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a b s t r a c t

In this paper, novel organic pollutants gas sensing material CuAlO2 microspheres constituted of nanopar-
ticles were successfully prepared by wet chemical route and characterized by structural (XRD, XAS),
morphological (SEM, TEM, HRTEM) and thermal (TG) analysis. In addition, the oxidation (O3 and NO2)
and reduction (NH3 and CO) toxic gas sensing properties of the prepared CuAlO2 microspheres were sys-
tematically investigated. CuAlO2 microspheres exhibited real-time response for very low detection level
of 200 ppb at 200 ◦C, with fast response (29 s), recovery (45 s) time, good reproducibility and stability to
eywords:
uAlO2

ydrothermal
elf assembly
icrospheres

oxic gas
AS

ozone gas indicating their promising application in toxic gas sensor which is better than other oxida-
tion and reduction gases. Also comparative studies of charge-transport properties mainly ascribed to the
increased proportion of ozone gas exposed surface active layers are discussed in gas sensing mechanism.

© 2015 Elsevier B.V. All rights reserved.
. Introduction

Controlled size and shape dependent properties of nanomate-
ials have been extensively studied with the aim of enhancing the
erformance of toxic gas sensors for environmental remediation
1]. In recent years researchers have found that transparent con-
ucting oxide (TCO) nanomaterials are presenting themselves as
ne of the most important class of materials due to their excellent
xclusive properties of low electrical resistivity and high optical
ransparency in the visible range [2–4]. The synthesis of nano-
ized TCO materials with controlled morphology and texture has
ttracted intensive interest since these parameters play an impor-
ant role in determining their optical, electrical, catalytic, and
ensing properties [5]. More importantly, this type of materials
ight possess new physicochemical properties arising from their

econdary architecture [6]. Delafossite compounds belong to a fam-
ly of ternary oxides with the general formula A1+B3+O2. In this
tructure, the A cation is linearly coordinated to two oxygen ions

nd occupied by metals such as Pd, Pt, Cu or Ag. The inter-atomic
istance between cations is quite small, ranging from 2.8 to 3.0 Å
or most compounds [7]. The B cation (Fe, Al and Ga) is located in

∗ Corresponding author.
E-mail address: sthirumalairajan@gmail.com (S. Thirumalairajan).

ttp://dx.doi.org/10.1016/j.snb.2015.09.092
925-4005/© 2015 Elsevier B.V. All rights reserved.
distorted edge-shared BO6 octahedral with a central metal cation.
The universality of the toxic gas sensing performance of CuBO2 has
attracted extensive interest and attention during the last decade
[8]. Recently, CuCrO2 has been applied for room temperature ozone
sensor, unfortunately, for the ozone concentration of 20–50 ppm
the response was very poor [9]. The design and development of
highly toxic gas sensing delafossite type materials with low detec-
tion level (ppb) has been a challenging research subject in the field
of materials science [10]. CuAlO2 is one of the p-type delafossite-
type oxide having high electrical conductivity and exhibits good
oxidation–reduction characteristics at wide temperature and good
matched properties for sensing and catalysis behaviour. Hence,
CuAlO2 was chosen as a sensing material to sense different toxic
gases in the present work.

Several solution routes and gas phase evaporation techniques
have been developed for the preparation of CuAlO2 materials
[11,12]. However, most of the reported routes were related to a
complex reaction process. The hard template, high-temperature
and high-pressure were usually used to control the morphology of
the final product, which are not beneficial for obtaining high-purity
and low defect density products [13]. Among the various methods,

hydrothermal method is an environmental facile dominant tool for
the synthesis of nanoscale materials [14–16]. Significant advan-
tages of this method are controlled size, low temperature growth,
cost effectiveness and less complicated. In addition, polyvinyl

dx.doi.org/10.1016/j.snb.2015.09.092
http://www.sciencedirect.com/science/journal/09254005
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mailto:sthirumalairajan@gmail.com
dx.doi.org/10.1016/j.snb.2015.09.092


nsors

a
t
c
r
<
w
s
p

g
(
n
e
p
e
a
o
m
a
d
(
c
t
t
t
c
g
r
r
c
l

s
a
c
c
f
(
t
a
a
t
m

2

2

n
e
t
p

2
n

a
o
d
a
a
t
s

to reach 90% of the initial value when exposed to ozone gas. Simi-
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lcohol (PVA) is a common and good chelating agent for metal ions
o form coordination complexes. Metal nitrate ion and PVA ion
oordination complex can easily be synthesized by hydrothermal
eaction. Recently, CuAlO2 nanoparticles having size in the range
100 nm, but with no interesting morphology were prepared using
et chemical methods [17,18]. In addition, the morphology and

tructure of CuAlO2 material is the key factor in influencing the
erformance and enhancing the gas-sensing properties.

