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In  the  present  work,  we  report  base  free  chemical  bath  deposition  (CBD)  of  mesoporous  zinc  oxide  (ZnO)
thin films  from  urea  containing  bath  for  liquefied  petroleum  gas  (LPG)  sensor  application.  Mesoporous
morphology  with  average  pore  size  ∼2  �m  and  wurtzite  crystal  structure  are  confirmed  from  scanning
electron  microscopy  (SEM)  and  X-ray  diffraction  (XRD)  analysis.  The  surface  of  ZnO  is hydrophobic  with
water  contact  angle  128  ± 1◦.  Optical  study  reveals  the  presence  of  direct  bad gap  with  energy  3.24  eV.
eywords:
nO
hin films
esoporous

BD

The gas  sensing  study  reveals  the  mesoporous  ZnO  is  highly  selective  towards  LPG  as  compared  with  CO2

and  maximum  LPG  response  of 52%  is  achieved  upon  the  exposure  of  3900  ppm  LPG  at  573  K as  well  as
good  reproducibility  and  short  response/recovery  times.

© 2011 Elsevier B.V. All rights reserved.
PG sensor

. Introduction

Liquefied petroleum gas (LPG) is potentially hazardous because
xplosion accidents might be caused when it leaks out by mis-
ake. So, there is a great demand from the society of detecting LPG
or the purpose of safety applications in domestic and industrial
elds. In the past decades, solid-state gas sensors have played an

mportant role in environment monitoring and chemical process
ontrolling. Among the various solid-state sensors, semiconduct-
ng metal oxide sensors have been widely investigated due to
heir small dimensions, low cost and high compatibility with Si-
ased microelectronics. Metal oxide gas sensors are widely used in

ndustry, environmental monitoring and medical diagnosis, for the
etection of a variety of toxic and flammable gases. One of the most
romising approaches for the realization of high performance gas
ensors is the development of nanostructured metal oxide sensing
aterials [1].  Till now, a number of efficient gas sensors based on

emiconducting nanostructured metal oxides such as SnO2 [1],  TiO2
2],  ZnO [3],  CdO [4] and NiO [5],  have been successfully synthe-
ized. Among them, nanostructured ZnO is one of the most studied
-type semiconducting oxide material with a wide direct band
ap (∼3.3 eV) and high exciton binding energy (60 meV), since it

as been widely utilized in the fields of transparent conducting
lectrodes, varistors, gas sensors and optoelectronic devices [6].
ecently, nanostructured ZnO as an II–VI compound semiconduc-

∗ Corresponding author. Tel.: +91 231 2609229; fax: +91 231 2692333.
E-mail address: l chandrakant@yahoo.com (C.D. Lokhande).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.08.046
tor has been proven to be an excellent gas sensitive material for
detection of LPG [7] ethanol [8],  NO2 and acetone [9],  H2 [10] as
well as for photoconductive UV sensor [11].

Up to now, various methods have been reported for the prepa-
ration of different ZnO nanostructures such as nanowires [12],
nanorods [7],  flower-like [13,14], rhombus-shaped [15], inter-
connected network-like [16], etc. In contrast with some other
nanostructures, the hierarchically porous nanostructures can pro-
vide novel pattern for exploring unique properties and superior
device performances. The conventional methods for preparing
porous or hollow materials usually require the use of pore direct-
ing reagents or templates and may  suffer from contamination due
to the uncompleted removal of the additives either by chemi-
cal etching or thermal treatment [17,18]. Therefore, to develop
facile, economical, template-free synthetic strategies to synthe-
size porous materials is of great significance from the view of
both scientific research and practical applications. Although it has
been often claimed that the growth of porous nanostructures can
be performed with low-cost technologies, the high complexity in
nanostructure-based device realization often makes them sensibly
more costly than sensors produced by simple synthesis techniques
as, for example, chemical bath deposition (CBD) method. As one of
the solution chemical route, CBD method [7] becomes a promising
option for large-scale production, which is simpler, faster and less
expensive. Control of morphology is currently a key issue in devel-

oping functional materials and much effort has been undertaken
for upgrading the characteristics of materials [19]. However, earlier
works focused on stabilizing specific forms rather than providing
a strategy to freely direct the porous morphology [7,20].  Direct

