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Abstract: In this work, H2 gas sensors were prepared using nickel zinc ferrite NiFe2O4 and 

Ni0.5Zn0.5Fe2O4 nanoparticles, then the hydrogen gas sensing performance of the sensors was tested. 

The nickel zinc ferrite nanoparticles were synthesized by chemical co-precipitation combined with 

thermal annealing. Crystalline Structure and morphology characterization of synthesized powders 

was made by using X-ray diffraction (XRD) and Transmission electron microscopy (TEM) analysis, 

respectively. Nano powder resulting from milling was used to prepare gas sensing elements in pellet 

form. The gas-sensing properties were studied in the presence of hydrogen as test gases. The gas 

response was found to be strongly influenced by the Zn substitution doping concentration in 

NiFe2O4. A significant high sensitivity of ~ 90% was found for the compound of Ni0.5Zn0.5Fe2O4. in 

the presence of 500 ppm H2 at the operating temperature of 250 °C.  

Keywords: Nickel zinc ferrite, H2 sensing, gas properties, nanoparticles, co-precipitation.1 

1. Introduction 

Ferrite materials have numerous advantages for gas sensing applications. They exhibit high chemical 

stability, excellent mechanical resistance and are less susceptible to temperature variations when 

compared to conventional materials used in gas sensing devices [1-8]. Nickel ferrite is of interest for 

research gas sensing because of their special properties at the nanometer scale such as quantum effects, 

surface effects, easy doping other metals, etc. [9-16]. The sensitivities of the electrical resistivity to 

acetone, ethanol, methane (CH4), and liquefied petroleum gas (LPG) of nickel ferrite doped with small 
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amounts of calcium, cobalt, and manganese were investigated [17].  Zohrabi et al. reported on the gas 

sensing properties of Ni0.6Zn0.4Fe2O4 nanoparticles, the Ni-Zn ferrite indicated a good response toward 

the acetone gas compared to the methanol gas, and the best operating temperature for both gases was 

found to be of 250 °C. In a study by Muraishi et al., [18], nickel ferrite sensors have been extensively 

studied, and researchers have found that doping them with rare earth oxides additives such as LaO, 

SmO, and YO can have significant benefits. By doping these additives one can improve the sensors' 

sensitivity and shorten their response time significantly. NiFe2O4 incorporated with Pd is found to be 

selective for the detection of liquefied petroleum gas at an operating temperature of 200 °C [19]. Reddy 

et al., [20] found that palladium incorporated into nickel ferrite reduced the temperature of operation 

and accelerated the response time. The study conducted by Iftimie et al., explores the effect of 

manganese substitution on the temperature-dependent sensitivity of Ni-Co ferrite [21]. Nanocrystalline 

nickel ferrite has been found to have a high potential for gas sensing applications due to its outstanding 

electrical and magnetic properties, as well as its high surface-to-volume ratio. The influence of the 

matherial's particle size on the H2 and H2S sensing characteristics was investigated [22].  

Our previous studies examined the gas-sensitivity properties of copper ferrite, specifically in 

detecting H2S gas. The results showed a promising application of this material in gas-sensing 

technologies. In this work we focused on researching properties of ferritic materials and the potential 

implications of these findings for the development of gas-sensing materials [7, 23]. 

In this work, we have shown that the addition of Zn to nanocrystalline nickel ferrite enhanced its H2 

sensing properties, such as sensitivity, response time, and stability. This is explained due to the 

formation of defects and oxygen vacancies in the crystal structure due to the substitution of Zn ions in 

place of Ni ions. These defects generated more active sites for H2 gas to interact with, resulting in 

improved sensing performance. 

2. Experimental 

Nickel zinc ferrite nanoparticles were synthesized by the chemical co-precipitation method. A 

homogeneous solution of FeCl3.6H2O, ZnCl2, and NiCl2 (Sigma Aldrich 99%) in distilled water was 

prepared in a molar ratio of Ni: Zn: Fe = (1-x): x: 2 (x = 0, 0.5). An ammonium hydroxide solution 

(Sigma Aldrich 30-33% NH3 in H2O) was added to obtain pH =10. Immediately, the solution was heated 

up to 90 °C for one hour. Precipitation and formation of ferrite phases take place by the conversion of 

metal salts into hydroxides, which occurs immediately, and is followed by the transformation of 

hydroxides into ferrites. This duration was necessary to ensure the transformation of hydroxides into 

spinel ferrite (dehydration and atomic rearrangement involved in the conversion of intermediate 

hydroxide phase into ferrite). The fine particles were washed several times with distilled water, followed 

by acetone rinse in a magnetic field. Afterward, they were dried at 60 °C for 12 hours. To stabilize 

the spinel structure and achieve high crystallinity, a heat treatment process was required for the 

samples. The samples of different compositions were obtained by annealing as-precipitated products 

at 600 °C in the air for 5 hours. 

