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ABSTRACT

Metal oxide thin films are archetypal active elements employed in chemiresistive gas sensors. Most existing metal
oxide-based sensors operate at elevated temperatures; however, the sensing mechanism has generally been
deduced considering the room-temperature properties of metal oxide compounds. We report an in-operando X-
ray absorption spectroscopy study on a chemiresistive sensor of acetone vapours; namely, the chemical structure
of iron-oxide nanoparticles (NPs) exposed to trace concentrations of acetone vapours under varying temperature
conditions was examined. Our results show that the iron-oxide NPs, identified as maghemite/magnetite
(y-Fe203/Fe304) compound, partially reduced with temperature. Likewise, the iron oxide NPs were partially
reduced upon exposure to trace concentrations of acetone vapour (at constant temperature). The latter obser-
vation suggests that acetone molecules are chemically adsorbed on iron oxide. The chemical changes are dis-
cussed in terms of the conductive response of a consubstantial chemiresistive sensor. Acetone chemisorption
requires a revision of the commonly accepted sensing mechanism based on the physical adsorption of acetone

molecules.

1. Introduction

Environmental protection requires the detection of trace concentra-
tions of environmentally hazardous gases, such as NO, NO,, CO, COa,
SO, and Cly, including volatile organic compounds (VOCs) present in
trace concentrations under ambient conditions. Regarding the detection
of VOCs, a more advanced potential would likely shape human medi-
cine; more than 1000 VOCs ranging from ppm- (parts-per-million, 1079
down to ppb (parts-per-billion, 10~°) and less have been detected in the
exhaled breath of a human, with dozens of them already identified as
markers for specific diseases [1]. Detecting gaseous or vaporous markers
in a patient’s exhaled breath would facilitate non-invasive examination
[2]. The abovementioned application areas would particularly benefit
from the availability of simple sensors that could allow, for instance,
areal monitoring of environmentally hazardous gases or provide
affordable personal equipment for immediate health screening by
detecting VOCs.

The chemiresistive effect, which refers to the conductivity changes of
a probe responding to ambient concentration variations, provides a
viable sensing technique [3]. Typically, semiconducting metal oxides
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such as FeOyx [4-7], SnO; [8], TiOy [9], InyO3 [10,11], WO3 [12,13],
WO3-Crp03 [14], NiO [15], ZnO [16], and others (see Refs. [17,18] and
references therein) were used as the active elements in chemiresistive
sensors. The sensitivities of such devices vary depending on the nature of
the chemiresistive materials and the gaseous or vaporous analytes, with
sensitivities even in the low ppb range being reported in particular cases
(for example, Refs. [10,12]).

Sensors for detecting trace concentrations of acetone vapours diluted
in the air have been widely studied (for example, Refs. [4,5,7,9,12-14,
19]), as monitoring acetone concentration in the exhaled breath of pa-
tients with diabetes could indicate their current health status. Specif-
ically, the acetone concentration of a healthy person is approximately
0.7 ppmv, and values exceeding about 1.7 ppmv diagnose a diabetic
patient [1,20]. These values establish the minimum requirements for the
operational detection range of acetone sensors to cover a range from a
few hundred parts per billion to approximately 10 ppm.

Unlike early gas sensors based on bulk samples or continuous layers,
current approaches rely on nanostructured sensing layers in which the
nature of the material, structure, and morphology allow numerous
combinations, which led to ample investigations of sensing properties,

Received 28 April 2023; Received in revised form 4 October 2023; Accepted 3 November 2023

Available online 4 November 2023

0040-6090/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:jan.ivanco@savba.sk
www.sciencedirect.com/science/journal/00406090
https://www.elsevier.com/locate/tsf
https://doi.org/10.1016/j.tsf.2023.140120
https://doi.org/10.1016/j.tsf.2023.140120
https://doi.org/10.1016/j.tsf.2023.140120
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2023.140120&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Ivanco et al.

as attested by abundant studies on the subject. However, most studies
are limited to a phenomenological description of the sensing properties,
while some works adhere to a widely used model of the sensing mech-
anism of chemiresistors based on the field effect; the conductivity
change is related to the variation of the charge-depleted or -enriched
region near the semiconductor surface caused by the physisorption of a
molecular analyte.