dx.doi.org/10.1016/j.jallcom.2011.08.046
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:l_chandrakant@yahoo.com
dx.doi.org/10.1016/j.jallcom.2011.08.046
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abrication of porous materials with fully tunable morphology still
emains a challenge. Using solution systems, the morphology con-
rol and nano/micro manufacturing of oxide materials is possible.
olution systems have the advantage of adjustment of supersat-
ration degree and high uniformity in the system for particle
orphology control.
Herein, for the first time, we present a one-step, base free,

eedless method for the synthesis of mesoporous ZnO thin films
nto glass substrates at low temperature through a simple method
nvolving controlled chemical precipitation based on principles of
onic and solubility products for LPG sensor application. Before
esting for gas sensor performance, these films were characterized
or their structural, morphological, surface wettability and optical
roperties and results are discussed in this context. Finally, the gas
ensing performance for commercially available LPG and CO2 has
een investigated.

. Experimental details

Unless otherwise noted, AR chemicals were obtained from commercial suppli-
rs  and used without further purification. Mesoporous ZnO thin films were grown
nto the glass substrates by soft CBD method in aqueous acidic medium at 353 K
sing 0.05 M zinc sulphate (ZnSO4) as a Zn2+ ion source. For the complex forma-
ion, 1 M urea (NH2CONH2) solution was added with constant stirring for 5 min.
nd pH adjusted to ∼3 using dil. H2SO4. At this stage solution was  transparent and
ree from any precipitates. After stirring for 1 h, this homogeneous solution was
ept under unstirred condition in bottle containing glass substrates in the bath and
ath was  heated to 353 K. During the precipitation, heterogeneous reaction occurred
nd the deposition of mesoporous Zn(OH)2 thin film took place on the substrates.
he substrates coated with mesoporous Zn(OH)2 with different film thicknesses
ere removed with a time interval of 6, 12, 18 and 24 h from the bath, washed
ith double-distilled water, dried in air and preserved in an airtight container.
s-deposited films were specularly reflecting, uniform and well adherent to the
ubstrates. As-deposited Zn(OH)2 films were converted into ZnO after annealing in
ir  at 623 K for 2 h which generally facilitates decrease in dislocations, stresses, inho-
ogeneities, removal of hydroxide phase and used for further characterizations.

Thickness was computed by weight difference method using sensitive microbal-
nce with relation t = �M/(�  × A) where, ‘t’ – thickness of the film, ‘A’ – area of the
lm  in cm2, ‘�M’  = M1 − M2 – mass of the film deposited on the substrate in grams,

M1’ – mass of the substrate with film, ‘M2’ – mass of the substrate without film and
�’  – density of the deposited material (ZnO = 5.675 g/cm3) in bulk form. In order to
cquire more accuracy in results, we measured thickness using the films with maxi-
um area. Also film thickness was measured from cross-section SEM. The structural

haracterization was carried out using a Philips (PW 3710) X-ray diffractometer with
uK�  radiation (� = 1.5406 Å) in 2� range from 20 to 80◦ . Surface morphological

mages were taken using high-resolution scanning electron microscopy (FE-SEM,
odel: JSM-6160) at an acceleration voltage higher than 10 kV for which surface
as coated with a 10 nm Au layer before taking images. The static contact angle

gainst water was  measured using a contact angle meter (Rame-Hart, CA-X, USA)
quipped with CCD camera to observe the shape of water drop on the surface of
he  ZnO film. Droplet was  placed at five different positions and averaged value was
dopted as the contact angle. For the optical studies, UV–vis absorption spectrum
as  measured on a Systronic spectrophotometer-119 with quartz glass substrate as

 reference in the wavelength range of 350–750 nm.
The gas sensing properties of ZnO was studied in the home-built gas sensor

ssembly described earlier [3]. For electrical measurements, silver paste contacts
1  mm)  were formed on the ZnO sample of area 1 cm × 1 cm.  The electrical resistance
f  ZnO film in air (Ra) and in the presence of LPG (Rg) was  measured to evaluate the
as response, S (%), defined as follows,

(%) = Ra − Rg

Ra
× 100 (1)

