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Abstract

Zinc ferrite nanocrystalline powder was obtained by solid state synthesis of starting zinc
oxide and hematite nanopowders. Field emission scanning electron microscopy (FESEM and
transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS) and Raman spectroscopy confirmed the formation of nanocrystalline zinc-ferrite powder with
a mixed spinel structure with small amounts of remaining zinc oxide and hematite as impurities.
Thick film paste was formed and screen printed on test interdigitated PdAg electrodes on alumina
substrate. Formation of a porous nanocrystalline structure was confirmed by scanning electron
microscopy (SEM) and Hg porosimetry. Humidity sensing properties of zinc ferrite thick films were
investigated by monitoring the change in impedance in the relative humidity interval 30-90% in the
frequency range 42 Hz — 1 MHz at room temperature (25 °C) and 50 °C. At 42 Hz at both analyzed
temperatures the impedance reduced ~ 46 times in the humidity range 30-90%. The dominant
influence of grain boundaries was confirmed by analysis of complex impedance with an equivalent

circuit.

Keywords: zinc ferrite, thick film, electrical properties, humidity sensor

1. INTRODUCTION

With continued industrial progress and overall increase in pollution, gas detection continues
to have a very important role through monitoring and control in environment protection, safety in
households and industry and many other aspects of human life*. Humidity monitoring and control is
significant for quality control, plant cultivation and in many other industrial fields®. Metal oxide
semiconductor gas sensor materials have been intensively investigated over the last 50 years. This

research has involved a wide variety of metal oxides such as TiO,, WO3, Fe,0; (transition metal-
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oxides), ZnO, Sn0O, (post-transition metals)’. Metal oxide gas sensors have shown high sensitivity,
fast response, long term stability, high selectivity, low cost and are simple. Complex oxides, such as
spinel oxides and especially spinel ferrites (unit formula AB,0,) are very promising materials for
sensing different gases, even though they have been much more widely applied as magnetic
materials. Spinel ferrites have shown sensitivity to a wide variety of gases, such as H,O (humidity),

CO, ethanol, acetone, VOCs>®.

The spinel structure with an AB,0, unit formula represents a cubic crystal system with 32
closely packed oxygen atoms with 64 tetrahedral sites and 32 octahedral sites. In spinel ferrites the
general formula is MFe,0, Depending on the balance between M** and Fe* cations on 8 tetrahedral
and 16 octahedral sites three spinel structures are possible: normal where all M** divalent cations
are on the tetrahedral sites and trivalent Fe** cations are on octahedral sites, inverse where divalent
cations occupy octahedral sites and trivalent cations are equally distributed on remaining octahedral
sites and tetrahedral sites, and mixed where both M** and Fe** cations randomly occupy both

octahedral and tetrahedral sites™”.

Conventionally ZnFe,0, has a normal spinel structure with Zn** cations occupying octahedral
sites'®. However, the cation distribution in spinel ferrites and thus zinc-ferrite, is greatly influenced

d***. Nanosized zinc-

by the synthesis procedure, especially when nanosized particles are obtaine
ferrite particles have a mixed spinel structure, with the inversion parameter depending on the
synthesis route’. Particle size, morphology, structure and the inversion parameter greatly influence
the resulting properties of nanoscale zinc ferrite, enhancing and broadening the potential
application of this material besides magnetic devices to drug delivery, photocatalysis, antifungal

activity and gas sensing® > %617,

Modification of ZnFe,0,4 with ion substitution or forming composites with other materials
further enhances the properties of this spinel ferrite for a wide range of applications, such as gas

sensor, semiconductor photocatalyst and cathode material in lithium ion batteries'®. Thus,
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significantly improved photoelectrochemical activity was obtained for ZnFe,04/a-Fe,0;
heterojunction arrays'®. Enhanced gas sensing performance has been achieved for ZnO/ZnFe,0,

19-21

composite nanoheterostructures™ “". The influence of magnesium substitution in nanoparticle zinc

ferrites on the humidity response and sensitivity was investigated by Patil et al’.

