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Abstract
P-type and n-type metal oxide semiconductors are widely used in the manufacture of gas sensing
materials, due to their excellent electronic, electrical and electrocatalytic properties. Hematite (a-Fe,O3)
compound has been reported as a promising material for sensing broad types of gases, due to its
affordability, good stability and semiconducting properties. In the present work, the efficient and easy-
to-implement sol-gel method has been used to synthesize a-Fe,O3 nanoparticles (NPs). The TGA-DSC
characterizations of the precursor gel provided information about the phase transformation temperature
and the mass percentage of the hematite NPs. X-ray diffraction, transmission electron microscopy and
x-ray photoelectron spectroscopy data analyses indicated the formation of two iron oxide phases
(hematite and magnetite) when the NPs are subjected to thermal treatment at 400 °C. Meanwhile, only
the hematite phase was determined for thermal annealing above 500 °C up to 800 °C. Besides, the
crystallite size shows an increasing trend with the thermal annealing and no defined morphology. A
clear reduction of surface defects, associated with oxygen vacancies was also evidenced when the
annealing temperature was increased, resulting in changes on the electrical properties of hematite NPs.
Resistive gas-sensing tests were carried out using hematite NPs + glycerin paste, to detect quaternary
ammonium compounds. Room-temperature high sensitivity values (S, ~ 4) have been obtained during
the detection of ~1 mM quaternary ammonium compounds vapor. The dependence of the sensitivity
on the particle size, the mass ratio of NPs with respect to the organic ligand, changes in the dielectric
properties, and the electrical conduction mechanism of gas sensing was discussed.

Supplementary material for this article is available online

Keywords: hematite nanoparticles, quaternary ammonium compounds, room temperature gas
sensor, sol-gel method
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1. Introduction

Quaternary ammonium compounds (QACs) are organic sub-
stances whose antimicrobial properties are widely used
against bacteria and viruses that cause mild infections such as
colds and flu, to lethal infections such as COVID-19 caused
by SARS-CoV-2. QACs are compounds approved for the
disinfection of surfaces in several environments, both com-
mercial and domestic, capable of eliminating from 99.9% to
99.999% of pathogenic bacteria and viruses [1], and even
effective to eliminate/inactivate (>95%) microorganisms
much more resistant to several drugs, such as Staphylococcus
aureus, Enterococcus and Pseudomonas aeruginosa [2].
Although these compounds have been used for many
years, supposedly safely, there are still some controversies
today about whether the short or prolonged exposure to this
product is not harmful to human or animal health, or whether
the waste produced is friendly to the environment. Thus, we
have on one side several studies comprising an extensive
amount of data on QACs supporting their safe use in a variety
of applications [3, 4], and on the other side, we have studies
on the potential harm to human health, animals and the
environment due to the use of this type of compounds [5, 6].
We can cite as an example a study published in Nature in
which the negative effect provoked by these chemicals is
evidenced when they were used for cleaning mice’s cages,
causing birth and fertility alterations [7]. Likewise, although
these compounds are commonly used in a diluted form, the
IPCS INCHEM (Chemical Safety Information from Inter-
governmental Organizations) warns that their undiluted form
can even cause burns to the skin and mucous membranes.
In recent years, after the identification of the SARS-CoV-
2 virus as responsible for the COVID-19 outbreak, the EPA
(U.S. Environmental Protection Agency) published a list of
effective surface disinfectants in the fight against SARS-CoV-
2, which until the Spring 2021 included 551 disinfectants, of
which approximately 34% contained QACs, highlighting the
importance of these compounds to public health during the
pandemic [6]. Among the QACs, the ADBAC (Alkyl
Dimethyl Benzyl Ammonium Chloride) and DDAC (Didecyl
dimethyl ammonium chloride) compounds have the highest
number of active records, which are the main ingredients of
the fifth generation quaternary ammonium (5GQA) [8]. There
are few reported works related to QACs sensors fast enough
to avoid long exposure times that may degrade their perfor-
mance, and therefore the development of new sensors
allowing fast detection of QACs vapors is of practical interest.
Moreover, these types of devices should be scaled up for mass
production aiming for a low-cost and environmentally
friendly process. The first QACs sensor was reported in 2009
and it was based on a colorimetric technique using a matrix
formed by the inclusion of tricyclic basic dyes, capable of
identifying and quantifying different quaternary ammonium
salts [9]. More recently (2019) a novel sensor based on
citrate-capped AgNPs immersed in an organic solvent, has
been reported for the detection of mixed QACs in water
samples via IR spectroscopy [10]. Among the currently used
materials, the transition metal oxides show the greatest

potential for the application of this type of sensors due to their
electronic, electrical and electrocatalytic properties [11].
Metal oxide nanoparticles have been used for the detection of
various gases, e.g. acetone sensors based on porous NiFe,04
nanoparticles and core—shell-type ZnCo,O4, NPs. These
materials were shown to be capable of detecting acetone
concentrations as low as 30 ppm, with response times around
2 s and working temperatures of 250 °C and 200 °C,
respectively [12, 13].