The toxic gas sensor detection is very important because many
ases are harmful to organic life. In particular, detection of ozone
O3) is currently the subject of extensive scientific and tech-
ological research, motivated by its deleterious impact on the
nvironment and on human health and safety [19]. Recently, trans-
arent conducting oxide based toxic gas sensors are used for
nvironmental monitoring and industrial applications due to their
dvantages such as small dimensions, low cost and convenient
peration [20,21]. Commercially available gas sensors which nor-
ally operate in the range of temperatures between 100 and 400 ◦C

re made mainly of semiconductor based materials used for the
etection of gaseous species down to several parts per million
ppm) [22]. There is a great demand to enhance the sensitivity of
hemical sensors for various sensing applications such as moni-
oring and conditioning of air quality, detection of flammable or
oxic gases, medical diagnosis, there emerges a strong motivation
o develop sensors which are capable of sensing gas concentration
hanges down to several parts per billion (ppb) [23]. Therefore toxic
as sensor with good sensitivity, detection limit, fast response and
ecovery time are urgently required. To the best of our knowledge
eports on oxidization and reduction gas sensing by microsphere
onstituted of CuAlO2 nanoparticles is not available in the open
iterature.

In this article, we report for the first time the shape controlled
ynthesis of microsphere constituted of CuAlO2 nanoparticles via

facile one stop hydrothermal route. The morphology can be
ontrolled by merely changing the hydrothermal reaction and cal-
ination time. The prepared CuAlO2 morphology was used for
abricating toxic gas sensor device. We detected oxidation gases
O3 and NO2) and reduction gases (NH3 and CO) at various concen-
rations in order to obtain a relation between the sensor response
nd the working temperature of all these gases. Finally, compar-
tive studies of charge-transport properties mainly ascribed to
he increased proportion of exposed surface active layers and gas

olecules are discussed in gas sensing mechanism.

. Experimental

.1. Materials

Copper (II) nitrate trihydrate (Cu (NO3)2·3H2O), aluminium
itrate nonhydrate (Al (NO3)2·9H2O), polyvinyl alcohol (PVA),
thylene glycol (EC) and sodium hydroxides (NaOH) were used in
he present experiment. All chemicals purchased were of analytical
ure grade and used without further purification.

.2. Synthesis of microspheres constituted of CuAlO2
anoparticles

In a typical hydrothermal method, 0.1 mol of Cu(NO3)2·3H2O
nd 0.12 mol of Al(NO3)2·9H2O precursors were dissolved in 50 mL
f distilled water, followed by the addition of 0.2 mol surfactant PVA
issolved in 25 mL double distilled water with magnetic stirring,

long with the addition of 5 mL EG and 2 g NaOH as a miner-
lizar to form homogeneous blue coloured solution, which was
hen transferred into a 110 mL Teflon autoclave. The autoclave was
ealed and maintained at 200 ◦C for 24 h. After cooling down to
and Actuators B 223 (2016) 138–148 139

room temperature naturally, the obtained products were filtered
by centrifugation and washed several times with distilled water
and anhydrous ethanol. The products were dried in an oven at 80 ◦C
for 12 h. Finally, the powder was calcinated at different time (0.5,
1, 2, 4 and 5 h) for 1100 ◦C to obtain CuAlO2 powder and used for
further characterization.

2.3. Characterization analysis

The crystal phase and purity of the prepared CuAlO2 samples
were identified by X-ray powder diffraction (XRD), CuK�1 radi-
ation (K = 1.5406 Å, Rigaku diffractometer, model DMax-2500 PC)
in the 2� range from 20 to 80 ◦C. The thermal stability was inves-
tigated using a thermogravimetric analyzer (Diamond TG/DTA,
PerkinElmer Instruments). Scanning electron microscopy (SEM)
measurements were carried out on a F50 INSPECT scanning micro-
scope to investigate the morphology and surface structure of
the samples. Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) images
were recorded on a TECNAI F20 microscopy at an acceleration
voltage of 200 kV. A trace amount of the sample was suspended
in ethanol solution followed by sonication for 10 min. Carbon-
coated copper grids were used as the sample holders. Cu K-edge
X-ray absorption spectra were collected at the LNLS (National Syn-
chrotron Light Laboratory) facility using the D04B-XAS2 beam line.
The LNLS storage ring was operated at 1.36 GeV and 100–160 mA.
X-ray absorption spectra were collected at the Cu K-edge (8979 eV)
in transmission mode using an Si(1 1 1) monochromator. All the
XAFS data were collected at room temperature. X-ray absorp-
tion near edge structure (XANES) spectra at the Cu K-edge were
record between 8920 and 9100 eV using an energy step of 0.3 eV
around the edge. To provide good energy reproducibility during the
XANES data collection, the energy calibration of the monochroma-
tor was checked during the collection of the sample data using a Cu
metal foil. The Cu K-edge extended X-ray absorption fine structure
(EXAFS) spectra were collected between 8890 and 9800 eV using
an energy step of 2.0 eV. The XANES normalization and the extrac-
tion of EXAFS spectra were performed using the multi-platform
applications for X-ray absorption (MAX) software package [24].

