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Synthesis of ZrO2 nanostructure for gas sensing application
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Abstract. ZrO2 nanopowder has been synthesized by the conventional precipitation method for gas-sensing application.
The synthesized powder was dropcast and subsequently annealed at 100◦ C. The drop-casted film has been subjected to X-ray
diffraction analysis, scanning electron microscopy, ultraviolet–visible diffuse reflectance spectroscopy, photoluminescence
study and I –V measurement in order to observe its structural, morphological, optical and electrical properties. The gas
sensing measurement has been performed for the thus prepared ZrO2 film by an exposure to different reducing gases
(ammonia, ethanol, formaldehyde, acetone and xylene) at different temperatures for various gas concentrations. It has been
observed that the film shows a better response towards ammonia (about 18%) compared to all other gases due to faster
diffusion. Also, a quick response and recovery time have been found as 70 and 70 s, respectively, for ammonia.
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1. Introduction
In recent days, gas sensing technology has received much
attention due to the harmful effect of the toxic gases that affect
human and environment. Hence, it is necessary to detect toxic
gases that are naturally present in the atmosphere as well. Not
only the toxic gases but also the volatile organic compounds
such as ethanol, methanol, formaldehyde, etc., are very harmful to health, which affect the environment and lead to global
warming [1,2]. There have been numerous reports that the
potential gas sensors are widely utilized in various applications in industries and environment monitoring [3]. Among
them, zirconium oxide (ZrO2 ) is a great candidature due to its
low cost and wide-band gap n-type metal oxide semiconducting nature [4]. ZrO2 has high-thermal expansion coefficient,
high-ionic conductivity, good chemical stability, high resistive to corrosion, etc. [5]. Due to these properties, ZrO2 has
been applied for various applications such as a protective
layer for optical mirrors [6], gas sensing applications [7],
solar cells [8] and so on. There have been found considerable
number of research studies in ZrO2 synthesized by sol–gel
techniques [9], hydrothermal methods [10], combustion synthesis, solid-state reactions and ion-exchange methods [11].
However, reports on the conventional precipitation method is
scare which is cost effective and capable of scaling up for
mass production [12,13]. The main advantages of the ZrO2
gas sensors are high sensitivity and selectivity, fast response
time (RST) and recovery time (RCT), good stability, high
clarity, easy handling and inexpensive [4]. Earlier, it has been
reported that ZrO2 is effective for sensing measurement at
high temperature [3,14]. Rothschild and Komem [15] explain
the importance of the effect of grain size of the metal oxide and
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the operating temperature on sensitivity. In the present work,
the conventional precipitation method is used to synthesize
ZrO2 powder, and films with dimensions of 2 × 2 cm2 have
been prepared by a drop casting method. Efforts are made to
study the sensing properties of ZrO2 thin films towards the
reducing gases like ethanol, xylene, formaldehyde, ammonia
and acetone at 120◦ C.

2. Experimental
2.1 Synthesis of ZrO2 powder
Initially, 10 g of ZrOCl2 ·8H2 O was mixed with 100 ml of
double distilled H2 O under vigorous stirring for about half an
hour until the ZrOCl2 ·8H2 O dissolved in distilled water. Then,
2 N NaOH solution was added dropwise to obtain pH 8 by
uniform stirring. After this, settled precipitates were separated
and cleaned with distilled H2 O until the solution is free from
chloride ions. Finally, the powder was dehydrated in an oven
at a temperature of 110◦ C for 12 h and then calcined at 600◦ C
for 5 h.
2.2 Preparation of ZrO2 films
0.1 M of the prepared ZrO2 powder was dispensed in distilled
water. The solution is then sonicated until the whole powder has been fully dispersed. Then, the solution is dropcast
in a well-cleaned glass substrate which is kept at a temperature of 75◦ C. Due to heating, the solution starts to evaporate
which yields the ZrO2 thin film. Then, this film was annealed
at 100◦ C for 3 h to obtain good adhesion. Silver paste is
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used to make the contacts in the prepared film for further
measurements.
2.3 Gas sensing system to analyse the gases
The gas sensing system utilized for the present work is shown
in figure 1a. The setup consists of odour delivery unit, sensing unit and measurement unit. The sensing element is the
nanostructured ZrO2 film. On the top surface of the sensor, the
silver contacts (electrodes) have been made and are connected
to the electrometer. The thickness of the electrode is around
103 nm. The thickness of the sample is around 211 nm. Both
the film thickness and electrode thickness have been measured by filmetrics (model 205-0135). The distance between
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the electrodes has been kept as 0.9 cm. Figure 1b shows the
photograph of the drop casted film. The sensing element is
placed on the heater plate which is kept inside the chamber.
The temperature controller is used to control the heater.
To compute the sensor conductance, the known amount of
gas should be passed into the chamber through a gas inlet and
the variation in conductance of the sensor has been measured
using a Keithley electrometer (6517A). After completion of
every cycle, the reducing gas should be exhausted through the
gas outlet.