The hematite (a-Fe,O;) iron oxide is among the most
stable n-type semiconducting oxides under environmental
conditions. Due to its low production cost, high corrosion
resistance, and environmentally friendly, different a-Fe,O;
nanostructures have been explored for applications as gas
sensing devices [14—-17]. Interestingly, large specific surface
sensors made of a-Fe,O3 nanotubes have been reported to
have detection limits for reducing vapors at least four times
lower than the equivalent sensors based on a-Fe,O3 NPs [14].
It is important to note that one of the main hurdles in n-type
semiconductor-based sensors is their longer response and
recovery time, which have been improved by working with
sensors based on «-Fe,O; nanostructures such as porous
microbars [16], which, although they have a high working
temperature (200 °C—400 °C), present very high sensitivity
values (S ~ 8) sensing ethanol, and response and recovery
times less than 11 s. Likewise, sensors based on «-Fe203
nanostructures such as 3D leaf-like [17], hollow sea urchin-
like, nanotubes and NPs [15], with working temperatures in
the range of 200 °C-350 °C, present very high sensitivity
values for a wide range of vapors and gases (ammonia, for-
maldehyde, triethylamine, acetone and ethanol), and low
response (<50 s) and recovery (<20 s) times.

In all the devices mentioned above, the operating
mechanism is such that their sensitivity is favored by both
high temperature and specific surface area. This work show
the design and prototyping of a low-cost chemiresistor tested
as a sensor for QACs in the vapor phase, based on a novel
operating mechanism. This sensor is composed of a three-
dimensional assembly of hematite nanoparticles stabilized in
an organic matrix of glycerin. The hematite has the advantage
of its phase stability, low cost and good performance at room
temperature. The glycerin matrix provided higher mechanical
robustness to the device, as compared to the ethylene glycol
matrix [18]. This device showed the capability of detecting
concentrations of QACs vapors as low as 1.0 mM (~400
ppm) at room temperature.

2. Material and methods

2.1. Synthesis of nanoparticles

Hematite (a-Fe,O3;) NPs were synthesized by the sol-gel
method. To obtain ~5 g of NPs, 5.0 g of commercial gelatin
(unflavored sheets) was placed in a beaker and dissolved in
~50 ml of distilled water (type II according to the ASTM
International standard) at 70 °C during the magnetic stirring
for a few minutes until the gelatin was completely dissolved.
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Separately, 25.3 g of Fe(NO3);.9H,0 (Sigma Aldrich, purity
99.9%) was dissolved in distilled water at room temperature
and poured into the beaker containing the previously dis-
solved gelatin. The obtained mixture remained under magn-
etic stirring for ~7 h at 70 °C until the gel formation. Then,
the obtained gel was subjected to an aging process by placing
the sample in an oven at 70 °C to dry during ~24 h. In order
to eliminate organic waste and to improve the crystallinity,
the resulting aged sample was divided in lots, which were
annealed at different temperatures (400 °C, 450 °C, 500 °C,
600 °C, 700 °C and 800 °C) during 3h and using a heating
rate of 3.5 °C min '. The resulting samples were named
S-400, S-450, S-500, S-600, S-700 and S-800, respectively,
and the corresponding digital camera images are shown in
figure S-1 (available online at stacks.iop.org/NANO/33/
335704 /mmedia) in the supplementary material.

2.2. Characterization techniques

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) measurements were carried out using a
commercial instrument (TA Instruments, model SDT 650) to
determine the phase transformation temperatures and the iron
oxide nanoparticles content. Measurements were carried out
under an air atmosphere from room temperature to 850 °C,
using a heating rate of 10 °C min ' and an initial sample
amount of ~10 mg. The structural characterization of the NPs
was carried out by x-ray diffraction (XRD) using a com-
mercial diffractometer (Rigaku, Miniflex, model 600) with
Cu-Kao radiation (\ = 1.5418 A). The diffractograms were
obtained in the 26 range from 20 to 80°, with a step of 0.05°,
using the Bragg-Brentano configuration. The diffractograms
were further analyzed by the Rietveld refinement method,
using GSAS (General Structure Analysis System) software.
To obtain transmission electron microscopy (TEM) images,
the NPs were dispersed in water by sonication during 5 min
and, then, dropped onto a holey carbon-coated copper grid
and dried in vacuum during 12h. Bright-field and high-
resolution TEM micrographs were obtained in a FEI Tecnai
F30 microscope working with an accelerating voltage of 300
kV. Obtained images were processed using Digital
Micrograph® software (GATAN®) for average diameter
determination, and fast Fourier transform (FFT) was used for
selected area electron diffraction (SAED) patterns simulation
from high-resolution images. X-ray photoelectron spectrosc-
opy (XPS) measurements were obtained using a Kratos AXIS
Supra spectrometer, operated at an acceleration voltage of 15
kV and an emission current of 8 mA. The measurements were
carried out at room temperature and in ultra-high vacuum
conditions (working pressure below 1077 Pa), using a
monochromatic Al Ka radiation (hv = 1486.6 eV). The
survey and high-resolution spectra were obtained with reso-
lutions of 1.0 eV and 0.1 eV, respectively. During sample
preparation, the NPs powder was mounted on the sample
holder with double-sided tape, and the beam spot covered an

area of ~1 mm?>.