Nevertheless, the modulation of the surface potential may not
explicitly result from the semiconducting nature of the material. Indeed,
a typical situation is the Fermi-level pinning at the surface, avoiding the
field effect control. In addition, the depletion zone width in the nano-
structured films could significantly exceed grain size and, accordingly,
was inconsistent with the model. Further, the sensing mechanism is
usually justified considering the properties of metal-oxide compounds
determined at room temperature (RT). Yet, the metal oxide-based sen-
sors show practically no response at RT and require elevated operating
temperatures of up to several hundred degrees Celsius (see, for example,
Refs. [4-9,11-17,19]). Thus, examining material properties under
operating conditions provides a more appropriate view.

This study aimed to test the notion that the chemiresistive response
of a typical semiconducting metal-oxide is due to the altered chemistry
of the sensing material caused by the adsorbed analyte. The X-ray ab-
sorption spectroscopy (XAS), which is widely used for determining the
local structure of particular atomic species of matter, was chosen as the
primary technique as the probing can be carried out in ambient (hence
not requiring vacuum conditions) and at elevated temperatures (e.g.
[21,22]). Here, the chemical composition of iron oxide compounds was
examined under the operating conditions of a chemiresistive sensor, that
is, at elevated temperatures and upon acetone vapour exposure. The
results are discussed in the context of the electrical response of the
sensor based on the identical active element.

2. Experimental
2.1. The probed samples preparation

Iron oxide nanoparticles (NPs) were synthesized by the thermal
decomposition of iron(IIl) acetylacetonate and subsequently reduced
with 1,2-hexadecanediol in a mixture of oleic acid and oleylamine,
which was used as the surfactant precursor in phenyl ether at elevated
temperatures. The average diameter of the FeOx NPs was approximately
6.9 nm, including a surfactant thickness of about 1 nm. The preparation
of NPs was detailed elsewhere [23].

The probed films were prepared using the modified Langmuir-
Schaefer method [24]: an ordered monolayer array of colloid iron
oxide NPs deposited onto the water surface was transferred to a solid
surface. The process was repeated according to the number of required
layers and led to an ordered NP mono- or multilayer (see, e.g. Ref. [25]).
Then, the NP films were annealed in a technical vacuum (p ~ 1.4 x 1074
Pa) at 350 °C for one hour to strip the nanoparticles of the surfactant.

Two samples were prepared to tailor requirements for the charac-
terization techniques:

The XAS sample is a multilayer consisting of ten ordered monolayers
of FeOx nanoparticles sequentially deposited layer-by-layer onto a sili-
con substrate with a size of 10 x 10 mm and a thickness of 0.6 mm.

The sample for chemiresistive characterization stands out for two
nanoparticle monolayers sequentially deposited onto an alumina chip
with a size of 2 x 2 mm soldered in a commercial socket. The chip was
equipped with Ti/Pt heating meander on the rear side and the Ti/Pt
interdigitated electrodes on the front side to examine the resistance.
More details can be found elsewhere [26].

2.2. X-ray absorption spectroscopy characterization

The sample for the XAS measurements was fixed on a ceramic
heating plate with temperature monitored by a thermocouple and
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placed into the probe cell, equipped with feed lines for gas inlet/outlet.
First, a constant flow of 10 sccm of dry air was set, and the temperature
was stepwise increased to a maximum value of 360 °C. At each step, X-
ray absorption near edge structure (XANES) spectra, referred to as ‘air’,
were collected after the sample temperature stabilization. At the highest
temperatures used (300, 330, and 360 °C), the ‘air’ measurement was
followed by a measurement upon acetone exposure, referred to as
‘acetone’: the flow of dry air was replaced by the same flow (10 sccm) of
a calibrated mixture of 50 ppm acetone vapours diluted in dry air (SIAD
S.p.A., Italy). The ‘acetone’ measurement was followed by the ‘air’
measurement at a higher temperature.

