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ABSTRACT

Over the past fifty years, gas sensors based on metal semiconducting oxides (MOXs) have drawn
attention due to their performance in detecting of various gases. Thus, we report herein on a BTEX
gas sensor based on hematite (0-Fe,O;) microrhombuses synthesized via the hydrothermal method.
X-ray diffraction and X-ray absorption spectroscopy analyses indicated the presence of a pristine
hematite phase after hydrothermal treatment. Electron microscopy analyses revealed that the
hematite sample consists of single-crystals with a rhombus-like shape and an average size of 140
nm. Electrical measurements pointed out that hematite microrhombuses were sensitive towards
sub-ppm BTEX levels, in which the minimum detected level was 3 ppb and long-term stability
was for 1 month. The results presented here demonstrate the potential of hematite microrhombuses

as a sensing material to manufacture BTEX gas sensor devices.
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1. INTRODUCTION

The development in industrial and agricultural activities, mainly in developing countries, has
resulted in the enhancement of harmful gases dumped into the atmosphere, such as CO, NO, NO,,
O;, and Volatile Organic Compounds (VOCs).[1-6] The presence of these gases could cause
adverse effects on the climate and human life. According to the World Health Organization
(WHO), these chemical species may cause serious diseases (e.g. heart and lung diseases, stroke,
cancer and acute respiratory infections) or in severe cases, death.[6-9] It has been estimated that
air pollution has been responsible for the death of 7 million people worldwide every year.[6]
Furthermore, approximately 80% of the urban population is exposed (indoor and outdoor) towards
pollution levels that exceed the guidelines recommended by health organizations.[3,6,10] Note
that adequate levels of air pollution would also provide a lower demand for hospital admissions
(or care), since hospitalizations would decrease.[7] Therefore, the continuous and efficient
monitoring of atmospheric gas pollutants is essential.

Among the dangerous gases, BTEX (Benzene, Toluene, Ethylbenzene, and the three Xylene
isomers) gases belong to the aromatic VOCs group.[11-15] The main sources for BTEX emissions
are indoor and outdoor, such as gas stations, fuel storage, road traffic, and also household products,
such as paints, solvents, waxes, pesticides, among others.[11-14] Various investigations focused
on BTEX gases due to their toxic, mutagenic, and/or carcinogenic effects.[8,12,16—18] According
to the OSHA (Occupational Safety and Health Administration), permissible employee exposure to
BTEX gases is an average concentration of 0.5 ppm (parts-per-million) for benzene, 200 ppm for
toluene and 100 ppm for ethylbenzene and xylene.[12]

Generally, BTEX gases have been identified and quantified wusing gas

chromatography.[11,17] However, this equipment, besides being expensive, is not portable,



making in-situ analyses difficult.[13] Thus, several investigations have focused on the
development of portable devices that allow efficient detection and monitoring of BTEX gases in
indoor and outdoor environments.

In past decades, MOXs have been widely used in resistive-type gas sensors to detect (non-)
toxic gases. Their main advantages are the low cost, small size, high sensitivity and stability, fast
response/recovery and portability.[4,19-21] MOXs have been widely used as sensing layers for
detecting BTEX gases, such as WO;, ZnO, M00s,[12,14,22.23] and also some heterojunctions, for
example, SnO,/V,0s, and CuO/Sn0,.[24,25]

Hematite (a-Fe,0;) is an n-type wide band-gap semiconductor (E, = 2.1 eV, at 300 K).[26] It is
the most abundant and the cheapest MOX obtained in the Earth’crust,[27] exhibiting potential
applications in photocatalysis, energy generation, lithium batteries and the gas sensor area.[2,26—
32] The Fe,O; compound has been studied as sensing layer for detection of a wide range of
analytes.[33-38] For example, Tian and co-workers prepared hematite nanoboxes via metal-
organic frameworks method. The authors observed such nanoboxes were highly sensitive to
H.,S gas for an optimum temperature of 200°C, besides exhibiting a good selectivity towards
NO, CO, and NH; gas.[38] Despite the remarkable gas-sensing properties of hematite, few
researchers have paid attention to its performance for detecting BTEX gases. Kim co-
workers prepared vertically hematite nanotubes applied as a gas-sensing layer. They
observed a higher response towards acetone compared to other analytes (benzene, toluene,
acetone, ethanol, and CO), for an operating temperature relatively high equal to 350°C.[27]
Also, Thu and co-workers reported good selectivity and sensitivity to ethanol of a hematite

nanoporous sample working at 400°C. In a similar work, Park and co-workers observed for



hematite microcubes a high sensitivity to VOCs, especially formaldehyde, at an operating
temperature of 300°C.[31]

