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 Pseudobrookite based nanopowder was obtained by solid state synthesis of starting 

hematite and anatase nanopowders in the weight ratio 55:45. Structural and morphological 

properties were analyzed using X-ray diffraction (XRD), BET, X-ray photoelectron 

spectroscopy (XPS), Raman spectroscopy, UV/Vis diffuse reflectance spectroscopy, Field 

emission scanning electron microscopy (FESEM) and Transmission electron microscopy 

(TEM) confirming the formation of nanocrystalline pseudobrookite. The obtained powder 

was mixed with a binder (ethyl cellulose), dispersant (α-terpinol) and adhesion agents (acetic 

acid and distilled water) to obtain a thick film paste. It was screen printed on alumina 

substrate with interdigitated PdAg electrodes and fired at 600oC for 30 minutes. Formation of 

a porous nanocrystalline thick film structure was shown using Scanning electron microscopy 

(SEM), while Hall measurements enabled determination of carrier mobility. Change of 

impedance response in the frequency range 42 Hz - 1 MHz with humidity was analyzed at 

room temperature (25oC) and 50oC in the relative humidity range 30-90% and 40-90%, 

respectively. At 42 Hz, and room temperature the impedance reduced 28 times, while at 

50oC it reduced 147 times in the relative humidity range 40-90%. The sensor showed rapid 

response (16 s) and relatively low hysteresis (8.39% at 25oC and 2.64% at 50oC) showing that 

this is a promising material for application in humidity sensing. 

 

Keywords: Pseudobrookite, Fe2TiO5, humidity sensor; thick film          

 

1. Introduction 

 With water being one of the essential components on Earth it remains significant to 

enable reliable and accurate measurement of the water content [1]. Ceramic humidity sensors 

are widely investigated and applied as they have good thermal and environmental stability, 

response and mechanical strength, wide range of operating temperatures, low fabrication cost, 

robustness and selectivity towards a wide range of gases [1, 2]. As such they satisfy many of 

the basic requirements of a good gas sensor [1]. Metal oxide semiconductor materials are 

most commonly used in ceramic humidity sensors [3]. These include metal oxides such as 

ZnO, TiO2, Fe2O3 [1, 3], spinel oxides [4] or perovskite type oxides [5]. However, for 

instance, pure Fe2O3 suffers from low sensitivity therefore there is a need for new materials. 

With the advent of nanotechnology, nanostructured metal oxides emerge as one of the most 

fascinating functional materials [3]. Nanostructured metal oxide gas sensors can be 

constructed with a small size, controlled morphology and electrical characteristics that have 

resulted in optimized sensing characteristics [1]. As small size and high surface area supply 

more active sites for water vapor, better performance in humidity sensing would be provided. 

Also, the porous structure of ceramic materials consisting of grains, grain boundaries, surface 

areas and pores influence the sensor performance [1].        

Pseudobrookite is an iron-titanium oxide with the general formula Fe2-xTi1+xO5, 

ranging from ferric Fe2TiO5 (x=0) to ferrous FeTi2O5 (x=1) pseudobrookite [6, 7]. It normally 

crystallizes into a Cmcm orthorhombic crystal structure. Its band gap is 2.2 eV, similar to 

hematite [8]. In the continued search for a good photoelectrode material combination, in 

recent literature, Fe2TiO5 figures often [8-10]. In our previous work we investigated the 

humidity sensing potential of pseudobrookite in bulk form [11]. In this work we have focused 

on analyzing humidity sensing of nanostructured pseudobrookite based thick films by 

monitoring the change in impedance in conditions of enhanced humidity (relative humidity 

30-90%).  

  

2. Experimental 

2.1 Synthesis of pseudobrookite nanoparticles and thick film preparation  
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Hematite, α-Fe2O3 (Alfa Aesar, 99%, grain size 20–60 nm) and anatase, TiO2, (Alfa 

Aesar, 99.7%, grain size 15 nm) nanopowders in the weight ratio 55:45, were ball milled in a 

planetary mill (Fritsch Pulversisette 5) in stainless steel vessels with stainless steel balls for 

60 min, followed by drying at 150 C for 24 h. The obtained powder was calcined in air at 

900 C for 2 h and then sieved through a 400 mesh sieve. Thick film paste was prepared by 

the addition of organic agents (a-terpineol (95% min, Alfa Aesar) as a dispersant, ethyl-

cellulose (viscosity 4 cP, Aldrich Chemistry) as a binder, and the combination of acetic acid 

(MOS HEMOS, pro analysi) and distilled water as adhesion agents and homogenized using 

the ultrasonic horn (Bandelin Sonoplus 2070HD) following the procedure reported by Ito et 

al [12].  

