
Vol.:(0123456789)

https://doi.org/10.1007/s10854-023-11480-w

J Mater Sci: Mater Electron  (2023) 34:2038

Observation of enhanced sensing response 
and recovery time of lutetium‑doped zinc ferrite 
ceramics for humidity sensor application

Sofia Sultana Laxmeshwar1, Soumya S. Kulkarni1, Shainaz Nadaf1, K. M Swathi1, 
Hemantkumar M. Savanur1, B Chethan2, V. Prasad2, V Jagadeesha Angadi3,* , Mohd Ubaidullah4, 
Bidhan Pandit5, and Lavish Kansal6

1 Department of P. G. Studies in Chemistry, P. C. Jabin Science College, Hubballi 31, India
2 Department of Physics, Indian Institute of Science, Bengaluru 12, India
3 Department of Physics, P. C. Jabin Science College, Hubballi 31, India
4 Department of Chemistry, College of Science, King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia
5 Department of Materials Science and Engineering and Chemical Engineering, Universidad Carlos III de Madrid, 
Avenida de la Universidad 30, 28911 Leganés, Madrid, Spain
6 School of Electronics and Electrical Engineering, Lovely Professional University, Phagwara, India

ABSTRACT
It is crucial to have an effective and efficient humidity sensing material for humid-
ity sensor applications. In this study,  Lu3+-doped Zinc ferrites were prepared by 
chemical synthesis method using urea and glucose as fuels for the first time. The 
prepared powder samples were subjected to several analyses, including X-ray dif-
fraction (XRD), Fourier transform infrared spectroscopy (FTIR), Scanning electron 
microscopy (SEM), and Energy-dispersive X-ray spectroscopy (EDX), to examine 
the structural and morphological changes in  ZnFe2 − xLuxo4 (where x = 0, 0.1, 0.3, 
0.5, and 0.7). The XRD results show that a single phase was formed without any 
impurity peak, as confirmed by XRD. The FTIR spectra exhibited two prominent 
bands at 532  cm−1 and 360  cm−1, which are characteristic features of spinel ferrite. 
SEM micrographs revealed that the nanoparticles were almost spherical in shape, 
porous in nature, and fairly uniform in size. Further analysis of the nanoparticle 
with EDAX confirmed the elemental composition. The humidity sensing behav-
ior of Lu-doped  ZnFe2O4 was tested in the relative humidity range of 11 to 97%. 
Among the samples, Lu = 0.05 exhibited the highest sensing response of 97% with 
response and recovery times of 35.6 and 6.5 s, respectively. Hence, our results 
suggest that the synthesized samples are useful for humidity sensor applications.
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1 Introduction

Ferrites are attracted due to their outstanding dielec-
tric and magnetic properties in energy storage and 
high-frequency application [1]. Metal oxides having 
spinel structures are known as spinel ferrite materi-
als. They have the general chemical formula  AB2O4, 
where A and B represent various metal cations that 
are located in the tetrahedral (A-site) and octahedral 
(B-site) locations, respectively. The types, quantities, 
and locations of the metal cations in the crystal struc-
ture strongly influence the physical and chemical 
characteristics of ferrites [2, 3]. Numerous industries 
use spinel ferrites  (MFe2O4), including gas sensors 
[4], electrode materials, microwave technology [5], 
environmental cleanup, and catalysis [6]. For use as 
magneto-optical devices, single-phase spinel ferrite 
nanoparticles must have their magnetic characteris-
tics altered by physical and structural factors, such as 
cation distribution, grain size, and shape [7–9].  Fe3O, 
 Co3O4,  Al3O3,  CoFe2O4,  CuFe2O4,  MnFe2O4,  NiFe2O4, 
and  ZnFe2O4 are the most prevalent spinel ferrites [10].

The electromagnetic properties of ferrites [11–13] 
are enhanced by rare earth (RE) ions. With minimal 
concentration, rare earth (RE) metal ion dopants such 
as  Gd3+,  La3+,  Nd3+,  Sm3+, and  Dy3+ cause significant 
changes in SF. [14–17]. Due to their 4f electrons in f–f 
transitions inside or between f–d configurations, rare 
earth luminous materials have high color purity, stable 
physical and chemical properties, good resistance to 
high-power electron beams, restricted emission band 
spectra, and stable physical and chemical properties 
[18–20].

