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In the present article, the gas sensing behaviour of nanocrystalline CuGa,04 towards H;, liquefied
petroleum gas (LPG) and NHs3 has been reported for the first time. Nanocrystalline powders of CuGa,04
having average particle sizes in the range of 30-60 nm have been prepared through thermal decom-
position of an aqueous precursor solution comprising copper nitrate, gallium nitrate and triethanol

amine (TEA), followed by calcination at 750 °C for 2 h. The synthesized nanocrystalline CuGa, 04 powders
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have been characterised through X-ray diffraction (XRD), transmission electron microscopy (TEM), field-
emission scanning electron microscopy (FESEM) study, energy dispersive X-ray (EDX) analysis and BET
(Brunauer-Emmett-Teller) surface area measurement. The synthesized CuGa,04 having spinel structure
with specific surface area of 40 m?/g exhibits maximum sensitivity towards Hy, LPG, and NH; at 350°C.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Metal oxide semiconductor materials are well-known for the
detection of inflammable and toxic gases in air. In fact, high
sensitivity, fast response, high chemical and thermal stability,
high reliability, low cost, and compacted size have promoted the
semiconductor metal oxides to the attractive gas sensor mate-
rials, even if they are usually operating at high temperatures
[1].

Of the various oxide materials, the transition metal based com-
posite or complex oxides are popular for their enhanced response
towards different reducing/oxidizing gases in air. Titanates [2,3],
stannates [4-6], niobates [7-10], ferrites [11-14] and tantalates
[15] are among those transition metal oxide compositions that
have been extensively investigated for their gas sensing behaviours
towards different gases. Review of the available literature on gas
sensor materials reveals that transition metal gallates with a gen-
eral formula of AB,04 are among the least investigated oxide
systems so far. ZnGa; 04 [16] and Cd;_xMgxGa; 04 [17] with spinel
structures, are the only two metal gallate systems that have been
reported for their gas sensing behaviour till date. The present paper
aims on this inadequacy and thus, focuses on the synthesis of
nanocrystalline CuGa,;04 powders through a chemical process for
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the first time, and studies of their response towards different reduc-
ing gases such as, Hy, liquefied petroleum gas (LPG), and NH3.

The sensitivity to gases depends on the microstructure of
the sensing material, especially on the porosity and grain size.
Nanocrystalline gas sensors materials have received great interest
for their improved sensitivity due to high surface-to-volume ratio
and thus a great surface activity.

2. Experimental
2.1. Raw materials

(i) Copper nitrate, (ii) gallium metal, (iii) triethanolamine (TEA),
(iv) ammonia (25%), and (v) nitric acid (70%). All the materials were
procured from M/S Aldrich (USA).

2.2. Preparation of aqueous solution of gallium nitrate

In this study, an aqueous solution of gallium nitrate was pre-
pared in the laboratory from gallium metal and stocked for use as
a source of gallium in the synthesis of nanocrystalline powders of
CuGay04. The aqueous solution of gallium nitrate was prepared by
dissolving weighed amount of metallic gallium in minimum quan-
tity of concentrated nitric acid under control heating followed by
addition of required amount of deionised water to make a 0.1M
aqueous solution of gallium nitrate.
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Fig. 1. Schematic representation of the preparation of the nanocrystalline powders
of CuGay04.

2.3. Synthesis of nanocrystalline CuGa,04 powder with spinel
structure by decomposition of aqueous based organic precursor
solution

100 ml of aqueous solution of copper nitrate (0.1 M) was mixed
with 200 ml of aqueous solution of gallium nitrate (0.1 M), main-
taining the molar ratio of Cu?* to Ga3* at 1:2 in the solution mixture.
TEA (4 moles per mole of cations present in the solution mix-
ture) was then added into the solution mixture under constant
stirring. The pH of the final solution mixture was maintained at
almost 6 with the help of ammonia to avoid any undesired precipi-
tation. This solution was then heated at about 200 °C until complete
dehydration occurred and metalo-organic complexes underwent
oxidative-decomposition with the evolution of dense fumes to gen-
erate a voluminous fluffy carbonaceous mass [18]. The black fluffy
mass was then crushed into powders. Subsequent calcination of
this carbonaceous precursor powders at 750°C for 2 h produced
carbon-free nanocrystalline powders of CuGa,;04 having spinel
structure. The method for the preparation is schematically depicted
in Fig. 1.