Samples for Hall measurements were prepared by screen printing 3 layers of 

pseudobrookite thick film paste on alumina substrate. Samples for electrical and humidity 

sensing characterization were made by first screen printing interdigitated PdAg electrodes on 

alumina substrate, followed by firing in a conveyor furnace at 850oC for 10 minutes in air. 

The analyzed electrode spacing was 0.25 mm (as shown in Fig. 1). Two to five layers of 

pseudobrookite based thick film paste were then screen printed on the prepared alumina 

substrate with interdigitated PdAg electrodes. Each layer was dried for 15 minutes at 60oC, 

before the next layer was printed. The average layer thickness was estimated to be 12-15 µm. 

The sensors were heat treated in air in a chamber furnace at 600oC for 30 minutes. An 

example of a thick film test sample is shown in Fig. 1. 

 

2.2 Characterization of pseudobrookite nanoparticles and thick film samples 

The crystal structure of the synthesized pseudobrookite nanopowder was investigated 

by X-Ray diffraction (XRD). XRD patterns were recorded on a Philips PW1050 

diffractometer equipped with Cu Kα radiation and operating in a 2 range of 10 to 90o, step 

0.05s and hold time 10s. The structural parameters were refined using the Rietveld method 

and the GSAS II package [13]. 

Raman spectra were recorded using a He-Ne laser (632.8 nm) on a Horiba Jobin Yvon 

LabRam HR Evolution spectrometer in a backscattering geometry, range 100-1500 cm-1, 

power at sample 0.4 mW.  

The chemical states of the elements were determined with X-ray photoelectron 

spectra (XPS) 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 10 mA. All survey 

scans were performed with pass energy of 160 eV, and all region scans were performed with 

pass energy of 20 eV. All data was calibrated to the C-C portion of the C1s peak at 284.5 eV. 

The morphology and microstructure were analyzed by Field Emission Scanning 

Electron Microscopy (FESEM) on a Tescan MIRA3 XM FESEM device (powder and thick 

film samples) and Transmission electron microscopy (TEM) on a JEOL JEM-1400 PLUS 

device (powder sample) and Scanning electron microscopy (SEM) on a TESCAN Electron 

Microsope VEGA TS 5130MM device (thick film samples). 

Nitrogen adsorption-desorption isotherms of pseudobrookite powder were collected 

on a Sorptomatic 1990 Thermo Finningen at 77 K. The specific surface area (m2/g) was 

calculated from the obtained isotherm using the Brunauer-Emmett-Teller (BET) equation. 

The pore size was evaluated using the Barrett-Joyner-Halenda (BJH) method. 

UV/vis diffuse reflectance spectra of the obtained powder were measured on a 

Shimadzu UV-2600 with an ISR2600 Plus Integrating sphere attachment in the measuring 

range 200-1200 nm. 

Hall measurements were conducted at room temperature (300 K) and 77 K on an 

Ecopia HMS-3000 Hall effect measurement system with applied field of 0.37 (300 and 77 K) 

and 1 T (300K), with varied input currents of 1, 3 and 5 nA. 
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2.3 Humidity sensing characterization 

Electrical characterization was performed in a JEIO TECH TH-KE-025 Temperature 

and humidity climatic chamber by measuring impedance in the frequency range 42 Hz -

1MHz on a HIOKI 3532-50 LCR HiTESTER device at 25oC (average room temperature) in 

the relative humidity (RH) range 40-90% and at 50oC (slightly elevated temperature) in the 

relative humidity range 30-90% (Fig. 2). Prior to each measurement the samples were 

dried/heated for 20 minutes at 50oC to remove any moisture. The test sample was placed into 

the chamber and the electrical properties were measured using wires soldered to the 

electrodes. The desired temperature and humidity values were obtained by setting the control 

of the temperature and humidity chamber to the desired temperature first and when this was 

established (depending on the ambient temperature this took on average about 30 minutes to 

achieve truly stable temperature values) the humidity was varied between 30 and 90%, by 

setting the desired humidity value (it took on average 45-90 minutes to establish the desired 

humidity value i.e. saturation to be reached).   