2.4. Fabrication of CuAlO2 sensing film and detection of various
gases

Microspheres constituted of CuAlO2 nanoparticle powders
(10 mg) were dispersed in 1 mL isopropyl alcohol by an ultrasonic
cleaner for 30 min and the suspension was dropped onto a Si/SiO2
substrate containing 100 nm thick Pt electrodes separated by a dis-
tance of 50 �m. The substrates were then heated to 90 ◦C for 10 min
to evaporate the solvent, followed by calcination at 500 ◦C for 3 h
in an electric furnace in air to stabilize the sample before the gas
sensing measurements were performed. The sensor sample was
inserted into a test chamber at controlled temperature under dif-
ferent gases like O3, CO, NO2 and NH3. The electrical resistance was
measured using Keithley (model 6514) electrometer at an applied
dc voltage of 1 V. The sensing response (S) of p-type materials for
oxidation gas (O3 and NO2) is defined as S = Rair/Rgas, and for reduc-
tion gas (CO and NH3) S = Rgas/Rair. Here electric resistance of the
sensor is exposed to the resistance in the air (Rair) and to the target
oxidizing or reduction gas (Rgas). The response time of the sensor is
defined as the time required for a change in the electrical resistance
larly, the time required for the electrical resistance of the sensor to
reach 90% of the initial value after the ozone gas has been turned off
is the recovery time. During the measurements the humidity was
under controlled condition within the range 50–60% RH.



140 S. Thirumalairajan, V.R. Mastelaro / Sensors and Actuators B 223 (2016) 138–148

F of low
m

3

3

t
t

t
o
s
o
m
t
m
a
a

ig. 1. SEM image of (a) low-magnification, (b) high-magnification, (c) TEM image
icrospheres constituted of nanoparticles at 1100 ◦C for 5 h.

. Results and discussion

.1. Morphological analysis of CuAlO2 products

A scanning electron microscopy was employed as an effective
echnique to reveal the surface morphology and structural charac-
ers of the resulting products, shown in Fig. 1.

From the SEM images of the CuAlO2 prepared samples obtained
hrough hydrothermal process at 200 ◦C for 24 h, it can be clearly
bserved that the samples exhibit microspheres constitute of well
tructured nanoparticles, as shown in Fig. 1a. The outer surface
f the grown morphology clearly presents highly dense packed
icrosphere shaped morphology. A high magnified examination of
hese microspheres reveals the additional details of the prepared
orphologies. One can see that an individual microsphere is an

ssembly of many nanoparticles, which can be especially seen from
single microsphere shown in Fig. 1b. The microspheres have an
-magnification, (d) high-magnification, (e) HRTEM and (f) SAED pattern of CuAlO2

average diameter of 1.5 �m. It should be mentioned that such novel
microsphere CuAlO2 morphology has not been reported previously
through hydrothermal process.

Further insight into the morphology of CuAlO2 microspheres
were gained by using TEM and high-resolution TEM (HRTEM).
Fig. 1c displays a typical TEM image of an individual micro-
sphere. The edge portion of the microsphere is lighter than that
of the centre and the microstructure consists of CuAlO2 nanopar-
ticles. It is interestingly found that each CuAlO2 nanoparticles
assembles to form a dense microstructure (Fig. 1d). The highly
porous structure consisting of interconnected nanoparticles with
ca. 70 nm diameter is in accordance with the observation in SEM
images (Fig. 1b). The typical lattice fringes in the HRTEM image

(Fig. 1e) recorded at the tip of the individual CuAlO2 nanopar-
ticles has a single-crystalline nature. The lattice fringe spacing
is certified to be 0.282 nm (point between two arrows), corre-
sponding to the lattice interplanar spacing of the crystallographic
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Fig. 2. SEM images of CuAlO2 microspheres constituted

lane (0 1 2) and the preferential growth along the same direc-
ion of the structure takes place. By careful checking of many
anoparticles, it is demonstrated that all the CuAlO2 nanoparti-
les grow along the [0 1 2] direction. In addition, the inter fringe
istance was measured to be 0.282 nm based on the measure-
ents of randomly selected 50 fringes, as evident in Fig. 1e (inset

op). From the selected area diffraction pattern (SAED), the diffrac-
ion rings are observed to be discontinuous and consist of rather
harp spots which indicate good crystallinity of CuAlO2 nanopar-
icles as shown in Fig. 1f. The major diffraction spots correspond

o (0 1 2), (0 0 6) and (1 0 1) diffraction patterns of CuAlO2 struc-
ure. No diffraction spots were attributed to the secondary phase,
hich is in good agreement with the XRD results to be discussed in

ection 3.4.

Fig. 3. Schematic illustration of the plausible form
oparticles (a) 3 h, (b) 6 h, (c) 12 h and (d) 18 h for 200 ◦C.

3.2. Impact of time dependent reaction process on the formation
of CuAlO2 microspheres

In general, the hydrothermal reaction parameters like tempera-
ture, time, and concentration have great effect on the morphology
of the resulting products. Our experimental results indicate that the
reaction time play a vital role in the formation of final products.