Motivated by these arguments, we report herein a versatile and efficient approach to obtain
hematite microcrystals presenting remarkable properties for application as a BTEX gas-sensing
layer. The microcrystals were synthesized via the hydrothermal method and characterized by using
X-ray diffraction (XRD), field-emission scanning electron (FE-SEM) and high-resolution
transmission electron microscopies (HR-TEM), and X-ray absorption near-edge structure
(XANES) spectroscopy. The a-Fe,O; microcrystals were studied in the detection of BTEX,
acetone, and ethanol. Electrical measurements revealed their higher sensitivity to sub-ppb BTEX
levels compared to other VOCs. These results have a significant impact on the scientific field due

to its practical potential for environmental monitoring applications.

2. EXPERIMENTAL SECTION

2.1. Preparation of microcrystals

The a-Fe,O; microcrystals were obtained by the hydrolysis of iron (III) chloride hexahydrate
(FeCl;.6H,O, 99.9%, Sigma-Aldrich) in ethyl alcohol anhydrous at room temperature. The
concentration of iron chloride diluted in alcohol was 0.06 M. Afterwards, deionized water was
slowly added to the reactional solution to obtain a molar ratio of Fe(IlI) : H,O = 1:500. The chloride
anions were removed by the dialysis process, and the precipitate was then dried in an electric oven
during 12 h at 80°C. To obtain the hematite phase, the precipitate powder was diluted in deionized
water (1 g. L') and then submitted to hydrothermal treatment for 4 hours at 200°C with a heating
rate of 2°C min"'. The precipitated powders were washed with deionized water and isopropyl

alcohol and dried at 80°C overnight under the air atmosphere.



2.2. Characterization Techniques

X-ray diffraction (XRD) measurements were carried out using CuKa radiation (Rigaku
diffractometer, model D/Max-2500PC) in a 20 range from 20° to 80° with a step of 0.02° at a
scanning speed of 2° min'. The morphological properties were investigated using a field emission
scanning electron microscopy (FE-SEM, Zeiss Supra35) and a transmission electron microscopy
(TEM, FEI Tecnai G2 F20) operated at 200 KeV, respectively. The mean particle size was
estimated by analyzing FE-SEM micrographs through the measure of approximately 100 particles.
X-ray absorption spectroscopy (XAS) experiments were carried out at the DO8B-XAFS2 beamline
on the Brazilian Synchrotron Light Laboratory (LNLS). The experiments were carried out at the
Fe K-edge (7112 eV) in a transmission mode at room temperature using a flat Si(111) double
crystal monochromator. X-ray Absorption Near-Edge Structure (XANES) spectra were collected
for each sample between 7090 and 7190 eV using energy steps of 0.5 eV. For the sake of
comparison, all spectra were background removed and normalized using as unity the first EXAFS

(Extended X-ray Absorption Fine Structure) oscillation using MAX software.[39]

2.3. Gas-sensing Experiments

Hematite microcrystals were dispersed in isopropyl alcohol (20 mg mL™") using an ultrasonic
cleaner for 30 min and then the suspension was dropped three times onto a Si/SiO, substrate
containing 100 nm thick Pt interdigitated electrodes separated by a distance of 50 um. After
deposition, the sensor was then treated at 500°C in an electric oven under the air atmosphere for 1
h at a heating rate of 10°C min™'. The photography of the sensing platform and FE-SEM images of

the hematite microcrystals used in the experiments are presented in Fig.1.



Insert Figure 1

Gas-sensing experiments were carried out in a dynamic chamber that allows us to control
the operating temperature and to obtain various gas concentrations by using Mass Flow Controllers
(MFC).[12] This workbench, Fig.2, can produce low BTEX concentrations from 1 to 400 ppb
(part-per-billion) from the dilution with dry air. The total gas flow rate was kept constant and
equal to 500 SCCM. The workbench also allows the control of relative humidity (% RH)
from 0 to 90%. The cylinder with the BTEX gases mixture was purchased from Air Liquide
company (France). The concentration of each component in the BTEX mixture is displayed
in Table S1. Further details regarding the gas-sensing workbench may be found in previous work
in Ref. 12. The applied DC voltage was kept constant, while the electrical resistance was monitored
using a sourcemeter (Keithley, model 2540). The sensor response (S) was defined as S(%) = (Ra—
Rerex)/Rai).100, where R, and Rerex are the electrical resistances of the sensor upon exposure to
dry air and BTEX gases, respectively. The response time was defined as the time required for
the electrical resistance to reach 90% of the initial value when exposed to the BTEX gases.
Similarly, the recovery time was defined as the time required for the electrical resistance to

recover 90% of the initial value after switching off the BTEX gas flow.