2.8. Preparation of the sensors

Gas sensors based on NPs typically consist of films of NPs
obtained by solvent evaporation, or mixed films consisting of
NPs immersed in organic ligands. The film sensors used here
were made from a paste obtained by mixing equal amounts
(=30 mg) of high purity glycerin and hematite NPs. The
surface of a printed circuit with two interdigital electrodes
was coated with the impregnation paste using the Doctor
blade coating method. The geometric dimensions of the
sensor were approximately 12 x 19 x 0.15 mm’ with elec-
trode spacing of 0.3 mm, as shown in figure 1(a). To stabilize
and bind the active phase to the copper electrodes, the sensor
was heated at 70 °C for approximately 24 h. Figure 1(b)
shows a photograph of the actual film taken after this process.

2.4. Experimental set-up to test the sensors

The experimental setup shown in figure 2 was used for the sen-
sitivity tests. The sensitivity system consisted of the following
sections: (i) A feeding section, made up of a hermetic chamber
where the volatile liquid (5GQA) is located. (ii)) A detection
section, made up of a hermetic chamber of fixed volume (balloon
of 0.5 1), containing a commercial pressure and temperature sensor
(BMP180) to monitor the gas partial pressure and working
temperature in real-time. (iii) A control and data acquisition
section, which is connected to the BMP180 and to the sensor
material. The electrical connections of the pumps and valves are
also in this section. Those connections allow the automatic control
of feeding and cleaning processes during the tests. The electrical
resistance of the gas sensor, temperature and pressure of the
chamber are recorded in real-time using the Start Easy Expert
software. All the sections are interconnected by a set of pipes,
pumps and valves, which allow the automatic feeding and ven-
tilation of the detection section during each cycle.

3. Results and discussion

3.1. TGA and DSC curves

The analysis of the TGA-DSC curves of the gel used to obtain
the NPs is shown in figures 3(a), (b). The weight percent W(%)
versus temperature (7) and dW/dT versus T plots, clearly
indicate that the various thermal processes do not occur inde-
pendently but rather simultaneously at different temperature
ranges. The whole temperature range of 30 °C-850 °C showed
four different processes taking place. In stage {1}
(20 °C < T < 145 °C) a first ~8% weight loss takes place,
which is mainly attributed to the evaporation [19, 20] or des-
orption [21] of water molecules adsorbed on the NP’s surface,
as well as the decomposition of a small portion of the organic
compounds. In stage {2}, a rapid weight loss is produced by
the decomposition (exothermic process) of organic material
coming mainly from gelatin (exothermic peak at ~208 °C on
the DSC curve). It corresponds to a weight loss of ~36.1 %,
and occurs approximately in the range from 145 °C to 272 °C.
In stage {3}, there is an additional weight loss of ~12.6 % in
the range from 272 °C to 390 °C likely assigned to the
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19 mm

Figure 1. Schematic representation (a) and photograph (b) of the film sensor, which consists of a printed circuit with two copper electrodes,

on which the mixture (NPs + glycerin) was deposited.

(@)

(i)

(iii)

T I i OHMMETER
|GAS SENSOR

BMP 180

i ; AC-DC
@ i | CONVERTER
i | EvAPORATOR VALVE |

: EXAUST .
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Figure 2. Experimental setup of the gas sensitivity system: (i) feeding section, (ii) detection section and (iii) control and data acquisition

section.

oxidative decomposition of residual organic material coming
mainly from metallic precursors, which occurs in the form of
NO, and CO, gas [22]. This process is also exothermic, as
evidenced by the peak at ~326 °C depicted in the DSC curve.
In stage {4}, corresponding to the range from 390 °C to
840 °C, two main processes seem to occur. In the first process,
there is a weight gain (evidenced by the peak in the dW/dT
versus T curve at ~509 °C) and it was associated with the
phase transformation from ~-Fe,O3 to a-Fe,O5 [23, 24], in
agreement with the exothermic peak observed in the DSC
curve centered at ~509 °C. This result is consistent with the
XRD data analysis, which indicates the presence of only the
a-Fe,03 phase for samples annealed at temperatures at 450 °C
and higher temperatures, as discussed below. It is worth
mentioning that the phase transformation from Fe;O, to
~-Fe,03 which is expected to occur at temperatures ~160 °C—
320 °C [25] could not be clearly observed in the TGA/DSC

curves, possibly obscured by the concurrent weight loss from
the removal of organic compounds. The second process is
mainly associated with the improvement of the crystallinity of
hematite NPs and it corresponds to an exothermic process, as
evidenced by the peak at ~567 °C.