3. Results and discussion
The X-ray diffraction (XRD) pattern of ZrO2 is depicted in
figure 2. All the peaks are well indexed and matched with the
JCPDS (37-1484). The presence of peaks at 2θ angles, 24.3,
28.5, 31.8, 34.3, 5.6, 39.8, 45.6, 49.6, 50.4, 54.2, 55.8, 60.2,
63.2 and 66.1◦ indicates the existence of monoclinic ZrO2 .
By using the Scherrer relation given below, from all the peaks
the average crystallite size of ZrO2 was calculated as 33 nm,
D=

0.9λ
β cos θ

(1)

where D is the average crystallite size (nm), λ is the X-ray
wavelength (1.542 Å) and β is the full width at half maximum
(FWHM) of the diffracted peaks. The small crystallite size of
the sample was favourable for gas sensing studies [15].
Microstrain has been calculated by using a Williamson–
Hall (W–H) relation shown below:
β cos θ = K λ/D + 4ε sin θ

(2)

where β is the FWHM, D is the average crystallite size (nm),
θ is the Bragg angle, K is constant (K = 1), λ is the X-ray
wavelength (1.542 Å) and ε is the strain. The plot 4 sin θ vs.
β cos θ is shown in the inset of figure 2. From the slope of the
linear fit, the strain has been estimated as 0.473. The positive

Figure 1. (a) Gas sensing system. (b) Photograph of the drop
casted ZrO2 film.

Figure 2. XRD of ZrO2 powder.
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Figure 3. SEM image of ZrO2 .

slope means that tensile microstrain has been induced in the
crystal lattice of the sample [16].
Morphological investigation of ZrO2 is carried out by a
scanning electron microscope (SEM) ZEISS (EVO-18) and
is shown in figure 3. It indicates that the nanoparticles have a
spherical-like morphology with a uniform distribution. From
the SEM image, it has been observed that the film contains
larger distributions of grains. The SEM image also clearly
shows several-agglomerated particles of the nanostructured
ZrO2 film. The average particle size has been estimated as
120 nm by image J software. Since the particle size is quite
reasonable, the surface to volume ratio will be large and hence
it is expected to show good response for gas sensing.
The optical studies of the sample are carried out by a UV–
VIS spectrometer. Figure 4 shows the reflectance spectrum
of the ZrO2 film and Kubelka–Munk (K–M) plot. K–M theory provides the theoretical descriptions of diffuse reflectance
spectroscopy [17] which is given as:
K
(1 − R)2
=
S
2R

Figure 4. (a) Reflectance spectrum of ZrO2 . (b) K–M plot.

(3)

where R is the absolute diffuse reflectance (Kubelka–Munk
function), K is the absorption coefficient and S is the scattering coefficient which varies with particle size and packing.
The absorption coefficient of a semiconductor near the
absorption threshold can be expressed as:
αhν = A(hν − E g )n

(4)

where α is the linear absorption coefficient, ν is the frequency
of light, A is the proportionality constant and the exponent
n = 1/2 for the direct band-gap semiconductor while n = 2
for the indirect band gap semiconductor.
According to the Kubelka–Munk function, α is equal to
K /S. By substituting the value of α and rearranging equation
(4), the following relation is obtained:
[(K /S)hν]2 = A(hν − E g )

(5)

Figure 5. PL spectrum of the pure ZrO2 thin film.

where n = 1/2 has been used since ZrO2 is a direct band gap
semiconductor [18], therefore the band gap can be calculated
by the variation of [(K /S) ∗ hν]2 with respect to hν which
is depicted in figure 4b. The energy gap (E g ) of the material
has been estimated by extrapolating the straight line portion
in the graph to X axis. It intersects at the band gap value of
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Figure 6. Current–voltage characteristics of the ZrO2 thin film.

5 eV which is slightly less than the standard value of 5.8 eV
[19]. A decrease in the energy gap can enhance the sensing
response [20].
Figure 5 depicts the photoluminescence (PL) emission
spectra of ZrO2 recorded at room temperature. Three PL peaks
exhibited at energy values of around 2.28, 2.55 and 3.22 eV.
The peak at 3.22 eV is attributed to band edge emission
due to the free-exciton recombination. Emissions at 2.28 and
2.55 eV correspond to surface defects and oxygen vacancies,
respectively [21]. Closer to a conduction band edge, localized
states have been formed due to the presence of defects and
vacancies. The existence of oxygen vacancies may facilitate
gas-sensing efficiency [20].
The current–voltage characteristics of the ZrO2 thin film
is measured in the range of − 5 to + 5 V and shown in
figure 6. ZrO2 is basically a good ionic conductor, therefore it
has high-electrical conduction [22]. The obtained I –V curve
shows that the current changes linearly with voltage. Thus,
the ohmic nature of the contacts has been confirmed due to
the symmetrical nature of the I –V curve.

Figure 8. Variation of the gas response of the ZrO2 film for different concentrations of gases at 120◦ C.