1,16,17

The gas sensing mechanism of spinel ferrite oxides is well known . It is a surface-related

mechanism where a porous structure offers more active sites accessible for sensing reactions'®*’. In
theory spinel ferrites are predisposed to good sensing performance due to the difference in size
between, for example, Zn(ll) and Fe(lll) cations, electronegativity and other properties, so they are
capable of chemisorbing more oxygen than other metal oxides'®. Physicochemical characteristics of
spinel ferrites can be tuned due to the differences in geometry and ion bonding energy between
cations and surrounding oxygen ions in octahedral and tetrahedral polyhedron®. In ZnFe,0, changes
to the cation positioning in the spinel structure from normal to mixed, establish conditions for
improved gas sensing properties of mixed spinel ZnFe,0,". One issue is instability of Zn>* cations in
octahedral sites at temperatures higher than 300 °C, and this prevents exploitation of ZnFe,0, in
many gas sensors. However, humidity sensing does not occur at high temperatures, but most often
at temperatures close to room temperature. In their recent work Xu et al.? obtained a high humidity
response of sol-gel synthesized ZnFe,0, thin films. In this work we have synthesized nanocrystalline
zinc ferrite powder with small amounts of zinc oxide and hematite as impurities, using a simple solid
state procedure. It was used to form thick film paste that was screen printed on test interdigitated
PdAg electrodes on alumina substrate. The aim was to analyze the influence of humidity on

impedance response in view of potential application of this low cost simple method and versatile

material in humidity sensing.
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2. EXPERIMENTAL

2.1 Materials

Starting commercial nanopowders of ZnO (Chempur, 99.5%, grain size 20 nm) and a-Fe,0s
(hematite, Alfa Aesar 99%, grain size 20-60 nm) in the appropriate molar ratio to form ZnFe,0, were
homogenized in a planetary ball mill for 15 min and calcined at 900°C for 2h, and the obtained

powder was then sieved through a 38 um (400 mesh) sieve.

Thick film paste was prepared by the addition of organic agents to 6 gr of the synthesized
powder following the procedure described by Ito et al*’. The organic agents used were 30 ml of
anhydrous ethanol as a solvent, 20 g of alpha-terpineol (95% min, Alfa Aesar) as an organic solvent
and 3 g of ethyl-cellulose (viscosity 4 cP, Aldrich Chemistry) as a binder. The combination of 1 ml
acetic acid (MOS HEMOQS, pro analysis) and 5 ml of distilled water was used to peptize the paste. An
ultrasonic horn (Bandelin Sonoplus 2070HD) was used for homogenization. Alpha terpineol was
added as an organic solvent as it gives long-term stability and reproducible results compared to
water-based pastes®”. The combination of water and acetic acid acted as aggregation blockers and

adhesion enhancers®**,

Interdigitated PdAg electrodes were screen printed on alumina substrate and fired in a
conveyor furnace at 850°C for 10 minutes in air. The analyzed electrode spacing was 0.2 and 0.25
mm. Four layers of paste were then screen printed on the prepared alumina substrate with
interdigitated PdAg electrodes. Each layer was dried for 15 minutes at 60°C, before the next layer
was printed. The average layer thickness was estimated to be 12-15um, so the resulting thick film
thickness was estimated to be ~ 55 um. The sensors were heat treated in air in a furnace at 600°C

for 30 minutes. An example of a thick film test sample is shown in Figure 1.
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2.2 Structural characterization

X-ray diffraction (XRD) analysis of the obtained zinc ferrite powder was performed on a
Philips PW 1050 diffractometer with CuK,, radiation, step 0.02 s and holding time 10s. XRD analysis
of the thick film material (powder) peeled off the sensor substrate was performed on a Rigaku
Ultima IV diffractometer. Structural refinement was performed using the Rietveld method with the
GSAS Il package®®. Samples were analyzed for the presence of ZnFe,0, with a mixed cubic spinel
structure, using starting parameters given by Waerenborgh et al*® (ICSD 75104, a = 8.4409, inversion

parameter 0.201), ZnO and a.-Fe,03 (hematite).

Transmission electron microscopy (TEM) of the obtained powder was performed on a JEOL

JEM-1400 PLUS device.

Hg porosimetry measurements were performed in order to determine textural parameters
of the synthetized ZnFe,0, powder and thick film (denoted as tf-ZnFe,0,) obtained by peeling
material (powder) off the sensor substrate after paste preparation procedure and calcination. This
will enable estimation of the overall influence of the preparation procedure on the porosity of thick

film sensor material.

