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Humidity response of Mg1-x/2Li x/4Cex/4Fe2O4 (0.0 ≤ x ≥ 0.4) was studied in the range 20% - 80% RH using standard humidity 
generator. The LiCe substitution in magnesium ferrite decreased the grain size and pore size distribution of magnesium 
ferrite. The pore size distribution in the sample prepared was decreased from 40nm to 10nm and bulk porosity increased to 
41% for x = 0.2 composition. Shortest adsorption humidity response time was recorded 90s for x = 0.2 compared to 
MgFe2O4 sample. The adsorption-desorption humidity hysteresis curves were plotted for all samples, the area enclosed in it 
was extremely small.  Spinel structure of the ferrite compound was confirmed by XRD peaks presence and the defective 
structure of the spinel compound was analyzed with Raman spectra of the different samples.  
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1. Introduction 
 
Magnesium ferrite is a potential candidate for 

humidity sensing among resistive type relative humidity 
sensors. The advantages of the material are long term 
stability, high porosity and covers wide relative humidity 
range. These make resistive sensors suitable for use in 
control and display products for industrial, commercial, 
and residential applications. However, seldom a few 
problems associated with oxide materials are long term 
drift, slow response time, and adsorption/desorption 
hysteresis. Magnesium ferrite is a oxygen deficient 
material at lower sintering temperature [1] as well as 
porous, that is desirable for humidity sensing. Since 
defective sites on the surface are highly reactive due to 
unsaturated bonds [2, 3] provide water vapors to 
dissociate.  Researchers have been working on this 
material to increase its sensitivity and shortening response 
time by synthesizing nano-size particles [4, 5]. In our 
previous work the addition of cerium oxide in magnesium 
ferrite increased intergranular porosity, surface activity 
hence humidity sensing. It showed a better linear humidity 
response curve at low RH values than pure magnesium 
ferrite [6]. While lithium ion substitution in magnesium 
ferrite favors smaller grains and pores. This ultimately led 
to increase in surface area to interact more water vapors 
thus improved humidity sensing. Maximum sensitivity 
factor was observed for highest porosity sample. Li ion 
substitution decreased the grain size from 200nm to 
110nm. The sensitivity factor increased greatly for Li- 
substituted magnesium ferrite [7]. Therefore an attempt 
has been made to substitute Li and Ce both together in 
magnesium ferrite to extract advantages for humidity 
sensing over a wide RH range. In present work the 
combined effect of cerium and lithium ion substitution has 
been investigated. The base resistance of magnesium 

ferrite is increased by LiCe substitution. The effect of such 
substitution at different concentration has been studied that 
how morphology, porosity and humidity sensing 
properties of magnesium ferrite changes. 

 
 
2. Experimental 
 
2.1 Material Synthesis 
 
Analytical grade oxides of MgO, LiCO3, CeO2 and 

Fe2O3 were used to synthesize polycrystalline samples of 
Mg1-x/2Lix/4Cex/4Fe2O4, 0.0 ≤ x ≥ 0.4. Metal oxide powders 
were mixed and ground for 1hr in pastel and mortar. Fine 
dry mixed powder was presintered at 800 OC in a box 
furnace for 12 hrs in air. Presintered powders were again 
ground for 1hr followed by pressing into 5mm x 3mm x 
2mm rectangular pellets. The rectangular pellets were 
sintered at 950 oC for 8 hrs in air. Electrical Ohmic 
contacts were made on the two parallel corner edges 
(3mmx2mm) of the pellets by silver paste.  Silver pasted 
pellets were cured at 350 oC for 1hr prior to soldering of 
contacts. The silver contact area is negligibly small than 
sample area exposed to humidity in air.  

 
 
2.2 Measurements 
 
Scanning electron microscopy analysis of fractured 

surfaces of sintered pellets was carried out in a LEO 404 
microscope. Grain size, pore size of the samples were 
calculated by using statistical method. X-ray diffraction of 
the sintered pellets was measured at room temperature 
within 20-70O, 2θ range using a Bruker AXS configuration 
operating at 40kV, 40mA with Cu Kα radiation. The 
formation of spinel compound was confirmed by 
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analyzing Raman spectroscopy with Nd:YAG laser source. 
For measuring change in resistivity with relative humidity, 
conducting wires were soldered on silver contacts of 
rectangular pellets. A standard humidity generator 
(Thunder Scientific 2500 series) was utilized for carrying 
out the experiment in the range 20-80 %RH at 25OC.  
The bulk density was calculated using equation: 
 

vmd =exp                                         (1) 
 

where m and v are the mass and volume of the sample. 
 
Porosity, P, was calculated using the formula: 
 

( ) 1001% exp ×−= ddP x                       (2) 
 

where dx and dexp are the X-ray density and experimental 
density of the samples. 
 