The rare earth-doped ferrites are potentially useful 
for both low- and high-frequency applications, includ-
ing transformer cores, multilayered chip inductors, 
information storage systems, ferrofluid applications, 
magneto-caloric refrigeration, and magnetic diagnos-
tics [27–29]. These ferrites also have high resistivity, 
high saturation magnetization, low loss, and high 
initial permeability. Ferrimagnetic properties can be 
found in the zinc ferrite, which has an inverted spinel 
structure. Tetrahedral sites (A-site) are occupied by 
trivalent  Fe3+ ions, while octahedral sites (B-site) are 
occupied by divalent  Zn2+ ions [30, 31].

The development of the smallest, least expensive 
humidity sensors, as well as improving repeatability, 
reproducibility, timing behavior, high sensing respon-
siveness, a lower limit of detection, and room-temper-
ature operability, present challenges to researchers. 

Due to their advantageous characteristics, such as 
high sensitivity, simple production, room-tempera-
ture operability, water absorption, compactness, and 
exceptional performance, conducting nanocomposite-
based sensors are frequently utilized to address these 
problems [32]. The mechanical and electrical charac-
teristics of these nanocomposites can be altered by 
doping and constructing composites using a variety 
of synthetic techniques [33]. Numerous researchers’ 
interest in Zn–Fe nanoparticles has recently increased 
as a result of their intriguing applications, which 
include low corrosion, low cost, ease of preparation, 
lack of need for complicated tools, excellent worka-
bility, strong environmental stability, and distinctive 
transport features [34]. Sensors and electronic devices 
are just two examples of the many applications for 
Zn–Fe nanoparticles [35]. Despite having all the afore-
mentioned benefits, Zn–Fe nanoparticles still perform 
poorly at higher relative humidity levels, and it is nec-
essary to improve their timing behavior [21–26, 36].

Further there is no report on rare earth Lu-doped 
ferrites for humidity sensors. In the present work, we 
have synthesized  ZnFe(2−x)LuxO4 (X = 0, 0.01, 0.03, 0.05, 
and 0.07) by chemical synthesis method to study the 
structural, microstructural, infrared and humidity 
sensing properties.

2 �Experimental�method

2.1 �Synthesis�of��ZnFe(2−x)LuxO4

Nanoparticles of  ZnFe(2−x)LuxO4 (where X = 0.00, 0.01, 
0.03, 0.05, 0.07)(ZFL) were synthesized by chemical 
synthesis method. To prepare them, stoichiomet-
ric molar amounts of zinc nitrate (Zn(NO3)2·6H2O), 
iron nitrate (Fe(NO3)2·6H2O), and lutetium nitrate 
(Lu(NO3)2·9H2O) were taken in a 250-mL beaker, 
which acted as oxidizers. Glucose and urea in 1:1 
ratio were added to this along with 15 mL of distilled 
water and the resultant mixture was stirred to obtain 
a homogeneous solution containing a redox mixture.

The beaker contains all the solution of metal nitrates 
and fuels and were placed in a preheated muffle fur-
nace (450 °C) for approximately 30 min. Initially, the 
solution is boiled and ignited to form a gel, which is 
then burned into powder, releasing stable gases, like 
 CO2,  N2, and  H2O. The redox reactions taking place 
can be represented in the form of the proposed Eq. 1 as 
given below:
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The stoichiometric calculations are shown in Table 
No 1. The graphical representation of synthesis 
method is shown in Fig. 1.

3 �Results�and�discussion

3.1 �Structure�analysis�by�XRD

The XRD patterns of  ZnFe(2−x)LuxO4 (where X = 0.00, 
0.01, 0.03, 0.05, 0.07) is represented in Fig. 2. The XRD 
patterns were recorded in the 2θ ranging from 20° to 
80° at suitable temperature. The presence of the cubic 
characteristic peaks (220), (311), (222), (400), (422), 
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(511), and (440) at 29.9°, 35.2°, 42.6°, 53.2°, 56.7°, and 
62.26° in XRD diffraction patterns of all samples indi-
cates that the prepared samples are pure and not con-
tains any kind of impurity. These peaks confirmed the 
good crystallinity as well as cubic spinel structure.

