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Chemical sensing and electrical transport properties of neodymium coblate, NdCoOs3, was investigated in
this work. It was prepared by using co-precipitation method. Pure neodymium chloride and cobalt
chloride were mixing in the presence of sodium hydroxide and the obtained co-precipitated powder
was calcined at 850 and 1000 °C. The synthesized composites, as-grown (NdCoOs-I), calcined at 850 °C
(NdCo03-1I), and calcined at 1000 °C (NdCoOs-III) were studied in details in terms of their morphological
and structural properties. The X-ray analysis confirmed that the synthesized products are well crystalline
possessing single phase orthorhombic crystal system of space group Pbnm (62). The crystallite size of
NdCo05-1, NdCoOs-1II, and NdCoOs-III is 22, 111, and 338 nm, respectively which reflect that crystallite
size is increasing with increase in firing temperature. The DC resistivity was measured as a function of
temperature in the temperature range from room temperature up to 200 °C. All NdCoOs are semiconduc-
tor in this range of temperature but showed different activation energy which strongly depends on the
crystallite size of the products. The activation energy decreased with increase in crystallite size, 0.798,
0.414 and 0.371 eV for NdCoOs-I, NdCoOs-II, and NdCoOs-III, respectively. Thus resistivity increases with
increase in crystallite size of NdCoOs. All NdCoO3 products were tested as chemical sensor for acetone by
electrochemical approaches and showed excellent sensitivity. Among the NdCoOs; samples, NdCoOs-III
showed the highest sensitivity (3.4722 pAcm~2 mM™!) compared to other compositions and gradually
decreased to 3.2407 pAcm~2 mM~! with decreasing the crystallite size of NdCoOs-IL. It is also observed
that the sensitivity drastically decreased to 0.76253 pAcm 2 mM™! in the case of NdCoOs-I. It is intro-
duced an efficient route for the detection of environmental unsafe chemicals by electrochemical

approach for the safety of healthcare and environmental fields in broad scales.
© 2018 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-nc-nd/4.0/).

Introduction sensor due to the adsorbed surface species [5]. Nanostructured

perovskite materials can improve the sensing properties of the sen-

Monitoring the environment for hazardous chemicals is one of
the important topics to save our environment clean and safe. So
progress in materials for chemical and gas sensor detection took
considerable scientific attention. In a chemical or gas sensor one
can realize a change in electrical or optical output as a result of
chemical and physical interactions with chemicals/gases. In partic-
ular, the chemical sensors [1-4] are useful in various safety appli-
cations where, we can determine any leakage. It is well known that
perovskite oxides with ABOs; formula were used as a gas sensor
materials due to their stability in thermal and chemical atmo-
spheres [5-7]. The deficient in oxygen in semiconducting oxide
materials is responsible for the change in resistance of an oxide
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sor due to high surface-to-volume ratio characteristics. Knowledge
of nanoscale perovskite sensing materials have been achieved a
great attraction to serve as a novel gas sensing materials at the
lower working temperatures. For high-temperature applications,
perovskite oxides are very rich materials, where they have high
melting and decomposition temperatures, furthermore they can
provide microstructural and morphological stability to
improve reliability and long-term sensor performance [8]. The
EuFeg9Co0q.103 oxides exhibit good gas sensing properties to ace-
tone gas at the operating temperature of 280 °C [9]. According to
Mekam et al.,, the hybridization between the transition metal
cation and Oxygen atoms in the orthorhombic perovskites, is
essential to weaken the short-range repulsion and allow the distor-
tion. Besides, the rare earth cation can modify the ground state and
nature of the transition by hybridizing with the valence state, that
may indirectly cause change in the transition metal - oxygen
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interactions [10]. The electrical properties of any material are an
important factor which help us to understand the transport phe-
nomenon and related properties. To distinguish between the possi-
ble mechanisms, namely, band transfer, thermionic emission,
thermally assisted tunneling and variable range hopping, the gen-
eral behavior of the electrical resistivity must be determined. The
DC electrical resistivity measurements as a function of tempera-
ture of EUO'55Sr0'35Mn0'7FeO'303 and EUO'65STO'35MDO'3FGO'703 were
reported in Refs. [11,12] this temperature dependence of the resis-
tivity curve showed the semiconductor behavior where, resistivity
decreases with increasing temperature. According to Parfenov
et al, [13] electrical resistivity-temperature dependence of
Ndo.65S10.35Mn;_xFe 03 samples except Ndg g55r035Mn0O3; mangan-
ite showed the activation temperature dependence of the specific
resistance typical of semiconductors. Thermal conductivity of
NdCoOs; studied by Pillai [14] in the temperature range from 300
to 1200 K. The excitonic conductivity arising from the interactions
of the t,g—e, states of cobalt ions in the oxides are showed with
maxima at 1030 and 975 K, respectively, corresponding with their
semiconductor-metal transition temperatures. Effect of Ni doping
on the structural and electrical properties of NdCoO3; was investi-
gated by [15] where the conductivity measurements were carried
out to investigate transport behavior of compounds. They found
a drastic improvement of the room-temperature conductivity of
NdCo;_xNixO3; (x=0.1, 0.2) compared with the pure compound
which explained in terms of decrease in band gap. By fitting Arrhe-
nius and variable range hopping (VRH) models they explained
behavior in different regions of temperature. The present work
highlighted on the selective and sensitive chemical sensing and
the electrical transport properties of neodymium coblate, NdCoOs,
and their correlation with crystal structure.