 

3. Results and Discussion 

3.1 Structural and morphological properties of Fe2TiO5 based nanopowder 

 XRD analysis showed that powder samples consisted of orthorhombic pseudobrookite 

(Fe2TiO5) as a main phase (56.3 wt%), smaller amounts of hematite (Fe2O3 – 19.7 wt%) and 

rutile (TiO2 – 22.4 wt%), and a trace of remaining anatase (TiO2 – 1.6 wt%). Fig. 3 shows the 

measured powder diffractogram and Rietveld analysis (wR 2.7%). The structural parameters 

of pseudobrookite were refined on the basis of the Cmcm space group assuming a random 

distribution of TiO6 and FeO6 octahedra [7, 9]. The unit cell parameters determined for 

orthorhombic pseudobrookite (Fe2TiO5) and atomic positions and determined unit cell 

parameters for hematite, rutile and anatase are given in Table 1.  

 Analysis of the measured Raman spectra of the powder sample (Fig. 4) showed that 

beside modes of orthorhombic pseudobrookite (ID R140974 spectra from the RRUFF 

database), there are modes of unreacted hematite (ID R050300 spectra from the RRUFF 

database), two modes of rutile (Eg mode at  440 cm-1 and A1g mode at  607 cm-1) and the 

peak at 148 cm-1 which can be assigned to the strongest mode of unreacted anatase [14-16].  

A weak B1g mode from rutile that is expected at  142-144 cm-1 can partially contribute to the 

peak at 148 cm-1, but anatase contribution to that peak is dominant (the latter follows from 

the fact that there is no shifting of the peak to lower wavelength values). It can be therefore 

concluded that during synthesis of pseudobrookite most anatase transformed to rutile, but 

some remained, confirming XRD analysis. Modes belonging to unreacted hematite were 

determined as: A1g mode which in superposition with one of the two strongest modes of 

pseudobrookite gives the peak at  221 cm-1, Eg modes at: 289 cm-1, 403 cm-1 and 610 cm-1 

(shoulder), a shoulder at 818 cm-1 and a wide mode at 1307 cm-1 resulting from second-

order scattering (LO phonon overtone of hematite) [17, 18]. Mode positions belonging to 

orthorhombic pseudobrookite are in accordance with previously reported data [19-21]. 

XPS spectrum of the synthesized powder (P1) is shown in Fig. 5a. High resolution 

XPS peaks of Fe2p, Ti2p and O1s are presented in Figure 5b-d. Positions of Fe2p peaks at 

711.9 eV (Fe2p3/2) and 725.6 eV (Fe2p1/2), as well as the occurrence of a satellite peak at 

719.4 eV, reveal that Fe is present as Fe3+ in the sample [22, 23]. Peaks belonging to Ti4+ in 

Fe2TiO5 are shown in Fig. 5c [23-25]. In the O1s spectrum (Fig. 5d) an asymmetric peak is 

observed, which can be divided into three peaks: one at 529.9 eV that is assigned to lattice 

oxygen binding O2-, and two peaks at 531 eV and 532.7 eV that could be assigned to the 

surface adsorbed oxygen species (hydroxyl-like groups, C-O and O-C=O) [26, 27].   
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To confirm formation of Fe2TiO5 mesoparticles, the XPS valence band (VB) spectra 

and UV/vis diffuse reflectance spectra of Fe2TiO5 were investigated. As shown in Fig. 5e, the 

valence band maximum binding energy (VBM) of Fe2TiO5 is +1.47 eV. The optical band gap 

was calculated from the measured diffuse reflectance spectrum using the Tauc model [28] for 

a direct system, as described in detail in [10]. The equivalent absorption coefficient was 

calculated from the Kubelka-Munk function. The direct band gap was determined as 2.17 eV, 

as shown in Fig. 6.  Hence, the energy level of the conduction band minimum (CBM) of 

Fe2TiO5 is -0.7 eV, which is in accordance with previously reported results [24]. The position 

of absorption edges was obtained from analysis of the first derivative of the diffuse 

reflectance spectra (shown as inset on Fig. 6). It consisted of three transition energies, with 

the most prominent value of transition energy of 2.14 eV being representative of the overall 

band gap energy and 2.72 and 1.80 eV representing additional energies within the band gap, 

in accordance with values obtained in [10].  

