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A B S T R A C T   

This manuscript addresses an experimental and theoretical investigation regarding the ozone (O3) gas-sensing 
properties of hematite microrhombuses obtained via the hydrothermal method. Gas-sensing experiments 
showed the sensitivity of the microrhombuses towards O3 gas from 12 ppb (parts-per-billion), presenting total 
recovery and a long-term stability of 4 months. Theoretical calculations revealed that the surfaces play an 
important role in the adsorption/desorption processes. Moreover, it was found that the presence of (1 0 4) 
surfaces is favorable to the high sensitivity towards O3 molecules, confirming the experimental results. These 
results allowed us to better understand the morphological changes and directly relate the sensing performance of 
hematite microcrystals at different exposed surfaces.   

1. Introduction 

Air pollution is caused by the emission of certain gases and particles 
that constitute the atmosphere. Over time, it can cause harm to human 
health and/or the environment. Among the main ground-level pollut
ants that are the most harmful to human health – causing cardiovascular 
and respiratory diseases – is ozone (O3) gas, an environmental air 
pollutant with high potential for toxicity [1–3]. Therefore, it needs 
precise detection to make sure its concentration is below 120 ppb (parts- 
per-billion). Up to now, several researchers have made unremitting ef
forts to develop sensors exhibiting high sensitivity, reproducibility and 
long-time stability, besides working at relatively low temperatures 
[4–6]. 

Metal semiconducting oxides (MOXs) have been widely employed in 
gas sensors due to their potential features, such as high-sensitivity, 
selectivity, rapid gas detection, and stability. The n-type MOXs (e.g. 
SnO2, WO3, In2O3, ZnO, and α-Fe2O3) have been used as chemiresistors 
for the detection of reducing and oxidizing analytes [7–9]. Several 
studies have demonstrated the potential of MOXs as ozone gas-sensing 

layer [4,5,10,11]. Likewise, our research team has been encouraged 
to fabricate MOXs-based gas sensors focused mainly on the detection of 
O3, such as CoxZn1− xO, ZnO, ZnO/SnO2, ZnFe2O4, α-Ag2WO4, CuWO4 

and V2O5/TiO2 [12–18]. Among them, we propose an ozone gas sensor 
based on CoxZn1− xO thin films which showed good response when 
exposed to 84 ppb of O3 gas at an operating temperature of 200 ◦C. 
Compared with the pristine ZnO, the Co-doped ZnO sample exhibited a 
higher response (ca. 5 times) and overcame poor selectivity short
coming. This enhanced sensor response of the fabricated sensor was 
ascribed to the catalytic role of the doped Co and the increase of oxygen 
vacancies [14]. 

Multiple factors behind gas-sensing properties have been considered 
responsible for improving sensor performance, including crystalline 
structure, morphological characteristics, crystallization degree, among 
others [16,19,20]. Another important aspect to consider is the rela
tionship between sensing performance and MOX exposed facets/sur
faces. In this sense, Gurlo reported the importance of the MOX crystal 
shape in its gas-sensing performance. According to the author, the na
ture of surfaces exposed to the target gas becomes a key factor to 
enhance the material sensing activity, as some facets exhibit higher 
reactivity to certain analytes than other surfaces [21]. 

Hematite (α-Fe2O3) exhibits a corundum-type crystal structure with 
R3c rhombohedral space group, in which the oxygen O2– ions are ar
ranged in a hexagonal close-packed structure with two-thirds of octa
hedral interstices filled with trivalent Fe. This arrangement forms FeO6 
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octahedra, which consist of the central Fe3+ cation and the surrounding 
anion ligands, being considered the most stable iron oxide with n-type 
semiconducting properties (Eg = 2.1 eV at 300 K) [22,23]. 

Previous studies have mainly focused on α-Fe2O3 materials, which 
have demonstrated remarkable catalytic properties due to the high ox
ygen ion mobility at the material surface [22]. In terms of gas-sensing 
applications, a few studies have recently demonstrated the applica
bility of Fe2O3 compound for the detection of formaldehyde (HCHO), 
H2, CO, and NH3 [24–26]. For example, Umar et al. prepared a cubic- 
shaped hematite microstructure for application as a gas-sensing layer. 
They observed a high response at 400 ◦C towards ethanol in comparison 
with other analytes, i.e., H2 and CO gases [27]. 

