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Liquid petroleum gas sensing performance enhanced
by CuO modification of nanocrystalline ZnO–TiO2
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Nanocrystalline ZnO–TiO2 (with molar ratios 9:1, 7:3, 1:1, 3:7 and 1:9) were successfully synthesized by hydrothermal
method. Synthesized materials were examined with the help of X-ray diffraction and transmission electron microscope. Liq-
uid petroleum gas sensing characteristics of the ZnO–TiO2 films were investigated at different operating temperatures. The
ZnO–TiO2 thick film (with 1:1 molar ratio) exhibited good response toward liquid petroleum gas as compared to other in-
vestigated compositions. Further, liquid petroleum gas sensing characteristics of CuO modified ZnO–TiO2 thick films were
investigated. 0.2 M CuO modified ZnO–TiO2 thick film exhibited excellent liquid petroleum gas sensing characteristics such
as higher response (∼1637.49 at 185 °C) with quick response time (∼30 s), low recovery time (∼70 s), excellent repeatability
and stability at low operating temperature.
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1. Introduction
Liquid petroleum gas (LPG) is highly in-

flammable as it mainly consists of butane mixed
with compounds of sulfur (methyl mercaptan and
ethyl mercaptan) which have foul smell. It is haz-
ardous because an explosion might be caused when
it leaks accidentally. It has been reported that the
concentration level of LPG noticeable by smell is
higher than the lowest explosive limit of the gas in
air. As it is used for both domestic and industrial
purposes there is a great rise in demand for gas sen-
sors to monitor the concentration level of LPG.

There are many parameters of materials for gas
sensor applications such as adsorption ability, cat-
alytic activity, sensor response, stability, etc. There
are a number of research publications reporting the
application of metal oxides in gas sensors [1–7]. In
metal oxide based gas sensors, gas-sensing mech-
anism is a surface-controlled phenomenon. It is a
well-known fact that sensor response depends upon
the grain size, surface state and oxygen adsorption.
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Larger surface to volume ratio offers more adsorp-
tion and increases sensor response [8, 9]. Phys-
ical and chemical properties of materials depend
on synthesis methods, synthesizing conditions, etc.
In the literature, several methods are described for
synthesis of nanomaterials such as chemical, me-
chanical, gas phase and molten salt synthesis [10].
Hydrothermal technique is a chemical synthesis
method which allows fabrication of shaped, size-
oriented materials without involving any melting
steps. There are a number of advantages of this
method, such as the short duration of experiments
as compared to the classical procedures of syn-
thesis, more control over crystal size and level of
agglomeration, low cost instruments and less con-
sumption of energy as compared to other synthesis
routes. Also, it is an eco-friendly method [11, 12].

Semiconductor metal oxides like ZnO, SnO2,
Fe2O3, In2O3 etc. have been investigated for the
detection of gases [13–15]. However, very few of
them are suitable to fulfil all the requirements.
To overcome these limitations, researchers have
recently been focused on composite materials like
SnO2–ZnO [16], Fe2O3–ZnO [17], ZnO–CuO [18],
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etc., because it has been recognized that sensors
developed by mixing two components together are
more sensitive than those made of individual com-
ponent. This is due to a synergistic effect between
two metal oxides [17]. Preparation of mixed ox-
ides leads to alteration of the electronic structure
of the system which causes changes in the bulk as
well as in the surface properties [19]. Surface prop-
erties are expected to be affected by new bound-
aries between grains of different chemical compo-
sitions. It is anticipated that all these phenomena
will contribute favorably to the gas-sensing mech-
anism [20]. Furthermore, it was reported that ad-
equate and specific selection of impurities is con-
nected with an optimum response of materials for a
specific gas. Materials like CuO, Fe2O3, etc., when
dispersed onto semiconductor oxide films, enhance
the sensor response to the reducing gas [21, 22].
This paper reports the effect of CuO modification
of ZnO–TiO2 thick film on LPG sensing proper-
ties. The experimental results show that the CuO
modification of ZnO–TiO2 thick film greatly im-
proves the sensing response toward LPG selec-
tively against CO2, NH3 and H2S with good re-
peatability and stability at low operating tempera-
ture. In addition, variation of gas response with op-
erating temperature and amount of CuO in a film
is presented graphically. The results are interpreted
on the basis of surface morphology of the film and
conclusions are summarized.