The morphological evolution of CuAlO2 products prepared at
different hydrothermal reaction time 3, 6, 12 and 18 h at a con-
stant reaction temperature 200 ◦C were carefully examined by SEM

observation. As shown in Fig. 2a, only agglomerated nanoparticles
was observed at early stage of 3 h reaction time, which indicates the
microspheres cannot be formed at lesser reaction time and these
amorphous particles act as primary particles to form microspheres.

ation mechanism of CuAlO2 microspheres.
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hen the reaction time is prolonged to 6 h, nanoparticles are
ggregated in large quantities, tending the initial growth of sphere
haped structures as shown in Fig. 2b. Subsequently increasing the
eaction time to 12 h, nanoparticles nucleate, aggregate and the
hell almost grew into a sphere and more number of nanoparticles
equentially gets attached on to the newly grown microspheres,
hich is observed in Fig. 2c. Further when the reaction time was

ncreased to 18 h, it can be clearly observed that these microspheres
ecome larger with diameter >2 �m and few aggregated small par-
icles were found on the surface of the microspheres as shown in
ig. 2d. Finally, a clear morphology with well-defined microspheres
as formed at 24 h, comprising of secondary CuAlO2 nanoparticles

s shown in Fig. 1b. On the basis of above discussion, in the growth
rocess, the reaction time is the most significant controlling fac-
or of the morphology and structure. In the initial process, a group
f freestanding crystallites in the reaction solution with unequal
hape and size in non-equilibrium state was formed [25]. After
he secondary CuAlO2 microspheres were generated, they began to
e slowly reduced by surfactant ions, and the surface layer trans-
ormed into CuAlO2 nanoparticles. Meanwhile under the synergetic
ffects of Ostwald ripening and reduction, more CuAlO2 nanopar-
icles were formed around the original CuAlO2 microspheres in
he following reaction process, i.e. to lower the total energy of the
ystem, small crystallites would eventually dissolve into the solu-
ion and regrowth the large ones during the reaction time [26].
hese facts indicate that the formation of CuAlO2 with microsphere
orphology depend on the size of the primary particles. Further,

rom Fig. 2a–d we observe that both particle size and morphol-
gy undergo apparent regular changes with hydrothermal reaction
ime. The above results indicate that the crystallinity of micro-
pheres increases with increase in hydrothermal reaction time.

.3. Plausible formation mechanism of microspheres constituted
f CuAlO2 nanoparticles

A plausible formation mechanism of the microspheres consti-
uted of CuAlO2 nanoparticles could be presented on the basis of
he above mentioned results. Three obvious evolution steps should
e involved: (1) nucleation and aggregation, (2) self-assembly by
riented attachment and (3) dissolution and recrystallization as
hown in schematic diagram Fig. 3. In the initial hydrothermal reac-
ion stage, metal nitrate ions in the solution react with surfactant

ons which aggregate and nucleation to form unstable distorted
rimary CuAlO2 nanoparticles under supersaturated condition.
econdly, the formed CuAlO2 nanoparticles aggregate together
hich is driven by the minimization of interfacial energy [27]. The
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Fig. 4. (a) XRD pattern of the samples with different calcination time and (b) Thermal
and Actuators B 223 (2016) 138–148

aggregated nanoparticles would act as primary cores that favour
the homogenous assembly to produce larger self-assembled aggre-
gates via self-assembly process.

The products undergo an Ostwald ripening process, that is, the
larger particles grow at the cost of the smaller ones. This process
leads to the formation of compact sphere shape and aggregation
speed of nanoparticles from each direction to the core could be
same [28]. In the final stage, the dissolution–recrystallization pro-
cess during the decomposition of the CuAlO2 microspheres leads to
the formation of well defined CuAlO2 microspheres under a longer
hydrothermal treatment. This result is consistent with the observa-
tion that hydrothermal reaction time is a simple and effective way
to control the nucleation and growth process and plays a key role in
the formation of microspheres constituted of CuAlO2 nanoparticles.

3.4. Structural and thermal analysis

The XRD was used to investigate the changes of the phase struc-
ture, purity and crystallite size of the prepared CuAlO2 samples as
shown in Fig. 4a To clarify the effect of different calcination time,
a series of experiments have been carried out at 1100 ◦C for 0.5, 1,
2, 4 and 5 h respectively. It can be observed that increasing the cal-
cination time leads to well crystallized CuAlO2 microspheres. The
XRD pattern of 0.5 and 1 h samples indicates three crystalline phase
mixture like tenorite CuO (*) phase, spinel CuAl2O4 (#) phase and
CuAlO2 with delafossite structure. For 2 and 4 h, a dominant two
phase mixture of spinel CuAl2O4 and delafossite CuAlO2 structure
exist, along with a small quantity of CuO. The sharp and narrow
diffraction peaks obtained at 1100 ◦C for 5 h indicate ralatively
good crystallinity of sphere shaped morphology. All the diffraction
peaks are indexed to the single phase of CuAlO2 with rhombohedral
crystal system (a = b = 2.8584 Å, c = 16.9580 Å, ˛ = ˇ = 90◦, � = 120◦)
of delafossite structure with R − 3 m space group [29]. No other
characteristic peaks arising from any crystal phases were detected
in the XRD pattern, indicating that the CuAlO2 samples of high
purity could be obtained under 1100 ◦C calcination temperature
maintained for 5 h. No change in the structure was detected by fur-
ther increasing the calcination time to 6 h. The average crystallite
size was estimated by the Debye–Scherrer formula [30] and was
found to be ∼75 nm. The HRTEM image of microsphere discussed
in Section 3.1 shows clear lattice fringes along the growth direction
(Fig. 1e). The‘d’ spacing of the lattice fringes was 0.282 nm indexed

to the (1 2 1) plane of the CuAlO2 rhombohedral structure.