3.2. XRD data analysis

In figure 4(a), the obtained x-ray diffractograms from the
elaborated samples at different thermal treatments are shown.
For the sample annealed at 400 °C (sample S-400), the dif-
fractogram reveals a polycrystalline structure as broad bands
constitute the diffraction peaks. Is possible to identify
a-Fe,0O3 phase in the crystal structure thanks to the peaks
associated with the planes (0 1 2), (1 04), (1 10), (11 3),
024),(116),(018),(214),300),(1010),(220) in the
diffractogram; and also the Fe;O,4 phase thanks to the peaks
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Figure 3. TGA (a) and DSC (b) curves of the gel used to obtain the
hematite NPs. In (a) are shown the weight loss (W) versus
temperature (7) and dW/dT versus T plots. The four stages discussed
in the text are indicated.

associated with the planes (22 0), (31 1), (40 0), (4 40). On
the other hand, for samples S-450, S-500, S-600, S-700 and
S-800 annealed at higher temperatures the formation of sin-
gle-phase a-Fe,O; (H) was observed, confirming the phase
transformation from the spinel Fe;O, to rhombohedral
a-Fe,05 structure for annealing temperatures of 400 °C—
450 °C.

Above that temperature range, better crystallinity was
inferred from the narrowing of the Bragg reflection peaks.
Detailed quantitative analysis from Rietveld refinement of the
XRD patterns revealed the presence of ~38% of the a-Fe,0;
and ~62% of the Fe;0,4 phase in sample S-400. The lattice
constants of the hematite phase are a = 5.03 A, ¢ = 13.75 A
for the sample S-400 and remain unchanged for the other
samples. The crystallite size (Dxgrp) of both phases was cal-
culated using the Scherrer relation. The obtained values are
plotted in figure 4(b). A mean crystallite size (Dxrp) of ~8
nm is determined for the Fe;O4 phase (which is formed only
in sample S-400). However, the (Dxrp) of the a-Fe,05 phase
shows a linear increasing trend with the annealing temper-
ature, from ~18 nm (S-400) to ~40 nm (S-800).

3.3. Transmission electron microscopy (TEM)

In order to determine the morphology and compare particle
size and structural properties of three selected samples, TEM
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Figure 4. (a) X-ray diffractograms of the iron oxide nanoparticles
refined using the Rietveld refinement method. The red solid line
represents the calculated diffractograms and the black lines represent
the experimental data; the blue line represents the difference between
the experimental and calculated data. (b) Mean crystallite size as a
function of the annealing temperature for the Fe;0,4 and a-Fe,O3
phases.

Annealing Temperature (°C)

analysis was performed. In figures 5(a)-(c), representative
bright-field low-magnification images of S-400, S-600, and
S-800 samples showed no distinctive morphologies. In order
to mount the particle size histograms, the micrographs were
used to account particle sizes using the DigitalMicrograph®
software (GATAN®). In the insets are shown the histograms
mounted according to the Sturges criteria [26]. The resulting
histograms were fitted using a normal distribution function.
Results provided average sizes of D = 7.0 = 1.7 nm, 28 4+ 3
nm and 177 £ 34 nm for samples S-400, S-600 and S-800,
respectively. These average diameter values are compatible
with the crystallite size values obtained from the XRD data.
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Figure 5. Low magnification bright-field TEM images of sample (a) S-400 (7.0 & 1.7 nm), (b) S-600 (28 £ 3 nm), and (c) S-800 (177 & 34
nm). The corresponding histograms are plotted in the insets, which were fitted to a normal distribution function.

The larger particle size from TEM compared to XRD values
in sample S-800 in likely due to nanoparticle aggregation in
this sample.

High-resolution bright-field images (figure 6(a)) evi-
denced reduced crystallite sizes in sample S-400, while
samples S-600 and S-800 showed larger crystallite sizes
(figures 6(b), (c)). The FFT processing was done for SAED
patterns simulation (figures 6(d)—(f)) to obtain the diffrac-
tion patterns with the respective indexation. For sample
S-400 (figure 6(d)) the diffraction pattern showed several
rings associated with polycrystalline material. Among
these SAED patterns, it is possible to distinguish the crystal
planes (1 1 1) assigned to the cubic Fe;O, spinel phase,
while the ring associated with the (1 0 4) plane corresponds
to the a-Fe,O5; phase. Other overlapped rings are asso-
ciated with the (1 1 0) and (2 0 2) planes of the a-Fe,O;
phase and rings associated with the (3 1 1) and (4 0 0)
planes of the Fe;O4 phase, confirming the multiphase fea-
ture of sample S-400, according with the XRD data
(figure 4(a)). Figures 6(e), (f) show diffraction patterns
corresponding to a single-phase, a-Fe,03. The diffraction
pattern observed for the S-600 sample is associated with
the family of planes (1 1 3), (1 1 0), (1 2 2) and (2 2 0),
while the pattern for the sample S-800 is associated with
the family of planes (0 1 2), (1 04), (1 13) and (2 2 0). The
images in figures 6(g)—(i) are the zoom of the squares
marked in figure 6(a)—(c), where the determined interplanar
distances are indicated by the arrows. In the case of sample
S-400, figure 6(g), the identified interplanar distance of
0.27 nm corresponds to the (1 0 4) planes of a-Fe,03, and
the interplanar distance of 0.49 nm corresponds to the (1 1
1) planes of Fe;0O4. For sample S-600, figure 2(h), the
interplanar distance of 0.22 nm corresponding to the (1 1 3)
planes of a-Fe,O5; and no other planes were evidenced,
even in the region between two particles. Finally, for the
S-800 sample, figure 2(i) shows the interplanar distances of
0.27 and 0.37 nm, which correspond to the (0 1 4) and (0 1
2) planes of the a-Fe,O3 phase.