2. Materials and method

2.1. Synthesis of nanocrystalline
ZnO–TiO2

For obtaining nanocrystalline ZnO–TiO2 (sam-
ple A) with a molar ratio 9:1, analytical grade ZnO
and TiO2 were dispersed in aqueous NaOH solu-
tion followed by hydrothermal treatment at 180 °C
for 24 h in a Teflon-lined autoclave. Then, it was
allowed to cool naturally and the obtained precip-
itate was isolated from the solution by centrifu-
gation at 5000 rpm for 30 min and subsequently
washed with distilled water and ethanol and then
dried at 120 °C for 12 h. The same procedure was
followed for the synthesis of ZnO–TiO2 with molar

ratios 7:3 (sample B), 1:1 (sample C), 3:7 (sample
D) and 1:9 (sample E). The synthesized materials
were examined by X-ray diffraction (XRD, X’Pert
PRO) and transmission electron microscope (TEM,
Techai G2 20).

2.2. Fabrication of sensor element and
gas-sensing measurements

A thixotropic paste was formulated by mixing
the synthesized nanocrystalline ZnO–TiO2 powder
sample with ethyl cellulose and a mixture of or-
ganic solvents such as butyl cellulose, butyl car-
bitol acetate and terpineol. Then the prepared paste
was screen printed on a glass substrate. The same
procedure was followed for fabrication of thick
films of other synthesized material samples. Fur-
thermore, the thick film of ZnO–TiO2 (with a mo-
lar ratio 1:1) was modified by dipping it into 0.1 M,
0.2 M and 0.3 M aqueous solutions of copper chlo-
ride (CuCl2) for 30 min. The films were dried
in air and fired in a heating furnace at 450 °C
for 24 h. They were termed as CuO modified
ZnO–TiO2 thick films. For the measurements of
gas sensing properties of all the films, silver elec-
trodes were used for electrical contacts.

Gas-sensing measurements were carried out
on a computer-controlled static gas-sensing sys-
tem. Ni–Cr alloy coil was used for heating and a
chromel-alumel thermocouple was used to mon-
itor temperature. Picometer cum voltage source
(Keithley 6487) was used to measure the sensor
resistance. Test gas was injected into the chamber
through an inlet port. The concentration of gas was
kept at 286 ppm and a well dried gas with relative
humidity 20 % was used to avoid the moisture ef-
fect on the sensor response. The sensor response
(S) was defined as the ratio of resistance in air (Ra)
to that in target gas (Rg) [23]:

S = Ra/Rg (1)

3. Results and discussion
3.1. Materials characterization

Fig. 1 shows X-ray diffraction (XRD) patterns
of synthesized ZnO–TiO2 powder samples. From
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the XRD patterns, it is seen that the materials
are polycrystalline in nature with mixed hexago-
nal and tetragonal phases. The characteristic peak
in the XRD pattern matches the hexagonal ZnO
(JCPDS Card No. 00-036-1451) and tetragonal
TiO2 (JCPDS Card No. 01-071-1166). Also, the
peaks which appeared at 2θ = 29.95°, 36.83°,
56.74°, 62.18° and 70.41° correspond to Zn2TiO4
(JCPDS Card No. 01-073-0578). The extra peak
that appeared at 2θ= 44.8° is related to surface hy-
droxyl groups on the ZnO–TiO2 surface [24]. The
average crystallite size (D) was determined by us-
ing Debye-Scherrer formula [25]:

D = 0.9λ/β cosθ (2)

where λ is the wavelength of incident beam
(1.5406 Å), β is the full width at half maximum
(FWHM) of the peak in radian and θ is the diffrac-
tion angle. The average crystallite size of samples
A to E was calculated from bordering of the diffrac-
tion line and found to be in the range of 49 nm
to 68 nm.

Fig. 1. XRD patterns of synthesized ZnO–TiO2 powder
samples with molar ratios (A) 9:1, (B) 7:3, (C)
1:1, (D) 3:7 and (E) 1:9.