FESEM and TEM were used to investigate surface morphology of Fe2TiO5 based 

powder as displayed in Fig. 7. The top view FESEM images show a quasi-sphere like 

morphology with an average diameter 60-300 nm. Combined with TEM observation it can be 

confirmed that as prepared Fe2TiO5 mesoparticles are formed as domains consisting of 

agglomerates.  

 The BET surface area of pseudobrookite nanoparticles was 12.3 m2/g, while the 

maximum pore diameter was 46.4 nm.  

 

3.2 Thick film microstructure and carrier mobility   

SEM and FESEM images of the thick film surface shown in Fig. 8 revealed that thick 

film samples were made of a porous network of aggregated nanoparticles. The size of 

nanocrystalline grains is in the range of 80-140 nm. A number of voids can also be seen that 

according to Lee at al [29] suggest the presence of a highly porous network.  

Hall effect measurements with an input current of 1 nA and applied field of 0.37 T at 

room temperature (300 K) enabled determination of: mobility µ=143.4 cm2/V∙s, carrier 

density Nb = 1.473∙109 cm-3, resistivity  = 2.955∙107 Ω∙cm and average Hall coefficient 

4.239∙109 cm3/C. At 77 K the mobility increased to 248.5 cm2/V∙s, carrier density was Nb = 

9.104∙108 cm-3, resistivity  = 2.759∙107 Ω∙cm and average Hall coefficient 6.857∙109 cm3/C 

The mobility obtained for pseudobrookite thick film is quite high and compared to the value 

of 6.32 cm2/ V∙s obtained by Bassi et al. [30] and values of 1.53 cm2/V∙s obtained by Shinde 

at al. for hematite -Fe2O3 thin films [31] and 0.36 cm2/V∙s for anatase thin films by Jeong et 

al [32].     
 

3.3 Humidity sensing response 

 The best sensor response (change in impedance) was obtained for the pseudobrookite 

based thick film samples printed with five layers of pseudobrookite based thick film paste 

(estimated thick film thickness  60 µm). In the analyzed frequency range 42 Hz-1 MHz the 

measured impedance decreased with increase in frequency as shown in Fig. 9. With increase 

in humidity at 25oC the impedance decreased from 37.11 M measured at 42 Hz for relative 

humidity (RH) of 40% to 1.32 M for RH 90%. Thus, the impedance reduced  28 times. At 

the higher operating temperature of 50oC the measured impedance at 42 Hz reduced from 

30.79 M for RH 30%, 19.06 M at RH 40% to 0.129 M at RH 90%. Thus, the impedance 

reduced 238 times in the RH range 30-90% and 147 times in the RH range 40-90%.  The 

change of impedance at 42 Hz and 101 Hz with humidity at 25 and 50oC is shown in Fig. 10. 

The increase in operating temperature to 50oC resulted in overall lower measured 

impedances. 
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 The sensor response (sensitivity - S) is usually defined as the change in resistance of 

the material on exposure to gas [3]. It can be represented in different forms as: S = Ra/Rg; S = 

Rg/Ra; S = R/Rg or S=R/Ra, where R=|Ra-Rg|, Ra is the sensor resistance in ambient air and 

Rg is the sensor resistance in the target gas [3]. Zhu et al. [33] analyzed the sensor response of 

Fe2TiO5 tube like nanostructures to ethanol as S = Ra/Rg. In our previous work [11] we 

determined the sensor response of Fe2TiO5 bulk samples as: 

𝑆 =
|𝑍|𝐿𝐻−|𝑍|𝐻

|𝑍|𝐿𝐻
× 100       [1] 

where |Z|LH  is the impedance measured at the lowest analyzed humidity and |Z|H is the 

impedance measured for different humidity values in the chamber. The calculated sensitivity 

using eq. [1] for pseudobrookite (Fe2TiO5) samples at 25 and 50oC at the frequency of 42 Hz 

measured in the relative humidity range 30-90% and 40-90%, respectively are shown in Fig. 