In addition, the thermal stability process of microspheres
constituted of CuAlO2 nanoparticles was performed by thermo
gravimetric analysis (TGA) at a heating and cooling rate of

200 400 600 800 1000 1200

98.8

99.0

99.2

99.4

99.6

99.8

00.0

Temperature  (°C)

(b)

analysis of CuAlO2 microspheres constituted of nanoparticles at 1100 ◦C for 5 h.
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Fig. 5. (a) Cu K-edge XANES spectra, (b) Cu

0 ◦C min−1 as shown in Fig. 3. In the first step, ca. 0.3% of mass
oss was observed at 230 ◦C which is attributed to the loss of water

olecules or hydroxyl groups. Further, in the entire range of TG
urve, the starting weight loss at temperature 230 ◦C ends at tem-
erature 1050 ◦C and the total weight loss of approximately 1.1%
an be attributed to the mixture of CuO and CuAl2O4, which is
hermodynamically stable at this temperature in air and also due
o the presence of more oxygen molecules. This shows that the
xcess oxygen atom content is 0.14 atoms per unit formula, CuAlO
2 + 0.14) [31]. The excess oxygen atoms in the CuAlO2 sample con-
rm that the nature of the delafossite compound allows O to exist
etween the Cu+ triangle shapes of Cu layers. Excess O influences
he contribution of hole carriers in CuAlO2, and O defects play an
mportant role in the p-type structure [32]. The result of TG data
hows that the CuAlO2 phase exists in the temperature ranging
rom 1050 to 1150 ◦C. The abrupt weight loss occurs at tempera-
ure beyond 1100 ◦C, indicating the melting point behaviour of the
uAlO2 sample. These observations confirm the formation temper-
ture of single phase CuAlO2 microspheres at 1100 ◦C calcinated
or 5 h. The above results indicate that the hydrothermal reaction
ime and calcination temperature is an important parameter for
he formation of clear and well-defined morphology. On comparing
he samples prepared with different hydrothermal reaction time
nd calcination temperature, it can be concluded that the reaction
ime 200 ◦C for 24 h and calcination temperature 1100◦ C for 5 h can
e taken as optimized values as shown in Figs. 1b and 4a. Hence,
hese samples were used for further characterization analysis and
or different toxic sensing measurements.

.5. X-ray absorption spectroscopy of CuAlO2 microspheres

Further, identification and quantification of the different chem-
cal species present in CuAlO2 microsphere sample was performed
sing X-ray absorption spectroscopy (XAS), an easy, reliable and
idely used technique for speciation. While extended X-ray
bsorption fine structure (EXAFS) can be used to determine the
ocal structure around the absorbing atom, i.e., bond distance, coor-
ination number and chemical identity of the elements, the X-ray
bsorption near edge structure (XANES) can be used to provide

able 1
itting results of the first coordination shell of EXAFS spectra collected at the Cu K-edge a

Sample N (Cu O) R (Cu O) Å

Cu2O 1.9 ± 0.2 1.836 ± 0.001
CuAlO2 1.9 ± 0.3 1.855 ± 0.002

= first shell neighbour number, R = Cu O mean bond-length, � = Debye–Waller factor. Q
R(A)

ge FT curves of Cu2O and CuAlO2 samples.

information about oxidation state of an excited atom and its coor-
dination symmetry [33].

Fig. 5a shows the XANES spectra of the Cu2O and CuAlO2 sam-
ples. As can be observed, both samples present the edge energy at
8979.6 eV, indicating that Cu atoms in the CuAlO2 are in Cu1+ state.
The absorption edge of Cu K-edge XANES is assigned to the main 1s
to 4p transition. Peak A can be ascribed to the transition 1s to 4pxy.

In order to determine the local order structure around Cu atoms
in CuAlO2 compound, the EXAFS spectra of Cu2O (reference com-
pound) and microsphere CuAlO2 sample were also collected. Fig. 5b
shows the Fourier transform (FT) magnitude of both samples and
as can be observed, the position of the FT first peak of both sam-
ples coincide, meaning that Cu O mean bond length on the first
coordination shell in both samples are similar. However, the peak
intensities are very different. Concerning the difference in FT peaks
located at greater distances, it can be attributed to the difference on
the structure of the two samples and also the presence of Al atoms
in the CuAlO2 compound. Thus, only the first Cu O coordination
shell is analyzed quantitatively.