Experimental details

NdCoO3 was prepared using co-precipitation method by dis-
solving the pure chlorides of neodymium, and cobalt in 100 mL
distilled water then pure sodium hydroxide was added with the
proper molar ratio. All together were stirred using magnetic stir-
ring until we get the pH of our solution to be 12-13. The stirring
process is maintained at 80 °C for 12 h then cooled down to the
room temperature. Co-precipitated NdCoO3; washed in distilled
water until removing any powder of NaCl. The under investigation
compounds in this work were fired at 850 °C and 1000 °C for 12 h.
XRD measurements were performed with Cu radiation using a
PANalytical X'pert Pro MPR diffractometer to check the formation
of the required structure. The micrograph and elemental analysis
measurements were carried out using Field Emission Scanning
Electron Microscope FE-SEM - JEOL (JSM-5600) with acceleration
voltage 15 kV and magnification of x43,000. DC resistivity as a
function of temperature was measured in the temperature range
from room temperature up to 200 °C. Electrochemical I-V observa-
tion was executed at room condition by using the Keithley elec-
trometer, where fabricated electrode and Pd-wire were used as
working and counter electrode respectively.

Fabrication of senor

Silver electrode of surface area ~0.0216 cm~? is coated with as-
grown (NdCoOs3-I), calcined at 850 °C (NdCoOs3-II), and calcined at
1000 °C (NdCoOs-III) using conducting binder such as butyl car-
bitol acetate and ethyl acetate (Fig. 1). All together are kept in
the oven at 60 °C for 12 h until the film become completely uni-
form and dry. It is used as a working electrode and Pd wire is used
as a counter electrode. Acetone is diluted in de-ionized water at
different concentrations and used as a target analyte. Phosphate

Fabrication Scheme

PdE/C AQE/W NdMnOdAgE

C
I
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Fig. 1. 257175914400 Fabrication scheme of NdCoO; coated AgE for chemical
sensor development.

buffer solution (PBS, 0.1 M, pH 7.0) is prepared by mixing 0.2 mol
of Na,HPO,4 and 0.2 mol of NaH,PO,4 solutions in 100.0 mL of de-
ionized water. Amount of 0.1 M PBS was kept constant as 10.0
mL for all measurement. The pH of the solution is kept constant
because increase in pH affects the efficiency of the electrochemical
experiment which may be due increase in ion carriers. PBS was
used for total investigations of chemical sensor development and
its performance. The different samples of NdCoO3 coated electrode
has been primarily investigated in absence of Acetone by I-V tech-
nique. After injecting the acetone drop-wise (100.0 uL) into bulk
solution, the similar technique is used to measure the conducting
current against applied voltage. The ratio of voltage and current
(slope) is calculated as a measure of acetone sensitivity.

Results and discussions

XRD diffraction patterns of NdCoOs as prepared and annealed at
850 °C and 1000 °C are shown in Fig. 2a. Sample NdCoOs I (as
grown) is not completely formed but after firing at 850 °C for
NdCoOs3 II and 1000 °C for NdCoOs Il samples it is clear that both
samples are completely crystalline and both patterns are refined
using Fullprof program [16], see Fig. 2b. It is quite clear that all
reflections belong to the orthorhombic crystal system of Pbnm
space group (No. 62) where the maximum refection intensity at
112 planes is observed and no other phases are exist. The lattice
parameters are listed in Table 1. The Nd atoms occupy (x, 1/4, z)
position while Co atoms occupy (0, 0, 1/2) position and surrounded
by octahedral oxygen atoms. The oxygen atoms in this compound
are distributed as following; four of them occupy the (x, 1/4, z)
position and eight have (x, y, z) position. The bond lengths between
Co—O0 and Co—0—Co angles were calculated and they are listed in
Table 1.