3.4. X-ray photoelectron spectroscopy (XPS)

XPS measurements allowed to determine the surface properties
of the NPs regarding their phase composition and oxidation state
(see figure S-2 in the supplementary material). For samples
S-400, S-600 and S-800 only the peaks from the Fe, O and C
edges could be identified. The high-resolution XPS spectra of C
Is (not shown) evidenced the presence of adventitious carbon
(~284.6 V) and carbonates (287.0 eV and 289.2 eV) in sam-
ples S-400 and S-600, but carbonates seem to disappear for
sample S-800. The high-resolution O 1s XPS spectra are shown
in figures 7(a)—(c). It is observed a predominant peak at ~529.8
eV (A1), which corresponds to the structural oxygen atoms from
O-Fe bonds of the iron oxide phases. Likewise, the presence of
a peak at 531.6 eV was also observed (A2), which was assigned
to oxygen atoms related to O—C and O=C bonds, and even
oxygen vacancies (Vo) [27-29]. The peak located at lower
binding energy (528.2 eV) was assigned to instrumental artifacts
according to the literature [29].

The high-resolution Fe 2p spectra are shown in
figures 7(d)—(f). Data analysis revealed a peak at 710.2 eV which
was assigned to the octahedrally coordinated Fe*™ ions of the
hematite phase (S2). The peak centered at 709.1 eV (S1) is
assigned to Fe?" ions which occupy octahedral sites. Also, a
peak located at 712.1 eV (S3) was assigned to tetrahedrally
coordinated Fe® " ions of the magnetite phase. The peak located
at 706.2 eV was assigned to instrumental artifacts [29]. More-
over, its broad features can contain additional contributions
coming from Fe-containing carbides [28]. Besides, the peaks at
709.1 and 712.1 eV in sample S-400 are expected due to the
presence of the magnetite phase in that sample and they are not
expected in the XPS spectra of samples S-600 and S-800,
according to the XRD data analysis. However, those contribu-
tions observed in the XPS spectra of samples S-600 and S-800
could be related to the maghemite-like structure remaining at the
surface of the particles or even small portions of magnetite
(undetectable by the XRD technique) which survive heat treat-
ments, as reported by Bora et al [30]. Data analysis indicates that
the Fe content of the hematite phase increases as the annealing



Nanotechnology 33 (2022) 335704

LT Quispe et al

A
wt bl AR VAR A
e od -

Figure 6. High-resolution TEM characterizations. Bright-field images of samples S-400, S-600 and S-800 (a)—(c) were used to obtain
simulated diffraction patterns, performed using FFT images (d)—(f). SAED analysis was performed from the selected area (square) of the
bright-field images. Interplanar distances in the images (g)—(i) reveal the microstructure. In sample S-400 the presence of magnetite and
hematite phases is evidenced, while in samples S-600 and S-800 only the hematite phase is determined.

temperature is increased as shown in table 1 (6th column),
suggesting the crystallinity improvement of the hematite phase at
higher annealing temperatures, in agreement with XRD data
analysis.

3.5. Gas sensing measurements

The main parameters evaluated from our SGQA vapor sen-
sing tests were sensitivity, response time (fresponse), and
recovery time (fecovery)- The sensitivity of the gas sensing
material is defined as the ratio of the sensor electrical resist-
ance in air (R,) to the resistance in the testing gas (R,):
S, = R,/R, or by the relative variation of the electrical
resistance: AR/R,, both related as follows:

gi(Rv_Ra)ii

-1 1
R, R, S M

Although the QACs vapors do not have an ideal gas-type
behavior, we assumed this simplifying hypothesis to estimate
the concentration of vapor phases. The concentration was
calculated from the expression C = n/V = P/RT, where n is
the number of SGQA moles contained in the chamber of
volume (V), at a pressure P and a temperature 7. R is the
universal constant of ideal gases. Determining the con-
centration of these vapors in ppm can be complex because of
uncertainties in the molecular weight of SGQA components
due to their varying compositional nature. However, con-

sidering that the molecular weights are within 340400 g
mol ' range [31], we could estimate that the concentration of

C=102 mol I"' =1 mM corresponds to approximately
400 ppm.