A CD3-P type dilatometer was used for measurement of both samples in the pressure range
from 0.1 to 200 MPa, for which the blank volume value (compressibility of mercury and dilatometer

parts) was determined.

Bulk density measurements (p,) of samples were performed on a Macropore Unit 120
(Fisons Instruments) using mercury as the displacing fluid. Prior to analysis the sample was dried in
an oven at 110 2C during 24 h and additionally evacuated in a sample holder at the analytical
position for 2 h. Mercury porosimetry measurements were performed on a High pressure unit
PASCAL 440 (Thermo Fisher) within the same pressure range as blank measurement. For each

sample two intrusion-extrusion runs (R1 and R2), one after the other, were conducted. Automatic

This article is protected by copyright. All rights reserved.



data acquisition of intrusion-extrusion runs vs. applied pressure values was obtained through the
SOLID Software System interface for a PC. The SOLver Ver. 1.3.4 software was used for calculation of
parameters obtained from Hg porosimetry measurement: total cumulative volume (Vi.), apparent
density (papp) @t maximal intrusion pressure, specific surface area and porosity. The same values of
mercury surface tension (0.48 N/m) and contact angle (140°) were used for all calculations. The
proper value of mercury density was used for all individual runs depending on the Hg temperature of
specific measurement. In all measurement The value of true density (5.38 g/cm?) was obtained in all
measurements by calculating from XRD data taking account the mass percent of all phases present

in the synthetized materials (ZnFe,0,, a-Fe,03;and ZnO).

Field-emission scanning electron microscopy (FESEM) of the starting powder and thick films

was performed on a TESCAN MIRA3 XM FESEM device.

Scanning electron microscopy (SEM) images of the thick film surface were recorded on a

TESCAN Electron Microscope VEGA TS 5130MM device.

X-ray photoelectron (XPS) spectra measurements were conducted on a Kratos Axis Ultra XPS
system. The X-Ray source was monochromated Aluminum K-alpha X-Ray with a source voltage of 15
kV and current of 10mA. All survey scans were performed with pass energy of 160eV, and all region
scans were performed with pass energy of 20eV. All data was calibrated to the C-C portion of the Cls

peak at 284.5eV.

Raman spectra of the starting ZnO/Fe,0; powder mixture and the synthesized ZnFe,0,
powder were recorded on a Horiba Jobin Yvon LabRam HR evolution spectrometer in backscattering
geometry in the range 100-1500 cm™ with a He-Ne laser (632.8 nm), grating 1800 lines/mm, slit 100,

power at sample of 0.4 and 1 mW and acquisition 20s/5 cycles.
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2.3 Testing of Humidity Response

Change of impedance of zinc ferrite thick film samples was measured in a JEIO TECH TH-KE-
025 Temperature and humidity climatic chamber in the frequency range 42 Hz - 1MHz on a HIOKI
3532-50 LCR HIiTESTER device. The relative humidity was varied from 30 to 90%. Measurements
were conducted at two operating temperatures 25 and 50°C. The sample was placed into the
chamber and impedance was measured using wires soldered to the electrodes. Prior to each
measurement the sample was dried for 20 minutes at 50°C to remove any excess moisture. The
chamber was set to the desired temperature and when this was achieved (on average 30-60
minutes) the humidity was varied from 30 to 90% and back. Impedance was measured after the set
humidity value was achieved/stabilized (on average 45-90 minutes). This cycle was repeated for each

analyzed sample.

3. RESULTS AND DISCUSSION

3.1 Structural and morphological analysis of ZnFe,0, powder

Rietveld refinement of the XRD of the obtained powder (Figure 2) showed that it contained
ZnFe,0,4 with a mixed spinel structure, and small amounts of unreacted ZnO and Fe,0; (hematite).
Determined structural parameters (cell parameters, atomic positions, isotropic thermal
displacement, occupancies and average oxygen-metal distances) from Rietveld refinement and

crystallite sizes calculated using the Sherrer equation are given in Table 1.

