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Spin-ladders are a class of unique materials in low dimensional systems with a complex structure and
intriguing properties originating from quantum fluctuations. Spin-ladder compounds with an even and odd
number of legs have quite generic features and have the potential for promising technological applications.
In this paper, a novel pseudo spin-ladder CaCu,Os compound (2-leg) based conductometric gas sensor
has been proposed, for the first time, for the detection of volatile organic compounds (VOCs).
Nanostructured CaCu,Os rods were synthesized by a hydrothermal method and annealed in air at different
temperatures (200, 400 and 600 °C). Powder XRD, SEM-EDX, XPS, photoluminescence (PL) and electrical
characterisation studies indicated that CaCu,Os crystallized in an orthorhombic structure with a tiny rod-
shaped morphology. The gas sensing properties of the nanostructured CaCu,Oz were then investigated by
fabricating thick-film conductometric sensors and exposing them to ethanol and acetone, chosen as the
representative VOC target gases. CaCu,Osz annealed at a low temperature (200 °C) showed excellent
performance towards both ethanol and acetone monitoring. At the optimal operating temperature of
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200 °C, the sensor showed a response, S = Ry/R,, of 2.6 towards 10 ppm ethanol and 2.4 towards acetone
with a fast response/recovery time of 25 and 150 s for both VOCs tested. In addition, the proposed sensor
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1. Introduction

Volatile organic compounds (VOCs) include a large variety of
organic chemicals having the melting point below room tem-
perature and the boiling point between 50 and 260 °C, as per
the definition by the World Health Organization (WHO). They
have a different chemical nature and are present everywhere in
indoor and outdoor ambient environments, produced by a
number of industrial (including petrochemical plants, burning
fuels, solvents, paints) and domestic (furniture and cooking)
sources. VOCs (e g acetone, ethanol, isoprene, etc.) are also
found in the exhaled human breath, mainly as a result of the
biochemical reactions occurring in our body or due to the
ingestion of food, beverages or drugs. The concentrations of
such VOCs are usually very low, at the sub-ppm level, or even
lower."* Abnormal concentrations of VOCs in breath are
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shows high selectivity against some common interfering gases.

reported to correlate with unhealthy/injurious body/organ con-
ditions, for instance, ethanol for drunken people, acetone for
diabetes, trimethylamine for uremic patients and ammonia gas
for renal disease.>* Hence, VOCs in the exhaled breath can
potentially be used as disease-specific biomarkers for non-
invasive early detection for monitoring health. Among them,
acetone and ethanol are surely the most important and there-
fore the most largely investigated ones.

Breath acetone can be produced by the oxidation of fatty
acids during diabetes and ketoacidosis due to the lack of
insulin. Excessive acetone circulating in the blood system is
excreted from the lungs. A higher acetone concentration ran-
ging from 1.7 ppm to 3.7 ppm could be detected in breath for
those who are diabetic, while the breath of healthy humans
typically contains less than 0.8 ppm.’ Thus, gas sensors with
sub-ppm acetone detection capacity play an important role in
the development of non-invasive monitoring methods or in
early diagnosis of potential diabetic patients.® The demand for
breath ethanol detection is also very high. Acute and/or chronic
ingestion of high ethanol quantities results in health
problems.” To date, various gas sensors have been successfully
developed to detect VOCs by metal oxides controlling the
morphology or by introducing additives®** and also numerous

This journal is © The Royal Society of Chemistry 2020
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efforts have been made to improve the sensing performances by
choosing novel nanomaterials."*™®> Wang et al.'® reported a
high performance ethanol sensor based on Au-modified three-
dimensionally ordered macroporous ZnO:In. The sensor based
on the 0.05 mol% Au-loaded 3D ZnO:In is reported to exhibit
the highest sensitivity (~240) to 100 ppm ethanol at 250 °C
with high selectivity and good stability. Sunghoon Park'’
reported the application of TiO, nanoparticle functionalised
In,O; nanowires for sensing ethanol and acetone at operating
temperatures of 350 °C and 250 °C, respectively. The TiO,
nanoparticle functionalised In,O; nanowire sensors exhibited
enhanced acetone gas sensing properties, with 5.1 times higher
response when exposed to 10 ppm acetone gas, when compared
to the as-synthesized In,0; nanowire sensors.