2.4. Material characterization

The CuGa,04 powders calcined at different temperatures rang-
ing from 550°C to 750°C for 2 h were characterized through X-ray
powder diffraction (XRD) study using an X'Pert-pro diffractometer
operated at 40kV and 25 mA with CoKa radiation and a Ni filter.
Measurement was performed at room temperature under vacuum
to minimize air scatter. The data were collected over the 26 angle
range of 20° < 260 < 80° with a step size of 0.05°. The step time was
2 s. For the phase identification, the obtained XRD pattern was ana-
lyzed by comparing with PCPDFWIN [19] data file. The crystallite
size (D) of the compositions was calculated using Scherrers equa-
tion [20] to the full widths at half maxima (FWHM) of the diffraction
peaks and introducing the correction for instrumental broadening
with respect to standard silicon. The actual FWHMs were calcu-
lated by the following equations considering the peaks to be of the
Gaussian type:

0 2 m 2 S 2_ 09)\‘
(BF =(B™ = (B D=

where fB°=FWHM considering the particle size effect,
B =integral of FWHM, B5=FWHM due to instrumental effect
for the standard Si, O=half incident angle of the X-ray, and

A=wavelength of the target material (A=1.7902A). The trans-
mission electron microscopy (TEM) studies were carried out with
200keV electron beams using JEOL 2010 (ultrahigh-resolution
model). For the TEM experiment, the samples were prepared by
suspending the heat-treated powder in ethyl alcohol by sonication
and taking a drop of the suspension on a 200-mesh carbon coated
copper grid. The surface morphology was studied using a JEOL-
JSM6500 field-emission scanning electron microscope (FESEM)
equipped with an energy dispersive X-ray (EDX) analyzer (Oxford).
The BET (Brunauer-Emmett-Teller) specific surface areas of the
calcined powders (after out-gassing the powders at 200°C for 4 h)
were determined through N, adsorption isotherms at 77 K using a
Beckman Coulter SA3100 surface area analyzer.

2.5. Electrical measurements and gas sensing studies

Electrical as well as gas sensing properties of the synthesized
material were studied by two probes DC conductivity measure-
ments. For the experiment, a pellet (10 mm diameter and 1-2 mm
thickness) was made from the powder material using 1-2 drops
of poly vinyl alcohol (PVA) (5%). The pellet was then heat-treated
at 450°C for 4 h to remove the residual polymer which helped to
produce porous solid. The porous pellet with thin platinum elec-
trodes was housed inside a quartz test-chamber, which was heated
by a resistance furnace. The temperature of the test-chamber was
controlled using a temperature controller. Resistance of the sensor
was measured using autoranging microvolt DMM (Model 197A,M/s
Keithley Instruments, USA) for low temperatures (when the resis-
tance is higher than 100 MS2) and Agilent Data Acquisition/Switch
Unit (model no. 34970A) for higher temperatures. At each sensor
operating temperature, the test gas was injected into the cham-
ber through an injection port after a steady base line resistance in
air was established. The corresponding change of electrical resis-
tance of the material was measured as a function of time till a
constant resistance value was achieved. Next, the chamber was
purged with dry air for 2-3 min; the steady base line of resistance
value was attained and then the next experiment was performed.
The response of the material to the test gases was calculated using
the following equation:

response (%) = {M} x 100
Ra

In the above equation, R, represents the resistance of the pellet
in air and R the resistance of the same in the presence of a test gas.
The response of the material was studied to Hy, liquefied petroleum
gas (LPG), and NHj3 in the temperature range of 200-400 °C. There
were three tests made for each gas at each operating temperature
to confirm the results. The reproducibility of the experiments was
checked by repeating the same experiment with two more pellets.
Prior to sensor experiments samples were thermally conditioned
by annealing in dry air at 300°C to remove any adsorbed water
and allowed equilibrium to be achieved with oxygen through the
flow of air. The response value, response time and recovery time
of the sensor were determined from the decrease of the resistance
in the presence of a reducing gas (i.e. response process) and the
regain of the initial value of resistance in air (recovery process) with
change of time. Response time is considered as the time required
for achieving 90% of final change in conductance after the test gas
is injected and recovery time is taken as the time needed for the
sensor to attain a conductance 10% above the original value in air.