Recently, we reported the promising application of hematite micro
rhombuses as a sensing material to manufacture BTEX (benzene, 
toluene, ethylbenzene, and xylenes) gas sensor devices [9]. By analyzing 
the response of the sensor exposed to a wide variety of organic com
pounds and BTEX gases, we found that hematite microrhombuses 
exhibited a good selectivity to BTEX gases compared to the investigated 
VOC gases, in addition to remarkable sensing properties with excellent 
repeatability and long-term stability, even at low-gas levels [9]. 
Although the surface structure-dependent sensing properties are well 
recognized, the experimental-theoretical study applying hematite crys
tals as an ozone gas-sensing layer is still lacking. 

The density functional theory (DFT) study has been a useful tool to 
support the experimental approach, providing an in-depth understand
ing of the surface–adsorbate interaction [28,29]. By performing DFT 
calculations, Wei et al. [30] examined the adsorption of NH3 molecules 
on Co3O4 hexagonal platelets exposed by (1 1 2) crystal plane. The 
theoretical results revealed that the high percentage of high-energy (1 1 
2) facets of Co3O4 platelets could be enhanced in order to obtain more 
efficiency in the monitoring of NH3 gas, which is consistent with 
experimental conclusions. Moreover, the authors proposed that DFT 
calculations can be used to evaluate the selectivity of gas sensors by 
designing special crystal-facet exposure [30]. Likewise, Wang and co- 
workers [31] demonstrated through DFT calculations that a high pro
portion of reactive NiO (1 1 0) facets could act synergistically to promote 
the selective response to CO adsorption [31]. Recently, we successfully 
combined experimental and DFT calculations to understand the role of 
shape-oriented ZnFe2O4 nanoparticles in O3 gas-sensing properties, 
confirming that the chemical environment along the exposed surfaces 
can be responsible for selectivity, reversibility and spontaneity factors of 
the different adsorption mechanisms [13]. 

Motivated by these arguments, we report the first comprehensive 
experimental-theoretical study regarding the role played by exposed 
surfaces of hematite microcrystals in the sensing properties towards O3 
gas. The microstructural and surface properties of the as-prepared he
matite crystals were investigated experimentally. Electrical measure
ments revealed good sensitivity, repeatability, and stability of the 
hematite crystals applied in the detection of sub-ppm levels of O3 gas. 
Furthermore, the electronic properties of the adsorption systems dis
cussed in view of the projected density of states, confirm that high- 
energy crystal facets of hematite crystals have a high activity for 
monitoring the O3 molecules. The findings of this work provide a useful 
experimental/theoretical reference for the rational development of 
efficient gas sensors based on hematite crystals. 

2. Experimental section 

2.1. Synthesis of the hematite crystals 

Rhombus-like hematite powders were synthesized via the hydro
thermal treatment, as reported in ref. 9. Both iron (III) chloride 
(FeCl3⋅6H2O, 99.9%) and ethyl alcohol anhydrous (CH3CH2OH, 99.5%) 
purchased from Sigma-Aldrich Corporation were used in the synthesis 
procedure. First, FeCl3 (0.06 M) was added to 100 mL of ethyl alcohol 
under constant stirring at room temperature. Afterwards, 22.5 mL of 

deionized water was slowly dropped into the iron reactional solution, 
which was then kept under stirring for 30 min. The dialysis process was 
applied to remove the chloride, and the obtained precipitate was dried 
in an electric oven at 80 ◦C overnight. To obtain the pristine hematite 
phase, 100 mg of the precipitate was added to 100 mL of deionized 
water, being then treated in a hydrothermal system at 200 ◦C for 4 h at a 
heating rate of 2 ◦C.min− 1. At the end of the hydrothermal treatment, 
the as-obtained powder was washed with deionized water and isopropyl 
alcohol and dried in an electric oven at 80 ◦C overnight under air 
atmosphere. 