Apart from such unique approaches to modify the known
binary semiconducting metal oxides for improving the sensing
performances, attempts are also being made to make use of
ternary metal oxides for VOC detection. Zhou et al.'* reported
the synthesis of cube-shaped ZnSnO; with hollow structures
which exhibited a high response to 100 ppm ethanol at 260 °C,
which was approximately 1.77-times higher than that of
ZnSnO; solid cubes. Xue-Zhi Song et al.** reported the synthesis
of hollow NiFe,O, microspindles through a metal-organic
framework (MOF) route and its application in acetone gas
sensing with a high sensitivity of 52.8 towards 200 ppm.

In the present work, we report the design and development
of a new gas sensor based on a novel spin ladder compound,
namely CaCu,0O;. Cuprates, containing Cu-O ladders, are of
high interest because of their unique magnetic properties and
possible relation to high-Tc cuprate superconductors.'® More-
over, they show fascinating and fundamental effects of low-
dimensional magnetism depending on the number of Cu-O
chains called “legs” in the spin ladder structure. In an ideal
case of isolated ladders with antiferromagnetic (AFM) exchange
within the rungs and legs, even-leg compounds (e.g. SrCu,0s)
reveal a spin-gap behaviour and thus the magnetic suscepti-
bility exponentially vanishes at low temperatures. On the other
hand, for odd-leg ladder compounds such as Sr,Cu;Os, the
magnetic susceptibility remains finite."> Among the spin ladder
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cuprates, the CaCu,O; compound received a lot of attention
due to its pseudo-spin ladder structure with 2-legs and a
buckled angle in the rungs. CaCu,0; has a crystal structure
similar to the two-leg spin-ladder compound SrCu,0; and is
nonmagnetic at low temperatures below 15 K. However, in
contrast to the Sr-123 counterpart where the Cu spin chains
parallel to the b axis are coupled in the ab planes into ladders
via a strong rung antiferromagnetic (AF) exchange, in CaCu,0;
the Cu-O-Cu bond angle in the rungs deviates significantly
from 180°, resulting in a reduced rung coupling of 123° (Fig. 1).
Remarkably, no hint for a spin gap in the Ca compound was
noticed so far. This suggests that the corrugation of the ladders
changes the spin topology from nearly isolated two-leg ladders
to pseudo-ladders with significant interladder interactions,
i.e. the coupled spin chains in this pseudo-ladder compound
form anisotropic bilayers parallel to the bc plane.'*' Owing to
an appreciable inter-plane magnetic exchange along the
¢ direction (Jc) concomitant with a strongly reduced rung inter-
action Jr, CaCu,O; orders antiferromagnetically at Ty = 25 K.

Due to these interesting structural and physical properties, we
have synthesized nanostructured CaCu,0O; via a facile hydro-
thermal method and investigated its physical properties in order
to assess its suitability for gas sensing applications. Therefore,
thick-film conductometric sensors have been fabricated using
CaCu,0; as a sensing layer and the gas sensing properties were
investigated by exposing them to ethanol and acetone, chosen as
the representative target gases. To the best of our knowledge, this
represents the first approach for the sensing of these gaseous
substances using spin-ladder compound based sensors. Indeed,
the use of cuprate compounds as gas sensors has been very
limited so far and restricted only to a few gases. For example,
Gupta et al. reported the possible application of high Tc cuprates,
YBCO and BSCCO, well known superconducting materials, as
sensing materials for FET sensors for the detection of simple
gases such as NH;, H,, CO, CO,, NO, NO,, and hydrocarbon
gases.>’ Compounds of the high Tc cuprate family were also
investigated for resistive oxygen sensor applications.*>*?