Insert Figure 2

3. RESULTS AND DISCUSSION

3.1. Microstructural Properties

X-ray diffraction pattern of the as-synthesized sample prepared via the hydrothermal route

is shown in Fig.S1(a). All reflections were indexed to a pristine rhombohedral hematite (a-Fe,05)



phase with an R3c space group (JCPDS file 87-1164). Fe K-edge spectra of iron-oxide based
compounds and the as-prepared hematite sample are displayed in Fig.3(a)-(b). The comparison of
reference compound spectra with the sample confirms the presence of the pristine a-Fe,O; phase,
with iron atoms in octahedral coordination, FeOg.[30]

FE-SEM image in Fig.3(c) reveals a homogeneity of the morphology of the as-studied
microcrystals that exhibit a well-defined rhombus-like shape with an average size of
approximately 140 nm. The HRTEM image of a selected region of an individual crystal and their
respective Fourier Transform (FT), Fig.3(d), shows the monocrystalline nature of the as-studied

sample.

Insert Figure 3

3.2. BTEX Sensing Performances

Gas-sensing performances of a-Fe,O; microrhombuses were evaluated towards BTEX
gases. Initially, the optimum operating temperature of the sample was evaluated by exposing it to
100 ppb of the analyte and varying only the operating temperature, as seen in Fig.4. The electrical
measurements carried out at different working temperatures are presented in Fig.S2. For
temperatures below 200°C, no sensitivity towards BTEX gases was observed.

The highest sample responses were achieved in the temperature range of 240 to 280°C, as
shown in Fig.4(a). In addition, the behavior of response and recovery times as a function of
operating temperature is displayed in Fig.4(b). We can observe that despite the sample
required a long time for the complete desorption of BTEX molecules, its response time was

relatively fast at around 50 s. To assert the high sensitivity of the microrhombuses, they were



then exposed to 100 ppb of BTEX during different time intervals (from 5 s to 360 s), as shown
in Fig.4(c). The sample was sensitive to various exposure times to BTEX gases, mainly, for
the shorter time, i.e., 5 s. Moreover, the sample saturation level was reached at exposure
times longer than 180 s, as illustrated in the inset of Fig.4(c). It is interesting to note that,
even after a long sequence of exposure cycles (> 8 h) the sample exhibited a total recovery,
indicating that its surface was not damaged.

To obtain short recovery times of the sensing material, we chose 280°C as the optimum

working temperature for further experiments.

Insert Figure 4

The hematite microrhombuses were kept at 280°C and then exposed to several different
BTEX levels, from 3 till 400 ppb. It should be mentioned that for gas levels lower than 3 ppb, the
microcrystals did not exhibit any sensitivity; considering here the abovementioned temperature.

Fig.5 shows that the electrical resistance of the microrhombuses decreased during exposition
to BTEX gases. When an n-type MOX, such as hematite, is exposed to a reducing gas (e.g. BTEX)
the ionized oxygen anions adsorbed at the surface sample oxidize the analyte. During this
adsorption process, the release of the electrons occurs from the MOX surface, consequently
decreasing the electrical resistance of the sensing material.[5,35,40,41]

Regarding the sensor responses, the hematite microcrystals showed good sensitivity even for
very low BTEX levels, in addition to complete recovery after each exposure cycle. Furthermore,
the sample also exhibited high repeatability of its response, reinforcing its reliability, as

demonstrated by the seven exposure cycles displayed in Fig.5(d).

Insert Figure S



Fig.6 displays the sensor response of a-Fe,O; microrhombuses, kept at 280°C, exposed
towards different BTEX levels, from 3 to 400 ppb. The response enhancement as a function of the
BTEX level is clear, with no evidence of saturation in the evaluated range. Despite the fact that
the microcrystals had detected sub-ppm gas levels, the inset of Fig.6 shows that the response has
a low variation between 3 and 10 ppb, meaning a low accuracy in this range. Nevertheless, this
finding does not debunk the hematite for practical applications, as long as just BTEX levels above
500 ppb become harmful to human health, as recommended by the WHO.