2.2. Characterization techniques 

The sample was characterized by X-ray diffraction measurements 
(Rigaku diffractometer, D/Max-2500PC, CuKα radiation) in a 2θ range 
from 20◦ to 80◦ with a step of 0.02, and at a scanning speed of 2◦ min− 1. 
Ultraviolet–visible diffuse reflectance spectrum (UV–Vis DRS) was 
collected using a spectrophotometer (Shimadzu, UV-2600) coupled to 
an integrating sphere from 350 to 700 nm. The optical gap (Eg) value 
was estimated using the Kubelka-Munk function [32]. The morpholog
ical features were investigated using a field emission scanning electron 
microscope (FE-SEM, Zeiss Supra35) and a high-resolution transmission 
electron microscope (HRTEM, FEI Tecnai G2 F20) operated at 200 KeV. 
The average particle size was estimated from FE-SEM images using 
approximately 100 particles. The chemical and surface analyses were 
conducted in an X-ray photoelectron spectrometer (XPS; Thermo Sci
entific K-Alpha) using a monochromatic AlKα X-ray source. The spec
trum had its peak fitted using Casa XPS software, and all binding 
energies were given with reference to the C 1 s signal (284.8 eV) arising 
from the surface hydrocarbons. 

2.3. Sensing experiments 

To perform the ozone gas-sensing measurements, the sensor sample 
was prepared following the procedure adopted by our team [11,12,33]. 
Hematite powders (50 mg) were dispersed in 0.5 mL of isopropyl alcohol 
using an ultrasonic cleaner for 30 min. Afterwards, the suspension was 
dripped onto a SiO2/Si substrate with 120 nm thick Pt electrodes 
separated by a distance of 50 mm. The sensor sample was annealed at 
500 ◦C for 30 min at a heating rate of 5 ◦C.min− 1. Details regarding the 
electrode preparation as well as the gas-sensing workbench used here for 
ozone sensing experiments can be found elsewhere [34]. The sensor 
sample was inserted into a special chamber that allows the control of the 
substrate temperature, gas flows and O3 levels. The O3 gas was gener
ated from oxidizing oxygen molecules of the dry air using a calibrated 
pen-ray UV lamp (model P/N 90–0004-01), providing gas concentra
tions from 12 to 550 ppb (parts-per-billion). In these dynamic experi
ments, the dry air (carrier gas) containing O3 gas was blown directly 
onto the sample. The electrical resistance of the sample was monitored 
using a Keithley electrometer (model 6514) with a dc voltage of 1 V. The 
sensor response (S) was defined as S = RO3/Rair, where RO3 and Rair are 
the electric resistance of the sensor exposed to O3 gas and dry air, 
respectively. In addition, the response time was defined as the period 
required for the sample electrical resistance to reach 90% of its initial 
value when exposed to the target gas. Similarly, the recovery time was 
defined as the time required for the sensor electrical resistance to 
recover 90% of its initial value after the ozone gas is turned off. To 
determine the long-term stability over a period of 4 months, the sample 
was stored and exposed to 20 ppb of ozone gas at a working temperature 
of 150 ◦C every amount of days by measuring the repeated adsorption/ 
desorption cycles. In the gas-sensing experiments, at least 3 exposure 
cycles were collected to ensure the reliability of the sensor response. 

2.4. Computational methods and periodic models 

In order to corroborate the experimental results for Fe2O3 
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microcrystals, quantum–mechanical calculations in the framework of 
the density functional theory (DFT) were carried out using B3LYP-D3 
[35,36] exchange correlation functional augmented with two- and 
three-body contributions to the long-range dispersion energy (Grimme 
D3), as implemented in CRYSTAL17 code [37]. In this work, the crys
talline structure of hematite (α-Fe2O3) was built based on Rietveld 
refinement experimental results. 

The Fe and O atoms were described by atom-centered all-electron 
basis set defined as 86-411d41G and 8-411G*, respectively [38]. The 
crystalline structure was fully relaxed (atomic positions and lattice pa
rameters) as a function of the total energy, and the electronic integration 
over the BZ was performed using a 6 × 6 × 6 Monkhorst–Pack k-mesh 
[39]. Five thresholds were set to 8, 8, 8, 8, and 14 in order to control the 
accuracy of the Coulomb and exchange integral calculations. The 
convergence criteria for mono and bielectronic integrals was set to 10-8 

Hartree, while the RMS gradient, RMS displacement, maximum gradient 
and maximum displacement were set to 3 × 10− 4, 1.2 × 10− 3, 4.5 ×
10− 4 and 1.8 × 10− 3 a.u., respectively. The electronic properties were 
evaluated through density of states (DOS), band structure profiles and 
charge analysis tools implemented in the CRYSTAL17 code [37]. 