The general formula for a spinel ferrite is (MeZ, Fe3*) ,[Fe3*, Me2*]50, with the divalent
atom Me (Zn, Ni, Mg, Mn, Co, Fe etc.) occupying either tetrahedral (A - 8a) or octahedral (B — 16d)
sites, where x denotes the inversion parameterzs. When x = 0, the divalent atoms are all located on
the tetrahedral sites and the spinel is normal. When x = 1, the divalent atoms are all located on

octahedral sites and the spinel is inverse. All other variations of x can be defined as mixed (random)
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spinel. Zinc ferrite in bulk form is a normal spinel, where divalent non-magnetic Zn** ions

preferentially occupy tetrahedral (A) sites and all Fe** ions occupy octahedral sites'?. However, in
nanocrystalline ZnFe,0, Zn** and Fe** cations are distributed on both octahedral and tetrahedral
sites leading to a mixed spinel structure resulting in enhanced magnetic, electric and gas sensing

properties'®*’.

Analysis of the determined structural parameters given in Table 1 shows that the inversion
parameter in our powder was 0.4 (denoting the occupancy of Fe*" ions on tetrahedral sites)
indicating a mixed spinel structure where 40% Fe*" ions are located on tetrahedral sites, i.e. 40% Zn**
ions are located on octahedral sites. The determined lattice parameter for zinc-ferrite was also
relatively low (a = 8.42742 A) and this according to literature data®® can be an indication of cation
inversion due to the differences in ionic radius between Zn?** and Fe*" ions. Thus, Pradeep et al*
obtained a lattice parameter of 8.429 A for nanocrystalline zinc ferrite and the inversion degree of
0.35. Lemine et al.”’ also explained reduction of the lattice parameter from 8.448 to 8.427 A by
redistribution of Zn?* and Fe*" ions within interstitial states resulting in changes in magnetic
properties. Reduction of the lattice parameter can also be attributed to the presence of lattice

I*2 also associated variation in the lattice constant with distortion in the lattice

defects®®. Yadav et a
and redistribution of cations. However, it has been shown that XRD is not the best method to deal
with cation occupation®. The cation occupation in spinels has been determined by a variety of other

methods, such as X-ray photoelectron spectroscopy, Raman spectroscopy, neutron diffraction and

others™.

Rietveld refinement of the XRD of the thick film powder peeled off the substrate (Figure 2)
showed that the structure remained the same including the phase composition and amounts and

also inversion parameter. No new phase was noted.

FESEM and TEM images of the obtained zinc-ferrite powder are shown in Figure 3. The

powder grain size had an average grain size of around 200 nm.
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Figure 4a shows the measured XPS spectra of zinc-ferrite powder. This technique is most
often used to study structural inversion in ZnFe,0,%. Deconvolution of the Zn 2p3/; peak was
performed in the Zn2p spectra as shown in Figure 4b. The peak at 1021.2 eV can be attributed to
Zn** occupying tetrahedral sites in zinc ferrite. The smaller peak at 1022.3 eV is close to literature

2930 gutka et al*’ estimated

values for BE Zn 2p;), in the cases when Zn** occupies octahedral sites
the inversion degree using the intensity ratios of the main Zn2ps/, peak and shoulder. In our case,
due to the presence of unreacted ZnO in the powder (even though this amount is small), according
to Bera et al*, the Zn2ps;), peak shape is due to the presence of three types of Zn**: Zn** on
tetrahedral sites (normal spinel), Zn** in the oxide and Zn*" in octahedral sites so estimation of the

inversion degree was not possible. However, XPS results confirm the results of XRD analysis that the

obtained zinc-ferrite powder has a mixed spinel structure.

The asymmetrical complex peak of the O1s spectrum (Figure 4c) can be decomposed into
three peaks. The peak obtained at ~ 529.7 eV after deconvolution corresponds to lattice oxygen and
is characteristic of oxygen inside the (Fe/Zn)-O framework. The peaks obtained at ~530.8 eV and
~532 eV can be attributed to the existence of adsorbed oxygen on the sample surface. This marks
active surface oxygen species, including surface oxygen of adsorbed oxygen species, weakly bonded

31-33

oxygen and hydroxyl-like groups

Fe2p spectra have two peaks (Figure 4d) that can be attributed to the existence of Fe2ps),
and Fe2p;,. Satellite peaks are also noted at ~719.8 eV and ~733 eV. The positions of the two peaks

and their satellites at BE higher for ~8eV indicate the Fe*" oxidation state in the analyzed powder®.