 

3. Results and Discussion 
 
3.1 X-Ray Diffraction 
 
The X-ray diffraction pattern for different bulk 

composition samples is shown in Figure 1. The single-
phase spinel peaks are present in XRD for pure 
magnesium ferrite [JCPDS Card No. 36-0398]. For x = 
0.1, LiCe substitution with magnesium no second phase 
peaks have been observed. It was supposed x=0.1 amount 
is soluble in lattice either on magnesium site or interstitial 
position. For x = 0.2 composition onwards cerium oxide 
peaks [JCPDS Card No. 34-0394] start to appear along 
with spinel peaks. No peaks of lithium compound have 
been observed exhibiting lithium is soluble in spinel 
compound as lithium is not observed upto 6 mol% in XRD 
pattern [8]. 
 

 
 

Fig 1. XRD pattern of Mg1-x/2Lix/4Cex/4Fe2O4 (0.0≤ x ≥0.4). 
 
 

It revealed that cerium is not getting substituted into 
the lattice for x=0.2, only x/4 monovalent lithium ion is 
replacing the divalent magnesium ion in the spinel lattice. 
Cerium oxide peaks becomes more prominent with further 
increase in x value. 

 
 
3.2 Raman Spectra 
 
Raman Spectra of the composition series is shown in 

Figure 2. In a spinel compound with space group Oh 7 
(Fd3m) five active phonon modes exist in Raman spectra 
[9]. Several small peaks along with six intense peaks have 
been observed at wave number 212, 291, 407, 483, 550 
and 715 cm-1 for pure magnesium ferrite. The appearance 
of several small peaks exhibit defective crystal lattice 
field. Defective crystal field alters selection rules for 
intramolecular vibrations as a result some forbidden 
frequencies become active. When trying to substitute 
x=0.1 LiCe in magnesium ferrite the intensity of Raman 
spectra increased and thereafter decreased abruptly with x 
> 0.1. The intensity of the Raman spectra depends on the 
crystallanity of the material [10]. It is incorporated from 
XRD pattern that x=0.1 LiCe substitution diffused into the 
spinel lattice ultimately improving the crystallanity by 
compensating some defects. Beyond x = 0.1 crystallanity 
of the composition decreased as observed by intensity of 
Raman spectra and disappearance of peaks 715, 550 and 
407 cm-1 observed since cerium was not substituted into 
the lattice forming CeO2 phase. The disappearance of 
characteristics frequency phonon mode exhibits 
nonstoichiometry, vacancies, interstitial cations and 
defects presence in the compound, which in general may 
result in an activation of new phonon modes not predicted 
by group theory [11]. 

 

 
 

Fig 2. Raman spectra for Mg1-x/2Lix/4Cex/4Fe2O4 (0.0≤ x 
≥0.4) using Nd:Yag laser source. 

 
3.3 Microstructure 

 
The surface morphology of the composition series is 

shown in Figure 3. The surface pore size distribution of 
pure magnesium ferrite is observed in the range 30nm-
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50nm within mesopore range of 2nm-50nm. Small smooth 
compacted grains connected through grain necks are 

visible in SEM micrograph.  
 

 
 

        
 

a                     b 
 

 
c                       d 

 
 

 
e 

 
Fig 3. SEM pictures for (a) MgFe2O4, (b) Mg0.95Li0.025Ce0.025Fe2O4, (c) Mg0.90Li0.05Ce0.05Fe2O4, 

(d) Mg0.85Li0.075Ce0.075Fe2O4, (e) Mg0.80Li0.10Ce0.10Fe2O4. 
 
Porosity of the bulk sample series has been given in 

Table 1. For x = 0.1, surface became rough and smaller 
grains spread over larger grains have been observed. 
Distribution of pore size increased in the range 40nm-
1.6µm. Raman spectra intensity of the sample was 

maximum indicating less defective spinel compound 
formation hence porosity lowers. At x = 0.2 the pore size 
distribution measured from10nm to 40nm and grain size 
seems to be larger. Grains on the surface seemed smoother 
and highly porous. Surface of x = 0.3 composition is as 
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smooth as pure sample but with larger pore size 
distribution 10nm-500nm. Porosity of the bulk calculated 
decreased may be due to increasing cerium oxide 
concentration that segregated at grain boundary of spinel 
compound. Pore size distribution further increased for x = 
0.4 and also grain size distribution increased. 

 
 

3.4 Humidity Response 
 
The response of resistivity to the relative humidity of 

Mg1-x/2Lix/4Cex/4Fe2O4 (0.0≤ x ≥0.4) series is shown in 
Figure 4. The RH response curve for all the compositions 
is linear throughout the range 20–80% RH. The spinel 
compound MgFe2O4 sintered at low temperature is 
deficient in oxygen being single phase and shows good 
thermal stability [1].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 4. Logρ vs. RH curve for the sample series. 
 