The as-prepared CaCu,0; was annealed at different tem-
peratures (200, 400 and 600 °C) with the aim to optimize the

—

~123°
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Fig. 1 Crystal structure of the CaCu,0O3 system representing the crystallographic ab plane (a) and the ac plane (b).

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Scanning electron micrographs of the CaCu,03-200 sample annealed at 200 °C in air.

sensing properties. At 200 °C it demonstrated the most excel-
lent performance towards ethanol and acetone monitoring,
operating at an optimal operating temperature of 200 °C.
The sensor showed a good response towards 10 ppm ethanol/
acetone with a fast response/recovery time in addition to a high
selectivity against common interfering gases. These results are
encouraging because this is the first ever report on the CaCu,0;
system for important applications as a conductometric gas
sensor. The high-performance sensing behavior of CaCu,0;
towards acetone and ethanol gases suggests that this novel
ternary system can be a promising candidate for gas sensor
applications; thus, the present study paves the way for the
fabrication of advanced gas sensors using ternary metal oxides
from the high Tc cuprate family.

2. Materials and methods
2.1 Synthesis of nanostructured CaCu,0;

Nanostructured CaCu,O; was synthesized by a hydrothermal
method. 0.1 M of CaCO; and 0.2 M CuO were dissolved in
200 mL of distilled water under magnetic stirring for 30 min.
The obtained solution was transferred into a Teflon-lined
stainless steel autoclave (250 mL) and heated at 200 °C for
24 h in an ambient atmosphere. After cooling to room tem-
perature, the resultant powder was rinsed with deionized water
and ethanol repeatedly, separated by centrifugation, and
annealed at 200 °C, 400 °C and 600 °C for 5 h to obtain
CaCu,0; powder samples. Accordingly, they were named as
CaCu,0;-200, CaCu,03-400, and CaCu,03-600, respectively.

2.2 Characterization studies

Powder X-ray diffraction (XRD) analysis was carried out on a
Bruker diffractometer within the 20 range of 20 to 80° using
CuKa as the X-ray source (4 = 1.5406 A). The surface morphology
of the samples was characterized using a field emission-
scanning electron microscope ZEISS 1540XB equipped with an
EDX detector. Room temperature photoluminescence (PL)
measurements were carried out on a NanoLog modular Horiba
spectrofluorometer, using a Xe lamp as the excitation light
source at 325 nm. Emission spectra were recorded between
350 and 750 nm.

Conductometric sensors were fabricated by mixing the
samples with a suitable quantity of water in order to obtain a

2370 | Mater. Adv., 2020, 1, 2368-2379

paste and then printing a thick film (~10 um) on alumina
planar substrates (3 mm x 6 mm) supplied with interdigitated
Pt electrodes and a heating element on the back side. I-V vs.
temperature data were collected from the sensing layer by
means of a Keithley 2400 source/meter by putting the sensor
in a stainless steel vacuum chamber, at a vacuum level of
10~® mbar, equipped with a cryogenic thermal chuck in a double
stage configuration. Sensing tests were performed in this home-
made apparatus which operated at a controlled temperature and
to perform resistance measurements while varying the carbon
dioxide concentration in the carrier stream. The measurements
were performed under dry synthetic air total stream of 100 sccm,
collecting the sensor’s resistance data in the four probe mode by
means of an Agilent 34970A multimeter. Relative humidity (RH =
60%) was generated by an air bubbler, controlled by the tempera-
ture of the bubbler and monitored using a humidity sensor
(Vaisala Humidity and Temperature Probe model No. HMT333).
The gas response was defined as the ratio S = R/R,, where R and R,

Counts (a.u)

Counts(a.u)

Energy (keV)

Fig. 3 Energy dispersive X-ray spectra (EDX) of the selected zone of the
CaCu,053-200 sample annealed at 200 °C in air.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Energy dispersive X-ray mapping of the CaCu,03-200 sample annealed at 200 °C in air.
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Fig. 5 (A) Powder XRD patterns and (B) the photoluminescence spectra of the CaCu,Os samples annealed at (a) 200 °C, (b) 400 °C, and (c) 600 °C in an

ambient air atmosphere.

represent the electrical resistance of the sensor at different gas
concentrations and in dry air, respectively. The response time, Tyes,

was defined as the time required for the sensor to reach 90% of the

saturation signal and the recovery time, 7., was defined as the
time needed to bring the signal back to 90% of the baseline signal.