Raman spectra of the synthesized ZnFe,0, powder for two powers of 0.4 and 1W at the
sample are shown in Figure 5. In the measured spectra of ZnFe,0, powder four first order modes are
clearly noticeable for both applied laser intensities. Zinc ferrite with a spinel structure (space group
Fd3m) has five active Raman modes (A;g+Eg+3Fy), but the first two modes (at lower frequencies) are

often not clearly noticeable for nanoparticle zinc ferrite®>™’.
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The width and shape (asymmetry) of the first order Raman peaks show participation of the
inverse spinel structure (space group P4322) besides the dominant spinel structure. This is further
confirmation of the existence of a mixed spinel structure, with Zn** and Fe*" cations occupying both
tetrahedral and octahedral sites, as was noted by XRD and XPS analysis. For simplicity, modes in
Figure 5 for zinc-ferrite were assigned in accordance with the spinel structure. In nanocrystal
samples the origin of Raman peak asymmetry can be the confinement effect. The most expressed
zinc-ferrite mode (Ay) corresponds to symmetrical stretching vibrations of oxygen atoms along Fe-O
(at higher frequencies as part of the complex asymmetric peak) and Zn-O bonds (at lower
frequencies as part of the complex asymmetric peak) in tetrahedral coordination MO,, where M=Fe,
Zn*'. Though some authors state that modes below 600 cm™ generally originate from vibrations of

the octahedral group in the mixed spinel structure >

, other literature data indicates Fy,(2) and
F24(3) modes. The E; mode corresponds to symmetrical bending vibrations of oxygen in relation to

cations in a tetrahedral surrounding, while the Fy,(1) mode corresponds to translational vibrations of

the whole tetrahedra °.

The two strongest modes of remaining hematite can be noted weakly in zinc-ferrite spectra
confirming XRD analysis. The presence of the E, (high) mode of remaining zinc-oxide is not so
obvious as it is overlapped with the Fy,(3) mode of ZnFe,0,, but the presence of ZnO was previously
confirmed by XRD analysis. The wide peak at 1290-1300 cm™ can partly originate from remaining
hematite, but also from multiphonon processes relating to zinc-ferrite (2A;; mode). The peak at
1050-1060 cm™ corresponding to the 2F5(3) mode can also be attributed to multiphonon processes
in zinc-ferrite®®. The wide peak in the 1100-1130 cm™ region increases with increase in laser

strength. This peak can be attributed to zinc-ferrite®’.
The results of Hg porosimetry measurements are shown on Fig 6 as well as in Table II.
The bulk density obtained from the first run indicate the existence of loose powder organization that

is more pronounced in the tf-ZnFe,0, sample (py f-ZnFe,0,4 < py ZnFe,0,).
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The difference in total cumulative volume (AV.) between the two runs is an obvious feature of
measurements for both materials. This is not surprising taking into account that both materials
transferred to the sample holder for porosimetry measurements are powders. Therefore, in first

runs the applied pressure forced mercury to compact powders beside intrusion in pore system***'.

The somewhat higher specific surface area of the tf-ZnFe,0, sample compared to ZnFe,0,,
for any pair of cyclic measurement, indicates that a deagglomeration and rearrangement process of

fine particles occurs during the thick film paste preparation procedure.

Despite different values of V,; obtained for the initial runs, AV, for both materials is almost
equal (=0.16 cm?/g). During the first run mercury penetrates pores and after relaxation of pressure
mercury withdraws enabling determination of the total volume of pores, while the second run
enables determination of the volume of intra-agglomerate pores*. Inter-agglomerate pores are
eliminated during the first penetration, but intra-agglomerate pores remain. If we compare the
porosity values obtained for ZnFe,0, initial powder and tf-ZnFe,0, the amount of intruded Hg
corresponding to intra-particle porosity during R-2 (true pore system of materials intact during R-1)
for tf-ZnFe,0, is higher than for initial ZnFe,0,. Taking into account that V-R2 of tf-ZnFe,0, is
significantly higher than the corresponding value obtained for ZnFe,0, it can be concluded that the
applied procedure of thick film paste prevented particle aggregation resulting in an increase in

2
I

porosity. This is consistent with the finding of Ito et al*” about the beneficial influence of acetic acid

acting as a dispersant in the process of fabrication of TiO, screen-printing pastes.