The average crystallite size was calculated using 
Eq. 2. The size of the prepared nanoparticles is found 
in the range from 28 to 22 nm. The crystallite size will 
decrease with increasing  Lu3+ concentration. Studies 
have shown that incorporating rare earth ions with 
sizable radii, like Lutetium(3+) into Zinc ferrites in 
place of ferric ions, results in significant strain and 
decreases crystallite size.

Fig. 1  Graphical representation for the preparation of nanoparticles

Table 1  Stoichiometric 
amount of oxidizers and fuels 
used in the synthesis method

Lutetium 
nitrate
in M

Zinc nitrate
in g

Lutetium nitrate
in g

Iron nitrate
in g

Urea
in g

Glucose
in g

0.00 1.841 0 5 1.239 0.929
0.01 1.850 0.0225 5 1.245 0.934
0.03 1.869 0.0680 5 1.258 0.943
0.05 1.888 0.1146 5 1.271 0.953
0.07 1.908 0.1620 5 1.284 0.963
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where D is the crystallite size (nm), K is the Scherrer 
constant (0.89), λ is the wavelength, β is the full width 
at half maximum in radians, and θ is the Bragg ̓s angle.

Because of the lattice distortion induced by the dif-
ference in radius between the dopant and the element 
being replaced, the crystalline size may also decrease 
as the ion concentration increases. The crystallite size 
v/s Lu concentration is shown in Fig. 3.

Further Lattice constant (a) is calculated using Eq. 3.

(2)D =
(K.�)

(�. cos �)

(3)a =
�
√

h
2 + l

2 + k
2

2Sin�

where �

2 sin �
 =  dhkl (interlunar spacing) and h,k,l, are 

miller indices.
The lattice parameter were found to decrease with 

increasing with rare earth concentration and crystal-
lite size. The lattice parameter of Zn ferrite is reduced 
when  Lu3+ is substituted, due to micro-strain in the 
internal grain region. This micro-strain is caused by 
compression resulting from differences in the thermal 
expansion coefficient between constituent elements 
or lattice mismatches between the grain and the grain 
boundary phase.

Unit cell volume (V) is calculated using Eq. 4 as 
below:

The distance between the magnetic ions at tetrahe-
dral (A) and octahedral (B) sites was calculated using 
the following Eqs. 5 and 6.

As the concentration of the nanoparticles increases, 
more and more particles begin to interact with each 
other, causing the volume to increase as the particles 
begin to aggregate or form clusters. However, at very 
high concentrations, the particles become crowded 
that there is no enough space for additional particles 
to contribute to volume, so the volume decreases and 
the usual trend is seen and all values are presented in 
Table 2.
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Fig. 2  XRD patterns of  ZnFe(2−x)LuxO4 (where X = 0.00, 0.01, 
0.03, 0.05, 0.07)
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Fig. 3  Crystallite size v/s Concentration

Table 2  Parameter of Zn  Fe2 − XLuXO4

X Crystallite 
site (D) nm

Lattice 
parameter

Volume
A3

LA LB

0 28 8.441 602 3.654 2.297
0.01 27 8.446 603 3.657 2.981
0.03 26 8.444 602 3.656 2.981
0.05 22 8.517 605 3.656 2.980
0.07 22 8.446 603 3.623 2.980
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3.2 �Fourier�transform�infrared�spectroscopy�
(FTIR)�studies

In Fig. 4, we can see the FTIR spectrum for 
 ZnFe(2−x)LuxO4 (where X = 0.00, 0.01, 0.03, 0.05, 0.07). 
The spectrum shows two absorption bands at 532  cm−1 
(υ1) and 480  cm−1 (υ2), which correspond to the tet-
rahedral and octahedral complexes, respectively. 
The difference between the υ1 and υ2 modes is due 
to changes in the bond length (Fe–O) at the A-sites 
(tetrahedral) and B-sites (octahedral). The prepara-
tion process, grain size, and porosity also affect the 
band location of υ1 and υ2. The absence of splitting or 
shouldering in the absorption band υ1 rules out the 
potential of  Fe2+ ions at A-sites. On the other hand, the 
splitting or shoulders observed in absorption band υ2 
are due to the Jahn–Teller distortion caused by  Fe2+ 
ions on B-sites, which cause lattice deformation due to 
a non-cubic component of the crystal field potential. 
The presence of  Lu3+ at the octahedral site is confirmed 
by the shift of the absorption band υ2 toward the low 
frequency. Furthermore, as  Lu3+ replaces  Fe3+ ions at 
B-sites, fewer  Fe3+ ions are present, resulting in the 
shift of the band at 1 to a higher wave number area. 
The introduction of  Lu3+ ions into the  Fe3+ and  O2- link 
at each octahedral and tetrahedral site causes changes 
in the absorption bands υ1 and υ2, leading to structural 
distortion in Zn ferrites.