4. Gas sensing performance of the sensor
The ratio of change in conductance of the sensor in the
presence of the target gas to the original conductance in air
medium is known as gas response (S) and it is expressed as:
S=

(G g − G a )
Ga

Figure 7. Comparison of the gas response of the ZrO2 film with
operating temperature.

(6)

where G a is the sensor conductance in air and G g is the sensor
conductance in the presence of target gas.
The variation of the sensing response of the ZrO2 sensor with respect to operating temperatures for 500 ppm of
different reducing gases, namely, ammonia, ethanol, xylene,
formaldehyde and acetone is shown in figure 7. From the
plot, it is clear that when the temperature increases, the
gas response also increases and the sensor shows maximum

response towards NH3 compared to other gases at all
temperature. The higher response towards NH3 might be due
to the faster diffusion of ammonia which has lower molecular
weight compared to other reducing gases [23]. It is noted that
at 120◦ C, the sensor showed a better gas response of about
18.77% towards ammonia gas which is close to the value
reported by Deshmukh and Bari [5]. There has been moderate number of reports available on the sensing performance
of ZrO2 [4,14,24–26] which are performed at quite high temperature.
The change in the gas response with respect to concentration of gases at 120◦ C is shown in figure 8. The ammonia
concentration has been varied by mixing appropriate quantity
of stock solution (99.6 ml of H2 O + 0.4 ml NH3 ) with NH3
solution. The gas response first increases with an increase
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in concentration and it saturated beyond 400 ppm. At given
temperature, gas concentrations and response are mutually
related. Hence, at high concentration, the chemical species
are high and hence the saturation state might be attained due
to constant current [4]. The minimum detection limit of our
sensor is found as low as 10 ppm.
To find the RST and RCT, initially gas has been allowed into
the chamber and the corresponding change in conductance
(i.e., current) has been noted. When the sensor is exposed to
the gases, the surface reaction takes place and hence the gas
response gets increased. After the response gets saturated, the
chamber has been made gas-free by terminating the gas flow.
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In the absence of reducing gas, the conductance gets decreased
and reached a base line. The RST and RCT of the pure ZrO2
towards the reducing gases at 120◦ C are shown in figure 9.
It is observed that among all the reducing gases, ammonia
shows a better RST and RCT of 70 and 70 s, respectively.
Faster oxidizing nature of the ammonia towards metal oxides
might be the reason for the fast response and quick recovery
[27].

5. Gas sensing mechanism
The electrical conductivity of ZrO2 is due to the presence
of oxygen vacancies [5]. Physisorption and chemisorptions
are very important phenomena in the gas sensing mechanism.
Before exposure of the gas, the ionic oxygen species react
with the surface of the ZrO2 thin film and gives rise to O−
2,
O− and O2− species. The corresponding conductance is noted
as G a . This can be represented by the following reactions:
−
O2 + e−
(CB) → O2

O−
2
−

+

O +

e−
(CB)
e−
(CB)

(7)
−

→ 2O

(8)

→O

(9)

2−

In the presence of the reducing gas, the conductance has
been increased due to the surface reaction between reducing
gas and the ZrO2 surface. The reaction mechanism of zirconium oxide adsorbing ammonia gas is given by

Figure 9. RST and RCT of the ZrO2 film towards the reducing
gases at 120◦ C.

ZrO2 + 5NH3 + 4O2−
(film surface)
→ Zr(NH4 OH)3 (film surface) + NO2 (gas) + 8e−(CB) (10)

Figure 10. Adsorption of oxygen on the sensor surface.
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According to the above chemical reaction, when the
reducing gas is allowed to surface of the sensor film, the
interaction takes place between the reducing gas and oxygen
molecule. Due to this interaction, reducing gas will gets oxidized and more number of free electrons have been liberated
in the conduction band. The whole mechanism is schematically shown in figure 10. Due to this gas–solid interaction, the
potential barrier height has been decreased, thus the conductivity increased. The adsorption of oxygen on the film surface
by utilizing an electron from the conduction band is the major
reason for the sensing of target gases [28].
6. Conclusion
ZrO2 nanopowder has been synthesized by a conventional
precipitation method. The structural, electrical, optical and
gas sensing properties of the drop casted ZrO2 film has been
studied. The crystallite size has been estimated as 33 nm by
using XRD. SEM analysis revealed that the particles have a
spherical-like morphology with a uniform distribution with
an average size of the particle as 120 nm. From the optical
study, the band gap of the film has been found to be 5 eV.
The strong emission at 2.28 eV from the PL spectrum validates the presence of oxygen vacancies which is an actual
cause for the sensing response. The sensor shows a better
response towards NH3 compared to acetone, formaldehyde,
xylene and ethanol. The RST and RCT measurement shows
that the film is selective towards NH3 with a decent RST
(70 s) and RCT (70 s). At 120◦ C, the pure ZrO2 thin film shows
a maximum gas response of about 18.77% towards NH3 gas.
An attempt is being made to increase the gas response of ZrO2
by suitable dopant(s).
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