. Results and discussion

.1. Film formation mechanism

In CBD method, film formation observed when the solution is
aturated, the ionic product of anion and cation is equal to solu-
ility product of metal oxide and when it exceeds, precipitation
ccurs and ions combine on the substrate and in the solution to

orm nuclei. The film growth can take place by ion-by-ion conden-
ation of materials or by adsorption of colloidal particles from the
olution on the substrate. The formation of solid phase from a solu-
ion involves two steps as nucleation and particle growth. In the
Fig. 1. The variation of ZnO film thickness with deposition time. Inset shows the
cross-sectional SEM image of ZnO thin film.

present case, we  attempted to supply carbon dioxide and ammo-
nium by using a chemical reaction of urea in water. This includes
hydrolysis of urea and reaction of ammonium with water as follows,

NH2CONH2 + H2O
�353 K−→ CO2 + 2NH3 (2)

NH3 + H2O → NH4OH (3)

The hydroxide ions (protolytic reaction of ammonia slowly
releases the hydroxide ions) and Zn2+ cations reacts, to form
Zn(OH)2 thin films

ZnSO4 + NH2CONH2 + 5H2O → Zn(OH)2 + 2H2O + (NH4)2SO4 (4)

As-deposited films are transparent, uniform and well adher-
ent to the substrates. After annealing in air at 673 K, as-deposited
Zn(OH)2 get converted into ZnO as

Zn(OH)2
�673 K−→ ZnO + H2O (5)

Fig. 1 shows the variation of ZnO film thickness with deposition
time. Nonlinear rate of increase in the thickness is attributed to
the growth by nucleation and coalescence process. This may due to
more nucleation sites contribute to coagulation during the growing
procedure. The maximum thickness of 0.73 �m is achieved. Film
thickness calculated form weight difference method is comparable
with measured from cross-sectional SEM image shown in the inset
of Fig. 1. Furthermore, slight decrease in thickness is attributed to
the formation of outer porous layer and/or the film which may  have
developed stress which tends to cause delamination, resulting in
peeling off the film [21].

3.2. Structural and surface morphological studies

The crystal structure of mesoporous ZnO film is analyzed by XRD
pattern shown in Fig. 2. All the peaks of ZnO can be indexed to
the wurtzite crystal structure (JCPDS card No.36-1451, a = 3.249 Å,
c = 5.206 Å, spacegroup: P63mc,  no.186). No characteristic peaks
of other impurities such as Zn(OH)2 are detected in the diffrac-
togram. Fig. 3(a and b) shows the FESEM images of mesoporous
ZnO films at two different magnifications. From the FESEM images,

one can conclude that morphology of the ZnO film is highly porous
and forms a channel within the grains as seen in low magnifica-
tion (×10,000). For detail investigation of this morphology, high
magnified image (×40,000) is recorded which gives average pore
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3.5. Gas sensing properties
Fig. 2. The X-ray diffraction pattern of mesoporous ZnO thin film.

ize ∼2 �m.  With this morphology chemically deposited meso-
orous ZnO can adsorb atmospheric oxygen very easily and the
mount adsorbed depends on the area of exposed surface of the
lm.

.3. Surface wettability studies

Wettability involves the interaction between a liquid and solid
n contact. Wetting is an important property of a surface and con-
rolled by both the chemical nature and the geometrical structure.
ccording to Thomas Young model, interplay between the surface

ree energies of the solid–liquid, solid–gas and liquid–gas bound-
ries determined the static water contact angle. Here, as reported
arlier [22], we  look at the feasibility of said vicinal surface for
as sensor application. Fig. 4 shows the photo image of shape of
ater droplet on mesoporous ZnO film surface. Interestingly, ZnO
lm exhibits hydrophobic behavior with contact angle of 128 ± 1◦

� > 90◦). In the present case, the energy cost is typically too high
or the water to follow the patterned surface and as a result the
roplet recedes, forming an even larger contact angle compared to
he smooth surface. In addition, water drop suspended on top of
ydrophobic rough surface with air trapped underneath. The value

f water contact angle is less than reported values in the literature
23] for annealed ZnO films. This may  due to mesoporous surface

orphology, which traps less air in between.

Fig. 3. The FMSEM images of mesoporous ZnO thin film at
Fig. 4. Photoimage of water contact angle measurement with mesoporous ZnO
surface.