This journal is © The Royal Society of Chemistry 2020

3. Results and discussion
3.1 Morphological and microstructural properties

Fig. 2 shows the SEM images of the CaCu,0; sample annealed
at 200 °C indicating the rod-shaped morphology with nearly

Mater. Adv., 2020, 1, 2368-2379 | 2371
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of copper, and (D) the O s spectrum of oxygen.

uniform diameters. The thermal properties and the crystalli-
zation process of the CaCu,O; system have been studied and
an equilibrium phase diagram of the CaO-CuO pseudo-binary
system at 1 bar of O, has been proposed in our earlier studies.>*
The results clearly indicated that CaCu,O; is thermally stable
for up to 800 °C where the uptake of oxygen begins with an
increase in its mass as witnessed in the thermogravimetry
analysis. Hence, we have carefully chosen a low temperature
of 400 °C and 600 °C for annealing the nanostructured CaCu,0;
prepared by the hydrothermal method. This low temperature
annealing did not change the morphology and the crystal
structure except that the crystallinity changed as evidenced
by the powder XRD results. Further, large-size rod shaped
CaCu,0; single crystals grown by the travelling solvent floating
zone (TSFZ) method exhibited a preferred growth direction as
the b-axis of the orthorhombic system (space group: Pmmn).
The topology of the tiny rod-shaped CaCu,O; nanocrystals
synthesized in the present work is in agreement with the above
results reported for large single crystals.

The actual composition of the elements in the end product
CaCu,0;3, as examined by energy dispersive X-ray spectroscopy

2372 | Mater. Adv., 2020, 1, 2368-2379
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(A) Survey scan XPS spectrum of the CaCu,03-200 sample annealed at 200 °C in air; (B) the Ca 2p spectrum of calcium, (C) the Cu 2p spectrum

(EDX) attached with FE-SEM, is shown in Fig. 3. The results
indicated that the product is composed of only the major consti-
tuent elements Ca, Cu, oxygen and atmospheric carbon. No other
peaks related to any elemental impurity are observed, confirming
that the synthesized CaCu,O; nanorods are of high purity.

Fig. 4 shows the EDX mapping images of the CaCu,03-200
sample. These results also confirmed the presence of calcium,
copper and oxygen and their even distribution in the sample.

Fig. 5A shows the X-ray diffraction patterns of all the three
CaCu,0; samples annealed at 200, 400, and 600 °C, respec-
tively. In the case of the CaCu,0;-200 sample (pattern a), sharp
well-defined diffraction peaks at 26 values of 32.44, 35.46,
38.65, 48.71, 53.46, 58.26, 61.42, 66.29, 68.10, 72.31 and
75.04° corresponding to the diffraction planes (201), (310),
(301), (220), (102), (112), (212), (611), (130), (502) and (330),
respectively, have been observed. All these peaks could be
assigned to the orthorhombic phase of the CaCu,O; lattice
with the space group Pmmn (JCPDS data card no. 01-071-2295).
The lattice parameters (A) and the cell volume were calculated
to be a=3.56,b=4.32,c=9.87 and V = 151.79 A3, respectively,
for the CaCu,0;3; sample annealed at 200 °C in ambient air.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (A) Current—voltage (/-V) vs. temperature data of the CaCu,03-200 sample, in a cryogenic temperature range spanning from 310 K to 150 K and

under high vacuum (10~8 mbar); (B) electrical resistance characteristics vs. temperature of different samples (see the legend inside the figure) and
conditions; (C) electrical resistance in air vs. temperature of the three sensors fabricated using the CaCu,03-600 sample.