3.3 �SEM�with�EDS�analysis

To get microstructural photos, such as grain size, 
pores, inclusions, grain borders, particle size, homo-
geneity, and fluxes, SEM is utilized. Other micro-
structural features that can be viewed include grain 
boundaries. Because of the smaller grain size and 
lower porosity, the production of undesired spin 
waves is reduced, which is something that is neces-
sary for humidity sensors. The sample’s high porosity 
contributes to an improvement in the way it senses 
humidity in the environment.

The EDS spectra were used to conduct an elemental 
analysis on the samples that had been manufactured. 
It can be seen from the EDS spectra of all of the sam-
ples, which can be found in Fig. 5b that the compo-
sitions that were intended to be synthesized did so 
according to the chemical equations. The theoretical 
stoichiometry and the experimental stoichiometry that 
was estimated from the EDS data agree quite well with 
one another. This demonstrates that the particles have 
distinct grain boundaries as a result of their growth. It 
can be seen quite plainly that the particles are virtually 
perfectly spherical, and there is considerable aggrega-
tion combined throughout the preparation process,

apparent in all of the compositions. The presence 
of Fe borders can be quantitatively described using 
the EDS patterns. It can be seen quite plainly that the 
particles are virtually perfectly spherical, and there is 
considerable aggregation apparent in all of the com-
positions. The EDS patterns provide a quantitative 
description of the presence of many elements in ferrite 
materials, including Fe, Zn, Lu, and O. The EDS analy-
sis delivered an accurate calculation of the elements 
concentrations in accordance with the specifications 
that were provided.

3.4 �Humidity�sensing�behavior

3.4.1 �Humidity�sensing�set‑up

Humidity sensing analysis was conducted using glass 
chambers filled with salt solutions and supervised by 
a humidity meter (Mextech-DT-615). Rubber cork elec-
trodes sealed the compartments. The sample in the 
form of pellets were connected to electrodes with the 
help of programmable digital multimeter, Hioki DT 
4282, to obtain resistance measurements upon being 
exposed to a specific relative humidity environment 
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Fig. 4  FTIR spectra of Lu-doped Zn ferrite, i.e., Lu 0.00 =   
ZnFe2O4, Lu 0.01 =  ZnFe1.99Lu0.01O4, Lu0.03 =  ZnFe1.97Lu0.03O4, 
Lu 0.05 =  ZnFe1.95Lu0.05O4, and Lu 0.07 =  ZnFe1.93Lu0.07O4
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Series  Element Mass % 

Lu (0.00) 

C 22.29 

O 31.86 

Fe 45.86 

Total 100.00 

Lu (0.01) 

 02.32 O

 59.74 eF

 68.82 nZ

 00.001 latoT
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C 20.24 

O 29.83 

Fe 28.87 

Zn 20.17 

Lu 0.89 

Total 100.00 
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 92.71 C

 73.23 O

 70.1 aN

 19.82 eF

 69.81 nZ

 93.1 uL
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Lu (0.07) 

C 38.68 

O 30.68 

Na 0.68 

Fe 17.42 

(a) Lu 0.0  

(b)Lu 0.01  

(c) Lu 0.03  

(a)  

(b)  

(c)  

Fig. 5  a and b: The SEM micrographs and EDS spectra of Lu-doped Zn ferrite. a Lu 0.00 =  ZnFe2O4, b Lu 0.01 =  ZnFe1.99Lu0.01O4, 
c Lu 0.03 =  ZnFe1.97Lu0.03O4, d Lu 0.05 =  ZnFe1.95Lu0.05O4, and e Lu 0.07 =  ZnFe1.93Lu0.07O4
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Fig. 5  continued
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at room temperature. Figure 6 illustrates the humidity 
sensor set-up for humidity sensing experiments.