Concerning the magnetic ground state for α-Fe2O3 two collinear 
magnetic configurations were considered using the primitive unit cell: 
ferromagnetic (FEM) and antiferromagnetic (AFM). The magnetic 
ground state was defined as an AFM model (↑↓↓↑) according to the en
ergy difference between the models, following previous theoretical and 
experimental results [40]. 

To get a deep insight into the structural and electronic properties of 
hematite surfaces, DFT calculations were carried out for (0 0 1), (1 0 0), 
(1 0 1), (1 1 0), (0 1 2), (1 0 4) and (1 1 6) surfaces, as depicted in Fig. 1, 
following previous theoretical and experimental studies [41]. Herein, 
the magnetic ordering was defined based on the AFM arrangement 
previously selected for the bulk α-Fe2O3 model. Moreover, it is impor
tant to point out that the CRYSTAL17 code is based on the linear com
bination of localized Gaussian basis functions. Therefore, the surface- 
based calculations do not require a finite vacuum space to be defined 
[42,43]. 

Once symmetric and stoichiometric slabs were considered, the sur
face energy (Esurf) was calculated following the expression: 

Esurf =
(Eslab − nEbulk)

2A
(1)  

where Eslab and Ebulk correspond to the total energy of slab and bulk 
models, respectively, n is the number of bulk units in the slab and A is 
the surface area for symmetric slabs. 

The equilibrium shape of a crystal and its modulations can be 
calculated from the Wulff construction, which minimizes the total sur
face free energy at a fixed volume, providing a simple relationship be
tween the surface energy (Esurf) of a (hkl) plane and its distance from the 
crystallite center in the normal direction [44,45]. Therefore, by 
combining the calculated Esurf values for different hematite surfaces it is 
possible to compare the morphological modulations of hematite crystals 

Fig. 1. Schematic representation of the conventional unit cell for hematite crystal (center panel) depicting the [FeO6] cluster environment. The (0 0 1), (1 0 0), (1 0 
1), (1 1 0), (0 1 2), (1 0 4) and (1 1 6) surfaces were depicted highlighting the exposed clusters. Brown and red balls correspond to Fe and O atoms, respectively. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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and the experimental findings according to previous studies and refer
ences therein [45-49]. 

Furthermore, to investigate the role of hematite surfaces in the O3 
sensing properties, adsorption models were constructed from (2 × 1) 
supercell expansions of previously optimized slabs. The adsorption 
enthalpy was calculated considering the expression: 

Eads =
1
N
[E(slab+O3) −

(
Eslab + NEO3

)
+ EBSSE] (2)  

where, E(slab+O3) is the total energy of the optimized slab with adsorbed 
O3 molecule, Eslab is the total energy of the isolated optimized slab, N is 
the number of adsorbed O3 molecules per unit cell and EO3 is the total 
energy of ozone in the gas phase. 

The basis set superposition error (BSSE) was calculated following the 
expression [50]: 

EBSSE =
(

Efrozen
slab − Efrozen

slab+ghost]

)
+
(

Efrozen
O3

− Efrozen
O3+ghost

)
(3)  

where all the energies refer to the geometries of the two separated 
moieties (slab + O3) frozen in the minimum adsorption configuration, 
with and without ghost functions. 

3. Results and discussion 

3.1. Microstructural and surface properties 

The X-ray diffraction pattern and absorbance spectrum of the as- 
prepared hematite sample are shown in Fig. 2 (a) and Fig S1. Accord
ing to Fig. 2(a), all reflections were indexed to the hematite crystalline 
phase with rhombohedral structure (JCPDS card No. 87–1164). From 
Fig. S1, it was possible to obtain an optical gap (Eg) value of approxi
mately 2.1 eV, which is in agreement with reported data for pristine 
hematite [51–53]. The SEM and TEM analysis, Fig. 2 (b, c), as expected 
[9,22], revealed that the as-obtained sample is based on well-defined 
crystals with a rhombus-like shape of an average size of 1.4 μm. The 
HR-TEM image of the region of an individual crystal, Fig. 2(d), shows 
the monocrystalline nature of the hematite rhombus, with the (1 0 4) 
crystallographic plane being related to the hematite phase, which is in 
accordance with our previous work [9]. 