To determine the Cu O first shell coordination number, Cu O
mean bond length and the disorder related to the Cu O interaction,
the EXAFS spectra was fitted according to the IXS standard and
criteria subcommittees reports. Table 1 shows the fitting results
of Cu K edge EXAFS spectra that correspond to the first coordina-
tion shell (Cu O). As can be observed, the Cu O mean bond length
of both samples obtained from EXAFS results are similar to the
literature obtained from XRD measurements [34]. The difference
observed in the intensity of first peak of FT intensity between the
two samples is due to the high degree of disorder (Debye–Waller
factor (�)) in the CuAlO2 compared to the Cu2O compound. It was
observed that the electrical conductivity is of intrinsic origin, not
associated to the presence of impurity phases or to the Cu–Al chem-
ical disorder. These results confirmed that the prepared sample
CuAlO2 microspheres are single phase delafossite compound.

3.6. Oxiditation and reduction gas sening measurement of p-type

CuAlO2 microspheres

The gas-sensing properties are based on the surface reactions
between the sensing material and the test gas. Surface area is

nd Cu O mean bond-length obtained from XRD.

�2 (Cu O) Å QF R (Cu O) Å
XRD

0.003 ± 0.001 1.8 1.845
0.004 ± 0.001 1.8 1.861

F = quality factor.
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icrospheres constituted of nanoparticles.

irectly proportional to the gas sensitivity of the nanostructure
aterials because larger surface area results in larger contact

rea with the gaseous species. This demonstrates the importance
f the surface area in gas-sensing application [35]. Specific sur-
ace area of CuAlO2 microsphere constituted of nanoparticles was
ound to be 66.80 m2 g−1, using nitrogen adsorption–desorption
sotherm through BET analysis. The sensing mechanism relies
n the interaction between the dominating adsorbed molecular
r atomic–ionic species (adsorbates) and the semiconductor sur-
ace. It is well known that morphology, size and surface area of
anostructure can dramatically enhance the sensor and catalytic
pplications of TCO materials [36]. So, it could be expected that
he as-fabricated CuAlO2 microsphere constituted of nanoparticles

ight be a potential candidate for toxic gas sensing applications.
o investigate the toxic gas sensing application of the as-fabricated
uAlO2 microspheres tests were performed towards several com-
on reductive organic polluting gases such as oxidation (O3

nd NO2) and reduction (NH3 and CO). Fig. 6a displays CuAlO2
icrospheres exhibiting a significantly enhanced response to four

ifferent tested gases at different temperature. It can be observed
rom the figure that CuAlO2 microspheres based sensor shows high
esponse ∼1.94 for very low ozone gas concentration (200 ppb).
or other gases, it is as follows; response of 1.52 for 5 ppm NO2,
esponse of 1.12 for 10 ppm NH3 and CO was detectable for high
oncentration of 20 ppm at low sensitivity of 0.98 at 200 ◦C. The
rocess involved can be understood by considering the conduction
echanism of CuAlO2 microspheres. The delafossite-type CuAlO2
icrospheres usually show p-type conduction due to the defects

f oxygen interstitials, Cu vacancies and unsaturated bonds which
re introduced by the non-stoichiometric of the materials [37].
hen the CuAlO2 was exposed to ozone gas, ppb level of ozone

as get absorbed on to the surface, because of the larger electron
ffinity of O3 molecule (2.103 eV), which would act as unsaturated
onds that can accept electrons and enrich hole concentration on
uAlO2 surface. Thus, ozone sensing of CuAlO2 samples is due
o additional hole concentration in their surface enriched region
n the presence of ozone. These explain the better sensing fea-
ures of CuAlO2 microsphere sensors when compared to other

ases.

Further, it reveals that the sensor based on CuAlO2 microspheres
hows an obvious advantage in selective detection of ozone at
00 ppb, without any interference from other common oxidation
and reducing gases because of high detection level (ppb). We also
find a different resistance change between oxidation (O3, NO2)
and reducing gases (CO, NH3) on the p-type CuAlO2 sensor sur-
face: the change in resistance is negative for oxidizing gases and
positive for reducing gases. The reason could be when oxygen
molecules are absorbed onto the surface of p-type CuAlO2 micro-
spheres, they obtain electrons from the material and form (O−,
O2

−), resulting in the formation of hole accumulation layers on the
surface of the materials after the chemisorption process reaches
equilibrium. For oxidation gases, such as O3 and NO2, it adsorbs
on the CuAlO2 sensor surface, capture the electrons from the sur-
face of CuAlO2 microspheres, causing the decrease in resistance or
increase of electric conductivity. However, for CO, NH3, the mea-
sured gas molecules react with the absorbed oxygen molecules,
leading to the release of electrons back to the materials, causing
increase resistance or decrease conductivity. Therefore, difference
in resistance between oxidation and reducing gases exists. Further,
the selectivity of the sensor to ozone concentration was nearly 50
(NH3) and 100 (CO) times greater than the reducing vapours and
approximately 25 times greater than NO2. The most desirable ozone
sensor would be one which is sensitive to only a single gas and
is not affected by any other gases. Therefore, the good selectivity
to target gas is always one of the key factors to the gas sensors.
Hence, in the present study ozone gas detection at 200 ppb level
was measured. Fig. 6b shows the response of the sensor towards
200 ppb of ozone gas examined as a function of operating temper-
ature in the range 150–300 ◦C from which the optimum operating
temperature was determined. It is obviously observed that for gas
responses of CuAlO2 microsphere sensors with an increase in oper-
ating temperature, the response increases at first (150 and 200 ◦C),
reaches a maximum at 200 ◦C and finally drops at 250 and 300 ◦C.
The reason could be, the reaction between tested gas molecules
and the surface of metal oxides involves an adsorption–desorption
kinetics process that is heavily dependent on the operation tem-
perature [38]. Therefore, the operating temperature of 200 ◦C was
fixed as optimum working temperature to proceed with further
analysis.

