H" (6)

At the last stage, many more water molecules pile up to form the
second physiosorbed layers [56]. At this point, many HoO molecules
have entered the pores, and intergranular defects and vacancy sites

create a path for protons to hop easily on the sample’s surface.
Prompting expansion in the conductivity [57].

4. Conclusion

The Dy*-Ho>* doped Mn-Zn ferrite NPs have been synthesized by
solution combustion method with glucose and carbamide as fuels. The
XRD pattern of all synthesized samples revealed the spinel cubic struc-
ture. The lattice constant of all samples was found to be 8.4964 to
8.4245 A. The lattice constant increases with Ho>*-Dy>* concentration
due because of the large ionic radius of Dy3Jr (0.912 f\) and Ho®* (0.901
;\) ions replaces the small ionic radius of Fe3* (0.645 A) ion at the B-site
position. The two major absorption bands related to A-site and B- site
were studied using FTIR spectra and it affirms the development of spinel
ferrite. The hysteresis loops of MZDHF were used to investigate the
differences in magnetic properties with Dy>*-Ho®" concentration. The
saturation magnetization and remanent magnetization decreases with
an increase of Dy3+-Ho3+ concentration. A maximum saturation
magnetization value was obtained for the x = y = 0.005 sample, indi-
cating the existence of superparamagnetic and single-domain particles.
The humidity sensing performance of all the samples was studied.
Among all the samples, Mng.5Zng 5Dy 03H0g o3Fe1.9604 composite has
shown a drastic variation in the resistance with best sensing behavior.
The sensor proved its potential by showing least hysteresis, good sta-
bility and good timing behavior. Thus, the sensor can be used for in-
dustrial applications and humidity monitoring systems.
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