 

The intrinsic point defects in magnesium ferrite are 
oxygen vacancies i.e Schottky defects. The possible 
mechanism is given by 
 
   ••+′+= oo VeOO 221 2    (3) 
 

For each oxygen vacancy relative to the 
stoichiometric oxide two Fe3+ are reduced to Fe2+. These 

Fe2+ ions in MgFe2O4 causes porous structure [12]. 
Porosity increases resistivity of the material.  It is observed 
that the drop in log resistivity due to increased humidity is 
maximum of order two for x = 0.1 composition. At this 
composition, either cerium has substituted magnesium ion 
or diffuse at interstitial position in spinel lattice. In both 
conditions cerium reduces Fe3+ ions by sucking oxygen of 
the lattice creating more oxygen vacancies. When oxygen 
deficient surface exposed to humidity dissociation of water 
vapor occurs and hydroxyl ion occupies the oxygen 
vacancies and proton binds to surface oxygen. As the 
humidity increases these OH- ions provide high surface 
charge for water vapors and further physisorption of water 
vapor takes place. Conduction begins when proton hops 
from one water molecule to another molecule known as 
Groutthus chain reaction [13]. At high humidity 
condensation of water vapors starts to take place at the 
grain neck then into the pores. These pores acts as 
capillary tubes and further reduces resistivity of the 
material due to electrolytic conduction in addition to 
protonic conduction on the surface [14, 15]. The following 
substitution mechanism may take place:  
  

[ ] eVCe MgMg 2+′′=••                            (4) 
 

[ ] hVLi oMg
+= •

'                                (5) 

         
At x = 0.1, as Ce4+ ion is assumed to replace Mg2+ ion 
ultimately providing free electrons to the lattice. These 
electrons perhaps combined with holes created by Li-
substitution so no noticeable change observed in resistivity 
for this composition. The largest pore size distribution 1.6 
µm condenses more water vapors at high RH, increasing 
electrolytic conduction hence resistivity drops sharply at 
high humidity 60% to 80% RH values. Beyond x = 0.1, 
CeO2 phase is formed that segregates at grain boundary 
increasing the resistivity of the sample. Lithium ion 
replacing magnesium in spinel lattice as confirmed by the 
XRD analysis, no lithium compound peaks has been 
detected. Oxygen vacancies created by Li ions provide 
active surface sites for water vapors to dissociate and 
protons to conduct by hopping; hence resistivity decreases 
with increase in relative humidity.  

 
Table 1 Experimentally calculated structural parameters and response times of composition series. 

 
Samples Bulk 

Density 
g/cm3 

Bulk 
Porosity 
P% 

Surface Open 
Pores Size 
Distribution 

Adsorption  
Time(s) 

Desorption 
Time(s) 

MgFe2O4 3.03 34 40nm-50nm 120 180 

Mg0.95Li0.025Ce0.025Fe2O4 3.62 23 40nm-1.6µm 120 240 

Mg0.90Li0.05Ce0.05Fe2O4 2.85 41 10nm-40nm 90 180 

Mg0.85Li0.075Ce0.075Fe2O4 2.98 39 10nm-500nm 120 180 

Mg0.80Li0.10Ce0.10Fe2O4 3.90 23 10nm-1 µm 120 180 
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 Mg0.80Li0.1Ce0.1Fe2O4
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3.5 Adsorption/Desorption Hysteresis 
 
Desorption of water vapors from material surface 

always takes longer time than adsorption. This causes 
humidity hysteresis, hence no exactly reproducible data for 
RH variations is obtained. It is due to existence of non-
uniformity of energy and pores [16]. In this series 
hysteresis area was found minimum associated with water 
vapors for the composition x=0.1 and hysteresis measured 
within 1% to 5% RH as shown in Figure 5. Hysteresis area 
increased with decreasing pore size distribution for this 

composition series and maximum hysteresis observed 
within 6% RH. To decrease hysteresis area with 
enlargement of pore size has been studied in detail by 
Björkqvist et al [17]. It suggests that due to smaller grains, 
water vapors get easy access to adsorb and desorb on 
grains which ultimately lowers the hysteresis area. The 
response time for the composition, series observed are 
within 180s as shown in Table 1.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a                                                                                  b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

c                                                                                     d 
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Fig 5. Adsorption/desorption hysteresis curve for the composition series 5(a), 5(b), 5(c), 5(d) & 5(e). 
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The least humidity adsorption time obtained is 90s for 

x = 0.2 composition sample. This composition has the 
smallest pore size 10nm-40nm distribution with highest 
porosity 41%. The smallest pore size has the highest 
proton conductivity due to good connectivity between 
water molecules [18].  

 
 
4. Conclusions 
 
From the results and discussion, it might be concluded 

that highly active surface (oxygen vacancies) and smaller 
pore size distribution is desirable for highly sensitive and 
fast humidity sensing material. High porosity with smallest 
open pore size distribution shorten the response time for 
x=0.2. The area enclosed is very small in adsorption-
desorption humidity hysteresis curves of all samples 
prepared in this series. A low humidity hysteresis 3%-6% 
RH observed in this series. Moreover, combined 
substitution of cerium and lithium ions in magnesium 
ferrite is a strong potential candidate for humidity sensing 
by controlling grains, pores size distribution by processing 
conditions. 
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