The chemical composition and electronic state of surface that 
constitute the species were analyzed by XPS technique to get insights 
into the gas-sensing performance of the hematite crystals. As displayed 
in Fig. 3(a), the XPS survey spectrum of the as-prepared sample reveals 

Fig. 2. Rhombus-like shape α-Fe2O3 crystals: (a) XRD pattern, and (b) SEM image, (c) TEM image; and (d) HRTEM images of the selected nanoparticle.  
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Fig. 3. XPS spectra of α-Fe2O3 rhombuses. (a) Survey scan, (b) Fe 2p, and (c) O 1 s.  
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the presence of O and Fe elements, only. No peak from any impurities 
can be observed, with the exception of carbon from atmosphere, con
firming the efficiency of the synthesis methodology for the obtention of 
the pristine compound. 

Regarding the high-resolution Fe 2p XPS spectrum, Fig. 3(b), we 
identified two major peaks centered at a binding energy of approxi
mately 710.9 and 724.6 eV corresponding to Fe 2p 3/2 and Fe 2p 1/2 

doublet core levels, respectively. Note that such binding energy values 
are comparable to those reported for Fe3+ in the hematite [54–56]. 
Additionally, the presence of Fe3+ species in our sample is confirmed by 
the shake-up satellite at approximately 719.0 eV [56]. 

A detailed understanding of chemisorbed oxygen species is believed 
to be a critical part in the study and development of the chemiresistors. 
The sensing mechanism has been explained based on interactions 

Fig. 4. Gas sensing properties of the α-Fe2O3 microrhombuses exposed to 20 
ppb O3 as a function of the operating temperature. (a) Sensor response, and (b) 
response and recovery times. 

Table 1 
Summary of results for ozone gas sensors based on several MOXs prepared by 
different methodologies.  

Material Processing 
method 

Working 
Temperature 
(◦C) 

O3 

concentration 
(ppb) 

Reference 

α-Fe2O3 RF-Sputtering 200 150 [62] 
ZnO Chemical vapor 

deposition 
200 280 [63] 

WO3 DC - sputtering 250 200 [64] 
CoxZn1− xO Spray pyrolysis 250 20 [65] 
WO3 Vapor phase 

growth 
200 50 [66] 

NiCO2O4 Urea-assisted 
co-precipitation 

200 28 [67] 

SnO2 Spray pyrolysis 200–350 1000 [68] 
CuO RF-Sputtering 200 50 [69] 
α-Fe2O3 Hydrothermal 150 20 Present 

study  

Fig. 5. Dynamic response-recovery curves of α-Fe2O3 microrhombuses exposed 
to 20 ppb of O3 at 150 ◦C. 

Fig. 6. Rhombus-like shape α-Fe2O3 crystals exposed to different O3 gas levels 
(12, 20, 94, 130, 240, 360, 440 and 550 ppb) and kept at an operating tem
perature of 150 ◦C. (a) Dynamic response-recovery curves, and (b) sensing 
response versus O3 gas level. 
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between the oxygen species pre-adsorbed on the gas-sensing layer sur
face [57]. 

Fig. 3(c) displays the high-resolution O 1s spectrum of α-Fe2O3 
crystals, which was deconvoluted into three components labeled as OI, 
OII and OIII. From the spectrum analysis, we found that the component 
OI centered at 529.6 eV can be linked to the O2– anions present in the 
hematite lattice. The component OII located at approximately 531.4 eV 

has been commonly attributed to both hydroxyl groups and/or defective 
oxygen. The peak at the highest binding energy value (OIII) might be due 
to physisorbed water on metal oxide surfaces [54,56]. 

3.2. Ozone gas-sensing performance 

The ozone gas-sensing properties of the hematite rhombuses were 
investigated by monitoring the electrical resistance of the sensing layer. 
It is well-established that the sensing performance of MOX-based gas 
sensors depends on their working temperature and the analyte level 
chemisorbed on the MOX surface [58,59]. 

To find the optimum working temperature (Twork), the sensor was 
submitted to different temperatures, ranging from 50 ◦C to 300 ◦C. For 
each studied temperature, we collected 3 exposure cycles of 30 sec and 
O3 level of 20 ppb, as depicted in Fig. S2. These results confirm that the 
hematite rhombuses are sensitive to sub-ppm levels of O3 gas, presenting 
total recovery. Furthermore, we observed an increase in the electrical 
resistance of the sample when exposed to O3 gas, a typical behavior of n- 
type sensing layer in an oxidizing environment [17,60]. 