3. Results and discussion
Phase analysis and structural characterization of the prepared

CuGa,04 powders were carried out through room temperature
XRD studies. Fig. 2 shows the XRD patterns of the carbonaceous
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Fig. 2. X-ray diffractogram (using CoKa radiation) of the CuGa,04 calcined at
550-750°C for 2 h.

powders of CuGa,04 calcined at different temperatures ranging
from 550°C to 750°C for 2 h. The onset of crystallization process
in the precursor powder sample was noticeable through the incip-
ient peaks in the XRD pattern when the carbonaceous precursor
of CuGa,04 was calcined at 550°C for 2 h. Calcination at this low
temperature could not completely crystallize the material as indi-
cated by the low intensity diffraction lines in the XRD pattern of
the sample on calcination at 550 °C for 2 h. The carbonaceous pre-
cursor powders of the sample were calcined at 750°C for 2h and a
single phase CuGa;0,4 was realized. The absence of any additional
diffraction lines in XRD of the powders calcined at 750°C for 2h
confirmed the formation of a pure spinel phase of CuGa,;04 as per
the standard data reported in JCPDS file (card no. 044-0183) and the
diffraction lines were indexed accordingly. Despite the advantages
of better chemical homogeneity and low phase formation tempera-
ture offered through the chemical synthesis process in comparison
to solid-state method, there is no report on the preparation of
CuGa;04 through wet chemical method in literature. The calcu-
lated lattice parameters [a=b=c=8.292 A and o= 8="y=90°] of the
sample matched closely with the standard lattice parameter val-
ues (8.3 A; JCPDS card no. 044-0183). The average crystallite size of
the synthesized powders evaluated from line broadening analysis
using a Scherrers formula was found to be 30 nm.

The chemical composition of the calcined powders at 750 °C was
analyzed using EDX (Fig. 3), which confirmed the expected chemi-
cal composition of CuGa,; 04 with the observed stoichiometric ratio
of Cu:Ga in the compound of 1:2.
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Fig. 3. EDX analysis of the CuGa, 04 after calcination at 750°C for 2 h.
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Fig. 4. Bright field TEM micrograph of the calcined (at 750 °C for 2 h) CuGa,0j4.

The microstructure of the calcined powders of CuGa;04 was
observed through TEM studies. Fig. 4 shows the bright field elec-
tron micrograph of the synthesized CuGa, Q4. The particles visible
in the micrograph can be identified as nanoparticles with size in
the range of 30-60 nm. The micrograph showed that the particles
were nearly monodisperse and the particle sizes were comparable
with the average crystallite size calculated from XRD data using
Scherrers equation.

FESEM experiments were carried out using both, the calcined
powders of CuGa;0,4 and porous pellet of the calcined CuGa;04
powders. Fig. 5 is a FESEM image of the calcined powders of
CuGa,04 showing morphology of the nanocrystalline particles. The
low processing temperature involved in this method prevented
hard agglomerations in the powder as seen from the FESEM image
(Fig. 5). The micrograph revealed that powders were dominated by
the approximately spherical particles with distinct grain bound-
aries that were uniformly distributed with the size in the range of
30-60 nm.

FESEM micrograph of the porous pellets derived from calcined
CuGa, 04 nanocrystalline powders (Fig. 6) provided information of
the microstructure and topology of the pellet surface. The micro-
graph clearly showed the porous nature of the surface of the pellets
and also indicated that the compression of the powder on pelleti-
sation resulted in agglomerations in some portions of the surface
of the pellets.

Electrical conduction in metal oxides is thermally activated
process. The variation of electrical conductivity of CuGa,;0,4 pel-
lets was measured as a function of temperature in dry air in the

Fig. 5. FESEM image of the calcined (at 750 °C for 2 h) CuGa, 04 powders.
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Fig. 6. FESEM image of pellet surface derived from nanocrystalline powders of
CUG3204.

temperature range of 200-400°C. Fig. 7 depicts the dc electrical
conductivity-temperature behaviour of the pellet of CuGa,04 in
air which corresponded to Arrhenius-type plots. In the whole tem-
perature range of 200-400 °C, the logarithm of conductivity of the
material changed almost linearly with the reciprocal temperature
(1/T) as expected for a typical semiconducting material with no hys-
teresis during heating and cooling cycles. The activation energy (E,)
determined in terms of the slope of the Arrhenius plot was found to
be 0.47 eV in air. The material showed typical n-type conductivity
behaviour since its electrical resistance decreased in the presence
of reducing gases and the resistance increased when exposed to Os.