 The morphologies and microstructures of nickel zinc ferrite nanoparticles samples were observed 

by a JEOL 1010 transmission electron microscopy (TEM) and a Siemens D-5000 X-ray diffractometer 

(XRD) using  Cu-Kα tube (λ = 1.54056 Å). The synthesized Ni1-xZnxFe2O4 (x = 0, 0.5) nanoparticles 

were mixed with polyvinyl alcohol and then pressed into pellets (cylindrical discs) of approximately 1 

mm thickness and 10 mm diameter at a pressure of 150 MPa. These pellets were heat-treated at 250 °C 

for 1 hour to burn out organic compounds and facilitate solid-state sintering and then were cooled in the 

furnace. For gas-sensing measurements, the ferrite pellet was provided with a heater, and the assembled 
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heater element was introduced in a chamber. The DC electrical resistivity was measured by the two-

probe method. High purity silver paint electrodes were applied to either face of the samples for good 

electrical contacts. The test gases were injected with four mass flow controllers [24]. Sensors were tested 

in a chamber that allowed temperature control and mass flow control with 100, 250, and 500 ppm H2/ 

balance N2 at 250 °C. The responsibility of the sensor to H2 was calculated using equation (1) where Ra  

and Rg is the sensor resistance without and with gas presence, respectively. 

𝑆 =
|𝑅𝑎−𝑅𝑔|

𝑅𝑎
                                     (1) 

3. Results and Discussion 

The XRD patterns of synthesized nickel zinc ferrite nanoparticles are shown in Fig. 1. This figure 

indicates that the nanoparticle samples exhibit a completely single-crystalline phase. All the observed 

diffraction peaks are consistent with the one of the NiFe2O4 cubic spinel-crystal structure (JCPDS card 

No. 54-0964). Main diffraction peaks are obtained from orientations of (311), (400), (511), and (440).  

 

Figure 1. XRD patterns of NiFe2O4 and Ni0.5Zn0.5Fe2O4 annealed at 800 ºC/5 h. 

The lattice parameter (a) was determined by using Bragg formula, average size of the crystallites 

were calculated by Debye-Scherrer equation. The data are listed in Table 1.  

Table 1. The lattice parameters (a) and the average crystallite size (DXRD), cation distribution (A)[B] in A and B 

sites [25] of the NiFe2O4 and Ni0.5Zn0.5Fe2O4 samples annealed at 800 °C/5 h. 

Sample NiFe2O4 Ni0.5Zn0.5Fe2O4 

Lattice parameter, (Å) a = 8.3215 a = 8.3623 

Cation distribution (A)[B] [25] 
(Fe)A 

[NiFe]B 

(Zn0.5Fe0.5)A 

[Ni0.5Fe1.5]B 

The average crystallite (DXRD), nm 31 33 
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Most intuitively, a shift of the diffraction peak can be observed to the left when the Zn2+ ion is 

substituted in Ni2+. The lattice parameter increases almost linearly with increasing Zn2+ content. 

According to the Rietveld calculations, Zn ions occupy both tetrahedral and octahedral sublattices [25]. 