3.4. Optical studies

The optical spectrum of mesoporous ZnO film is studied at room
temperature in the range of 350–750 nm wavelength without scat-
tering and reflection taking into account. Fig. 5 shows the variation
of absorbance with wavelength and it reveals that, film has low
absorption in the visible region, which is a characteristic of ZnO.
The fundamental absorption, which corresponds to electron exci-
tation from the valence band to conduction band, can be used to
determine the nature and value of the optical band gap energy. The
optical band gap energy is determined using following relation,

˛h� = A(h� − Eg)n (6)

where, ‘A’ is a constant, ‘h�’ is the photon energy, ‘Eg’ is the band gap
energy and n is equal to 1/2 for a direct and 2 for indirect transition.
The band gap energy is determined from the plot of (˛h�) 2 vs.
photon energy (h�) shown in inset of Fig. 5. The intercept of the
tangent to the h� axis gives the direct band gap energy and found
to be 3.24 eV which is comparable with reported earlier [23]. Since
the sensitivity of the gas sensor is, plausibly, a function of band gap
of the material.
The gas sensing mechanism of ZnO based sensor belongs to the
surface-controlled type that is, the resistance change is controlled

 the magnifications of (a) ×10,000 and (b) ×40,000.
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Fig. 6. The stabilization of resistance of mesoporous ZnO at 573 K from non-
equilibrium to equilibrium stage.

Fig. 7. The comparative gas responses (%) of mesoporous ZnO sensor towards CO2

and LPG.
ig. 5. The variation of absorbance vs. wavelength of mesoporous ZnO thin film.
nset shows variation of (˛h�)2 vs. h� to determine the direct band gap energy of
nO film.

y the species and amount of chemisorbed oxygen on the surface.
t an operating temperature, in the absence of a target gas, oxygen
ets adsorbed on the surface of the sensor and it extracts electrons
rom the conduction band of the sensor material [24] to produce
egatively charged chemisorbed oxygens such as O2

− and O− which
reate a depletion layer at the surface of the individual particles and
nter-granular regions. As a result, the concentration of electrons
n the n-type ZnO decreases and hence the electrical conductance
f the material decreases. This process can be expressed by the
ollowing [25,26],

2(gas) ↔ O2(adsorbed) (7)

2(adsorbed) + e− ↔ O2
−

(adsorbed) (8)

2
−

(adsorbed) + e− ↔ 2O−
(adsorbed) (9)

When reducing gases are inleted, the interaction of reducing
ases with the surface chemisorbed oxygen can take place and
hereby releasing electrons back to the conduction band and elec-
rical conductance of the semiconductor increases [27].

.5.1. Selectivity study
Before the exposure of target gas, the mesoporous ZnO film is

llowed to stable for electrical resistance in air and the stabilized
esistance taken as Ra. Fig. 6 shows the typical initial stabilization
urve of resistance of mesoporous ZnO film in air at 573 K from
on-equilibrium to equilibrium. The stabilization of mesoporous
nO film resistance in ambient air prior to exposure of target gas is
mportant, because it ensures stable zero level for gas sensing appli-
ations. Initially, when the temperature of 573 K is attained, the
esistance decreased rapidly within few seconds and then raised
nd exhibited a stable value. Similar type of trend has observed by
hawale et al. [2] for CBD deposited TiO2 film. A comparative bar
raph of gas responses of mesoporous ZnO sensor is represented
n Fig. 7 upon exposure of 2600 ppm concentration towards CO2
nd LPG at 573 K. The mesoporous ZnO sensor exhibits more selec-
ive towards LPG as compared to CO2. The mesoporous ZnO sensor
ffered maximum response towards CO2 (17%) and LPG (42%), as
ifferent gases have different energies for reaction to occur at the
urface of film. Therefore, further gas response is studied for various
perating temperatures and LPG concentrations.
.5.2. Effect of operating temperature
Initially LPG response is studied as a function of operating tem-

erature. Fig. 8 shows the dependence of LPG response of ZnO film

Fig. 8. The variation of an operating temperature with LPG response of mesoporous
ZnO  sensor at 2600 ppm LPG.
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Fig. 10. The response transient of mesoporous ZnO sensor under the exposure of

crystal structure and morphology maintenance [33].
ig. 9. The variation of LPG response of mesoporous ZnO sensor at 573 K with the
ifferent concentration of LPG.