There are slightly differences in the positions of Nd-Co-O atoms
in NdCoOs-II, and NdCoOs-III, which still possess the same phases.
This difference leads to change in distortion. Jahn-Teller distortion
is given by the octahedral distortion parameter Ad which defined
as [17].
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Fig. 2. (a) XRD patterns of NdCos I, NdCos II, and NdCos III (b) XRD diffraction
pattern of NdCos III, Rietveld refinement and the difference.

where d is the mean cobalt-oxygen bond distance (Co—O0) and d,
are the individual cobalt-oxygen (Co—O) bond distances. The calcu-
lated distortion for NdCoOs-II, and NdCoOs-IIl showed that there
slight difference in distortion of the orthorhombic unit cells; (Ad
~1.26 x 107! and Ad~ 1.34 x 107!). To evaluate the effect of
annealing on the lattice distortion we applied the following formula
[18];

We found lattice distortion values to be D =(2.91 x 10~% and 2.92
x 107%) to confirm that both samples have the same distortion.

The crystalline size § as a result of annealing is calculated using
the well-known Scherrer formula; [19]

6 = ki/(B sin0)

where B is FWHM and equal to Bgps. — Bsta. (Bobs. is FWHM of
observed sample and Bgq is FWHM of standard sample). The crys-
talline size of NdCoOs are listed in Table 1. The crystallite size of
NdCoOs-I, NdCoOs-II, and NdCoOs-III is 22, 111, and 338 nm,
respectively which reflect that crystallite size is increasing with
increase in firing temperature.

The microstructure graph of NdCoOs II is illustrated in Fig. 3. It
is quite clear that there is homogeneity in the crystalline size all
over the graph. The mean value of the particle size of NdCoOs is
160 nm, deduced from SEM graphs, compared with the crystalline
size deduced from XRD measurements (111 nm) which showing
the good agreement. Overall we found good agreement in the
deduced values of particle size deduced from both the SEM micro-
graph and the XRD diffraction. The energy dispersive spectroscopy
EDS reveals that the synthesized composite is obtained in proper
stoichiometry of the proposed structure. So one can conclude, from
the elemental analysis, that all synthesized samples formed
according to the proposed elements in composites are well formed
with the proper stoichiometry.

The variation in DC resistivity as a function of temperature was
measured in the temperature range from room temperature up to
200 °C, see Fig. 4. The resistivity increase with increasing temper-
ature for all NdCoOs which in an indication to the semiconductor
behavior in this range of temperature but with different activation
energy which strongly depends on the crystallite size of the prod-
ucts. This behavior is similar to those reported before in Refs. [11-
15]. The activation energy decreased with increase in crystallite
size, 0.798, 0.414 and 0.371eV for NdCoOs-I, NdCoOs-II, and
NdCoOs-III, respectively. Thus resistivity increases with decrease
in crystallite size of NdCoOs.

Chemical sensing investigations

All NdCoOs products were tested as chemical sensor for acetone
and showed the higher sensitivity. Fig. 5 show an -V diagram of
NdCoOs3-I, NdCoOs-II, and NdCoOs-III, after exposure to the ace-
tone. The electrical response of conventional silver electrode
(dark-dotted) and NdCoOs coated silver electrode (gray-dotted)
are shown in Fig. 5(a). Fig. 5(b) show electrical responses of the
NdCoOs without acetone (gray-dotted line) and with 100.0 uL ace-
tone (dark-dotted line). It is observed that by injecting the acetone,
NdCoO3 samples show a significant increase in the electrical cur-
rent which reflects the sensing of NdCoOs to acetone Fig. 6.