The values obtained for the pore size distribution from two successive measurements of
both ZnFe,0, materials to some extent reveals the particle arrangement and organization in the
analyzed ferrite materials, as well as the effect of the thick film preparation process on the

characteristics of tf-ZnFe,0,.
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The PSD curve of Run 1 of the ZnFe,04 powder sample obtained by solid state synthesis has
two broad regions with peaks around 2.6 um and 120 nm (Fig. 6-left). Absence of a region with a
maximum of 2.6 pum on the PSD curve of Run 2 indicates that its origin on the PSD curve of Run 1 is
in association with very loose particles present in ZnFe204 powder, which cannot be maintained
during Hg intrusion in the first run. On the other hand, the almost identical distribution for both
measurement cycles in the region below 500 nm, (maxima around 120 nm) are proof the existence

of a permanent, rigid pore system maintained for all applied pressure.

The PSD curves of tf-ZnFe,0, (Figure 6-right) also have a bimodal distribution, but both
regions are moved to slightly lower values of diameters with peaks at about 0.5 um and 90 nm.
Comparison of curves for R1 measurements of both materials shows that there is a certain
redistribution of the pore system in tf-ZnFe,0, in relation to ZnFe,0, powder. However, the shape of
the Run 2 curve of tf-ZnFe204 is preserved in comparison with the Run 1 curve, which is certainly
the consequence of the applied thick film preparation. Overall, although there is a certain decrease

in porosity values of the tf-ZnFe,04 sample for R2 measuring, its value is still high (almost 60%).

3.2 Humidity sensing analysis and mechanism

The measured impedance of ZnFe,0, thick film samples decreased with increase in frequency at
both operating temperatures (25 and 50°C). Smaller electrode spacing (0.2 mm) of the test
electrodes gave better results in view of the change of impedance with humidity. The change of
impedance with frequency in the relative humidity (RH) range 30-90% for test electrodes with 0.2
mm spacing is shown in Figure 7. As the relative humidity increased the impedance also decreased,
that was more expressed for higher relative humidity, as shown in Figure 8. Thus, at 42 Hz the

measured impedance decreased ~ 46 times from 38.7 MQ at relative humidity (RH) of 30% to 0.83
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MQ at RH of 90% measured at 25°C, and at 50°C from 35.9 MQ at RH of 30% to 0.77 MQ at RH of

90%.

The sensor response (sensitivity - S) can be defined as the change in resistance of the material on
exposure to gas. It can be represented in different forms as: S = R,/R,; S = Rg/Ra; S = AR/Rg or
S$=AR/R,, where AR=|R,-Ry4|, R, is the sensor resistance in ambient air and Ry is the sensor resistance

in the target gas®. We determined the sensitivity as:

S — |Z|LH_|Z|H X 100 [1]

|Z|Ly

where |Z| 4 is the impedance measured at the lowest analyzed humidity and |Z| is the impedance
measured for different humidity values in the chamber. The calculated sensitivity using eq. [1] for
ZnFe,0, thick film samples at 25 and 50°C measured in the relative humidity range 30-90% is shown
in Figure 8. With increase in humidity the sensitivity increases and this change is similar at both

room temperature (25°C) and the analyzed slightly elevated temperature of 50°C.

In the case of humidity sensing®* at low humidity water molecules are chemisorbed onto
available active oxygen sites forming a monolayer of OH groups®. With increase in humidity water
molecules are physisorbed on the chemisorbed layer. Adsorbed water molecules are hydrogen-
bonded to two hydroxyl groups, making H;O" the dominant surface charge carrier®. Further increase
in humidity levels leads to multi physisorbed layers and formation of a liquid-like multilayer film of
hydrogen-bonded water molecules. In this case low energy is required for hopping between
adjacent water molecules, resulting in an increase in ionic conductivity that can be explained by the
Grotthuss charge mechanism**: H,0 + H;0" = H;0" + H,0. Electrical charge transport occurs through
a chemical chain reaction process® with H;0" releasing a proton to a nearby H,0 molecule that is
ionized and forms another H30" resulting in hopping of protons from one water molecule to another.