11. With increase in humidity the sensitivity increases, more slowly at room temperature 

(25oC) compared to the slightly higher operating temperature of 50oC. As for higher relative 

humidity values the measured impedance decreased to values that were several magnitudes 

lower than the starting impedance, we have shown the ratio between the starting sensor 

impedance (|Z|a) and the sensor impedance at a certain humidity (|Z|H) as insets in Fig. 11. 

This characteristic shows the sensor response behavior reflecting the significant reduction in 

impedance at higher relative humidity values (above 70% at 25oC and 60% at 50oC). 

  

3.4 Humidity sensing mechanism 

  Interaction of Fe2TiO5, a metal-oxide n-type semiconductor, with water molecules 

(humidity) can be described by two basic processes: chemisorption and physisorption [1, 2, 5, 

11]. A schematic illustrating of the humidity sensing mechanism of pseudobrookite thick 

films is shown in Fig. 12. Active sites on the thick film surface start to retain water molecules 

when exposed to humidity, forming a chemisorbed layer of hydroxides. Significant energy is 

required for hopping transfer of protons between hydroxyl groups so the measured impedance 

is high. With further increase in humidity water molecules are physically adsorbed forming a 

double hydrogen bond. High electrostatic fields in the chemisorbed layer enable easy 

dissociation of physisorbed water to form hydronium ions. Further increase in humidity leads 

to the formation of multilayers of physisorbed water molecules onto available oxygen sites by 

single hydrogen bonding that enables mobility of water molecules. Additional increase in 

humidity leads to dissociation of hydronium that accepts one proton and releases another 

proton to neighboring water molecules forming a liquid-like network. In high humidity 

conditions protons move freely along the water layer. Physisorbed water layers behave like a 

normal condensed liquid, as low energy is required for proton hopping. This results in an 

increase in ionic conductivity that can be explained by the Grotthus charge mechanism [35].  

 As mentioned above, the structure of ceramic materials generally influences the 

sensing mechanism.  In our case, microstructure analysis of pseudobrookite thick films has 

shown a porous structure consisting of interconnected agglomerates composed of small 

nanograins (Fig. 8). The slope of the change of measured impedance with increase in 

humidity (as shown in Fig. 10) and sensor response (sensitivity) shown in Fig. 11, reflects the 

advance of processes composing the humidity sensing mechanism.  

 

3.5 Response and recovery time 

The response time of a sensor is the time a sensor reaches 90% of the total response 

when exposed to the target gas (in this case moisture), while recovery is the time required for 

a sensor to return to 90% of the original baseline signal, when the gas/moisture is removed 

[3]. We measured the response and recovery times of our pseudobrookite based thick film 

samples to relative humidity of 90% at 100 Hz and at room temperature (25oC). Samples 
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were inserted into the chamber which had previously reached equilibrium for the set RH of 

90%. After reaching the final impedance value in response to RH 90% samples were 

removed from the chamber and their recovery was measured. The average response time was 

16 s, while the recovery time was very fast and the sensor recovered in 1 s, as shown in 

Fig. 13. The difference in response and recovery times can be explained by the microstructure 

of pseudobrookite thick films (Fig. 8) that consisted of a porous network of aggregated 

nanoparticles. In accordance with the determined specific surface of pseudobrookite based 

powder by BET (12.3 m2/g), internal porosity is relatively low compared to the number and 

volume of pores between agglomerates, so water vapors do not get trapped into small 

disordered pores. Thus, desorption when the sensor is removed from the climatic chamber is 

undisturbed as water vapors exit the porous voids between agglomerates.      

 

3.6 Hysteresis 

The time delay between absorption (condensation) and desorption (evaporation) 

processes represents the hysteresis curve of a sensor and can occur due to disordered 

mesoporous solids [36]. Hysteresis curves measured at 42 Hz for pseudobrookite based thick 

film samples at 25 and 50oC are shown in Fig. 14 and was calculated as 8.39% and 

2.64%RH, respectively. The time delay was slightly higher at room temperature, compared to 

the time delay at 50oC with the larger time delay occurring at lower humidity and higher 

measured impedance. It was similar to the time delay we obtained for bulk pseudobrookite 

samples [11] and other thick film humidity sensors [5, 37].           