The morphology of the synthesized material
samples was further investigated by transmission
electron microscope (TEM). Fig. 2 illustrates TEM
images of synthesized ZnO–TiO2 powder samples
with molar ratios (A) 9:1, (B) 7:3, (C)1:1, (D)
3:7 and (E) 1:9. The small amount of agglomera-
tions can be seen in the micrographs. TEM images

confirm that the average crystallite size of the syn-
thesized material is in nanometer range.

The surface morphology and nature of
ZnO–TiO2 thick films with molar ratios (A) 9:1,
(B) 7:3, (C) 1:1, (D) 3:7 and (E) 1:9 were analyzed
by using scanning electron microscope (SEM,
JEOL JSM 6380A). SEM images of ZnO–TiO2
thick films with molar ratios (A) 9:1, (B) 7:3, (C)
1:1, (D) 3:7 and (E) 1:9 are shown in Fig. 3. From
the SEM images it can be seen that the ZnO–TiO2
thick film (molar ratio 1:1) has a large number
of pores which account for maximum porosity
and high surface roughness which results in large
surface to volume ratio. Moreover, it appears that
the film surface is almost crack free. This improves
the LPG sensing response of the film.

The elemental composition of 0.1 M, 0.2 M
and 0.3 M CuO modified and unmodified
ZnO–TiO2 thick films (molar ratio 1:1) were an-
alyzed by using an energy dispersive X-ray spec-
trometer (EDS). From the spectra, it can be seen
that major constituent elements of ZnO–TiO2 thick
film are O, Ti, Zn and the major constituent ele-
ments of CuO modified ZnO–TiO2 thick films (mo-
lar ratio 1:1) are Cu, O, Ti, Zn. The elemental com-
position of 0.1 M, 0.2 M and 0.3 M CuO modified
and unmodified ZnO–TiO2 thick films (molar ratio
1:1) is shown in Table 1.

Fig. 4 shows the SEM images of 0.1 M, 0.2 M
and 0.3 M CuO modified ZnO–TiO2 (with a molar
ratio 1:1) thick films. CuO dispersion on the surface
of the ZnO–TiO2 thick film is confirmed by com-
paring the SEM image of ZnO–TiO2 (with a molar
ratio 1:1) thick film with SEM images of 0.1 M,
0.2 M and 0.3 M CuO modified ZnO–TiO2 (with a
molar ratio 1:1) thick films. It indicates that the mi-
crostructure of 0.2 M CuO modified film is uniform
with an adequate dispersion of CuO.

3.2. I-V characteristics of nanocrystalline
ZnO–TiO2 thick films

Fig. 5 shows I-V characteristics of ZnO–TiO2
thick films with molar ratios (A) 9:1, (B) 7: 3, (C)
1:1, (D) 3:7 and (E) 1:9 in air ambient at room tem-
perature. The graphs indicate the ohmic nature of
the contact between silver electrodes and the film.
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Fig. 2. TEM images of synthesized ZnO–TiO2 powder samples with molar ratios (A) 9:1, (B) 7:3, (C) 1:1, (D) 3:7
and (E) 1:9.



Liquid petroleum gas sensing performance enhanced by CuO modification. . . 575

Fig. 3. SEM images of ZnO–TiO2 thick film with molar ratios (A) 9:1, (B) 7:3, (C) 1:1, (D) 3:7 and (E) 1:9.

Table 1. Composition of 0.1 M, 0.2 M and 0.3 M CuO modified and unmodified ZnO–TiO2 thick film (molar ratio
1:1).

Element wt.% 0.1 M CuO 0.2 M CuO 0.3 M CuO ZnO–TiO2

(molar ratio 1:1)
Norm. Atom. Norm. Atom. Norm. Atom. Norm. Atom.
wt.% at.% wt.% at.% wt.% at.% wt.% at.%

O 29.62 60.61 24.53 54.17 21.81 50.57 32.58 63.30
Zn 1.09 0.54 1.24 0.67 1.05 0.60 40.66 19.33
Ti 21.67 14.74 21.31 15.73 19.92 15.43 26.76 17.37
Cu 47.62 24.41 52.92 29.43 57.22 33.40 Nil Nil
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Fig. 4. SEM images of ZnO-TiO2 thick films (with mo-
lar ratio 1:1), modified with (A) 0.1 M CuO, (B)
0.2 M CuO, (C) 0.3 M CuO.