Fe K-edge XAS spectra were collected at the XAFS beamline of the
ELETTRA synchrotron (Trieste, Italy) [27] in the fluorescence mode
using a silicon drift detector with an 80 mm? active area (AXAS-M,
Ketek, Munich, Germany). The ring current and energy were 300 mA
and 2.0 GeV, respectively. A fixed exit Si(111) double-crystal mono-
chromator was used, ensuring high-order harmonic rejection by
detuning the second crystal. The monochromator energy was calibrated
by collecting a reference spectrum of a Fe metal foil placed in a second
experimental chamber after the sample and after the I1 ionization
chamber, with the position of the first inflection point taken at 7112.0
eV. Spectra were collected with a variable energy step as a function of
energy: A large step (5 eV) in the first 200 eV of the spectrum, a smaller
step (0.2 eV) in the XANES region and a k-constant step of 0.03 A Vin
the EXAFS region. Each measurement cycle lasted about 6 h.

For each state of the sample (temperature and exposure to air or
acetone), four spectra were collected and merged to increase the signal-
to-noise ratio, then normalised with respect to the atomic background of
the curve using the Athena software [28]. The normalized XANES
spectra were then analysed through linear combination fitting (LCF)
[21,22,29,30] using reference spectra from maghemite (y-FepOs,
labelled as MAGH) and magnetite (Fe3Oy4, labelled as MAGN) certified
standards compounds (Sigma Aldrich, CAS 1309-37-1 and 1317-61-9,
respectively) in the form of pressed pellets, containing the element of
interest mixed with polyvinylpyrrolidone binder and collected at room
temperature. LCF analysis was performed at least three times on each
spectrum, trying different normalization strategies for raw and
smoothed data to test the reproducibility of the obtained results; the
fitting range was -30—+160 eV with respect to the absorption edge.

The described method of multilayer growth ensures that the 2- and
10-ML thick films have the same morphology (ordered arrays) and
chemistry (FeOy). Therefore, the results obtained by distinct methods
are commensurable.

2.3. The sensing response

The sensing response was identified with the ratio Rcet/Rair, Where
Rair and Racet are the electrical resistivity between the interdigital elec-
trodes examined in dry air and acetone-in-dry air mixture, respectively.
The resistivity was standardly investigated at a constant operating
voltage of 10 V using a Keithley 2635B SYSTEM Source meter. The
acetone concentration in the probing cell was varied by mixing dry air
and a certified mixture of 20 ppm acetone vapours diluted in dry air
(SIAD, Slovakia). The ratio was controlled by employing mass-flow
controllers. The total airflow of 10 sccm was kept constant for each
used acetone concentration, including the reference airflow without
acetone.

3. Results
3.1. The measured XANES

Fig. 1a shows the normalized Fe K-edge XANES spectra of the series
annealed in air. The edges are detailed in Fig. 1b. The detection depth of

XAS at the energies around the K absorption edge of Fe significantly
exceeds the thickness of the probed layer.
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Fig. 1. (a) Fe K-edge XANES spectra of iron-oxide nanoparticle multilayer taken at various temperatures in synthetic air flow. The spectra are vertically shifted. (b)
Details of Fe K-edge XANES spectra shown in the panel a. Characters A to E refer to the features discussed in the text. The arrows indicate the trends in the spectra

evolution with increasing temperature (see the text).

The Fe K-edge region routinely serves to determine particular iron
oxide compounds. Therefore, we analysed the line profiles of the
following spectral features: the pre-edge peak area (A in Fig. 1b), ab-
sorption edge (B), the crest of the absorption edge, also referred to as the
white light line (C), and post-edge features (D and E). Pre-edge features
of various Fe-based bulk minerals were extensively studied, e.g. by
Wilke et al. [31] and Pollastri et al. [32]. In concrete, MAGH, in com-
parison to MAGN, displays an overall blue shift (toward higher energies)
equal to 2-2.5 eV at the half height of the absorption edge [31,33,34].