Its ionic radius is much greater than the ionic radii of Ni2+
 

and Fe3+ 
ions (rZn = 0.74 Å, rFe= 0.63 Å, 

rNi = 0.69 Å for t he  tetragonal site and rZn = 0.9 Å, rFe = 0.785 Å, rNi = 0.83 Å for the octahedral 

site) [26]. Zinc doping can lead to an increase in the lattice constant of the sample, which is the distance 

between the atoms in the crystal. This happens because zinc ions are larger than the original host atoms 

in the crystal structure, and therefore, the lattice needs to expand to accommodate the larger ions. As the 

concentration of zinc doping increases, the number of larger ions in the crystal increases, leading to a 

greater expansion of the lattice constant. This can result in important effects on the properties of the 

material, such as changes in conductivity and optical properties. The average grain sizes (DXRD) of 

NiFe2O4 and Ni0.5Zn0.5Fe2O4 nanoparticles are estimated to be 30 nm, respectively. Whereas, by TEM 

images one can see that the size of the separated nanoparticles as shown in Fig. 2 hasa size in the range 

of 20-60 nm with spherical and elongated particles-like morphology. From the TEM images, both 

nanoparticle samples have unevenly distributed particle sizes with similar. The particles are spherical 

and clustered together. A slight increase in lattice parameters was noted which can be attributable to Zn 

doping (Table 1). 

  

Figure 2. TEM images of NiFe2O4 (left) and Ni0.5Zn0.5Fe2O4 (right) annealed at 800 ºC/5 h. 

Figs. 3a and 3b illustrate the sensing transients of the nickel ferrite sensor for 50, 100, and 500 ppm 

H2 at 250 °C. The initial resistances of NiFe2O4 and Ni0.5Zn0.5Fe2O4 nanoparticles at  

250 °C measured in the air were approximate 50 MΩ and 1.5 GΩ, respectively. The initial resistance of 

the Ni0.5Zn0.5Fe2O4 sample was larger than that of the NiFe2O4 sample. This possibly caused by the 

doping of Zn, resulting in the formation of poor conducting regions between two sublattice sites 

(tetrahedral and octahedral site). The change in the electrical resistance of Ni0.5Zn0.5Fe2O4 nanoparticles 

when exposed to different H2 concentrations can appear as a trend like that of sample NiFe2O4. However, 

the resistance of the Ni0.5Zn0.5Fe2O4 sample vs. H2 concentration is significantly reduced than that of the 

NiFe2O4 sample, indicating a higher sensitivity of the Ni0.5Zn0.5Fe2O4 nanoparticles. In addition, the 

response time of the Zn-substituted sample is also improved by about 25 seconds compared to 50 

seconds for the pure sample. Further comparisons of the H2 sensor properties were conducted. The 

sensing response of pure and Zn-doped samples as a function of H2 concentration ranges from 100 ppm 
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to 500 ppm (Fig. 3). The operating mechanism of the spinel ferrite gas sensor is like that of a 

semiconductor gas sensor. Oxygen species chemisorb onto metal oxide particles, thereby trapping 

electrons. This chemisorption produces a resistance layer from an electron-depleted space charge on the 

n-type particle surface or conducting layer from accumulated holes on the p-type particle. Electrons are 

released from oxygen back to oxide when the gas molecules react with chemisorbed oxygen. The release 

of electrons changes the conductivity in the space-charge layer. In spinel ferrite, the sensing mechanism 

is based on a surface-controlled process. This involves the adsorption and ionization of oxygen from the 

air, which contains the test gas analyte (Eqs. 2- 7). The interaction between hydrogen molecules and the 

ferrite structure is crucial for its sensing ability. When hydrogen gas comes into contact with the nickel 

ferrite surface, it diffuses into the crystal structure, creating defects and altering the electrical properties 

of the material. Consequently, the resistance of the ferrite material changes, allowing for the 

measurement and correlation of hydrogen gas concentration. The unique composition of nickel zinc 

ferrite, with the presence of nickel and zinc ions, enhances the adsorption of hydrogen on the surface, 

thereby increasing the material's sensitivity. 

 
(a) 

 
(b) 

Figure 3. Transient resistance vs. time upon exposure to different H2 concentrations at 250 °C for the pure (a) 

and Zn-doped NiFe2O4 (b). 

 
(a) 

 
(b) 

Figure 4. Transient resistance vs. time upon exposure to different H2 concentrations of NiFe2O4 (a) 

and Ni0.5Zn0.5Fe2O4 (b). 
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The sensing response (Ra/Rg) to H2 gas of the NiFe2O4 and Ni0.5Zn0.5Fe2O4 nanoparticles were 

measured at 250 °C (Fig. 4). The enhancement of the sensitivity with increasing Zn concentration is 

attributed to the increase of oxygen species concentration on the surface by replacing adsorbed hydroxyl 

groups and conversion of adsorbed oxygen species into negatively charged chemisorbed species  

(O2
-, O- or O2- depending on temperature), thus attracting more electrons from the samples [27-29]. The 

p-type semiconducting characteristics of the NiFe2O4 caused by vacancies occur in cation sites, where 

each cation vacancy, two Ni2+ at lattice sites are oxidized to Ni3+ to keep the electrical neutrality, hence 

there must be two holes formed from each metal vacancy. 