3.3. Gas sensing characteristics

Fig. 6 illustrates the response of ZnO–TiO2
based thick films with molar ratios (A) 9:1, (B) 7:3,
(C) 1:1, (D) 3:7 and (E) 1:9 towards 286 ppm LPG.
The films were maintained at different operating
temperatures in the range of 30 °C to 225 °C and
tested for 286 ppm LPG. From the figure, it can be
seen that within the studied temperature range and

Fig. 5. I-V characteristics of nanocrystalline ZnO-TiO2
thick films with molar ratios (A) 9:1, (B) 7:3, (C)
1:1, (D) 3:7 and (E) 1:9 at room temperature.

among the tested compositions, ZnO-TiO2 based
thick film (with a molar ratio 1:1) exhibited max-
imum response of 498.24 at 185 °C.

Fig. 6. Response of ZnO–TiO2 thick films with molar
ratios (A) 9:1, (B) 7:3, (C) 1:1, (D) 3:7 and (E)
1:9 toward 286 ppm LPG.

Fig. 7A shows the resistance of ZnO–TiO2
based thick film (with molar ratio 1:1) at differ-
ent operating temperatures in air ambient. From the
figure it can be seen that the resistance of the film
decreases with an increase in operating tempera-
ture, indicating a negative temperature coefficient
of resistance.
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Fig. 7. (A) Resistance of ZnO–TiO2 thick film (1:1 mo-
lar ratio) vs. operating temperature. (B) Arrhe-
nius plot for 0.1 M, 0.2 M, 0.3 M CuO modified
and unmodified ZnO–TiO2 thick films (1:1 mo-
lar ratio) in air ambient.

The Arrhenius plots of 0.1 M, 0.2 M, 0.3 M
CuO modified and unmodified ZnO–TiO2 thick
films (with molar ratio 1:1) is shown in Fig. 7B.
It is observed that in air ambient, the conductivity
of the film goes on increasing with an increase of
temperature, showing the semiconducting nature of
the film [1]. The activation energy Ea (I) and (II) of
0.1 M, 0.2 M, 0.3 M CuO modified and unmodi-
fied ZnO–TiO2 thick film (with molar ratio 1:1) in
air ambient have been calculated by measuring the
slope of the best fit straight line of the plot in the
temperature range of 30 °C to 130 °C and 175 °C to
225 °C, respectively, and presented in Table 2. The
activation energy of CuO modified films is different
from that of the unmodified ZnO–TiO2 thick film.

This may due to different adsorption chemistry of
CuO modified thick films. The CuO modified film
surface adsorbs more oxygen species than unmod-
ified film surface and the number of adsorbed oxy-
gen species would depend on the amount of CuO
dispersion on the film surface [21].

The sensing mechanism and the change in elec-
trical transport properties of semiconductor oxide
based materials generally involve the adsorption
and desorption of oxygen molecules on the surface
of the materials and/or the direct reaction of lattice
oxygen or interstitial oxygen with test gases [26–
31]. When ZnO–TiO2 thick films are exposed to
air, oxygen molecules interact with the film sur-
face to form adsorbed oxygen ions like O−2 or O−

or O2− by capturing electrons from the conduction
band and this interaction decreases the concentra-
tion of electrons in the conduction band. The pro-
cesses are as follows [32]:

O2(gas)↔ O2(ads) (3)

O2(ads)+ e−↔ O−2 (ads) (4)

O−2 (ads)+ e−↔ 2O−(ads) (5)

O−(ads)+ e−↔ O2−(ads) (6)

When the film is exposed to LPG, the LPG
molecules interact with the adsorbed oxygen and
hydroxyl species present on the film surface. The
hydrocarbons, namely butane (C4H10) and propane
(C3H8) present in LPG would be converted to CO2
and H2O due to their interaction with oxygen ions
and oxygen is evolved in electrically neutral state.
The energy released in the decomposition of the
molecules would be sufficient to shift the elec-
trons into the conduction band of activated ZnO
and TiO2 and this causes a decrease in resistance of
the film. The reaction of LPG with adsorbed oxy-
gen can be explained as [33]:

O2(ads)+ e−↔ O−2 (ads) (7)

O−2 (ads)+ e−↔ 2O−(ads) (8)
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Table 2. Activation energy of 0.1 M, 0.2 M, 0.3 M CuO modified and unmodified ZnO–TiO2 thick film (molar
ratio 1:1) in air ambient.