Fig. 7a shows the dynamic response–recovery curves of the

sensor based on the CuAlO2 microspheres upon exposure to the
three kinds of ozone gas concentrations 200, 600 and 1150 ppb
in the background of dry air, at a working temperature of 200 ◦C.
From the results, it can be clearly observed that the output signal
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Fig. 8. Schematic diagrams for oxidation (O3 and NO2) and reducing (CO and NH3) type gas sensing operating mechanism on p-type CuAlO2 microspheres constituted of
nanoparticles.



1 nsors

r
t
g
m
r
g
u
g
c
m
u
o
f
d
d
s

o
(
b
2
o
o
g
a
t
g
t
l

m
a
i
w
a
2
r
g
t
t

m
o
s
r
a
s
r

H
a
b
h
d
s
w
o

46 S. Thirumalairajan, V.R. Mastelaro / Se

esistance of the sensor decreases dramatically for the ozone gas,
hen increases and recovers to the initial value after the ozone
as is released, indicating the p-type response of the CuAlO2
icrosphere based ozone sensor. It can also be seen that the

esponse amplitudes of the sensor increase on increasing the test
as concentration, and the sensor shows remarkable signal change
pon exposure to all concentration of ozone gas. In addition, ozone
as sensor response of CuAlO2 microspheres to three different
oncentrations was tested for three repeated cycles. The sensor
aintains the initial response amplitude without a clear decrease

pon three successive sensing tests to the same concentration
f ozone. When compared with the original response values
or the same concentrations the sensor only shows a slight
eviation in the response values, which reveals the good repro-
ucibility and stability of the as-fabricated CuAlO2 microsphere
ensor.

Further, Fig. 7b shows the dynamic gas-sensing characteristics
f CuAlO2 microsphere based sensor exposed to 1150 ppb ozone
O3) gas with different gas flow time 15, 30, 60 and 120 s in the
ackground of dry air. The operating temperature maintained was
00 ◦C. The four different exposure time were carried out in an
n-and-off process. When O3 gas was introduced, the resistance
f CuAlO2 microsphere sensor decreases obviously. While ozone
as was shut, the resistance increases and reaches initial position
gain. The present CuAlO2 microspheres exhibit good sensitivity
o the different exposure time as well as total reversibility and
ood stability of the base line. Sensitivity is an important factor for
oxic gases, a higher sensitivity usually results in a low detection
imit.

Fig. 7c displays the ozone gas sensing performance of CuAlO2
icrospheres for different working temperature 150 and 200 ◦C

nd different ozone concentration. It is clear that both work-
ng temperature, ozone concentration (200–1150 ppb) increase

ith sensitivity (1.92–2.89) and greater sensitivity is observed
t 200 ◦C. So, we consider best optimum working temperate as
00 ◦C and low ozone concentration as 200 ppb. Response and
ecovery time are the very important parameters of a toxic
as sensor. In semiconductor gas sensor, at certain operating
emperature, the recovery time is usually longer than response
ime.

The dependence of response and recovery time of the CuAlO2
icrosphere based sensors to 200 ppb of ozone gas at different

perating temperature with an experimental error of ±0.01% are
hown in Fig. 7d. At working temperature 150, 250 and 300 ◦C the
esponse was 28, 30, and 33 s with high recovery time (126, 51
nd 102 s), while at 200 ◦C the response was found to be 29 s and
horter recovery time of 45 s. It is obvious that the response and
ecovery time decrease with increasing the operating temperature.

ence, at low temperature of 150 ◦C, the adsorbed ozone molecules
re not activated enough to overcome the activation energy
arrier to react with the adsorbed oxygen species, while at
igh temperatures (250 and 300 ◦C) the gas adsorption is too

ifficult to be adequately compensated for by the increased
urface reactivity. But, fast response and recovery behaviour
as observed at 200 ◦C, which indicates the activation energy

f adsorption–desorption and thereby the kinetics of surface
and Actuators B 223 (2016) 138–148

chemisorption reaction on the CuAlO2 microspheres is strong due
to the low concentration (200 ppb). On the other hand, the recov-
ery time of CuAlO2 sensing sample is shorter than other reported
p and n-type ozone gas sensors [39,18,40–42]. Thus, we confirm
that the response of the fabricated CuAlO2 microsphere sensors
towards ozone gas strongly depends on the operating tempera-
ture as well as the concentration of test gas. Finally, the above
results clearly demonstrate the great advantage of employing
CuAlO2 microspheres constituted of nanoparticles for real-time
monitoring of ozone gas sensor for 200 ppb detection level at
200 ◦C.