Regarding the white line intensity, contradictory results have been
reported in the literature: Fig. 8a in Ref. [31] highlights the higher in-
tensity of the white line for MAGH, but on the contrary, Fig. 1 in
Ref. [33] reports an opposite result. Because the difference between
these two phases is small, the relative intensity of the white line could
also be influenced by the chosen normalization strategy. However, our
spectra collected using certified standards are in line with those reported
in [31].

In Fig. 1b, the arrows next to the corresponding features indicate
their evolution with increasing temperature. The edge profile slightly
deviates from linearity, indicating that MAGH and MAGN phases
coexist. y-FeoO3 maghemite is a metastable phase with a cubic crystal
structure closely related to the Fe304 magnetite structure.

Considering the findings reported in Refs. [31,33,34], the observed
trends of the pre-edge features (A), edge position (B) and post-edge
features (E) suggest a partial MAGH — MAGN transition. Considering
the issues mentioned above and contradictions in the relative intensities
of the white line between MAGH and MAGN, it is difficult to assess
whether its evolution (C) in our data set agrees with the MAGH — MAGN
transition. However, we assume that arguments rising from the energy
scale (features A, B and E) are more appropriate for phase identification.

The presence of haematite (a-FeyO3) seems unlikely here since the
features specific to haematite — namely, the weakened pre-edge intensity
(blue-shifted with respect to MAGN [35]) and a hump on the low-energy
side of the crest (tending to double the white line peak) [31,34,36] — are
absent here. It should be, however, mentioned that haematite with an

edge free of a hump near the white peak has also been reported [37].
Further, since haematite contains only the 6-fold coordinated Fe being a
centrosymmetric position, the pre-edge peak has low intensity (See the
inset of Fig. 2a).

The temperature dependence of the white line of the ‘air’ spectra
may suggest the thermal effect [38], but the observed trend is perfectly
in line with the energy shift observed for the absorption edge, for which
the most reasonable explanation is being a partial transition to a more
reduced phase (i.e. magnetite). Therefore, the contribution of the ther-
mal effect in the ‘air’ spectra cannot be excluded. Yet, the thermal effect
is not responsible for the differences in spectra collected in acetone
versus those gathered in the air at the same temperature.

For the sake of completeness, we add that attempts to analyse the
EXAFS region were also performed but did not provide conclusive evi-
dence, most likely due to the complexity of the fit; note that two phases
always coexist, which both contain either tetrahedrally and octahedrally
coordinated Fe with similar Fe-O bond lengths (and also Fe?* and Fe3"
in the case of magnetite) rising the number of uncertainties to be
calculated.

The mixing ratio, the relative content of MAGH and MAGN in the
sample, was determined using the LCF of XANES spectra for MAGH and
MAGN reference samples. All spectra were treated in an identical way,
whereby Fig. 2 illustrates an example of LCF analysis of spectra collected
in the air at RT. Because the self-absorption effect is relevant for thick-
nesses exceeding approximately 1 pm [33], no corrections by virtue of
self-adsorption were necessary because the thickness of the probed NPs
multilayer was about 70 nm. The overall results are shown in Fig. 3 and
indicate that the partial MAGH — MAGN transition occurs in dry air
with increasing temperature; the initial maghemite fraction of 77%
decreased to 62.3% at 360 °C. The magnetite fraction evolved in a
complementary manner, rising from 23 to 37.7%.

The evolution of the mixing ratio in the presented sample indicates a
reductive reaction with increasing temperature; MAGH (y-FeyOs)
gradually transforms to MAGN (Fe3O4 = FepO3 - FeO) (Fig. 3, full
symbols). The reductive reaction with the increased temperature is
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Fig. 2. (a) The reference spectra of maghemite (MAGH, y-Fe,O3), magnetite (MAGN, Fe30,4), and haematite (HEM, a-Fe,O3) used for the LCF. (b) An example of
Linear Combination Fit (LCF) obtained for the RT spectrum collected in air. Only the edge region is shown here.
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Fig. 3. Evolution of magnetite and maghemite fractions in iron oxide nano-
particles at increasing temperatures in dry air (full symbols) and upon exposure
to 50 ppm acetone diluted in dry air (empty symbols). Fractions were deter-
mined using the Linear Combination Fit of the reference absorption spectra of
y-FexO3 (maghemite) and Fe3O4 (magnetite). The 95% confidence bands are
also presented.