ZnO-TiO2 thick film (molar ratio 1:1)
Activation energy Ea (eV)

Ea(I) 30 °C – 130 °C Ea (II) 175 °C – 225 °C

Unmodified 0.378 0.201
0.1 M CuO modified 0.237 0.737
0.2 M CuO modified 0.240 0.861
0.3 M CuO modified 0.234 0.625

CnH(2n+2)+2O−(ads)→ H2O+CnH2n : O+ e−(9)

CnH2n : O+O−(ads)→CO2(g)+H2O(g)+ e−

(10)

Fig. 6 indicates that the ZnO–TiO2 thick film
(with molar ratio 1:1) exhibits the highest response
to LPG at 185 °C among all the investigated com-
positions. The highest sensing response of the film
can be attributed to the crack free surface, optimum
porosity and the largest surface area available to re-
act with LPG. Also the optimum amount of TiO2 in
the film can account for maximum response, which
indicates that there was an increase in the amount
of chemisorbed oxygen ions. This is due to the fact
that electron induced by Ti4+ entering into ZnO lat-
tice can form more chemisorbed oxygen on the sur-
face of the film [22]. The amount of TiO2 in the
film was optimum; hence, it had high initial re-
sistance in air ambient. When the film is exposed
to LPG, LPG molecules interact with the oxygen
species available at the film surface. In this interac-
tion, the adsorption of LPG molecules accounts for
the consumption of oxygen and this reaction leads
to an increase in the sensor response. At tempera-
ture 185 °C, the reaction product may get desorbed
immediately after its formation providing the op-
portunity for new LPG species to react effectively
with the oxygen chemisorbed at the film surface.
Due to this, there would be a significant decrease
in resistance and hence, the film shows the high-
est sensing response to LPG. Above the optimum
operating temperature (>185 °C), the amount of
oxygen would be less. Therefore, in presence of
LPG, the probability of reduction reaction of gas
with chemisorbed oxygen would be less which re-
sults in the decrease of sensing response of the film.

Moreover, the decrease in the response of sample
D and sample E to LPG may be attributed to an in-
hibitory effect of Zn2TiO4 particles: an increase in
the proportion of Zn2TiO4, with the increase in the
content of TiO2 might have resulted in the forma-
tion of an insensitive Zn2TiO4–ZnO grain bound-
ary and subsequently reduce the number of sensi-
tive ZnO–ZnO and ZnO–TiO2 grain boundaries.

Fig. 8 illustrates the sensing response of 0.1 M,
0.2 M and 0.3 M CuO modified ZnO–TiO2 thick
films (with molar ratio 1:1) towards 286 ppm of
LPG at different operating temperatures. The fig-
ure illustrates that the sensing response of the film
is a function of CuO content. This would be at-
tributed to the number of CuO dispersed on the
surface of the film, forming a number of p-n het-
erojunctions [21]. The resistance of CuO modified
films would be very high in air. When these films
are exposed to LPG, LPG molecules interact with
the film surface, causing disruption of p-type CuO
and n-type ZnO–TiO2 heterojunctions. The distor-
tion of p-n heterojunctions leads to the decrease in
resistance of the film. This would cause an easy
flow of electrons [34].

The 0.2 M CuO modified ZnO–TiO2 thick film
(with molar ratio 1:1) was observed to be the
most sensitive among the investigated composi-
tions. This could be attributed to the adequate dis-
persion of CuO on the surface of the film and
optimum number of p-n heterojunctions formed
on the surface of the film. In air ambient, the
film resistance Ra was observed to be very high
(4.99 × 109 Ω) at 185 °C. On exposure to LPG, the
p-n heterojunctions would be disrupted and the film
resistance Rg would be observed to decrease by
three orders of magnitude (3.05 × 106 Ω) at 185 °C.
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Fig. 8. Response of 0.1 M, 0.2 M and 0.3 M CuO modi-
fied ZnO–TiO2 thick films (with molar ratio1:1)
towards 286 ppm LPG.