3.7. Gas sensing mechanism and charge transport properties of
CuAlO2 microspheres

At a typical surface-based reaction, the sensor response
greatly depends on the morphology, size, structure, and exposed
crystal surfaces of the toxic sensing materials. The sensing
mechanism mainly includes the gas adsorption, charge trans-
fer, and desorption process. p-Type semiconductors increases
(or decreases) when oxidizing (or reducing) gases are adsorbed
on their surface (opposite for n-type semiconductors) [43]. In
p-type semiconducting oxide, adsorbed oxygen behaves as a sur-
face acceptor state, trapping electrons from the valence band
and hence increasing the hole concentration. In general case,
the interaction of oxidation with the adsorbed oxygen at the
sensor surface has been explained in our previous publication
[44].

The adsorption of oxygen anions in p-type oxide semi-
conductors form the hole accumulation layers (HAL) near the
surface of the material because of the electrostatic interaction
between the oppositely charge species, which again establishes the
electronic core–shell configuration; that is, the insulating region at
the cores of particles and semiconducting HALs near the surface of
the particles [44].

The different gas-sensing behaviour combined with the gas
sensing mechanism of the CuAlO2 microspheres constituted of
nanoparticles can be examined in detail from Fig. 8 CuAlO2 is
a p-type semiconductor, the acceptor level lies near the valance
band and at operating temperature all the acceptor levels are
ionized (filled) leaving holes in the valance band, the CuAlO2
ion vacancies are the acceptors. When operated at a moder-
ate temperature, the oxygen molecules in air can trap electrons
from the CuAlO2 conduction band and form chemisorbed oxy-
gen species (O2

−, O−, and O2−) on the surface of the sensing
layer, which has been represented in the following equation, i.e.
the adsorption of negatively charged oxygen can generate the
holes.

(1)

When oxidation gas ozone (O3) and NO2 are introduced to the
surface of CuAlO2 samples as shown in Fig. 8b, the ozone or NO2
molecules adsorb on the CuAlO2 surface acting as acceptors. This
surface trapping of lone-pair electrons causes band bending which
results in the formation of free holes and an increase in hole con-

centration near the interface forming the hole accumulated layer at
the CuAlO2 surface which decrease the resistance of CuAlO2 sam-
ples. The following reaction (Eq. (2)) takes place on the surface of
CuAlO2 sensing film for oxidation gases.
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Further, the accepted electrons in the reactions are annihilated
ith neutral structure (Eq. (3)) and same reaction has been repre-

ented in the schematic diagram shown in Fig. 8b (bottom).

(3)

Then, for p-type semiconductors, oxygen adsorption produces
n increase in the number of holes in the valence hand, which
ncreases their conductivity [45]. When the sensor was exposed
o the reducing gases such as CO and NH3 at 200 ◦C, the interac-
ion between the reducing gas and the adsorbed oxygen ions on
he CuAlO2 sensors surface can be explained as:

The released electrons in the reactions are annihilated with
oles (Eq. (5)) and have been represented in the schematic diagram
s shown in Fig. 8c (bottom).

(5)

Electrons are injected into the conduction band and then cou-
led with holes in the valence band, producing a decrease in the
onductivity or increased resistance. This change in the conduc-
ivity indicates that the examined CuAlO2 microspheres sample
osses a typical p-type semiconducting feature. In addition, HAL
merge as oxygen molecules absorb to the surface of the materials.
hese HAL may overlap with each other along the producing con-
inuous hole transfer channels. Other hand, interestingly, CuAlO2
xides were found to have enhanced sensing characteristics for
complex molecular structure or a reactive functional group of

zone gas. These may be reason for the low detection of ozone
as in our present CuAlO2 surface compared to other gases. The
esult suggests that the prepared CuAlO2 microspheres have supe-
ior (200 ppb) gas sensing property and is a promising candidate
or good performance ozone gas sensor for environmental remedi-
tion.

. Conclusion

In summary, novel ozone gas sensing material CuAlO2 micro-

pheres were successfully prepared and the investigation on
tructural, morphology and effects of hydrothermal reaction time.
n addition, the CuAlO2 microsphere based sensor showed excel-
ent linear response to ozone gas concentrations in the range
00–1150 ppb, with good reproducibility, short response–recovery
ime (29/45 s), and good response. These results are found to be
etter than other reported oxidation and reduction gases. The

mproved ozone sensing properties was also briefly explained
n gas sensing mechanism due to charge transport properties
nd morphology effect. Finally, these results indicate that CuAlO2
icrospheres with excellent surface actives sites based toxic

[

[

[

[

[

and Actuators B 223 (2016) 138–148 147

(2)

(4)

sensor is a real time monitoring and promising potential candidate
for good performance at ppb-level ozone gas sensors.
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