predictable considering the phase diagram for the Fe-Oy system (see
Fig. 2 in Ref. [39]); admittedly, the reduction occurs at relatively lower
temperatures, from approximately 200 °C. Yet, it should be noted that
the stability of thin nanostructured films under particular conditions
depends on many parameters, and the marked departure from the bulk
oxide phase diagram can be applied [40,41].

The effect of the acetone exposure was measured at three tempera-
tures, namely at 300, 330, and 360 °C (Fig. 3, empty symbols); the
decrease in the MAGH/MAGN mixing ratio at the given temperatures
indicates the reductive character of the acetone-induced reaction. Note
that the ‘acetone’ measurement followed after the ‘air’ measurement at

the given temperatures. This may suggest that the reduction upon the
acetone exposure is due to the longer exposure of FeOy at a particular
temperature. However, the temperature effect can be excluded in the
‘acetone’ measurements, considering that each measurement was
launched after the sample temperature stabilization. Specifically, the
sample temperature stabilized in ca 10 min after the temperature in-
crease of 30 °C. This claim emerged from chemiresistive characteriza-
tions, where the electrical resistance stabilized within ca 10 min after
the same temperature increase. Moreover, the period necessary for the
temperature stabilization was negligible compared to the cycle mea-
surement, lasting ca 6 h. The acetone-induced chemistry is discussed
below.

3.2. Sensing properties of the probed NPs layer

Fig. 4a illustrates the chemiresistive response of a FeO film consisting
of two arrayed nanoparticle monolayers (ML) to acetone vapours
exposure. The film resistance R,;; measured in dry air drops upon adding
acetone with a concentration of 2 ppmv. The R, refers to maximal
resistance departure after the 15 min exposure. The resistance gradually
returns to the original value R, after removing the acetone from the
mixture. The right axis shows the resistance normalized with respect to
Ryir- The cycle was measured at the film temperature of 402 °C.

Fig. 4b sums Ryir s and Raeer s Of the cycles measured at various
temperatures ranging from ca 200 to 460 °C: the R,;; (circles) and Racet
(cross symbols) monotonously decrease with temperature. The mark-
edly lower electrical resistivity of FesO4 [42] compared to Fe;O3 [43]
would suggest that the observed resistivity drop is due to the partial
transformation of MAGH to MAGN. Yet the reduction is owing to the
semiconducting nature of MAGH and MAGN: this results from Arrhe-
nius’s plot In(1/R) «1/T (Fig. 5) of the data presented in Fig. 4b. The
linear dependences strongly indicate the band-like conductivity, though
two regions with different activation energies, separated at a tempera-
ture of about 430 °C, are apparent.

The sensor response, i.e. the Racet/Rair ratio, is plotted in the inset of
Fig. 4b in dependence on temperature. The highest response is at ~ 410
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the probing chamber. (b) Ry, (full circles) and Racer (+); each couple of values
were determined in a particular cycle measured at a set temperature. The inset
shows the temperature dependencies of response, that is, the R,cet/Rair ratio.
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°C.

The responses to higher acetone concentrations (6, 10, 14, and 20
ppm were also examined (not shown here). They were qualitatively
similar to that at 2 ppm, whilst the Racet/Rair ratio (approximately of
0.78, see Fig. 4a and the inset in Fig. 4b) decreased - hence the sensing
response increased — down to about 0.2 detected for the 20 ppm acetone
exposure. In a convention often observed, the response in which the
resistance decreases upon analyte exposure (detected here) is called n-
type. In contrast, the increase in resistance implies a response with a p-
type character. Note that the n- and p-type response of chemiresistive
sensors must not be confused with the semiconductor conductivity type.