No additional peaks corresponding to the possible impurity
phases such as CuO, CaO, Cu,O or Ca,CuO; were observed
indicating the high purity of the synthesized compound. It has
been reported that the actual composition of CaCu,O; is
Cayp.g6Cu,. 140,03, and here, the “Ca” deficiency is balanced by
the excessive “Cu” and the charge neutrality is maintained.**
Interestingly, the “orthorhombic” crystal structure is still main-
tained in the off-stoichiometric CaggsCu;.140;.93 System and
the compounds are chemically and thermally stable as reported
by Sekar et al>* When the sample was annealed at 400 °C
(pattern b), the X-ray diffraction peak positions remained the
same, but the intensity of the peaks decreased significantly
which could be attributed to the reduction in the crystallinity
and shrinkage of the crystallite size due to the removal of
impurities such as organic residues present in the sample.
However, subsequent annealing at 600 °C (pattern c) led to an
increase in the peak intensities while retaining the positions at
the same 2 theta values, suggesting the improved crystallinity
and uptake of oxygen at this elevated temperature. These
results suggest that the rod-shaped nanocrystalline CaCu,0;
could be prepared by a hydrothermal method followed by low
temperature annealing in an ambient atmosphere.

This journal is © The Royal Society of Chemistry 2020

Photoluminescence (PL) spectroscopy is an important tool
for evaluation of defects in semiconductor materials. Fig. 5B
shows the PL emission spectra, acquired at room temperature,
of the CaCu,0O; annealed at 200, 400 and 600 °C in air. When
excited by ultraviolet light (325 nm), the samples present a
broad bluish green or green emission, characterized by the
presence of two maxima at 510 and 537 nm, respectively. It is
clearly observed that on increasing the annealing temperatures,
the overall band intensity decreased. This is well known;
reduction of the defects is then expected and this consequently
could explain the remarkable decrease of the photolumines-
cence effect. However, the intensity changes with the thermal
treatment, and is more pronounced for the green component at
537 nm, which is derived from the transition between the
electrons near the conduction band and the deeply trapped
holes, which are ionized oxygen vacancies. These results sug-
gest that annealing promotes redistribution of the intermediate
states in the optical band-gap.

The survey scan X-ray photoelectron spectrum (Fig. 6a)
indicates the occurrence of all the peaks corresponding to
the constituent elements Ca, Cu and O of the CaCu,0; com-
pound. The Ca 2p spectrum of calcium is shown in Fig. 6b.

Mater. Adv., 2020, 1, 2368-2379 | 2373
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Fig. 8 (A) Electrical resistance variations of the CaCu,03-600 sensor to
pulses of ethanol and acetone in a temperature range from 400° to
200 °C; (B) the trend of the sensor response to 25 ppm of ethanol vs.
operating temperature.

The occurrence of the peaks at 346.58 eV and 350.1 eV for
Ca 2ps,, and Ca 2p4,, and the difference in the peak separation
value of 3.52 eV confirm that the Ca ion is in the +2 state. Fig. 6¢
presents the XPS spectra of Cu. The fitted peaks at around
931.8 eV and 951.8 eV are due to Cu 2p;/, and Cu 2p,, of Cu’
and the peaks at 933.3 eV and 953.5 eV are due to Cu 2p3/, and
Cu 2p;,, of Cu**. These results are in very good agreement with
the report that Cu is in the mixed valence state (+1 and +2), in
order to accommodate the intrinsic deficiency of Ca and
excessive Cu leading to the off-stoichiometry Cag gsCuy 1405 96
of the Ca-123 system.>* Thus, it could be concluded that the
valence of copper is a mixture of +1 and +2 [ref. 25]. The O 1s
spectrum of oxygen is shown in Fig. 6d. The observed peak
at 528.4 eV is because of O®" of the oxides and the peak at
531.3 eV is due to the O™ ions absorbed to compensate the
deficiency in the system.>®

3.2 Electrical and sensing tests

The electrical characteristics of the CaCu,0; samples were first
evaluated. Fig. 7A shows the current-voltage (I-V) vs. tempera-
ture characterization data of the CaCu,0O; sample annealed at
200 °C, in a cryogenic temperature range spanning from 310 to
150 K and under high vacuum (10~ % mbar).