Regarding the sensor response behaviors with BTEX levels, an exponential trend in the
sensor response of hematite microrhombuses was obtained. It is well established that the sensor
response (S) of MOXs complies with the following power-law equation: S(C) = A(C)", where A
is a constant, n the exponent, and C is the concentration of the investigated analyte.[42] Herein,
the best fitting law acquired from the experimental data was found to be the equation: S(C)=

7,617.(C)46! respectively.

Insert Figure 6
The influence of relative humidity on the BTEX gas sensing performance was also
investigated. For that, the sample was kept at 280 °C and then exposed towards 100,200, 300,
and 400 ppb of BTEX gases under different relative humidity (0, 20, and 40 % RH) values.
It can be seen that the BTEX sensor response was affected by the presence of water
molecules, as shown in Fig.7. This behavior is due to the competition of water and BTEX
molecules by actives sites on the sample’s surface, this reducing its sensing performance

towards BTEX gases. Zhang and co-workers reported similar effect of the humidity for WO;

10



nanosheets used as sensing material to BTEX (Benzene, Toluene, Ethylbenzene, and p-Xylol)
vapors.[14]

Insert Figure 7

Gas selectivity and long-term stability are desirable characteristics in the development of gas
sensor devices. Fig. 8(a) illustrates the response (S) of the microrhombuses, at 280°C, exposed to
BTEX gases, ethanol, and acetone gases. Notably, the hematite microrhombuses exhibited a higher
response to BTEX gases compared to the investigated VOCs gases. Regarding the long-term
stability, it was evaluated by exposing the microrhombuses towards 100 ppb of BTEX gases for
30 days, and the results are presented in Fig. 8(b). It can be noted after the mentioned period that
the sample still detected a very low BTEX level. It means that the lifetime of the hematite
microrhombuses can be superior to 1 month since the sample surface was not poisoned/damaged

due to the several exposures to BTEX gases.

Insert Figure 8

Table 1 shows the performance of some MOXs synthesized by different methodologies,
applied as a BTEX gas sensing material. As seen, the range of working temperatures of such MOXs
is similar to those found here for the microrhombuses. Nevertheless, we must draw attention to the
sensitivity of hematite microrhombus that detected a very low BTEX level, i.e., 3 ppb. Based on
the findings presented here, it is reasonable to consider the potential of hematite microcrystals as

a sensing material for BTEX sensors.
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Table 1. Gas-sensing performance of the MOXs used as a BTEX sensing material.

Sensing Topt. BTEX level*
Processing method Reference
material (°C) (ppb)
m-WO3 RF-sputtering 260 5 12
h-WO3 Hydrothermal 320 1000 14
Au-ZnO Hydrothermal 206 1000 43
Au-MoOs Solvothermal 250 100 23
Cu0O/Sn0O, Microwave-assisted 280 2000 24
Sn0»/V10s Sol-gel 270 500 25
a-Fe O3 Hydrothermal 240-280 3 Our work

*Minimum BTEX level, experimentally, detected.

3.3. Gas-Sensing Mechanism
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We propose herein a possible sensing mechanism of the hematite microrhombuses to detect
BTEX, i.e., Benzene (C¢Hs), Toluene (CsHsCHj3), Ethylbenzene (CsHo) and Xylene (C¢H4(CHs),)
gases. According to the literature, for resistive-type gas sensors, the sensing mechanism is based
on the adsorption process of the oxygens and the target gas molecules which occurs on the MOX
surface, depending on the sensing material characteristics (e.g. particles size, and morphology),
working temperature, analyte concentration, environment conditions (e.g. pressure, and humidity),
etc.[41,44-48)]

Regarding the hematite microrhombuses, when the oxygen molecules are adsorbed on the
sample surface, they trap free electrons from the hematite conduction band. This ionosorption
process increases the band bending (gV,), forming a depletion region “d” on the hematite
microrhombuses surface, as illustrated in Fig.9(a)-(b). At operating temperatures higher than

280°C, the ionic O- species are dominant.[5,13,46] This process can be expressed by:

Osaas) + 2€ = 20 (s (1)

Upon exposure to a reducing gas, such as BTEX gases, the electrical resistance of the
hematite decreases due to the reaction between the molecules of the reducing gas and the
ionosorberd oxygens (O-) at the rhombus surface, releasing the electrons to the conduction band.
This behavior reduces the height of potential barrier gV;, consequently decreasing the depletion
region “d” and enhancing the conductivity of the hematite microrhombuses.[44 .45 .49] Fig. 9(b)
illustrates the possible sensing mechanism of hematite microrhombuses to detect BTEX gases. In
this figure, it is suggested that the possible sub-products formed by the interaction between the

BTEX gases and sample surface are H,O and CO,.