The proportion of p-n heterojunctions in the film is
crucial for the resistance of the film and the resis-
tance of p-n heterojunction becomes the key factor
to control surface resistance [35].

In 0.1 M CuO modified film, the amount of
CuO is less which results in poorer dispersion of
CuO than the optimum (0.2 M) on the surface of
film. The number of p-n heterojunctions formed on
the film surface would be insufficient to drastically
change the film resistance and the film would show
comparatively lower response.

In 0.3 M CuO modified film, the amount of CuO
is higher and thus larger dispersion of CuO on the
surface of the film than the optimum (0.2 M). How-
ever, only some amount of CuO would be utilized
in the formation of p-n heterojunctions and unused
CuO would resist the LPG to reach to p-n hetero-
junction. Due to this, resistance of the film would
not change drastically and the film would show
comparatively lower response.

In practical applications, response and recov-
ery times of a sensor for a particular gas are im-
portant factors. Response and recovery times are
defined as the time required for reaching 90 %
of the final stable value. Fig. 9 illustrates the re-
sponse and recovery time of 0.2 M CuO modified
ZnO–TiO2 (with molar ratio 1:1) based thick film
to 286 ppm LPG at 185 °C. It indicates that the

response and recovery time of the sensor are 30 s
and 70 s, respectively. This result may be recom-
mended for practical application of the sensor for
LPG detection.

Fig. 9. Response and recovery time of 0.2 M CuO mod-
ified ZnO-TiO2 based thick film (with molar ra-
tio 1:1) towards 286 ppm LPG at 185 °C.

Fig. 10 demonstrates the stability of 0.2 M CuO
modified ZnO–TiO2 (with molar ratio 1:1) thick
film sensor towards 286 ppm LPG at 185 °C. Long-
term stability test of the sensor element was con-
ducted by maintaining the sensor element at opti-
mum operating temperature of 185 °C and expo-
sure of the sensor element to 286 ppm LPG was
performed after every 30 days for six month. It was
observed that there was no noticeable deviation in
the sensor response. This was due to the presence
of TiO2 in the film [36].

The response of 0.2 M CuO modified
ZnO–TiO2 (with molar ratio 1:1) based thick
film toward different gases (286 ppm each) like
NH3, CO2, H2S and LPG at optimal operating
temperature is shown in Fig. 11. The sensor shows
an excellent response at 185 °C towards LPG but
a negligible response to CO2 and poor response
toward NH3 and H2S. The excellent sensing re-
sponse of the sensor element towards LPG resulted
from the fact that LPG molecules easily reacted
with the sensor element at 185 °C as compared to
the other tested gases.
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Fig. 10. Stability of 0.2 M CuO modified ZnO–TiO2
based thick film (with molar ratio 1:1) towards
286 ppm LPG at 185 °C.

Fig. 11. Response of 0.2 M CuO modified ZnO–TiO2
(1:1 molar ratio) based thick film towards NH3,
CO2, H2S and LPG at 185 °C.

4. Conclusions
On the basis of experimental results and the dis-

cussion, the following conclusions can be made:

(I) Nanocrystalline ZnO-TiO2 powders with
molar ratios (A) 9:1, (B) 7:3, (C) 1:1, (D) 3:7
and (E) 1:9 were successfully synthesized by hy-
drothermal method. The crystallite size of the syn-
thesized materials was of the order of 49 nm
to 68 nm.

(II) Among the investigated samples ZnO-TiO2
thick film (with molar ratio 1:1) showed the best
response toward 286 ppm LPG.

(III) Response of CuO modified nanocrystalline
ZnO-TiO2 thick film (with molar ratio 1:1) to-
wards LPG was found to depend on concentration
of the dopant.

(IV) 0.2 M CuO modified ZnO–TiO2 thick film
(with molar ratio 1:1) exhibited excellent sens-
ing response of 1637.49 toward 286 ppm LPG at
185 °C with good selectivity, quick response time
(30 s), rapid recovery time (70 s) and long term
stability.

Hence, 0.2 M CuO modified nanocrystalline
ZnO–TiO2 based thick film (with molar ra-
tio 1:1) fulfils the practical requirements for
detecting LPG.
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