 

3.7 Complex impedance analysis 

Complex impedance plots obtained for pseudobrookite based thick film samples are 

shown in Fig. 15. Similar curves in the shape of part of a depressed semicircular arc were 

obtained for both analyzed operating temperatures. The semicircles shrank, showing more of 

the semicircle with increase in humidity in correlation with the described humidity sensing 

mechanism. The conductivity of ceramic semiconducting materials is at temperatures below 

100oC due to a combination of both electronic and ionic conductivity as described in detail by 

Faharani et al in ref [2]. As increase in humidity leads to physisorption besides chemisorption 

and further increase in relative humidity to the formation of multilayers of physisorbed water, 

ionic conductivity explained by the Grotthus charge mechanism becomes the dominant 

conducting mechanism. Electrolytic conductivity occurs simultaneously with ionic 

conductivity at high humidity when liquid water condenses into pores according to Kelvin’s 

law [38]. Proof for the existence of both ionic and electrolytic conduction at high relative 

humidity levels can be obtained from analysis of complex impedance spectra. The change in 

the shape of the spectra with change/increase in relative humidity reflects the influence of 

ionic and electrolytic conduction.  Some authors were able to separate these influences and 

showed which one was dominant for different humidity values using a more complex 

equivalent circuit [5, 38].  

The measured impedance data was analyzed with the EIS Spectrum Analyzer 

Software [39] using an equivalent circuit composed of the dominant grain boundary 

component represented with a parallel resistance and constant phase element (CPE),  shown 

in Fig. 15. The CPE element was used to replace the capacitor, as described in detail in [11, 

40]. The applied equivalent circuit reflected the combined influence of different conduction 

mechanisms. The determined grain boundary resistance (Fig. 16a) was high for low humidity 

(232 MΩ for RH 40% at 25oC and 110 MΩ for RH 30% at 50oC) and rapidly decreased as 

the relative humidity decreased (for example, 66 MΩ for RH 50%  at 25oC ) with 0.6 and 0.1 

MΩ for RH 90% at 25 and 50oC, respectively. The grain boundary relaxation frequency 

increased with increase in relative humidity, as shown in Fig. 16b. The determined grain 
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boundary capacitance did not change with relative humidity and was in the range 102-112 pF 

at 25oC and 122-128 pF at 50oC.   

 

4. Conclusion 

 In this work we have investigated humidity sensing properties of nanocrystalline 

pseudobrookite based thick films. Pseudobrookite based nanocrystalline powder was obtained 

by solid state synthesis of starting hematite and anatase nanopowders. XRD, BET, XPS, 

Raman spectroscopy, UV/Vis diffuse reflectance spectroscopy, FESEM and TEM confirmed 

the formation of nanocrystalline orthorhombic pseudbrookite powder with excess hematite, 

rutile and traces of anatase. The crystallite size was 42 nm. Thick film paste was obtained by 

mixing the obtained powder with a binder, dispersant and adhesion agents, and screen printed 

on alumina substrate with interdigitated electrodes (electrode spacing 0.25mm). FESEM and 

SEM analysis of the thick film surface and cross-section confirmed the formation of a porous 

structure with grain size in the range 80-140 nm. Hall effect measurements enabled 

determination of carrier mobility as µ=143.4 cm2/V∙s. The increase in humidity at both 

analyzed operating temperatures led to a noticeable decrease in impedance, especially at 

relative humidity above 60% in accordance with changes in the humidity sensing mechanism 

(chemisorption, physisorption and the Grotthuss charge mechanism). Complex impedance 

semicircle arcs were shrinking noticeably with increased water vapors. Modeling with an 

equivalent circuit confirmed the dominant influence of the grain boundaries, with the 

determined grain boundary resistance decreasing and relaxation frequency increasing with 

increase in relative humidity, while the grain boundary capacitance did not change.           
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Figure captions 

 

Fig. 1 Pseudobrookite (Fe2TiO5) based thick film sample, alumina substrate with PdAg 

electrodes, SEM image of sample surface, FESEM image of cross-section of one printed 

thick film layer. 

 

Fig. 2 Experimental setup. 

 

Fig. 3 Rietveld analysis of the measured powder XRD pattern.  