Insert Figure 9
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CONCLUSION

In summary, we report here the synthesis of hematite microcrystals via hydrothermal route for use
as BTEX gases-sensing material. XRD pattern and Fe K-edge XANES spectra revealed the
presence of the pristine hematite phase. FE-SEM and HR-TEM analyses showed that hematite
microcrystals exhibit a well-defined rhombus-like shape with a single-crystal nature. Electrical
measurements showed a good sensitivity towards BTEX gases at an operating temperature of
280°C. The microrhombuses detected the lowest gas levels that ranged from 3 ppb to 400 ppb,
exhibiting excellent repeatability and stability, and good selectivity towards acetone and ethanol.
Finally, the findings presented here highlighted the promising properties of hematite

microrhombuses as BTEX gas sensors for practical applications.
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Title of Figures

Figure 1. (a) Photography of sensing platform based on hematite microcrystals compared to

a U.S quarter-dollar coin. (b)-(c) FE-SEM images show the homogeneity of the thick film.

Figure 2. Experimental workbench used in the gas-sensing experiments of BTEX gases.

Figure 3. The as-prepared a-Fe,O; microcrystals prepared via hydrothermal treatment. (a) Fe
K-edge XANES spectra. (b) Details of the pre-edge XANES region. For the sake of comparison,
the iron oxide reference compounds (FeO, a-Fe,0s;, y-Fe,O; and Fe;0,) were added. (c) FE-SEM
and (d) HR-TEM micrographs. The respective Fourier Transform (FT) of HRTEM images is

presented in the inset of Fig.3(d).

Figure 4. (a) Gas-sensing performance of a-Fe,O; microrhombuses, exposed towards
100 ppb of BTEX gases, and (b) variation of response and recovery times, at operating
temperatures between 200 and 280°C. (c¢) Electrical resistance of the microrhombuses
exposed during different time intervals to BTEX gases. The inset shows the evolution of

sensor response with exposure time.

Figure 5. Gas-sensing response of the a-Fe,O; microrhombuses kept at 280°C and exposed to
different BTEX levels: (a) 3 to 10 ppb, (b) 10 to 30 ppb and (c) 100 to 400 ppb. (d) Sensor response

for seven exposure cycles of 100 ppb of BTEX gases.

Figure 6. Sensor response of the a-Fe,O; microrhombuses vs. BTEX level. The inset shows the

response variation for a BTEX level between 3 and 10 ppb.

Figure 7. Sensor response of the a-Fe,O; microrhombuses vs. BTEX level under different

relative humidity (% RH) values, at an operating temperature of 280 °C.
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Figure 8. Sensor performance of a-Fe,O; microrhombuses at 280°C. (a) Comparison of the
response for an exposure of 0.1 ppm of BTEX gases, 100 ppm of acetone, and 100 ppm of ethanol.

(b) Response of the sample upon exposure to 100 ppb of BTEX gases for 30 days.

Figure 9. Schematic illustration of the sensing mechanism of hematite rhombus-like crystals to

detect BTEX gases. (a) Under air atmosphere, and (b) exposure to BTEX gases.
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(a)

Acetone

@ (100 ppm)
(2]
©
®
o Ethanol
= (100 ppm)
|_
BTEX
(0.1 ppm)
I e ) o e L ) L [ L L |
0 10 20 30 40 50 60

Sensor Response (%)

70 T T T T T T T
1 () Q@ a-Fe,0; rhombuses
60 - ---- Average value _
S
Q504 1
5 9 °
2 404 |
m IR Y - YR S ——
2 o® . o
% 30- i
[
)
w 20 100 ppb of BTEX
Topt.= 280°C
RH=0%
10 T T T T T

O 5 10 15 20 25 30
Time (Days)



Fig.9
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