3.4.2 �Humidity�sensing�studies

Figure 7 illustrates the resistance v/s relative 
humidity of Lu-doped Zn ferrite samples with 
varying Lu compositions. Among all the samples, 
 ZnFe1.95Lu0.05O4 exhibits the most significant resist-
ance shift and achieved a sensing performance of 
almost 97%. This is attributed to the more porous 
and active surface of the nanoparticles, which absorb 
water vapor and provide a site for proton seeking, 
resulting in a decrease in resistivity. Figure 8 com-
pares the variation in sensing response.

3.4.3 �Timing�behavior

The most crucial component for comprehending the 
sensor’s capabilities is timing. The time parameter 
was calculated using two flasks, one kept at 11% 
relative humidity and the other at 97% RH. Next, 
the relative humidity (RH) of each film was quickly 
changed from 11 to 97%, and the matching response 

and recovery times were recorded. The changing 
time in each situation was 35.6 s [37]. The proper 
plots for reaction and recovery behaviors are shown 
in Fig. 9. Additionally, it is clear that the Lu 0.05 
composite has a 35.6-s recovery time and a 6.5-s 
response time. This time, behavior was established 
because the composite has a high-porosity surface 
and a larger surface area. Due to the spontaneous 
nature of adsorption, which needs greater energy to 
break the link between the adsorbent and adsorbed 
surface, response, and recovery times differ [38–46]. 
The outstanding quality is that the shot reaction and 
recovery time of the Lu 0.05 composite have pro-
duced a good sensing response.

3.4.4 �Hysteresis

In the region of 11% RH to 97% RH, the experimen-
tal humidity hysteresis characteristic for the 5 mol%-
substituted Zn  Fe2 − xLuxO4 nanoparticles was identi-
fied, as shown in Fig. 10. The absorption curve was 
obtained by retracing the means in equivalent meas-
ure, and the desorption curve is shown by a progres-
sive increase from 11% RH to 97% RH.

The process of absorption has been observed to be a 
little slower than the process of desorption. This means 
that exothermic and endothermic responses, when 
compared individually to adsorption and desorption, 
occur at different rates, resulting in impedance becom-
ing slightly higher and lower when absorbing than 
when desorbing. The most extreme wetness hysteresis, 
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which is also visible in the image, is around 3% at 55% 
relative humidity, and the results are well matched 
to the praseodymium-doped magnesium ferrite [46].

3.4.5 �Humidity�stability

For a period of two months, the stability of the 
 ZnFe1.95Lu0.05O4 nanoparticles was assessed every 
10 days. For 11% and 97%, the sensing response 
was determined every 10 days and a graph showing 
the relationship between the two was drawn. Fig-
ure 11 displays the charts for humidity sensing. This 
 ZnFe1.95Lu0.05O4 nanoparticles sensor is more effec-
tive and suitable for industrial applications due to its 
epitome sensitivity, maximum change in resistance, 
good response and recovery, minimal hysteresis, and 
maximum stability.

4 �Conclusion

Ultimately, the nanomaterial  ZnFe2-xLuxO4, synthe-
sized by the solution combustion method to mini-
mize time consumption, has successfully shown a 
very effective sensing response at room temperature. 
Further, the compound prepared when subjected to 
XRD analysis discloses a crystal size in the range of 

28–22 nm due to the increase in lutetium concen-
tration. Sequentially, the SEM micrographs show 
the porosity of nanoparticles with different mor-
phological features. The analysis of FTIR bands at 
532  cm-1 and 480  cm-1 confirms the formation of Fe 
nanoparticle. A remarkable sensing response of 97% 
was observed in the range of 11–97% RH with the 
feature of increasing resistivity with the increase in 
the concentration of lutetium, and the material has 
shown a recovery time of 35.6 s and a response time 
of 6.5 s. Consequently, with the evaluation of no hys-
teresis it is concluded that the material is found to be 
exceptionally stable. In conclusion, the synthesized 
ferrites nanomaterial can be advantageous for the 
low cost, efficient, and less time consuming with ease 
of preparation for the humidity sensing devices at 
room temperature. Overall, the nanomaterial can be 
considered for the large-scale industrial applications.
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