2374 | Mater. Adv., 2020, 1, 2368-2379
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The almost linear trend of the resistance within the voltage
range investigated suggests a quasi-ohmic behavior. Further, by
decreasing the temperature an increase of the electrical resis-
tance is observed, as expected for the semiconducting material
(see also Fig. 7B). In this graph, the resistance measured for the
sensor based on the same sample is also shown during its
functioning at a higher temperature in dry air. The misalign-
ment between the two curves is mainly due to the presence or
absence of oxygen in these measurements, considering that the
presence of oxygen decreases the resistance for p-type semicon-
ducting materials. For comparison, the resistivity of the
CaCu,0; single crystal is also shown, as reported by Lisunov
et al.*’ It appears that the trend of electrical parameters vs.
temperature is almost the same for the single crystal and our
powder material. From this plot, we can also note a very low
resistance in air of the sensing layer (in a range of few hundreds/
thousands of Ohm). On increasing the annealing temperature of
the as prepared CaCu,O; (from 200 to 600 °C), a decrease of the
baseline resistance (not shown) was noted. As the XRD data did
not give any evidence of the phase change and/or the grain size
increase, it can be hypothesized that under the annealing
conditions here, the concentration of defects decreased, as
confirmed by the photoluminescence data, due to an increase
of the diffusion/dislocation processes and this influences posi-
tively the pathway for carrier conduction. Fig. 7C shows the
trend of the baseline resistance in air of the three sensors
fabricated using the CaCu,03-600 sample. The good correspon-
dence of the baseline resistance demonstrates the reliability in
the fabrication procedure for the sensors.

The sensing characteristics (sensitivity, response and recovery
time, repeatability and stability) of the developed CaCu,O3
sensors towards some VOCs were evaluated at different
temperatures. The operating temperature of the sensor is a
key parameter for the conductometric gas sensor, because it
can affect the sensor performances largely.”® In particular, the
temperature influences the adsorption of oxygen molecules, so
different oxygen adsorbed species are present on the surface of
the semiconductor sensing layer, contributing to determine the
baseline resistance in air and the reactivity of oxygen toward the
gas present in the environment around the sensor. The effect
of the operating temperature on the electrical and sensing
characteristics toward low concentrations of ethanol and acetone
for the CaCu,0;-600 sensor has been examined in detail in a
temperature range from 400° to 200 °C (Fig. 8A).

The effect of the operating temperature on the CaCu,03-600
sensor response to 25 ppm of ethanol has been highlighted in
Fig. 8B. The sensors show a typical Gaussian shape behavior,
exhibiting maximum response at an optimal operating temperature
of 200°. No noticeable gas sensing properties have been observed at
temperatures lower than 100 °C. Further, below 200 °C, the recovery
time of the sensors is very long, so this temperature was chosen for
conducting successive sensing experiments.

This characteristic Gaussian behavior can be interpreted on
the basis of the adsorption/desorption and reaction processes
occurring on the sensing layer surface. At operating temperatures
< 200 °C, the sensitivity is low because the adsorbed reducing

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 (A and B) Comparison of the response to ethanol of the CaCu,Os sensors; (C and D) comparison of the response to acetone of the CaCu,0s3
sensors; (E and F) calibration curves for acetone and ethanol.