Figure 8(a) shows part of a sensitivity curve of the sensor
based on the S-800 sample, which was obtained by alternating
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Figure 7. Deconvolutions of the high-resolution XPS spectra of Ols (a)—(c) and Fe2p (d)—(f).

the measurement between air (gray region) and ~1.4 mM of
5GQA-vapor (white region). A measuring time of 10 min
(Smin) in air (in 5GQA) was chosen for the measurement.
The sensor electrical resistance value in each atmosphere (R,
and R,) was determined when the electrical resistance reaches
a stable value (steady region). Similar criteria (as shown in
figure 8(a)) were used for measuring other SGQA con-
centrations (from 0.8 to 4.0 mM). It is worth mentioning that
the assessment of SGQA in this range of concentrations is
important due to the reported toxicity limit of humans and
animals (~1 mM of QACs concentration) [32, 33]. The
parameter | AR/R,| shows a linear dependence on the SGQA-
vapor concentration (C) up to 4 mM, as shown in figure 8(b).
The linear fit of data provides a relation of: |[AR/R,| [%] ~
19.274 x C[mM], and a correlation coefficient, R*> = 0.998.

The sensitivity curves for the sensors based on the S-400,
S-500, S-600, S-700 and S-800 samples are shown in
figures 9(a)-(e), which were obtained for a 5SGQA-vapor
concentration of C ~ 4 mM. Although no perfect steady state
was achieved in all samples, as can be seen in figures 9(b), (c)
for samples S-500 and S-600, in order to determine the
electrical resistances, response and recovery times, a mea-
surement time of 10 min in air and 5 min in 5GQA vapor was
chosen for all samples. The |AR/R,| values of all samples are
calculated using the curves shown in figures 9(a)—(e). As
shown in figure 9(f), the value obtained for sample S-400
(containing two crystalline phases) is around 30%. Moreover,
a systematic improvement in the sensitivity was observed for
the annealed samples (single-phase samples). The |AR/R,|
values range from ~25% for sample S-500 to ~75% for

sample S-800, showing a linear trend with the annealing
temperature as shown in figure 9(f). It is worth mentioning
that the sensor based on S-800 sample showed more stable
electrical resistance values, both in air and in the 5SGQA-
vapor. High sensitivity is usually expected in NPs-based
sensors due to the high surface area-to-volume ratio, and that
sensitivity becomes higher for smaller sized NPs. The
hematite nanoparticles-based 5GQA sensor tested here
showed an opposite trend, i.e. the sensitivity was higher for
larger NPs sizes (larger annealing temperature). We believe
that some particularities related to the operating mechanism
will be responsible, as will be discussed in the next
subsection.

Regarding #rcsponse aNd frecoverys the results obtained are
shown graphically in figure 9(g). The fresponse and frecovery
values obtained for sample S-400 are around 2.2 and 4.7 min,
which is not a pure hematite sample. However, for the single-
phase sample S-500 slightly larger values (3.5 and 8.1 min)
are determined, and a decreasing trend for samples annealed
at higher temperatures are obtained, becoming #response = 1.3
min and frecovery = 3.8 min for sample S-800, as shown in
figure 9(g).

3.6. Sensing mechanism

The sensor studied in this work can basically be modeled as a
three-dimensional (3D) assembly of semiconductor nano-
particles stabilized with organic ligands (glycerin). The
electrical resistance of this system can be analyzed con-
sidering the model proposed by Neugebauer and Webb
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Table 1. Atomic percentage (at%) values obtained from the high-resolution XPS spectra of O 1s (Al, A2) and Fe 2p (S1, S2 and S3).

O 1s Fe 2p 3/2

Samples Al (at%) A2 (at%) A2/(Al + A2) SI (at%) S2 (at%) S3 (at%) S2/(S1 + S2 + S3)
S-400 60.4 9.2 13.2% 25.3 38.1 16.6 47.6%

S-600 62.7 14.4 18.7% 21.3 42.0 20.1 50.4%

S-800 58.3 114 16.4% 17.2 46.0 17.1 57.3%

[34-36], commonly used for metallic systems. Within this
model, two contributions to the overall resistivity: one asso-
ciated with the electronic tunneling between two NPs dis-
persed in a dielectric, and the second contribution associated
with the activation energy required to convert two initially
neutral NPs into two charged NPs, one positive and one
negative. Assuming that this model can be used to model our
system, the following relationship is obtained for the overall
electrical resistivity of the sensor,

p = poexp(56) exp(ﬂ) , @

kgT

where (3 is the electron tunneling coefficient (in the order of 1
A~ for metals) [35], and considerably higher values are
expected for semiconducting materials, ¢ is the inter-particle
spacing (as shown in figure 10(b)), kg is the Boltzmann
constant, 7' is the sensor working temperature, E, being the
activation energy (named also as the charging energy). In the
Ey < kgT regime, the resistivity is given by p ~p, exp (36).