 

Fig. 4 Raman spectra of pseudobrookite based powder –blue, (P - pseudobrookite, A - 

anatase, R -rutile, H - hematite)Fe2TiO5 spectra from RRUFF database – grey, hematite 

spectra from RRUFF database – green, Raman spectra of starting anatase and hematite 

powder mixture –red and Raman spectra of anatase – black. 

 

 

Fig.5 (a) Survey XPS spectra of pseudobrookite based powder; high resolution XPS spectra 

of: (b) Fe 2p, (c) Ti 2p, (d) O 1s; and (e) valence band spectra. 

 

Fig. 6 Tauc plot for allowed indirect transition obtained from measured diffuse reflectance 

spectrum: inset First derivative analysis of diffuse reflectance spectrum and calculated values 

of transition energies. 

 

Fig. 7 FESEM and TEM images of Fe2TiO5 based powder  

 

Fig. 8 (a) SEM and (b) FESEM images of Fe2TiO5 based thick film sample surface. 

 

Fig. 9 Change of impedance with frequency at (a) 25 and (b) 50oC for different humidity 

values. 

 

Fig. 10 Change of impedance at 25 and 50oC with humidity at frequency of 42 and 101 Hz.  

 

Fig. 11 Sensitivity of Fe2TiO5 based thick film samples calculated using eq. [1], insets show 

the sensor response calculated as |Z|a/|Z|H at frequency of 42 Hz. 

 

Fig. 12 Schematic illustration of the humidity sensing mechanism, FESEM image of 

microstructure, calculated band positions, pseudobrookite crystal structure drawn using 

VESTA [34]. 

 

Fig. 13 Response and recovery time of pseudobrookite based thick film sample at frequency 

of 100 Hz. 

 

Fig. 14 Absorption and desorption curves obtained at 42 Hz for pseudobrookite based thick 

film samples at 25 and 50oC. 

 

Fig. 15 Complex impedance plots at (a) 25 (a) and (b) 50oC. 

 

Fig. 16 Change of (a) grain boundary resistance and (b) relaxation frequency with humidity. 

  

ACCEPTED M
ANUSCRIP

T



 
 

 

ACCEPTED M
ANUSCRIP

T



Figure 1   
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Figure 2  
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Figure 3  
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Figure 4 
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Figure 5   
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Figure 7  
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Figure 8   
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Figure 9a 
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Figure 9b 
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Figure 10 
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Figure 11  
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Figure 12   
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Figure 13  
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Figure 14 
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Figure 15a 
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Figure 15b 
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Figure 16a 
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Figure 16b  
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Table 1 Unit cell parameters for Fe2TiO5, TiO2 (rutile and anatase) and Fe2O3 and atomic 

positions determined for Fe2TiO5 

Table 1 Unit cell parameters for Fe2TiO5, TiO2 (rutile and anatase) and Fe2O3 and atomic 

positions determined for Fe2TiO5 

 

Pseudobrookite (Fe2TiO5), space group Cmcm,  a = 3.7203(1), b = 9.7776(7), c = 

9.9628(6) Å; crystallite size 42 nm, microstrain 1507.7               

atom site x y z occupancy Uiso 

Fe1 8f 0.00000     0.1354(7) 0.5653(8) 0.6667 0.0160(25) 

Ti1 8f 0.00000     0.1354(7) 0.5653(8) 0.3333 0.0160(25) 

Fe2 4c 0.00000 0.1877(9) 0.25000 0.6667 0.016(4) 

Ti2 4c 0.00000 0.1877(9) 0.25000 0.3333 0.016(4) 

O1 4c 0.00000 0.770(3) 0.25000 1.000 0.039(12) 

O2 8f 0.00000 0.0494(19) 0.1187(18) 1.000 0.012(8) 

O3 8f 0.00000 0.3115(19) 0.0821(21) 1.000 0.016(7) 

Hematite (Fe2O3) space group 𝑅3̅𝑐 a = b = 5.0295(8), c = 13.7244(14),  

crystallite size 245 nm, microstrain 6893.6 

Rutile (TiO2) space group P42/mnm with a = b = 4.5869(5), c = 2.9588(5) Å,  

crystallite size 46 nm, microstrain 1465.3 

Anatase (TiO2), space group I41/amd a = b = 3.7742(5), c = 9.519(3) Å 
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