molecules are not activated enough to react with the surface By observing the response registered from the various sensors
adsorbed oxygen species. An increase in the operating tempera- at this temperature (Fig. 9), we further confirmed that the
ture above 200 °C contributes to overcome the activation energy CaCu,O; sensing material behaves as a p-type semiconductor,
barrier to the reaction and consequently results in a significant ie. in the presence of ethanol or acetone (both are reducing
increase in the electron concentration. However, at higher tem- gases) its resistance increases. It is well known that when using
peratures over 300 °C, gas adsorption is strongly reduced and not  p-type semiconducting sensing materials, after exposure to air,
adequately compensated by the increase of the surface reaction oxygen molecules can be adsorbed on the surface of the sensor
rate and consequently the sensitivity decreases. forming a hole accumulation layer.*> Upon exposure to VOCs,
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the electrons come back to the surface of the sensor, which
results in a decrease of the hole accumulation layer, leading
consequently to an increase of the sensor’s resistance.

The dynamic response towards different concentrations of
ethanol for the CaCu,0;-200 and CaCu,03;-400 sensors is
shown in Fig. 9A and B. The response increases with the
ethanol concentration and after measuring under each pulse
of the target gas, the exposure to a flux of dry air leads to the
initial value of the resistance rapidly, highlighting the good
reversibility of the sensor. The same behavior of the above
mentioned sensors has been noted during monitoring acetone
(Fig. 9C and D). The response time for the CaCu,03-200 sensor
at 10 ppm towards ethanol was found to be about 25 seconds.
The recovery time was approximately 150 seconds, indicating
that the recovery time was rather slow in comparison with the
response time. Almost the same response/recovery times were
found for the other sensors and for acetone as the target gas.

The sensors show, for each gas, a largely differentiated
response. This is better evidenced by the corresponding cali-
bration curves (Fig. 9E and F). It is clearly evidenced that an
increase of the annealing temperature led to a strong decrease
of the sensor response towards both VOCs tested.
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Fig. 12 Reproducibility of the response of the CaCu,Oz-based sensor to
four pulses of ethanol at the same concentration (25 ppm).

This behavior has been further confirmed by plotting the
calibration curves of the sensors investigated in the log-log
scale (see Fig. 10). Additionally, the log-log scale allows us to
appreciate the low limit of detection (LOD) for both VOCs of the
CaCu,0;-200 sensor. This sensor is very effective in detecting
acetone at sub-ppm levels, (LOD acetone = ~100 ppb), whereas
the LODs of other sensors are much higher, around 1 ppm for
acetone. The same results have been found for ethanol. These
results are due to the different annealing temperatures of the
CaCu,0; sensing material. It is well known that the annealing
temperature can modify many structural and morphological
properties, thus influencing the sensitivity and dynamics char-
acteristics of the sensors.>®3!

The selectivity of the CaCu,0; conductometric sensor was
evaluated toward some common gases such as NO,, hydrogen,
CO, methane, ammonia and oxygen. According to the results
obtained (Fig. 11A and B), the sensor shows excellent sensitivity
to the VOCs tested. This suggests that the developed sensor can
be suitable for the detection of these gases in real samples such
as exhaled human breath.

The reproducibility of the sensor response is presented in
Fig. 12. It appears clearly that the response to the successive
pulses of ethanol, at the same concentration of 25 ppm, is
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(A and B) Sensor response of the CaCu,03-200 electrode to some selected gases.
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identical both in terms of the resistance change (response) and
the dynamic characteristics (response/recovery time). Tests
evaluating the reproducibility of the response for a longer time,
as well as the baseline drift, are in progress.