We mention in passing that the sample probed by XAS consisted of
ten monolayers and was exposed to 50 ppm acetone. The higher values
compared to those used for the probe examined by electrical charac-
terization were necessitated by the lower sensitivity of the XAS tech-
nique compared to the electrical characterization.

4. Discussion

The phase transformation of iron oxide has been extensively studied
owing to its extensive technological applications. Numerous studies on
the phase transformations induced by thermal treatment have examined
probed structures after thermal treatment at RT. However, some chem-
ical and structural transformations in iron oxides caused by elevated
temperatures can reverse upon returning to RT [40]; this suggests that
considerations of the sensing mechanism must accrue from properties
responsive to the working temperature of the sensor.

It is reasonable to presume that the oxidizing states at the nano-
particle surface and bulk can differ, and the acetone adsorption effect
can be limited to the surface region of the nanoparticles. Considering
that the XAS probing depth markedly exceeded the NPs size, the
detected signal averaged over the entire nanoparticle volume. Given
that the chemical structure of the surface region of NPs differs from that
of the bulk, and this may mainly hold upon acetone exposure, the real
variations in the chemistry of the NP surface owing to both the elevated
temperature and acetone exposure are likely more pronounced
compared to the detected ones.

Various surface studies - thence performed under vacuum condi-
tions — addressed reaction pathways of acetone molecules adsorbed on
several metal oxide surfaces, such as a-Fe;Os [44], ZnO(0001) [45],
TiO2(001) [46], UO2(111) [47], and CeOx(111) [48]. Regarding the
acetone adsorption onto haematite [44], two products were formed on
the surface at low temperatures, both prone to desorption. However, at
elevated temperatures exceeding 250 °C, a new species, acetate ions
(C2H303), was formed through either an oxidation mechanism or the
involvement of surface hydroxy groups. Overall, other named studies
demonstrated that reduced surfaces (alternatively attained through the
formation of oxygen surface vacancies or metal atom termination of the
crystal surface) lead to reactive adsorption, contrary to the weak or
molecular adsorption observed on fully oxidized surfaces. The reactive
pathways on the reduced surfaces led to acetone decomposition, pre-
vailingly outputting the CO and COx, species.

The aforementioned findings suggest that the acetone molecules
adsorb chemically on the partially reduced iron oxide occurring at
elevated temperatures. This implies that the surface chemistry change
has to be considered when formulating the sensing mechanism.

We expect that the reduction pathway of the MAGH/MAGN com-
pound upon acetone exposure occurs similarly to the acetone/
CeO2(111) system [48]) as follows:

CH;COCH;(g)+20(1)—»3CO(g)+3H,(g)+2Vo (€D)]

where Vg denotes oxygen vacancy, and the indices [ and g in parentheses
state for the lattice position and the gas phase, respectively, for the
particular compound or element.

The O(]) consumed by the reaction with acetone presumably derives
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from the MAGH component, and its removal transforms MAGH
component to MAGN as follows:

3F€203: 2[F6203'FCO]+O (2)

where Fe;O3 and FepO3 - FeO = Fe304 are MAGH and MAGN, respec-
tively. A decrease in the MAGH component leads to a decrease in the
MAGH:MAGN ratio, according to the reduction of the probed iron oxide
compound.

The response of metal oxide-based chemiresistive sensors to acetone
has been almost exclusively reported to display the peaked temperature
dependence, where the highest response occurs at elevated tempera-
tures ranging from about 150 to 500 °C (see an example in the inset of
Fig. 4b and Refs. [4-9,11-13,15-17,19]). The physical adsorption of
detected molecules is generally considered to rationalize the conductive
response of metal oxide-based chemiresistors. Yet, the concentration of
physically adsorbed molecular analyte on the sensor surface decreases
with temperature (at constant analyte concentration in ambient). Hence
the assumption on physical adsorption is at variance with the common
observation of negligible sensor response at RT, and its maximal
response peaked at hundreds of degrees centigrade. On the other hand, if
the acetone chemisorption is assumed, the peaked response can be
qualitatively explained considering two surface phenomena following
opposing temperature dependences: (i) the decrease of the acetone
surface coverage and (ii) the increasing reaction rate governed by the
activation energy.