owards 2600 ppm LPG which corresponds to 10% of the lower
xplosive level (LEL) of LPG for different operating temperatures.
hen the chemically deposited ZnO thin film is heated at a tem-

erature of 498–548 K, the reaction products does not desorbs from
he film surface. Nevertheless, they cover the sensing sites on the
urface of the film which prevents further reaction of the LPG with
hemisorbed oxygen. Subsequently, no appreciable change in the
esistance of the film is observed. At 573 K, the reaction products
ay  get desorbed immediately after their formation providing the

pportunity for new gas species to react with the sensing sites on
he film surface [28]. Thus, the LPG reacts most effectively with
hemisorbed oxygen at such particular temperature, which results
n the significant decrease in the resistance of the film. Therefore,
he maximum LPG response of ZnO film is expected at such partic-
lar temperature. At higher temperatures (>573 K), the amount of
he adsorbed oxygen is less and therefore a lesser amount of ionic
pecies are formed. Therefore, in the presence of LPG, the probabil-
ty of the reduction reaction of the gas with chemisorbed oxygen
s less, which results in a small change in resistance at higher tem-
eratures and decreases the gas response [26,29]. Therefore, the
hemically deposited ZnO thin film operates as a sensing element to
he LPG only within a specific temperature window. In the present
ase, the optimum operating temperature for ZnO film is 573 K at
hich the sensor sensitivity attains its maximum value.

.5.3. Effect of LPG concentration
The LPG response (S%) at various concentrations of LPG is shown

n Fig. 9 at an operating temperature of 573 K. The LPG response
s increased continuously from 25 to 52% with increasing the gas
oncentration in the range of 1300–3900 ppm LPG and attained
he maximum gas response [30]. At 5200 ppm LPG, it is decreased
o 40%. This may  be due to the active region of the sensor would
e up to 3900 ppm, as the rate of rise of response is larger dur-

ng this region [31]. At lower gas concentrations (<3900 ppm LPG),
he unimolecular layer of gas molecules would be expected to
orm on the surface, which would interact with the surface more
ctively giving larger response. There would be multilayer’s of
as molecules on the ZnO surface at the higher gas concentra-
ions (>3900 ppm LPG) resulting decrease in gas response [32].

hus, at 573 K the maximum LPG response of 52% is obtained for
esoporous ZnO upon exposure to 3900 ppm LPG which is higher

han reported earlier for ZnO films deposited by CBD method form
asic bath [20]. The response and recovery times are also impor-
2600 ppm LPG at 573 K.

tant parameters. Fig. 10 shows the dynamic response transient of
mesoporous ZnO sensor upon exposure to 2600 ppm LPG at 573 K.
After the removal of LPG, the recovery time is measured till the
gas response dropped to the original value. From the plot, the
response time of 72 s and corresponding recovery time is 146 s is
observed.

3.5.4. Stability study
The long-term stability is another important factor for gas

sensors. For the stability study of mesoporous ZnO, repeated experi-
ments are performed at 573 K upon exposure of fixed concentration
of 2600 ppm LPG for 60 days with 10 days interval after the first
measurement. The variation of LPG response with time is illustrated
in Fig. 11.  The LPG performance remained almost the same after ini-
tial decrease (10%) indicates the mesoporous ZnO sensor can stand
as a reliable element for LPG sensor application. The better stability
may  be resulted due to mesoporous microstructure, such as single
Fig. 11. Stability studies of mesoporous ZnO sensor under the exposure of 2600 ppm
LPG at 573 K.
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. Conclusions

In conclusion, an aqueous acidic solution system for growing
esoporous ZnO thin film based LPG sensor from urea containing

ath is developed. The present method is simple, inexpensive and
asily reproducible. The wurtzite crystal structure of mesoporous
nO film has been confirmed from the XRD analysis. Hydrophobic
urface with contact angle of 128 ± 1◦ and mesoporous morphology
aving pore size ∼2 �m has been observed from the SEM. Optical
tudy revealed the presence of direct band with energy 3.24 eV. The
PG sensing performance has been investigated at different oper-
ting temperatures and gas concentrations. The mesoporous ZnO
hin films exhibits excellent LPG sensing properties with maximum
esponse of 52% upon exposure of 3900 ppm LPG as well as good
eproducibility and short response/recovery times because of their
esoporous nature.
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