From data extraction, Fig. S2, the tendency of ozone response (S) as 
function of working temperature (Twork) was obtained, Fig. 4(a). As it 
can be seen, the response of the hematite rhombuses was enhanced by 
increasing the temperature, reaching a maximum value (S = 13) for a 
Twork around 150 ◦C. At higher temperatures, the response was signifi
cantly lower. 

Chemiresistors based on MOXs require a minimum activation energy 
for the analyte adsorption on the MOX surface, which is usual for sensors 
thermally activated in a temperature range between 150 and 400 ◦C. Gas 
sensors operating at a relatively low temperature have attracted atten
tion due to their less energy consumption and capability of detecting 
flammable and/or harmful gases. Herein, the α-Fe2O3 rhombuses 
exhibited a maximum response of ca. 13 towards 20 ppb of O3 at an 
optimum temperature of 150 ◦C. It is worth mentioning that the 
rhombuses were also sensitive to ozone gas at near-room temperature 
(50 ◦C), as seen in Fig. 4(a). However, Fig. 4(b) reveals that the recovery 
and response times were also influenced by the operating temperature. 
Moreover, such time intervals became too long for temperatures lower 
than 100 ◦C Thus, it is necessary to obtain an optimum value for the 
operating temperature to ensure a better match between the equilibrium 
of the surface reactions, i.e. the occurrence of adsorption and desorption 
processes within an adequate response and recovery time [17,59,61]. 

The results presented in Fig. 4(a) show a maximum response value at 
around 

150 ◦C, which is close to that of traditional gas sensors based on 
MOXs (e.g. WO3, In2O3, and SnO2) [4]. Table 1 presents a summary of 
some recent studies reported for ozone gas sensors based on MOXs 
containing the operating temperature and minimum ozone levels 
detected. By comparing the results obtained here and those reported in 
the literature, it is plausible to affirm that α-Fe2O3 rhombuses can be 
considered an excellent gas sensing, even at low ozone concentration 
(20 ppb) and operating temperature of 150 ◦C, thus demonstrating their 
great potential. 

Subsequently, the α-Fe2O3 microrhombuses were maintained at 
150 ◦C and then tested in consecutive exposure cycles of 20 ppb of O3 so 
as to evaluate their response repeatability and surface chemical stability. 
Fig. 5 shows dynamic response-recovery curves, where it can be 
observed that the resistance of the microrhombuses increased in the 
presence of O3 molecules, a typical behavior of an n-type semiconductor. 
As it can be seen, the microrhombuses presented complete and fast re
covery, which means a stable and reproducible response, indicating that 
their surface was not poisoned by the repeated sensing tests. Also, the 
high repeatability of the sensor response was evidenced, confirming the 
feasibility of the obtained sensing response exhibited by the hematite 
rhombuses. 

The gas-sensing performance of the α-Fe2O3 microrhombuses was 
further investigated by exposing them to a temperature of 150 ◦C and to 

Fig. 7. Long-term stability of rhombus-like α-Fe2O3 crystals upon an exposure 
to 20 ppb of O3 gas during a period of approximately 4 months. 

Fig. 8. Atom-resolved DOS profiles and band structures for hematite 
(α-Fe2O3) bulk. 

Table 2 
Calculated Esurf, Fe local coordination, Egap values and O3 adsorption energies 
for (0 0 1), (1 0 0), (1 0 1), (1 1 0), (0 1 2), (1 0 4) and (1 1 6) surfaces of α-Fe2O3.  

Surface Area 
(nm2) 

Esurf (J. 
m− 2) 

Egap 

(eV) 
Eads (kJ. 
mol− 1) 

Fe site 

(0 0 1) 0.226 1.60 2.80 − 48.65 Fe3c 

(1 0 0) 0.704 1.99 2.84 − 219.68 Fe4c 

(1 1 0) 0.406 1.58 2.40 − 52.08 Fe5c 

(1 0 1) 0.246 1.79 2.62 − 93.41 Fe5c and 
Fe4c 

(0 1 2) 0.279 1.27 2.83 − 165.94 Fe5c 

(1 0 4) 0.382 2.11 2.56 − 210.02 Fe4c 

(1 1 6) 0.608 2.35 2.17 − 341.22 Fe5c and 
Fe3c  
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different O3 levels in the range of 12 to 550 ppb, Fig. 6. It can be noted 
that the sensor response (S) increased significantly, reaching a value of 
approximately S = 37 for 550 ppb of O3 gas. It is important to mention 
that the gas sensor based on α-Fe2O3 microrhombuses was able to detect 
ozone concentrations below 20 ppb after the detection of higher ozone 
levels. 