The metal oxide-based sensors exhibit the peaked temperature
dependence of the response also for other vaporous or gaseous analytes;
we mention several examples such as nitrogen dioxide (NO3) [4,7]
carbon monoxide (CO) [11], ethanol (C2HgO) [5,6,9,16], isopropanol
(C3HgO) [8], toluene (C7Hg) [15], and formaldehyde (CH>O or HCHO)
[6], HCN [9], HaS [9,11]. Therefore, the chemisorption of volatile
analytes triggered at elevated temperatures can be a general phenome-
non related to metal-oxide-based sensors.

The conductivity of continuous films is governed by Ohm’s law. In
contrast, the electrical conductance of discontinuous films, for example,
those consisting of an array of isolated nanoparticles, is determined by
the Ohmic conductance of nanoparticles themselves and the tunnelling
current mechanism governing the interparticle conductivity [49,50].
The latter applies because the charge carriers tunnel through the po-
tential barrier formed between two neighbouring, yet isolated nano-
particles separated by a gap. The tunnelling process is relevant for
angstrom- or nanometer-sized gaps only when tunnelling current I de-
cays exponentially with the width of the tunnelling gap z:

Ixae V% 3)

where constant a and work function ¢ represent the properties of a
particular conducting material. Note that the tunnelling conductivity of
the nanoparticle film depends — in addition to the interparticle distance —
on the nanoparticles” work function. The term a reflects the NPs resis-
tance varying with the temperature due to the semiconducting character
of the iron oxide (Fig. 5).

We note that the dominance of the tunnelling mechanism in nano-
structured chemiresistive sensors is also supported by functioning
nanostructured strain sensors that employ an array of conductive iso-
lated nanoparticles deposited on a flexible substrate. Neglecting the
resistance of conductive nanoparticles, the conductivity of the array
depends exponentially on the substrate elongation and, thus, on the
interparticle distance (see, for example, Refs. [51,52]).

The a, ¢, and z in Eq. (3) are constant at a given temperature, and the
sensing response comes from the A induced by the adsorption of the
acetone molecule. Therefore, the sensing mechanism is governed by
tunnelling conductance varying with the change of the nanoparticle
surface work function, not by the conductivity of the nanoparticle.

Wei et al. [53] found that work function values of maghemite
(y-Fex03) and magnetite (Fe304) films at RT amount to 5.35 and 5.2 eV,
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respectively. Assuming that the inequality @re304 < @re203 is preserved
at elevated temperatures, MAGH — MAGN transformation induced by
acetone adsorption decreases the work function and, thus, increases the
film conductivity. In brief, the decrease in the nanoparticle’s work
function caused by modified surface chemistry can plausibly explain the
n-type response characterized by the inequality Rycet/Rair < 1. Note that
the n-type response excludes the formation of a depletion zone near the
surface of the iron oxide nanoparticles owing to acetone adsorption
because the presence of the depletion zone would be manifested through
the resistance increase.

Responses of various metal oxide-based chemiresistive sensors to
volatile adsorbents have similar temperature dependence, inviting
speculation that the sensing mechanism of this class of sensors is too
governed by the chemisorption. However, further work is necessary to
prove the validity of this point.

5. Summary

The chemical structure of the iron-oxide nanoparticles was studied at
elevated temperatures and upon exposure to trace concentrations of
acetone vapours using Fe K-edge X-ray absorption spectroscopy. We
observed that a partial reduction of iron oxide nanoparticles, constituted
by maghemite/magnetite compound, was induced by elevated temper-
ature and acetone exposure. Furthermore, the transformation of
maghemite to magnetite upon acetone exposure implies that exposure to
even trace concentrations of acetone vapour modifies the surface
chemistry of the iron oxide nanoparticles. Based on the obtained results,
a revision of the standard model of the sensing mechanism is proposed.
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