The fast electron exchange and good electro-catalytic oxidation
properties are responsible for the high electrical response of vari-
ous NdCoO; fabricated AgE sensor to acetone [20,21]. Acetone

13 . - 5)2 easily undergoes catalytic dissociation reaction by applying to
D= §210’ X 162 I-V technique. The catalytic reaction of acetone produces 2H*
i=1 and 2e~ (increase the carrier ions) which increases the conductiv-
ity of the host NdCoO3; material by providing excess electron to the
where conduction band of the material. According to the microscopic
a = a/\/f, a, = /b\/f, a,=b, a3= c/\/i and a= % model reported earlier [22-24] that subsequent emission of an
Table 1
Lattice parameter of NdCoOs at different annealing temperature.
a, A b, A ¢, A Cell Vol., A® Cryst. Size, nm <Co-0> A Co-0-Co
NdCo05-11 53268 53133 7.5143 212.676 111 2.56 169.8
NdCoOs-111 53413 53211 7.5243 213.854 338 247 165.34




LA. Abdel-Latif et al./Results in Physics 8 (2018) 578-583 581

X 50,000

15.0kV SEI SEM
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Fig. 4. The variation of resistivity of NdCos I and NdCos; as a function of
temperature.

electron take place from the chemisorbed oxygen species into the
conduction band of the sensor and cause change in the electrical
conductance of the sensor due to the two reactions. In the first
reaction atmospheric oxygen molecules are physisorbed on the

surface sites, which while moving from site to site, get ionized
by extracting an electron from the conduction band and are thus
ionosorbed on the surface as 0,45 (O— or O; depending on the
energy available).

The effect of acetone concentration [6.7 M-0.13 mM] on the
[I-V response of NdCoOs; sensors have been investigated
(Fig. 5c). It is observed that with increasing acetone concentra-
tion, the current was gradually increased. This is explained by
the conductivity of NdCoOs sensors increased which is ascribed
to the increase in ions providing excess electron to the conduc-
tion band of the sensors [20,21,25,26]. Calibration curve of the
NdCoO3 sensor which is plotted from the variation of acetone
concentration is shown in Fig. 5(d). Initially response current
increases as the concentration of acetone increases and after cer-
tain concentration electrical response become constant and thus
saturation takes place at high concentration above 0.13 M. Cali-
bration curve depicts two sensitivity regions; at lower concen-
trations is linear up to 0.13 mM and 0.13 M for NdCoOs; with
correlation coefficient (R) of 0.9413. The sensitivity is calculated
from the slope of the lower concentration region of calibration
curves, which is 0.76253 pA.cm2.mM~' (As-grown sample),
1.2860 pA.cm2.mM~' (for calcined at 850°C), and 1.4188 pA.
cm~2.mM~! (for calcined at 1000 °C) for all NdCoO5 respectively.
The first region appears to be the most sensitive region for ace-
tone detection. The saturation region at higher concentration
might be due to the unavailability of free NdCoOs sites for ace-
tone adsorption. The linear dynamic range of this sensor exhibits
from 0.13 mM to 0.13 M and the detection limit was estimated,
based on signal to noise ratio (S/N), to be 18.0 uM. Above 0.13 M
acetone for NdCoOs; sensors become saturated either porosity
and particle like shapes. This is explained by the sensitivity of
calcined NdCoO3 (at 1000 °C) particles is higher than as grown
sample. We mentioned in the previous sections so the conduc-
tivity of calcined NdCoOs is higher than as-grown NdCoOs; and
this led to increase in ions providing excess electron to the con-
duction band of the NdCoOs/AgE sensors [20-21,25-26]. The
behavior of calcined NdCoOs; based aqueous acetone sensor
was compared with the previously reported sensors. Calcined
NdCoO3 showed significantly higher sensitivity and lower detec-
tion limit than those of previously reported acetone sensors
[23,27,28]. The sensitivity obtained for the present calcined
NdCoOs3 is much faster than those obtained for other materials
[22,28], which is possibly due to the effective diffusion at the
calcined NdCoOs surface. We carried experimental work within
6-8 weeks, through this period we observed that the materials
are stable during storage under normal conditions. Therefore,
one can conclude that NdCoOs; are good candidate, compared
to other materials for the fabrication of efficient and highly sen-
sitive chemical sensor.

Conclusion

Finally, we have successfully fabricated acetone chemical sen-
sor based on various NdCoO3 materials, which is immobilized onto
side-polished AgE with conducting binders for the first time.
NdCoO3; materials are prepared by by using co-precipitation
method, which represents a simple and economical approach. Ana-
lytical performances of acetone chemical sensor are investigated
by reliable I-V method in terms of sensitivity, linearity, and detec-
tion limit in short response time. This extensive research is per-
formed in terms of preparation and characterization of calcined
NdCoO3; nanomaterials and applied for the acetone sensor using
[-V method. Hence, this approach is introduced a new route for
efficient chemical sensor development in environmental and
healthcare fields.
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Comparison of the sensor performance in
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