Electrolytic conductivity becomes dominant at high humidity levels®.
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In our case we obtained nanocrystalline ZnFe,0, with a mixed spinel structure confirmed by
XRD, XPS and Raman measurements. The ferrimagnetic order in mixed spinel zinc-ferrite due to
changes in cation positioning showed besides room temperature magnetic behavior, improved gas
sensing properties compared to normal spinel zinc-ferrite™*®. This can be applied to humidity
sensing. Our powder also contained small amounts of unreacted ZnO and a-Fe,0; as impurities and
their presence also had an influence on change of impedance and sensitivity to humidity. Hematite is
a transition metal oxide with multivalent cations that are very sensitive and can be oxidized and
reduced by a change in oxidation state®. The presence of hematite could improve humidity sensing
properties. ZnO is a d'® oxide (Zn has a filled d* shell) with localized donor levels in the bandgap
caused by oxygen vacancies and interstitial Zn atoms in the lattice®. This type of oxide can be
reduced by altering the d'® cation electron configuration, where cations can act as donors, acceptors
or interstitials'. Free charge carriers can be created when oxygen vacancies are formed. ZnO is a low
cost, stable and promising gas sensing material, but with drawbacks such as poor sensitivity and
selectivity °. Improved gas sensing properties have been achieved for ZnFe,0,/ZnO

heterojunctions®>*!

, so the presence of ZnO in our powder could also contribute to improving
humidity sensing properties by increasing the number of oxygen vacancies that are active sites for
dissociation of the water molecule®. Obviously, the individual influence of hematite and zinc-oxide

needs to be investigated in detail, taking into account the separate influence of each material and

will be the subject of further research.

The response and sensitivity of humidity sensors is most often related to the morphology
and has focused on the specific surface area, grain size and porosity'. Water physisorption in spinel
ferrites can be further enhanced by the obtained porous structure, where pores of different sizes,
shape and connectivity can enhance water physisorption. As shown in SEM images of zinc ferrite
thick film samples in Figure 1 and Figure 9, the analyzed ZnFe,0, thick film samples had a porous
structure consisting of agglomerated small nanocrystalline grains of ZnFe,0, forming a porous

network of aggregated nanoparticles.
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Analysis of Hg porosimetry measurements of the starting ZnFe,0, powder and ZnFe,0,
powder obtained by peeling the thick film off the sensor substrate showed that there was a slight
increase in porosity in the thick film compared to the starting powder and even though there was a
slight decrease in porosity after two runs (1-2) the porosity values at about 60% remained relatively
high.The microstructure and porosity can further be improved by optimizing the powder synthesis
process, thick film composition and sintering temperature and this will be the subject of further

work.

3.3 Complex impedance analysis

Complex impedance plots obtained for ZnFe,0, thick film samples are shown in Figure 9. With
increase in relative humidity the impedance decreased, starting with part of a depressed
semicircular arc at lower humidity, ending with a depressed semicircle at high humidity values.
Similar values were obtained for both analyzed operating temperatures, 25 (Figure 10a) and 50°C
(Figure 10b). Impedance data was analyzed with the EIS Spectrum Analyzer Software *® using an
equivalent circuit consisting of a parallel resistance and constant phase element (CPE)
representing the dominant grain boundary influence. The CPE element was used to replace a
capacitor in order to compensate for the depressed semicircle as described in detail in*’. Good
agreement between measured and analyzed spectra was obtained as shown in the example

presented on insets in Figure 10, with an average error of about 2%.

The determined grain boundary resistance was high for low RH and decreased rapidly with
the increase in RH as shown in Figure 11 left (starting with RH of 50% as for lower RH the
determined grain boundary resistance was above 1GQ2 and could not be precisely determined using
the applied EIS Spectrum Analyzer Software). The determined grain boundary relaxation frequency

increased with increase in RH (Figure 11 right). The determined grain boundary capacitance
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maintained a relatively similar value with change in RH and was in the range 101-115 pF for both

analyzed operating temperatures (25 and 50°C).