Figs. 8-11 demonstrate the typical temperature dependence of
response of compressed powder of CuGa, 04 (sintered at 450 °C for
4 h) towards 500 ppm of H;, LPG, and NH3 respectively. The pellets
made of nanocrystalline powders of CuGa,04 showed the maxi-
mum responses towards H,, LPG, and NH3 at 350 °C. For 500 ppm
H,, the maximum response of 82% was observed at 350 °C for the
pellets of CuGa;04. The response was found to decrease to 66%
at 400 °C. For 500 ppm LPG, the observed maximum response was
found to be around 72% at 350 °C. The response (towards LPG) was
observed to decrease to 61% at 400°C. The maximum response
towards 500 ppm NH3 observed at 350 °C was 37%.
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Fig. 7. Arrhenius plot for electrical conductivity of CuGa, 0y in air.
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Fig. 8. Response characteristics of nanocrystalline CuGa, 0,4 in the form of porous
pellet towards 500 ppm each of Hy, LPG, and NHj3 in air as a function of temperature.
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Fig. 9. Responses of porous pellet of nanocrystalline CuGa; 04 towards 500 ppm of
H, in air at different temperatures.
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Fig. 10. Responses of porous pellet of nanocrystalline CuGa; 04 towards 500 ppm of
LPG in air at different temperatures.
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Fig. 11. Responses of porous pellet of nanocrystalline CuGa; 04 towards 500 ppm of
NH3 in air at different temperatures.

There were three tests made for each gas at each operating
temperature to confirm the results. Fig. 12 represents three cycles
of response-recovery characteristics of the material exposed to
500 ppm LPG at 350°C.

For high responses towards H, and LPG at 350°C, this tem-
perature was selected for calibration experiments at different
concentrations of test gases. Fig. 13 shows the responses towards
H, and LPG of different concentrations (100, 300 and 500 ppm)
at 350°C which were found to increase almost linearly with gas
concentrations.

Typical response and recovery characteristics of CuGa,04 pel-
lets operating at different temperatures towards 500 ppm of gases
are shown in Fig. 14. The response and recovery time (at the tem-
perature when maximum response was achieved) for the pellets
of CuGa,04 towards H, were found to be around 120 and 460s
respectively (at 350°C), and towards LPG, they are 305 and 1110s
respectively (at 350°C), while towards NH3 the respective values
were 105 and 140s (at 350°C).

The response was found to decrease at higher operating temper-
atures as can be seen in Figs. 8-11. This behaviour can be explained
by considering the increase of desorption on the surface of the sen-
sor materials at higher temperature. Besides this, the increase of
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Fig. 12. Electrical resistance of porous pellet of CuGa;04 in alternating environ-
ments of air and 500 ppm LPG at 350°C.
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Fig. 13. Variation of response of porous pellet of nanocrystalline CuGa,04 with
concentration of H, and LPG at 350°C.

the charge carrier concentration and the decrease of the Debye
length of the semiconductor material at higher temperature may be
responsible for the decrease in the response at higher temperatures
[9,10].

The gas sensing phenomenon involves the change of electrical
resistance of the sensor material in the presence of gases due to
the oxidation of the reducing gases by the surface chemisorbed
oxygen species (like 0-,0%~,0,~, etc.), which releases the electrons
and thus increases the charge in the conduction band of the n-type
oxide and hence the conductivity gets increased (i.e. decrease of the
potential barrier). The extent of adsorbed oxygen ions and existence
of their different chemical forms (O~, 02~, 0,~, etc.) on the sensor
surface are controlled by the sensor operating temperature:

Oy(g)+€~ — Ogads)”

O3(ads)” +€~ — 20(ads)”™

The oxidation reactions of H, and LPG could be represented as
follows [9,10]:

CpHapi2 +(3p+1)0(ads)” — PCO2 + (p+ 1)H20(g) +(3p + 1)e™
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Fig. 14. Temperature variation of response time and recovery time for CuGa,04 for
500 ppm Ha, LPG and NHs.
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LPG is a mixture of hydrocarbons like n-propane and n-butane,
so p=3 or 4. This equation is valid for H, when p=0.

The oxidation reactions of NH3 could be represented as follows
[9,10]:

2NH3 +30(ads)7 — Ny +3H,0 + 3e™

4. Conclusion

Nanocrystalline CuGa;04 powders have been synthesized by
aqueous based metal ion-ligand complex precursor route for the
first time. The spinel structure of CuGa,0,4 was realized at 750°C.
The low processing temperature in this method prevented grain
growth in the powder. TEM images showed the average particle
sizes in the range of 30-60 nm and specific surface area of 40 m2/g.
The n-type semiconducting nanocrystalline CuGa,04 showed the
sensitivities towards Hy, LPG and NH3. The maximum responses of
CuGa,04 towards H;, LPG and NH3 were found to be around 82%,
72%, and 37% at 350 °C respectively.
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