Fig. 6(b) shows the variation of the sensor response versus O3 gas 
level. An exponential trend in the sensor response of hematite micro
rhombuses typical of MOXs applied as a sensing layer was obtained. 

The long-term stability of the α-Fe2O3-based sensors for 20 ppb of O3 
gas at 150 ◦C is displayed in Fig. 7. The result indicates that α-Fe2O3 has 
good stability in natural environment after 4 months. Additionally, it is 
reasonable to believe that rhombus-like α-Fe2O3 crystals can be 
considered a potential sensing material for practical applications in 
order to monitor ground-level ozone. 

3.3. DFT calculations 

First, in order to describe the structural properties of the α-Fe2O3 
compound, we calculated its respective lattice parameters and bond 
lengths. The calculated lattice parameters of the hematite yielded the 
following values: a = 5.107 Å and c = 13.779 Å (V = 311.27 Å3), which 
are in agreement with the literature [70]. From an inspection of Fig. 1, it 
is possible to observe that the crystalline structure of the hematite is 

composed of regular prismatic [FeO6] clusters containing three short/ 
long Fe-O bonds equal to 1.978 Å and 2.117 Å. 

The electronic structure of the hematite compound was investigated 
using DOS projections and band structure profiles, as illustrated in 
Fig. 8. In this case, the DOS profiles indicate that the valence band (VB) 
is mainly constituted by oxygen (2p) states, while the conduction band 
(CB) is predominantly formed by empty 3d states from Fe. In addition, 
the band structure profiles indicate an indirect band gap energy of 2.77 
eV, starting from an intermediary point between Γ and T (called Y) to Γ 
in the CB. It is worth mentioning that the theoretical band gap energy 
was calculated considering optimal conditions; therefore, differences in 
the experimental value above that mentioned are expected. 

From now on, our major interest is devoted to rationalizing the en
ergetic, structural, electronic and morphological properties of the 
investigated surface models for hematite crystals. Table 2 summarizes 
the calculated Esurf values for each hematite surface, the corresponding 
Fe coordination number at the exposed surface and its band-gap energy 

It can be observed that the stability order of the investigated surfaces 
of the hematite crystal was found to be: (0 1 2) > (1 1 0) > (0 0 1) > (1 0 
1) > (1 0 0) > (1 0 4) > (1 1 6). Such result is in agreement with the 
undercoordination degree reported in Table 2, i.e., the higher number of 
dangling bonds along the exposed surface induces a higher Esurf values. 
Regarding the theoretical band-gap energy, all surfaces presented 
distinct values in comparison to the bulk (Fig. 1), which can be 

Fig. 9. Atom-resolved density of states profiles for (0 0 1), (1 0 0), (1 0 1), (1 1 0), (0 1 2), (1 0 4) and (1 1 6) surfaces of α-Fe2O3.  
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associated with the singular chemical environment of each exposed 
surface that perturbs the distribution of energy levels in the vicinity of 
the band-gap region, Fig. 9. 

Aiming to investigate the role of exposed surfaces in the crystal 
morphology of α-Fe2O3, the Wulff Construction was applied considering 
the optimized Esurf values. 

Fig. 10 illustrates the Wulff shapes predicted for the α-Fe2O3 crystal. 
Taking into account an ideal vacuum, it can be observed that the 
morphology of α-Fe2O3 is based on corner and side-truncated cubic 
shape enclosing the (0 1 2), (1 1 0), (0 0 1) and (1 0 1) surfaces. By 
controlling the Esurf values for different α-Fe2O3 surfaces, two main types 
of morphological paths were then found, following the experimental 
results reported in 

Fig. 2 (SEM/TEM images in Section 3.1). In addition, the control of 
the exposure of (1 0 4), (0 1 2) and (1 0 1) surface planes resulted in 
three rhombus shapes (regular and non-regular). In the first case, the 
cubic shape enclosing the (0 1 2) surface plane is regular, while in the 
other cases the shape enclosing the (1 0 1) or (1 0 4) surface is triclinic. 