During gas sensing measurement, the oxygen molecules in air absorb on the surface of NiFe2O4 

(Eqs. (2) – (5)) and withdraw electrons from its surface. Because NiFe2O4 is a p-type semiconductor, 

the adsorption of oxygen results in the increase in the hole density on the surface of materials and thus 

forms an accumulation conduction layer on its surface. Under the measured temperatures (250 °C), the 

adsorbed oxygen is mainly in the form of O-, therefore, when exposed to hydrogen, the H2 molecules 

interact with pre-adsorbed oxygen and release free electrons to the crystal as depicted in Eq. (6). In turn, 

such released electrons neutralize the holes in NiFe2O4 (Eq. (7)) result in a decrease of the total hole 

carriers in NiFe2O4, and consequently, an increase in the sensor resistance [30]. 

O2(gas) ↔ O2(absorb)                                                                                        (2) 

 O2(abrorb)+ e-
    ↔ O2

-
(absorb)                                                                            (3) 

                  O2
-
 (abrorb)+ e-

  ↔ 2O2
-
(absorb)                                                                           (4) 

O2 (abrorb)+ e-
   ↔ 2O2-

(absorb)                                                                          (5) 

H2 (abrorb)+ O-
 ↔ H2O(gas)+ e-                                                                        (6) 

  e- + h+
               ↔ null                                                                                     (7) 

 

Figure 5. Response behavior of NiFe2O4 and Ni0.5Zn0.5Fe2O4 for different H2 concentrations at 250 °C. 

The dependence of the H2 sensor response of NiFe2O4 and Ni0.5Zn0.5Fe2O4 samples in a concentration 

ranging from 100 ppm to 500 ppm is shown in Fig. 5. Comparing to NiFe2O4, the sensor response of 

Ni0.5Zn0.5Fe2O4 was much larger at a given concentration. For instance, at a measured H2 concentration 

of 500 ppm, the sensor response of the Ni0.5Zn0.5Fe2O4 sample was 90%, approximately 6% larger than 

that of the NiFe2O4 sample (84%). The enhancement of the hydrogen sensing of Zn doped sample can 

be explained due to the catalytic properties of ion Zn2+ accelerating the interaction between H2 molecules 
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and pre-adsorbed oxygen. The sensor response of both samples increased nearly linearly with increasing 

H2 concentration in the measured range. The linear dependence of the sensor response on gas 

concentration can be explained by the dynamic equilibrium of gas adsorption and desorption during the 

sensing measurements, in which the number of sensing sites for H2 adsorption is determined only by the 

statistical hits on the Zn surface [31]. On the other hand, by substitution of Zn2+ with Ni2+ and due to the 

low zinc miss the hole concentration decreases and only a small number of free electrons could be 

formed leading to an increase of resistivity for the synthesized samples. Obtained DC resistivity values 

correlate with activation energy for charge hopping between two ions calculated from plots Ra/Rg versus 

as shown in Fig. 4. It was observed that the band gap increases with the increase of Zn concentration in 

Ni–Zn ferrite [32].  

4. Conclusions 

NiFe2O4 and Ni0.5Zn0.5Fe2O4 ferrite nanoparticles were fabricated by co-precipitation combined with 

annealing at 800 °C. The fabricated samples were of a completely single phase of the cubic crystalline 

structure. The particle sizes observed from TEM images show a distribution range from 25 to 50 nm. 

According to Rietveld calculations, Ni2+ ions have been occupied in sublattice octahedral (B - site) and 

Zn2+ ions have occupied sublattice tetrahedral (A- site). The results of measuring hydrogen sensitivity 

with concentrations of 100 ppm - 500 ppm at 250 °C showed that the H2 gas-sensitive response increased 

as the Zn doping concentration increased. Specifically, the Zn = 0.5 doped sample showed a sensitivity 

of 90% vs. 84% and 73% vs. 51% at concentrations of 500 ppm and 100 ppm, respectively. 
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