Figure 10(a) shows a schematic representation of the
sensor connected to a power source. Also, a diagram of a
small region of the sensor (not to scale) in air (figure 10(b))
and in 5GQA vapor (figure 10(c)) are shown to provide a
possible operating mechanism of the sensor. Due to the sensor
geometry (figure 10(a)) its electrical resistance is proportional
to its overall resistivity, the ratio of the electrical resistances

S, = R, /R, can be expressed as,
AE,
= eX X N 3
p( ) p( "o ) (3

where, the superscript (a) corresponds to air atmosphere and
the superscript (v) corresponds to the SGQA-vapor atmos-
phere. From the experimental values of S, (second column in
table 2), it is possible to determine the variation of the acti-
vation energy when the sensor material is in atmospheric air
and in 5SGQA vapor, according to the following expression:

AEy=E® — EY = kgT In(S)). 4)

As observed, the calculated values of AE, listed in the
table 2 (third column) becomes larger as the sensitivity
increases. Further analysis can be done, in order to understand
this result. It is known that the activation energy E, in this
type of system depends not only on geometric parameters, but
also on the dielectric properties of the organic ligand. Like-
wise, the sensing atmosphere can affect the dielectric prop-
erties of the organic ligand, therefore, the activation energy
can change depending on the atmosphere in which the sensor

R@
T RW

Eéa) _ Eév)
kgT

r

is located. Mathematically, the activation energy can be
quantified using the following expression [34, 35];

2N4 €2
D ) ’
26
(atm)

where "™ is the dielectric constant of the organic ligand
altered by the surrounding medium (atm). Note that, from
equations (2), (3) and (5), the contribution of the NPs to the
electrical resistance of the sensor is due to its electrical
properties and its geometrical features; however, for sensi-
tivity issues, the term exp (50) cancels (equation (3)). Since
this term is more associated with the electrical properties of
the NPs (by means of the 3 parameter), we inferred that only
the geometrical features of the NPs menain relevant for the
sensitivity.

Likewise, we believe that another relevant factor that
allows the efficient detection of SGQA vapor is the own polar
nature of its constituents. In figures 10(b) and (c) is presented
a schematic representation of the electric fields generated in
the sensor when it is in air (E) and in the 5SGQA vapor
(E + E'), where E' is the field generated by the polarized
molecules (cations and chlorides of the SGQA vapor), which
is opposite to E, and simulates the response of a dielectric
material.

First, we analyze the geometrical effect on the activation
energy of the material sensor in atmospheric air. Considering
an ideal case where the NPs are equally spaced within the
organic ligand, such as 3D tetrahedral network, we can

obtain:

where Q7 & 0.55 is the solid angle subtended by a regular
tetrahedron at any of its vertices. Since /D depends only on
the ratios of the mass and density of the glycerin and the
hematite NPs, §/D is expected to remain constant. To cor-
roborate it, in this work, we used the ratios mgjycerin /mnp = 1
and pyp / Pgryeerin = 4.2 [37, 38], therefore, 6/D ~ 0.59. From
here, we can say that the parameter ¢ is roughly proportional
to the particle size. The values of § obtained for the studied
samples are listed in table 2 (fifth column).

Since S, is exponentially dependent on AE, =
E\ — EY”, knowing the values of the activation energies for
each sensor and for each working atmosphere will allow a
better understanding of the sensor’s operating mechanism.
Using the particle size D and 6 values, the activation energy,

E[gatm) — (5)

E(ratm)€()D(1 +

6

Mglycerin Pnp

:wim( )+1 -1, (6)

myp pglycerin
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Figure 10. (a) Schematic representation of the sensor connected to a power source. A small portion of the sensor (not to scale) in (b) air

atmosphere and (c) in a SGQA vapor are represented schematically to exemplify the operating mechanism.

Table 2. Summary of the estimated parameters involved in the proposed sensor operating mechanism. Only the single-phase NPs are

considered (S-500 to S-800). The meaning of each parameter is described throughout the text.

AEA E X‘) E ,f\v) Spmj / Vv 4 response 4 recovery
Sample S, (kJ mol™") Dxgp(m) & (nm)  (kJ mol™ 1) (kJ mol™") (pm™h (min.) (min.)
$-500 132 0.68 235 13.9 1.73 1.06 63.8 3.52 8.09
S-600  1.88  1.54 25.2 14.9 1.62 0.08 59.6 2.51 6.23
S-700 247 220 41.4 245 0.98 —1.22 36.2 2.09 5.19
S-800 394  3.34 66.9 39.6 0.61 —2.73 224 1.28 3.80

Ef{‘) can be estimated using equation (5). Because the di-
electric constant of the organic ligand in air remains constant
(€9 ~ 47 [39]), the activation energy is expected to depend
only on the diameter of the NPs, thus, the increase in D
contributes to reducing the parameter E”, as shown in the
sixth column of table 2.