Aiming to understand the role of α-Fe2O3 surfaces in the O3 sensing 
properties, adsorption models were calculated. Fig. 11 summarizes the 
obtained geometries after O3 adsorption along the (0 0 1), (1 0 0), (1 0 
1), (1 1 0), (0 1 2), (1 0 4) and (1 1 6) surfaces. 

Table 2 summarizes the adsorption energies (Eads) estimated with 
B3LYP-D3 level of theory after BSSE correction. The O3 adsorption en
ergies followed the order (1 1 6) > (1 0 0) > (1 0 4) > (0 1 2) > (1 0 1) >
(1 1 0) > (0 0 1). Indeed, the calculated values indicate that (1 1 6), (1 0 
0) and (1 0 4) are the most favorable surfaces for O3, according to the 
higher dangling bond density along the exposed surfaces. From an 

inspection of Fig. 11, it was possible to observe that the O3 adsorption 
process occur from a two-fold interaction, i.e., two O atoms from the O3 
molecule interact with exposed undercoordinated Fe cations with dis
tances ranging from 1.885 to 2.260 Å. In this case, the adsorption 
mechanism can be classified as chemisorption due to the creation of new 
Fe-O bond paths without O3 bond-breaking mechanism. In an opposite 
direction, the (1 1 0) and (0 0 1) surfaces showed the smallest values for 
O3 adsorption energies as a result of the stable character of exposed Fe 
centers that induces a one-fold O pointed physical adsorption. 

In particular, the adsorption energies calculated for (1 0 4), (0 1 2) 
and (1 0 1) showed that such surfaces act in a chemisorption process 
associated with the formation of new Fe-O bond interactions ranging 
from 1.897 to 2.320 Å, without any bond-breaking mechanism for the 
O3 molecule. However, the adsorption process is more favorable at the 
(1 0 4) surface due to the O3 interaction with two exposed Fe centers, 
followed by (0 1 2), where the proximity of exposed undercoordinated 
Fe centers induces a very reactive center for O3 adsorption in compari
son with (1 0 1), where the geometry distribution of exposed under
coordinated Fe centers reduces the interaction. 

Therefore, by combining the O3 adsorption energies (Table 2) and 
the morphological modulation depicted in Fig. 11 it was possible to 
corroborate the experimental measurements for O3 gas-sensing proper
ties of α-Fe2O3 rhombuses, indicating that (1 0 4), (0 1 2), and (1 0 1) 
surfaces can play a key role in the superior gas-sensing properties. 
Moreover, the rhombus shape enclosed by (1 0 4) surfaces exhibited the 
highest sensing performance towards O3 gas, making shape-oriented 
α-Fe2O3 rhombuses excellent candidates for application as gas sensors. 

Fig. 10. Theoretical morphologies obtained for α-Fe2O3 using Wulff construction. The Esurf values are reported in Jm− 2.  
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4. Conclusions 

In summary, an experimental and theoretical investigation of the 
ozone-sensing performance of hematite crystals was performed. Exper
imental results indicated that the as-obtained sample presented a pure 
hematite phase, exhibiting a morphology based on well-defined 
rhombus-like shape. Gas-sensing experiments indicated that micro
rhombuses are sensitive to sub-ppm levels of ozone, being able to detect 
concentrations ranging from 12 to 550 ppb. In addition, hematite 
rhombuses also presented complete recovery, good repeatability, and 
stability for a period superior to 4 months. Computational simulations 
demonstrated that the (1 0 4), (0 1 2) and (1 0 1) surfaces are favorable 
to chemisorption processes. However, it was found that the (1 0 4) 
surface provides a more reactive site for the adsorption of O3 molecules, 
confirming that rhombus-oriented α-Fe2O3 particles mostly enclosing 
the (1 0 4) surface plane are mandatory for obtaining superior gas- 
sensing properties. Our findings confirm the potential of α-Fe2O3 
microrhombuses as a sensing layer for the detection of sub-ppm levels of 
O3, besides demonstrating the importance of exposed surface facets in 
the adsorption/desorption processes of O3 molecules. 
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