4. CONCLUSION

In this work we have analyzed the change of impedance of ZnFe,0, thick films in a humidity
chamber in the relative humidity range 30-90% at two operating temperatures — room temperature
(25°C) and a slightly increased temperature of 50°C. The measured impedance decreased with
increase in humidity and also frequency showing the most noticeable change of ~46 times at 42 Hz,
indicating that there is potential for application as humidity sensors. ZnFe,04 powder with small
amounts of residual unreacted zinc-oxide and hematite was obtained by solid state synthesis. The
nanocrystalline mixed spinel structure of the obtained powder was confirmed using XRD, XPS,
Raman spectroscopy, FESEM and TEM analysis. Thick films with a porous nanocrystalline structure
(confirmed by SEM and Hg porosimetry analysis) were obtained by screen printing thick film paste
on alumina substrates with test interdigitated PdAg electrodes. The measured complex impedance

was analyzed using an equivalent circuit confirming the dominant influence of grain boundaries.
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FIGURE CAPTIONS

FIGURE 1 Fabricated ZnFe,O, thick film test sample on alumina substrate with interdigitated

electrodes (electrode spacing 0.25mm) and SEM images of thick film sample surface

FIGURE 2 XRD pattern of zinc-ferrite powder; refined patterns of zinc ferrite powder and thick film

using GSAS-II

FIGURE 3 FESEM and TEM images of obtained zinc-ferrite powder

FIGURE 4 XPS spectra of ZnFe,0, powder (a), deconvoluted Zn2p (b), O1s (c) and Fe (d) spectra

FIGURE 5 Raman spectra of ZnFe,0, powder using 0.4and 1W He-Ne laser power

FIGURE 6 Hg porosimetry measurements of the ZnFe,0, powder (left) and ZnFe,0, thick film peeled

off the sensor substrate (right)

FIGURE 7 Change of impedance of ZnFe,0y4 thick films with frequency at 25 and 50°C

(inset) measured for relative humidity 30-90%
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FIGURE 8 Change of impedance (left) and sensitivity (right) of ZnFe,0, thick films with RH, frequency

42 Hz, at 25 and 50°C

FIGURE 9 SEM image of thick film sample surface

FIGURE 10 Change of impedance with RH measured at 25 (a) and 50°C (b), Insets: example of a fitted

curve at RH 70 (a) and 80% (b), respectively

FIGURE 11 Change of grain boundary resistance (left) and grain boundary relaxation frequency

(right) with relative humidity
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TABLE 1 Structural parameters for ZnFe,0, powder obtained by Rietveld refinement of XRD pattern,

WR=4.685% (values in brackets represent the calculation error for one or two decimals)

ZnFe,0,4 (89.0 wt.%)

Fd3mZ, a = 8.42742(20) A, Crystallite size: 46 nm, Microstrain: 8.6(4)-10°

Atom Site X y z Uiso Occupancy
Znl 8a 0.125 0.125 0.125 0.0523 0.6
Fel 8a 0.125 0.125 0.125 0.0523 0.4
Zn2 16d 0.500 0.500 0.500 0.0751 0.2
Fe2 16d 0.500 0.500 0.500 0.0751 0.8
0 32e 0.2596(5) 0.2596 0.2596 0.0508 1

0-Zn1,Fel distance

1.9642(26) A

0-Zn2,Fe2 distance

2.02943(18) A

ZnO (9.8 wt.%)

P6smc, a =b =3.2437(6), c=5.1995(11) A, Crystallite size: 44 nm, Microstrain: 9.6(22) )-10°

Fe203 (12 Wt%)

R3c, a=b=5.0677(11); c = 13.6604(20) A, Microstrain: 3.2(25) )-10°
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TABLE Il Parameters calculated from Hg porosimetry measurements

ZnFe,0, tf-ZnFe,0,
Runl Run2 Runl Run2
Total cumulative volume, (cmg/g) 0.330 0.169 0.467 0.310
Specific surface area, (m?/g) 6.8 49 7.6 5.7
Bulk density, (g/cm?) 1.89 2.72 1.47 1.91
Apparent density, (g/cm?®) 5.06 5.06 4.66 4.66
Porosity, (%) 62.6 46.1 68.5 59.1
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