Typically, sensing properties depend largely on morpho-
logical and microstructural properties. For example, structures
with a small particle size, preferably in the nanometer range
and/or with a high surface-to-volume ratio, have higher sensi-
tivity than the bulk structures.>”** The same can be applied to
the particle shape, with this parameter playing a key role in
many reported cases.**® Considering CaCu,0s3, the character-
ization data indicated that both the particle size and shape are
not so different after annealing. Thus, the large differences in
the sensing properties have to be searched in other properties,
which change with the annealing treatment. Looking at the
large differences in the photoluminescence intensity with the
annealing treatment, we tried to find a correlation between this
property and the sensing properties (see Fig. 13). Indeed,
photoluminescence gives indications about the defect state in
a semiconductor material, which is strongly associated with the
sensing properties.’” From the PL data in Fig. 5B, it appears
that the CaCu,0,-200 sample has a higher green emission
intensity, which confirms the hypothesis made.
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The gas sensing mechanism for the developed sensor involves
a change in the electrical resistance due to the chemical inter-
action of the target gas with the CaCu,O; surface, involving gas
adsorption, surface reaction, and desorption processes. Among
others, Morrison described the conditions for the transport of
electric charges through the metal oxide semiconducting layer in
the presence of oxygen and reactive gases.’® These conditions
largely depend on the n- or p-type behavior of the sensing layer.
Data here indicate clearly that CaCu,O; behaves as a p-type
semiconductor, ie. the carriers for electrical conduction are
holes, h*. Thus, in air, charge transfer between the oxygen
molecules absorbed and the surface occurs to form active oxygen
species (0,7, 07, and O®>7) by electron acceptors like oxygen
vacancies, creating a positive accumulation zone by holes and a
surface negative charge layer. When the sensor is exposed to the
reduced VOCs molecules, they react with the adsorbed oxygen to
form CO, and water and release electrons. The electron-hole pair
annihilation induces a decrease of the hole concentration which
decreases the net surface negative charge and increases the
overall resistance of the CaCu,O; sensor. A detailed analysis of
the reactions involved for acetone and ethanol has been pre-
viously reported.®® In the schematic representation (Scheme 1)
below are represented all the steps which were carried out for the
resistance variation and, hence, for the sensor response:

The surface defect content reached maximum at a calcina-
tion temperature of 200 °C, and the sensor response reached
maximum as well. Therefore, it is reasonable to think that a
higher number of defects present on the CaCu,03-200 sensor is
responsible for a higher sensor response due to the more
number of adsorbed oxygen molecules produced.

It is known that the surface structures and the composition
of the sensing layer are the essential factors governing the
response of the sensor towards different gases. The CaCu,0;
sensitive material showed better selectivity to ethanol and
acetone gas which could be related to the preferential adsorp-
tion of these VOC molecules on its surface. This strong adsorp-
tion could be attributed to the high polarities of these gases
which implies a strong adsorption at the sensing layer surface.
This facilitates the activation of target gas reactions with oxygen
at the surface, and leads to a higher selectivity as we observed
in our sensor.

VOC = ethanol, acetone.

Scheme 1 Schematic representation of the sensing mechanism for the CaCu,O3z based conductometric sensor towards ethanol and acetone.

This journal is © The Royal Society of Chemistry 2020
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4. Conclusions

A nanostructured pseduo-ladder (2-leg) compound CaCu,O;
was directly synthesized by a facile, low cost and template-
free low temperature hydrothermal method and annealed at
different temperatures in an ambient atmoshere. The products
were characterized carefully to understand their physical, struc-
tural and chemical properties. The gas sensing properties of the
novel spin ladder compound CaCu,0O; towards two important
VOCs such as acetone and ethanol were investigated. Specifi-
cally, the effect of the annealing temperature on the sensing
performances of CaCu,0; was evaluated. All the fabricated
sensors showed reversible resistance changes when exposed
to ethanol and acetone vapors. The CaCu,0; sample annealed
at 200 °C exhibited the best gas sensing performances (high
response value and good selectivity) to acetone and ethanol
vapors at the optimum working temperature of 200 °C.
The developed sensor also exhibited a fast response-recovery
time as well as a good signal repeatability, stability and selec-
tivity, demonstrating that CaCu,Oj;, hitherto largely investi-
gated for its superconducting properties, displays interesting
gas sensing characteristics. It is noteworthy that the present
result is the first direct gas sensor measurement using a novel
spin ladder material CaCu,Os;.
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