The scenario is modified when the material sensor is
exposed to the presence of 5GQA-vapor. To evidence this,
the values for Eff) are estimated by substituting the values of
AE, and Ef\“) in equation (4), and the obtained values are
listed in the seventh column of table 2. As expected, positive
values of E{" are obtained for the sensors based on S-500 and
S-600 samples. However, negative E/g” values are found for
the sensors based on S-700 and S-800 samples. In order to
find a plausible explanation for that striking result, we pro-
posed the following:

(1) Sensors based on S-500 and S-600 samples: for those
sensors, it is observed that the E{” values are lower for
sensors based on larger diameter NPs, as expected from
the expression equation (5). Also, it is also observed
that the activation energy in the presence of SGQA-
vapor is lower than the corresponding value in the
presence of air (EY” < E{”). As the geometrical
parameters remain the same in each sensor, from
equation (5), it follows that the lower activation energy
of the sensors under the influence of 5GQA-vapor is
due to the increase in the dielectric constant of the
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organic ligand due to the incorporation of ions from the
5GQA-vapor in the organic matrix. Furthermore,
according to the operating scheme proposed in
figures 10(a)—(c), the ions coming from the SGQA will
have a greater effect on the sensor that allows them
easier migration, that is, the sensor that contains larger
NPs, due to the degree of opposition to the ions
migration is inversely related to the NPs size (as will be
discussed later quantitatively). Thus, the effect of the
size of NPs added to the effect of the SGQA-vapor in
the dielectric constant value of the organic ligand,
generates a change in the activation energy such that,
AEA(575OO) < AEA(S76OO)v thus leading to the sensitivity
improvement of the sensor based on S-600 sample with
respect to sensor based on S-500 sample.

(i1) Sensors based on S-700 and S-800 samples: Sensors

based on hematite NPs with a size larger than D ~ 26 nm
drive to negative activation energy when the sensors are
exposed to SGQA-vapor, that is, E/(f) > 0 and E,Exv) <0,
which is intriguing. According to the model proposed by
Neugebauer and Webb (equation (2)), the electrical
resistance of the sensor decreases by increasing the
operating temperature, which corresponds to a material
showing a semiconductor-like behavior. It seems to be the
case when the sensor is exposed to air atmosphere. The
negative value of the activation energy when the sensors
in exposed to SGQA-vapor, suggest that equation (2) is
not more applicable. It means that sensors composed of
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hematite NPs with a mean size larger than D ~ 26 nm no
longer follow the semiconductor-type conduction mech-
anism, but they likely behave as metallic-like. Although
that ‘pseudo’ semiconductor-to-metal transition seems to
be triggered by the increase of the hematite NPs size,
additional studies are needed to determine the exact role of
the particle size on the operation mechanism of this type
of sensor, since it directly affects the sensing response to
5GQA-vapors.

Regarding the response time and recovery time, these
parameters mainly depend on the facility that the long chains
of the QACs (cationic chains) can migrate within the organic
ligand by the action of the electric field, which can be ham-
pered by the presence of the hematite NPs. We considered
that the parameter which quantifies the degree of obstruction
is only geometrical, and it is related to the projected area of
the NPs (S,,,,;) perpendicular to the migration path of QACs
molecules, and to the volume of NPs (V) according to:
Sprj/V = (50%)/(ED%) = 5. The estimated  Sy;/V,
fresponse ANd frecovery Values are listed in table 2. As observed, a
direct relationship of both fegponse and frecovery With the
Sproj/V parameter is evidenced, thus reinforcing the validity
of the proposed approach about of degree of obstruction
provoked by the NPs.

4. Conclusions

We have successfully designed and prototyped a novel resistive
gas sensor composed of monophasic hematite NPs. A proof of
concept using quaternary ammonium compounds vapors as
testing gas provided encouraging results, with a lower con-
centration threshold of ~1 mM. By using NPs of different sizes,
degree of crystallinity, and surface defects we have established
that the sensor sensitivity depends on the polar (dielectric)
properties of the organic ligand, more than the electrical prop-
erties of the hematite NPs. Although the detection limits of ~1
mM can be considered competitive, our results suggest that the
sensitivity can be improved: (i) by a better control of the particle
size polydispersity and a better tuning of the dielectric properties
of the organic ligand. (ii) By promoting changes in electrical
conduction mechanism, as in sensors based on samples S-700
and S-800. In the latter case, the microstructural parameters
seem to meet a certain condition that enables a semiconductor-
to-metal like transition provoked by the change of atmosphere
from air to QACs vapor. This latter aspect merits deeper studies
to unambiguously establish the role of both intrinsic and topo-
logical factors in the final sensor performance.
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